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The behavior of light can change drastically depending on its medium. In non-linear materials
such as the Bi12Si020 (BSO) crystal used in this experiment, light can change it’s intensity based
on whether another, independent light beam is crossing it within the crystal. This coupling of
the beams is known as The Photorefractive Effect. To study this effect, this experiment utilized 2
techniques: 2-beam coupling and 4-wave mixing. The 2-beam coupling produced a clear, measurable
effect which, rather unfortunately, could not be analyzed fully due to missing coefficients which were
unobtainable in the time frame allowed. The 4-wave mixing yielded no correlation at all. After an
initial failure to get an effect from the 4-wave mixing, considerable effort was directed towards re-
configuring the experiment with no results. In addition to this, when a high voltage was put across
the crystal, no conclusive increase in the mobility of the charge carriers was observed. Most likely
due to the naturally quick response of the crystal with no induced electric field.

I. INTRODUCTION

Discovered in the 1980’s, The Photorefractive Effect
was found on accident as a source of error and was
thought by its discoverers to be “Highly detrimental to
the optics of nonlinear devices based on these crystals.”
After almost 40 years of relatively intense study, The
Photorefractive Effect remains one of the best prospects
for applications like holograms and phase conjugation.

In this experiment 2 methods were used to observe The
Photorefractive Effect: 2-Beam Coupling and 4-Wave
Mixing. Both of them were designed to induce the ef-
fect using 2 beams crossing in a crystal, thus moving
the charge carriers within them to change the overall re-
fractive index. (Explained more carefully in [I}) 2-Beam
Coupling was designed to be a light introduction while
the 4-Wave Mixing was meant to reduce error and possi-
bly measure the time delay associated with the effect.

It should be mentioned that for the 2-Beam Coupling
a so-called “eletro-optic coefficient” was needed in order
to calculate the exact prediction. The equation that this
coefficient would be used in can be found in [I] and is
given by
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Where 7. is the electro-otpic coefficient, F. is the elec-
tric field across the crystal, and An is the change in the
refractive index due to The Photorefractive Effect. Other
parameters will be explained in more detail in [[I. With-
out the electro-otpic coefficient, it is impossible to make
any direct predictions concerning the photorefractive ef-
fect of a material. While the coefficient could have been
measured while data for the 2-Beam coupling was taken,
it was unfortunately forgotten.

II. THEORY

All of the content in the theory section can be found
in [I]. The reader is encouraged to read [I] for a more
complete understanding of the theory involved in the ex-
periment.

The Photorefractive Effect is a combination of pho-
toconductivity and the electro-optic effect. In the pho-
torefractive material there are donor impurities and ac-
ceptor impurities. With no applied electric field or in-
cident beams to excite the charge carriers, (electrons in
this experiment) they simply sit in the crystal with an
approximately even distribution. After they are excited,
the charge carriers drift into regions of the crystal where
there is less light. These abnormalities in the charge of
the crystal produce electric fields within it which can
modify the incident light beams.

Taking this simple “Band Transport Model” The Pho-
torefractive Effect can be broken down into 4 major
phases. In the words of [I] they are “photogeneration
of charge carriers, transport of mobile carriers, trapping
of these carriers, and change of refractive index.”

The experiment begins with 2 light beams labeled by

(‘31 = gloewﬁle—iklf and 52 = 52061’(1526—1'/62?. (2)
Where ¢, and ¢o are their phases, a radius vector 7,

and wave vectors k_i and k_é We read the intensity of the
light as

Lot = |&1 —|-52|2 =
EL 4 E2 4 2E1,E9y cos(KT + ¢1 — ha).  (3)

Where K = El — EQ is the grating vector. This inter-
ference pattern has a spacial wavelength of

A= A =,
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(4)
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Figure 1: Phases of The Photorefractive Effect. The z axis
in the graphs represents distance in the crystal. As the light
hits the crystal (top right) the charge carriers move (middle
right) and the electric field is created (bottom right).

Please refer to the 3 sections of Fig. [I] for pictures and
explanations of next 3 paragraphs respectively.

The photoconductivity of the material turns the energy
of the incident light into the the generation of mobile
charge carriers.

Next, the charge carriers drift within the crystal be-
cause they are no longer bound by atomic forces and
can now effectively act on one another. These charge
anisotropies in the crystal are often referred to as “charge
density gradients.” This creates the diffraction grating in
the crystal responsible for the phase shifts the outgoing
beam by a factor 0 < ¢ < 3.

This rearranging of charge carriers produces an electric
field F,. since the distribution of charges is no longer
uniform. This induced electric field will be sinusoidal and
shifted by a factor of 5 from the charge density because
of Poisson’s Equation:

VEs. = —p. (5)

Finally, this electric field distorts the refractive index

of crystal proportionally described via Eqn.

The maximum of E,. or the “saturation field” can be
quickly reasoned out based on how many charge carriers
can move and is described by

eNA
q €0€K ( )

Where N4 is the number density of acceptor impurities
and the rest are simply permittivity coefficients and e is
the charge of the electron.

A. 2-Beam Coupling

We wish to solve the wave equation

%€
20 _
V<€ = MEOGW (7)
for a specially modulated electric field described by
€ = €Y 4+ A€ determined by

Ae = —€*roE,,. (8)

Because both incident beams are the same frequency
and are plane waves, we can eliminate the time depen-
dence by simply putting —w? wherever any 2"¢ order
time derivatives are. Because the beam amplitudes are
varying slowly we can reduce the equations to a single
variable x. We must also keep in mind that I; = |& |?
for when we wish to evaluate our intensities.

Taking these things into account we may reach the
equations
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Where we have introduced the coupling constant

r— k0n3re|Ew|‘

cos

(11)

Where the different I’s are the intensities of the beams
after interacting in the crystal, kg = w/c is the wave
vector in a vacuum, n is the refractive index, E,, is the
space-charge field amplitude, and 6 is the internal angle
of incidence with the crystal which can be derived from
Snell’s law.

One may integrate Eqns. [0]and [I0] to get that

B + 1)
R "



and

,= it (13)
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where the gain coefficient I' = I'sin ¢ and 3 is the ratio
of the intensity of non-interacting beams I, /5, (i.e. 1
beam passing through the crystal at a time).

We can manipulate the gain coefficient to get the ex-
pression

~ 1 I I, ]
I'=—Zln|—=-"]. 14
d {12 L, (14)
Where
P (15)
cos(0)

is the effective thickness of the crystal.

B. 4-Wave Mixing

Because of the lack of effect in the 4-wave mixing only
an outline of the proposed calculations will be provided.
For a complete description of the 4-Wave Mixing system
see [1]

The basic idea for the manipulations in the 4-Wave
Mixing was to define an efficiency parameter n = %
where I3 is the diffracted beam. It would be found that
the parameter will have the relation

_Ql/deca’yt

1 = "noe . (16)
We would then use this equation to fit the value of
Vdecay 1D an attempt to quantify the decay of the effect.

III. METHODS

Both of these procedures were performed with a HeNe
laser. We noted that the laser takes about 10 minutes to
warm up and made sure that the beam was constant.

Lockin amplifiers and a beam chopper were used to
decrease noise. The beams that were being measured
were sent through a beam chopper at a frequency around
1900 Hz and then amplified by the lockin to reduce noise
from ambient light. It was noted that higher chopping
frequencies produced less intense beams. However, this
should not hinder results since the offset was constant.

Experiments were performed in 2 stages. In the first,
data was taken using only the crystal(described in detail
in and . In the second phase an electric field
of ~ 5000V was run across 2 parallel plates surrounding
the crystal in an attempt to increase the mobility of the
charge carriers.

A1l cmx 1 cm x 1 cm BijpSiOgg crystal was used in
collecting data. The crystal was bought new for the ex-
periment so it is unlikely that imperfections in the crystal
contributed significantly to error.

Components were secured into a pneumatic table in
the appropriate configuration using screws. Lights were
turned off to reduce noise. Chopper was connected di-
rectly to the Lockin in order to ensure accuracy of the
measured frequency. Beams were aligned to cross as soon
as they hit the crystal.

Lockins and arduino were connected to a computer us-
ing 1IEEE-48 GPIB with usb connection. Data was taken
and shudder was controlled using using MATLAB and
graphed in real-time with intervals of approximately a
millisecond.

Polarization rotator was set to the plane of incidence
with the crystal.

A. 2-Beam Coupling
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Figure 2: A Schematic diagram for 2-Beam Coupling. The
beams cross in the sample crystal, moving the charge carriers
to induce an electric field which modifies the intensity of the
incident beams.

The table was aligned as in Fig. [2] with the angle be-
tween the 2 beams being 14 + 1 degree. It was observed
that the beam splitters did not evenly split the incident
beam.The intensities of the measured beams were around
% and % of the original intensity.

On the day that data was taken a very long power-
up time for the laser was allowed (/20 mins.) to ensure
that there would be no skewing due to the laser’s warm
up period. After this, the shudder was programmed to
let the appropriate beam through for 15 seconds and to
obstruct it totally for 15 seconds repeatedly. Data was
taken over the course of 10 minutes while the shutter
was allowed to alternate. Averages for all states of the
shutter were found by sampling the peaks and troughs
of the graph. After that, one beam shuttered the entire
time while the other beam was allowed to pass though
the crystal and into the photodiode. This was repeated



again only exchanging which beam was shuttered and
which one was allowed to pass through.

About 2 weeks after seeing the effect and taking data
we realized that we had forgotten to record the informa-
tion on the gain coeflicient of the crystal. We set up the
lab again and took data for different polarizations of the
light at an angle of incidence of 22.5°. However on the
day that we took this data, we could not reproduce The
Photorefractive Effect from before.

B. 4-Wave Mixing
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Figure 3: A Schematic diagram for 4-Wave Mixing. Note the
non-trivial path of beam 4. The beams cross in the sample
crystal, moving the charge carriers to induce an electric field
which modifies the intensity of the incident beams

The first Attempt at 4-way mixing was much done in
much the same way as [[ITA] only making the changes
in the setup required in Fig. [3] We were not sure where
the correct beam was for the photodiode. There were
many unplanned “stray beams” that came from the beam
splitters. So we picked the one that looked the most like
the angle from Fig.

Laser was allowed a sufficient warm-up time before
starting the experiment and lights were turned off to re-
duce possible error. The lasers hit the crystal at 14°+ 1°
and the crystal was shuttered for alternating periods of
15 seconds.

C. Corrections to 4-wave Mixing

All of the stray beams were checked to make sure that
the one with the effect hadn’t simply been missed. Un-
fortunately, no beams with the effect were found.

After getting no signal from the regular schematic, the
beam splitters for 2-way silver mirrors. This was an at-
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Figure 4: A Schematic diagram for 4-Wave Mixing revised so
that the beams may still cross in the crystal, yet the beam
heading to photodiode is also the one which passes through
the chopper. If one looks back at Fig. [3] one will quickly see
that the beam being measured is not the one that has been
chopped, thus leaving the experiment vulnerable to errors due
to ambient lighting.

tempt to see a signal possibly lost by the beam splitters.
After this, an "unchopped beam” was measured to see
if we could replicate the static obtained when 4-Wave
Mixing was first attempted. Lastly, we moved the pho-
todiode around the room and tried to see if any of the
stray beams coming from the 2-way silver mirrors. This,
again, produced no effect whatsoever when put under
rigorous testing.

By the end, all plausible stray beams were accounted
for at a range angles and we still saw no effect that held
up to rigorous data analysis.

Moved on to the setup described in Fig. 4l Angle with
the crystal was, again, 14°£1°. Again, no effect was
observed that held up to rigorous analysis.

IV. RESULTS

All of the data collected in this experiment was given
not in terms of intensity, but in terms of the voltage given
off by the photodiodes. This is not a problem because if
we consider the intensity to be linearly proportional to
the voltage output, then we get that

1 \%
g0 _ 0, (17)
g W1
Thus it is fine to consider voltage equivalent to inten-
sity so long as we only consider the ratio of any 2 of these
intensities.



Table I: The average intensities of the beams measured in
volts measured at the peaks and troughs of the graph (see
Fig. 8 and Fig@. Note the decrease in intensity when the 2
beams interact due to the photorefractive effect.

Average Intensities with No Applied E Field

1114 4+ .0001 V
Shuttered beam with interaction .1100 + .0001 V

Non-Shuttered beam with no interaction||.2224 4+ .0002 V

.2202 4+ .0002 V

Shuttered beam with no interaction

Non-Shuttered beam with interaction

Average Intensities with Applied E Field

.1105 + .0001 V

Shuttered beam with interaction .1083 4+ .0001 V
Non-Shuttered beam with no interaction||.2412 4+ .0002 V
.2377 £+ .0002 V

Shuttered beam with no interaction

Non-Shuttered beam with interaction

A. 2-Beam Coupling

An effect highly resembling The Photorefractive Effect
was very clearly observed. This can easily be seen in
Fig. 8 and Fig. [0] where the blue line is the shuttered
beam and the red is the line which simply passes through
the crystal. One other thing that is important to note is
that the effect takes less than a second to respond mean-
ing that this particular crystal has very mobile charge
carriers. The measured averages for the intensities of the
beam can be found in Table I.

B. 4-Wave Mixing

When the 4-Wave Mixing technique was first used with
no applied field we got data much like that of Fig. 77

When all the other stray beams were tested, simmi-
lar static was produced. Next, this experiment was re-
peated in the applied electric field of 5000V and resulted
in Fig. 77

Again, this Brownian motion-like static was obtained
where the measured voltage never wanders more than a
hundredth of a volt away from its starting place.

V. ANALYSIS
A. 2-Beam Coupling

Although no ultimate calculation was obtained, we will
go through the steps that would have been taken if we
had all of the data required.

We made the assumption that n. ~ ng =~ n ~ 2.554.
Next we must find 6 which was calculated from Snell’s
law via

s Ny, 1 .
sinf = —sinf ~ —sinf
n2 2

1
= g sin 14 = 0947 £ 0194, (18)

So then we obtain
0 = arcsin .0947 = .0948 £ .0194. (19)

Calculate the gain factors for the different polariza-
tions I'? and I's. This is the last calculation that we can
do towards getting r¢y .

= 1 L, I :| = L 120
I“==In|—=-"2|; IP==In|-2-"2]. 20
d |:IQS IlUs d I2p IlOp ( )

Where the different I's correspond the the intensities
when tested with the 2 different polarization. I, and
I5,, are the intensities of the beams when they individ-
ually enter the crystal (no coupling). We forgot to take
our data at 2 different polarizations so cannot calculate
any further as the lab manual instructs.

We will continue our calculation so that we might find
another parameter to compare our data to. We calculate
the effective thickness of the crystal d and the interface
grating A.

i-—2 - o —1.004.1 x 107am (21)
~ cosf  cos(arcsin.0947) :
and
2
p— 03820 _ 1 584+ 690nm.

T onsind 2 X255 x .0947
(22)

Which quickly leads to both of the F calculations

27 (1.3806 x 107232 (291K))
(1.6022 x 10-19C") (1.28 x 10=6m)

E;=
=1.284+.10 x 105K. (23)
m

Now we calculate T' using the rather large Eqn.
Note that since a measurement for 7.5 could not be
obtained a value for it was taken from [3].

Tepp =435 £.01 x 1072 (24)

and so we get that

2 3
C=—"T" .y, =7174.02x107%  (26)
Acos(6)



From the lab manual we obtain

- Eq4(1+ E4/E,) + E2?/E,
r=¢ < . 27
(1+ Eq/Ey)* + E2/E2 27)

Next we solve for F/; and E, where E; is the maximum
value the field can have and FE, is the induced electric
field. In order to do this we would need our I'" for both
the electric field on and the electric field off via

. 1 I I
F=——In|2222|. 28
Ol m nl:IQ .[10:| ( )
. 1100 .2224
Thwop=—-100In | —— =" | = 270+ .183m %, (2
no B 00 In {.2202.1114} 70+ .183m™. (29
Cywith £ = 549 & .174m ™1, (30)

Now we may surmise E, and E,;. For E, we know that
the crystal sat between 2 parallel plates. This means that
the electric field across the plates is simply

vV 5000
E = —_—=
“d 005

1+ 1x100L (31)
m

Here we have used the distance half way through the
crystal as an approximation of the field everywhere in the
crystal. This is also the point where the field ought to
be strongest since it is equidistant from both plates.

Now we may calculate ad compare E, by using this
formula. Obviously, £, = 0 when there is no voltage
across the crystal so we have from simplifying Eqn.
that

1

- = 3.784+.24 x 10*. (32)
C/Twor —1/Eq4

EqnoE =

Now E, can be calculated from the data collected from
when the voltage was on.

—C (Eg + Eﬁ) + 2E‘d]’-:‘no E

E,wE= -
aw/E 9CEy — 2o 1
Ve By aE,
2CEd - 2fno E
=7.66 & .24 x 10%, (34)

Now let us calculate the number density V4 from both
of them. We take from the lab manual that ¢ ~ 3400
and Ng(1 — N4/Np) =~ N4y. Where Np is the number
of donor impurities. We also have from the lab manual
that
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Figure 5: A sample graph of a fit of Eqn. [If] to the data of a
single decay of the non-shuttered beam. Many of these were
averaged together to get an approximate decay rate from the
diffracted beam when both beams are incident on the crystal.

Ae

E,= Na(l = Na/Np); 35
1= Do Al A/Np) (35)
27 (8.854 x 10712) (3400) (3.78 x 10?)
NA no E — (36)
(1.264 x 10-6) (1.602 x 10-19)
= 3.53 + .24 x 10%. (37)
Na w/e = T7.16 £ .22 x 10%°. (38)

In an attempt to make up for the data not taken in
the 4-Wave Mixing experiment, data was used from the
2-Beam Coupling experiment to fit Eqn. [I6]in an attempt
to quantify Vgecqy. Data was used from the 2-Beam Cou-
pling with no electric field because the decays are larger
and easier to find.

We averaged 5 of the clearest decays from Fig. 8 to
obtain

no = .799 £ .001 (39)
and
Vdecay = —-529 £ 05551, (40)

R? values ranged from around .97 to .99 in our fits.
Unfortunately repeating this process for the applied
electric field data was impossible because of aliasing.

B. 4-Wave Mixing

Without any well behaved data there was little analysis
to be done directly. However, considerable time was put
into proving that the data obtains was nothing but noise
so that is what will be presented.

Although there was no obvious pattern in the static
in Fig.[10] and Fig. [I1] a regression was run on it in the
unlikely case that a pattern might be found mathemati-
cally. The default MATLAB fitting algorithm was used
to fit the data to

a*sq(w(xzp)>—b. (41)
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Figure 6: The best fit to the function variable found in Eqn. ]
to the 4-Wave Mixing data found in Fig. If the photore-
fractive effect was present we would see a high correlation to
a square wave because the shutter turned the effect on and
off like a switch. Note the lack of any visible correlation.

Results

General model:

) = a*(sin(314% e+ p)/L)+5in(3*3.14% (x+ p)/L)/3+5in (5*3,
sin(7*3.14%(x+ p)/L)/7 +5in(9%3.14% (x+ p)/L)/9+sin
pi/Li/11)+b

Coefficients (with 95% confidence bounds):
L= 1629 (1619, 16.38)
a= 0001 (fixed at bound)
b= 01012 (01011, 0.1013)
p= 8891 (8315 9.468)

Goodness of fit:
55E: 0.0002591
R-square: -0.5747
Adjusted R-square: -0.5847
RMSE: 0.0009085

Warning: A negative R-square is possible if the model does

Figure 7: The best fit to the function found in Eqn. @] to
the 4-Wave Mixing data found in Fig. If the photore-
fractive effect was present we would see a high correlation to
a square wave because the shutter turned the effect on and
off like a switch. Note the negative R? indicating the lack of
correlation.

Where the sq(x) is a square wave with period 2. The
fit was done by approximating the square wave with a
Fourier series up to 5" order.

It is easy to see that there was no hidden correlation.
This technique was repeated to evaluate stray beams with
similar results.

VI. CONCLUSION
A. 2-Beam Coupling

Although we were not able to compare our results to
the theory in totality, we were able to see very clear
troughs and peaks in our graph. This strongly suggests
that there was an effect to be measured, despite the fact
that very little analysis could be done. Unfortunately
a few mistakes along the way kept us from comparing
results to theory conclusively.

The normal number density (N4) for a BSO crystal
is about 103 m~1! (from [2]) and we calculated a number
density to be on the order of 102°m~1!.

It would make sense that our crystal has a higher num-
ber density than the one tested in [2] since the data was
taken in 1995 and the company providing our crystal may
have increased the density to increase the induced pho-
toelectric effect. This may also be partially attributed to
an overestimation of E, since the value used was at the
strongest point in the field. Other reasons for the lack
of predicted results could include a mal-alignment of the
beams or the laser heat up time. Although both of these
are less likely since they were thoroughly checked.

We cannot conclusively say if the applied electric field
increased the mobility of the charge carriers due to alias-
ing in the applied electric field data. However, simply
looking at the graph does imply that the jumps were
slightly faster although it is hard to tell because of the
small difference between Iy to I.

Despite these rather discouraging results, the value of
Vdecay Seemed to fit within expected parameters. Accord-
ing to [4] the decay rates for a BSO crystal can range from
107! to 10~* s~!. This agrees well with the observed .529
s~L
It is the opinion of this paper that these results fit
previously measured data more than N4 because of the
estimation needed for the E, parameter. If exact data
for E, was obtained then we would likely see results more
in agreement with previous measurements.

B. 4-Wave Mixing

We can be sure that the exposure time was not a factor
in the failure of the experiment because the effect was
observed very quickly in the 2-Beam Coupling. (< 15
sec. see Fig. 8) A lot of time was also spent aligning the
beams to attempt to eliminate errors from the beams
not crossing properly. All of the stray beams were tried
and again no effect was observed. We simply found no
correlation with the shuttering of the beam.

It is the opinion of this paper that the lack of a re-
sponse in the 4-wave mixing was due to the difficulty
measuring the beams without the chopper. If one looks
back to Fig. 3] it is easy to see that the beam that is be-
ing measured does not go through the chopper and thus,
ambient light could corrupt data.



C. Corrections to 4-Wave Mixing

The attempt to find the correct signal by measuring the
chopped beam turned out the same as the regular 4-Wave
Mixing with no observed effect. Again, this may have
been due to the alignment of the light or not measuring
the correct beam, however these are unlikely as they were
thoroughly checked.

VII. SUGGESTIONS FOR FURTHER
RESEARCH

The main problem that occurred with the 4-Wave Mix-
ing was that the data was not able to be separated from
noise. If one looks at Fig. [3] then one will quickly find
that the chopped beam is not the one that was measured.
Perhaps the experiment could be re-designed so that the
chopped beam is directly measured to reduce noise and
make it easier to align the beams.

Also, in the future it might be more efficient for ex-
periments to measure vgecqy as I have with the 2-beam
coupling since not many have succeeded in getting the
data from the 4-Wave Mixing.
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Figure 8: Sample data of photodiode voltages. The beam
producing the blue V; line is shuttered every 15 seconds (the
shuttered beam) while the beam representing the red V- line
simply passes through the crystal.
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Figure 9: Sample data of photodiode voltages.
producing the blue V; line is shuttered every 15 seconds (the
shuttered beam) while the beam representing the red V5 line
simply passes through the crystal. We can ignore the last,
largest hump in the V2 reading of an induced electric field as
it can be accounted for by a shutter malfunction.
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Figure 10: A graph of the static produced when we attempted
to measure The Photorefractive Effect using 4-Wave Mixing
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Figure 11: A graph of the static produced when we attempted
to measure The Photorefractive Effect using 4-Wave Mixing
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