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Two-wave mixing of laser narrow beams in
Fe:LINbO; crystals
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Abstract: Two-wave mixing (TWM) of laser narrow beams was investigated in photorefractive Fe: LINbO; crystds .
A simplified deduction of the relationship of the energy coupling efficiency ¢, thediffraction efficiencyn and the phase
shift @g were given . When the surface charge was preserved, the maximum values of the energy coupling efficiency &
were about two times of that when the surface charge was removed . A refractive perturbation A n, induced by an argon
ion laser would reduce the energy coupling efficiency ¢ and diffraction efficiency n apparently, that reveals that the
photorefractive efect has direct relationship with TWM about the phase shift @4, it initiadly decreased fromTt, after
reaching a minimum, it regressed toTt again when it went to steady state. The results clearly showed that the surface
charge fidd has clear relationship with the space-charge field created by the two coherent beams, which induces space
variation of refractive index via Pockel s effect .
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When two coherent signal beams are interac-
ting in medium or even in free space, the intensity
distribution of the interference pattern is periodi-
cally varying in space. If two coherent signal
beams are interacting inside photorefractive (PR)
materials, energy exchange between the two light
beams is possible, which is called photorefractive
two-wave mixing (TWM) . TWM exhibits fasci-
nating nonlinear optical properties, which has been
extensively studied since the discovery of PR effect
in 1970 ™ .

PR crystal illuminated by a light beam with peri-
odica gpatial intendty variation can be described by
the charge transport model and the evolution of the
photorefractive index grating, which is the funda-
mental mechanism of TWM in a PR crysta . A
phase shift ¢, between intensity grating and pho-
torefractive index grating plays a key role in
TWM . A non-zero @y causes the energy transfer

between two coupling beams '

, and, in many
cases, the caxis of PR crystals determines the
direction of energy transfer .

T he most important and useful application of
PR effect comes from the photorefractive index
grating or hologram inside PR crystals. It is well
known that for a definite refractive index grating
spacing, the grating has incident angle selectivity
of light scattering .

1 Experiment Introduction

T he effect of applied field has been studied by
anumber of groups since 1974 ™! _In our previ-
ous work, the signal noise ratio of TWM in Cu:
In this

work, an experiment was set to investigate the

KNSBN crystals was investigated™! .

effect of the surface charge field to the TWM in
Fe:LiNbGO: crystals. The energy transfer between
two narrow signal beams and the diffraction prop-
erties of the volume holographic gratings were in-
vestigated under various experimental configura-
tions? narrow beams’ means the FWHM of light
beam waist was focused to several tens of microns

which resulted in small energy coupling efficiency

as the result of the thin grating . The PR grating
was almost in steady state because the reconstruc-
ting was weak . So the quasi-steady state theory
can be introduced to describe and anayse the PR
index grating . The relationship of the energy cou-
pling efficiency ¢, the diffraction efficiency n and
the phase shift ¢, were deduced in a simple method
by the benefit of the corresponding specialy de-
signed experimenta configurations . And¢, n, and
@s were calculated according to the experimenta
data . T he results show that TWM with the effect
of surface charge field (dc fiedd) would be much
obvious than that without surface charge field .
And arefractive index perturbationA n» could make
the TWM weaker . Both emphasize the role of the
surface charge field in TWM .

2 A Sinplified Analysis of Two-Wawe Mixing
of Narrow Beams

In the experiment, narrow signa beams (fo-
cusedto50py m FWHM at beam waist) was used to
conduct the TWM . Usudly the energy coupling
efficiency between two beamsis small because the
refractive index grating existed within a very small
region and there were only a small number of lay-
ers, therefore the theoretical analysis can then be
simplified . Since the energy transfer is small, the
reconstruction of the refractive index grating can
be ignored, and the grating can be considered as
guasi-stable .

Moreover the beam Sze is small, and the grating
length induced by two-wave mixing is comparable
short, the light intensity before and after passng
through the grating will be essentially unchanged .
Then, the absorption coefficienta can be treated as
zero in the theoretica analysis. In the experi-
ments, the intensity of two signal beams was
adjusted to practically the same, i .. the so called
modulation index m was set to be unity . For the
benefit of the foregoing simplification, the rela-
tionship between¢, n, and @, can be deduced in a
simple way .

Figure 1 shows the schematic diagram of
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Fig 1 Schematic diagram of TWM using
narrow laser beams

TWM using narrow beams, A (0), A:(0) arethe
amplitudes of the light waves at the input face, A
(2, A (2) arethe amplitudes of the light waves at
the output face before coupling builds up, and
A A, AA ae the changes of amplitudes of the
light waves when TWM happens . Figure 2 shows
the detailed diagram of TWM . A1, A are the am-
plitudes of light waves at the input face, A Ais the
change of amplitude at the output face, and the ar-
row represents the direction of energy transfer .
T he energy coupling can be treated as the result of
the interference between A and A A at O . The
solid lines represent the intensity grating formed
by the two signal beams, and the dashed lines re-
present refractive index grating, which has a shift
@, With respect to the intensity grating .0 is the in-
teracting angle inside the crystal and A is the grat-
ing spacing .

Fig 2 Detailed diagram of TWM using narrow
beams

TWM is actually conducted in the refractive
index grating . When Ai, A arriveat O, the opti-
cal path difference is | OO - O O |, the phase
differenceis

ap=300 - 001, &

where |OO | =@/ 2tsirB, | O 0| = | OO |cos0 =
] OO | (1 - 2sin’®), and 2M sirB =A, where nis the
refractive index . Thus,

21 n . 2ZnneJAsid
rg=TT 00 - 00 = FHH R g, (2)

Furthermore, when using a light beam to
readout the transmission grating, provided that the
Bragg condition is satisfied, it is well known that
the phase of diffracted beam is delayed by 1w 2 com-
pared with that of the readout beam . Then the
phase difference between A andA Ais

Tt
A(Pz(Pg‘?- 3)

T he intensity of the energy-gaining beam after
coupling is
|A +AAI = A + |AA] +2] AAA]coshg .(4)

In the case of small energy transfer ¢n 1),
|A A]° can be ignored, then the change of energy
of each beam is

Al= 2] AA Alsingg . (5)
T he energy coupling efficiencyé is
_Lh(@D-1(0)_1L(2- 1(0)

2710 Loy - ®
T hen
2] AAA]sI 2] A A Alsi
£ = | | rmg: | |2 m)g, ')
|1 | A ]
and the diffraction efficiency n can be written as
:A_Az_ 2A1AA2:‘ Al 2: Ez
A 2 A 2 1y sing, 4sin’ @y
(8)
Suppose @, =1V 2, we have
_E
n - 4 - (9)
Thus, for smallg ¢n 1),
£=24h (10)

Then we get the relationship (Eq - (10)) using our
simplification (m= 1,a =0, and @, =7/ 2) .

On the other hand, if the phase shift@, is not
W 2, according to Eq . (8), the time dependence of
@, can be calculated by measuring the time depend-
ences of £ andn:

sinps = Zjﬁ (11)

3 Experimental Setup

T he experimenta setup for TWM using nar-
row beams is shown in Figure 3 . An ordinary po-
larized 632 8 nm He-Nelaser beam was used as the
signal beam that is split into two coherent signal
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beams by a beam splitter . Both of the two beams
have the same intensity of (100 £ 1)y W, and the
intersecting angle 2 in air was 30° . Two lenses of
the same focal length (10 cm) were used to focus
the signal beams (FWHM was focused to 50y m at
the beam waist) . The two beams were made to in-
teract at their beam waists and in the middle of the
photorefractive Fe: LiNbOs; crystal . A chopper was
used to block one signal beam periodically (about
once per second, each blocking lasted 100 ms) to
get the diffracted signal (usualy the sampling rate
was 5¢ s, such that 5 data points were taken when
the beam was blocked by the chopper) . Because
beam 1 was blocked for avery short time (100 ms)
and the slow photorefractive response, thus¢' can
be considered as the energy coupling efficiency be-
fore blocking . Two lenses were used to collect the
signal beams in front of the photodiodes, each of
which was connected to a linearizing amplifier and then
to an interface card (National Instrument BNC-2110)
installed in a PC. The data were acquired by the
Nationa Instrument Lab View software.

L1, L2, L3, L4: focusing lenses; M1, M2: mirrors; ND:
neutral density filters; BS: beam splitter; SB: signal beam;
PD1, PD2: photodiodes; C: chopper

Fig 3 Experimentd setup for TWM using narrow beams

First,
using a fresh crysta under open-circuit and short-

TWM experiments were conducted

circuit condition, inwhich any refractiveindex per-
turbation was erased by the uniform illumination of
a white lamp . Short-circuit condition means the
surface charge induced by theincident light was re-
moved by using a wet lens paper to make contact
with the surfaces of the crystal, and it is called
open-circuit condition when the surface charge was
preserved . Second, TWM experiments were con-
ducted using a crystal with A n under open-circuit

and short-circuit condition, A v is the residual re-

fractive index grating induced by an unfocused
514 5 nm argon-ion laser of which the FWHM is
about 2 5 mm and the power is about 100 mW .

4 Results and Discussion

Figure 4 shows the evolution of the intensity
of the two light beams 1., (t) after getting across
the crystal with A n, under short-circuit condition .
Upper curve is the beam with energy gain, lower
curve is the beam with energy lost, and middle
curve is the sum of the two curves divided by two .
It took about 10 minutes for ¢ to reach the maxi-
mum value . One can see that the coupling reaches
10) %) at t=10 min, and
then decays gradually to a very low steady state

amaximum ((9.0 £

level . ... (t) are similar in trend under different
experimental conditions (described previously),
the differences are in the maximum ¢ (see Table

1), which can be calculated according to Eq. (6) .
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Fig 4 I.,(%t) incrystal withAn, under short-circuit

condition

Tablel The maximumé¢ under different conditions

) Open-circuit ~ Open-circuit  Short-circuit Short-circuit
Experi mental . )
o fresh crystal with fresh crystal with
condition
crystal A np crystal A np

&/ % 325+ 25 188+ 138 179+ 138 90+ 1.0

The maximum of the energy coupling efficiency ¢
Is shown in table1l . As can be seen, { under open-
circuit condition are higher that that under short-
circuit condition, and ¢ in fresh crystal are higher
than that in crystal with the refractive index per-
turbation A n, . But { under open-circuit condition
with A n is almost the same with that under short-
circuit condition in fresh crystal .

Table 2 showsn at maximum and at steady
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state, as well as the rise time to reach the maxi-
mum diffraction efficiency n, which can be calcu-
lated according to Eq. (8) . For the reationship
betweenn and ¢, the variation of the maximum n
with the experimental configurations shows similar
properties to that of { . At steady state, { under
open-circuit condition are about two times of that
under short-circuit condition, and it seems to affect
n not so much whether the crystal is fresh or with
A n, especialy under short-circuit condition . At a
fresh crystal or with An, the rise time to reach
maximumn under open-circuit are higher than that
under short-circuit . And under open-circuit or
short-circuit condition, the rise time to reach maxi-
mumn in afresh crystal are higher than that in a
crystal with A n . BothA n and the surface charge
affect the the rise time apparently .

Table2 Then at maximum and at the stead state, and

the rise time to reach the maximumn under different
experimental conditions

Open-circuit

Open-circuit Short-circuit  Short-circuit

Experi mental

fresh crystal with fresh crystal with
condition
crystal Any cry stal Any
Maximum
494+ 01 181+ 0.05 166+ 0.06 072+ 0.02
n/ %
n at steady
062+ 0.02 053+ 002 028+ 0.01 028+ 0.01
statd %

Rise time to

reach maximum 28 .2 + 4 0 189+ 05 24 0+ 2 0 119+ 0 2

n/ min

In summary, the results clearly show that the
open-circuit or short-circuit and the perturbation of
refractive index A n. could affect the properties of
the volume refractive index grating significantly,
which can be explained as follows . For a crystal
with A n, the intersection of two waves coupling
was placed at the center of the 514 5 nm argon ion
laser beam, where A no has been made saturated .
The saturated value of A ninduced by the 514 5 nm laser
is larger than that induced by the 632 .8 nm dgna
beams . Thus, the TWM could form an index grating
with smaller magnitude . As a result, n was reduced, so
did¢, provided that the phase shift ¢, was in phase with
the evolution of the index grating .

The difference between open-circuit and short-
drcuit conditions is that in short-circuit the surface
charge is removed, that is, making the surface charge
field zero, which was responsible for the build-up of

the space-charge field inside the crysta . Thus, the
magnitude of the refractive index grating was reduced
by the reduction of space-charge field .

T he evolution of the phase shift ¢, was also
investigated which was deduced from Eq . (11) and
averaged by 1 over 25 data points to show the trend
more clearly . In the experiment, the crystal was
under open-circuit condition and A n, was induced .
Since the charge transport in Fe: LiNbO: crystal is
mainly determined by photovoltaic(PV) effect, so
the initial phase shift was set as m . Results are

shown in Figure 5 . It can be seen that the clear trend
021 [
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Fig 5 Theinsets are the magnified regions indicated by
the rectangles
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of the evolution of @ in time. When the signal
beams wereincident, the TWM was not so obvious
instantly . The energy coupling coefficient spent
(6 0£ 1.0) mintoclimb to the maximum¢, and
diffraction coefficientn reaches the maximum value
at t=(18 0+ 1 .0) min. According to the experi-
mental data, it seems that the time evolutions of &
andn are not in-phase . Maybe some physical vibra-
tions of the light beam and the crystal were intro-
duced, remember that the experiments were con-
ducted with narrow light beams . At steady state,
the value of @, was aroundt, so that there was no
energy coupling between the two beams . Also, n
decreases to alower value at steady state that also
leads to lower value of & .

5 Conclusion

The TWM phenomenon was investigated in a
photorefractive Fe: LiNbO: crystal . The time evo-
lution of the energy coupling efficiency ¢, diffrac-
tion efficiency n and phase shift ¢, were obtaned
by monitoring the output signal beams and corre-
sponding calculation . The experiments were con-
ducted under four different experimental configura-
tions . When the surface charge was preserved, the
maximum values of the energy coupling efficiency &
were about two times of that when the surface
charge was removed . A refractive perturbation A n
induced by an argon ion laser would reduce the energy
coupling efficiency ¢ and diffraction efficiency n
apparently, that reveas that the photorefractive
effect has direct relationship with TWM about the
phase shift @,, it initially decreased fromt, after
reaching a minimum (in about (6 0 = 1 0) min),
it regressed tot again (about one hour later) when
it went to steady state. The results dearly show that
the surface charge field has clear relationship with the
space-charge field created by the two coherent beams,
which induces space variation of refractive index via

Pockel s effect (electro-optic effect) .
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