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Abstract: The dynamic refractive-index-change behavior of the light-induced process in
an Mn:Fe:KTN crystal illuminated by a focused light sheet can be observed experimen-
tally by digital holographic interferometry. By numerically retrieving a series of sequential
phase maps from recording digital holograms, the spatial and temporal evolution of the
light-induced refractive-index-change distribution inside the material is visualized in situ
and monitored in a quantitative and in full field way. With this technique, the effect of re-
cording parameters, such as writing laser power and polarization, bias voltage, tempera-
ture, and writing time, on the Mn:Fe:KTN crystal in the photorefractive effect can be
explored. Therefore, optimized recording parameters will be achieved according to the
dynamic behavior. The method provides an access to explore the evolution of the photo-
refractive (PR) effect of electrooptic crystal under various situations.

Index Terms: Mn:Fe:KTN crystal, photorefractive (PR) effect, digital holographic interferometry.

1. Introduction

The photorefractive (PR) effect, i.e., light-induced refractive index change, which converts the
variations of light intensity dynamically to changes in refractive index, has attracted intense at-
tention and been intensively investigated for about decades since Ashkin et.al first observed the
phenomenon [1]-[7]. Potassium tantalate niobate (KTN) crystal is one of the first identified
crystal with PR effect and known also with a very large second-order electro-optic (EO) effect
[8]-[10], which has thus been substantially investigated [11]-[13], and applied in many fields
such as holographic storage [14], EO deflection [15], [16], a fast varifocal lens [17], [18]. A
Mn:Fe:KTN crystal doped with both iron and manganese is particularly interesting because it
has two competing subsystems of dipole moments, which exhibits higher EO performance,
such as, higher diffractive efficiency and PR sensitivity and faster response time. Therefore,
the learning and manipulating of photorefractive process matters to read the exact temporal and
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Fig. 1. Experimental optical setup for measurement of refractive index changes. The refractive in-
dex is induced by illumination with a focused laser beam (NF: a variable neutral density filter; BE:
beam expander, spatial filter, and collimator; PBS: polarizing beam splitter; BS: beam splitter;
M;—Mg: mirror; A\/2: half-wave plate; HV: high-voltage power supply; TC: temperature control sys-
tem; CL: cylindrical lens).

spatial behavior of the refractive index change in the material. Several techniques have been
suggested for this purpose. For example, digital holography has been presented for in situ ob-
servation of the light-induced refractive index change in a LiNbOj: Fe sample, by which the
phase map of the optical path difference can be obtained due to the refractive index changes
[19], [20]. The optical interferometric technique has been applied in visualizing the light-induced
changes of refractive index of a LiNbOs:Fe sample in [6] and [7]. However, little attention has
been paid to visualizing simultaneously the spatial and temporal evolution of the light-induced
refractive index change of a photorefractive crystal under an electric field, and the time evolu-
tion is important to evaluate PR processing, specifically for PR solitons, observing the process
of soliton information in crystal. In this paper, we utilize digital holographic interferometry to visu-
alize the characteristics of the spatial and temporal behavior of light-induced refractive index
change and monitor the refractive index change quantitatively in Mn:Fe:KTN crystal. The
method is used simultaneously to observe the light-induced refractive index change in Mn:KLTN
(potassium lithium tantalate niobate) crystal [21]. However, some different characteristics of
light-induced refractive index change in Mn:Fe:KTN crystal are observed just as we expected,
which is intriguing and significant, and those result from those different mechanisms, the one-
center model and the two-center model, which are responsible for single and double doped in
crystal, respectively. Here off-axis holographic system is also involved, which can record holo-
grams of a Mn:Fe:KTN crystal, retrieve the phase distortions under different states and visualize
the optical field distribution of the Mn:Fe:KTN crystal illuminated by focused vertical light in situ.
And the temporal evolution of the reduced refractive index change is estimated by means of a
series of sequential phase difference.

2. Experimental Setup and Method

The experimental configuration for studying spatial and temporal behavior of light-induced re-
fractive index change in a KTN crystal is illustrated schematically in Fig. 1, which consists of
two setups: the inducing optical setup and the probing optical setup as we call it here. For the
inducing optical setup, a 532 nm continuous-wave (cw) horizontally linearly polarized semi-
conductor laser with the maximum power of 100 mW is adopted as a writing light source, and
a laser beam is focused by a cylindrical lens to approximate a vertical 0.3 mm sheet to induce
a refractive index change. A \/2 wave plate with A\ =532 nm is used to change extraordinary
polarized light to ordinary polarized light. The spatial distribution and temporal evolution of the
optically induced change of the index of refraction is probed by digital holographic interferome-
try in the probing optical setup, which is a Mach-Zehnder-like holographic arrangement. A line-
arly polarized light from a He-Ne laser (Thorlabs HNLO50L) with the wavelength of 632.8 nm
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serves as a probe light source and is expanded, spatially filtered, and collimated. Then, the
plane wave with the diameter 20 mm is divided into two parts, which have the same intensity,
through a polarizing beam splitter cube PBS and a polarizer. The horizontally linearly polarized
light, namely, p-polarized light, reflected by reflecting mirror My and beam splitter cube BS, acts
as the reference wave; the vertically linearly polarized light, that is s-polarized light, is reflected
by reflecting mirror M, and illuminate the object and through BS onto the CCD plane, as the ob-
ject wave. A half-wave plate (A\/2, here A = 632.8 nm) is inserted in the object arm or in the ref-
erence arm to permit selection of p-polarized light or s-polarized light. And the two beams are
interfering and a Fresnel off-axis hologram is formed and recorded on a CCD. The CCD used is
a 14-bit digital CCD camera (GRAS-14S5M/C) with 1384 x 1036 pixels and pixel size of
6.45 um x 6.45 pum. The Mn:Fe:KTN, with Mng o4:Feq.15:KTag 60Nbp 4003, is grown by the top-
seed solution growth method, used as the object. The temperature of the sample in the experi-
ment is controlled by a temperature control system (TC) we developed with a precision of 0.5 °C.
DC electric field is applied to the sample by a high-voltage power supply (Agilent N5772A). In the
experiment, to avoid the probe beam producing additional index changes in the crystal, the
He-Ne laser is operated at much lower power by NF.

Let /1(x,y) and k(x,y) be the digital holograms recorded in two different states of the object,
and o4(x,y) and ox(x,y) be the reconstructed complex amplitude of object wave from /;(x, y)
and h(x,y), and the corresponding phase distribution ¢1(x,y) and v2(x,y), respectively, are
given by

Imo;(x,y)

m I:1,2. (1)

wi(x,y) = arctan
The phase difference of object in two different states, called the interference phase, can be
written as

_ Q01(X,y)—Q02(X,y) 901(X7y)2902(x’y)
X y) = {am(x, V)= ealxy) £2r  or(xy) < w2, y). @

The refractive index change An(x,y) between two exposures, which observed is attributed to
the intense laser illumination, is proportional to the phase difference, which is calculated by

An(x,y) =20 @

where ) is wavelength, and d is thickness of crystal in laser beam propagating direction (z-direction).
The phase map representing the phase change directly reflects the variation of refractive index of
KTN crystal by photorefractive effect. Therefore, the photorefractive effect of KTN crystal can be
displayed and analyzed in the form of phase maps.

3. Experiment Results and Analysis

3.1. PR Effect

The as-grown of Mn:Fe:KTN crystal is cut into a cube with dimensions 3.4% x 2.00) x
0.94 mm? along the crystallographic [010] axis. Both 3.4%) x 2.0) mm? faces are optically po-
lished for light propagation. Silver electrodes are plated and two silver conducting wires are at-

tached on both of the 3.4% x 0.94® mm? faces, and an electric field E is applied along the

y axis, that is, E'(O, E.0), by DC-voltage source. The temperature dependence of the relative di-
electric constant ¢, is measured by an LCR meter (Agilent E4980A), as shown in Fig. 2. The
peak of the curve indicates that the Curie temperature is Tc = 27 °C, and the crystal had a large
relative dielectric constant near Tc. The large dielectric constants of the crystal near the phase-
transition temperature will induce a large Kerr effect in the paraelectric phase. We measure the
quadratic EO coefficient using digital holographic interferometry [22], and R;1 reaches as high as
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Fig. 2. Dependence of the relative dielectric constant £, on temperature, and the peak of the curve
of Tc =27°C.

Fig. 3. (a) Intersection of the index ellipsoid with xy plane when electric field is applied along
the y axis (E = 300 V/mm, green curve) and without the field (red curve). Holograms of the light-
induced refractive index changes with the writing light and recording light of p-polarized light for
(b) U=0V and (c) U =600 V, temperature of 30 °C, the exposure times of 300 s, and the writing
light power of 15 mW.

7.81 x 10715 m2/V2 and Ry, is —4.558 x 10~1® m2/V? at 28 °C around Tc. For p-polarized light
and s-polarized light, the modulation of the refractive index n, and n, induced by EO effect is dif-
ferent. Fig. 3(a) shows the intersection of the (y, x) plane with the index ellipsoid in KTN deter-
mined by the equation as follows:

1 1 1
<ﬁ+R12>X2+(?+R12>22+<F+ :‘:1’11)}/2:1 (4)

0 0 0
where ng is the principal axe of the refractive index ellipsoid without electric field applied, and the

electric field E is parallel with y-axis. The semiaxes of the intersection of index ellipsoid in the
(y, x) plane are coincident with refractive indices of the ordinary and extraordinary polarizations
of the reading beam, and the modulation of the refractive index An,(E)~ —n3Ri2E?/2,
Ang(E) =~ —ngR11EZ/2. The value ng of TM mode is larger than that n, of the TE mode. For com-
parison, the intersection with no electric field applied is also drawn in Fig. 3(a), in which KTN
crystal in the paraelectric phase is isotropic. When the high power focused Gaussian light sheet
illuminates the sample, the induced index change An, and An, by PR effect are also different.
Fig. 3(b) and (c) show the digital holograms obtained by the recording magnification interference
field in the absence and in the presence of applied voltage, respectively, for writing light and re-
coding light are the p-polarized light. The interference fringes change occurs in Fig. 3(c), and
there is no change in (n, — ng) in Fig. 3(b) when illuminated if no electric filed is supplied,
the result of which verified the conclusion that the light-induced refractive index change can
be explained by a result of the EO effect. Fig. 4(a)-(c) show holograms with and without the
p-polarized writing light for the p and s-polarized recoding light, respectively. Fig. 4(d)—(f) show
holograms with and without the s-polarized writing light for the p and s-polarized recoding light,
respectively. The experimental parameters used follow: voltage of 600 V, temperature of 30 °C,
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Fig. 4. Holograms of the light-induced refractive index changes at 600 V, 100 s, and 30 °C. (a)
p-polarized recoding light and no writing light. (b) p-polarized writing light and the p-polarized
recoding light. (c) p-polarized writing light and the s-polarized recoding light. (d) s-polarized recoding

light and no writing light. (e) s-polarized writing light and the s-polarized recoding light. (f) s-polarized
writing light and the p-polarized recoding light [the illumination region is the same as in Fig. 3(c)].

the exposure times of 100 s, and the writing light power of 15 mW. The shift of the interference
fringes in the illumination region (red curve marks the illumination region) show that the illumina-
tion by a Gaussian light sheet really induces changes of the refractive index, while the shift of
the interference fringes in the illuminated region shown in Fig. 4(c), (e), and (f) are too small or
show almost no shift to be observed by the naked eye at the present voltage applied. Those re-
sults imply that the refractive index change occurs only when the writing laser beam and electric
field are simultaneously present, and the magnitude of the refractive index change in the crystal
depends on the appropriate EO coefficients. With n, little affected, only Ane is then considered.
In our experiment, a voltage is always applied to the Mn:Fe:KTN crystal tested, the probe light
and the writing light are p-polarized light, the writing light enters the Mn:Fe:KTN crystal centered
to the middle of the surface whose direction of propagation is 5° along to the z axis, the very
small angle between the probe light and the writing light occurs due to the border of reflect-
ing mirror My, only part of the surface of the crystal is illuminated. Experiments are conducted
with respect to variations in writing light intensity, applied voltage, temperature, and exposure
time. The phase changes of the crystal during and after illumination, i.e., between the exposure
time t # 0 sand t = 0 s, are visualized and measured.

3.2. Under a Constant Temperature

The experimental procedure for measuring the light-induced birefringence is based on deter-
mining the phase map through the crystal. For this end, we first carry out the experiment under
a constant temperature of 30 °C, 3 °C above its Curie temperature. Digital holograms of the
crystal at various levels of writing-beam power, bias field strengths and exposure times are re-
corded and numerically reconstructed by angular spectrum method [23], the phase differences
of object in two different states are extracted using (1) and (2), and filtered by median filter and
unwrapped by 3D unwrapping algorithm [24]. The phase changes of the crystal between the ex-
posure time t #0 s and t = 0 s are measured. Fig. 5(a)—(f) show the partial phase map of the
crystal with the exposure times of 30 s, 60 s, 180 s, 300 s, 600 s, 1200 s, voltage of 600 V and
laser power of 15 mW, respectively. Fig. 6 shows a frame of the movie obtained collecting 200
of the three-dimensional phase map during the exposure time of 5 min (Media 1), and the phase
retardation can be visualized and observed. It is clearly seen from Figs. 5 and 6 that the phase
amplitude increases as the exposure time lengthens. The same results are also observed in
Figs. 3(c) and 4(b). According to (3), the phase difference distribution measured 4(x, y) is con-
verted to the induced refractive index change An(x, y), and the temporal evolution of the refrac-
tive index changes is estimated. Fig. 7 gives the spatial variation of An(x,y) along the y axis
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Fig. 5. Spatial-temporal evolution of the phase field. (a) t=30 s. (b) t=60 s. (c) =180 s. (d) t=300 s.
(e) t =600 s. (f) t =1200 s. (The color bar corresponds with the phase value (rad) of the marked
area.)
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Fig. 6. Dynamic behavior of phase retardation for exposure time of 5 min (Media 1).

for various exposure times with voltage of 500 V and laser power of 15 mW. It can be observed
that the induced index changes An(x, y) are practically restricted within the beam region (see
Figs. 3—7). With longer exposure time, An(x, y) subsequently reaches a steady state, for exam-
ple, the value of An(x, y) for the exposure time of 600 s is almost the same as that of 1200 s.
The averaged value An of An(x, y) is used for the following analysis.

Fig. 8(a) shows the average An with respect to exposure time f for different voltages U and a
fixed power of 15 mW. Fig. 8(b) plots the average An as a function of laser power | and expo-
sure time t at a fixed electric field of 400 V. One can see from Fig. 8, An increases with expo-
sure times t, when the beam power [/ incidents on the Mn:Fe:KTN crystal and exposure time t
are kept at the same level, An increases with increasing voltage. Similarly, when the applied
voltage U and exposure time t are kept at the same level, An rises at a higher beam power /.
Subsequently, it saturates after a certain exposure time, and the saturation value of the
refractive-index changes Ans depends on the applied electric field, and increases as the electric
field strengthens, which differs from the result of Mn:KLTN crystal in [21]. The phenomenon in
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Fig. 7. Refractive index changes An with various exposure times (at x = 390 pixels; see Fig. 6).
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Fig. 8. Average An as a function of exposure time. (a) For various applied voltages at a fixed power
of 15 mW, (b) for different focused light power at a fixed applied voltage of 400 V.

Fig. 8 is explainable with the two-center model of Kukhtarev et al. [25], and the writing time
constant t, and Ans have been obtained by fitting the An —t curves shown in Fig. 8 to the
function

An = Ang[1 — exp(—t/ty)] (5)

The fitting results are shown as red solid lines in Fig. 8(a) and (b), the red solid fitting curves
coincide with the experiment data profile, and the fitting parameters are listed in Tables 1 and 2.
Form Tables 1 and 2, you notice that t, can be seen as a constant for the voltage of 300 V-700 V
at the same light intensity /, the average f, = 70.684 s for the light power of 15 mW, which indi-
cates t, is a function of the incident light intensity /, and the value of t, determines the build-up
time of the refractive-index changes An. While the saturation value Ans is dependent on the
electric field U but not on the incident light intensity /, which increases with rising voltage.

The laser power dependence of the writing time is also investigated. The writing time constant
tw = ere0/4mopn, Where g is the vacuum permittivity, ¢, is the relative permittivity and op, is the
photoconductivity. According to the photoconductivity o,y oc I¥ [26], then we can obtain
tw = al™*, where a is the scale coefficient. From Table 2, we get the fitted equation of the writing
time constant t, = 1.759 x 10%/~"-26% ysing the light power of 5, 10, and 20 mW, which is tested
by the light intensity of 15 and 25 mW. The writing time constant t, obtained by t, = 1.759 x
103/-1265 gre 57.215 s and 29.983 s and 61.333 s and 24.533 s from the experiments, respec-
tively, the results of which are in agreement.

From above analysis, to obtain high value of Ang and the short t,, the optimized recording pa-
rameters, as we take it, can be selected as the following procedure in PR process. The high
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TABLE 1
Fitting parameters t, and Ang of curve shown in Fig. 8(a)

voltage U(V) laser power (mW) writing time constant #,,(s) saturation value Angx10™

300 15 71.131 7.570

400 15 72.950 12.045

500 15 69.881 20.074

600 15 72.676 27.933

700 15 69.301 33.424
TABLE 2

Fitting parameters t, and Ans of curve shown in Fig. 8(b)

voltage U(V) laser power /(mW) writing time constant #,, (s)  saturation value Ansx1 0

400 5 229.691 12.137
400 10 90.482 12.492
400 15 68.164 12.482
400 20 39.767 12.608
400 25 23.586 12.784

electric field to be applied should be determined first with the crystal breakdown voltage and the
power consumption taken into account; the high light intensity should then be utilized with scat-
ter another factor considered, the writing light and the recoding light are both p-polarized light,
and the exposure time is about 1.5 times t,, given by fitted equation.

3.3. Under Different Temperatures

The phase transition for Mn:Fe:KTN occurs at around Tc = 27 °C. Above Tc, the crystal is in
the cubic phase, which is the quadratic EO effect, and below Tc, it is in the tetragonal phase,
which is the linear EO effect. The same system and method of visualization and measurement
of light-induced refractive index changes mentioned in Section 3.2 are used in this experiment.
In our experiment, the temperature of the sample is controlled by a temperature control system
(TC). In light of the results of our investigation in Section 3.2, the optimized recording parame-
ters we set are the writing laser power of 15 mW, the applied voltage 300 V/mm, i.e., 600 V,
and the exposure time 100 s. Fig. 9(a)—(f) show the unwrapped phase difference between expo-
sure time t =100 s and f = 0 s with at 24, 26-29, and 31 °C, respectively. Fig. 10(a) and (b) re-
spectively depict the dependence of the average An on exposure time under temperature
above Tc and below Tc, which are the temporal evolution of the phase difference or the refrac-
tive index change. Similarly, Fig. 10 is fitted by (5) as well, one can notice that the red solid fit-
ting curves in Fig. 10 match the experiment data profile in all data for 21-33 °C except 27 °C.
And it is clearly seen from Figs. 9 and 10 that the phase amplitude and the refractive index
change increase from 23 °C to 26 °C and decrease from 28 °C to 33 °C as temperature rises,
and the peak value of An appears at 27 °C, which is the Curie temperature. Theoretically, An
does not have a saturation value at 27 °C and yet does not satisfy (5). Fig. 11(a) and (b) plot
the saturation value of Ans and the writing time constant t, as function of temperature T, re-
spectively. Black dots in Fig. 11(a) and (b) marked as the experiment data agrees with the fitting
data except 27 °C, specifically the writing time constant £, and the variation distribution of Ans
with temperature T is very similar to that of the dependence of the dielectric constant on tem-
perature T, which satisfies the Curie-Weiss law.

4. Conclusion

We successfully visualize the dynamic behavior of the refractive index change distribution of EO
crystal in the photorefractive process with digital holographic interferometry in situ. Quantitatively,
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we measure spatial and temporal response of 2-D refractive index distribution in a Mn:KLTN
crystal and Mn:Fe:KTN crystal after exposure, and the optimized recording parameters are
achieved. The research results demonstrate visualization and quantitative phase measurement
by the experimental method presented is a promising technique for the investigation of PR pro-
cess. Compared with Mn:KLTN crystal, the Mn:Fe:KTN crystal has large refractive index change
at the same voltage, which means that the large Ans can be obtained in the co-doped crystal
with the driving voltage of the crystal used effectively lowered, and the longer storage time is ob-
tained. Moreover, a sound writing condition is achieved for the grating formed by PR process,
which can highly helpful for electroholographic switching, still under our further exploration.
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