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Abstract: Electro-optic (EO) Bragg deflectors have been extensively used in a variety of applications.
Recent developments show that bandwidths and deflection efficiencies, as well as angular band-
widths, would significantly limit the utilization of EO Bragg deflectors, especially for applications
which need strong focusing, such as intra-cavity applications. In this paper, we introduce a broad-
band EO Bragg deflector based on periodically-poled lithium niobate with a monolithic dual-grating
design. We analyzed the deflection properties of this device by using a modified coupled wave theory
and showed that this device can be still efficient for a small beam radius under strong focusing,
whereas a single-grating one becomes very inefficient. Using a 1064-nm laser beam with a 100-pm
beam radius, we obtained a 74% deflection efficiency with a 190-V bias voltage with a 0.5-mm-thick
and 7.5-mm-long dual-grating sample. The acceptance angle for the Bragg condition of this device is
as large as a few tens of mrad. The potential bandwidth of this device exceeds 500 nm if the proper
operation region is chosen.

Keywords: lithium niobite; PPLN; Bragg deflectors

1. Introduction

The electro-optics modulator (EOM) and acoustic-optics modulator (AOM) are two
major photonic devices used to manipulate laser power. The modulation bandwidth of an
AOM is limited by the propagation speed of the transmitted acoustic waves that act as a
dynamic Bragg grating. An EOM, on the other hand, can provide much better modulation
speed due to the fast electric response, but usually requires extra polarization components
for intensity modulation, and thus the supported wavelength is strongly limited.

In 1996, domain-inverted lithium niobate devices were investigated to equip an
efficient Bragg deflector with improved modulation bandwidth by the electro-optic (EO)
effect [1]. The domain-inverted lithium niobate, also known as periodically-poled lithium
niobate (PPLN), has become an important optical material in nonlinear frequency mixing
processes due to its high nonlinearity, artificial phase-matching condition, and repeatable
fabrication. The fabricating techniques are now well developed and device-quality PPLN
crystals can be routinely manufactured [2]. Measurements on diffraction efficiencies for
performance enhanced PPLN Bragg switches for statically and dynamically applied electric
fields were also demonstrated [3]. M. Yamada published a review article, summarized the
main concept of PPLN Bragg devices and demonstrated several useful applications [4].
Recently, such an electro-optic PPLN Bragg deflector (EOPBD) was adopted to be a laser
Q-switch in laser cavities as well as a parametric down conversion device due to its
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insensitivity to temperature variation [5-7]. Moreover, the intrinsic wavelength sensitivity
of EOPBD made it applicable for selecting oscillation wavelengths in a continuous-wave
laser cavity [8]. The cascaded design of ref [8] is adopted to construct a wavelength
selectable actively Q-switched Tm:YAP laser [9].

However, the decrease in deflection efficiency of EOPBD for smaller laser beam radii
is experimentally observed [6,10]. The reduced deflection efficiency is caused by the
angular distribution of the incident laser beam which does not completely match the Bragg
condition given by the grating period of the EOPBD. Conventional coupled wave theory
uses a plane wave assumption, ignoring the angular distribution of the incident laser
beam, would not expect the reduced deflection efficiency which significantly limits the
performance of EOPBD [11], in particular, in a laser cavity, as well as an optical parametric
oscillator or similar nonlinear optical processes that require high intensities as a result of
strong beam focusing.

To extend the function of EOPBD, we introduce a broadband EO Bragg deflector
based on PPLN with a monolithic dual-grating design. The deflection properties of this
device were analyzed theoretically and experimentally. Experimental results showed good
deflection efficiency and broad angular bandwidth that justified the theoretical prediction.

2. Device Design and Theoretical Modeling

Considering the angular distribution of an incident laser beam, we have developed a
coupled wave theory for EOPBD with an incident laser beam containing multiple wave
vectors. In this model, we assume each spatial component is linearly coupled to the
associated diffracted components subject to the Bragg condition. The interactions among
spatial components in the incident beam are excluded because the coupling between each
component is insignificant and the phase matching condition is not fulfilled. The procedure
of the numerical simulation mainly consists of the following steps: (1) Express the PPLN
refractive index as a periodic function subject to its position; (2) Express the electric field in
the EOPBD as the superposition of the incident wave and the reflected wave; (3) Apply
the refractive index function and the electric field into the Helmholtz equation and find
the solution subject to the boundary condition; (4) Conduct linear superposition of plane
waves spanning a finite angular spectrum approximately within the diffraction angle for
a finite beam size and a very large grating dimension. Appendix A shows the detailed
steps of the extended model for single-grating-based EOPBD. This model has been applied
to the experimental measurement of the deflection efficiency of a single-grating EOPBD
incident by a Gaussian beam with a waist radius of 210 pm, showing great consistency
with experimental observation both qualitatively and quantitatively [6].

Supported by the same extended model, a monolithic dual-grating structure, as schemat-
ically shown in Figure 1, was designed and characterized. Appendix B conceptually shows
the extended model for dual grating based EOPBD. The incident wave containing multiple
spatial components has a wavelength of 1064 nm and propagates toward the y-direction.
The two PPLN grating vectors form +2.7-mrad angles with respect to the y-axis, as shown in
Figure 1. The PPLN grating period is 20.25 um. Figure 1 also shows a picture of the single-
grating and the dual-grating PPLN samples used in the experimental section of this paper.
The grating vectors are illustrated schematically in the picture. In Figure 2, the simulated
transmission curves of the single-grating and the dual-grating EOPBDs for different beam
sizes are plotted as a function of 0L given in Equation (A5), where  denotes a parameter
related to the phase-mismatching and the coupling coefficients, and L is the length of the
crystal (See Appendix A for more information). Due to the Pockels effect, the coupling
strength of EOPBD is linearly proportional to the biased voltage applied to the crystalline
c-axis (z-axis) if the thickness and the length of the crystals are identified. Figure 2 shows
that for both the single-grating and the dual-grating configurations, the deflection efficiency
is degraded by the decreasing waist size. When the waist size is small, the incident wave
contains multiple spatial components with more different wave vectors, which result in
more phase mismatch with respect to the EOPBD grating vector(s). As the waist size of
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the incident beam increases, the behavior of the incident wave acts more like a plane wave,
thus yields to a more ideal deflection efficiency.
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Figure 1. Schematic design of the dual-grating structure. The incident wave containing multiple spatial components has a
wavelength of 1064 nm and propagates toward the y-direction. The two PPLN grating vectors form +2.7-mrad angles with
respect to the y-axis. The PPLN grating period A is 20.25 um. The Bragg angle 65 is 0.69° (12 mrad). Notice that the angle of
the grating vector is exaggeratedly shown in this figure. The right picture shows the single-grating and the dual-grating

samples used in the experiment.
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Figure 2. The simulated transmission curves of the single-grating (SG) and the dual-grating (DG)
EOPBD for different beam sizes are plotted as a function of 0L in solid lines and dashed lines,
respectively. Different beam radii are presented in red: 10 um, blue: 50 um and black: 100 pm.

Figure 3 shows the first minimum transmission of the transmission curves versus
incident beam radius for the single-grating and the dual-grating configurations for 6L < 1.
Notice that the first minimum transmission occurs at different 6L as shown in Figure 2.
When the beam radius is 100 um, the transmission of the single- and the dual-grating con-
figurations are 16.46% and 18.30%, respectively, when proper coupling strength is applied.
Under this focusing condition, the beam radius does not cause significant reduction in
deflection efficiencies for the two configurations. However, as the beam radius decreases,
the first minimum transmission gradually increases. The first minimum transmission of
the single-grating configuration increases to 37.54% if the beam radius is 50 um, while that
of the dual-grating one is 16.77%. This demonstrates that the dual-grating configuration
can sustain better deflection efficiency than the single-grating one when the beam size is
smaller. Moreover, when the beam radius is reduced to 10 um, the transmission of the
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single- and the dual-grating configurations are 82.30% and 42.92%, respectively. The single-
grating configuration no longer provides significant deflection efficiency under such a
strong focusing condition.
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Figure 3. The first minimum transmission versus incident beam radius for the single-grating and the
dual-grating EOPBD for 6L < 1. The first minimum transmission is higher for a smaller beam radius,
showing a poorer deflection efficiency. The dual-grating configuration gives a better deflection
efficiency for a smaller beam radius, compared to the single-grating one.

3. Experimental Results

We prepared a 0.5-mm-thick, 15-mm-long, dual-grating EOPBD sample with its two
grating vectors form +2.7-mrad angles with respect to the y axis as shown in Figure 1.
The grating period of the dual-grating EOPBD sample was 20.25 um. The top and the
bottom surfaces were coated with 50-nm NiCr electrodes on which a high voltage from
a high-voltage amplifier was applied to form a Bragg grating. We also prepared a 2-mm-
thick, 13.5-mm-long, single-grating EOPBD sample with a 20.30-um grating period for a
comparison experiment. While using a 1064-nm laser beam as the incident wave, the half-
wave voltage V; can be determined by [12]:

4 A d
V. = -, 1
i 7TT33I’ZE3L ()

where 733 (29.4 pm/V) is the Pockels coefficient of LiNbO3, 1, (2.156) is the extraordinary
refractive index, A (1064 nm) is the wavelength of the incident wave, d is the thickness,
and L is the effective length of the crystal. As the dual-grating sample can be regarded as a
PPLN crystal in which two single-grating sections cascade in series, the effective length
of the dual-grating one is 15 mm/2 = 7.5 mm. This can be confirmed in the numerical
results from the extended wave theory shown in this paper. As a result, the half-wave
voltages of the dual-grating and the single-grating samples are calculated to be 190 V and
420V, respectively.

With the 1064 nm incident wave, the Bragg condition for the 20.25- and 20.30-um
grating periods required a ~0.69° incident angle as the Bragg angle. We optimized the
incident angle of the incident laser beam so that the Bragg condition is satisfied. If the
incident angle differed too much from the Bragg angle, the deflection efficiency would
dramatically drop. As the applied voltage ranged from —500 V to + 500 V, we measured
the 1064-nm zero-th order transmission of the two EOPBD samples. Figure 4 shows the
theoretical and experimental results for the two samples. The beam size in the samples was
controlled to be about 100 um. The theoretical prediction is calculated using Equations (A5)
and (A7), respectively for the single-grating and the dual-grating configurations. It is found
that the experimental results showed great agreement with the theoretical predictions.
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Figure 4. Transmission curves of the dual-grating (in black) and the single-grating (in red) configurations. The solid lines

show the theoretical predictions calculated using Equations (A5) and (A11), respectively for the single-grating and the

dual-grating configurations. The circle and square markers show the experimental results. The inset pictures show the

typical diffraction patterns of the single-grating and the dual-grating samples viewing by an infrared sensor card.

For the dual-grating sample, the first two transmission dips occurred when the bias
voltage was —165.5 V and +263.5 V and the corresponding half-wave voltage was about
210 V. The transmission at these two locations are 26.62% and 25.15%, respectively, showing
a ~74% deflection efficiency for the dual-grating EOPBD. For the single-grating sample,
the first two transmission dips occurred when the bias voltage was —432.5V and +543 V
and the corresponding half-wave voltage was about 480 V. The transmission at these two
locations are 52.85% and 53.15%, respectively, showing a ~47% deflection efficiency for the
single-grating EOPBD. Due to the stress-induced refractive-index change between adjacent
ferroelectric domains [13], the peak transmittance of the curve is slightly shifted away
from the zero-voltage point. The inset of Figure 4 shows the typical diffraction patterns
of the single-grating and the dual-grating samples viewing from an infrared sensor card.
The single-grating diffraction pattern shows a typical zero-th order beam and a first-order
diffraction beam. The dual-grating diffraction pattern shows a zero-th order beam and
several diffraction beams which can be realized from the schematic sketch in Figure 4.

While optimizing the incident angle to fulfill the Bragg condition, we also recorded
the transmission curves for different incident angles. Figure 5 shows the transmission
curves for the dual-grating EOPBD, demonstrating that the deflection efficiency became
poorer when the incident angle started to deviate from the Bragg angle. Notice that the 0°
curve represents that incident angle is right at the Bragg angle, giving the best transmission
contrast. When the deviation angle was 1.6° (28 mrad), the minimum transmission was
45.65%. When the deviation angle was further increased to 4° (70 mrad), it became difficult
to find out a minimum transmission near the £200 V region. This means that the dual-
grating EOPBD was efficient within a few-tens-of-mrad acceptance angle, which is good
for beam alignment and helpful for system stability.

The same experiment was performed for the single-grating EOPBD. It was found
that even the incident angle was right at the Bragg angle, the minimum transmission
was already higher than 52% and increased to 60% when the deviation angle was 0.8°
(14 mrad). If the deviation angle was larger than 0.8° (14 mrad), we could not find a
transmission minimum within 600 V for the single-grating EOPBD. The acceptance angle
of the single-grating EOPBD was very small compared to the dual-grating one.

In addition to the deflection efficiency measurement, we also did a theoretical sim-
ulation about the bandwidth of the dual-grating EOPBD with an incident laser beam of
100 pum. Figure 6 shows the theoretical contour plot of the transmission as a function of
wavelengths and applied voltages. It is found that there is a simultaneous broadband and



Photonics 2021, 8, 242 60f 11

high-deflection efficiency operation region during the 150~200-V region. During this region,
the deflection bandwidth exceeds 500 nm. Dispersion of refractive indices is included in
the simulation.
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Figure 5. Transmission curves for different incident angles. The 0° curve shows that the incident
angle is right at the Bragg angle (0.69°). As the incident angle deviated from the Bragg angle,
the dual-grating EOPBD became inefficient.
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Figure 6. Theoretical contour plot of the transmission as a function of wavelengths and applied
voltages. It is found that there is a simultaneous broadband and high-deflection efficiency operation
region during the 150~200-V region. Dispersion of refractive indices is included in the simulation.

4. Conclusions

In conclusion, we introduced a monolithic dual-grating configuration of EOPBD for
broadband operation with high deflection efficiency according to a modified coupled wave
theory. Experimental results showed a greatly improved deflection efficiency and justified
the theoretical prediction. This device not only remains efficient for strong focusing operation
but also provides a good angular bandwidth for easy alignment and good system ruggedness.
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The potential bandwidth of this device exceeds 500 nm if the proper operation region is
chosen. As reported in [6], the low bias voltage, which would result in small refractive-index
change, does not cause significant scattering loss due to the high-order Fourier components
of the square-wave PPLN grating. This gives a promising future for developing a novel
active mode-locking laser using an EOPBD as an intra-cavity EO modulator.
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Appendix A. Extended Model for Single Grating Based EOPBD

Applying an electric field upon a PPLN crystal, the periodic domain inversion causes
the refractive index in the PPLN periodic. When an external electric field is applied along z-
direction, the reflective indices in the positive (un-poled) and negative (poled) domains are
AnS = f%ngrggEg and An, = +%n§r33E3, respectively. 1, is the extraordinary refractive
index, r33 is the Pockels coefficient of LINbOj3, and Ej is the static electrical field applied
across the PPLN crystal in z-direction. The period of square-wave typed modulated
refractive index is Ag, which corresponds to the domain inversion period of the PPLN
crystal. Assuming the periodic modulation is along x-direction, the refractive index can
then be written as:

ne(x) = ne + Ane Z G exp(—jmkgx) (A1)
m=—oco
where An, = —%n§r33E3, ke = /2\—7:;, and G, = % sin(tmD) in which the PPLN duty

cycle D is defined to be the positive-domain percentage in one PPLN period and m is
an integer. In this paper, D = 50% is used. Although electromagnetic wave propagation
in periodic media can be expanded by the spatial harmonics according to the Flochet
theory, the dispersion relation and momentum conservation of electromagnetic waves set a
possible selection rule for efficient couplings between the harmonics. In particular when
the propagation distance is large and the grating strength is low, only a few harmonics
are significant. We consider electromagnetic waves polarized along the z-direction and
propagating paraxially along y-direction in EOPBD with transverse modulation along
x-direction, its electrical field E is conventionally expressed by the superposition of incident
and reflected waves:

E = E;(y) explikix] exp[iB1y] + Er(y) explikrx] exp[iBry] (A2)

where Ej and Eg are complex amplitude of incident and reflected waves which are slowly
varying function of position y. k;(B;) and kr(BRr) are the projection of wave vector onto
x- and y-direction of incident wave along x-y plane. Without loss of generality, the mo-
mentum conservation imposes that kg = k; — kg and Br = B;. The dispersion relation
further introduces the relation kg2 + B rR2 = k2 + B /2. In this case, one readily obtains
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fdxf Mexp[—igy] [i%sin(GL) +9cos(9L)} expli(B — &)L +i(kg + 6)x]

= _}O dx:ofo w exp[ 23/} sin(6L) expliBL] expli(B + &)L +i(—kp + 6)x]

kr = —k; = f% = kp, known as the Bragg condition as illustrated in Figure A1l and

= B; = Vne2ko? — kg% = B in which kg is the wave vector of electromagnetic wave
propagating in vacuum. Moreover, in case the incident wave propagating along the direc-
tion k; = kg + & deviates from the Bragg condition as shown in Figure A1, the mismatch
in wave vector along the y-direction can be calculated using the dispersion relation and

expressed as B = — ¢, fr = P+ ¢, and { = ﬁkfzi Taking the expression in Equation (A2)

and the refractive index in Equation (A1) into the Helmholtz equation, the coupled wave
equation is as follows:

S = —ik;ER exp[—iCy] (A3)
aa% = —ikgE; eXpHi‘:y]

in which the coupling coefficient is given by:

43 2
ne“koras
=Kkp=———E3 = A4
K[ = KR np 3=FK (A4)
In practice, only the incident wave presents at the beginning of the EOPBD crystal.
One imposes the conditions Eg(0) = 0 and sets the initial field amplitudes E;(0) and
EOPBD crystal length L. This suffices to obtain the solution to Equation (A3):

Ei(L) :E’T(O)exp{—iéL} ['5 i (9L)+9cos(9L)]

Er(L) = KEI(O) exp{ } sin(OL) (A9)

where 6 = 4/ (%)2 + xkg. The above derivation is based on an infinite beam size and
infinite grating dimension. In practical, it is only valid when the laser waist of the radius
is much larger than the grating period. Moreover, the grating dimension is required
to overwhelm the laser beam radius. When a finite beam size and very large grating
dimension are concerned, the incident laser can be formed by the linear superposition of
plane waves spanning a finite angular spectrum approximately within the diffraction angle
about the incident direction with the transverse wave vector equal to k. For any angular
spatial component with the transverse wave vector k; = kg + ¢, the transmitted and
reflected angular waves density have the amplitudes following the result in Equation (A5).
The transmitted and reflected waves are expressed by:

, (A6)

where A(kp + 6)dé is the angular field amplitude.
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(_I‘:If’ﬂ)

Figure A1. Wavevector representation illustrating phase mismatching of the incident and reflected
waves in the single-grating EOPBD with a grating period of Ag. The annotation in black shows the
perfect phase matching under the Bragg condition. The annotation in red reveals the quantity of
phase mismatch when the incident wave is slightly deviated from the Bragg condition.

Appendix B. Extended Model for Dual Grating Based EOPBD

In general, the refractive index distribution formed by electric voltage biased EOPBD
can exhibit multiple periods in x- and in y-directions when 2D poling techniques are
utilized. We may write the refractive index distribution as a sum of cosine series:

Me + Ane(x,y) = ne + Y Anjcos(ghx + ghy + ¢y). (A7)
1

For each I in Equation (A7), An; is the change of refractive index due to external
electric fields, gﬁc,y are spatial frequencies along the x- and y-directions, and ¢ is the phase
offset associated with the grating component.

Incidencing a z-polarized electromagnetic field, E(x,y) = E;(y) exp[—jkix — ]kly 1,
into the multiple-period EOPBD leads the reflected beam to many different directions when
the phase mismatch is small. One sees an example in Figure A2, in which dual-grating
vectors can reflect the incident wave (in black) propagating close to the Bragg condition to
two different directions, along the direction illustrated by the dashed line in red and blue
of Figure A2. The phase mismatch between the incident wave and two reflected waves are
given by 2¢1 and 2¢», respectively. Assuming direct coupling between the reflected fields
are insignificant due to large phase mismatch, the set of coupled wave equations can be
obtained by substituting the electromagnetic fields:

E(x,y) = Ei(y) expl—jKix —jkiyl + 1 EVexpl-ikx—ikyly]  (a8)
1<I<N
into the Helmholtz equation with a multiple-period refractive index given by Equation (A7):

aa% +j X Kfl)Eﬁl) expligyy] =0
1<I<KN

, (A9)
2

o .
o + it E; expl—igy] = 0

where Eﬁl) are the electric field reflected from the I-th grating component propagating along
the direction characterized by wave vector components k§f) and k;l).
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In particular we consider a dual-grating structure as illustrated in Figure A2. The cou-
pled wave equation writes:

; . (1 1 . . (2 2 .
a5 = —jx(VE expliciy] — jii” B explicay]
ae!) _ i Dp ' A10
4 = —Ixr Ejexp[—igiy] / (A10)
6) , ,
% = —jii” Ejexp|—ity]
peieg 5 - =0 = -
(1) _ neko®Any (1) _ nek®A _ud _ -

where ;= [I)dy Mok, = %, &= éyl = COS(G),Q‘I =k, —(k;j+G)andl=1,2.

—
The symbol G; denotes the grating vectors in the EOPBD crystal. From Equation (All) a
linear ordinary differential equation can be expressed in the following form:

d3E;

4’E; d’E;
dy3

s a°E; W) @ @y4E .
l(€1+§2) dy2 (élé‘z K, Ky K, Ky )dy l(KZ‘

VitV + PP e Ei = 0, (A11)

This homogeneous ordinary differential equation can be solved by the ansatz:

Ei= ) crexpliayl, (A12)
1=1,2,3

under the boundary conditions that, Eﬁl) (y=0)=0,1=1,2.

Figure A2. Wavevector representation illustrating the phase mismatching of an incident wave
(in black) propagating close to the Bragg condition reflected to two different directions along the
directions illustrated by the dashed lines in red and blue.
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