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Abstract

A new scheme for activating Cerenkov radiation of frequency-doubled light, which takes
advantage of leaky waveguides, is proposed and simulated numerically. The underlying
concept of this scheme is based on a possibility of increasing overlap between the fundamen-
tal (driving) and the frequency-doubled (driven) field profiles along the transverse direction.
A preliminary investigation is made on the frequency doubling of infrared coherent radiation
using a bent planar waveguide. Numerical results for the generated harmonic power as a
function of the interaction length are shown, taking the radius of curvature of the bend as a
parameter. Also displayed are the evolutional plots of interacting fields, by which the effect
of the bend on the field profile is visually understood.

1. Introduction

Growing interest in utilizing nonlinear guided-wave phenomena for applications requir-
ing a compact blue light source with high degree of coherence is undoubtedly due to the
extremely enhanced flux density and longer interaction length in comparison with the
conventional bulk optics geometry. In analogy to the radiation of light from an electron
moving in a material, which was initially observed by Cerenkov, frequency-doubled light can
be generated at a certain angle against the propagation direction of pumping light provided
that the phase-matching condition (law of conservation of momentum) is fulfilledV. In
contrast to the extremely strict phase-matching requirement inherent in ordinary interaction
between discrete guided modes, the advantage of this method is that the phase-matching
condition between the fundamental guided mode and the frequency up-converted radiation
mode can be automatically satisfied solely by adjusting waveguide parameters, indicating
that no strict temperature tuning is needed. However, recent analytical and numerical
studies on the Cerenkov phase matching have revealed to us that the conversion efficiency
predicted is dependent on the guide parameters in a critical fashion although the dependence
is far more relaxed than that predicted for the interaction between discrete guided modes?~?.
Indeed, more recently, it has been predicted by the authors that by tailoring the nonlinear
susceptibility profile along the transverse direction, considerable enhancement of the effi-
ciency, which attains nearly one order of magnitude larger than that of the conventional
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structure, is, in principle, possible®.

In this paper a novel scheme for activating Cerenkov radiation of frequency-doubled
light, which takes advantage of a variety of field profiles that propagate down leaky
waveguides, is proposed and simulated numerically with the aid of the split-step finite
-element method that has been developed by the authors and to date, successfully applied to
a wide scope of nonlinear optics problems such as second- and third-harmonic generations®?,
nonlinear beam propagation in an arbitrary-shaped waveguide!®~*# and soliton dynamics in
a single-mode and a birefringent glass fiber!'®!%. The underlying concept of this scheme is
based on a possibility of increasing the overlap between the fundamental (driving) and the
frequency-doubled (driven) field profiles along the transverse direction. A preliminary
investigation is made on the frequency doubling of infrared coherent radiation using a bent
planar waveguide. Numerical results for the generated harmonic power as a function of the
interaction length are shown, taking the radius of curvature of the bend as a parameter.
Also displayed are the evolutional plots of interacting fields, by which the effect of the bend
on the field profile is visually elucidated.

2. Modeling

2.1. Nonlinear wave equations

As a leaky waveguide structure we consider in this paper a bent planar waveguide with
a radius of curvature, R, a section of which is schematically illustrated in Fig. 1. First, we
shall derive wave equations for the problem with the global coordinate system (p, @, Z).
Implying second-harmonic generation (SHG), as an explicit form of the TE component of the
total electric field vector we consider

Fig.1 Schematic sketch of a bent planar waveguide. Two
coordinate systems, (p, @, Z) and (x, ¥, z), are used to
define the waveguide structure. Light propagates
along the z-axis. The region 2 is a guiding film
whereas the regions 1 and 3 are claddings that bound
the film. D is the thickness of the film, and R is the
radius of curvature of the bent waveguide.
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E.(p,a,Z,t)=1/2[4 (p, a, Z)exp(Gwt) + ¢ {p, a, Z)exp(F2wt) ] +¢. c. (1)

where ¢ and ¢ are the amplitudes of the fundamental and the second-harmonic (SH) waves,
respectively (in this paper a prime indicates a quantity for the SH), » is the angular
frequency of the fundamental, and c. ¢. denotes a complex conjugate. Substituting Eq. (1)
into source-free Maxwell’s equations

VXE=—u 8H/3t, VXH=3aD/at (2)
and the nonlinear material equation

D,=e (e E,+d E%, (3)
we obtain the coupled nonlinear wave equations

2/ OpP+p v/ optp Tt 3 /0 aP+ 3P /B 2t e+ Ayt =0 (4a)
22/ opi+p Tt B Y /Bp+p Tt B ' /0at+ 32 /A2 +4e” o +2d =0 (4b)

where E, H, and D are the electric field, magnetic field, and electric displacement vectors,
respectively, u, &, & and d the vacuum permeability, vacuum permittivity, relative per-
mittivity, and second-order nonlinear optical coefficient, respectively, p=ko p, Z=ky Z (ko :
free-space wave number ; k=2 n/1,), and asterisk seen in the left-hand side of Eq. (4a)
denotes a complex conjugate.

Using the relation between the global coordinate system, (p, «, Z), and the local
coordinate system, (%, », 2)'%,

p=R+x, Z=y, a=z/R (5)
and assuming the planar condition, 8/3y=0, we reduce Eq. (4) to

9t y/o?+ (R+%)' 0 y/ax+R*(R+%) 22> /02t ey +d v* ¢v'=0 (6a)

0% ¢/ axt+ (R+%) ' oy'/ax+R*(R+%)~? a2 ¢//as*+4 ¢’ ¥/ +2d 4*=0  (6b)

with £=hwx, 7=hy, Z=kyz, and R=FkR.
Furthermore, to rule out contributions from the rapidly oscillating components along the
propagation axis we write ¢ and ¢ as

¥ (%, 2)=e(%,2) exp(—jB2), v (%,2)=¢(%,2) exp(—72 [ 2) (7)

with the automatically satisfied phase-matching requirement inherent in the Cerenkov
doubling being implied, and with 8 the effective index of the fundamental wave.

Substituting Eq. (7) into Eq. (6 ) we finally obtain the nonlinear parametric equations
to be solved numerically

i2 B8 R*(R+%)"?3e/dz
=o%e/ant+ (R+%)‘0e/ox+ e (%) — 2 R*(R+2%)?le+d (%) v* ¥ (8a)
j4 B8 R (R+x) 20 /oz
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=9¢'/oR*+ (R+x) ' de’/ox+4le’ (2) — B2 R2(R+x)2]e’+2 d' (%) y? (8b)

where the slowly varying envelope approximations, | 92 ¢/82%| <|283e/2%| and | 3% ¢’/ 892%|
& |4 foe’/az|, have been employed. It should be noted that for smaller R these approxima-
tions would be invalid because of the rapid field variation caused by the increasing leakage
of guiding flux.
2.2. Numerical tool

Application of the split-step procedure!”~** based on the principle of uncoupling, which
is mathematically equivalent to the operator splitting method, to Eq. (8) yields

Ade/3z=B e, Ade/3:=C (9a)

A 8e'/oz=B ¢, A de'/oz=C’ (9b)
with

A=j2BR*(R+x)% A=2A4 9¢)

B=2%*oe*+ (R+x)'9/ax+¢e(x) —f° R2(R+x)? (9d)

B'=3%ax*+ (R+x)' o/ax+4[e (%) — g2 R*(R+x%) 2] (%e)

C=d@y* ', C'=2d(x)¢? (91)

where B and B’ are differential operators (‘¢ numbers’) whereas A, A’, C, and C’ are
numbers (‘¢ numbers’).

To apply the finite-element method (FEM) to Eq. (9), first we subdivide the entire cross
-sectional domain (x direction) of the system into a number of small subdomains (subsystems)
using second-order line elements, a single segment of which has three nodal points.
Applying the FEM and the finite-difference method based on the Crank-Nicolson scheme, to
the lateral (x) and the longitudinal (z) field variations, respectively, gives the following
matrix equations within a short interval iAZ=< < (i+ 1) A% along the propagation axis (i=
0,1, 2, E

{e} i =[THeh+{C/A} Az, {e}n=[T"He'h+{C/A'} Az (10a)
with ‘transfer’ matrices
(T]=[L@]'[L6e—D], [T]=[L (O] [L(6—D]. (10b)

Here 4 is introduced as an artifice for controlling computational stability (0£6=1; =1/
2 for the Crank-Nicolson scheme), and{ - }and! - ]indicate a vector and a matrix, respectively.
The matrices[ L (s)]and[L(s)](s=48, §—1) involved in Eq. (10) are defined by

[L)]=[MA]—sAZ[K((R+2)"; e—B*R*(R+%)"%)] (11a)
[L'($)]=[M(AY]—s AzZ[K ((R+x)1; 4{e’—p* R*(R+2x)7%})] (11b)

with

LK (B £2) 1= Zefe ({NHNST+ AN HNS T+ 0 A NHN T dx (11c)
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(M (p)]=Zefep {NHN}"dx, (11d)

Here{ N }is the shape function vector for the finite elements,{ Ny }= d{N }/d%, superscript T
and subscript ¢ denote, respectively, a transposition and each individual element, 3, stands
for a superposition over all constituent elements that divide the entire cross-sectional
domain, and p; and p, are arguments.

With{e}, and{e’}, being computed the evolutional powers can then be evaluated by

P(2)=82 Z k) el "[M W) {et, P(2)=BQ L k) He " [MD)]{e}h  (12)

where Z,is the intrinsic impedance of vacuum, which is equal to 377 Q. P’(2)/P(2)
provides the conversion efficiency for the frequency up-conversion process under considera-
tion.

Step-by-step marching iteration of Eq. (10a) for /=0 (initial), 1, 2,------ yields the
evolutional variation of the up-converted field, ¢’ (£, z), driven by the fundamental field, ¢ (%,

z).
3. Results and discussion

To demonstrate the effect of the bend on the evolutional variations of interacting fields
we first consider a symmetric planar structure with a nonlinear film sandwiched by linear
claddings. We select 2-methyl-4-nitroaniline (MNA) and SFl] glasses as a core and a
cladding material, respectively. MNA is one of the most nonlinear organic materials
investigated to date, which has an exceptionally large second-order nonlinear optical coeffi-
cient, the largest value (d;,) of which is an order of magnitude greater than that (ds,) of
LiNbO;'®. With this system the material parameters are #, = n; =1.7544 and %, =1.8 for the
fundamental wavelength (1.064 zm); »n,"=n,"=1.7945 and #n,"=2.2 for the SH wavelength (0.
532 xm) ; the nonlinearity of the MNA film is given by 160 pm/V, which corresponds to di,
of the nonlinear tensor ; and D=0.2 ym'”. We subdivide the range|x| <20 ym into 347 line
elements and 695 nodal points, and choose Az =0.1064 xm as a longitudinally marching step.
Numerical simulations are implemented with £ =100, 10, 1, and 0.1 mm for a TE,-mode input
with the fundamental power of 10* mW/mm.

Fig. 2 show the evolutional plots of interacting field profiles as a function of the interac-
tion length z/2, scaled by the fundamental wavelength ; we choose z=0 as an input plane.
Since no difference has been found from the plots of £ =10 mm, the results for R =100 mm
are not displayed in Fig. 2. This indicates that the bent structures with £>10 mm can be
practically regarded as a straight one with R=co, For these structures the effective index
of the fundamental wave is longitudinally invariant and is given by 8=1.7569. With this
index we can calculate the Cerenkov angle 8= arccos (8/n,’)=11.7°, the value of which is in
good agreement with that found directly from the simulated result[see Fig. 2(a)]. However,
in bent structures with smaller K, the angle is variant along the z axis because of the
longitudinally variant propagation constant. On the other hand, the field distributions are no
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longer symmetric with respect to x =0, and deflect toward the outer region of the bend. This
property could be interpreted in a good analogy to the bremsstrahlung of electromagnetic
radiation due to an accelerated charged particle in the presence of the intense Coulomb field.
Because of the increasing asymmetry of the pump field the cross-sectional shape of the
frequency-doubled Cerenkov mode increases its asymmetry as it evolves down the guide[see
Figs. 2(b) and 2(c)].

In addition to the evolutions of the field distributions we have computed the SH power
as a function of the interacting length. At a 100 A, interaction length we have obtained as
the generated power P'=1.1x10% 1.1X1073 6.9x107% and 1.9 X 10~* mW/mm for R=100, 10,
1, and 0.1 mm, respectively, indicating that no evidence for enhancement of the frequency up
-conversion is found. These results suggest to us that to take advantage of the bent
structure, other configurations, e. g., a linear film bounded by a nonlinear cladding'®, should
be employed. In what follows we shall investigate the enhancement with this geometry.

Next, we consider a bent planar waveguide with a linear film bounded by a nonlinear
cladding. The material parameters assumed are #; = #;=2.0, #,=2.02, di=1pm/V, and d,=
d;=0 for the fundamental wavelength (1.0 um); »n =#n,"=2.02, n,’=2.04, d’=d,, and d,’=
di'=0 for the SH wavelength (0.5 um); and D =0.317 gm. As an input of the fundamental
beam at z=0, we choose the TE,-mode incidence with unit pump power, 1 mW/mm. Here
we do not imply any existing material. Numerical simulations have been implemented with
four bends: R=1000, 10, 5, and 1 mm.

Table 1  Results for Cerenkov frequency doubling in a bent planar waveguide with a linear film
bounded by a nonlinear cladding*

R C (100 o) <x (100 Ao)> P’ B Py P’
1000 1.00 2.25 18.1 0.5 8.0 26.6
10 0.99 2.51 18.7 0.4 7.9 27.0

5 0.98 2.79 19.1 0.4 7.6 27.1
0.71 6.24 14.2 0.2 4.4 18.9

# R[mm] : radius of curvature
C (2) : correlation of pump beam
Cx{zyy[pm] : trajectory of frequency-doubled beam
P {x107® mW/mm] : fractional powers of frequency-doubled light (i=1, 2, 3)
P'[ %107 mW/mm] : total power of frequency-doubled light (P'=P,+ P+ P’)

Table 1 summarizes the computed results for some representative quantities. Here C
(z) and<x(2)>indicate, respectively, the correlation of the fundamental beam and the trajec-
tory of the generated SH beam, which are defined, respectively, by
+oo +oo +oo 12
c® =" le@ 0l le@ 2l az/([ " le@ 0 az( " Iz, 2 dz)

o

(13a)

@@=

“aletz 2 dal e Bl dz, -
for z>0 and P’ (i=1, 2, 3) stand for the fractional SH powers contained within each individ-
ual domain defined in Fig. 1 ; consequently, the total SH power is obtained by P'=F'+F,’+

Pgl.
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As expected, both the correlation and the trajectory vary more rapidly with decreasing
the radius of curvature, R, because of the activated leakage of guiding flux with decreasing
R. We find from the table that the former decreases with the propagation distance whereas
the latter increases with the distance. In comparison among SH powers, a slight enhance-
ment of SH radiation is found for R =10 and 5 mm. This observation suggests that increas-
ing activation of the Cerenkov radiation could be achieved by bending an appropriate
waveguide structure with an optimized radius of curvature.

Finally, we mention some useful applications of the bent structure, other than the
increasing overlap between interacting beams by means of tailoring the transverse field
profiles. In general, for weakly bent structures the propagation constant along the propaga-
tion axis is perturbed, even if the field distribution exhibits no significant variation®.
Utilizing this property together with the bending-induced birefringence, we can control the
Cerenkov angle by purposely varying the radius of curvature of the bend. Another interest-
ing application of the structure lies in the tunability of the strict phase-matching condition
for conventional interactions between discrete guided modes, utilizing the bending-induced
variation of the propagation constant. This idea would be more promising in the frequency
conversion using a fiber, and may be more useful than the temperature tuning widely adopted
to date.

4. Summary and Conclusions

A novel scheme for activating Cerenkov radiation of frequency-doubled light, which
takes advantage of a variety of field profiles that propagate down a leaky waveguide, has
been proposed and simulated numerically with the aid of the split-step finite-element method
that was developed by the authors. The underlying concept of this scheme is based on a
possibility of increasing overlap between the fundamental (driving) and the frequency-dou-
bled (driven) field profiles along the transverse direction. A preliminary investigation has
been made on the frequency doubling of infrared coherent radiation using a bent planar
waveguide. Numerical results for the generated harmonic power as a function of the
interaction length have been shown, taking the radius of curvature of the bend as a parame-
ter. The evolutional plots of interacting fields have also been displayed.
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