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The split step method is applied to the iteration of the beam propagation method for analyzing the
reflection of a laser beam by a volume Bragg grating. The application of the split step method is made
possible by a way to properly treat the grating coupling terms in the paraxial wave equations. This
method is demonstrated to be accurate in addition to efficient and robust. After this modification,
the iteration of the beam propagation method is suitable for analyzing finite beams in volume Bragg
gratings, for which the grating strength might be large. It is also suitable for analyzing Bragg gratings
with nonuniform grating structures. © 2009 Optical Society of America

OCIS codes:

1. Introduction

Bragg gratings, including volume Bragg gratings
(VBGs) and fiber Bragg gratings (FBGs), are impor-
tant photonic devices [1-10]. The finite beams in
volume Bragg gratings were previously analyzed in
(4,11-14].

In [15] an iteration of the beam propagation meth-
od is proposed that is suitable for analyzing volume
Bragg gratings with large grating strength and re-
flectance close to 1 when not distorted. In [16] the
iteration of the beam propagation method presented
in [15] is further extended so that a volume Bragg
grating with an even larger grating strength can be
analyzed. In addition, a reformulation for the pa-
raxial wave equations in a volume Bragg grating is
also presented in [16], which makes the method
more convenient to use for analyzing laser propaga-
tion in a volume Bragg grating with nonuniform
grating structures. However, the method presented
in [16] does not include the diffraction terms (the
second order differentiations with respect to x and y)
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in the governing paraxial wave equations. In [15] a
method is presented to include the diffraction terms,
but it is not a reliable method. The limitations of the
method presented in [15] to include the diffraction
terms is discussed in detail in Section 2.

In this paper a split step method similar to that
described in [17-21] is applied to the iteration of
the beam propagation method, which is realized by
properly treating the grating coupling terms in the
paraxial wave equations. Using this method the dif-
fraction terms in the governing paraxial wave equa-
tions are kept. In addition, it is a fundamentally
robust and efficient method, and the reliability pro-
blem of the method presented in [15] is completely
solved. The method as presented in the form in this
paper is suitable for analyzing paraxial finite beams
in VBGs, for which the grating strength might
be large, and there might be three-dimensional
nonuniformities in the grating structure, such as
background index distortion and grating period dis-
tortion. As an example calculation it is demonstrated
that when the transverse beam size of the input laser
is small enough, the performance of the VBG is dif-
ferent from that using a plane wave input beam.



2. Formulation and Numerical Solution

The considered laser beam is a linearly polarized
beam normally incident on the considered volume
Bragg grating. The refractive index distribution in
the VBG can be written as the following general form:

n=ng+ An-cos|[(gy + Ag) -7 + ¢] + Anr; (1)

where n is the background refractive index, An is the
amplitude of the refractive index modulation, and
An  ng.gg is the grating vector that is along the z
axis and | gy | = 22=Ay;, where A, is the grating per-
iod of the ideal VBG when it is not distorted, and ¢ is a
phase factor of the cosine function. Ag is due to the
grating period distortion and |Ag|  [g¢|. Anp repre-
sents the background index distortion and Any  n,.
The thickness of the ideal VBG without distortion is
Lg. The z axis is perpendicular to the grating planes
when the grating is not distorted. Shown in Fig. 1isa
schematic of the considered VBG. The Bragg condi-
tion is konges +1qo = kongeg, where ky = w=c is the
free space wave number for the laser with the Bragg
wavelength, ©4 is the unit vector in the direction of
propagation of the input beam, and ey is the unit vec-
tor in the direction of propagation of the reflected
beam. Since normal incidence is considered, 2, is in
+z direction and ep is in —z direction.

For such a volume Bragg grating, a formulation of
the paraxial wave equations governing the two coun-
terpropagating beams is presented in [16], which can
be written in the following compact form:

0A 0’°A 0%A
2lk0noa —Pl B+P3 A+62+az,

oB 0°B 9’°B
_ZZkonoa —P2 A+P3 B+62+02, (2)

where

P, = (kO + Ak)z(no + AnT)An . e—iqu+i(/1;
Py = (kg + AR)%(ng + Ang)An - eibezmio; (3)
Py = (ko + AR (ng + Bng)? - B

P; - Band P, - A are grating coupling terms. Here A is
the complex amplitude of the incident beam and B is
the complex amplitude of the reflected beam. Both A
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Fig. 1. Schematic of the considered VBG.

and B are assumed to vary slowly along their propa-
gation directions on the scale of the considered
grating period or the scale of the considered laser
wavelength, and this assumption is valid in the scope
of this paper as well as in [15,16]. In the way similar
to those described in [1,3,20,22], the second-order de-
rivatives 024=0z2 and 8°B=0z° are neglected to obtain
Eqgs. (2) shown above in the derivation in [16] (also
the derivation in [15]) using the slowly varying envel-
ope approximation. Therefore, A and B are also re-
ferred to as the slow amplitudes of the incident
and reflected beams in [16]. A% is due to the devia-
tion of the wavelength of the input laser beam from
the Bragg wavelength, Aq is due to the grating per-
iod distortion, and Ag = Aq - é,, with é, representing
the unit vector in the direction of the grating vector
go- It needs to be noticed that there is an error in
defining Aq in [16] [right after its Eq. (12)] due to
carelessness, and the definition described here
should be used and Aq could be positive or negative
depending on how the grating period is distorted. In
addition, in Egs. (2) A, B, Aq, and Any generally vary
with the space coordinates x, y, and z.

Equations (2) are valid so long as Ak kg,
An  ng, Anp  ng,|Ag|  |go|, and the divergence
or convergence angle of the laser beam is not too big
so that it can be well considered as a paraxial beam.
The background refractive index ny when the VBG is
not distorted is used as the reference refractive index
[22,23] for the beam propagation method formulation
shown in Eqgs. (2).

In [24] the propagatlon through nonuniform grat-
ing structures is analyzed using coupled mode theo-
ry, by using an effective medium picture. In [6-8]
the transfer matrix method is applied for analyzing
Bragg gratings with nonuniform changes in the grat-
ing structures. On the other hand, both finite beams
and nonuniform grating structures can be easily
accounted for using Eqgs. (2).

According to the iteration methods described in
[15,16], each of the two one-way wave equations
shown in Egs. (2) need to be solved separately so that
A and B are each numerically propagated in the con-
sidered VBG separately. The numerical propagation
of A in positive z direction (+z) and the numerical
propagation of B in negative z direction (—z) are iter-
ated until the solution reaches the desired accuracy.
However, in [16] the diffraction terms (the second-
order differentiations with respect to x and y) in
Eqgs. (2) are neglected and, then, each of the two equa-
tions is solved by fourth-order Runge—Kutta method.
In [15] most of the calculations are also performed by
neglecting the diffraction terms (the second-order
differentiations with respect to x and y) in the gov-
erning paraxial wave equations, and each of the one-
way wave equations is solved by the fourth-order
Runge—Kutta method. In addition, the finite differ-
ence beam propagation method is also used to solve
each of the two one-way wave equations in Eqs. (6a)
in [15], for the numerical propagation of A in
+z direction and B in -z direction, and the
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diffraction terms are kept. The grating coupling
terms, (w?=?)noAn-(B=A) e and (w?=?)nyAn-
(A=B) -e™ in Egs. (6a) in [15], are treated in a way
similar to that used in [25] to treat the nonlinear
saturated gain coefficient in a laser gain medium.
However, as can be seen in Egs. (6a) in [15], A and
B are present in the denominators of the grating cou-
pling terms. When the grating strength is large en-
ough, both A and B are small when close to z = L,
and B = 0 is exact at z = L. Even when the grating
strength is not large, B = 0 is still exact atz = Ly and
B is still small when close to z = L. A situation with
the denominator exactly equal to zero or small could
cause major problems, and it definitely has to be
avoided. When solving the second one-way wave
equation in Egs. (6a) in [15], to numerically propa-
gate B in the —z direction, B was set to be small at z =
L, to approximate the boundary condition of B(z =
L) = 0 (since the term (v?=c?)nyAn - (A=B) - 7 will
be singular if B is set to be exactly zero at z = L in
the practical calculation), and the obtained solution
is good enough for the cases considered in [15], since
the grating strength used in those calculations is not
large. However, when the grating strength is large,
the method used in [15] to solve Egs. (6a) may not
converge, and this is induced by the singular beha-
vior of the term (w?=c?)n¢An-(A=B)-e™ when B
is small when close to z = L.

Here a different way is presented that is funda-
mentally robust in addition to efficient. Equations (2)
can be written in the following form:

. 0A B PA ?A
Pkono g, =Frg APy Agetoa
. 0B A 3°B  9°B
“Rkono Gy =Pe g B Py Bty W

Considering the first equation in Eqgs. (4), a split
step method similar to those described in [17-21]
can be applied. For each propagation step Az along
the positive z direction, the formal solution of the
first equation in Eqgs. (4) can be written as

. z+Az
sy Dyoml-g [ (prees) o]
07%0
‘D, -A(x;y:2) +O[(A2)3); (5)

where

LA P 4k0n0 6x2 0y2
iAz 2 2
- (B4 )

(6)
LA 92 92
1+gpn (axz + 6y2>
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using the Cayley form [26-28] of the Crank-
Nicholson scheme.
According to Eq. (5), first the equation

P(x;y:2) = D,y - A(x;y,2) (7)
is evaluated by solving the following equation:

{1 iAz (a? o

m' w‘i‘ayz)} “P(x;y,2)

iAz 92 92
12 (0 LN Ay
[ 8hono (ax2+ay2>} wyiz)  (®)

to obtain ¢(x;y;z). The practical implementation of
the Crank—Nicholson scheme in Eq. (8) is the same
as that described in [17]. The common finite differ-
ence method [27,28] can be used for discretization
of the differential operators in Eq. (8), and the re-
sulting sparse matrix equation can be solved by
the biconjugate gradients stabilized method (BICG-
STAB) [29]. The zero-value boundary conditions can
be used on the computation window edges.

After obtaining ¢(x;y;z) by solving Eq. (8), the
following equation needs to be evaluated:

z+Az

(o1 ]

P(x;y;z + Az) = exp {— 1

2k0n0 ’
z

“p(x;y52); 9)

and it can be approximated by solving the following
ordinary differential equation:

dfqﬁ o
dz N 2k0n0

“(P1*B+P;3-¢) (10)

from z to z + Az to obtain ¢(x;y; z + Az) with ¢(x;y;2)
as the initial condition at z. Equation (10) can be
solved using the fourth-order Runge—Kutta method.

After ¢(x;y;z + Az) is obtained by solving Eq. (10),
the equation

A(x;y;z + Az) =Dy, - d(xyi2 + Az) (11)
is evaluated by solving the following equation:

iAz 02 9
1+— (== +==|| Alxy;z+ A
14 B (a7 32) | Atmiie + 09
iAz 02 0%
=|1l-— =5 +== || Pxy; A 12
1St (e ap7) | iz 29 a2
to obtain A(x;y;z + Az), by the same way as that
used for solving Eq. (8).

The approximation for obtaining Eq. (10) can be
understood by the fact that Eq. (9) is rigorously
equivalent to solving the following ordinary differen-
tial equation:



dp i B
dz  2kong (Pl A PP 4’)

from z to z+ Az to obtain ¢(x;y;z + Az), with
¢(x;y;z) as the initial condition at z. Comparing
Eq. (13) to Eq. (10), it can be seen that they are
approximately equivalent since ¢=A 1 is a good ap-
proximation anywhere from z to z + Az, and the
higher-order terms in ¢=A can be neglected in the
context of Eq. (13). The approximation ¢=A 1 in
the context of Eq. (13) at both z and z + Az can be
justified by looking at Egs. (8) and (12), both of which
are equivalent to a numerical propagation for a dis-
tance of Az=2 in a uniform medium with an index of
ny. To get a quantitative estimation of the error of
this approximation at both z and z + Az, the order
of magnitude analysis can be done on both Egs. (8)
and (12), using a method similar to that described
n [30]. First the following can be obtained [30]:

(13)

CAxiyiz) Alwyiz),  PAlyiz) Awyiz),
0x? w? 0y? w?
Ppxiyiz)  Plxyiz) Ppxiyiz)  Pxyiz)
0x? w? oy? w?
PA(x;y;z+ Az) Axiy,z+ Az)
0x? w? ’
PA(x;y;z+ Az)  Axiy;z + Az)
dy> w? ’
Pp(x,y;2 + Az)  Plxiyiz + Az)
0x? w? ’
p(x;y;z+ Az)  P(xy;2 + Az)
: (14)
oy? w?

where w represents the beam width. This is fine
since the beam width in both the x and y directions
are equal or at least have the same order of magni-
tude for the considered laser beam. In addition, the
change of the beam size over one numerical step of
propagation is small.

As a result, from Egs. (8) and (12),

pyi2) 1 s

Alxyiz) 1+gih’
pyiz+Az) 1+gihss (15)
A(x;y;z + Az) 1—%'

Considering a case with Az =65um, w = 30um,
A =1:064 ym, and ny = 1.5,

2Az

0:002:
8k0n0w2

(16)

In this case, it can be seen from Egs. (15) and (16)
that ¢=A 1 is a good approximation at both z
and z + Az in the context of Eq. (13). When Az is de-

creased or w is increased, the accuracy of this approx-
imation becomes even better.

Actually Egs. (15) can be used as a rough guidance
to determine if the method presented in this paper is
applicable. Generally speaking, when w becomes
even smaller, this method can still be used by prop-
erly setting Az. On the other hand, when w is too
small, the assumptions used in this paper including
the negligibility of the terms 024=0z% and 02B=0z>
may not be valid.

Therefore, to numerically propagate A in the posi-
tive z direction, the first equation in Egs. (4) is
numerically solved step by step along the positive
z direction. For each propagation step from z to
z + Az, the split step solution procedure is in the fol-
lowing three steps: (1) a propagation for a distance of
Az=2 by solving Eq. (8); (2) a propagation for a dis-
tance of Az by solving Eq. (10), using the output of
the previous step as the input; (3) another propaga-
tion for a distance of Az=2 by solving Eq. (12), using
the output of the previous step as the input.

When the beam width is large enough, the diffrac-
tion terms (the second-order differentiations with re-
spect to x and y) in Egs. (2) are negligible, and only
Eq. (10) needs to be solved for each propagation step
from z to z + Az, and this is exactly the same case as
described in [16].

The numerical propagation of B in the negative z
direction is performed by numerically solving the
second equation in Eqs. (4) step by step along the ne-
gative z direction. For each propagation step from z
to z — Az, a similar split step solution procedure is
followed.

The iteration procedure between the numerical
propagation of A in positive z direction and the nu-
merical propagation of B in negative z direction is
the same as described in [15] or [16] depending on
the grating strength.

3. Validations

First, an ideal VBG considered in [16] was analyzed
using the method described here. The normal inci-
dence of a TEM,, Gaussian beam with the beam
waist radius of 300 yum at 1=e? of the axial intensity
was considered. The wavelength satisfying the Bragg
conditionis A = 1:064 yum, ng = 1:5, An  4:52 x 1074,
Ly 2:623mm, and ¢ = 0. For this VBG the grating
strength, S = (kgAn=2)L, 3:5. The diffraction
length of the considered TEM,, Gaussian beam is
much larger than the thickness of the VBG. Similar
to [16], the considered VBG was divided into four
parts with the same thickness along z axis to assure
convergence of the iteration of the beam propagation
calculation. A square transverse computation win-
dow was used with w, = w, = 2:0 mm, the transverse
step sizes Ax = Ay  33:3 um, and the step size along
the z axisis Az 32:79 um. The zero-value boundary
conditions were used on the computation window
edges.

Shown in Fig. 2(a) is the plot of the numerically
calculated reflectance for the total laser power versus
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Fig. 2. (a) Numerically calculated reflectance for the total laser
power versus deviation from the Bragg wavelength at A=
1:064 ym for the normally incident Gaussian beam with a beam
waist radius of 300 ym (stars), together with the analytically cal-
culated reflectance for the intensity for a normally incident plane
wave using coupled wave theory [1] (open circles). (b) Plot of the
numerically calculated reflectance for the total laser power versus
the deviation from A=1:064uym for the normally incident
Gaussian beam with a beam waist radius of 300 um (stars), to-
gether with the calculated reflectance for the intensity for the
same nonuniform VBG using a plane wave input presented in
[16] (open circles).

the deviation from the Bragg wavelength, together
with the analytically calculated reflectance for the
intensity for a normally incident plane wave using
coupled wave theory [1]. From Fig. 2(a), it can be seen
that the agreement is good. This is expected since the
diffraction length of the considered normally incident
TEMg, Gaussian beam is much larger than the thick-
ness of the considered VBG.

Second, the same situation as above was consid-
ered except that a z-dependent background index
change was added, which can be written as Anp=
(5x107%)-(22=L—1)2. Again this z-dependent back-
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ground index change is the same as that considered
in [16]. Since the diffraction length of the considered
TEM,, Gaussian beam is much larger than the thick-
ness of the VBG, its performance shall be almost the
same as that using a plane wave input as presented
in [16]. Shown in Fig. 2(b) is the plot of the numeri-
cally calculated reflectance for the total laser power
versus the deviation from 1= 1:064um, together
with the calculation for the same nonuniform VBG
using a plane wave input presented in [16]. From
Fig. 2(b) it can be seen that the agreement is good.

4. Example Calculations

Now the normal incidence of a TEM,, Gaussian
beam with a beam waist radius of 30 um at 1=e? of
the axial intensity is considered. At the input plane,
Ais

x2 + y2
At :Ao-exp(— : ); (17)
wy

where A, has the dimension of V=m, since the for-
mulation in Egs. (2) (similarly the formulation
presented in [15,16]) was derived based on electric
field for convenience. wgy = 30um. Therefore, the
beam waist of the input Gaussian beam is right at
the input plane (z = 0). The wavelength satisfying
the Bragg condition is A = 1:064 um, ny = 1:5, An

2:371x 1074, Ly = 5mm, and ¢ = 0. For this VBG
the grating strength, S = (kgAn=2)L, 3:5. Again
the considered VBG was divided into four parts with
the same thickness along the z axis to assure conver-
gence of the iteration of the beam propagation calcu-
lation. A square transverse computation window was
used with w, =w, = 800um, the transverse step

y
sizes Ax = Ay  5:33 um, and the step size along the
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Fig. 3. Numerically calculated reflectance for the total laser
power versus deviation from the Bragg wavelength at 1=
1:064 ym for a normally incident Gaussian beam with a beam
waist radius of 30 um (stars), together with the analytically calcu-
lated reflectance for the intensity for a normally incident plane
wave using coupled wave theory [1] (open circles).



z axis is Az = 62:5 ym. The zero-value boundary con-
ditions were used on the computation window edges.

Shown in Fig. 3 is the plot of the calculated re-
flectance for the total laser power versus deviation
from 1 = 1:064 ym. For comparison, the analytically
calculated reflectance for the intensity for a normally
incident plane wave using coupled wave theory [1] is
also plotted in Fig. 3. From Fig. 3 it can be seen that,
for the input Gaussian beam with a beam waist
radius of 30 um, the performance of the considered
VBG is different from that using a plane wave input
beam. This difference is due to the contribution of the
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diffraction terms (the second-order differentiations
with respect to x and y) in Egs. (2), which cannot
be neglected when the transverse size of the input
beam is small enough. A similar change of the reflec-
tance with the transverse beam size was previously
analyzed in [4].

Shown in Fig. 4 are the plots of the field amplitude
patterns for the reflected output beams at several dif-
ferent wavelengths. From Fig. 4 it can be seen that
the field amplitude patterns of the reflected output
beams at these different wavelengths are different.
Again, this is due to the small transverse beam size
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Fig. 4. (Color online) Field amplitude patterns of the calculated output beams at z=0. (a) |B| on the x axis for y =0 for
A =1064nm + 0:1nm; (b) |B| on the x—y plane for 1 = 1064nm + 0:1nm; (c) |B| on the x axis for y = 0 for 1 = 1064nm - 0:1nm; (d) |B|
on the x—y plane for A = 1064 nm - 0:1nm; (e) |B| on the x axis for y = 0 for A = 1064 nm; (f) |B| on the x—y plane for 1 = 1064 nm. The
dotted lines in (a), (c), and (e) represent |A;,,| for the input Gaussian beam. All the plots are scaled for comparison. The wavelengths

chosen for this figure are also indicated in Fig. 3 by arrows.
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