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A further extension of the iteration method for beam propagation calculation is presented that can be
applied for volume Bragg gratings (VBGs) with extremely large grating strength. A reformulation of the
beam propagation formulation is presented for analyzing the reflection of a laser beam by a deformed
VBG. These methods will be shown to be very accurate and efficient. A VBG with generic z-dependent

distortion has been analyzed using these methods.
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1. Introduction

Volume Bragg gratings, which are a type of thick
grating [1], have been very useful in high-power
lasers [2-6]. In this type of Bragg grating there
are basically two counterpropagating laser beams;
one is the incident beam and the other is the reflected
beam. The beam propagation method has been ap-
plied to analyze gratings [7,8]. The bidirectional
beam propagation method may also be suitable
for analyzing VBGs [9-13]. The transfer-matrix
method can also calculate bidirectional wave propa-
gation [14].

In [15] an iteration of the beam propagation meth-
od is presented and the VBG is divided into two
parts. The division of the VBG into two parts solves
the difficulty in the convergence of the iteration when
the grating strength of the considered VBG is large.
In this paper, this iteration method is further ex-
tended so that fast convergence can be achieved
when the grating strength is so large that even
the iteration method presented in [15] does not con-
verge. In addition, a reformulation of the deformed
VBG is presented for the calculation using the beam
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propagation method. In this reformulation distor-
tions, such as background index change, grating per-
iod distortion, and laser wavelength shift, are
expressed explicitly in the governing equations for
both the incident and the reflected beams. For vali-
dation, an ideal VBG with very large grating
strength has been analyzed and the numerical calcu-
lations were compared to analytical formula [16]. A
VBG with a z-dependent background index change
has also been analyzed with the z axis perpendicular
to the grating planes and the results were compared
to calculations using a matrix approach described in
[17], in which the distorted VBG is represented by a
large number of ideal gratings. These validation cal-
culations demonstrate that the methods presented
here are very accurate.

As a typical example, generic z-dependent distor-
tion was assumed in a VBG, and it was analyzed
using the reformulation and the iteration of the beam
propagation method. This calculation may provide
some insight on the effects of distortions in VBGs
sustaining high-power lasers.

2. lteration of the Beam Propagation Method

Considering an ideal VBG without distortion, the
index distribution can be written as



n=ny+ An-cos(go 7+ ¢), (1)

where ng is the background refractive index, An is
the amplitude of the refractive index modulation,
which is generally much smaller than ng, g, is the
grating vector, which is along the z axis and ¢, =
|Go| = 27/Ay, where A is the grating period of the
ideal VBG, and ¢ is a phase factor of the cosine func-
tion. The thickness of the ideal VBG is L. The nor-
mal incidence of a linearly polarized laser beam that
satisfies the Bragg condition is considered and, then,
both the input and the reflected laser beams propa-
gate in the z direction perpendicular to the grating
planes. The paraxial wave equations for the two
counterpropagating beams inside the VBG are [15]

2lk0n0$ = k%nOAn -B.e® + W + ay2 7
. oB . aZB azB
_2Lk0n’0g:kgnOAn'A'e_l(p—'—@—'—W’ (2)

where A is the slow amplitude of the incident beam,
B is the slow amplitude of the reflected beam, and
ko = is the free space wavenumber. For a typical
VBG used in high-power laser systems, the diffrac-
tion terms are negligible, which are the last two
terms (the second-order differentiations with respect
tox and y) on the right-hand side in Egs. (2). The neg-
ligibility of the diffraction terms was also ever used
in analyzing laser propagation in nonlinear optical
media [18]. As a result, Egs. (2) become

2ikong %—f =kZnoAn-B-e,
- 2ikon, %—f =kZnoAn-A-e?. (3)

These two equations can be numerically solved by
the fourth-order Runge—Kutta method. Here a mea-
sure of the grating strength is defined as
S = (kyAn/2)L,, which appeared in the coupled-
wave theory of Kogelnik for Bragg diffraction [16]
and was ever used in [1,15,17]. For grating strength
S smaller than z/2, the two Egs. (3) are solved sepa-
rately in sequence, and are iterated until the solu-
tions of A and B converge [15]. This simple
iteration method was initially for solving the two
beam propagation equations for the two counterpro-
pagating laser beams in a laser gain medium [19,20].
However, when applied for analyzing a VBG with S
larger than /2, this simple iteration method does
not converge. To overcome this convergence difficulty
when S is larger than /2, it is proposed in [15] to
divide the VBG into two parts with equal thickness
and the iteration is performed in both of these two
parts. When dividing the VBG into two equal parts,
the converged solution of the two Egs. (3) can be ob-
tained quickly for S as large as about 3 [15].
However, when S is larger than z, this two-part
division method does not converge anymore. To

overcome this difficulty, a four-part division method
is proposed that is essentially a nest of the two-part
division presented in [15]. Shown in Fig. 1 is the
schematic of this four-part division. The VBG is di-
vided into four parts with the same thickness along
the z axis. The slow amplitude of the laser beams are
labeled A; and B; in part 1, Ay and B, in part 2, As
and Bj in part 3, and A, and B, in part 4. The itera-
tion procedure is as follows:

1. Perform the iteration for part 1 and part 2 in
the same way as the iteration for the two-part divi-
sion as described in [15]; stop the calculation when
the solutions in part 1 and part 2 converge to the de-
sired accuracy. Save this version of A, B;,As, and Bs.

2. Perform the iteration for part 3 and part 4 in
the same way as the iteration for the two-part divi-
sion, as described in [15]; stop the calculation when
the solutions in part 3 and part 4 converge to the de-
sired accuracy. Save this version of A3, B3, A4, and By.

3. Repeat steps 1 and 2 in sequence until the so-
lutions of Al’ Bl’ AQ, BQ, A3, B3, A4, and B4 all
converge.

The following boundary conditions have to be used
when performing these iterations:

L L
n(-5)-5(-2)

A, <z:%°> =A, (z:%"), By(z=Ly) =0, (4)

Al (Z = 0) :Ainput7

where z = L/2 corresponds to the interface between
part 2 and part 3.

Using this four-part division and the iteration
method described above, the converged solution of
Eqgs. (3) can be obtained quickly for S as large as
about 4, and the numerically calculated result agrees
very well with the analytical solution for an ideal
VBG without distortion [16].

In addition, the VBG can be further divided into
eight equal parts if S gets even larger and the
iteration can be further extended to obtain the con-
verged solution.

l Inputlaser

— X
— z=0
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— Z=LU
z v
Fig. 1. Schematic of the four-part division of a VBG.
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3. Reformulation for Distorted VBG

When applied in a high-power laser system, the VBG
may not be an ideal one; instead, there may be some
spatially varying distortions in the background index
and the grating period. The background index varia-
tion could also have significant effects in fiber phase
gratings [21]. With these distortions, the index distri-
bution in the VBG can be written as

n =ng + An - cos((Go + Aq) - 7 + ¢] + Ang, (5)

where A § represents the grating period distortion
and |Ag| < |Gy|, Angp is the background index
change, and Anr < n,.

In [15], a formulation is presented to include the
grating period distortion and the background index
distortion that might be induced by the nonuniform
temperature distribution. Here, the formulation in
[15] is reformulated so that the grating period
change, background index change, and wavelength
shift are each expressed in the governing paraxial
wave equations separately and explicitly.

A normally incident linearly polarized laser beam
is considered, which means that it is propagating
along the z axis. Start with the following scalar wave
equation:

V2E + (ko + AR)?e,E = 0, (6)

where A% is due to the deviation of the wavelength of
the input laser beam and

E=A- e—ikonoé‘A~? +B- e—ikonOEB-F. (7)

Here, ng, the background index without distortion, is
used as the reference index in the beam propagation
method formulation and the slowly varying envelope
approximation is valid since all the typical distor-
tions are essentially small perturbations. A is the
slow amplitude of the input laser beam, B is the slow
amplitude of the reflected laser beam, &, is the unit
vector in the direction of propagation of the input
beam, and € is the unit vector in the direction of pro-
pagation of the reflected beam. Since normal inci-
dence is considered, €, is in the positive z direction
and €p is in the negative z direction.

The input laser beam satisfies the Bragg condition
for Ak =0, Anp =0, and A§G = 0 when the VBG is
not distorted and the laser wavelength is not shifted.
Therefore,

konoéa + Go = koneép, (8)

where G is the grating vector when the grating is not
distorted. Inserting Egs. (5) and (7) into Eq. (6) re-
sults in
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V2[A - e-ihoni@a® | B . gmikonfa?]
+ (ko + Ak)z(no + AI’LT)2
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+ (k() + Ak)z(no + AnT)An
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Since |A§| < |Gy|, the terms far from satisfying the
Bragg condition can be neglected. Therefore, Eq. (9)
becomes

VZM . e—ikongéA~? +B- e—ikonOEB-f"}
+ (k() + Ak)z(no + AnT)2
. [14 . e_ikOnOéA'F + B . e—ikonoé‘B-?]
+ (ko + AR)2(ng + Ang)An
. [14 . e—i(konogA+‘-io+Aii)'?—ifP +B- e—i(koﬂogB—QO—AQ)’?+i¢]

=0. (10)
Applying Eq. (8) in Eq. (10) results in

V2[A - emikonc®aT | B . gmikono?s 7]
+ (ko + Ak)2(ng + Ang)?
A - emihonoEa o B . g-ikonefs 7|
+ (k() + Ak)z(no + AnT)An
[A - emilkon®s A T=ip | B . gmilkonofa=0d) T ti]
= 0. (11)

Considering normal incidence and applying the
slowly varying envelope approximation to Eq. (11),
the following paraxial wave equations were obtained:

2ik0noaa_f = (ko + Ak)?(ng + Anp)An - B -e7iAeztiv

0%2A 0924
+ [(ko + AR)2(ny + Ang)? - k2n3lA +W+W’

- 2ik0n0%—f = (ko + AR)2(ng+ Anp)An-A . gihgz—ip

d0’B 9’°B
+ (ko + Ak)z(no + AnT)2 —k(z)n%]B +W+ ay—2 (12)

Here, Aq = |Ag|. Again, for a typical VBG used in
high-power laser systems, the diffraction terms are
negligible, which are the last two terms on the
right-hand side in the two Eqgs. (12). As a result,
Eqgs. (12) become



2ik0nog—§ = (kO + Ak)2(n0 + AnT)An -B- e—iAqZ+i(p
+ [(ko + Ak)2(ng 4+ Anp)* - kgndlA,
“Bikyn 00 = (ko + AR)?(ng + Ang) An - A - e

+ [(ko + Ak)%(no + Ang)? — k2nZ]B.
(13)

The diffraction terms may not be negligible in fiber
phase gratings, and then, Eqs. (12) instead of
Eqgs. (13) have to be solved if scalar formulation is
good enough. Since we are dealing with VBG here,
Eqgs. (13) will be used as the governing equations,
which will be solved by the fourth-order Runge—
Kutta method and the iteration method discussed
in Section 2.

In Egs. (13), the grating period distortion Agq, back-
ground index distortion Any, and Ak induced by the
laser wavelength shift are expressed separately and
explicitly. In addition, Aq and Any could vary with x,
y, and z.

4. Validations

To validate the iteration of the beam propagation
method and the reformulation for the distorted
VBGs, several example calculations were conducted.

First, the normal reflection of a plane wave by an
ideal VBG was analyzed. The wavelength satisfying
the Bragg condition is 1 = 1.064 ym, ny = 1.5, An =
452x10™%, Ly=~2.623mm, and ¢ =0. For this
VBG the grating strength S = (kgAn/2)L, = 3.5.
Shown in Fig. 2 is the calculated intensity reflection
versus deviation from the Bragg wavelength, to-
gether with the analytic calculation using coupled-
wave theory [16]. From Fig. 2, it can be seen that
the results obtained by the iteration of the beam pro-
pagation method described here agree very well with
the coupled-wave theory.

In the second example calculation, the normal re-
flection of a plane wave was analyzed by the same
VBG, except that a z-dependent background index
change was added, which can be written as Anp =
(5x10™) - (22/Ly — 1)2. Shown in Fig. 3 is the calcu-
lated intensity reflection versus deviation from A =
1.064 ym, together with the calculation using the ma-
trix method described in [17]. It can be seen that the
calculation using the iteration of beam propagation
method agrees very well with the calculation using
the method described in [17].

5. Modeling a VBG with Generic z-Dependent
Distortion

To get some sense of how the distortion in a VBG
could change its performance, a VBG with a z-
dependent grating period distortion is considered.
As pointed out in [2], in a VBG sustaining a high-
power laser, the temperature could vary in the z di-
rection in addition to varying in the x and y direc-
tions. Therefore, the distortion of the VBG could
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Fig. 2. Calculated intensity reflection (stars) versus deviation
from the Bragg wavelength, together with the analytic calculation
(open circles) using coupled-wave theory [16].
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also vary in the z direction in addition to the x
and y directions.

Note that the example calculation presented in
this section is only for getting some sense of how
the distortion in a VBG could change its perfor-
mance. Even though the distortions are only assump-
tions, we hope that the calculation may provide some
insight on the effects of distortions in VBGs sustain-
ing high-power lasers.

The normal reflection of a TEM,, Gaussian beam
by the distorted VBG is considered. The Gaussian
beam radius at the entrance surface wy, = 3.5mm
and its intensity pattern is expressed as [ =
Iy -exp(-2r?/w?), its laser wavelength is 1=
1.064 ym, the grating strength is S =~ 1.85 when
the VBG is not distorted, background refractive in-
dex ny=1.5, An =~2.389x 10, the thickness of
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Fig. 3. Calculated intensity reflection (stars) versus deviation
from A = 1.064 ym, together with the calculation using the matrix
method described in [17] (solid curve).
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v

z
Fig. 4. Schematic of the considered VBG with asymmetric distor-
tion.

the grating L, =~ 2.623mm when not distorted,
and the normally incident laser beam is assumed
to satisfy the Bragg condition when the grating is
not distorted.

It is assumed that the distortion is asymmetric in
the z direction, as shown in the schematic in Fig. 4.
The distortion close to the input surface is signifi-
cant, while there is almost no distortion close to the
other surface. A generic shape of the grating thick-
ness distortion is assumed, which is expressed as

2

L(x,y) =Ly + AL-e ® ,

~

ool

(14)

where AL = 0.6 um is the thickness change in the
center where r = 0 and w, is the same as the Gaus-
sian beam radius. The grating period distortion is as-
sumed to be

2

Aq(xay7z) = _f *qo € wﬁ 'e_é_g? (15)

where q¢ = 2n/Ay, with Ay as the grating period of
the ideal VBG when the VBG is not distorted, and
f is a dimensionless small positive number. The sur-
face deformation is included in the calculation in a
similar way as in [15].

Shown in Fig. 5 is the plot of the calculated power
reflection as a function of f. It can be seen that the
power reflection 1is significantly reduced for
f ~0.002.

I

6. Conclusion

An extension of the iteration of the beam propagation
method is proposed, which makes it possible to ana-
lyze VBGs with extremely large grating strength. A
reformulation of the paraxial wave equations is pre-
sented for the laser propagation in a distorted VBG.
In this reformulation, distortions such as grating
period distortion, background index change, and la-
ser wavelength shift, are expressed explicitly and se-
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Fig. 5. Calculated power reflection as a function of f.

parately. These methods have been validated to be
very accurate and efficient. A VBG with generic z-
dependent distortion has been analyzed, which may
provide some reasonable insight on the performance
change induced by distortions in VBGs sustaining
high power laser beams.
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