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Photopolymer materials can be used as recording media for self-written waveguides (SWWs) as they can exhibit a
large refractive index change and high photo-sensitivity. In free radical photo-polymerization systems, the dyes,
functioning as the photosensitizer, strongly influence the material properties. During photo-illumination the
spatial and temporal evolution of the dye concentration is an important factor leading to nonlinear absorption.
In this paper, based on an investigation of the photochemical mechanisms, we analyze the nonlinear photo-
absorptive effect during the photo-initiation processes. The time varying exposing light distribution is calculated
and used to iteratively estimate the evolving cross-sectional refractive index and loss coefficient values. The model
enables a more accurate and physical description of the optically induced growth of SWWs in such systems. Then
SWWs formed in dry acrylamide/polyvinyl alcohol (AA/PVA) based photopolymer samples, containing different
initial dye concentrations, are experimentally examined. The nonlinear absorptive behavior is quantified by

comparing the model predictions and the experimental results.

© 2015 Optical Society of America
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1. INTRODUCTION

It has been demonstrated that self-written waveguides (SWWs)
can be induced in many photopolymer materials [1-10]. In this
process, a writing beam gives rise to wave-guiding, which acts to
focus the exposing light. Photo-polymerization, which leads to
an increase of the refractive index of the medium, can cause the
exposing beam to be self-trapped in the resulting optical
channel [11].

Models describing the self-writing processes have been pre-
sented and applied to many types of photosensitive materials
[12-15]. Generally, these phenomenological models employ
two partial differential equations to describe the light propaga-
tion and the refractive index changes in response to exposure.
The propagation loss is often treated as varying linearly with
time, and the attenuation coefficient is treated as being con-
stant. However, Kashin and Monro report that a nonlinear
propagation loss is presented during the self-writing process
[16]. This is especially true of cases involving the use of high
photo-absorptive photopolymer materials. In such materials,
the highly absorptive dyes which act as the photosensitizer
can produce significant photo-absorptive nonlinearity. In any
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attempt to further develop the potential of photopolymer-based
SWWs fabrication, it is necessary to include the major photo-
initiation reactions taking place in the models used to describe
the material behavior. This will allow a more accurate physical
description of the effects of any photo-absorptive nonlinearity
on the formation of SWWs in such materials.

In this paper, we describe the beam propagation loss in the
material as being made up of two effects: a constant linear
loss effect having a corresponding loss coefficient a;, and a
nonlinear loss effect with coefficient ;. The linear loss is re-
garded as being uniform; thus, the value of @; is constant, and
depends on the material intrinsic loss characteristic [17-19].
The nonlinear loss is induced by the photo-absorption process.
Thus, the value of ayy is determined by the spatial and
temporal distribution of dye concentration within the material
at any time. Experimentally, we precisely measure the time
varying amount of light absorbed by a dry acrylamide/polyvinyl
alcohol (AA/PVA) based photopolymer layer sensitized
using different initial dye concentrations. The model developed
is then used to fit the experimentally obtained results.
Estimations of some of the physical parameter values appearing
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in the model are found by carrying out a standard numerical
fitting procedure.

This paper is organized as follows. In Section 2, the photo-
reactions taking place during photo-initiation are reviewed.
Following a discussion of the initiation mechanisms, a set of
rate equations governing the photosensitizer concentration dis-
tribution during SWWs formations is proposed. In Section 3,
the predicted nonlinear absorption effects are quantitatively ex-
amined using a numerical method, i.c., the split-step Fourier
method. In Section 4, the predictions of the SWWs formation
simulations are presented and analyzed. In Section 5, the cor-
responding experimental results are presented, and the numeri-
cal predictions are fit to these results. Finally, Section 6 gives a
brief conclusion.

2. PHOTOCHEMICAL ANALYSIS

During free radical photo-polymerization in materials like
AA/PVA, the material is assumed to undergo four main process
steps [17-22]: (1) initiation, (2) propagation, (3) termination,
and (4) inhibition. In this paper, we highlight the photoreac-
tions associated with the initiation process to examine the
photo-absorptive behavior of dyes in photopolymer materials.
The initiation step involves two main reactions: (1) the produc-
tion of primary radicals, R*; and (2) the reaction of these pri-
mary radicals with monomer molecules to produce the chain
initiating macro-radicals species [23]. To analyze the photo-
absorption behavior, the process is summarized using the flow
chart in Fig. 1.

When a suitable wavelength is used during exposure, the
ground state dye absorbs photons (/v) and is converted into
a singlet excited state, 'Dye* [23] [see Eq. (1a)]. 'Dye* can
recover to the ground state by transfer to an electron donor
(ED) molecule, or by converting back to the ground state di-
rectly by the emission of a photon by a fluorescence process
[24]. 'Dye* can also, in many cases, undergo intersystem

} Recovery Process |

S,

N N N

Intersystem
Crossing

Inhibition

Radiationless Transfer

Leuco Dye + Z*

Bleaching P

Fig. 1. Flow chart illustrating the primary photo-initiation mecha-
nisms of a photosensitizer.
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crossing into a more stable and longer lived triplet state,
3Dye*. 3Dye* can eventually return to the ground state by
radiationless transfer of a photon, or may react with the oxygen
[19] to produce the singlet oxygen [20]. *Dye* may also react
with the ED to produce the primary radicals (R"), and the radi-
calized dye (HDye") [see Eq. (Ic)]. R can react with the
monomer to produce chain initiators, M7 [see Eq. (1f)]. This
unstable dye can be bleached by reaction with the ED to form
dihydro dye (H,Dye) and the intermediated form of the ED
(EDjy) [see Eq. (1e)]. In this paper, the two excited dye states,
i.e., the singlet and triplet, are treated as being combined into
one excited state, Dye*. By doing so, we avoid having to esti-
mate the inter-crossing rate of the dye converting from singlet
to the triplet, and the model is thus simplified [19-22]:

ky
Dye + hv— Dye*, (1a)
ky
Dye* — Dye, (1b)
k
Dye* + ED— R* + HDye', (1c)
kZ,D*
Dye* + Z = Leuco + Z*, (1d)
ky
ED + HDye' — H,Dye + ED;,, (1e)
,
R+ M — M;. (11)

In Eq. (1), £, (s7!) is the rate of photon absorption by the
ground state dye; £, (s™!) is the rate constant of recovery of the
excited state dye back to ground state; £, (cm® mol™! s7!)
and £, (cm® mol™! s7!) are the rate constants of dissociation
of the initiator and the bleaching process, respectively;
k; (cm® mol™! s71) is the chain initiation kinetic constant;
and ky - (cm® mol™ s7!) is the rate constant of inhibition
of excited dye. The inhibition process is of considerable prac-
tical significance as no polymerization will take place until
almost all the inhibitor is used up. Therefore, the inhibitor
can act to provide a minimum exposure threshold in the
material [22].

In this analysis, SWWs are assumed to be dynamically in-
duced in the bulk samples. First, let us consider a sample in the
volume space (x,),z), with the incident beam propagating
along the z direction perpendicularly illuminating the x—y
plane. We propose a rate equation governing the spatial and
temporal evolutions of the dye concentration, based on

Egs. (1a) and (1b):
0lA(x, 3, 2 1)] _ 3

ot Ox

{01t 220

Ox
d[A(x 3, 2 1)]
dy

JlA(x, y, 2, t)]
0z

9
+— {DA(x,y, 2, 1)
dy

+ J Dy( )
az A x,)/, zZ,

+ k,[Dye* (x,, 2, 1)]
- k(%9 2 t)[A(x, ), 2, 1)) (2)

In Eq. (2), [A(x, 3, 2, t)] and [Dye*(x, 3, z, £)] (mol cm™>) re-
present the concentrations of the ground and excited state dyes,
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respectively. D 4(x,y, 2 t) (cm? s7) is the diffusion rate of the
ground state dye. As indicated in Eq. (2) the rate of production
of the excited state dye £,(x, 7,2, #) (s™') is no longer a constant
as reported in previous holographic studies in which the inci-
dent light is assumed to be plane waves [17-22]. The relatively
slow diffusion of the large dye molecules take place over an
appreciably long time [19], compared to the duration of the
exposure. Therefore, it is assumed that the effects of dye dif-
fusion are negligible, i.e., D4(x, 3, 2, #) = 0. It has been verified
that the rate of removal or destruction of the photosensitizer is
much faster than the recovery rate [17,18]. Thus, during ex-
posure, dye recovery can be assumed to be negligible, i.c.,

k, ~ 0. Therefore, Eq. (2) simplifies to

d[A(x, 3,2 1)]
ot

In this analysis, £,(x, 3, 2, #) is related to the distribution of
the local illumination intensity 7(x,y,2,¢) (mW cm™2). To
clarify the relationship between #,(x,y,2,¢t) and I(x,y, 2 ),
a parameter ¥, (mol Einstein™!) is introduced in this paper.
We assumed that during the exposure a constant ¥,
relates the quantum absorption efficiency of the dye and the
incident local illumination intensity. Therefore, £,(x,y,z, ¢)
is defined as

= —k,(x,9 2 t)[A(x ) 2 1)]. (3)

k(9 2t) = ep¥, I (%9, 2 1), (4)

where £, (cm? mol™!) is the molar absorptivity coefficient of

the dye, and /'(x,,z, ) is the light intensity converted into

unit of Einstein cm™ s7!, as follows:

I'(x,3,2t) = 9,2, t). (5)

A
N,,hc

In Eq. (5), 1(x,5,2,¢) (mW cm™) is the local instantane-
ous illumination intensity, A (nm) is the wavelength of the ex-
posing in free space, IV,, = 6.02 x 10> is Avogadro’s number,
¢ (ms™) is the speed of light in free space, and 4 (J s) is
Plank’s constant. The local light intensity is defined as
1(x,9,2,t) = |E(x,9 2 t) |2 (mW cm™2), where the amplitude
of the electric field E(x,y, 2 ¢) is the solution of the paraxial
wave equation [10,13-16,25] discussed in Section 3.

3. THEORETICAL ANALYSIS
A. Model Development

To predict SWWs formation, numerical simulations must be
performed. When modeling self-writing in the bulk sample, the
material properties (refractive index and absorptivity) are ini-
tially considered as being homogenous. The electric field of
the incident beam is taken to be linearly polarized and mono-
chromatic with angular frequency w [25], i.e.,

E(x,y,2t) = E(x,, 5 )X expli(ngkyz - wt)), (6)

where E(x, y, z, t) is the amplitude of the electric field, z is the
light propagation direction, x and y are the transverse coordi-
nates, and 7 is the time. The initial average refractive index of
the homogenous medium is 7, and the wave number in free
space is ky = 27/A. The light is assumed to be linearly polar-
ized in the x-direction. Within the material light propagation is
governed by the wave equation [15,20]
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V2E + (k}n* + iouc)E = 0, (7)

where V2 = 0% /0x* + 0*/dy* + 0*/0z is the 3-D Laplace
operator. 7 = 7y + An is the current refractive index, where
An is the change in the refractive index produced by exposure.
u is the permeability of the medium typically assumed to be
that of free space, i.e., g = 1. ¢ is the conductivity, which
is used to define the absorption parameter, a = pco/n.
Substituting Eq. (6) into Eq. (7) we obtain

*E oF
e + ZZkOnO + V3 E + 2k3ngAnE
+ Z/eéAan + ikgnyaE = 0, (8)

where V3 = 0%/0x* + 0*/0y” is the 2-D Laplace operator. It
is known that the refractive index change Az induced during
the self-writing process are small comparing to the value of o
o_rd_er_davatlves of the electric field can be neglected (the
energy varies slowly with z). Therefore,
2 2N 2 PE
zkoﬂoAﬂE > szAVl E; and ﬁ ~ 0. (9)
z
Applying these conditions gives the governing paraxial wave
equation Eq. (8) [13—16]'
oF
az 2k07l0

In Eq. (10), both the index change and the attenuation
parameter are assumed to vary temporally and spatially, i.e.,
An(x,y, 2 t) and a(x, y, z, t). As stated in Section 2, we assumed
that a(x, 3, z, #) (cm™'), which governs the light loss, can be con-
sidered the sum of a constant linear loss coefficient a; (cm™),
and a nonlinear loss coefficient an(x,9,2,¢) (cm™),
ie,a(x 2 t) = a; + anp(x, 3, 2, ). Generally, the linear loss
is regarded as uniform and the value of @; is assumed constant
[17-19]. However, the nonlinear loss arises because of dye ab-
sorption and is related to the characteristics of the dye used, i.e.,
its concentration and molar absorptive capacity. Thus, the value
of ani (%, 9, 2, ) depends on the spatial and temporal distribu-
tion of [A(x, 3, z, #)] and the molar absorptivity coefficient of the
dye, ep (cm? mol™) [15],

anL (%02 1) = eplA(x. 3,2, )], (11)
[A(x, 9, 2, t)] can be obtained by solving Eq. (3). Then the total

attenuation parameter a(x;, y, z, ¢) in Eq. (10) is given by
a(x,y, 2 t) = a; + eplA(x, 3, 2, 1)]. (12)

The refractive index change induced during the self-writing
process is typically described in the literature using a simple
approximate phenomenological model [12—-14]:

A 2 ) e A 2 ) o
0An(x,y, 2, t) Anlxy 1) . (13)
ot An

where ¢ is the exposure time, Az is the fixed saturation value of
the refractive index change, and /(x, y, 2, ) = |E(x, ), 2, t) |2 is

the local light intensity [12—14]. p is the number of photons
involved in the process and, for photo-polymerization, it is typ-
ically assumed to be p = 1 [13]. The coefficient A, is a real
coefficient that depends on the material properties, the value
of p, and the wavelength of the exposure light [13,16]. It is

1
VJ_E + lkoAﬂE - E E (10)

= A (%, 2 t)! (I

s



Research Article

Vol. 32, No. 5 / May 2015 / Journal of the Optical Society of America B 915

clear that Eq. (13) is an approximate model, which is not de-
rived based on a physical description of the polymerization
processes. In free radical photo-polymerization systems, an ac-
curate model of the photopolymer materials should involve cal-
culating the component concentrations using the related
kinetic equations. A#n(x,y, 2, #) would then be calculated using
the Lorentz—Lorenz formula [27]. However, the phenomeno-
logical model [12-14] is used because it is simple and the
numerical predictions have been shown to agree reasonably well
with the experimental results [10].

B. Numerical Algorithm

Eq. (10) is a nonlinear partial differential equation, and analytic
solutions are only available for very specific cases [28].
Therefore, numerical methods are necessary. The algorithms
used can be classified into two categories, i.e., finite-difference
[29-31] and pseudo-spectral methods [32-34]. Generally, the
pseudo-spectral methods achieve the same accuracy consider-
ably faster, i.e., by up to an order of magnitude [35]. We begin
by reviewing the use of a pseudo-spectral method, the spliz-step
Fourier method [28], which is the main algorithm applied in our
calculations. By including the time varying material properties
presented in Egs. (12) and (13), the split-step Fourier method
is appropriately modified and then applied to solve the light
propagation problem in nonlinear photopolymer media. To
apply the split-step Fourier method, it is useful to define
two operators: D a differential operator which denotes the
dispersion of the light propagation, and second, NV a nonlinear
operator that governs the effects of material nonlinearities, i.e.,
nonlinear modulation induced by refractive index change and
nonlinear absorption induced by dye concentration change.
These operators are defined as follows:

D(x,y) = ——— V2 (14a)

2/6
A 1
N(x,y,2t) = ikyAn(x,y, 2 t) - 3 a(x,y, 2 t). (14b)

Values for a(x;, y, z, t) and An(x, y,z, t) are obtained using
Egs. (12) and (13), respectively. Using these two operators,
the paraxial wave equation, i.e., Eq. (10), can be rewritten as

0E(x, 9,2, 1)
0z

By introducing these two operators and rewriting the non-
linear partial differential equation, Eq. (10), in the form of
Eq. (15), the resulting formally exact solution can be found:

E(x%,.21) = Eo(x3,1) explel D(x.y) + N(x. 3,5 1]},

(16)
where Eq(x;, y, t) is constant in z. Let us assume the field prop-
agates a small distance Az. Using Eq. (16) we can write that

E(x,y,z+ Az, 1) = exp{Az[ﬁ(x,y)
+ Ny 2 OE(x 2 0).  (17)

In general, dispersion and nonlinearities act simultaneously
along the light propagation z-axis. However over a small step
Az, the instantaneous dispersive and nonlinear effects can be

= [D(x, y) + N(x, 1.5 1)]E(xy21t). (15)

considered to be independent of z. At this point, it is useful to
introduce the Baker—Hausdorff formula [36,37] for two such
operators:

exp(Azﬁ) exp(AzN )
~ N 1. . 4
= exp (AZ{D + N+ E[D,N]

) B 1 & s a
— (D, [D, -—I[N,[D,N
+ 5 (D.[D, N - S [N, 1D +

}), (18a)

where the square bracket notation is defined so that

[D,N]=DN-ND. (18b)
In applying the split-step Fourier method, the noncommu-
tating nature of the operators D and /V is assumed to be ignored

[36,37]. Thus Eq. (18a) can be approximated using

exp{AzD(x,y) + N(x 3, 2)]}
~ exp[AzD(x, )] exp[AzN (x, 9% 1)]. (19)

Substitute the resulting Eq. (19) into Eq. (17), the electric
field in going from z to z 4+ Az can be approximated by

E(x,y,z 4+ Az, 1)
~ exp[AzD(x, y)] exp[AzN (x, 3, 2, 1) E(x, 3, 2, £).  (20)

From Eq. (20), it can be seen that the propagation from z to
z + Az, can be carried out in two steps. In the first step, the
nonlinear operator acts, i.e., exp[zN (29, 2 £)]E(x, 9, 2, £).
Then, the dispersion operator acts, ie., exp[zb(x, )]
{exp[zN (%92 1)]E(x, 9,2 ¢)}. The exponential operator in
Eq. (20) can be evaluated in the Fourier domain and shown
to be equivalent to

exp[AzD(x,y)]exp[AzN (x,, 2, )| E (x, 7, 2, 1)
= F;! {exp[AzDp (b, k))IF,._, expl Azl (x5, 2, 1)|E(x,3,2, 1)},
(21)

where F,_, denotes application of the Fourier-transform oper-
ation in the x—y plane. &, and &, are the corresponding spatial
frequency coordinates in the Fourier domain. It should be
noted that the dispersion operator appearing in Eq. (21) is
in the Fourier domain (k,, £,), rather than in the space domain
(x,7), as it is defined in Eq. (14a). Also in Eq. (21), the

dispersion operator in the Fourier domain is given by

Delko k) = 5 —[(-ik)? + (ik)?) (22)

The numerical evaluation of Eq. (22) can be performed ef-
ficiently using the fast Fourier transform algorithm (FFT)
[38,39]. Therefore, from Eqgs. (20) and (21), it is known that
the propagation of the electric field, i.e., from E(x,y,2,¢) to
E(x,59,z + Az, 1), can be calculated either in the Fourier
domain or in the space domain:
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E(x,5,24 Az, 1)

= exp[AzD(x, y)]exp[AzN (,9,2,2)|E(x,,2,1)

=F.! (exp[AzDp(ky k))|F, {explAzN (x,9,2, )|} E(x,9,2,1)).
(23)

In Eq. (23), the two operators are as defined in Egs. (14b)
and (22), respectively. The accuracy of the solution of Eq. (23)
can be improved by adopting a different procedure [28,40] to
propagate the electric field from z to z + Az, namely by replac-
ing Eq. (23) by Eq. (24):

AzD(x, .
E(x,y,z 4+ Az, 1) = exp {#} exp[AzN (x, 3, 2, t)]

[@] E(x,y, 2 t). (24)

x exp

The difference between Eq. (23) and (24) is that the effect of
the nonlinear operator is included in the middle of the segment,
rather than at the segment boundary. This scheme is known as
the symmetrized split-step Fourier method [28,40]. In this analy-
sis, the total thickness (in z) is &, which is split into N, (in-
teger) successive steps, i.e., d = N,Az. The electric field, as it
propagates through d, is obtained using the discretized version
of Eq. (24) to calculate values at every depth, i.e., at each depth
of z = [Az, where / is a integer 1 </ < N,

AzD(x, )

N,
E(x,y,d,1) = exp [— 2:| {H exp[Azﬁ(x,y)]
/=1

x exp[AzN(x,y, [Az, t)]}

x exp [AZDZ(X’)’)] E(x,9,0,1). (25)
In Eq. (25) E£(x,, 0, ) denotes the initial electric field at the
input face (z = 0).

4. SIMULATION RESULTS

The predictions of the model presented in Section 3 are now
discussed. We consider a Gaussian beam propagating along z,
of wavelength 4, and beam width # (at z = 0). The maximum
light intensity is /o = |E,|*, where E|, is the characteristic elec-
tric field amplitude. The relationship between the light power,
Py, and the maximum light intensity, /,, is Py = #/ya*. The
waist of this Gaussian beam is assumed to illuminate the bulk
photopolymer material from the left at the input face (z = 0),
where the input electric field is [13,14]

2.2
E(x,9,0,1) = Ey exp (_x -i;)/ ) (26)
a

Under this initial condition, we note that the pattern of the
light is a centro-symmetric circle. Since all reactions taking
place in the material will be similarly symmetric, to simplify
the calculations, it is assumed sufficient to include only the
transverse coordinate of one-dimensional (x or y), rather than
performing the corresponding full two-dimensional calcula-
tions (in x and y).
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To begin, a set of reasonable initial conditions must be
chosen. The molar absorptivity coefficient of the dye
Phloxine B  (PB:Cy H,Br;Cl4Na,O5) is ¢ep = 0.8x
10% cm? mol™!, and the quantum absorption efficiency param-
eteris ¥, = 6.5 x 107® mol Einstein!' [21]. The initial physi-
cal parameter values used are: @; = 0.5 cm™!, 7y = 1.493,
An, = 60x1073, A =20x102 cm®> mW!s!, z=
20 pm, ¢=3x10% ms!, and b =6.62x10*Js [19].
The other parameters used for the purposes of simulation of
the self-writing process are as follows: The calculation window
size (in x) used is Xy = 200 pm. The total number of points
in the transverse dimension (in x) is NV, = 1000 [38,39], and
the corresponding step lengths are Ax = Xy /N, = 0.2 pm.
The material thickness of the photopolymer sample used in the
analysis is 4 = 8 mm. The total number of steps in material
normalized depth (in z) is N, = 100; therefore, the step
length is Az = d /N, = 80 pm. The total exposure time using
a green laser source (output power Py =2 mW and
wavelength 4 = 532 nm) is 7., = 600 s. The number of time
steps used is N, = 600 giving a time step duration of
Ar =1y, /N, = 1s.

To examine the model predictions, simulations are
performed for two cases: (1) a lower initial photosensitizer con-
centration, i.e., [A]iy = 1.22 x 10”7 mol cm™, producing a
relatively weak nonlinear absorption effect; and (2) for an order
of magnitude higher initial photosensitizer concentration, i.e.,
[Alpign = 12.2 x 10”7 mol cm™, producing a considerably
higher nonlinear absorption effect.

A. LOWER DYE CONCENTRATION SIMULATIONS

Simulations are first performed for the lower initial photosen-
sitizer concentration ([A]j,,, = 1.22 x 10~ mol cm™?). Using
the model developed in Section 3, the predicted formation
process results are presented in Fig. 2. The results clearly illus-
trate the compensation of light divergence by self-focusing
because of the nonlinear response of the low-loss medium.

Figure 2 shows the simulations of the cross-sectional (x—z)
normalized light intensity, i.e., Iy = I/I, where [ is deter-
mined by the Gaussian beam power . In Figs. 2(a)-2(c), as
the exposure time increases from 10 to 100 s, the incident light
can be seen to initially diffract (spread) as it propagates through
the homogenous material, since the weak index changes taking
place do not occur instantaneously. Initially, the highest light
intensity distribution peak is found at the input face z = 0.
Once self-focusing begins to take place, the induced changes
in the refractive index start to compensate the light diffraction
spreading. In Figs. 2(d)-2(f), for illuminating times
200 < £ <600 s, the SWW forms and the location in z of
the highest intensity moves along the propagation axis (z-axis)
and the maximum peak value increases. The appearance of the
so-called primary and secondary eyes [13,14] can be seen in
Figs. 2(d)—-2().

In Fig. 3, the evolution of the proposed attenuation param-
eter with time, i.e., a(x, 3, 2, £) (cm™), is presented as contour
plots in x—z axis for the low initial dye concentration case.
Performing simulations using the model in Section 3,
a(x,, 2 t) is obtained using Egs. (11) and (12). The results
presented in Figs. 3(2)-3(f) clearly indicate that a(x,y,z,r)
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Fig. 2. Numerical predictions of the normalized light intensity dis-
tribution in x—z axis for the low dye concentration of [A],,, = 1.22 x
10”7 mol cm™ case. Exposure times # = (a) 10 s, (b) 50 s, (c) 100 s,
(d) 200 s, (e) 300 s, and (f) 600 s.

and, thus, the absorption in the material varies with time and
space and is not a constant [2,4].

To demonstrate how the evolution of the dye concentration
is related to the material nonlinear absorption, the cross-
sectional spatial distributions of the dye is also calculated
and the predictions are shown in Fig. 4.

Examining Fig. 4(a), it can be seen that the dye is rapidly
used up. The removed spatial concentration shape distorts from
the exposing Gaussian beam pattern and widens into the darker
surrounding regions. At greater depths, i.e., Figs. 4(b)—4(d), the
consumptions of the dye concentration become less rapid, but
the spatial concentration profiles clearly widen when # < 60 s.
These results arise because of both the absorptive response of
the photosensitizer and the initial diffraction of the incident
beam. When # = 600 s, the dye is consumed over a wider
spatial range. Dye consumption is more obvious as the depth
increases, as seen in Figs. 4(c) and 4(d). However, as shown in
Figs. 4(a) and 4(b), such effects are weak when 7 = 600 s.
Therefore, it is predicted that the diffracted beam is primarily
restrained when z < 4 mm because of absorption.

B. Higher Dye Concentration Simulations

Next we examine the corresponding results when a higher ini-
tial dye concentration of [A]y, = 12.2 x 10~ mol ecm™ is
used. As can be observed in Fig. 5, the normalized light inten-
sity distribution exhibits two main different behaviors to those

(@)t=10s (b)t=50s

z (mm)

00 0 100

(d)t=200s cm'

8
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-100
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8 8
6 8 ¢
4 6 4

4
2 2

2
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-100 0 -100

e
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Fig. 3. Numerical simulations of a(x,y,z, ¢) (ecm™!) distribution
in x—z axis for the low initial dye concentration of [A]y, =
1.22 x 107 mol cm™ case. Exposure times # = (a) 10 s, (b) 50 s,
(c) 100 s, (d) 200 s, (e) 300 s, and (f) 600 s.

illustrated in Fig. 2. First, during exposure, the light intensity is
no longer significantly present through the high loss material
instantaneously. Instead, it only becomes present gradually and
nonuniformly in depth. Second, as the light intensity distribu-
tion increases, its shape remains approximately constant, an ef-
fect referred to as being self-similar [41].

The reason for these differences is that the effects of the high
absorption and self-modulation act alternately to dominate
SWW formation. Initially, the effects of self-focusing are weak
and not sufficient to compensate for the diffraction effects.
However, most of the diffracted light is absorbed by the high
concentration of active dye molecules available. Then, as the
index changes are generated and the dye molecules are con-
sumed, the diffraction effects are balanced by the self-focusing
taking place. As exposure continues, this balancing process re-
peatedly occurs at different locations along z.

The corresponding predicted a(x, y,2,¢) (cm™) distribu-
tions in the x—z axis are presented in Fig. 6. It should be noted
that the widths of the a(x, y, z,#) distributions are narrower
than those in Fig. 3, which is consistent with the results
presented in Fig. 5.

Figure 7 shows ‘the cross-sectional spatial variation of the dye
distribution in the higher dye concentration case. Clearly, the
generation of SWW is neither uniform in time or space. For
example, in Fig. 7(a), the dye concentration in the exposed
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Fig. 4. Simulations of the spatial dye concentration distribution for

a low initial concentration of [A],,,, = 1.22 x 10”7 mol cm™3, at four
different material depths: z = (a) 2, (b) 4, (c) 6, and (d) 8 mm, at five
different exposure times: # = (1) 0 (yellow full bold curve), (2) 10 (blue
full curve), (3) 20 (red short dashed curve), (4) 60 (black long dashed
curve), and (5) 600 s (green dashed bold curve).
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Fig. 5. Numerical simulations of normalized light intensity distri-
bution in x—z axis for the high dye concentration of [Alygn = 12.2 x
1077 mol cm™ case. Exposure times # = (a) 10 s, (b) 50 s, (c) 100 s,
(d) 200 s, (e) 300 s, and (f) 600 s.
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Fig. 6. Numerical simulations of a(x, , 2, #) (cm™) distribution in
x—z axis for the high dye concentration of [Alg =
12.2 x 10”7 mol ecm™. Exposure times # = (a) 10 s, (b) 50 s,
(c) 100 s, (d) 200 s, (e) 300 s, and (f) 600 s.

region is rapidly consumed in the time interval from 10 to 30 s.
Between 60 and 600 s, the spatial variation of the consumed
dye concentration distorts from the exposing Gaussian shape
and slowly expands into the dark regions. Thus, initially most
photo-absorption takes place where z < 2 mm. Then, as the
dye is consumed, the light begins to expose the deeper loca-
tions. The same processes can be observed in Figs. 7(b)-7(d).

5. EXPERIMENTAL RESULTS

In this section, the predictions of the model discussed in
Section 3 are compared to a range of experimental results
for a standard free-radical photo-polymerization system, i.c.,
acrylamide/polyvinyl alcohol (AA/PVA). Preparation of the
dry AA/PVA material sample used in this work has been de-
tailed in a previous paper [10]. It is made up of five basic com-
ponents: a binder (Polyvinyl Alcohol, PVA), a sensitizer dye
(Phloxine B, PB), a monomer (Acrlyamide, AA), a cross-linker
(Bisacrylamide, BA), and an electron donor (Triethanolamine,
TEA). For the specific material under examination here, the
dye (Phloxine B) is used to sensitize it in the green, i.e.,
A =532 nm [42]. The experimental initial conditions, e.g.,
the size of samples, the input beam width and power, are as
described in Section 4.
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Fig. 7. Simulations of the spatial dye concentration distribution
with a high initial ~ concentration  of  [A]yg = 12.2
107 mol cm™3, for four different x—z conditions: (a) z = 2 mm,
(b) z=4 mm, (c) 2z=6 mm, and (d) 2 =8 mm, and different
exposure times are shown.

An example of the propagating light distribution obtained in
a lower initial photosensitizer concentration case ([A]jyy
1.22 x 10”7 mol cm™) is shown in Fig. 8. As can be seen
in Fig. 8, the changes in the beam intensity indicate that
the SWW is formed gradually. Even though these are results
for a low dye concentration case, weak nonlinear absorption
and light diffraction can still be observed during the early ex-
posure stages, i.e., when # = 10 s, especially deeper within the
volume, i.e., when z =8 mm. After some time, i.e.,
15 <t <20s, the index change increases, and the induced
self-written channel can be observed to begin to restrain the
diffraction of the writing beam. Finally, the Gaussian beam
is self-trapped in the induced optical waveguide channel along
the full length of the sample, i.e., 0 < z < 8 mm. Recalling the

[A]iow = 1.22 x 10" mol cm

AL

(a)10s (b)15s (©)20s (d) 100 s (e) 200 s (f) 600 s

Fig. 8. Images of the propagating light distribution at different
exposure times: ¢ = (a) 10, (b) 15, (c) 20, (d) 100, (e) 200, and
(H 600 s, with the light (A = 532 nm) incident on the AA/PVA
sample containing a low dye concentration of the PB dye,
[Aljow = 1.22 x 1077 mol cm™3.
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simulation results presented in Fig. 2, we note that the exper-
imental results exhibit the same SWW evolution qualitatively,
supporting the validity of the model and procedure used.

Figure 9 shows the light propagations at different exposure
times for the higher initial dye concentration ([Alyg, = 12.2 x
10”7 mol cm™) case. The corresponding numerically simu-
lated predictions were presented in Fig. 5. As predicted, the
beam intensity shape follows the growth of the optical channel
with the width remaining approximately constant in depth.

Experimental measurements were simultaneously made to
determine the normalized transmittance [43—46] curves for
the AA/PVA samples in both the lower and higher dye concen-
tration cases. Some typical results are shown in Fig. 10. Fitting
the experimental data, various parameter values appearing in
the proposed model in Section 3 are extracted. The saturation
values of the refractive index change in the phenomenological
model, i.e., in Eq. (13), are chosen to be An, = 2.0 x 107 (for
the [A]y case) and 5.0 x 107 (for the [Alpgn case), respec-
tively. The algorithm parameter values, e.g., the calculation
window sizes (in x, z, £), and the step sizes and numbers remain
the same as previously described in Section 4.

The estimated parameter values for the two cases are listed in
Table 1. Mean square error (MSE) values are also provided to
quantify the quality of the fitting. Based on the results in
Table 1, it is worth noting that the values of molar absorptivity
€p, quantum absorption efficiency of the dye ¥, and linear
absorption coefficient @, estimated here, appear to be indepen-
dent of the dye concentration, which supports the validity of
the model used.

We note that the values of molar absorptivity, €p, estimated
in Table 1, agree with results previously reported both in the
area of holography and based on absorption spectrum measure-
ments [43,44]. For example, according to previous fittings
of holographic experimental measurements, the values of ep
(molar absorptive) estimated for PB were in the range
0.316 x 108 < &5 < 0.537 x 108. Meanwhile, the value of
ep calculated directly by measuring the absorption spectrum
is 0.814 x 108 (see Fig. 2 and Table 2 presented in [44]).
Because of material variability and experimental environment
differences, e.g., the effects of temperature, humidity, and
thermal variations on the materials, the observed variations

[Alhign = 12.2 x 107 mol cm™

ZI _
IH“IIII%

(a) 10 s (b)50s  (c)100s (d) 150 s (e) 200 s (f) 600 s

Fig. 9. Images of the propagating light distribution at different
exposure times: ¢ = (a) 10, (b) 50, (c) 100, (d) 150, (e) 200, and
() 600 s, with the light (4 = 532 nm) incident on the AA/PVA
sample containing a high dye concentration of PB dye,
[A]high = 12.2x 107 mol cm™3.
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in the estimated values of €) seem acceptable. Therefore, the
average value of &), estimated here, i.e., €5 = 0.43 x 108, is
reasonable and consistent.

We note that the differences observable in Figs. 10(a) and
10(b) between the experimental results and the fitted model
predictions indicate that there are more complicated photo-
physical and photochemical processes taking place than those
included in the model developed in Section 3. For example, the
effects of the inhibition process, i.c., the effects of oxygen dis-
solved within the material, the excited dye recovery process,
and the bleaching process should all be included if a more de-
tailed study of the nonlinear photo-absorptive behavior in free
radical photo-polymerization systems is to be performed
require the development of a more detailed theoretical model
and a more complex numerical algorithm. For the model

Research Article

developed, the agreement is satisfactory and these absorptivity
values extracted in this work are reasonable.

Examining Table 1, it can be seen that the linear absorption
coefficient a; estimated is predicted to a decrease from 0.55 to
0.45 cm™! as the dye concentration increases. It is worth em-
phasizing that in this analysis the linear absorption coefficient
ay is considered to be very weak (i.e., solely describing losses
because scattering), compared to the total light absorption, i.e.,
a = a; + ayr. Recalling Eq. (11) in Section 3, it can be seen
that the saturation values of ay obtained, are 5.6 cm™! (for the
[A]joy case) and 48.8 cm™! (for the [A]ign case). The absolute
percentage differences (PD, i.e., PD = Aa;/a x 100%) be-
tween the linear absorption coefficient change Aa;, and the
total light absorption a, are PD = 1.6% and 0.2% for the
[A]iow and [Alygh cases, respectively. Thus, the values found
are reasonable since a; represents a weak and independent
absorption effect. Once again the analysis provides consistent
evidence supporting the validity of the model and proce-
dures used.

6. CONCLUSIONS

In this paper, we began by reviewing the major photoreactions
taking place during the photo-initiation process in a free radical
photopolymer material. A set of rate equations was then de-
rived, which governs the temporal and spatial photosensitizer
concentration distribution during SWW formations. Assuming
that the total attenuation parameter @, can be considered as the
sum of the effect of a constant linear absorption coefficient a;,
and a nonlinear absorption coefficient ayy, the time varying
light energy loss in the material can be obtained assuming
the dye concentration distribution as discussed in Section 2.
Then combining the proposed linear and nonlinear absorption
effects, with a phenomenological model [12-14] governing the
index change induced in the material, a complete algorithm is
implemented, which enables a more accurate and physical de-
scription of the evolution of SWWs formed in such photopol-
ymer materials.

The predictions of the developed model are examined by
performing simulations for two cases: (1) a lower initial photo-
sensitizer concentration ([A]},,, = 1.22 x 10~ mol cm™) hav-
ing a correspondingly weak nonlinear absorption, and (2) a
higher initial ~photosensitizer ~concentration ([l =
12.2 x 10”7 mol cm™) having a considerably higher nonlinear
absorption.

The model is validated by performing a set of experiments
under both dye concentration conditions in a standard free-
radical photo-polymerization system, i.e., acrylamide/polyvinyl
alcohol (AA/PVA). The time varying light distributions
observed in these cases are, in general, in good qualitative
agreement with the predictions of the model. Normalized

Table 1. Absorption Related Parameters Estimated from Fit to Experimental Transmittance Curves for Two Initial PB

Dye Concentrations, in AA/PVA

[4,]1(x1077) (mol em™3) £p(x10%) (cm? mol') ¥,(x107%) (mol Einstein!) a; (em™) MSE (x10-%)
1.22 0.46 5.6 0.55 3.42
12.2 0.40 5.6 0.45 8.15
Average 0.43 5.6 0.50 —
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transmittance measurements are also reported which provide
information about the nonlinear photo-absorptive behavior
during SWW formation. Absorption parameters are extracted
by fitting the experimental results for both the lower and higher
dye concentration cases. The results are in good quantitative
agreement with previous results in the literature [43,44].

Much work remains to be done. A complete kinetic model
must be developed describing the full photo-polymerization
process and taking into account all the effects taking place while
the index change is induced, e.g., nonlocal polymer chain
growth and material transport [47,48]. In that case, given
the time varying material component concentrations, the
refractive index can be calculated using the Lorentz—Lorenz for-
mula [15,47]. Access to such a model would allow the use of
such effects to couple optical fiber [49,50] and polymer micro-
tip fabrication [51,52], to be studied quantitatively and
optimized.
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