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Dynamic analysis of holographic gratings in a
multi-wavelength visible light sensitive photopolymer®
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A dynamic theoretical model of photochemistry and hologram formation in holographic photopolymer is estab-

lished, and the dynamic development process of holographic gratings in the photopolymer is discussed with the model.

A novel multi-wavelength visible light sensitive photopolymer for holographic storage is prepared. The influence of ex-

posure wavelength on holographic storage characteristics is analysed. By fitting the experimental data of transmittance

and diffraction efficiency to a function of time with different exposure intensities and wavelengths, the variations of

dynamic parameters of photochemistry and photopolymerization diffusion are presented.
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1. Introduction

Owing to the high density, mass capacity, high
redundancy and fast data transfer rate, holographic
data storage technology has become an important re-
search field in optical information storage.l') As super-
huge capacity holographic storage materials, pho-
topolymers have great advantages: low cost, high
diffraction efficiency, wide dynamic range, high photo-
sensitivity and dry real-time processing, thereby hav-
ing aroused the extensive concern of the scientific
community.?) Most results of research have shown
that the dynamic development process of holographic
gratings in the photopolymer is connected with the
photobleaching of dyes and the photopolymerization
diffusion of monomers.3~3 The photobleaching mech-
anism is mostly dependent on the absorption intensity
of dyes and the rate of photochemical reaction,6—8]
and information on holographic gratings originates
from the interaction between monomer polymeriza-

9-14] In the theoretical model of

tion and diffusion.|
photopolymerization, some parameters are very im-
portant for holographic characteristics of photopoly-
mer materials, such as the molar-absorption coefficient
and quantum yield of dyes, the polymerization rate
and diffusion time constant of monomers, the photo-
bleaching rate, the photosensitivity and the refractive

index modulation. They are usually estimated by fit-

ting experimental data to the theoretical model.[10]

In holographic storage, the improvement of data
recording density is dependent on diversified multi-

plexing methods such as wavelength multiplexing, ']

angular multiplexing'® and phase multiplexing.!*”!
The polyvinyl alcohol (PVA)-acrylamide (AA) pho-
topolymer studied in this paper is a multi-wavelength
visible light sensitive holographic storage material, so
it can satisfy the needs of many multiplexing methods.

It has been seldom reported that the whole
dynamic processing of holographic gratings in the
multi-wavelength visible light sensitive photopolymer
is studied. In the present work, we take into account
the influence of noise gratings at different wavelengths,
and check the applicability of a modified dynamic
diffraction efficiency model to a PVA-AA photopoly-
mer. We also compare the theoretical and the experi-
mental results about volume transmission—diffraction
gratings recorded characteristics based on PVA-AA
photopolymer with DuPont photopolymer. Combined
with the photosensitive property of the photopoly-
mer, dynamic characteristic parameters of material
are retrieved by fitting experimental data for single
and multiple wavelength irradiations to the macro-
molecule photochemical model, and their variations at
different exposure wavelengths are studied. They are
propitious to predicting new behaviours in high den-
sity data holographic storage such as the optimization
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of the material for successive-wavelength-multiplexing
recording and multi-wavelength storage.

2. Theoretical model

Figure 1 shows a schematic diagram of hologram
formation in a photopolymer medium. The signal
beam and the reference beam are used to generate
In the
bright areas, the initiators which are excited gener-

an interference pattern inside the medium.

ate radicals. The monomers are polymerized by the
radical polymerization reaction. Simultaneously, the
monomer density in the bright areas decreases and
non-polymerized monomers diffuse from the dark area
to the bright area. With the advancement of a termi-
nation process, a difference in refractive index between
the bright and dark areas is created by polymerization
and monomer diffusion, so that the illumination beam
profile can be recorded as the difference in refractive
indices.
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Fig. 1. Formation of holographic gratings.

2.1. Photochemical mechanism

When the photosensitive dye molecule is exposed
to light of a suitable wavelength, it absorbs a pho-
ton of light and then it transits into a singlet excited
state. This singlet excited state dye molecule enters
into a triplet state through intersystem crossing, and
the excited triplet state dye molecule reacts with an
electron donor. Then a proton is lost and a free radical
is formed, and the dye is bleached at the same time.
This free radical in the presence of the monomer initi-
ates the polymerization reaction which continues until
a termination reaction occurs.

When a photopolymer material is irradiated at
the wavelength of sensitization of the dye, the related
photochemical reaction occurs and the transmittance

of material will also change continuously. Temporal
variations of the transmittance T'(t) have been fitted
with a photobleaching model which is developed on
the basis of a previous researcher’s work,!”!

Tt
T(t) - 1 + (esd[D]o _ 1)675¢10t’

(1)

where Ty is a parameter related to the scattering loss
of materials, d is the thickness of the photopolymer
film, [D]o is the initial concentration of dye in the film,
€ is the molar absorption coefficient, ¢ is the quantum
yield for the generation of radicals and I is the expo-
sure intensity. Applying the non-linear fitting based
on Levenberg-Marquardt’s algorithm to the transmit-
tance experimental curves, values of the molar absorp-
tion e, the quantum yield ¢ and the intensity loss
coefficient Ty can be obtained. Simultaneously, the
photobleaching coefficient k, is obtained from the fol-
lowing formula: k, = e¢l.[°!

2.2. Polymerization-driven diffusion
model

The intensity distribution of a sinusoidal inter-
ference pattern from coherent beams with the same
intensities can be expressed as

I(z) = Io[1 + cos(Kgx)], (2)

where K, is the grating wave number, and Iy is the
average recording intensity. Because the conversion
of monomer into polymer is more rapid in the bright
regions than in the dark ones, we assume that the
free monomer concentration ¢™)(z,t) and polymer
concentration ¢(p)(£L', t) present a sinusoidal trend, the
former has a phase shift of 180° with respect to the in-
tensity pattern, and the latter is in phase congruency
with it.

d)(m) ($7t) — (()m) (t) _ gm) (t) COS(Kg$>7 (3)

0 (1) = & (1) + 617 (1) cos(K ). (4)

As a result of polymerization, the concentration

of monomer decreases with time. Simultaneously,
with the gradient of monomer concentration estab-
lished between the unexposed and exposed zones, the
free monomer diffuses continuously from the dark to
the bright regions. So variations of the monomer
and polymer concentrations, with these two processes

taken into account, can be expressed as

a¢(m) .
ot

B () ()6 (1) + 2= D26 a,1)
6
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(p)
8% = kr(D)I° (2)¢"™ (. 1), (6)

where D is the diffusion constant related to temper-
ature and the physical property of materials, kg(t)
is the polymerization rate, and ¢ is the reaction rate
constant. The value of § is taken to be 1, ie. § =1,
because this photopolymerization is a first order reac-
tion.

Substituting expressions (2)—(4) into Egs. (5)
and (6) respectively, we arrive at the following first-
harmonic equations of the monomer and the polymer
concentrations, which can be derived:

deg” m) 1 (m
T — *kR(t)IO ¢o - §¢1 ) (7)
(m) (m)
de; = (m) _ (m)y @1
dt *kR(t)IO(% ¢1 ) TDi’ (8)
(p)
doy (m) 1 (m)
at —kR(t)Io( 0 5% ) 9)
dof”’ m
S = @6~ ™) (10)

The form for the Fourier components of the spa-
tial distribution of the refractive index in the pho-
topolymer medium can be expressed as!!?]

n(z,t) = no + ni(t) cos(Kyx)
+ na(t) cos(2Kgx) + ... . (11)

Only by retaining the first two terms can expression
(11) be converted into

n(z,t) = ng + ni(t) cos(Kgx), (12)
|

1

na(t) = 2C1 o

o 2+ IOkOTD
X

where m is the diffusion time constant which is de-
fined as 7p = 1/DKZ. The maximum value of n (t) is
the maximal refractive index modulation An, which
can be expressed by finding the derivative of the func-
tion (14) as

2C1Cs¢0

An=——"—. 1
" 2+Iok‘07'D ( 5)

So k¢ and T are important parameters characterizing

1
— exp | Ik + — )t
1+ 2I3k3TE p[ (00 QTD) ]
21.2,.-2
C3 — Cy) 12272 — (5] x sinh —MIO’“OTDt
[( 0o™0'D
+Cy

1+ 2I2k2T3
—C3y/1 + 2I3k3 T4 cosh <+007—Dt)

where ng is the initial refractive index of the material,
and ny(t) is the refractive index modulation. Gener-
ally, taking into account the difference in refractive
index among polymer, monomer and binder, the first-
harmonic equation of the refractive index modulation

of the material can be used as!'4

ny = C1[~Cag™ + C307), (13)
where
¢, = M +2*
3’110
Cy = nﬁlfl_ngfl 7
nZ +2 ni+2
and

Cy = nl%—l 7nf)—1
2 )
nZ+2 ng+2
Nm, Np and ny, are the refractive indices of the
monomer, polymer and binder respectively.
It is assumed that there is only monomer evenly

distributed in the material with concentration ¢g rep-

resenting the volume fraction before exposure, so
™(0) = ¢4 (0) = 617 (0) = 0, and ¢6™ (0) = do.

It is provided that the polymerization rate is constant,

kr(t) = ko, so the expression (13) becomes

27'[)

27'[)

the dynamic process of the holographic grating for-
mation, and they are also decisive factors influencing
the refractive index modulation. According to Kogel-
nik’s coupled wave theory, the diffraction efficiency for
an unslanted lossy grating without absorption can be

expressed as!!®!

(16)

1 = Dyt sin® (nl(t)wd>

Acosf
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where Dy is the coefficient related to scattering loss of
the gratings. Exposure sensitivity is another impor-
tant parameter of the photopolymer medium, and it is
a direct factor affecting the recording rate and inten-
sity loss, and it is normally defined as S = |/Mmax/E.

Quantitative information of the different param-
eters is obtained by fitting experimental data of the
temporal evolution of the diffraction efficiency to the
theoretical model based on Levenberg—Marquardt’s
algorithm, ) such as that of the intensity loss coeffi-
cient Dg¢, the polymerization rate kg and the diffusion

time constant mp. 20]

3. Experiment

3.1. Sample preparation

Under 40%-60% relative humidity and 20 °C-
25 °C temperature, the photopolymerizable so-
lution is prepared by adding a proportionally
mixed dye solution together with a solution which
contains 0.34 mol/L AA, 0.054 mol/L N, N’-
methylenebisacrylamide (BAA) and 0.27 mol/L tri-
ethanolamine (TEA) to a 10 wt% PVA solution. The
dye solution consists of Riboflavin (RF), Erythrosin B
(ErB) and Methylene blue (MB) with the same den-
sities. Pour an appropriate amount of the resulting
solution onto a well-cleaned glass substrate and dry it
for 24-48 h in a dark room. A photopolymer film with

a thickness of about 300 pm is obtained.

3.2. Experimental setup

The experimental setup is shown in Fig. 2. An
argon laser with wavelengths of 514 nm, 488 nm, and
476 nm and a He—Ne laser at 633 nm is respectively
used to produce diffraction gratings by means of con-
tinuous laser exposure. BS is the beam splitter, and
the laser beam is split into two secondary beams with
an intensity ratio of 1:1. My, My, M3, and M, are mir-
rors. SHy, SHy, SH3, and SHy are shutters. SF; and
SF, are spatial filters. L; and Lo are Fourier lenses
with focal length f, for setting up a 4f system. PM is
the laser power meter, which is monitored in real time
with a computer. We shut off SH3 when we test the
transmittance of the sample film, and make sure that
the film is irradiated perpendicularly. When we test
the diffraction efficiency of the gratings, we make sure
that the two incident beams are recombined in the

sample film at an angle 45° with respect to the nor-
mal of film and the reconstruction beam is positioned

at Bragg’s angle.

SH1 My
Ar" laser »
SHo
M
He—Ne laser » 2
Mg |SH3 fSFl
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computer
Ly L2 SE| SHy
PM 1

sample fV2f f My

Fig. 2. Experimental setup.

4. Results and discussion

4.1. Absorption spectral characteristics

The absorption spectrum of photopolymer film
is measured with a UV-visible-near infrared spec-
trophotometer (US, Varian Ltd., Cary5000), which is
shown in Fig. 3. The absorption spectrum ranges from
300 nm to 700 nm and covers all bands of visible light,
and the absorbency of materials is rugged at differ-
ent wavelengths and includes three absorption peaks
which are respectively nearby 664 nm, 525 nm and
457 nm. It illuminates that the sensitivity of the sam-
ple to wavelength is different in the photopolymer. So
the exposure wavelength has an important effect on
photochemical characteristics of materials. These ab-
sorption peaks are independent of each other, so the
photopolymer film is suitable for irradiation by many
conventional lasers with several wavelengths, such as
Art laser and HeNe laser.
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Fig. 3. Absorption spectrum of sample.
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4.2. Kinetic characteristics under single
wavelength laser

4.2.1. Transmittance and diffraction efficiency

According to the absorption characteristic of the
photopolymer, an argon laser at a wavelength of
514 nm is used in the experiment by means of con-
tinuous laser exposure. It is convenient to obtain the
transmittance and diffraction efficiency of materials
The result of fit-
ting the transmittance curves as a function of expo-

for different exposure intensities.

sure time, obtained from expression (1), is shown in
Fig. 4(a). As can be seen from the figure, the theoret-
ical fits and the experimental data are in good agree-
ment with each other. When the exposure intensity
is low, the transmittance rises slowly toward satura-
tion as shown in Fig. 4(a) on 5.3 mW/cm? (curve a)
and 10.6 mW /cm? (curve b). With exposure intensity
increasing, the final transmittance also increases up
to a certain value, and then it keeps constant. This
behaviour can be explained by the so-called satura-
tion effect. Laser irradiation is operated at higher in-
tensities and the final transmittance dose not change
obviously. Before saturation, the evolution of trans-
mittance may be considered to be the breaching rate
of the dye.

Figure 4(b) shows the result of the fitting of
diffraction efficiency curves as a function of exposure
time, obtained from expression (16). As exposure in-
tensity increases, final diffraction efficiency increases
and then decreases when the intensity is higher. The
exposure intensity is low, and the diffraction efficiency
is also low. As the exposure intensity increases, so
does the increase rate of the diffraction efficiency.
When the intensity is 21.2 mW/cm?, the diffraction
efficiency is about 53%, and then it increases slowly.
When the intensity is very high, the diffraction effi-
ciency increases rapidly in the threshold exposure time
and goes to the maximum value at about 10 s, then
decreases fast to 45% at 20 s. The trend of diffrac-
tion efficiency may be considered to be a character-
istic of photochemistry and the diffraction of grat-
ings. According to Kogelnik’s coupled wave theory,
the expression of diffraction efficiency is in the form
In the first half period of
the function, induced by increasing exposure inten-

of a sinusoidal function.

sity, the increase of refractive index modulation can
enhance the diffraction efficiency of gratings. When
the increase of exposure intensity is so big that the
diffraction efficiency is beyond the first half period, it

starts to decrease after the maximum value. In ad-
dition, overexposure may lead to generating a lot of
radicals. They are recombined easily as a result of
mutual collision among particles. This increases the
rate of termination reaction, and reduces the diffrac-
tion efficiency of gratings. So the final diffraction effi-
ciency is maximal when the intensity reaches an opti-
mal value. From Fig. 4(b) it is implied that with the
exposure intensity increasing, the maximal refractive
index modulation and the exposure sensitivity also
increase, but the saturation diffraction efficiency in-
creases at first and then decreases. It illustrates that
the way of blindly increasing refractive index modula-
tion and exposure sensitivity does not mean that the
diffraction efficiency can be increased.

90
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50 4

Transmittance/%

40t
30 14

20

Diffraction efficiency/%

Exposure time/s

Fig. 4. Curve fittings of transmittance (a) and diffrac-
tion efficiency (b) for different exposure intensities at a
wavelength of 514 nm, where the exposure intensities used

-2 2

are curve ¢ 5.3 mW-cm™ <, curve b 10.6 mW-cm™“, curve

¢ 15.9 mW-cm~2, curve d 21.2 mW-cm™2, and curve e
31.8 mW-cm™2.

4.2.2. Parameter fitting using experimental re-
sults

Some parameters of the theoretical model such as
the molar absorption coefficient € and quantum yield
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¢ are obtained by fitting experimental data from the
temporal evolution of the transmittance, which are
shown in Fig. 5. As can be seen from it, with the
increase of exposure intensity, the molar absorption
coefficient increases whereas the quantum yield de-
creases. Before the absorption of the dye reaches the
saturation state, the larger the intensity is, the larger
When the
intensity is low, the quantum yield is practically con-

the molar absorption coefficient will be.

stant. But under strong irradiation, more triplet ex-
cited states dyes are produced. Owing to the deficient
combination with the initiator, most of the triplet ex-
cited state dyes revert easily to steady state or gen-
erate dimeric species of the dye. Thus the quantum
yield decreases. In addition, the parameter Ty has no
obvious change under different exposure intensities,
and it is about 0.8. The values of the photobleaching
coefficient k, corresponding to five exposure condi-
tions are respectively 0.17 s (5.3 mW /cm?), 0.32 571
(10.6 mW/cm?), 0.42 s=1 (15.9 mW/cm?), 0.46 s~!
(21.2 mW/cm?) and 0.58 s=! (31.8 mW/cm?). Be-
cause of the effect of the molar absorption coefficient,
the photobleaching rate presents in increasing trend.

3.2 . . . - . . 0.35
T 10.30
E 30t n
3 =]
I 3 | T
Lo 025 3
g 28¢f )
by L 10.20 3
S g
~
X 26t ©
© 10.15
2.4 s : s 0.10

0 5 10 15 20 25 30 35

Exposure intensity/mW-cm ™2

Fig. 5. Molar absorption ¢ and quantum yield ¢ versus
exposure intensity.

Figure 6 shows parameters such as the polymer-
ization rate kg and diffusion time constant 7p obtained
by fitting experimental data of the temporal evolution
of the diffraction efficiency. The polymerization rate
increases as the exposure intensity rises. When the in-
tensity is quite high, the polymerization of monomers
is also very fast, thus the photopolymerization may
stop earlier before monomers in the dark zone can dif-
fuse into the bright zone. Although the diffusion time
constant changes slightly, the value of mp is still kept at
about 100 s and it is high if compared with the typical
values of diffusion times used in DuPont photopoly-
mers. For example, with a wavelength of 514 nm the

polymerization rate kg is 0.0049 s~ (mW /cm?)~0-74
and the diffusion time mp is about 2 s for the DuPont
HRF-150-38 photopolymer.['? The parameter Dy, of
which the value is about 0.6, has no obvious change.
It is implied that an excess increase in the exposure
energy results in a decrease in the diffusion time from
Fig. 6.
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Fig. 6. Polymerization rate kg and diffusion time con-
stant Tp versus exposure intensity.

4.3. Kinetic characteristics with multi-
wavelength

4.3.1. Transmittance and diffraction efficiency

Argon lasers at wavelengths of 476 nm, 488 nm
and 514 nm and a He—Ne laser at 633 nm are used in
the experiment by means of continuous laser exposure,
and the exposure intensity is about 10 mW /cm?. Ac-
cording to the theoretical model, we respectively fit
the experimental data of transmittance and diffrac-
tion efficiency of materials at different wavelengths in
Figs. 7(a) and 7(b).
the fitting is very good. The transmittance at these

As can be seen from Fig. 7(a),

wavelengths goes to saturation at about 10 s and then
goes to a steady state. It explains that the variation
of transmission intensity is rapid with exposure time,
and it is a nonlinear course. The transmittance rises
as the selected exposure wavelength increases. It may
be induced by the absorptions and scatterings of mate-
rials at different wavelengths. We can see from Fig. 3
that the absorptions of materials at the four wave-
lengths increase gradually, and the scattering noises
are also different. According to the law of Rayleigh
scattering, the shorter the wavelength is, the stronger
the scattering of materials will be. So the intensity
loss induced by the scattering of materials under a
wavelength of 633 nm is smaller, and the value of the
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relevant transmittance is biggest.

(@)

80t EassNEEEEEEEEESEEuENEE ]

Transmittance/%

*
0 10 20 30 40

Exposure time/s

(b) mammn,,

60

40

20}

Diffraction efficiency/%

0 . . . .
0 20 40 60

Exposure time/s

Fig. 7. Curve fittings of transmittance (a) and diffraction
efficiency (b) at four wavelengths.

Figure 7(b) shows that the longer the selected ex-
posure wavelength is, the bigger the value of diffrac-
tion efficiency will be. The reason for that may be re-
lated to the sensitivity and the scattering of materials

to exposure wavelength. The trend of the diffraction
efficiency curve at different wavelengths is consistent,
which presents a similar phenomenon to the experi-
mental data of diffraction efficiency of single dye sen-
sitized photopolymer. The diffraction efficiencies at
these wavelengths are above 35%, so the photopolymer
material is suitable for volume holographic storage.
It offers a new idea on multi-wavelength holographic
storage which can extend the sensitivity range, im-
prove the multiplicity and enlarge the storage capac-
ity.

As can be seen from Fig. 7(b), the theoretical
curve is coincident with the experimental data. The
theoretical curve deviates slightly from them at longer
exposure times, and it is possibly explained by the
diffraction gratings gradually becoming steady due to
a slight decrease of the diffusion rate induced by the
decrease of concentration gradient of monomers at fur-
ther exposure times.

4.3.2. Analysis of several parameters

Dynamic parameters obtained from theoretical
fittings of transmittance and diffraction efficiency
curves at four wavelengths are shown in Table 1. As
can be seen from Table 1, the closer the exposure
wavelength is to the absorption peaks of materials
shown in Fig. 3, the bigger the values of ¢, ¢, k, and
ko will be. These results accord with the fact that
the exposure sensitivity is directly correlated with the
selected exposure wavelength, so using an appropriate
wavelength is important to improve the storage speed
of materials.

Table 1. Dynamic parameters obtained from theoretical fittings of experimental data at four wavelengths.

parameters 633 nm 514 nm 488 nm 476 nm
€/10* L-mol~'-cm—2 4.03 3.60 3.55 3.52
¢/mol-Einstein~1 0.32 0.21 0.17 0.11
kp/s™1 0.58 0.34 0.28 0.17
Tyt 0.78 0.74 0.69 0.68
ko/cm? mW—1.s—1 0.044 0.026 0.024 0.021
™/s 41 78.4 84.24 100.3
Dg¢ 0.65 0.62 0.56 0.51
S$/1073 em?-mJ—1 2.55 1.04 0.51 0.44

5. Conclusions

A dynamic theoretical model of holographic gratings in a multi-wavelength visible light sensitive photopoly-

mer is studied. Experimental data of transmittance and diffraction efficiency of the fabricated photopolymer

at different exposure intensities and wavelengths are obtained. By fitting the data to the theoretical model,
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several dynamic parameters such as the molar absorption coefficient €, the quantum yield ¢, the photobleaching
coefficient k, the polymerization rate kg and the diffusion time constant mp are reduced. The research shows
that with exposure intensity increasing, €, k, and ko will increase, but ¢ will become smaller. These changes
are similar to those of the DuPont photopolymer. With the selected exposure wavelength increasing, €, ¢,
kp, ko and S also increase, but the intensity loss becomes smaller. These results accord with the fact that
the photochemical property of the material and the impact of noise gratings are closely correlated with the
exposure wavelength. 7p has no obvious changes except that the sample is overexposed. It is possible that
the diffusion reaction stops earlier due to the rapid polymerization of monomers. These parameters and their
variations have been seldom reported by previous research works, and they are very important for investigating
photochemical and holographic characteristics of photopolymers. It is quite valuable to understand the devel-
opment process of grating information and ameliorate the storage property of holographic photopolymers for
high density information storage.
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