N

N

Gradient of refractive index (GRIN) effect in
photo-thermo-refractive glass

Julien Lumeau, Leonid B. Glebov

» To cite this version:

Julien Lumeau, Leonid B. Glebov. Gradient of refractive index (GRIN) effect in photo-thermo-
refractive glass. Applied optics, 2015, 54 (7), pp.1987-1593. hal-01274399

HAL Id: hal-01274399
https://hal.science/hal-01274399
Submitted on 13 Mar 2019

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-01274399
https://hal.archives-ouvertes.fr

Gradient of refractive index (GRIN) effect in
photo-thermo-refractive glass

Julien Lumeau,-2” and Leonid B. Glebov2

1 Aix Marseille Université, CNRS, Centrale Marseille, Institut Fresnel UMR 7249, 13013 Marseille, France
2 CREOL, The College of Optics and Photonics, University of Central Florida, P.O. Box 162700, Orlando, Florida 32816-
2700, USA
*Corresponding author- julien.lumeau@fresnel. fr
Received Month X, XXXX; revised Month X, XXXX; accepted Month X,
XXXX; posted Month X, XXXX (Doc. ID XXXXX); published Month X, XXXX

Photo-Thermo-Refractive (PTR) glass is a photosensitive multicomponent silicate glass containing photosensitive agents such
as cerium and silver. Photo-induced crystalline phase precipitation results in refractive index variations in exposed areas of
PTR glass, which has been successfully used for phase hologram recording. Photosensitivity being the result of the partial
absorption of the exposing radiation by cerium ions, it results in a gradient of refractive index (GRIN) along the exposure beam
propagation. This GRIN is a parasitic effect that deteriorates the parameters of some types of volume Bragg gratings because
of the beam deflection they produce. In this paper, the evolution of GRIN is investigated as a function of the dosage of UV-
exposure and the thermal treatment duration. We show that GRIN is a deterministic process that can be easily modeled and

predicted using basic optics and glass science equations.

OCIS codes- (5335) Photosensitive materials; (1030) Absorption
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1. Introduction

Photo-thermo-refractive (PTR) glass is a multi-component
silicate glass that undergoes a refractive index change
after UV-exposure and thermal treatment [1,2]. Based on
this photosensitivity, high efficiency volume Bragg
gratings have been recorded in this glass [3] and
successfully used for laser beam control [4]. One of the
very promising laser applications is ultrashort pulse
stretching and compression by means of chirped volume
Bragg gratings (CBGs) [5]. These gratings have a period
that is linearly chirped along the beam propagation
direction. Due to this variation in period, different spectral
components of a pulse incident on the grating along the z
direction are reflected by different parts of the grating
along its thickness. The optical path length difference
between the different spectral components leads to a
wavelength-dependent group delay. A stretched pulse
being launched to the same grating from the opposite
direction would be compressed to its original state [5].
Detailed studies of the principles of pulse stretching and
compression by a single volume diffractive grating with a
variable period and their use for chirped pulse
amplification can be found in refs. [5-10]. Using this
technology, stretching of ultrashort pulses with widths
exceeding 100 fs to 1000 ps and high-efficiency re-
compression to near-transform-limited pulse duration has
been demonstrated.

There are multiple parameters that will influence the
quality of the beam diffracted by volume Bragg gratings
and more precisely on chirped Bragg gratings (CBGs)
through the generation of sidelobes [11,12]. One of these
effects is the one studied in this paper, i.e. the gradient of
refractive index or GRIN. Actually, CBGs are fabricated
by holographic recording of plane parallel fringes with
linearly increasing period in Z direction (Fig. 1).

Fig. 1. Geometrical configuration of a holographically recorded CBG.
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The recording beams propagate in the X-Z plane and are
collimated in this plane (Fig. 1). The angle between the
recording beams in plane X-Z determines the average
period of the grating. The angles of divergence and
convergence of the recording beams determine the spatial
chirp of the grating period. The photosensitive process is
triggered by absorption of UV radiation by cerium ions.
Therefore, it appears a gradient of absorbed dosage that
will be converted into a gradient of refractive index
(GRIN) along the X-direction of the CBGs (Fig. 1). This
GRIN then produces a mirage effect. Due to the different
beam paths of each spectral component, each of them will
be deflected to a different place, finally impacting the
quality of the diffracted beam. More precisely, Moser et al.
have shown that GRIN will result in the elongation of the
beam in vertical direction after diffraction on a CBG [12].
Authors have also shown that it is however possible to
compensate this effect by pressing the CBG and
deforming it. Actually, GRIN results in a vertical tilt of
the grating vector along the CBG’s thickness that can be
expressed in a term of a radius of curvature (Reriv) that is
equal to:

: (1)

Rerin = GRIN

Therefore, by pressing it is possible to mechanically
deform the glass and create a physical deformation of the
glass which equivalent radius of curvature will
compensate the one of the GRIN. However, pressing
induces other parasitic effects such as depolarization due
to the mechanically induced birefringence. Thus,
mitigating, and not compensating, this effect implies
understanding the mechanisms of GRIN in PTR glass as
well as what are the controlling parameters. In this paper,
we therefore present a thorough study of the origin of
GRIN as well as of the parameters that control its
amplitude.

2. Experimental

To experimentally study GRIN, 5 Gaussian stripes with
increasing dosages of 0.3, 0.6, 0.9, 1.2 and 1.5 J/cm? were
recorded several 6 mm thick PTR glass plates. Exposure
was carried out using a HeCd laser at 325 nm, 4 mW,
FW1/e? of 0.55 mm. Stripes were obtained by scanning the
PTR glass sample in the laser beam at constant speed,
this speed controlling the dosage of UV-exposure. The
PTR glass samples were doped with 0.01 mol.% of cerium
oxide. Due to absorption of cerium at 325 nm, these
samples exhibited a gradient of absorbed dosage that
resulted in a gradient of refractive index through the
thickness of the glass that could be detected and
measured after thermal development. These glass

samples were then heat-treated using a classical heat-
treatment schedule that allows achieving high refractive
index change with low losses, i.e. for 100 minutes at 485°C
(nucleation) followed by a second heat treatment at 515°C
for 30, 60 and 90 minutes.

To characterize the lateral gradient of average refractive
index (GRIN) in these samples a specific procedure was
implemented. It is based on a custom liquid-cell shearing
interferometer that was developed a few years ago [13].
Samples were cut into pencil-like geometries, parallel to
the y-z plane, with thickness of ~2 mm (Fig. 2, right) and
double-side polished to flatness of A/2 at 633 nm. These
samples exhibit a laterally varying refractive index
(GRIN) resulting from gradual attenuation of actinic
radiation in the glass plate (Fig. 2).

A X

Fig. 2. Scheme of the geometry of the samples exposed to UV stripes in Z
direction with different dosage that was used for studying gradient of
average refractive index (GRIN) in PTR glass

These samples were then inserted inside the shearing
interferometer and a typical interferogram is shown in
Fig. 3. Along the width of the interferogram, the fringe
shift linearly increases (or decreases) according to the
magnitude of the GRIN. A specific program was
developed in order to locally analyze the fringe shift and
therefore to locally extract the refractive index change
dependence on dosage as defined by the Gaussian profile
[13]. Then, by extracting the evolution of the maximum
refractive index change versus sample position and
knowing the aperture size, the evolution of the refractive
index change on the glass thickness could be obtained
(Fig. 3). Fitting of this curve with a linear function allowed
extracting 2 parameters: the slope gave the GRIN while
intercept gave an accurate value of the refractive index
change at the dosage of UV-exposure.
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Fig. 3. Description of the procedure used for studying GRIN in PTR glass
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3. Experimental study of the parameters influencing
GRIN

The previously described experimental procedure was
used to analyze the evolution of the gradient of induced
refractive index (GRIN) in a PTR glass plate resulting
from the attenuation of the exciting UV radiation in PTR
glass. The evolution of GRIN on dosage of UV-exposure
and on thermal treatment duration was studied in glasses
containing 0.01 mol.% of cerium oxide. Fig. 4-a and 4-b
show the dependence of GRIN and of the maximum
refractive index at the front face of the exposed sample on
dosage of UV-exposure for different thermal treatment
durations at 515°C.

One can see that while maximum refractive index change
monotonously increases with an increase of either the
dosage of UV-exposure or the thermal treatment
duration, GRIN shows a maximum for a dosage between
0.3 and 1 J/cm? when the thermal treatment duration is
longer than 60 minutes at 515°C.

It is also seen that the curves of GRIN versus dosage
after 71 and 102 minutes at 515°C intercept at 0.6 J/cm?,
proving that GRIN is a complex function of dosage of UV-
exposure and thermal treatment duration. Another way
to present these data consists in combining the Fig. 4-a
and 4-b and plot GRIN versus maximum refractive index

Evolution of the local
refractive index change
over the sample aperture

change (Fig. 5). In first approximation, GRIN appears to
be an independent function of dosage and thermal
treatment duration, but more generally a function of the
maximum refractive index change. For maximum
refractive index change below 500 ppm, GRIN is linearly
increasing with an increase of the maximum refractive
index change.
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Fig. 4-a. Refractive index change dependence on dosage of UV-exposure at
325 nm. Points refer to experimental data and continuous curves to the
hyperbolic fit. The green curve refers to a sample developed for 30 minutes
at 515°C, blue curve to a sample developed for 60 minutes at 515°C and
red curve to a sample developed for 90 minutes at 515°C



Then GRIN reaches a maximum in the 500-700 ppm
region before quickly decreasing when maximum
refractive index change saturates. Moreover, for a given
refractive index change, GRIN cannot be severely
modified by changing the dosage or the thermal
treatment procedure.
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Fig. 4-b. Evolution of the GRIN on dosage of UV-exposure for different
durations (in minutes) of thermal treatment at 515°C

In order to understand if this process is a deterministic
one, a model of GRIN based on the measured
photosensitivity curve was developed. For each GRIN
measurement, the refractive index change measured at
the front face of the glass corresponds to the refractive
index change that can be achieved for a given incident
dosage of UV-exposure and thermal treatment
temperature and duration. Using this data allowed
extracting the dependence of the refractive index change
(RIC) on dosage of UV-exposure for each thermal
treatment (Fig. 4-a). Then, these curves were modeled
using a hyperbolic function (Fig. 4-a), as it was shown that
such function perfectly describes the dosage dependence of
refractive index change in PTR glasses [13,14]:

An(0.9]/cm?,t,7)(0.9+&(t,T))D ©)

An(D,t,T) = 0.9(D+£(t,T))

The two controlling parameters An(0.9J/cm2t,T) and e(t,T)
were then extracted for further modeling (Tab. 1).

Tab. 1. Parameters extracted from the fit of the refractive
index change versus dosage using an hyperbolic function

Parameters 30 minutes 60 minutes 90 minutes
An(0.9]/cmz, t,T) 262 637 770
e(t,T) 3.39 0.44 0.30

Absorption at 325 nm in the characterized glass is equal
to a = 0.74 cm. It is therefore possible to calculate the
distribution of dosage (D(z)) through the glass thickness z:

D(z) = 0.9:107% (6))

Combining the equations (2) and (3) allows calculating the
dependence of the refractive index throughout the glass
sample and therefore to model the GRIN. The measured
and calculated GRIN are overlapped in Fig. 5. Agreement
between theory and experiment is fair, proving that GRIN
is not only determined the glass absorption but by a
combination of the glass absorption and photosensitivity
curve.
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Fig. 5. Evolution of the GRIN on maximum refractive index change in
PTR glass. Circles refer to measured data and squares to modeled data.

The shapes of the GRIN dependence on refractive index
change were further studied and explained. First of all it
was shown that for a refractive index change (RIC) below
500 ppm, GRIN is almost a linear function of the RIC.
This can be easily explained by the fact that for low RIC,
the dependence of RIC on dosage is close to being linear.
This feature for the case of 400 ppm RIC is illustrated in
Fig. 6.
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Fig. 6. Dependence of the refractive index change (RIC) on normalized
dosage in a UV-exposed PTR glass after development for 30 and 60
minutes at 515°C. For a 400 ppm refractive index change, the dependence
of RIC on dosage is close to being linear whatever the thermal treatment



duration. Points are experimental data and lines their associated
exponential fits.

Therefore, whatever, the dosage of UV-exposure and the
associated thermal treatment schedule, GRIN will always
be proportional to the gradient of dosage of UV-exposure
through the glass thickness. For higher RIC above
600 ppm, GRIN tends to decrease with an increase of the
refractive index change. This effect is due to the
appearance of a saturation of the RIC on dosage which
results in a lower decrease of the refractive index
throughout the PTR glass thickness and therefore a lower
GRIN (Fig. 7).
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Fig. 7. Dependence of the normalized refractive index change (RIC) on in a
UV-exposed PTR glass after development for 30 and 90 minutes at 515°C.
Due to saturation GRIN decreases with an increase of the refractive index
change. Points are experimental data and lines their associated
exponential fits.

4. Development of a model for GRIN

Due to the high impact of GRIN on volume Bragg
gratings properties, a model of GRIN was developed. This
model allows predicting GRIN for any dosage of UV-
exposure followed by any thermal treatment temperature
and duration. Previously it was shown that the
dependence of the photo-induced refractive index change
on UV-dosage and thermal treatment duration and
temperature can be fully modeled using simple equations
[13,14]. First it was shown that the refractive index
dependence (An(D,t,T)) on dosage (D) follows an
hyperbolic function shown in equation (2).Where and
e(t,T) are two parameters that are time and temperature
dependent. We have shown that the first parameter
(An(0.9J/cmz2t,T)) follows the JMAK equation [14]:

An(0.9]/cm?,t,T) = Ay, (0.9] /cm?, T)(1 —
exp(—K(T)t*®)) 3)

Where Anmax(0.9J/cm2, T) is the refractive index change at
saturation and follows a linear dependence on
temperature:

Anpay(0.9]/cm?, T) = 5.22(T°C — 460) + 777 (5)

And K(T) is a thermodynamic parameter that follows a
Boltzmann law:

K(T) = K, X exp (i—’;) )

The second parameter et,T) follows an exponential
function:

1
&(t,T)

= exp(B(T)t) @)

While B(T) is a thermodynamic parameter that follows a
Boltzmann law:

B(T) =By X exp (i—ﬁ) ®

To perform the GRIN modeling, the kinetics parameters
(Ko, Bo...) were supposed to be identical for all glass melts
and equal to the one presented in ref. [14] (even if it is
known that there are some fluctuations of the refractive
index kinetics from melt to melt). Using linear
combinations of the set of equations from (3) to (8), simple
equations that describe the dependence of GRIN on PTR
glass and processing parameters could be extracted. First,
at constant dosage (0.9 J/cm?) and temperature (515°C) of
development, GRIN can be expressed as:

_ An(0.9,t) [ e(t)(1-107%L)
GRIN(a,t) = L (0.9><10_“L+s(t)) ©

From this equation, it can be shown that the shape of the
dependence of GRIN on refractive index change has very
low dependence on the absorption at 325 nm, the only
changing parameter being the amplitude of the GRIN.
The dependence of GRIN amplitude at maximum on the
absorption at 325 nm in Fig. 8. One can see that GRIN is
linearly increasing with the cerium concentration.
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Fig. 8. Dependence of GRIN amplitude at maximum on the absorption at
325 nm.

Dosage of UV-exposure is another way to control the
GRIN. At constant absorption (0.73 cm™ at 325 nm) and
temperature of development (515°C), the dependence of
GRIN on dosage can be expressed as:

_1pn—aL
GRIN(D,t) = 2128 (20028 ) 10)

L Dx10~%L 4 g(t)

From this equation, it can again be shown that the shape
of the dependence of GRIN on refractive index change has
no dependence on the dosage of UV-exposure, the only
changing parameter being the amplitude of the GRIN. We
plotted in Fig. 9 the dependence of GRIN amplitude at
maximum on the dosage of UV-exposure. One can see
that GRIN is decreasing with an increase of the dosage of
UV-exposure. This result is easily explained by the fact
that increasing the dosage results in a higher saturation
of the dependence of refractive index change on dosage
that minimizes the refractive index decrease through the
glass thickness. Finally, the third controlling parameter is
the temperature of thermal treatment. At constant
absorption (0.73 cm-1 at 325 nm) and dosage of UV-
exposure (0.9J/cm?), the dependence of GRIN on
temperature of thermal treatment can be expressed as:

_ An(0.9T;t) (e(t,T)(1-10"%)
GRIN(T, ) = L (Dx1o—aL+e(t,T)) (1)
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Fig. 9. Dependence of GRIN amplitude at maximum on the dosage of UV-
exposure.

From this equation, it can again be shown that both the
shape and the amplitude of the dependence of GRIN on
refractive index change will depend on the temperature of
thermal treatment. The dependence of GRIN on refractive
index change for different temperatures of thermal
treatment was plotted in Fig. 10. One can see that GRIN
amplitude is decreasing with a decrease of the thermal
treatment temperature and that saturation and decrease
of GRIN on refractive index change appears faster. This
result can be explained by the fact that maximum
refractive index at saturation that can be achieved in PTR
glass linearly depends (in first approximation) on the
temperature of thermal treatment, the lower the thermal
treatment temperature, the lower the refractive index
change at saturation [14,15].
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Fig. 10. Dependence of GRIN on refractive index change for different
temperatures of thermal treatment.

In conclusion, we have seen that four main parameters
will influence the level of GRIN, ie. the cerium
concentration and its associated absorption at 325 nm, the
dosage of UV-exposure, the temperature of thermal
treatment and the thermal treatment duration.



5. Conclusions

A detailed study of the gradient of index in photo-thermo-
refractive glass was presented. GRIN was shown to be a
deterministic process that combines the effect of
absorption of cerium ions and the resulting gradient of
dosage with the dependence of the refractive index change
on dosage. GRIN can be controlled by several parameters
(cerium concentration, dosage of UV-exposure, thermal
treatment duration and temperature), but for a given
cerium concentration, GRIN is more generally dependent
on the refractive index change. Finally, a model that
allows predicting GRIN for any combination of the
previously cited parameters was developed.
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