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a b s t r a c t
Photo-thermo-refractive (PTR) glass is a multi-component silicate glass that undergoes a refractive index
change after UV-exposure and thermal treatment. This photo-thermo-refractivity is due to the precipitation of sodium ﬂuoride nano-crystals; thus the glass remains highly transparent in the visible and near-IR
regions. Up to now, most studies focused on the inﬂuence of temperature and duration of thermal treatment on the PTR glass properties, but no attention was given to the cooling step after thermal treatment.
In this paper, the inﬂuence of cooling on crystallization and resulting optical properties of UV-exposed
PTR glass is studied. We show that cooling between the nucleation and growth treatments is a mandatory
step to achieve the full beneﬁts of the ﬁrst heat-treatment, i.e., a large number of small crystals. We also
show that the main part of the refractive index change occurs on the cooling path after pre-nucleation.
Non-isothermal DSC study associated with in situ pre-nucleation treatment shows that pre-nucleation
enhances crystallization only if the temperature is decreased below Tg before the second (development)
treatment. Using high temperature photometric measurements of the absorption spectra of UV-exposed
PTR glasses, we tentatively associate that effect with the presence of liquid drops of a silver containing
phase during regular pre-nucleation treatment. This fact explains the necessity to cool such drops below
their melting point to obtain nucleation centers for efﬁcient precipitation of NaF nano-crystals.
Ó 2008 Elsevier B.V. All rights reserved.

1. Introduction
Photo-thermo-refractive (PTR) glass is a sodium–zinc–aluminum–silicate glass containing small amounts of ﬂuorine and bromine, doped with cerium, silver, antimony, and tin. Glasses
which undergo photo-thermo induced crystallization were invented many years ago by Stookey [1] and have been studied as
possible candidates for hologram writing in the last 15 years [2–
5]. PTR glass exhibits signiﬁcant refractive index change after
UV-exposure and thermal treatments (pre-nucleation + development) above the glass transition temperature, Tg, which results
from the crystallization of about 0.1 wt% sodium ﬂuoride nanocrystals [6]. After partial crystallization the glass remains highly
transparent in the visible. Therefore, the possibility of recording
phase holograms in this type of glass has numerous potential
applications, such as optical ﬁltering [7] or spectral beam combining [8]. A simpliﬁed description of the complex photo-thermo crystallization mechanisms is given in Ref. [9].
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The evolution of the crystallization and optical properties of PTR
glass after UV-exposure is reported in several publications [6,10–
14], and described in reviews, e.g. [15]. In this paper, we ﬁrst analyze the correlation between the end temperature before quenching and the refractive index change that occurs after the thermal
development of a UV-exposed PTR glass sample. Then, we show
the effect of cooling on the crystallization kinetics and microstructure of UV-exposed PTR glass. In a complementary analysis of crystallization, the effect of cooling temperature is studied by nonisothermal differential scanning calorimetry. Finally, the evolution
of the nucleation process is followed by spectro-photometric measurements. Insights on the mechanism of nucleation in PTR glass
are advanced.

2. Experimental – materials and methods
2.1. Glass sample preparation
Samples of a photosensitive PTR glass containing 15Na2O–
(mol%)
5ZnO–4Al2O3–70SiO2–5NaF–1KBr–0.01Ag2O–0.01CeO2
and minor amounts of Sn and Sb were used in this work as in
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previous studies [3–6]. The glass was melted in an electric furnace
in a 0.5 l platinum crucible at 1460 °C for 5 h in air. Stirring with a
Pt blade was used to homogenize the liquid. After melting,
homogenizing and ﬁning, the glass was cooled to the glass transition temperature (Tg  460 °C), then annealed at Tg for 2 h, and
cooled to room temperature at a rate of 0.1 K/min. Polished
25  25  2 mm3 samples were prepared from the batch. The
chemical homogeneity of the samples is a critical parameter affecting crystallization properties [16], thus homogeneity was tested by
the shadow method in a divergent beam of a He–Ne laser and was
quantiﬁed by measurements using an interferometer (GPI Zygo).
The samples selected for this study had refractive index ﬂuctuations of less than 40 ppm (peak-to-valley) across the aperture.
UV-exposure of samples was performed by a He–Cd laser (4 mW,
325 nm). Except for the characterization of the refractive index
change (Section 2.2), all samples were homogeneously exposed
with a dosage of 0.9 J/cm2.

rium tungsten halogen) source. Light is coupled inside a 200 lm ﬁber and then collimated using a lens. The beam diameter is around
2 mm. This beam passes through the sample and is collected by a
collimator associated with a 200 lm ﬁber. The collected light is
sent to an Ocean Optics S2000 spectrometer that allows for spectral measurement of the transmitted power in the range of 380
up to 800 nm. The sample is placed inside a heating cell, which
guarantees precise control of temperature in the range of 25 up
to 600 °C. Therefore, this cell was also used for the thermal treatments of the samples. The transmitted power (Ps) was measured
in situ for different durations of thermal treatment. In order to convert these power measurements into absorption spectra, preliminary measurements were carried out. The power was ﬁrst measured
when the beam was hidden (P0%(k)), then a new measurement was
performed with no sample placed in the sample holder (P100%(k)).
Finally, absorption spectra (A(k)) were calculated as follows:

1
logðTðkÞ  RðkÞÞ
t


1
Ps ðkÞ  P0% ðkÞ
 RðkÞ ;
¼  log
t
P100% ðkÞ  P0% ðkÞ

AðkÞ ¼ 

2.2. Photosensitivity characterization
The method used for characterizing the photosensitivity of PTR
glass was the same as in Ref. [10]. Glass samples for refractive index measurements were ﬁxed onto a computer-controlled translation stage and moved across a laser beam (He–Cd laser, 4 mW,
325 nm) at constant velocity in order to record a stripe with controlled distribution of dosages (Gaussian distribution with maximum of 0.9 J/cm2). After exposure, the samples were thermally
developed for 30 min at 520 °C. Refractive index changes were
measured in each sample using a shearing interferometer setup
[10]. Its basic principle is to create an interferogram that converts
the phase change at propagation through the glass to a fringe shift.
A liquid cell with an index matching ﬂuid was used to prevent
thickness variations of the sample which would contribute to
fringe shift. Therefore the interferometer fringe distortions resulted only from refractive index variations.
2.3. Differential scanning calorimeter (DSC) measurements
Thermal analysis was performed using a DSC (Q10 DSC, TA
Instruments) with sample weights of typically 30 mg and a heating
rate of 30 K/min. Pre-nucleation of the samples was carried out in
situ, inside the heating chamber of the DSC. DSC curves are shown
in the temperature range of 500–720 °C, where relevant thermal
events take place. The position of the maximum of the exothermic
peak was denominated crystallization temperature, Tc.
2.4. Absorption spectra measurements

ð1Þ

where t is the sample thickness (t  1.2 mm) and R(k) the losses
corresponding to Fresnel reﬂections on the faces of PTR glass sample, previously determined.
3. Results
3.1. Effect of cooling temperature on refractive index change
Several homogeneous samples from the same melt were prepared with the method described in Section 2.1. Each sample
was UV-exposed with a Gaussian stripe and dosage of 0.9 J/cm2
at 325 nm, and then heat-treated for 30 min at 520 °C to induce
partial crystallization, which triggered a refractive index change.
In order to study the effect of cooling, samples were left inside
the hot furnace where unforced decrease of temperature in furnace
occurred (estimated rate of 2.5 °C/min). Each sample was then
quenched (drawn from the furnace and placed on top of a metal
plate at room temperature) from a different temperature starting
at 520 °C down to 420 °C with a 20 °C step. A typical thermal treatment schedule is shown in Fig. 2a. Refractive index was measured
using the liquid-cell shearing interferometer. The refractive index
change was also measured in a sample that was not quenched from
high temperature, but annealed down to room temperature (left
cooling down inside the furnace). Evolution of the ratio between
refractive index changes measured in each quenched sample and

Optical absorption spectra were measured with the setup
shown in Fig. 1. It is composed of a UV/visible white light (deute-
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Fig. 1. Spectrometric setup developed for the measurement of the evolution, at
high temperature, of the absorption band of silver containing particles in PTR glass.
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Fig. 2a. Thermal treatment schedule used for the analysis of the inﬂuence of
cooling on PTR glass refractive index change.
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3.2. Effect of cooling on microstructure and crystallization kinetics
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Fig. 2b. Thermal treatment schedule used for the analysis of the inﬂuence of
cooling on DSC thermograms.
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The effect of cooling on the PTR glass microstructure was also
studied. Two PTR glass samples were UV-exposed to 0.9 J/cm2 at
325 nm. One sample was developed for 30 min at 650 °C, and the
other underwent six successive thermal treatments of 5 min each.
The temperature of thermal development (650 °C) was chosen to
allow for crystal growth to micron-size. After each of these treatments, optical micrographs were recorded using a Leica DMRX
optical microscope, coupled with a GKB (CC-8703) high-resolution CCD color camera and a 100 objective. Transmitted-light
micrographs obtained after these thermal treatments are shown
in Fig. 4. One can notice that samples heat-treated with successive steps have crystals with small diameter, <3 lm. A very ﬁne
structure can be observed in the glass matrix surrounding these
crystals. On the other hand, the sample that underwent uninterrupted development for 30 min at 650 °C shows large crystals
with dendritic shape, but no ﬁne structure in the surrounding
glass. Evolution of the crystal size as a function of thermal development duration, for each of the procedures (multi-step and
uninterrupted), is shown in Fig. 5. In the multi-step heat-treatments, crystal size saturated after 5 min and showed no further
increase. In contrast, if continuous heat-treatment is used, the
crystals grow about 2.5 times larger, reaching a diameter of about
7 lm (size at saturation is limited by the NaF content in the original glass).
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Fig. 2c. Thermal treatment schedule used for the analysis of the inﬂuence of cooling
on the absorption band of silver containing particles.
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Fig. 3. Evolution of refractive index change during the cooling process as a function
of quenching temperature.

of that of the annealed sample was plotted as a function of quenching temperature (Fig. 3). One can see that quenching from a temperature very close to that of the thermal development does not
lead to large refractive index changes in UV-exposed PTR glass.
As a result, the lower the quenching temperature, the higher the
refractive index change. Refractive index change saturates at
420 °C.

Fig. 4. Optical micrographs of UV-exposed PTR glass treated for 30 min at 650 °C –
(A) continuous heat-treatment and (B) multi-step heat-treatment.
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Fig. 5. Crystal growth curve of UV-exposed PTR glass as a function of treatment
time at 650 °C – circles represent the maximum crystal size measured after 5-min
multi-step heat-treatment and stars represents the maximum crystal size measured after continuous heat-treatment.

Fig. 7. DSC thermograms of UV-exposed PTR glass after 20 minutes pre-nucleation
at 500 °C and 10 or 30 °C/min cooling down to 400 °C.

3.4. Effect of cooling on the absorption spectra of PTR glass

DSC was used to study the effect of cooling on the overall crystallization of UV-exposed PTR glass. All heat-treatments were carried out in situ, i.e. inside the DSC. A typical heat-treatment
schedule is shown in Fig. 2b. The DSC was programmed to ﬁrst increase the temperature up to 500 °C, then to stabilize at 500 °C to
perform an isothermal nucleation step for 20 min (at 500 °C), followed by a decrease of temperature down to a given temperature
(from 400 to 500 °C, i.e. no cooling to room temperature) with controlled cooling rate of 10 °C/min. Then, DSC traces were recorded
starting from the lowest temperature reached up to 720 °C, and
the resulting DSC traces were plotted in the range from 500 to
720 °C (Fig. 6).
One can see that according to the minimum temperature
reached during cooling, the DSC crystallization temperature shifts;
the lower the cooling temperature, the lower the crystallization
temperature. Below 425 °C, the crystallization temperature saturates at 600 °C.
The effect of cooling rate was also studied. In this case, samples
were nucleated for 20 min at 500 °C and the temperature was
decreased down to 400 °C, with two different cooling rates (10 or
30 °C/min), before running non-isothermal DSC experiments (Fig.
7). One can see that despite the cooling rate variation, the crystallization temperature was 600 °C.

In order to gain more insight into the reactions that take place
during cooling, we investigated the inﬂuence of cooling on the
absorption spectra of UV-exposed PTR glass. The setup in Fig. 1
was used and the thermal treatment schedule is shown in Fig.
2c. The temperature was increased up to 500 °C. Isothermal
heat-treatment was carried out for about 20 min at 500 °C. At the
end of this stage, transmitted power measurement (PS1(k)) was
performed and the temperature was decreased down to 400 °C
with a rate of 10 °C/min. After temperature stabilization, measurement of the transmitted power (PS2(k)) was performed at this
lower temperature before increasing again up to 500 °C. After temperature stabilization, one last measurement of the transmitted
power (PS3(k)) was performed. Fig. 8 illustrates the absorption
spectra measured at each stage of the thermal treatment. One
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3.3. Effect of cooling on DSC traces
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Fig. 8. Absorption band of silver containing particles measured at different stages
of thermal treatment – black stars and circles show absorption spectra measured at
500 °C before and after cooling down to 400 °C, respectively and gray triangles
show absorption spectra measured at 400 °C.
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Fig. 6. DSC thermograms of UV-exposed PTR glass after 20 min pre-nucleation at
500 °C and 10 °C/min cooling down to a temperature between 400 and 500 °C.
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can see that each spectrum is different depending on the sample
temperature. The spectra measured at 500 °C are almost identical
and have an overall absorption band centered at about 450 nm,
whereas the spectrum measured at lower temperature has an
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overall absorption band centered at a larger wavelength, i.e.
485 nm. As shown in Ref. [17], this overall absorption band is,
in fact, a complex superposition of several Gaussian absorption
bands (Table 1) that can be associated with different species. As
a matter of fact, it has been shown in Ref. [18], that when PTR glass
is exposed to short pulse radiations, it appears an absorption band
around 360 nm which is typical of the glass matrix photoionization
and that corresponds to the appearance of hole centers. When exposed to CW UV-radiation, this band only appears after thermal
development, but is very similar to the one that was demonstrated
in Ref. [18]. Therefore, the band with central wavelength at 360 nm
was associated with hole centers. In order to understand the origin
of the band centered at longer wavelengths, we melted glass without bromine [19]. Then, samples were ground and polished and
were UV-exposed and thermally developed. Absorption spectra
were measured, and then silver containing particles absorption
was extracted and decomposed with Gaussian functions. It was
shown that this decomposition can be performed with only two
bands: one centered at 370 nm and one centered at 410 nm, and
none of the bands having central wavelength above 410 nm was
required [17,19]. Also, no band in the visible range appeared if
no silver is added. These experiments thus demonstrated that both
bromine and silver are contributing to these absorption bands, and
it is therefore possible to associate the bands with central wavelengths at 452, 528 and 591 nm to some silver bromide containing
particles. Also, it has been shown in Ref. [17], that these bands
evolve in different ways during the thermal development. Hence,
they are most likely associated with different types of silver bromide containing particles. We applied this method for the decomposition of each of the three absorption spectra.
Table 1 summarizes the bands that were used for this decomposition. Each band has a ﬁxed position and spectral width and optimization was attained with minimization of the distance between
the theoretical and experimental curves, while only separately
changing the amplitude of each Gaussian band. Fig. 9 illustrates
the ﬁt of each absorption band and Table 2 the amplitude of each
Gaussian band. One can see that the band at 370 nm is almost
the same regardless the temperature, and the band at 530 nm is
negligible at high temperatures, but appears at low temperatures;
whereas the band at 450 nm decreased its amplitude by about 20%.
In addition to these observations, we can conclude that the reactions that occur during cooling, and lead to the optical absorption
variations mentioned above, appear to be reversible.
4. Discussion
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Table 2
Amplitude of the Gaussian functions used for ﬁtting the absorption spectra of silver
containing particles measured at T1, T2, and T3
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Fig. 9. Decomposition of the absorption spectra of silver containing particles using
Gaussian functions – T1: measurement carried out at 500 °C before cooling down to
400 °C, T2: measurement carried out at 400 °C and T3: measurement carried out at
500 °C after cooling down to 400 °C.

Photo-thermo-refractive glass is photosensitive. UV-exposure
followed by thermal treatments can lead to signiﬁcant refractive
index change. However, the mechanisms underpinning such
refractive index change are not fully understood. It is well known
that the glass has to be heat-treated at temperatures above Tg to
exhibit a refractive index change in the UV-exposed regions. A correlation between refractive index change and thermal treatment
temperature and/or duration was previously demonstrated [17].
However, up to now, no correlation was tested between the
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cooling schedule and crystallization, and ultimately refractive index change. Fig. 3 shows the evolution of the refractive index
change versus the minimum temperature reached before quenching after 30 min of heat-treatment at 520 °C. There is a quasi-linear
relationship between the refractive index change measured at
room temperature and at the minimum temperature reached before quenching. This result shows that not only the crystallization
temperature is important to promote refractive index change, but
also the cooling rate. It is worth noting that if further heat-treatments are performed, the effect of cooling becomes not as important as that of the ﬁrst heat-treatment, i.e. refractive index
change occurs even if a sample is quenched directly from the
development temperature.
In order to have a better picture about the mechanisms that occur during cooling, we ﬁrst investigated the inﬂuence of cooling on
the PTR glass microstructure. Fig. 4 shows the microstructure of
the UV-exposed PTR glass after six successive 5-min heat-treatments at 650 °C, and a single 30-min heat-treatment at 650 °C.
One can see that crystals are larger after continuous 30-min thermal treatment than after six consecutive 5-min heat-treatments.
Moreover, large dendrites appear after continuous heat-treatment,
while only very small dendrite-like crystals can be seen after multi-stage heat-treatments. Fig. 5 illustrates quantitatively this result
by showing growth of the largest crystals in each glass. Once more,
it is obvious that the kinetics of crystallization in PTR glass do not
only depend on the thermal development temperature and duration, but also on the cooling steps during heat-treatment. Moreover, it can be seen in Fig. 4 that the number of crystals is not
very different whether single step or multi-step heat-treatment
is used. One shall remember that these micrographs were taken
with an optical microscope and, therefore, do not show crystals
smaller than half micron diameter. Also, the ﬂuorine content in
PTR glass is 2 mol%, which means that crystallization occurs in
limited ﬂuorine content and the crystal size saturates when all
the ﬂuorine has been consumed. In other words, this result indicates that the insertion of a cooling step in the heat-treatment
schedule has an additional impact on the PTR glass crystallization.
Two mechanisms can be proposed to explain the effect of cooling. The ﬁrst one is that cooling catalyzes the nucleation process
and allows the appearance of a large number of crystals, which
are smaller than the resolution of the optical microscope. Such
crystals quickly consume the available ﬂuorine and, therefore, prevent the growth of large crystals. The other mechanism is that
cooling induces some type of liquid phase separation (ﬂuorine rich
areas), which hinders the diffusion of ﬂuorine through the liquid
droplets and, therefore, the growth of large crystals. The presence
of small crystals or different glassy phases can be conﬁrmed in Fig.
4. The second phase appears surrounding the large crystals, as a
ﬁne structure, which can be associated with the appearance of
either small crystals or liquid phase separation. The effect of
changing the cooling schedule can also be observed at macro-scale.
Samples that underwent multi-step heat-treatments are very
white and opaque, conﬁrming the presence of a ﬁne structure that
induces signiﬁcant scattering of the visible light. X-ray diffraction
measurements carried out on these samples would permit to conﬁrm whether this effect is due to some crystalline [6] or glassy
phase.
Further study of the effect of cooling on crystallization of UVexposed PTR glass was performed by non-isothermal DSC and in
situ pre-nucleation. Fig. 6 shows the evolution of the DSC traces
measured after 20 min nucleation at 500 °C followed by a temperature decrease down to a given temperature between 400 and
500 °C. It is seen that if temperature is decreased below 450 °C,
the crystallization temperature measured by DSC reaches a minimum of 600 °C. If the temperature is not decreased after the
pre-nucleation step, crystallization temperature lies within the
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same range of temperatures than that for PTR glass UV-exposed
but not pre-nucleated [20]. Finally, if the temperature is decreased
to between 450 and 500 °C, the crystallization peak shifts to a temperature between 600 and 720 °C. In fact, it was demonstrated by
Lumeau et al. [20] that the use of an adequate pair of nucleation
temperature and duration allows reaching a minimum temperature in UV-exposed PTR glass equal to 600 °C. For example, it
was shown that 20 min at 500 °C allows reaching this minimum
temperature. In that reference, the study was carried out using
two-stage heat-treatments. Pre-nucleation was performed in a calibrated furnace and samples were quenched from the nucleation
temperature down to room temperature. Hence, in Lumeau et
al.’s experiments, the temperature was decreased below 450 °C before being measured by DSC, and no attention was given to the
importance of the cooling step after pre-nucleation. In this paper,
we show that not only the nucleation temperature and duration
are important to enhance nucleation, but also the cooling step below 450 °C after pre-nucleation plays an important role. Finally
even if the cooling rate has a role on the refractive index change
measured after the ﬁrst heat-treatment in PTR glass, Fig. 7 shows
that the cooling rate causes no measurable impact on crystallization measured by DSC. Therefore these results show that only the
minimum reached temperature is important, not the cooling rate.
This conclusion is supported by the fact that a large shift in the
crystallization temperature was observed in quenched samples in
Ref. [20].
Up to this point, all the results shown in this paper were obtained by either an indirect method (DSC) or after freezing the
process (refractive index change, optical micrographs) and, therefore, did not allow us to understand what is happening during the
process itself. To perform such in situ study, we developed a high
temperature spectroscopic setup (Fig. 1), and measured the
absorption spectra of PTR glass at high temperatures (400 and
500 °C). In this way, we were able to reveal some of the mechanisms which occur during the cooling process. It was shown in
Ref. [17] that the absorption band of silver containing particles,
which is centered in the visible part of the spectrum between
400 and 500 nm, plays a key role in the nucleation process. It
was also demonstrated that this band can be decomposed into
elementary Gaussian bands and that a new band centered at
530 nm appears when PTR glass undergoes maximum nucleation
(appearance of a reddish coloration). Fig. 8 shows the evolution
of absorption spectra of UV-exposed PTR glass, in the process of
nucleation. First of all, when PTR glass reached maximum nucleation (i.e. after 20 min at 500 °C), the overall silver containing particles absorption band is centered at about 450 nm. Then, as soon
as the temperature is decreased down to 400 °C, this band appears
to shift to longer wavelengths, 485 nm. Decomposition into
Gaussian functions (Fig. 9) shows that there is no shift of any
band, but a change of the structure of this overall-band. As shown
in Table 2, the main absorption band at 500 °C is that of silver bromide – centered at about 450 nm –- and the band at 530 nm is almost negligible (within the experimental error). But, when the
temperature is decreased down to 400 °C, about 20% of the band
at 450 nm is bleached out and converted into a new band at
530 nm. Analysis of the absorption spectrum measured after
new heating at 500 °C shows that iterative heating to 500 °C results in total destruction of the 485-nm overall-band and restoration of 450-nm overall-band.
These observations are relevant since they show that this band
at 530 nm appears only at low temperatures and is associated with
the maximum of the nucleation in PTR glass. Moreover, particles
that make this overall-band appear are most likely associated to
silver bromide. As the melting point of (macroscopic) silver bromide is 428 °C [21], the need to decrease the temperature below
450 °C can be explained by the fact that silver bromide is expected
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to be liquid when a sample is kept at 500 °C; and the phase that has
an absorption band at 530 nm only appears when these particles
solidify. This supposes that the absorption band at 530 nm can
be ascribed to nucleation centers which control photo-induced
crystallization and induce the observed refractive index
decrement. With these results, we can infer that photo-induced
crystallization is efﬁcient only if such nucleation centers, with
absorption band centered at 530 nm, appear, and if the temperature is decreased below 450 °C. Otherwise, only spontaneous
crystallization will occur and this fact explains why the microstructure and crystallization kinetics observed without cooling
are very similar to those of samples that were neither UV-exposed
nor pre-nucleated.
5. Conclusion
The effects of cooling rate and ﬁnal cooling temperature on UVexposed PTR glass were examined. We demonstrated that it is necessary to decrease the temperature after the pre-nucleation treatment in order to observe the typical refractive index decrement of
PTR glass. We ﬁrst showed that the main part of the refractive index change observed after a single stage heat-treatment in PTR
glass takes place during the cooling step from 520 °C down to
420 °C, and then saturates.
Identical behavior was observed on the microstructure of UVexposed PTR glass. We have shown that the use of multi-step
heat-treatment (including some cooling steps) induces smaller
crystals and a ﬁner structure, which was associated with the
appearance of liquid phase separation or very tiny crystals.
The effect of cooling on nucleation was also analyzed. We demonstrated that the decrease of temperature down to 400 °C after
the nucleation process is necessary to obtain a signiﬁcant shift of
the DSC crystallization peak. This result is an indirect proof that
cooling is a mandatory step in order to beneﬁt from the pre-nucleation treatment.
Finally, the evolution of the spectro-photometric properties of
PTR glass during cooling was monitored. We showed that cooling
of UV-exposed PTR allows the creation of a new phase with absorption band at 530 nm. We ascribed this band to nucleation centers
which control photo-induced crystallization and induce the refractive index decrement.
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