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Abstract: We report on the optical properties of volume Bragg gratings in chloride photo-thermo-
refractive glass after femtosecond laser bleaching. We show experimentally that irradiation of
the gratings with femtosecond laser pulses can expand their transmission into the whole visible
range without dramatic decrease of di�raction e�ciency. The mechanism of glass bleaching is
considered and modulation of refractive index is described in terms of the coupled wave theory
for mixed volume Bragg gratings.
© 2017 Optical Society of America
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processing; (050.7330) Volume gratings.

References and links
1. S. D. Stookey, G. H. Beall, and J. E. Pierson, �Full-color photosensitive glass,� J. Appl. Phys. 49, 5114�5123 (1978).
2. S. Kuchinskii, N. Nikonorov, E. Panysheva, V. Savvin, and I. Tunimanova, �Properties of volume phase holograms on

polychromatic glasses,� Optics and Spectroscopy 70, 1286�1300 (1991).
3. N. Nikonorov, S. Ivanov, V. Dubrovin, and A. Ignatiev, �New Photo-Thermo-Refractive Glasses for Holographic

Optical Elements: Properties and Applications,� in Holographic Materials and Optical Systems, I. Nayadenova,
D. Nazarova, and T. Babeva, eds. (InTech, 2017), pp. 435�461.

4. J. Lumeau and E. Zanotto, �A review of the photo-thermal mechanism and crystallization of photo-thermo-refractive
(PTR) glass,� International Materials Reviews 6608, 1�19 (2016).

5. O. E�mov, L. Glebov, L. Glebova, K. Richardson, and V. Smirnov, �High-E�ciency Bragg Gratings in Photother-
morefractive Glass,� Appl. Opt. 38, 619 (1999).

6. J. Lumeau and L. B. Glebov, �Modeling of the induced refractive index kinetics in photo-thermo-refractive glass,�
Opt. Mater. Express 3, 95�104 (2013).

7. C. Voigtländer, D. Richter, J. Thomas, A. Tünnermann, and S. Nolte, �Inscription of high contrast volume Bragg
gratings in fused silica with femtosecond laser pulses,� Appl. Phys. A Mater. Sci. Process 102, 35�38 (2011).

8. D. Paipulas, V. Kudria†ov, M. Malinauskas, V. Smilgev˙�cius, and V. Sirutkaitis, �Di�raction grating fabrication in
lithium niobate and KDP crystals with femtosecond laser pulses,� Appl. Phys. A: Mater. Sci. Process.104, 769�773
(2011).

9. V. Dubrovin, A. Ignatiev, and N. Nikonorov, �Chloride photo-thermo-refractive glasses,� Opt. Mater. Express 6,
1701�1713 (2016).

10. S. A. Ivanov, A. I. Ignatiev, N. V. Nikonorov, and V. A. Aseev, �Characteristics of PTR Glass with Novel Modi�ed
Composition,� Radiophysics and Quantum Electronics 57, 659�664 (2015).

11. D. Klyukin, M. Silvennoinen, V. Krykova, Y. Svirko, A. Sidorov, and N. Nikonorov, �Fluorescent clusters in chloride
photo-thermo-refractive glass by femtosecond laser bleaching of Ag nanoparticles,� Opt. Express25, 135�142 (2017).

12. S. A. Ivanov, N. V. Nikonorov, V. D. Dubrovin, and V. A. Krykova, �Analysis of the hologram recording on the
novel chloride photo-thermo-refractive glass,� in Holography: Advances and Modern Trends, vol. 10233 (2017), p.
102330E.

13. H. Kogelnik, �Coupled Wave Theory for Thick Hologram Gratings,� Bell. Syst. Tech. J. 48, 2909�2947 (1969).
14. L. Carretero, R. F. Madrigal, A. Fimia, S. Blaya, and A. BelØndez, �Study of angular responses of mixed

amplitudeâ��phase holographic gratings: shifted Borrmann e�ect,� Opt. Lett. 26, 786�788 (2001).
15. J. Lumeau and L. Glebov, �Mechanisms and kinetics of short pulse laser-induced destruction of silver-containing

nanoparticles in multicomponent silicate photo-thermo-refractive glass,� Appl. Opt.53, 7362�7368 (2014).
16. A. Podlipensky, V. Grebenev, G. Seifert, and H. Graener, �Ionization and photomodi�cation of Ag nanoparticles in

soda-lime glass by 150 fs laser irradiation: A luminescence study,� J. Luminesc. 109, 135�142 (2004).

                                                                        Vol. 7, No. 11 | 1 Nov 2017 | OPTICAL MATERIALS EXPRESS 4131 

#305922 https://doi.org/10.1364/OME.7.004131 
Journal © 2017 Received 1 Sep 2017; revised 12 Oct 2017; accepted 12 Oct 2017; published 25 Oct 2017 

https://crossmark.crossref.org/dialog/?doi=10.1364/OME.7.004131&domain=pdf&date_stamp=2017-10-25


17. A. Stalmashonak, G. Seifert, and H. Graener, �Optical three-dimensional shape analysis of metallic nanoparticles
after laser-induced deformation,� Opt. Lett. 32, 3215�3217 (2007).

18. J. JimØnez, �In situ optical study of the phase transformation kinetics of plasmonicAg in laser-irradiated nanocomposite
glass,� Journal of Non-Crystalline Solids 425, 20�23 (2015).

19. M. Sendova-Vassileva, M. Sendova, and A. Troutt, �Laser modi�cation of silver nanoclusters in SiO2 thin �lms,�
Applied Physics A: Materials Science and Processing 81, 871�875 (2005).

20. D. Ignat’ev, A. Ignat’ev, N. Nikonorov, and M. Silvennoinen, �Interaction of femtosecond laser radiation with
silver nanoparticles in photothermorefractive glasses,� Journal of Optical Technology (A Translation of Opticheskii
Zhurnal) 82, 734 (2015).

21. P. A. Obraztsov, M. G. Rybin, A. V. Tyurnina, S. V. Garnov, E. D. Obraztsova, A. N. Obraztsov, and Y. P. Svirko,
�Broadband light-induced absorbance change in multilayer graphene,� Nano Lett. 11, 1540�1545 (2011).

22. J. Bigot, V. Halte, J. Merle, and A. Daunois, �Electron dynamics in metallic nanoparticles,� Chem. Phys. 251,
181�203 (2000).

23. S. Hashimoto, D.Werner, and T. Uwada, �Studies on the interaction of pulsed lasers with plasmonic gold nanoparticles
toward light manipulation, heat management, and nanofabrication,� Journal of Photochemistry and Photobiology C:
Photochemistry Reviews 13, 28�54 (2012).

24. R. J. Collier, C. B. Burckhardt, L. H. Lin, R. J. Collier, C. B. Burckhardt, and L. H. Lin, �Di�raction from volume
holograms,� in Optical Holography(Elsevier, 1971), pp. 228�264.

25. M. Fally, M. Ellabban, and I. Drevensek-Olenik, �Out-of-phase mixed holographic gratings : a quantative analysis,�
Opt. Express 16, 6528 (2008).

1. Introduction

Photo-thermo refractive (PTR) glass is a promising optical material for fabrication of volume
Bragg gratings (VBGs) and other di�raction optical elements [1�5]. It possesses unique optical
properties, high mechanical, chemical, and optical damage resistance. Purely phase holograms
recorded in the glass are transparent in wide spectral range and can possess di�raction e�ciency
up to 99% [4,5]. It is worth noting that such an incredible performance is caused mostly by the
refractive index modulation which can reach values up to 1� 10�3 [6]. Also high homogeneity of
the glass allows fabrication of gratings with large apertures (up to 35x35 mm2) and thickness (up
to 20 mm). Even larger modulation of refractive index is possible in fused silica (4 � 10�3) and
LiNbO3 (2 � 10�3), which are also suitable for special applications [7, 8].

Mechanism of hologram recording in this material is based on photo-thermo-induced crystal-
lization process [4,5]. It is initiated by local refractive index decrease in the UV exposed areas of
the glass. Unfortunately, negative refractive index change limits classic PTR glass functionality
in the area of wave guiding applications.
We have recently proposed, synthesized and characterized a novel PTR glass composition,

which provides positive refractive index change [9, 10]. X-ray di�raction analysis revealed the
precipitation of the NaAgCl nanocrystalline phase which is responsible for the positive refractive
index change with magnitude of as high as 8:7 � 10�4 [9, 11]. It has been shown that this glass
open a way to fabricate the volume mix type Bragg gratings, which possess both refractive index
and absorption coe�cient modulation. Additional advantage of this type of material is a small -
in comparison with the classic PTR glass - size of the crystalline phase that suppresses scattering
and improves performance of the gratings with a period smaller than 400 nm [12]. Recently, it
was shown that this glass allows fabrication of the mixed volume Bragg gratings, i.e. posses
both refractive index and absorption modulation [12]. Unfortunately, the di�raction e�ciency of
such mixed gratings is limited in agreement with the coupled wave theory [13]. It is caused by
decrease of di�raction e�ciency with increase of absorption for sinusoidal VBGs [14]. Thus,
strong absorption in the visible and near IR range discards this advantage.
Since the modulation of the absorption in the grating fringes originates from the strong

surface plasmon resonance of silver nanoparticles (AgNPs) [9, 12], it can be suppressed by
photodestruction of the AgNPs. This process was studied extensively during last two decades
in di�erent glass matrix including classic PTR glass [15�19]. We have recently shown that the
absorption can be signi�cantly reduced by means of the intense femtosecond laser radiation
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without noticeable e�ect on the NaAgCl volume fraction [11, 20]. In addition it have been
demonstrated that �uorescent silver nanoclusters remain in the glass volume after femtosecond
bleaching of the AgNPs [11].

In this paper, we examine how the femtosecond laser bleaching a�ect performance of the VBGs
in the chloride PTR glass. In particular, the di�raction e�ciency, modulation of the refractive
index and the absorption coe�cient inside the gratings fringes ware measured before and after
bleaching.

2. Experimental

For thiswork silicate glass based onNa2O-ZnO-Al2O3-SiO2 systemwith 1.46mol%concentration
of chlorine doped with CeO2, Sb2O3 and Ag2O was used. The glass was synthesized at ITMO
University in fused silica crucible at 1500�C in the environment air. Stirring with a Pt thimble was
used to homogenize the liquid. After melting, the glass was cooled down to 500�C, then annealed
at glass transition temperature (Tg = 494�C) for 1h, and cooled down to room temperature
with a rate of 0.15 K/min. Polished sample had size 50x20x1.35 mm. Schedule for the VBGs
preparation was equal to that of the previous work [12]. We recorded a series of holograms
utilizing horizontally polarized UV radiation (325nm) of the He-Cd laser (TEM00, Kimmon) in
the exposure range of 1-12 J=cm2. The transmission gratings were recorded using symmetrical
transmission optical scheme, i.e. that the grating vector and the surface normal are mutually
perpendicular. The angle between recording beams at the sample surface was 2� = 25�. Thus the
grating period was equal to 750 nm. 8 gratings with size 5x5 mm with di�erent exposure were
recorded on glass sample.
Following thermal treatment was conducted in the programmable mu�e oven (Neibotherm).

Samples were processed close to the glass transition temperature 546�C during 20 hours. This
regime allows to achieve maximum refractive indexmodulation amplitude (RIMA) and absorption
index modulation amplitude (AIMA) [12].

Optical density spectra were measured using spectrophotometer (Lambda 650, PerkinElmer) at
200-900nm spectral range with 1 nm step. Characterization of the recorded VBGs was carried out
through measurements of the grating selectivity contours at wavelength of the He-Ne laser (632.8

(a) (b)

Fig. 1. (a) Optical density change depending on single pump pulse energy and di�erent
polarization states of probe pulses. (b) Optical density spectra of chloride PTR glass with
recorded VBG before (21 hours of thermal treatment at 546�C) and after full femtosecond
laser bleaching. Inset: optical density spectrum of the same glass after 10 hours of thermal
treatment at 546�C
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nm). The angular selectivity contour represents intensity dependence on the deviation of the
incidence angle of readout laser radiation from the Bragg conditions in the zeroth or the �rst order
of di�raction. All measurements of the angular dependences were performed at the wavelength of
He-Ne laser with horizontal polarization. Although it was far enough from the plasmon resonance
of the AgNPs, the absorption was noticeable, i.e. the gratings at this wavelength are still of mixed
type. Smaller wavelengths cannot be used due to the strong absorption.

Finally, bleaching of the VBGs was done by Ti:Sapphire femtosecond laser (Integra-C-3.5,
Quantronix) with regenerative ampli�er, with maximum pulse energy of 3.5 mJ, pulse duration
of 120 fs and wavelength of 400 nm. In average 3000 laser pulses with energy 1.4� m focused to
spot with diameter 50 um were used for the bleaching of VBGs.

In addition, pump-probe femtosecond laser system with similar parameters was used to estimate
shape modi�cation during laser bleaching of AgNPs. To cover the spectral range of interest in
one measurement we employed a multi-color pump-robe setup. The detailed description of the
setup can be found elsewhere [21]. The setup consists of 1kHz Ti:Sapphire ampli�ed system
delivering pulses with duration of 150 fs at 780 nm fundamental wavelength. As a pump light we
used a 390 nm second harmonic generated in BBO crystal. To probe the photoresponse in a broad
range we employed a white-light continuum generated in the sapphire crystal. The independent
control of polarization of pump and probe beams with half-waveplates allowed us to perform
co- and cross polarized measurements of pump induced absorption changes in the sample. By
measuring the di�erential absorption spectra between the intensive pump pulse and the weak
probe at di�erent delay times we were able to reveal the full picture of relaxation dynamics in
our samples in the requested spectral range.

3. Results and discussions

In order to estimate the ablation threshold and rate of optical density change in highly absorbing
chloride PTR glass we performed femtosecond pump-probe measurements. The dependence
of optical density on the energy and polarization of the femtosecond pump pulses presented in
Fig. 1(a) demonstrates that a single pump pulse produces optical anisotropy in the sample. This
anisotropy manifests itself as di�erent change in the optical density at wavelength 550 and 600
nm when probe and pump pulses are co- and cross-polarized. This is because when the pump
pulse wavelength is close to the surface plasmon resonance of AgNPs, the shape of nanoparticles
becomes elliptical at small exposure (compared with [16,17]). It is worth noting, however, that it
remains unclear at what extent the modi�cation of the silver core shape a�ects on distribution of
crystal phase around each nanoparticle. However, it is out of scope for the present article.

Figure 1(b) shows optical density spectra of chloride PTR glass with recorded VBG before
and after full femtosecond laser bleaching of the sample. Before the bleaching glass possess
high absorption (>100cm�1 ) at whole UV and visible spectral range. It mostly related with

Fig. 2. The mechanism for bleaching of AgNPs hologram.



surface plasmon resonance band absorption at 450 nm wavelength. Inset to Fig. 1(b) shows
optical density spectrum for relatively short thermal treatment duration (10 hours at 546� C) when
AgNPs concentration is rather low. One can see that laser bleaching of the VBG results in a
considerable decrease of optical density over the visible spectral range.

The process of photodestruction of metallic nanoparticles is well-known for di�erent types of
glass [16, 22]. The absorption of ultrashort pulse energy leads to local heating and explosion
of the metallic particle [23]. However, the particle species cannot move far from the origin due
to limited space. Figure 2 shows that initially metallic nanoparticle is surrounded by NaAgCl
shell with larger refractive index [9, 11]. The femtosecond bleaching transforms AgNPs into
closely spaced silver clusters, which can be bought back and restore the nanoparticle via thermal
treatment within several minutes [11,16].

Since absorption caused by plasmon resonance in AgNPs is absent, we assume that after the
bleaching procedure a grating become purely phase modulation. It has been previously revealed
that VBGs in chloride PTR glass are of mixed type, i.e. in the glass volume both absorption and
refractive index are modulated [12]. According to the coupled wave equations (1-3) the coupling
constant (� ) responsible for the energy transfer between reference (R) and signal (S) wave consists
of RIMA (n1) and AIMA (a1) thus elimination of the one leads to the natural decrease of the
coupling e�ciency. Coe�cients �, cR andcs are described in detail by Collier [24].
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where:n1 is RIMA, � 1 is AIMA, � is reconstruction wavelength,T is hologram e�cient thickness,
� is angle of reconstruction,� is absorption coe�cient,� b is Bragg angle,n0 is refractive index
of the material.

Since the �rst order di�raction selectivity contour looks similar for both phase and amplitude-
phase holograms with the same coupling, its analysis does not allow one to distinguish RIMA and
AIMA contributions to the coupling constant. On the other hand, the contour shape in the zeroth
di�raction order depends on both coupling constant and AIMA magnitude. Thus, the comparison
of the gratings before and after bleaching was made through the analysis of the zeroth order.
Measured angular selectivity contours for VBGs in chloride PTR glass are presented at Fig. 4.



(a) (b)

Fig. 3. Experimental angular selectivity contours before (a) and after (b) femtosecond laser
bleaching.

One can observe from Fig. 3(a) that the shape of the zero di�raction order contour before
bleaching is asymmetric relative to Bragg angle, which directly points out at mixed nature of the
grating [12, 14, 25]. After the bleaching procedure the contour becomes symmetric as shown
at Fig. 3(b). These factor indicates that there is no modulation of the absorption in the grating
anymore and it became purely phase. The change of the contour shape indicates decreasing of
the coupling constant, i.e. the modulation became lower as it was expected.

Further analysis includes the estimation of the RIMA and AIMA [12� 14,25]. The calculation
of these parameters was carried out by �tting of the contours obtained in the experiment with
those predicted by the theory (Fig. 4, red curves). Equation 4 describes di�raction e�ciency
dependence on the reference wave incidence angle for mixed and pure phase gratings. In case of
pure phase gratingsa1 was set to zero.

Since we know the gratings period and readout wavelength along with thickness and refractive
index of the sample, the only variables are the modulation amplitudes of the absorption coe�cient
and refractive index.

(a) (b)

Fig. 4. (a) RIMA before and after laser bleaching of VBGs. (b) Di�erence of RIMA before
and after laser bleaching (curve with squares) and AIMA before laser bleaching (curve with
circles)



The performed �tting of the experimental results allows us to evaluate RIMA magnitude
for each grating in the exposure range of 1-12 J/cm2 before and after bleaching (Fig. 4(a)).
Saturation of the RIMA value at the exposures approximately above 6 J/cm2 indicates that the
volume fraction of the crystalline phase along with the NP concentration is the same. Thus, we
utilized all available silver and chlorine in the grating fringe. Also it is clear that values of RIMA
decreased after bleaching for all exposures. However, the magnitude of this decrease depends on
the exposure. Maximum value of the refractive index modulation is reduced from 8:6 � 10�4

down to 5:1 � 10�4, i.e. it becomes almost two times lower after bleaching. One can see from Fig.
4(b) the di�erence in the RIMA before and after bleaching and the AIMA vs exposure shows
similar dependence on the exposure. It indicates that additional RIMA, which is lost during the
bleaching process, is in�icted by the presence of the AgNPs in the grating fringes and the value is
determined by their concentration. Even though the fall of the RIMA magnitude at the maximum
is signi�cant, its value was still su�cient to enhance di�raction e�ciency from 25% to 86% for
1 J=cm2 UV exposure.

4. Summary

In conclusion, we have demonstrated that although the femtosecond laser bleaching of chloride
PTR glass with VBGs results in decrease of refractive indexmodulationmagnitude from 8:6�10�4

to 5:1 � 10�4, it is still su�cient for VBGs operation. We demonstrated that after the bleached
gratings become purely phase one, which is capable to achieve high di�raction e�ciency at
optimal recording conditions and appropriate sample thickness. The transmission range of the
VBGs expanded considerably in visible opening avenues towards using them for high-power
laser applications. Moreover, small size of the crystalline phase in combination with absence of
absorption in the visible region boosts the performance of such gratings at the small periods.
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