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Time resolved measurements of gratings
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Abstract: We report on the formation of gratings photo-induced by
femtosecond laser pulses in SF59 glass. Depending on the number of pulses
used to excite the sample and the pump power density, transient or
permanent gratings are induced. We demonstrate that the grating formation
is not instantaneous and is produced by laser-induced defects. This results in
a change of both the real and imaginary part of the index of refraction. A
simple set-up that records the temporal evolution of both parameters during
the laser excitation is also presented. It makes it possible to evaluate the
weight of both contributions to the grating diffraction efficiency.

©2012 Optical Society of America

OCIS codes: (140.3390) Laser materials processing; (140.3440) Laser-induced breakdown;
(320.7130) Ultrafast processes in condensed matter, including semiconductors; (160.2750) Glass
and other amorphous materials; (320.2250) Femtosecond phenomena.
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1. Introduction

Nowadays, femtosecond laser pulses are largely used to induce permanent index modulations
inside bulk glass [1,2]. These methods rely on the use of multiphoton absorption for the ultra-
short release of the laser energy into such transparent material. This makes it possible to
photo-write isotropic or non-isotropic three dimensional structures inside bulk glass [3].
Different studies have shown that such femtosecond irradiations induce structural changes of
the glass that modify, on the sub-micrometric scale, the index of refraction [4]. The interaction
of ultrafast laser pulses with soda-lime glasses and borosilicate glasses is also known for
producing nonlinear effects including coloration. The latter also induces a change of the
refractive index that is due to laser-induced color centers [5,6]. Hereafter, we have studied the
impact of femtosecond laser-induced defects in a SF59 lead glass sample during the formation
of photo-induced gratings. The grating is directly written into this glass sample by imaging a
master grating, that is illuminated by the femtosecond laser pulses. With this technique it is
possible to write directly a photo-induced grating [7]. The number of grooves per millimeter
can be easily varied by changing the magnification of the optical device that images the
master grating. Therefore, this technique offers many advantages compared to the direct write
method [8,9] and the side-illumination with a phase mask [10-14]. Moreover, it is also
possible to record the evolution of the grating during the writing process. Hereafter we apply
this technique to demonstrate that the formation of the photo-induced grating has a non-
instantaneous contribution that can be easily recorded on the microsecond time scale and that
results from laser-induced defects. These defects impact both the real and the imaginary part
of the index of refraction of the glass. Their contributions to the diffraction grating efficiency
are evaluated. Under our experimental conditions, it is mainly the real part of the index of
refraction that contributes to reflectivity the grating.

2. The experimental set-up

Output of Regen. Ampli. He-Ne
800 nm - 1 kHz
50fs-1mJ

. E,/3 Phase mask
A=30 pm

Fig. 1. The experimental set-up. D.M. stands for dichroic mirror.

To study the temporal evolution of gratings photo-induced by femtosecond laser pulses in
glass, we used the experimental set-up sketched in Fig. 1. It has been previously described [7].
In short, a femtosecond pump beam delivered by a regenerative amplifier (1 mJ, ~50 fs, 1
kHz, ~800 nm) is used to photo-induce the grating. The pump-pulse is spatially overlapped
with a continuous wave (CW) He-Ne laser beam that is used as a probe beam. Both beams are
incident on a master phase-grating (spatial step L; = 30 pm) that is optimized to diffract ~65%
of the intensity at 800 nm along + 1 and —1 diffraction orders. These two latter diffraction
orders, that have almost the same intensity, are focused by a 100 mm focal-length lens to a
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beam spot of ~180 um in a 2 mm thick SF59 glass plate. Only the + 1 diffraction order of the
He-Ne beam was focused on the sample. The direction of the diffracted He-Ne beam is along
the —1 diffraction order of the grating. The intensity of the He-Ne beam diffracted by the
photo-induced grating (spatial step L, = 2.5 pum.) is focused on a fast photodiode that has a
rising time of ~1 ns and that is either connected to a lock-in amplifier or a 10 GHz sampling
oscilloscope. The latter devices are used to record the intensity reflected by the grating on the
second and the millisecond time-scale respectively. The 10 GHz sampling oscilloscope has 1
GHz bandwidth. The pump and probe beam were chopped independently.

3. Results
3.1 The grating formation

80

Diffraction efficiency (a.u.)

Time (s)

Fig. 2. Formation and relaxation of grating induced in SF59 for a peak power density of ~245
GW.cm™. The fits of the grating formation and relaxation are presented in solid lines. They are
fitted by the equations R(t) = Ro[1-exp(-t/t)] and R(t) = Ro(1/(At-B)) respectively.

The typical evolution of the intensity of the He-Ne diffracted beam when the pump beam is on
and off, or in other words during the formation and relaxation of the photo-induced grating, is
presented in Fig. 2. When the pump beam is sent though the sample, one can readily record an
increase of the intensity of the He-Ne diffracted beam. After a few seconds, the intensity
saturates and reaches its steady state. The increase of the intensity of the diffracted beam is
related to the increase of the density of defects photo-induced by the two-photon absorption of
the sample at 800 nm. The higher the intensity of the pump beam, the higher the density of
defects and the higher the reflectivity of the sample. When the pump beam is blocked, the
photo-induced defects relax and the intensity of the diffracted beam decreases. The saturation
intensity of the diffracted beam depends on both the pump power density and the exposure
time of the sample to the pump beam. The impact of the exposure time for a given pump
power of ~245 GW.cm™ is presented in Fig. 3(a). As the exposure time increases, one clearly
notices that the intensity of the diffracted beam increases and then reaches a saturation level.
This saturation level depends on the pump peak power density. On the other hand, the time tg,
needed to reach the saturation level strongly depends on the pump peak power density: the
lower the pump peak power, the longer ty, (Fig. 3(b)) and the smaller the reflectivity of the
grating. We will see that this latter evolution is related to the dynamics of the photo-induced
defects.
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Fig. 3. (a) Formation and relaxation of a grating induced in SF59 versus the exposure time for a
peak power density of ~245 GW.cm™. (b) Evolution of the grating formation and relaxation
versus the pump power density P for a 5 s exposure time. The inset presents the evolution of
characteristic time t versus the pump power density. The characteristic time t has been
computed considering the grating reflectivity evolves according to the equations R(t) = Ro[1-
exp(-t/t)]. The results of our fits are presented in solid lines.

3.2 Relaxation of the grating

Below the glass damage threshold, when the pump beam is blocked the intensity of the
diffracted beam decreases down to zero (see Fig. 2). Note that the measured decay is non-
exponential. This indicates that the grating is not induced by a thermal grating. Indeed, the
multiphoton absorption of the pump pulse is expected to induce a thermal grating that should
decay exponentially on the ps time scale. In practice, the reflectivity of such a grating is very
weak and therefore it is not recorded by our set-up. However in agreement with our previous
work we found the measured decay is well fitted by Auger recombination processes [7]. The
decay of the grating when the irradiation is stopped is due to the relaxation of the photo-
induced defect from Ny to zero, where Ny is the defect density just after excitation. The
relaxation of the local density defects N(t) is well fitted by the following differential equation:

d—Nz—AN—CNS. (1

dt
The terms on the right-hand side of this equation correspond to classic exponential and Auger
recombinations, respectively. It has been previously shown in the case of a dominant Auger
recombination, N evolves as#=Nan+ 2Ct [7,15]. As the diffracted intensity is proportional to

N?, this is consistent with the experimental 1/t relaxation. The decay constant time C depends
on the exposure time T and the pump power density P. For high pump power density or long
exposure time, we noticed the reflectivity of the grating does not relax to zero indicating the
presence of a permanent photo-induced grating. The ensemble of data agrees well with our
previous work [7] but it does not reveal the evolution on time scale shorter than a second.
Hence to investigate the evolution of the grating in more detail, we have carried out a detailed
study of evolution of the grating on the millisecond time-scale.

3.3 Evolution of the grating in the transient and the steady state regime

Figure 4 presents the evolution of the diffracted intensity on the ten millisecond time-scales
when the sample is excited by a sequence of pump pulses with different power density. One
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should notice that the increase of the reflectivity is not instantaneous indicating that the
grating continues to evolve in between two subsequent femtosecond pulses. The overall
increase of the diffracted intensity depends on pump power density (Fig. 4(a)) but also on the
number of pump pulses exciting the sample. In general, as one increases the number of
exciting pulses, one records an increase of the overall diffraction efficiency. As presented in
Fig. 4(b), we can also notice the occurrence of a steady state regime, where in between two
successive exciting pulses, we first record an increase of diffracted intensity that relaxes back
towards its initial value.
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Fig. 4. (a) Evolution of the intensity diffracted He-Ne beam at millisecond time scale for 140,
315 and 700 GW.cm™ pump peak power density. The inset presents the evolution of diffraction
efficiency versus the order of pulses within the exciting pump pulse train for peak power
density of 600 and 700 GW.cm™ respectively. (b) (O) Evolution of the diffracted intensity
recorded at steady state during pump pulse excitation. The femtosecond pump pulses are
applied at t = 0 and t = 1 ms. (——): Fit of this data using the equation

wosfi-enl - 5]

Figure 4 presents the evolution of the grating on the millisecond time-scale when the
steady state regime presented in Fig. 1 is reached. On this time-scale, our data were fitted
using the following equation:

R(t)=R{l—exp(—;ﬂ[/nl_8}. (2

This equation accounts for both the formation and the relaxation of the grating. We have
studied in more detail the evolution of the characteristic time constant (t, A™"). These
parameters account for the temporal increase and decrease of the reflectivity of the grating
respectively. We found that the characteristic time t is almost independent of the number of
pump pulses used to excite the sample whereas the characteristic time constant A™' can
strongly change between two subsequent exciting pump pulses. These latter results are
presented in Fig. 5. This figure also indicates that A decreases and then saturates as the
number of exciting pulses increases. Finally we stress that the value of characteristic time A™'
for the last exciting pulse agreed well with that found for the relaxation of the grating when
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the pump beam was off. For instance in Fig. 5(a), for a power density of 245 GW.cm™ and
after exposure of the sample to 10 exciting pulses, the relaxation parameter is A = 7x107"" 5™
whereas for the same pump pulse peak, when the pump beam is stopped after 11 exciting

B

pulses this relaxation parameter is A = 6.7x107'% 57",
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Fig. 5. (a) Evolution of the constant time t versus the number of exciting pulses. (b) Evolution
of the constant time A™' versus the number of exciting pulses. The data have been recorded for
a pump peak power density of 245 GW.cm™.

These latter results make it possible to account for the saturation of the grating reflectivity
presented in Fig. 3. As we previously mentioned, when the pump intensity increases, the
number of defects induced increases as well. We therefore expect an increase of grating
reflectivity with the pump intensity. Moreover, when the number of pulses that excites the
sample increases, the number of defects also increases. While these two parameters result in
an increase of the grating reflectivity, they also result in a decrease of the relaxation constant
A. As a consequence, the photo-induced grating relaxes more and more rapidly as its
reflectivity increases. Hence, in agreement with Fig. 3, the photo-induced grating reaches a
saturation regime in which the increase of the grating reflectivity, induced by two successive
exciting pulses, is compensated by the relaxation of the grating between these two exciting
pulses.

3.4 Measurement of the photo-induced index variations at the steady state regime

While the previous measurements indicate that femtosecond lasers pulses make it possible to
photo-induce transient or permanent gratings in lead doped glass, it does not indicate the
origin or the amplitude of the modulations of the refractive index. With this goal in mind and
using a very simple set-up, we have recorded the evolution of the real and the imaginary parts
of refractive index (respectively, n,, n;) at the He-Ne laser wavelength (i.e. A = 632.8 nm). The
experiment was performed removing the master grating (see Fig. 1). The femtosecond beam
was focused at normal incidence to a beam spot of ~180 pm. The He-Ne beam was parallel
but spatially shifted with respect to the femtosecond beam. After the focusing lens and on the
sample, it was more tightly focused (beam spot~140 pm) and slightly off normal incidence
angle. The intensity of the transmitted He-Ne beam was detected by photodiode. The latter

. C eAn. . . . . .
intensity is given by I(e)=1, exp(—4 ! j where I is the transmitted intensity prior to
femtosecond irradiation and e the sample thickness. It makes it possible to measure Dn;. The
He-Ne beams reflected by both the front and the back sides of the sample induce an
interference pattern that can be recorded in the far field. By counting the fringe shift, one can
easily deduce the variation of the real part of refractive index Dn, induced by the femtosecond
pump pulses. The relation between Dn, and induced p-fringe shift is Dn, = p ly..ne/2e. We
could therefore easily calibrate the amplitude of Dn,. To record Dn,, the small sensitive area of
the fast photodiode is placed on the maximum intensity of one of the bright fringes when the
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pump beam is off. Figure 6 presents the evolution of the real and imaginary part of refractive
index recorded at steady state versus the pump peak power density.
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Pump power (GW.cm'Z)

Fig. 6. Change of the real Dn, and imaginary Dn; part of the index of refraction in SF 59 glass
with respect to the pump power density.

3.5 Kinetics of the photo-induced index variations

This set-up also makes it possible to record the evolution of the real and imaginary part of the
index of refraction of the sample. These evolutions are presented in Fig. 7. When the pump
beam is on, the absorption and the index of refraction of the sample increase. They relax when
the pump beam is off. Recall that these latter coefficients are related by a Kramers-Kronig
transformation.
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Fig. 7. Evolution of the real Dn, (a) and imaginary Dn; (b) part of the index of refraction in SF
59 glass. The insets present the evolution on a longer time scale.

The sign of Dn, was inferred from the thermal index variation of the SF59 sample. In the
latter case, we recorded the direction in which the fringes were shifted upon a temperature
increase of the sample and compared it to the direction in which the fringes are shifted upon
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femtosecond laser excitation. We found that both were moving in the same direction.
Knowing dn,/dT~-5 1077 K™! for SF59, we concluded Dn, was negative.

This ensemble of measurements makes it possible to evaluate the contributions of both the
real and imaginary part of the grating diffraction efficiency. The general expression for the

grating reflectivity is: I(e)=1, (sin’ (% An, e)+ sinh” (£ Ane)) exp(=-=Ane) [16]. In our

24
experiments, the contribution of the imaginary part of the index of refraction to the grating

diffraction  efficiency is negligible: sin’(% An e) >>sinh’ (5 Ane), and hence
R(t)= [Sinz(ﬁ An (t) e):l exp(— = Ane) - In other words, the reflectivity of our gratings is
mainly due to the change of Dn, but its amplitude is modulated by Dn;. Finally, and in
agreement with previous works [5,6], we show that the femtosecond excitation induces a
broad absorption over the whole visible spectral range (Fig. 8). It is the latter that accounts for
the different evolution recorded for Dn, and Dn;.

1,0

— P =84GW.m’

pump

—— P =140 GW.cm”

pump

0,5

Absorption (a.u.)

0,0

1 T T T T T T T T T T
450 500 550 600 650 700
Wavelength (nm)

Fig. 8. Evolution of absorption spectrum of the SF 59 glass excited by different pump pulse
peak power densities.

4. Discussion

Hereafter, we briefly discuss the origin of the photo-induced defects. The two photon
absorption at 800 nm is well into the absorption edge of the SF59 glass. Hence sufficiently
intense ultrafast laser pulses will produce a high density of electron-hole pairs. It was
previously proposed that the trapping, detrapping and recombination of these excitation
accounts for the behavior of the darkening and partial recovery on both slow and fast time
scales [6,7]. In fact femtosecond laser irradiation, x rays and y rays induced similar darkening
in many different glasses. For instance it has been shown that the formation of hole centers
(such as H," or OHC; centers and H; or OHC, centers) induces absorption peaks in the visible
spectral range. Similarly the production of electron traps (denoted E;™ and E4 centers) results
in an enhancement of the absorption in the near UV. Therefore, both defects could contribute
to the index modification of our photo-excited sample. As previously shown, the partial
bleaching or recovery of the sample is attributed to the electron-hole recombination that
occurs between laser pulses [6].
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5. Conclusion

We have investigated the interaction of ultrafast laser pulses with SF59 glass. Although this
glass is not considered as photosensitive, the high peak power density of the used
femtosecond pulses makes it possible to photo-induce transient or permanent gratings within
this material. We have shown that the latter grating results from laser induced defects that
induce a coloration of the glass on the whole visible spectral range. We have shown the
defects are induced by a single femtosecond pulse but continue to increase on the millisecond
timescale. Considering the optical properties of these gratings, it would be useful to
characterize completely the index variation at smaller timescale. However this work presents
promising results for the understanding of optical data storage in glasses.
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