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Abstract

Bulk machining of glasses with femtosecond lasesgrilenables the fabrication of embedded opticaitifums. Due to the
nonlinear character of the laser-matter interac¢tgiructural modifications can occur within the dbcegion. To reach a full
control of the process, ways of controlling the a®fion of the laser energy inside the materialeh@vbe unveiled. From static
and time-resolved pictures of bulk-excitation dbi®, and borosilicate glass, we show that particulseiaemporal shapes such
as picosecond sequences can better confine thgyedeposition than the femtosecond sequence bycirgithe propagation
artifacts.

Keywords:Ultrafast laser; Waveguide writing; Pump-probemiperal shaping

1. Motivation / State of the Art

Ultrafast laser processing of bulk transparent neteis an efficient technique with a strong panin
integrated optics and lab-on-chip applications. fRerlast decade, researchers have demonstrateotéistial with
the fabrication of more and more complex photomgickes in the volume of transparent materials Migrometer-
sized matrix modification can be obtained due t® liighly non linear character of the interactionwsen the
infrared ultrashort pulses and the transparent natén particular, the local optical propertie affected by the
irradiation, resulting in local variations of birefgence, absorption and refractive index [2]. Gapgntly, optical
components can be photowritten in three dimendigremple translation of one or several laser spotse bulk of
the sample [3, 4].

However, the process can highly depend on linedrramlinear effects that can affect the propagatibthe
laser pulse to the focal region and thus, the ssscobthe energy deposition in a sufficiently coal manner. With
the aim of reaching a better control of the procitss interesting to compare the influence of ldser pulse shape
to find an optimal temporal sequence leading tedaiced volume of efficient excitation. We demorntstigere that
particular laser temporal shapes such as picosesgmaences can better confine the energy depo$iisaducing
the propagation artifacts in the bulk both a-S#@d borosilicate glasses. The success of the éasegy coupling is
evaluated from time-resolved microscopy pictureshef irradiated area where the transient electrptdasma as
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well as the subsequent pressure wave are observed.
2. Experimental

The experimental set up is based on a pump-prabmitgue [5,6] and is depicted on Fig.1. The laseiree is an
ultrafast laser system delivering 160 fs pulsedl (fidth half maximum FWHM) at 800 nm. The laserabe is
divided into two parts, one being used to excit aterial, while the second is employed to prdieeitradiation
volume. Before reaching the irradiated sample, ékeitation beam goes through a temporal shapingrafys
allowing for tailoring of the pulse temporal prefilThe probe beam is spatially magnified, frequeshmybled, and
used to image the excitation region perpendiculaolythe excitation beam propagation axis, thus igiog
microscopic images with a subpicosecond time réisolu

A microscope objective (numerical aperture NA =5).focuses the pump beam into the bulk of the sampl
which are polished parallelepipeds of 3 x 20 x 1@ of fused silica glass and borosilcate glass (BRTg focal
plane is adjusted at a depth of 200 um in condstiminlow wavefront distortions due to the air-glagerface. The
blue probe beam enters the illumination path ofagliffed phase contrast microscope (Olympus BX4hge Tinal
picture is recorded with the help of an intensifyi@CD camera. The transient electronic densiyisNestimated
from the absorption map delivered by the 400nm erfalowing a Drude model under a few assumptidgs Ih
the following we use the normalized electronic dgr¥/N.,, N, being the critical density at 400nm.

Oscillator

Fig. 1. Experimental set up. TS: temporal shapestilated in the top inset. FO: focusing object®@&M-PCM: Optical transmission and phase
contrast microscopy? : Frequency doubling crystal. PD: Photodiode. Cfliss-correlation apparatus. DL: delay line. TZ; Telescopes.

3. Resultsand discussion

3.1.Femtosecond and picosecond irradiation

The differences between femtosecond and picoseaoadiations of bulk dielectric materials were aldg
investigated from their respective permanent medifons [7-9]. In fused silica, a stronger energpfmement
leading to more contrasted and compact bulk maifos in the case of picosecond pulses was rapamel
verified by non linear Schrédinger simulations [Blere, these observations are correlated with rdnesient free
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electronic density deduced from time-resolved nscopy images.
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Fig. 2 Comparison of single femtosecond and picmseiérradiation from permanent and transient modtfons in fused silica and BK7 glass.
a). PCM pictures of single short pulse irradiatifiects in fused silica and BK7 glass at differpulse energies (E). The laser propagates along
z. For both glasses, the permanently modified velextends around the focal plane increasingly thighpulse energy. b) Effect of the pulse
duration in fused silica. c) Intensity dependenficéne transient electronic density Normalized to I for femtosecond and picosecond pulse.
The N/N¢ mapping is calculated from optical transmissionrogcopy pictures.

Employing the described experimental set-up, fusitida and BK7 glass samples were irradiated witigle
femtosecond and picosecond optical pulses. Theegonding permanent micrometric bulk modificatiare
pictured using the phase contrast microscope yiglthie images in Fig. 2 a) and b). As noticealdenfFig. 2 a), a
femtosecond pulse generates a modified volume drthenfocal plane. This volume extends with thenagigtation
of the pulse energy. We underline here the preseheery regular dots preceding the focal poinsafficiently
high energetic dose, whose position correspondsetdluence peaks of the focal volume [10]. Fidh)dllustrates
the effect of longer pulse durations in fused ailat constant pulse energy. It is observable frloesd permanent
modifications that the laser-induced change ocaupismaller size for longer pulses.

Using the 400nm probe, we realized the side-piatuof the transient electronic plasma in fusedaitat the
delay of maximum absorption for single femtosecoradiation sequences (150fs FWHM) and single pcosd
sequences (3ps FWHM). In order to compare the magppf energy deposition for these two exposures, th
investigations were conducted for different puleergy. The corresponding experimental data is ptedan Fig. 2
c¢), showing noticeable differences in the laseuomtl free electronic cloud between the femtosecomdl the
picosecond irradiations. More precisely, in the tiesecond case, an increase of the pulse energyesigrthe
affected volume with no increase of the electratgnsity. In the picosecond case, the affected veltends to
saturate for higher energy while the free electratensity is increased. The 2D-mapping of the sdaat density
along the laser propagation axis is the main isteoé these experimental results. When averagiegetactronic
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density over the plasma in the two cases, the tlvowing observations arise.

In the femtosecond case, the averaged electronitgeN/ N, remains constant over the entire cloud despite of
the pulse energy except on a small area correspgnalithe permanent white void whergMW, is slightly higher as
already observed in [5]. While the volume occupidthe electronic cloud incessantly increases &ge2 c)
right), its density remains constant. Reasons Hiw behavior are linked with the efficient plasmengration that
occurs soon in the ultrashort pulse propagationie Nuat the starting point of the plasma for feratmsd pulses is
always positioned before the picosecond irradiatiorthe z-axis (Fig. 2 c). This plasma generatixtergs further
as well, following filamentation. The optical prafies of the free carrier cloud are dominated byirameased
absorption and a lower refractive index [6]. Thigelahas a defocusing effect on the laser pulsas;Tthe region of
main beam concentration is pushed further as tamb@opagates and looses intensity due to the plassorption.
Consequently, the zone of interaction is signiftbaelongated.

On the contrary, picosecond sequences permit aadse of the electronic density with the pulse gynenainly
in the left part of the plasma (see Fig. 2 c) lefthe picosecond envelope induces a retarded, Ewsgity, and
spatially modulated plasma. This creates a smakgyative shift for the incoming energy and lessodeas$ing,
helping thus to concentrate the energy. Additignate nonlinearity of excitation diminishes, aliogy efficient
absorption only in a restricted region. These themslved experimental results evidence in detdits wide
difference of energy deposition between femtose@ipicosecond pulses above the modification himldsfrom
2D-mapping of N. This was already predicted by numerical calcafatiinvolving the non linear Schrédinger
equation [8]. Experiments were also carried odiarosilicate glass sample (BK7) with similar resuktgarding the
better energy confinement in the case of longesqul
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Fig. 3: Pressure wave picturing from PCM images/éoious pulse duration in fused silica at conspaige energy. (4.3 pJ, NA=0.45)

3.2.Pressure wave as an energy transfer indicator

As the experimental set up allows for time resolpd@dse contrast picturing of the irradiated voluméute
variation of material densities are detectable onulirafast time-scale. Usually, upon energy refiaxa the
temperature increase induces a corresponding pecgstrease which relaxes via thermal expansion stk
generation. The subsequent generation of a traypliessure wave [5] is readily observable under R@bt ~1ns.

Fig. 3 shows the qualitative amplitude of the gatest pressure wave for two pulse durations in fissiéch in
the same high energetic thermodynamic regime. feady reported [11], the pressure wave has a s@hethape.
The refractive index variation associated with tteveling wave is supposed small enough to remathimwthe
linear response of the PCM measurement [12] péngitthe comparison of their amplitude. The general
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observation of a stronger pressure wave in the ogEcosecond pulse sequence has already been fhafje
however the present experimental set up allow txipely find the optimal pulse length to obtain thegest
pressure wave amplitude (here 8 ps). Remarkabdylatinching moment is identical for all the pulsgadions
involved here, denoting a similar energy couplingchmanism differing mostly in its efficiency and nat its

chronology. In agreement with the results presemtethe previous section on the transient electrateénsities
versus the pulse duration, the picosecond sequsmtwracterized by an enhanced energy confinelaading to a
stronger pressure wave.

3.3.Chronology of the energy deposition for femtoseamipicosecond irradiations:

Taking advantage of the possibility offered by #ed-up to temporally shape the excitation pulse,camied
time-resolved investigations for femtosecond amdgecond (3ps FWHM) pulse irradiations in fusedailEach of
the irradiation sequences carried 6 uJ to the lbélkhe material. Again the free electronic densitap was
calculated following a Drude model from the 2D alpsion maps delivered by the probe illuminating tzample.
Fig. 4 presents an overview of the correspondirsylte. On the left column, the two-dimensional nudpthe
transient electronic cloud is represented for tived irradiation sequences showing a larger volafriateraction
for the femtosecond pulse with a lens dense clBadthe picosecond sequence however, the electgasics more
confined and denser. On the right column, the marinelectronic density ()l normalized to the critical density
(N¢,) at 800 nm is plotted versus time for the threls@temporal shapes. We first remark the ratherftee carrier
density after 4 ps associated with the femtoseqaisk. Before that, however, the electronic deresxgyeriences a
peak to the passage of the ultrashort pulse. Téatively high density quickly decreases with relfdon and
trapping.

On the contrary, the reduced amount of plasma dsfog for picosecond sequences [6] allows for more
confined energy deposition where the major pathefpulse interacts with a free electronic plasiitas renders
possible efficient energy absorption through ingdssemsstrahlung, augmenting the electrons kimetargy along
with the avalanche efficiency. A long-lasting fedectronic density is obtained.
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Fig 4. Calculated transient electronic densitysiogle irradiation with (top) a 150 fs pulse andddfe) a 3 ps pulse. Each irradiation sequence
carries 6 pJ. Left column: example of the Ne/Ncr2@@p corresponding to the delay of maximum free@ageneration. Right column:
temporal evolution of the maximum Ne/Nc with indioa of the irradiation envelope. Laser comes fiefn
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In summary, from the transient electronic plasmasdi&s as well as the amplitude of the laser iedygressure
wave, we experimentally showed that temporal taifpiof ultrashort pulses can improve the efficieméyenergy
coupling to the matrix for bulk machining of tramsent materials in an optimal manner.
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