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The effect of spherical aberration on temperature
distribution inside glass by irradiation of a high
repetition rate femtosecond pulse laser*
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In this paper, we study the effect of spherical aberrations on the light intensity and the temperature distribution

in the focal region in a 250-kHz femtosecond laser irradiated Agt-doped borosilicate glass. When a focused beam

goes through an interface between air and glass, spherical aberration will result in the separation of the focal point

and then cause a clear change of the light intensity distribution along the incident direction. That phenomenon will

further influence the longitudinal cross-section temperature distribution in glass. Here we use Ag nanoparticle formation

as a marker for establishing temperature distribution and we find that the formation of nanoparticle shows a strong

dependence on the temperature field and the detailed precipitation process is also discussed.
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1. Introduction

The interaction of femtosecond (fs) pulse laser
with transparent materials is a fast developing re-
search field of optics. It has shown many novel nonlin-
ear phenomena resulting from the simultaneous multi-
photon absorption or ionization in the photon-excited
region due to ultrashort interaction time and ultrahigh
power density of fs pulse.l!~® Due to the fact that
this kind of subwavelength photon excitation mech-
anism can strictly confine the structure change re-
gion, one can achieve both space-selective and high-
precision micromachining inside the bulk materials. In
the past few years, a variety of functional microstruc-
tures have been produced by this method and then
applied to the fabrication of photonics devices, such
as optical waveguides,"?l optical storages,>~° mi-

[6=8] and so on. Generally, the im-

cro/nano gratings,
pact of light-heat effect in fs pulse laser micromachin-
ing is eliminated as far as possible in order to achieve a
fine structure. However, recent studies show that heat
accumulation effect will play an important role in pro-
moting the evolution of the microstructure in the case

that the transparent material is irradiated by a high
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repetition rate fs pulse laser. When the interval time
between two pulses is obviously shorter than that time
for the heat diffusing out of the focal volume, the tem-
perature of the focal volume will increase drastically
due to the continuous energy deposition within many
pulses irradiating. As a result, a series of heat-related
structural changes occurs.[®~11]

In previous reports, a few groups have carried
out some valuable explorations on the relationship be-
tween structure modification and heat accumulation
effect.['2=14) Schaffer et al.'? proposed that a heat
accumulation would cause structure expansion in the
focal point when an 82-MHz fs laser oscillator was
used to machine bulk glass. Eaton et al.l'®! also anal-
ysed a transition from thermal diffusion to heat accu-
mulation using an fs laser system with repetition rate
varying from 0.2 MHz to 5 MHz. Recently, Shimizu et
al." systematically studied the temperature distribu-
tion and modification mechanism inside a glass after a
250-kHz fs pulse laser irradiation. The above studies
greatly improved our understanding of the mechanism
of fs laser induced heat accumulation effect. How-
ever, most of these temperature distribution models
are based on an approach that propagation and focus-
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ing of fs laser follow the geometric optical laws with-
out considering the influence of spherical aberration.
In fact, spherical aberration certainly arises when an
incident light is focused through an interface between
two media with different dielectric properties, e.g. air
and glass.['5=17 Therefore, the light intensity along
the optical axis will not be confined to a central focus
but into a line distribution, which means that the size
and the shape of heat-modified region have changed.
In order to obtain an optimized model, it is necessary
to take into consideration the effect of spherical aber-
ration on the temperature distribution in the heat-
modified region.

In this paper, we first propose a temperature
model based on both spherical aberration effect and
heat diffusion equation to simulate the temperature
distribution in the longitudinal cross section of the
heat-modified region. In the experiments, we per-
form the precipitation of silver nanoparticles inside a
bulk glass using a 250-kHz fs pulse laser. By compar-
ing the nanoparticle precipitation area with the sim-
ulated temperature distribution, the effect of spheri-
cal aberration on heat-modified region is further dis-
cussed. We think that this technique could provide an
anisotropic heat source to modify transparent materi-
als.

2. Experiment

In this study, a glass sample with 10Nas;O-
6K20-3Ba0-11B303-70Si02-0.05Ag20 (mol%) was
prepared by the conventional melt-quenching method.
described
elsewhere.['8] A regenerative amplified Ti: sapphire
laser system (Coherent, RegA 9000) emits 800 nm,
150 fs and 250-kHz pulses and then these pulses were

The detailed fabrication process was

focused to different focal depths in the interior of
the glass through an optical microscope (Olympus,
BX51) and a computer-controlled XYZ stage (Prior,
ProScan). The transmission loss of pulse energy was
about 20% when a beam with a diameter of 3 mm was
focused by an objective (20x, NA=0.45). The expo-
sure time of the incident fs laser was controlled by an
electronic shutter. All the irradiation was carried out
at room temperature.

[ /CY (cos ¢1)*/2(sin ¢1) exp[— i kod(ny cos ¢1 — na cos ¢2)] X (75 + 73, €OS P2)
0

3. Simulation of temperature dis-

tribution

3.1. Spherical aberration

As shown in Fig. 1, a laser beam focused by the
microscope objective lens first propagates through an
air—glass interface and then enters into the glass along
the 4z axis. Suppose that if glass does not exist and
spherical aberration is ignored, then this laser beam
will be focused to a point O; after having passed
through the microscope objective lens and the focal
depth is d, as illustrated by the dotted lines. How-
ever once a converging spherical wave is incident on
the air-glass interface nj/na, the phase of the trans-
mitted field will be changed and the light goes to a
new focal point O because of refractive index mis-
match. Furthermore, the curvature radius of the lens
is very difficult to be consistent due to the fabrication
precision. Therefore, all the light will be discretely fo-
cused to many new focal points from O; to O along
the optical axis instead of converging to a central fo-
cus. This phenomenon of separation of the focal point
implies the emergence of spherical aberration.
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Fig. 1. (colour online) An illustration of spherical aber-
ration effect from air to glass.

We calculated the light intensity distribution near
the focus of objective in the presence of the refractive
index mismatch. For the situation illustrated in Fig. 1,

the resulting electric field distribution in glass is given
by[17:19,20]

Jol[k1 (2 + y2)1/2 sin ¢1] exp(i ko2 cos o) d ey,
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where « is the half angle of the light convergence cone,
ko = 2m/\ is the wave number in vacuum, Jg is the
Bessel function of the first kind and zeroth order and
d is the depth of the geometrical focal point from the
interface to glass (see Fig. 1). In addition, ¢; and ¢o
are the angles of the beam convergence in the first and
second media respectively. The coefficients 75 and 7
are the Fresnel transmission coefficients for s and p po-
larizations and are functions of ¢; and ¢o, expressed

as _ 2singzcos g @)
 sin(¢y + ¢2)
and o 2 sin gi)g CcOos ¢1 (3)
P sin(¢r + ¢2) cos(p1 — d2)

3.2. Solution to heat diffusion equation

In this case, the Cartesian coordinates are fixed
in space and are static with respect to the beam. The
origin is set on the surface (z—y plane) and is directly
underneath the beam centre. The 42z axis spreads into
the bulk glass. Under these conditions, the differential
equation describing heat diffusion is given byl

oT <62T 0T 82T> oI
— o1 oL

il T
pC Ox2 + Oy? + 022 0z’ (4)

pg -
where p is the glass density, C}, is glass heat capacity, &
is thermal conductivity of glass, I is the laser intensity
and T is the glass temperature. Spatial and temporal
coordinates are x, y, z and ¢ respectively. As the glass
composition used in our experiment is exactly similar
to the BK7 glass of Schott, we refer to its data sheet
of p [2.53 g/cm?], C}, [0.858 J/(g-k)], x [0.006 cm?/s]
for this calculation.l?!] Meanwhile, the very close cor-
respondence between the numerical data and the ex-
perimental data was obtained for a 50% absorption of
laser energy by the glass, which is well consistent with
the reported result from Ref. [13]. Although the ab-
sorption rate would change a little with the increase
of light intensity and glass temperature, we still as-
sume that it is temperature-independent during the
irradiation process for the purpose of simplifying the
temperature model. Using Egs. (1)—(4), we calculate
AT (z, y, 2, t), the temperature variation after irradi-
ation of one fs pulse. Due to the continuous injection
and diffusion of laser energy, the temperature distri-
bution after N pulse irradiations can be written as

T(z,y,z, NAty, +t)
N—1
= Ta + Z ATl(x,y,z,nAtL + t)7 (5)

n=0

where T, is the ambient temperature, N is the num-
ber of fs pulses, Aty, is the time interval between two
pulses and t is heat diffusion time after last pulse.

4. Results and discussion

The temperature distribution of laser-affect zone
is determined by a number of irradiation parameters,
such as laser power, exposure time, pulse repetition
rate, room temperature, etc. Shimizu et al.l*¥ have
analysed the influence of these parameters on an z—y
plane temperature distribution in a heat-modified re-
gion inside a soda lime glass. Here, we focused mainly
on a longitudinal cross-section temperature distribu-
tion through introducing a spherical aberration effect,
which varies dramatically with adjusting focal depth.

Figures 2(a)-2(c) show the simulated temperature
distributions in the x—z plane at different focal depths
after irradiation of 0.1 s. The incident power was
880 mW and the numerical aperture (N.A.) of micro-
scope objective lens was 0.45. Figure 2(d) also shows
the changes of temperature distribution along the z
axis through comparing three temperature curves with
respective focal depths at 100, 200, and 300 pm. In
these simulations, there are two aspects to highlight
the effect of spherical aberration on temperature dis-
tribution. First, the longitudinal length of the tem-
perature field becomes longer as a result of separation
of focal point. Second, under the same irradiation
time, the central maximum of temperature distribu-
tion gradually decreased with focal depth increasing.
It is because the expansion of exposure area decen-
tralizes the incident laser energy. For example, the
lengths of the heat modified region with a tempera-
ture over 600 °C are respectively 35, 41, and 51 pwm
when the focal depths are correspondingly at 100, 200,
and 300 um respectively. Consequently, the spheri-
cal aberration effect will become more and more re-
markable through increasing the focal depth. In other
words, it has significantly affected the temperature
distribution and subsequently the size and shape of
heat-modified region.

In order to better understand the spatial-
temporal evolution of temperature distribution in the
heat modified region and examine whether the tem-
perature model is reasonable, we used a 250-kHz, 150-
fs and 800-nm fs pulse laser to achieve a one-step pre-
cipitation of silver nanoparticles without annealing.
Figure 3(a) shows a group of top-view micrographs of
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the induced structures in Ag-doped glass after vari-
ous exposure times. The incident power was about
880 mW and the focal depth was 300 pm beneath
the surface of the glass. A multilayer ring-shaped
structure was generated around the focal centre and
the size of this structure obviously increased with ex-
posure time increasing. Since the heat modification
mechanisms are not the same in different tempera-
ture ranges, the entire structure should be divided
into photon-excited area, heat-melted area and heat
deformation area.

Figure 3(b) shows their side-view micrographs.

There formed an olive-shaped structure with its lon-
gitudinal axis along the z direction. Its cross sec-
tion was substantially similar to the shape of the out-
most isotherm in Fig. 2(c), so the experimental results
accord with the simulated temperature distributions.
Besides, a yellow colour appeared in this structure,
which was due to the surface plasmon resonance ab-
sorption of the precipitated silver nanoparticles ac-
cording to our proceeding studies.['8! Furthermore, we
also found that the position of silver nanoparticles var-
ied with exposure time increasing. This phenomenon

will be discussed in detail in the following context.
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Fig. 2. (colour online) The temperature distributions in the z—z plane (a)—(c) and the z-axis temperature
distribution (d) after 0.1 s by a high repetition rate fs pulse laser at different focal depths (d = 100, 200,

300 pm). In the calculations, P = 880 mW and NA=0.45.
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Fig. 3. (colour online) The top-view micrographs (a) and the side-view ones (b) of the induced structures. The

exposure time increased from 0.1 s to 50 s.
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Here we first explain the reasons for the forma-
tion of silver nanoparticles. When an fs pulse laser
was focused into the glass, a mass of free electrons
were generated through multi-photon ionization and
then they combined with Ag ions to form Ag atoms.
This process resulted in a lot of reduced Ag atoms oc-
It was known that the

mobility of Ag atoms inside glass network is rather

curring in the focal volume.

inefficient at room temperature, but they would be
accelerated dramatically as soon as the glass temper-
ature is high enough.[???3 In this experiment, the
continuous irradiation of the high repetition rate fs
pulse laser brought into a high temperature gradi-
ent field, thus these reduced Ag atoms might aggre-
gate into nanoparticles and carry on growing accord-
ing to Ostwald ripening process.[?3l Meanwhile, the
separations of the focal point also caused an asym-

metric temperature distribution. In Figs. 4(a) and
4(b), the cross-section structure was compared with
the simulated temperature distribution in the heat-
modified region, where the temperatures at A and B
There-

fore the precipitation area of silver nanoparticles grad-

were obvious higher than the lower half (C).

ually spread from the middle part to the upper half of
the olive-shaped structure when the exposure time in-
creased from 0.1 s to 0.5 s. Figure 4(c) shows the effect
of spherical aberration on the simulated temperature
distribution along the z axis. Obviously, the tempera-
ture discrepancy between B and C became larger and
larger with the extension of exposure time. In the cor-
responding experiments, we also found that the yellow
colour in the upper half of the olive-shaped structure
faded away and the silver nanoparticles gradually pre-
cipitated into the lower half.

Temperature/102 °C
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Fig. 4. (colour online) (a) Side-view micrographs and (b) the calculated temperature distributions in the z—=z

plane with the exposure time of 0.5 s. (c¢) The calculated z-axis temperature distribution with consideration of

the spherical aberration at a focal depth of 300 pm.

The mechanism of this transformation can be ex-
plained as follows. With the arrival of successive
pulses, the temperature around the prime focal point
(B) continuously increased to the extent of the glass
melting into the liquid state and accordingly these sil-
ver nanoparticles were heated to decompose. There-
fore, we have reasons to believe that these Ag atoms
could continue to immigrate and diffuse under the
force of the temperature gradient field. Once the tem-
perature in the lower half was suited for the growth
of silver nanoparticles, those Ag atoms would gather
there again to form new nanoparticles. According to
the aforementioned analysis, we think that the tem-
perature discrepancy between the lower half and the
upper half in the olive-shaped structure should be the
main reason why the position of silver nanoparticles
varied.

However, in the case that the focal depth was

50 wm beneath the surface of the glass, the effect of
spherical aberration on the temperature distribution
was relatively small and the formed silver nanoparti-
cles only precipitated into the lower half of the laser
modified region.?¥ This result may be because the
focal depth is inadequate so that separation of focal
point caused by spherical aberration is not obvious.
The same structure also can be observed in this ex-
periment after the silver precipitation area has fully
concentrated in the lower half. After a long period
of fs pulse laser irradiation, there gradually formed a
sharp interface in the middle of the olive-shape struc-
ture. We estimate that it is because there reached
heat equilibrium on this interface between these two
parts. Besides, our recent study also showed that the
as-precipitated silver nanoparticles in the irradiated
centre would gradually diffuse to the outside with a

continuous irradiation.[? For example, the tempera-
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ture in the centre nearly exceeded 1500 °C after 0.5-s
irradiation, at such a high temperature silver nanopar-
ticles could not precipitate there, whereas in Fig. 4
we still observed the obvious yellow in the middle
part of the olive-shape structure (B point), therefore
these precipitated silver nanoparticles must be in the
periphery of the ring-shape structure instead of the
central area. This phenomenon is closely dependent
on the temperature distribution in the z—y plane, so
next, we plan to build a three-dimensional tempera-
ture model to study the dynamic process of precipita-

tion and diffusion of silver nanoparticles.

5. Conclusion

We studied the effect of spherical aberration on
the temperature distribution in glass by irradiation of
a high repetition rate fs pulse laser. The results indi-
cate that the separation of focal point caused by the
spherical aberration could significantly influence the
temperature distribution in the longitudinal cross sec-
tion of the heat-modified region, which further affects
the precipitation position of silver nanoparticles orig-
inating from fs laser driven heat-chemical effect. We
consider that spherical aberration is an important fac-
tor in fs pulse laser micromachining transparent ma-
terials especially when the focal depth goes deep. The
results in this study are very helpful for directly writ-
ing optical waveguides by using a high repetition rate

fs pulse laser.
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