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Cylindrical shockwaves inside polymethyl methacrylate (PMMA) generated simultaneously with two
hemispherical shockwaves induced by a femtosecond Gaussian beam laser were investigated using an ultrafast
pump–probe imaging technique. The evolutions of these three shockwaves with probe delay and incident pulse
number have been systematically analyzed. The plasma intensity and filament length in the center of cylindrical
shockwave both decayed with pulse number. Moreover, the self-focused filament moved downstream towards the
output surface with an increased pulse number. The experimental results and mechanism illustrated that
energy deposition was suppressed by a degraded nonlinear effect due to a pre-ablated structure in multi-pulse
irradiation.
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In recent years, three-dimensional (3D) micro/nano
structures fabricated in transparent materials, such as
waveguides[1], gratings[2], microholes[3], optical memories[4],
and microfluidic devices[5], have received extensive atten-
tion. Compared with glass, polymethyl methacrylate
(PMMA) has unique advantages in applications because
of its low cost, easy machining, and high transmission in
the visible region. The high precision and reduced heat-
affected zone of the femtosecond (fs) laser[6,7] are ideal
for satisfying the increased quality requirements in
PMMA devices. Zhang et al.[8] realized microhole fabrica-
tion in polymers with an aspect ratio of 10:1 using 100 fs
laser pulses. Chu et al. increased the ablation efficiency of
microholes by a factor of 3 using a defocused irradiation
assisted fs laser[9]. Liu et al.[10] improved the machining
efficiency by dividing 800 nm fs laser pulses into a double
pulses train with pulse delays shorter than 1 ps. It was also
found that the etching depth of the microchannel can be
improved by a fs laser pulse train[11]. Xie et al. upgraded
the aspect ratio of the microchannel to 330:1 using a spa-
tially shaped single Bessel fs laser pulse[12]. Moreover, the
properties of the material can be influenced by the nonlin-
ear propagation/absorption of fs laser pulses[13]. Utilizing
this technique, refractive index changes and voids have
also been induced inside PMMA with fs laser multiple
pulses[14]. However, the material response and laser energy
deposition mechanism of multiple pulses irradiation is dif-
ferent from that of single pulse irradiation of a flat surface
and is influenced by the pre-pulses ablated structures[15].
Wang et al. have reported that the plasma dynamics in

multiple pulses irradiation of fused silica was enhanced
by a pre-pulse ablated crater with ultrafast pump–probe
shadowgraphs[16]. Although series studies have been under-
taken to investigate the morphology or structure evolu-
tion during multiple pulses ablation of PMMA, very
few pump–probe studies have been carried out concerning
the ultrafast dynamics of plasma/shockwaves induced by
multiple pulses. The fundamental mechanism of multiple
pulses manufacturing remains mysterious, and revelations
of the ultrafast dynamics and energy deposition mecha-
nism of the multiple pulses process are of urgent need.

In this Letter, an ultrafast pump–probe shadowgraph
imaging technique was applied to detect the plasma
and shockwave dynamics during a sequence of fs laser
pulse interaction with PMMA. Benefiting from the trans-
parency of PMMA, plasma and shockwaves both inside
and outside the sample can be simultaneously recorded
and discussed. In past papers, hemispherical shockwaves
(HSWs) and cylindrical shockwaves (CSWs) were not
induced inside PMMA simultaneously when a Gaussian
beam was focused on the surface[17]. However, three types
of shockwaves were observed simultaneously after fs
pulses irradiation that evolved with the number of inci-
dent laser pulses. HSW1 outside the sample decayed with
pulse number and was affected by the structure induced
by the previous pulses. An unexpected CSW was discov-
ered deep below the PMMA surface with HSW2 propagat-
ing under the shallow surface. A CSW, as reported, can be
induced when a Gaussian beam is focused inside the
material or with Bessel beam ablation. In the case of
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Gaussian beam focusing on the surface of PMMA, the
generation of a CSW indicated that laser energy of a Gaus-
sian beam can be deposited deep into the sample beyond
the Rayleigh length by laser-induced filaments (FLs). In
other words, FLs can also be induced, except for laser
focusing inside material. The mechanism of filamentation
in condition of laser pulse focus on the surface was attrib-
uted to the nonlinear effect. A radial refractive index
gradient around the surface induced by the nonlinear
effect resulted in the focusing of a laser beam in a linear
range in PMMA. The FL moved downstream and degen-
erated with increasing numbers of laser pulses. The struc-
ture ablated by the preceding pulses strongly affected the
laser intensity field distribution and energy deposition of
subsequent pulses.
The experimental setup is illustrated in detail in Fig. 1. A

regenerative amplified Ti:sapphire laser system (Spectra
Physics, Inc.) with central wavelength of 800 nm and full
width at half-maximum (FWHM) of 50 fs was applied to
generate Gaussian fs laser pulses. The fs laser beam was di-
vided into pump and probe beams by a beam splitter (BS).
The PMMA sample (10 mm × 10 mm× 1 mm, double
polished, Hefei Kejing) was perpendicularly fixed on the
motorized translation stage. Pulse energy was adjusted
by a continuous attenuator. The combination of a half-
wave plate and polarizer was another complementary
method for energy adjustment. The pump pulse was per-
pendicularly focused on the side plane (home polished)
of the sample by a five times objective lens (NA ¼ 0.15,
Olympus). The probe pulse was frequency doubled by a
beta barium borate (BBO) crystal and then irradiated
on the front side of the sample orthogonally. The transmit-
ted probe beam was recorded by a charge-coupled
device (CCD) camera through a 20 times objective lens
(NA ¼ 0.45, Olympus). A 400 nm bandpass filter was
set before the CCD camera to restrict the residual
800 nm wavelength and the fluorescence radiation of
plasma.The time delaybetween the pumpandprobe pulses
was controlled by an optical delay line. The focus diameter
of the pump pulse was about 10 μm. A homemade synchro-
nous trigger was used to control the timing sequence of the
export of laser pulses and the exposure of the CCD camera.

In order to study the ablation dynamics with series of
pulses, the sample was not shifted to a fresh point until im-
ages were recorded for each pulse. To improve the signal to
noise ratio, every shadowgraph was subtracted by a back-
ground image.

In our experiments, 10 fs laser pulses were applied to
illuminate the sample at the same position to investigate
the ablation dynamics of multiple pulses irradiation. The
laser was set in the mode of gated to export a single pulse
at one time for each round of shadowgraph capturing, and
the time interval between pulses was more than 1 s. The
sample was moved to a fresh point after 10 pulses for an-
other circulation. Figure 2 shows the shadowgraph after
the first pulse ablation of PMMA at a probe delay of
16 ns. The laser pulse irradiated the surface from the left
with a perpendicular incidence angle. With laser fluence of
more than 8 J∕cm2, only HSW1 outside the material and
HSW2 inside the material were detectable in our imaging
system. When laser fluence increased to 11.9 J∕cm2, three
shockwaves, namely HSW1, HSW2, and the unexpected
CSW inside the material, were generated simultaneously
by a single fs laser pulse, as shown in Fig. 2. The three
shockwaves also can be induced simultaneously with
higher laser fluence, and the morphologies of HSW2
and CSW were unchanged except for a bulge of HSW1
in the Z direction induced by air breakdown with a large
laser fluence. However, in previous studies, only HSW1
and HSW2 were induced when a Gaussian beam focused
on the surface of sample[17], and CSW was generated indi-
vidually in Bessel beam ablation due to its long Rayleigh
length[18]. The CSW induced in this study revealed that
pulse energy of a Gaussian beam can be deposited deeply
into the material beyond the Rayleigh length. It was the
first time that a CSW existed together with HSW1 and
HSW2 in Gaussian beam ablation, to the best of our
knowledge. When the fs laser pulse irradiated the surface,
multi-photon absorption of the pulse energy occurred
immediately. Plasma induced by intense ionization was
excited closely near the surface with a sharp increase in

Fig. 1. Sketch of the pump–probe imaging system. BS, beam
splitter; M, ultrafast mirror.

Fig. 2. Morphology of three types of shockwaves induced by fs
laser single pulse irradiation on PMMA surface with laser fluence
of 11.9 J∕cm2 at a probe delay of 16 ns. HSW1, HSW2, and CSW
are the three types of shockwaves, which represent the HSW in
air, the HSW in the sample, and the CSW in the sample, respec-
tively. The solid arrows depict the propagation direction of each
shockwave. The dashed line indicates the contour of HSW2.
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the localized temperature and pressure expanding both
outside and inside the material. The atmosphere outside
the sample was suddenly interrupted and compressed
by the intense plasma, generating HSW1, as shown in
Fig. 2. Inside the PMMA sample, extremely high gradients
of pressure and temperature were also generated between
the excited surface and the undisturbed bulk material due
to strong ionization. Thus, a pressure wave formed and
propagated into the sample in the form of HSW2[19],
increasing the density of the surrounding material. The
generation of a CSW because of the long Rayleigh length
of the spatial-shaped Bessel pulse and the intense ioniza-
tion along the focus region was reported in our previous
study[18]. In this Letter, the Rayleigh length of the applied
Gaussian pulse was much shorter than that of the Bessel
pulse. However, the Gaussian beam was still guided into
PMMA through the dynamical balance of self-focusing
and defocusing because of the nonlinear properties of
PMMA. FLs, the dark ionized linear range in the axis
of the CSW, were then generated along the propagation
of the beam inside PMMA. The intensive electron plasma
in the linear range compressed the material fiercely to the
surroundings, and the radial CSW was generated and
expanded perpendicularly to the laser propagation
direction.
Figure 3(a) displays the experimental results of the

three types of shockwaves evolution with probe delay
induced by single pulse irradiation with fluence of
11.9 J∕cm2. The initial HSW1 expanded acutely with a
sharp increase of the localized temperature and pressure

after laser pulse irradiation. With increasing probe delay,
the temperature and pressure within HSW1 tended to be
stable. The expansion speed of the HSW1 front declined
acutely with the probe delay and gradually slipped to a
constant value of approximately 2.1 km/s from 32 km/s
at the beginning. Although the morphology of HSW2
was similar to that of HSW1, the propagation character-
istic of HSW2 was quite different from that of HSW1
in air, which was mainly determined by the nature of
the sample. The result in Fig. 3(a) demonstrated that
HSW2 expanded nearly at a constant speed of approxi-
mately 2.9 km/s, which was slightly higher than the sound
speed in PMMA (∼2.6 km∕s). CSW was induced by the
ionization of FLs inside PMMA, which were several
times longer than the Rayleigh length of the applied
Gaussian laser pulse. The FLs first penetrated into the
material and induced intensity ionization in the linear
zone with about 100 μm in length (see Supplementary
Material). After ionization, the linear zone expanded in
the radial direction with a constant velocity of 5.2 km/s
(two times the velocity of sound in PMMA, concerning
twice the radius velocity). However, in Bessel beam abla-
tion, CSW was induced by FLs that were directly ionized
by the laser pulse, although the expansion velocities of
CSW, depending on the nature of the material, were
the same in both cases.

Figure 3(b) depicts the evolutions of the three shock-
waves with the pulse number when 10 pulses were applied
in order. The laser fluence of each pulse was 11.9 J∕cm2. In
order to demonstrate the dynamics of HSW1 more
effectively, the data of HSW1 in Fig. 3(b) was selected
at a probe delay of 1 ns due to the stronger expansion
of HSW1 at 1 ns, as shown in Fig. 3(a). The propagation
distance of the HSW1 front decreased with the applied
pulse number, and this decreasing trend was also con-
firmed at a probe delay of 16 ns. The flat surface was de-
stroyed after the first pulse illumination, and the quality of
the crater deteriorated with repeated ablation by sub-
sequent pulses[20]. The rough morphology of the structure
prevented the absorption of pulse energy through disor-
dered scattering, leading to the decrease of the ionization
intensity. Furthermore, the progressively rough and ta-
pered wall of the structure obstructed the outward diffu-
sion of the plasma/shockwave. The front of HSW2 was
nearly in a linear relationship with the pulse number.With
the ablation depth deepening with the pulse number (see
Supplementary Material), the material density and
the refractive index around the pre-ablated structure
increased within the hemispherical volume by the stress
of HSW2. However, the radial expansion distance of the
CSW was almost constant with different pulse numbers
and laser fluences (see Supplementary Material). These
above characteristics of shockwave evolution with pulse
numbers in Fig. 3(b) were universal for all of the probe
delay in our Letter. Note that the CSW disappeared after
10 pulses ablation. Thus, the corresponding data point in
Fig. 3(b) was absent. The reason for this phenomenon is
discussed as follows.

Fig. 3. (a) Propagation distance of HSW1, HSW2, and CSW as a
function of probe delay after single pulse irradiation with laser
fluence of 11.9 J∕cm2. (b) Propagation distance of HSW1,
HSW2, and CSW as a function of the pulse number with laser
fluence of 11.9 J∕cm2; the probe delay of HSW1 and HSW2/
CSW is 1 and 16 ns, respectively.
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The detailed characteristic evolution of CSWs with a
pulse number is shown in Fig. 4 with laser fluence of
11.9 J∕cm2 at a probe delay of 16 ns. Although the radial
expanding distance was almost unchanged between the
pulses, the FLs (dark linear range) moved downstream
in the Z direction and degenerated with increased pulse
numbers. The ionization front induced by the fifth pulse
(sub-graph N ¼ 5 in Fig. 4) was approximately 50 μm
deeper than that induced by the first pulse (sub-graphN ¼
1 in Fig. 4). The material removal was not responsible
for this phenomenon because the crater depth after five
pulses ablation was measured to be less than 10 μm (see
Supplementary Material). Moreover, the length of the
ionization channel became shorter with the pulse number
(approximately 122 μm for N ¼ 1 and 67 μm for N ¼ 5)
and totally vanished when pulse number was N ¼ 10.
Although the radial expanding features were constant
with pulse number, the experimental results in Fig. 4 illus-
trated that the dynamics of FLs evolved both in length
and intensity with multiple pulses.
The formation mechanism of FLs in transparent

material can be attributed to the effect of self-focusing
or spherical aberration[21], as discussed in previous studies.
Self-focusing occurs when high intensity fs laser interacts
with nonlinear dielectric material. FLs were the result of
the dynamical balance of self-focusing and defocusing
effects. Spherical aberration was induced by the refractive
index difference of two different materials through which
the laser passes. Thus, spherical aberration can be
excluded from the filamentation mechanism, as the laser
was focused on the surface of the sample in this Letter, and
the nonlinear effect dominated the generation of FLs in
this study. When a fs laser pulse illuminated the flat sur-
face of the PMMA sample, refractive index n of the surface
was changed by nonlinear absorption of pulse energy. The
refractive index can be identified as

n ¼ n0 þ n2I ; (1)

where n0 is the linear refractive index, n2 is the nonlinear
refractive index (∝ χð3Þ∕n2

0, where χð3Þ is the third-order
nonlinear coefficient), and I is the laser intensity.
For the PMMA sample, n0 and n2 were approximately
1.49 and 10−18 m2∕W, respectively[22]. The Gaussian

distribution of laser intensity led to the progressive
decrease of the refractive index change Δn (n2I ) in the ra-
dial direction. In the center of the focal point, the refrac-
tive index increased significantly (Δnmax) due to the
strong laser intensity. The refractive index change around
the rim of the focal point (Δnmin) was less than that of the
center area. The radial descending refractive index distri-
bution can be regarded as a convex lens, which can focus
the beam into PMMA. Therefore, the beam near the
center γ2 was guided to F1, and the marginal beam γ1
was guided to F2. With sufficient laser intensity, FLs were
generated within the focal range F1F2 by different focus
positions of the beam due to the gradually varied refrac-
tive index, as qualitatively shown in Fig. 5(a).

When subsequent pulses were applied, the structure in-
duced by previous pulses resisted the laser pulse propagat-
ing to the bottom of the crater. The laser intensity on the
crater surface was lower than that of the flat surface with
the first pulse. According to Eq. (1), the refractive index
changeΔn0 was less than theΔn induced by the first pulse.
Moreover, the energy deposition and intensity of ioniza-
tion decreased due to the rough surface topography of
the crater, as mentioned previously. The ejection of

Fig. 4. CSW evolution with pulse number N. All shadowgraphs were captured at the same position with laser fluence of 11.9 J∕cm2 at
a probe delay of 16 ns. The dashed line represents the surface of the sample and laser propagated from air in the Z direction.

Fig. 5. Schematic diagram of the focal range and FL generation
when (a) the first pulse is focused on the flat surface and (b) the
subsequent pulse is irradiated on the pre-ablated structure.
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electron plasma consequently debilitated with pulse num-
ber. Concerning these factors, the nonlinear effect was
attenuated with the pulse number due to refractive index
change Δn0, as schematized in Fig. 5(b). In other words,
the theoretical focal range F 0

1F
0
2 was elongated to down-

stream due to the decreasing focusing capability. How-
ever, the peak power of the marginal beam γ01 decreased
below the critical power for self-focusing with the block
of the pre-ablated structure. The head of the FL f 02F

0
2 to-

ward the output surface was invisible when the beam
power was below the self-focusing threshold. The center
reflection by the crater was the other reason for the short-
ening of the FL. As reported in a previous study[16], the
reflection intensity reached the peak in the center range
of the crater. The energy loss of reflection in the center
area accounted for the degeneration of FL F 0

1f
0
1 toward

the input surface. Consequently, FLs generated by sub-
sequent pulses were shorter and weaker, although the
theoretical focal range was elongated downstream. Corre-
spondingly, CSW induced by FLs was shortened and
moved to the output surface, which finally vanished with
10 pulses, as depicted in Fig. 4. In conclusion, the decrease
of refractive index change and insufficient peak power on
the margin and center of the focal point dominated the
attenuation of FLs, both in intensity and length with
multiple pulses.
In this study, an ultrafast pump–probe shadowgraphs

imaging technique was applied to investigate the three
types of simultaneous shockwaves in PMMA induced
by fs laser single/multiple pulses. With laser focusing
on the sample surface, the evolution characteristics of
these three shockwaves were indicated and analyzed with
probe delay and pulse number. The structure ablated by
pre-pulses had a negative effect on pulse energy deposition
and suppressed the plasma expansion outside the sample.
The generation of a CSW indicated that the energy of the
Gaussian beam can be deposited deep inside the material
beyond the Rayleigh length through filamentation.
Although the expanding distance of the CSW was con-
stant between pulses, the FLs in the center of the CSW
moved downstream toward the output face and degener-
ated with pulse number. This phenomenon was attributed
to the decreasing refractive index change and the self-
focusing ability induced by degraded nonlinear effects.
The pre-ablated structure of previous pulses had a negative
effect on self-focusing of FLs due to suppressed laser inten-
sity and refractive index change. The degraded laser inten-
sity on the margin of the structure and the reflected beam
in the center of focal point were responsible for the short-
ening of FLs on both ends due to insufficient peak power
for self-focusing. Therefore, the CSW finally disappeared
with 10 pulses. The experimental results and mechanism

revealed in this study illustrated that energy deposition
was suppressed by a degraded nonlinear effect due to
the pre-ablated structure in multiple pulses irradiation
and facilitated the comprehension of highly efficient fs
multiple pulses fabrication.
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