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The dynamics of plasma and shockwave expansion during two femtosecond laser pulse ablation of fused silica are
studied using a time-resolved shadowgraph imaging technique. The experimental results reveal that during the
second pulse irradiation on the crater induced by the first pulse, the expansion of the plasma and shockwave is
enhanced in the longitudinal direction. The plasma model and Fresnel diffraction theory are combined to cal-
culate the laser intensity distribution by considering the change in surface morphology and transient material
properties. The theoretical results show that after the free electron density induced by the rising edge of the pulse
reaches the critical density, the originally transparent surface is transformed into a transient high-reflectivity
surface (metallic state). Thus, the crater with a concave-lens-like morphology can tremendously reflect and refocus
the latter part of the laser pulse, leading to a strong laser field with an intensity even higher than the incident
intensity. This strong refocused laser pulse results in a stronger laser-induced air breakdown and enhances the
subsequent expansion of the plasma and shockwave. In addition, similar shadowgraphs are also recorded in
the single-pulse ablation of a concave microlens, providing experimental evidence for the enhancement
mechanism. © 2017 Chinese Laser Press
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1. INTRODUCTION

The nonlinear non-equilibrium process of femtosecond laser–
material interactions has drawn intense attention over the last
couple of decades due to the unique properties of ultrafast pulse
duration and ultrahigh power density [1–4]. This process in-
volves multiscale physico-chemical phenomena ranging from
laser energy absorption and phase change to material removal
[5,6], which are fundamentally different from those induced by
a conventional long pulsed laser [7]. Among these phenomena,
the dynamics of plasma and shockwave are crucial, not only
for understanding the fundamental interaction mechanisms
[8–10] but also for controlling structure formation and corre-
sponding applications [11–13].

Recently, a time-resolved shadowgraph imaging technique
has emerged as an effective method for revealing the dynamics
of femtosecond laser–material interactions. Numerous studies
have investigated the effects of laser parameters (e.g., laser
fluence [14], pulse duration [14,15], and temporal [16] and

spatial shaping [17]), material properties [18–20], and ablation
environments [21,22] on the dynamics of plasma expansion
and shockwave evolution. Boueri and colleagues compared
the early-stage expansion of plasma and shockwaves induced
by femtosecond and nanosecond lasers by analyzing the expan-
sion velocity and plume density [14,15]. Zhang and colleagues
observed the multiple material ejection and shockwave gener-
ation outside or inside different materials, and revealed the
thermal and nonthermal mechanisms during intense femtosec-
ond laser irradiation [18,19]. Hu et al. emphasized the restric-
tion of liquid on the diffusion of the ejected material and
attenuation of the shockwave [21]. However, these studies were
mainly focused on the dynamic behavior under single-pulse
irradiation. In the fabrication of numerous structures, irradiat-
ing the same location with multiple pulses is necessary [23,24].
Under multiple pulse irradiation, the material properties and
morphologies changed by the previous pulses can significantly
affect the interactions of successive pulses with the material.
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For example, multiple pulses can induce a transition of damage
mechanisms and ablation morphology due to prior laser-
induced defects [25,26]. Moreover, the initial structures, such
as laser-induced periodic surface structures and micro-craters,
have been demonstrated to reshape the incident laser in terms
of reflection, scattering, absorption, and transmission [27–30].
The reshaped laser intensity is believed to affect the evolution of
laser-induced plasma and subsequent shockwave expansion.
However, few studies have investigated this issue, and the
underlying physics remains unclear.

In this paper, we present a time-resolved study of the plasma
and shockwave evolution during two-pulse (pulse separation
exceeding 1 s) ablation of fused silica in atmospheric air. The
experimental results reveal that the expansion of the plasma and
shockwave is enhanced in the longitudinal direction during the
second pulse irradiation. This enhancement is interpreted in
terms of a laser-induced air breakdown assisted by the crater
with its concave-lens-like morphology. The interpretation is
supported by a theoretical calculation of the reflected intensity
focused by the crater by considering the change in transient
material properties during laser irradiation. To further confirm
this observation, we present experimental evidence on single-
pulse ablation of a concave microlens formed by femtosecond
laser-enhanced chemical etching, during which the enhance-
ment can also be observed.

2. EXPERIMENT

Figure 1 shows the schematic of the pump–probe experimental
setup. A commercial Ti:sapphire femtosecond laser regenerative
amplifier (Spitfire, Spectral Physics Inc.) with a pulse duration
of 50 fs and central wavelength of 800 nm was employed as the
laser source. The original pulse was divided into pump and
probe pulses by a beam splitter. The pump beam was focused
by a 5× objective lens (NA � 0.15, Olympus, Inc.) normally
onto the surface of commercial polished fused silica in atmos-
pheric air, and the diameter was 12.6 μm. The pump energy
was regulated using a variable neutral density filter. The probe
beam, with an orientation perpendicular to the pump beam,
was frequency doubled by a beta barium borate (BBO) crystal,
and then used to illuminate the ablated area. The transmitted
shadowgraph of plasma and shockwave was imaged onto
a charge-coupled device (CCD) by a 20× objective lens

(NA � 0.45, Olympus, Inc.). A 400 nm bandpass filter before
the CCD was used to suppress background illumination from
the residual 800 nm laser and plasma radiation. The probe
delays were controlled by an optical delay line. To study the
dynamics of two-pulse ablation, we recorded a sequence of
shadowgraphs during the first and second pulse ablation at dif-
ferent probe delays. Background subtraction was employed
to obtain sharper images of the recorded shadowgraphs [17].
After experiments, the ablation morphology was characterized
with an atomic force microscope (AFM, Dimension edge,
Bruker Inc.).

3. RESULTS AND DISCUSSION

Figure 2 shows the time-resolved images of the femtosecond
laser ablation dynamics of fused silica after the first and second
pulse irradiation with a fluence of 13.75 J∕cm2. Typical images
show laser-induced plasma on the picosecond timescale
[Figs. 2(a) and 2(d)] and evident shockwave on the nanosecond
timescale [Figs. 2(b) and 2(e)], consistent with previous studies
[15,19]. Comparing the plasma and shockwave evolution in-
duced by the second pulse with those induced by the first pulse,
we surprisingly identified a needle-like protuberance on the top
of the plasma induced by the second pulse [Fig. 2(d)], and it
became more pronounced for the subsequent shockwave
expansion [Fig. 2(e)], whereas no obvious changes in the
plasma and shockwave profiles were observed in the radial di-
rection. The shockwave expansion distances were measured. At
16 ns the propagation distance in the longitudinal direction was
86.2 and 100.5 μm for the first and second pulse ablations,
respectively, whereas they remained nearly constant at approx-
imately 39.0 μm in the radial direction. These results indicate
that the expansion of the plasma and shockwave was enhanced
in the longitudinal direction during the second pulse ablation.

After such intense femtosecond laser irradiation, craters were
formed on the surface of fused silica and were characterized
with AFM. A smooth and slightly elliptical crater with a diam-
eter of 8.52 μm and a depth of 0.32 μm was obtained after the
first pulse ablation [Fig. 2(c)], and the crater volume was esti-
mated to be 14.32 μm3. After the second pulse irradiation, the
diameter, depth, and volume of the crater increased to 8.91 μm,
0.63 μm, and 28.71 μm3, respectively [Fig. 2(f )]. Thus, the
ablation depth and volume induced by the second pulse were
0.31 μm and 14.39 μm3, respectively, which remained nearly
unchanged compared with those induced by the first pulse.

The enhancement was also investigated under laser irradi-
ation with different fluences. Figure 3 compares the shadow-
graphs of the shockwaves induced by the first and second
pulse at a probe delay of 16 ns, with fluences of 10.8, 19.2,
and 40.1 J∕cm2. With the first pulse ablation, a protuberance
emerged on the top of the shockwave front as the laser fluence
increased [Figs. 3(a)–3(c)]. As has been frequently discussed in
previous studies [14,15,31], this structure can be attributed to
laser-induced air breakdown, which induces a plasma channel
with a lower refractive index. The shockwave expansion was
thus accelerated in the longitudinal direction, leading to the
formation of a protuberance on the shockwave front. For the
second pulse ablation, expansion enhancement was evident
for all the applied fluences [Figs. 3(d)–3(f )]. In the case of

Fig. 1. Schematic of the pump–probe experimental setup. BS, beam
splitter; M, mirror; ND, variable neutral density filter.
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10.8 J∕cm2, the semi-elliptic shockwave front induced by the
first pulse [Fig. 3(a)] was deformed by the second pulse, and
a protuberance emerged on the top of the shockwave front
[Fig. 3(d)].

The expansion of the plasma and shockwave is driven by
laser ablation and affected by the surrounding environment
[14,21,31]. The aforementioned results demonstrate that the
ablation rate and shockwave expansion in the radial direc-
tion remained unchanged during two-pulse ablation, thus

eliminating laser ablation as the dominant cause of the expan-
sion enhancement. On the other hand, the shockwave induced
by the second pulse [Fig. 2(e)] had similar morphology to that
induced by a single pulse with higher pulse energy accompanied
by air breakdown [Fig. 3(c)]. Therefore, the shockwave en-
hancement can be explained by the crater-assisted laser-induced
air breakdown. During intense femtosecond laser ablation of
fused silica, free electrons are generated via nonlinear ionization
[6], and the density can reach 1021–1022 cm−3. According to

Fig. 2. Time-resolved shadowgraphs of the plasma and shockwave generated by femtosecond laser irradiation on fused silica with a laser fluence
of 13.75 J∕cm2. (a), (b) Images recorded after the first pulse (N � 1); (d), (e) images recorded after the second pulse (N � 2). P indicates the
protuberance on the top of the plasma and shockwave front. (c), (f ) AFM morphologies of the crater cross section after the first and second pulse
ablation. The red line in (c) is the parabolic curve fitting for the cross section with a radius of curvature of 44 μm.

Fig. 3. Shadowgraphs of the plasma and shockwave generated by femtosecond laser irradiation on fused silica with laser fluences of 10.8, 19.2,
and 40.1 J∕cm2. (a)–(c) Images recorded after the first pulse (N � 1), (d)–(f ) images recorded after the second pulse (N � 2). P indicates the
protuberance on the top of the plasma and shockwave front. The probe delay is 16 ns.
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the Drude model [32,33], the great change in free electron den-
sity substantially alters the originally transparent surface into a
transient high-reflectivity surface [34]. Thus, the intense femto-
second laser is tremendously reflected into the air, facilitating
air excitation. For two-pulse ablation, a crater is formed on the
initial fresh surface by the first pulse, and this crater can be then
employed as a concave microlens [30] to reflect and refocus the
second femtosecond laser due to its transient high surface re-
flectivity during laser irradiation. Therefore, the reflected pulse
has higher intensity and can induce stronger air breakdown.
The air plasma channel accelerates the expansion of the plasma
and shockwave in the longitudinal direction, enhancing the
formation of the protuberance on the plasma and shock-
wave front.

The corresponding value of the reflected laser intensity
during two-pulse ablation was estimated by combining the
plasma model [34,35] and Fresnel diffraction theory [36,37].
The plasma model can calculate the free electron generation,
transient material properties, and incident and reflected laser
intensity distributions. Briefly, the free electron generation
can be calculated as

∂ne�t; r; z�
∂t

� αiI�t; r; z�ne�t; r; z� � δN �I�t; r; z��N

−
ne�t; r; z�

τ
; (1)

where t is the time, r is the distance to the Gaussian beam axis,
z is the depth from the surface, ne�t; r; z� is the free electron
density, αi is the impact ionization constant, I�t; r; z� is the
incident laser intensity, δN is the cross section of N -photon
absorption, and τ is the decay time constant. The free electrons
change the spatially and temporally dependent dielectric
function of the material ε�t; r; z�, which can be expressed by
Drude model:

ε�t; r; z� � εs −
ω2
p

ω�ω� i∕τe�t; r; z��
; (2)

where εs is the intrinsic dielectric constant of fused silica,
ω is the laser frequency, τe�t; r; z� is the effective electron col-
lision time, and ωp is the plasma frequency, which can be
expressed as

ωp �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nee2∕�m�ε0

q
�; (3)

where e is the electron charge, m� is the effective mass of the
electron, and ε0 is the vacuum permittivity. Therefore, the
reflected laser intensity is expressed as

I r�t; r� � I�t; r�R�t; r�; (4)

where I�t; r� is the incident laser intensity on the surface
and R�t; r� is the transient reflectivity at the surface, which
is determined by the Fresnel expression:

R�t; r� � �f 1�t; r; 0� − 1�2 � f 2
2�t; r; 0�

�f 1�t; r; 0� � 1�2 � f 2
2�t; r; 0�

; (5)

f 1�t; r; 0� � if 2�t; r; 0� � �ε�t; r; 0��1∕2; (6)

where f 1�t; r; 0� is the normal refractive index and f 2�t; r; 0� is
the extinction coefficient. Figures 4(a) and 4(b) show the evo-
lution of the surface reflectivity and the incident and reflected

laser intensities under the first pulse irradiation with a fluence
of 13.75 J∕cm2. After the free electron density (ne) induced by
the rising edge of the pulse reached the critical density (ncr ), the
surface reflectivity increased rapidly and the maximum tran-
sient reflectivity was higher than 0.9. Hence, the latter part of
the laser pulse was mainly reflected into the air, and the maxi-
mum reflected laser intensity exceeded 2.3 × 1014 W∕cm2

[Fig. 4(a)].
In the case of estimation of the transient refocused laser

intensity during the second pulse irradiation, we assumed for
simplicity that the microlens surface had the same transient
reflectivity as the fresh surface. Thus, the transient refocused
intensity can be calculated with Fresnel diffraction theory by
considering the spatial distribution of the transient reflected
intensity [Fig. 4(b)]:

I f �t; xr ; yr ; zr� �
���� exp�ikzr�iλzr

ZZ
Ar�t; x; y� × exp

�
−ik

x2 � y2

2f

� ik
�xr − x�2 � �yr − y�2

2zr

�
dxdy

����
2

; (7)

where I f �t; xr ; yr ; zr� is the refocused intensity, k is the wave
vector, λ is the laser wavelength, Ar�t; x; y� is the field ampli-
tude of the reflected laser, and f is the focal length of the crater.
Under the focusing conditions with a focal length of 22 μm
deduced from its AFM morphology [Fig. 2(c)], the focal diam-
eter was reduced to 3.8 μm [Figs. 4(c) and 4(d)], thereby en-
abling a calculated transient focused laser intensity that was
much higher than the reflected intensity from the flat surface.
For example, the transient focused laser intensity for the peak
intensity arrival was estimated to be 11.45 × 1014 W∕cm2,

Fig. 4. Calculation of the refocused laser intensity. (a) Time
dependence of surface reflectivity, and incident and reflected laser in-
tensity at the beam center (x � 0) during the first pulse irradiation,
(b) spatial distributions of the incident and reflected laser intensity at
time zero, at which the peak intensity arrives during the first pulse
irradiation, (c) refocused laser intensity distribution at the refocused
focal plane at time zero during the second pulse irradiation, (d) cross
section of the refocused laser intensity distribution at time zero. The
incident laser fluence is 13.75 J∕cm2.
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which was even higher than the peak intensity of the incident
laser (2.58 × 1014 W∕cm2). Such a high refocused laser inten-
sity was expected to enhance the air breakdown, and thus
accelerate the plasma and shockwave expansion.

The enhancement mechanism was further demonstrated
experimentally by shadowgraph imaging of the femtosecond
laser ablation of a preformed microlens without laser-induced
debris and defects. The silica microlens was fabricated by
femtosecond laser-enhanced hydrofluoric acid (HF) etching
[38]. Figures 5(a) and 5(b) show the fabricated microlens with
a diameter of 8.45 μm and a depth of 0.305 μm, which is sim-
ilar to the crater induced by a single pulse with a fluence of
13.75 J∕cm2. Figure 5(c) shows the shadowgraph of a laser-
induced shockwave at a probe delay of 16 ns after single-pulse
irradiation on a fresh microlens with a fluence of 13.75 J∕cm2.
For comparison, the shadowgraph of the shockwave induced by
the second pulse ablation of flat fused silica at a probe delay of
16 ns with the same fluence is shown in Fig. 5(d). As expected,
a protuberance appeared on the front of the shockwave induced
by single-pulse ablation of the microlens, which was in agree-
ment with the morphology of the shockwave induced by the
second pulse ablation of flat fused silica.

4. CONCLUSION

We have experimentally and theoretically revealed the crater-
enhanced expansion of the plasma and shockwave during two
femtosecond laser pulse ablation of fused silica. During the
second pulse irradiating the crater induced by the first pulse,
the expansion of the plasma and shockwave was enhanced in
the longitudinal direction but remained unchanged in the
radial direction. This phenomenon was attributed to the crater-
assisted laser-induced air breakdown, which accelerated the
expansion of the plasma and shockwave in the longitudinal di-
rection. This study demonstrates the significant role of multiple

pulses in laser-induced plasma evolution, and may improve
prospects for understanding and regulating laser–material inter-
actions during multiple-pulse irradiation.

Funding. National Natural Science Foundation of China
(NSFC) (51605029, 91323301).
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