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Abstract This paper deals with the unique phenomena oc-
curring during the multi-burst mode picosecond (ps) laser
ablation of metals through modeling and experimental stud-
ies. The two-temperature model (TTM) is used and ex-
panded to calculate the ablation depth in the multi-burst
mode. A nonlinear increment of ablation volume is found
during the multi-burst laser ablation. The deactivation of ab-
lated material and the application of temperature-dependent
electron-phonon coupling are demonstrated to be important
to provide reliable results. The simulation results based on
this expanded laser ablation model are experimentally vali-
dated. A significant increase of ablation rate is found in the
multi-burst mode, compared with the single-pulse mode un-
der the same total fluence. This numerical model provides a
physical perspective into the energy transport process dur-
ing multi-burst laser ablation and can be used to study the
pulse-to-pulse separation time effect on the ablation rate.

PACS 61.20.Lc · 63.20.kd · 64.60.A · 42.62.Cf · 44.10.+i

1 Introduction

Ultrashort pulse laser ablation is capable of producing high-
quality micro features on different kinds of materials with
precise material removal, small heat-affected zones (HAZ),
and reduced thermal damage, owing to the short pulse dura-
tion τd [1–3]. However, the ablation depth is usually limited
due to the shallow penetration depth per pulse [2–4] when
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laser fluence near the ablation threshold is used. On the other
hand, if a higher fluence way above the ablation threshold is
applied, thermal damage will be induced into the material
or burrs will be generated on the surface [5]. Therefore, in
order to increase the ablation depth with normal laser flu-
ence, multi-burst mode laser ablation has been investigated
in place of single-pulse mode [4–7].

In multi-burst mode laser ablation, at least two pulses
are generated within a very short period, with the pulse-to-
pulse separation time τs usually below 1 µs. This type of
laser ablation has also been investigated to enhance x-ray
line emission from plasmas [8], in addition to process qual-
ity improvement and ablation rate enhancement, mentioned
above.

However, for multi-burst mode laser ablation of metal
with ultrashort pulses, ablation rate is not always enhanced
as compared to single-pulse mode. This process is distinct
from previous work on double-pulse machining with longer
pulse duration (microsecond or nanosecond (ns)), either of
which use the second pulse to drive away the melt pool pro-
duced by the first pulse [9] or use the debris generated by
the first pulse in a timely manner for further etching [10].
In multi-burst mode ultrashort laser ablation, the pulse-to-
pulse separation time τs , which varies from sub-ps to ns,
will result in different regimes [4–6, 11] of the laser-metal
interaction for lasers with focal spot diameters around 10 µm
under ambient atmosphere. This is due to the different sig-
nificance of plasma shielding and heat accumulation, which
two have contradictory effects on the enhancement of the ab-
lation rate [12]. Therefore, the physical ablation mechanism
in the multi-burst mode needs to be better understood. This
study focuses on the case with τs short enough to constrain
heat accumulation between the pulses while long enough to
avoid plasma shielding.
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TTM is extensively used to examine the ablation charac-
teristics of material with single ultrashort laser pulse [13–
15] and multi-burst mode ablation with a linear relation-
ship [7]. Different from [7], material temperature evolutions
and corresponding property changes during pulse irradiation
time as well as pulse-to-pulse separation time are empha-
sized in this study. Interaction between ablated material and
unablated material is also considered. The validity of this
model will be discussed by comparison with experimental
results.

2 Experimental setup

The laser system used for this study consists of a ps
Nd:YVO4 laser (Lumera RAPID), with average power P =
2 W, pulse duration τd = 10 ps (full width at half maximum,
FWHM), and repetition rate ranging from 10 to 500 kHz.
Laser pulses can be generated on demand, for example, with
tailored user-defined pulse trains, or bursts. The burst con-
sists of a certain number of pulses with τd = 10 ps and
τs = 20 ns, as shown in Fig. 1. The maximum number of
pulses in a burst depends on the repetition rate.

Laser percussion drilling with the fundamental wave-
length (1064 nm) was performed on Cu at repetition rates
of 100 kHz, 50 kHz, and 10 kHz using this laser system.
An optical surface profilometer (ADE MicroXAM) was uti-
lized to measure ablation depths and three-dimensional pro-
files of drilled holes, which were used for the calculation of
ablation volumes.

Fig. 1 Schematic diagrams of laser pulse temporal profiles with pulse
duration τd = 10 ps (FWHM) and repetition rate of 100 kHz. (a) Sin-
gle-pulse mode where the pulse-to-pulse separation time τs is 10 µs.
(b) Multi-burst mode where τs within a burst is 20 ns

3 Multi-burst laser ablation model

The schematic of the simulation domain is illustrated in
Fig. 2. At the beginning of the ablation process, the laser
pulse irradiates the left surface of the material at coordinate
z = 0 nm. The right surface at L = 10000 nm denotes the
bottom of the simulation domain, where the constant tem-
perature (300 K) boundary condition is applied. Initial tem-
peratures of electrons and the lattice in all grids are set at
T0 = 300 K. Each grid represents a couple of material lay-
ers.

A simplified TTM-based model [14], which can predict
the ablation depth of a single pulse for metal with reason-
able accuracy and is computationally feasible for a simula-
tion domain with spatial depth up to 10 µm and temporal
length up to 100 ns, was used and expanded in this study.
The main features of this simplified model, instead of the
detailed description, are discussed in this section.

It was suggested that the critical point phase separation
(CPPS) is the dominant physical mechanism for material re-
moval during ultrashort laser ablation of metals at high flu-
ences (around 0.6–1 J/cm2) [16]. The material layer whose
expansion trajectory enters the unstable zone near the crit-
ical point is defined as the separation point. The depth of
the separation point can be adequately regarded as and rep-
resented by the depth of ablation, di , as denoted in Fig. 2.
The maximum temperature that the separation point reaches
is called the separation temperature Tsep, and expressed
as [14]

Tsep = Tc

(
ρ0

ρc

)2/3

(1)

where ρ0, ρc, and Tc are the normal density, critical density,
and critical temperature, respectively.

The instantaneous location of the separation point is cal-
culated by using TTM [17]:

Ce

∂Te

∂t
= ∂

∂z

(
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∂Te
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)
− G(Te − Ti) + S (2)

Ci

∂Ti

∂t
= G(Te − Ti) (3)

Fig. 2 A schematic diagram of the simulation domain. The laser pulse
irradiates the left surface of the material and z denotes the laser irradi-
ation direction. Domain depth L = 10000 nm. di denotes the instanta-
neous ablation depth. A few coarse grids, instead of fine grids used in
simulation, are shown for clarity
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Fig. 3 A schematic diagram of
the physical phenomena and
corresponding numerical
models used in multi-burst
mode laser ablation

where Te, Ti , Ce and Ci are the temperatures and the volu-
metric heat capacities of electrons and the lattice, respec-
tively, ke is the electron thermal conductivity, G is the
electron-phonon coupling, and S is the laser energy source
term.

The auxiliary equations needed to solve (2) and (3) are
given by (4) and (5):

G = Ce/τε (4)

S = (1 − R)αI exp(−αz) (5)

where τε is the mean energy exchange time for electrons and
the lattice, i.e., the electron relaxation time, R is the surface
reflectivity, α is the absorption coefficient, and I is the laser
power density reaching the target surface. Material proper-
ties in (2)–(5) are obtained by using QEOS model, Lee-More
plasma model, and Drude theory as discussed in [14].

For the multi-burst mode laser ablation, additional phys-
ical phenomena and corresponding numerical models are
schematically demonstrated in Fig. 3. The simulation do-
main is the same as that of the single-pulse laser ablation
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model (Fig. 2). First of all, during the pulse-to-pulse separa-
tion time, electrons and the lattice are either about to reach,
or already at thermal equilibrium (Te = Ti = T ) and the
laser source term becomes zero. Therefore, the two equa-
tions (2) and (3) can be rewritten as one,

(Ce + Ci)
∂T

∂t
= ∂

∂z

(
ke

∂T

∂z

)
(6)

The common thermal diffusion continues to drive the heat
dissipation from the hotter surface to the deeper and colder
region of the material. On the other hand, the energy loss
through the free surface of ablated material will be much
less compared with interior diffusion.

Second, the lifetime of the plasma produced during laser
ablation determines whether or not the interaction of the
plasma with succeeding pulses should be considered. Ref-
erence [18] proposes a formula to calculate the time dur-
ing which the ablation occurs and the plasma forms. The
calculated time period is on the order of sub-ns for Cu.
Specifically, no further evolution of the plasma volume is
observed after 25 ns for the plasma induced on Cu with a
10 ps laser at a pulse energy of 20 µJ [19]. If this laser en-
ergy is decreased, the temporal evolution of the longitudinal
Cu plasma is shown to discontinue much sooner [20]. There-
fore, it can be reasonably assumed that for the 10 ps laser
used in this study, with the pulse energy lower than 13 µJ
or laser fluence in the range of 0–4 J/cm2 (with diameter of
hole 20 µm), the plasma shielding effect can be neglected
after 20 ns.

The third issue is the interaction of the ablated mater-
ial and the unablated material. If CPPS occurs, the thermo-
dynamic trajectories of the ablated material layers will fol-
low approximately the adiabat for perfect gases [16], which
means there is no energy exchange between those ejecta
and the unablated material. To account for this phenomenon
in the model, a method of eliminating the ablated material
(grids in simulation domain) as shown by the shaded region
in Fig. 2, was proposed and applied in this study. The grids
that have been ablated by previous pulses have to be rede-
fined as completely inactive by setting their thermal con-
ductivities to zero. Meanwhile, a new boundary needs to be
specified for the remaining active grids, which means that
the zero point of the variable z in (5) has to be redefined
from 0 to current ablation depth di . Most of the laser en-
ergy is absorbed at the new boundary since the absorption
decreases exponentially with depth z in the material. To re-
duce the errors resulting from the numerical discretization
method, either the mesh has to be refined or the grids have
to be partially deactivated.

The simulated advancement of the ablation depth with
five successive pulses in a burst (5-burst mode) at laser flu-
ence F = 2 J/cm2 (per pulse) is shown in Fig. 4. The num-
ber of pulses is set at five for the burst, because it provides

Fig. 4 A schematic diagram of the ablation depth evolvement with
five successive pulses (laser fluence F = 2 J/cm2, hole diameter
D = 20 µm). The ablation depths d1 to d5, representing the individ-
ual ablation depth by the first to the fifth pulses, are obtained from
simulation results

high enough laser energy per pulse if same total fluence is
applied and also generates significant performance differ-
ence from the single-pulse mode. The diameter of the hole,
D, is 20 µm, and the individual ablation depth by each pulse
is 51.3 nm, 56.3 nm, 61.0 nm, 65.5 nm and 68.9 nm. The
increase of ablation depths for latter pulses in the same burst
demonstrates a nonlinear laser-material interaction, primar-
ily due to the effect of local heating from former pulses. This
nonlinear interaction distinguishes this model from previous
work [7], where the ablation depth is the same for each pulse
in a burst.

This local heating effect, or energy accumulation be-
tween pulses, is illustrated by simulation results, as shown
in Figs. 5 to 7. Figure 5 shows the simulation of the mate-
rial temperature vs. grid position at different instantaneous
time from 10 ps to 20 ns. After the first pulse irradiation, a
certain amount of material layers near the left surface have
been ablated, and others next to the ablated layers have been
heated up to a very high temperature as shown by the dashed
curve (20 ps). During the pulse-to-pulse separation time,
electrons and the lattice are at thermal equilibrium and the
heat is continuously diffused into deeper material layers, as
shown by these three curves (100 ps, 1 ns, and 20 ns). Fi-
nally, the surface lattice temperature reaches about 1000 K
before the irradiation of the second pulse and a local high
temperature zone, depth of about 1000 nm, is created, de-
noted by the dash dot curve (20 ns) in Fig. 5. It is important
to note that this local temperature zone with F = 2 J/cm2 is
still small as compared to the thermal damage zone (deeper
than 5000 nm) generated by the 25-ns laser ablation with
F = 0.13 J/cm2 [21].
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Fig. 5 The simulated evolvement of material temperature during one
pulse laser ablation at different instantaneous time from 10 ps to
20 ns, where initial temperature T0 = 300 K, separation temperature
Tsep = 15000 K, and instantaneous ablation depths d1 = 17.5 nm,
d2 = 39.2 nm, d3 = 51.3 nm. The laser beam irradiates at the left sur-
face of the material with laser fluence F = 2 J/cm2

The local heating effect from former pulses leads to the
change of temperature, and thus the change of transport
properties of the material. The application of temperature-
dependent transport properties is important of obtaining ac-
curate results [22]. Figure 6(a) shows that the electron relax-
ation time τε decreases by about 70%, whereas the electron-
phonon coupling factor G increases by 11 times from Te =
300 K to Te = 1000 K. The diffusive energy will be trans-
ported by hot electrons during the electron relaxation time,
beyond which the common thermal diffusion dominates and
replaces the hot electron diffusion. The coupling between
electrons and phonons is strengthened with a shorter relax-
ation time and contributes to a higher energy transfer rate
from electrons to the lattice, as shown in Fig. 6(b). These
results are all owing to the energy accumulation between
pulses. Similarly, because the initial material boundary for
the second laser pulse irradiation has a higher temperature,
the ablation depth is increased as compared with the first
laser pulse.

The local heating effect is also illustrated by the evolve-
ment of the left boundary temperature plotted in Fig. 7. Each
pulse ablation has a distinct left boundary at the surface
where the laser irradiates, because this surface is shifted to-
ward right after material is ablated, as shown in Fig. 2. The
boundary temperature jumps up sharply during the period
of laser irradiation, and then falls down gradually by trans-
porting heat to the deeper material. The initial boundary for
the latter pulse ablation has a higher temperature than that
for the previous one, increasing from 300 K for the first
pulse to 3066.3 K for the fifth pulse. For the latter pulses,
electrons have a higher temperature at the beginning of the

Fig. 6 Simulated developments of the temperatures of electrons (Te)

and the lattice (Ti) as well as the relaxation time (τε) and the elec-
tron-phonon coupling factor (G) during one pulse laser ablation.
(a) Plotted on a short time scale, where Te rises up from 300 K to
1000 K within 2.58 ps, while τε drops from 723.5 ps to 217.2 ps, and
G increases from 70.5 × 1012 W/(m3·K) to 781.9 × 1012 W/(m3·K).
(b) Plotted on a long time scale, where Ti jumps up, as soon as τε falls
down to about 5 ps. The laser pulse begins to irradiate at 0 ps with laser
fluence F = 2 J/cm2

Fig. 7 Simulated development of the temperature of the material
at the boundary. The laser pulse is turned on at 0 ps, 20020 ps,
40040 ps, 60060 ps, and 80080 ps, with pulse duration τd = 10 ps
(FWHM), pulse-to-pulse separation time τs = 20 ns and laser fluence
F = 2 J/cm2. The temperature rising slope is shown to be falsely extra
steep because of the time scale
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laser irradiation, resulting in a shorter relaxation time as well
as a stronger electron-phonon coupling. Therefore, the abla-
tion depths of the latter pulses will increase in the five-burst
mode. For the single-pulse mode, the pulse-to-pulse separa-
tion time is on the scale of microsecond, which is so long
that the boundary has been cooled down by thermal dissi-
pation into the deeper material, and thus the effect of local
heating from the previous pulses vanishes. This contributes
to a lower ablation rate in the single-pulse mode than that in
the multi-burst mode.

4 Results and discussion

Several series of experiments were conducted on Cu, as
mentioned in Sect. 2. Measured ablation depths were com-
pared between single-pulse mode (denoted as 1-pulse mode)
and five-burst mode (denoted as 5-burst mode). The max-
imum ablation depth varied in repeated experiments, since
drilled holes were not perfectly axial-symmetric. Thus, the
maximum ablation depth was less capable of representing
the ablation zone and a more effective measure was required.
In this study, the ablation volume per pulse was used as an
index of the ablation zone, because the variation of ablation
volume was relatively small in repeated experiments, as ev-
idenced by short error bars in Figs. 9–10. In 5-burst mode,
the ablation volumes of the five pulses were averaged to rep-
resent the ablation volume per pulse. Figure 8 shows micro-
hole profiles drilled in 1-pulse mode and 5-burst mode. The
hole drilled in 5-burst mode with 15 pulses (3 bursts) is still
larger than that drilled in 1-pulse mode with 60 pulses at a
same fluence per pulse while the hole quality is not deterio-
rated.

Simulation results were compared between 1-pulse mode
and 5-burst mode too. The ablation depth of the hole was
calculated from the numerical models in Sect. 3, while the
hole diameter was approximated to be that of the focus spot,
which was about 20 µm. The shape of the hole was fitted,
according to the experimental results, as a cone for 1-pulse
mode and a cylinder for 5-burst mode.

Fig. 8 Profiles of microholes drilled in experiments: (a) 1-pulse mode
and (b) 5-burst mode. Laser fluence per pulse: 3 J/cm2. Repetition rate:
10 kHz. Laser pulse number: (a) 60; (b) 15. Legend unit: µm. Profiles
are measured by surface profilometer and exported to Tecplot

The results in Fig. 9 show that at each repetition rate,
100 kHz, 50 kHz, and 10 kHz, the ablation volume per
pulse (not burst) of 5-burst mode is much higher than that
of 1-pulse mode at the same laser fluence per pulse (not
burst). This conclusion is drawn based on both of experi-
mental and simulation results. In Fig. 9(a), the laser repeti-
tion rate is 100 kHz, and most simulation data are very close
to the experimental results. At laser fluence F = 1 J/cm2, as
an example, the energies for each pulse in the single-pulse

Fig. 9 Comparison of ablation volume per pulse between 1-pulse
and 5-burst at the same fluence with repetition rate: (a) 100 kHz,
(b) 50 kHz, and (c) 10 kHz. Simulation data: diamond (1-pulse), square
(5-burst); experiment data: cross (1-pulse), short line (5-burst); maxi-
mum fluence reached in experiments: dotted line (1-pulse), dashed line
(5-burst). Experiments were repeated for several times and variations
were denoted by error bars (some variations are very small)
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mode and the five-burst mode are both 3.14 µJ. However,
experimental results show that the volume ablated by one
pulse in 1-pulse mode Vs , about 1.30 µm3, is much smaller
than that in 5-burst mode Vm, about 7.75 µm3. The sim-
ulation results reveal the same trend, i.e., Vs ≈ 1.87 µm3

and Vm ≈ 6.66 µm3. The increase of ablation volume is due
to the energy accumulation between pulses. The simulation
data also agree consistently with the experiment data for the
case of 50 kHz, as shown in Fig. 9(b). Differences between
model predictions and experimental results for 5-burst mode
are a little larger at high fluences (F ≥ 3 J/cm2) at 10 kHz
repetition rate, as shown in Fig. 9(c). That is because, in
the high fluence region, a further increase of laser fluence
will generate a sharp increase in the ablation volume re-
sulting from the significant growth of the number density
of hot electrons. In this region the ablation range is charac-
terized by the thermal diffusion length instead of the skin
depth [23, 24].

The simulation results match reasonably well with exper-
imental results as shown in Fig. 9, so the numerical model is
used in this study to predict the comparison of ablation rate
between 1-pulse mode and 5-burst mode at the same aver-
age power, or equivalently, same total laser fluence (Fig. 10).
Not many experimental results can be used for compar-
ison because the practical machining regions for 1-pulse
mode and 5-burst mode do not overlap much. The practi-
cal machining region, defined in this paper, is the power
region above the ablation threshold while below the maxi-
mum available average power provided by the laser equip-
ment. The maximum available average power in 1-pulse
mode (Pmax,s , dotted line in Fig. 10) is around the abla-
tion threshold of 5-burst mode (Pth,m), while the maximum
available average power in 5-burst mode (Pmax,m, dashed
line in Fig. 10) is a couple of times higher than Pmax,s . It is
shown that in the region where the average power is higher
than Pth,m, the ablation rate of 5-burst mode is much higher
than that of 1-pulse mode.

Furthermore, this numerical model is used to investigate
the dependence of the average ablation volume Vm on pulse-
to-pulse separation time τs from 20 ns to 100 ns, in 5-
burst mode with different laser pulse energy from 3.14 µJ
to 9.42 µJ, corresponding to laser fluence from 1 J/cm2 to
3 J/cm2. The case of smaller τs is not calculated because
the plasma shielding effect, which is not the interest of this
study, may have to be considered. The results in Fig. 11
show that the specific ablation volume Vm,spec, the quotient
of ablation volume per pulse and pulse energy, decreases
exponentially as τs increases. Further investigation of this
dependence trend when τs > 100 ns is important but the
computation is too time-consuming. However, 5-burst mode
with much longer τs can be considered as 1-pulse mode.
When τs = 10 µs, 20 µs, and 100 µs, corresponding to rep-
etition rates of 100 kHz, 50 kHz, and 10 kHz, respectively,

Fig. 10 Comparison of ablation rate between 1-pulse and 5-burst
mode at the same average power or total fluence with repetition rate:
(a) 100 kHz, (b) 50 kHz, and (c) 10 kHz. Simulation data: diamond
(1-pulse), square (5-burst); experiment data: cross (1-pulse), short line
(5-burst); maximum average power reached in experiments: dotted line
(1-pulse), dashed line (5-burst). Experiments were repeated for several
times and variations were denoted by error bars (some variations are
very small)

the ablation volume per pulse is about the same and no ob-
vious energy accumulation effect is observed, as shown in
Fig. 9. In Fig. 12, the far right data points corresponding to
τs = 10 µs are from the 1-pulse mode simulation results. The
ablation volume decreases quickly at first and then maintains
almost the same level after τs is on the scale of microsecond
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Fig. 11 Simulation results of the dependence of ablation volume on
pulse-to-pulse separation time in 5-burst mode with different laser
pulse energy: 3.14 µJ, 6.28 µJ, and 9.42 µJ

Fig. 12 Simulation results and predicted trend of the dependence of
ablation volume on pulse-to-pulse separation time in 5-burst mode with
different laser pulse energy: 3.14 µJ, 6.28 µJ, and 9.42 µJ

for each laser pulse energy. This prediction matches well
with the experimental results in [12], where it takes about
the same number of pulses to drill through a copper sheet
for various repetition rates with the maximum repetition rate
less than 1 MHz (corresponding to τs > 1 µs) at a fixed laser
pulse energy.

5 Conclusion

In this study, TTM was expanded to analyze the energy
transport process and calculate the ablation depth of Cu in
the multi-burst mode. Deactivation of ablated material, ap-
plication of temperature-dependent transport properties and
consideration of laser-plasma interaction are all important
for adequate modeling of multi-burst mode ablation.

Simulation results show that the ablation volume per
pulse is enhanced in the multi-burst mode, as compared with
the single-pulse mode at a same fluence (per pulse), which is
due to the energy accumulation between pulses and the re-
sulting stronger electron-phonon coupling during the current

pulse irradiation. This prediction was validated through ex-
periments with different repetition rates (100 kHz, 50 kHz,
and 10 kHz). Comparisons between simulation and experi-
mental results demonstrated that this expanded model was
able to provide good estimations of ablation volume for the
multi-burst mode at fluences below 3 J/cm2. Therefore, this
multi-burst laser ablation model was used to predict the ab-
lation rate and results were compared with the single-pulse
mode at the same total fluence, where significant improve-
ment of the machining efficiency was found in the multi-
burst mode. This model was also used to investigate the ef-
fect of pulse-to-pulse separation time on energy accumula-
tion between pulses.
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