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Abstract
The ablation of copper, using a 10 GHz burst ultrafast laser with a wavelength of 1030 nm, a pulse duration of 1 ps, a vari-
able total laser fluence, and a number of sub-pulses per burst, is investigated theoretically. A two-temperature model with 
an extended Lorentz–Drude model for dynamic optical properties is used to simulate the melting and ablation process. Due 
to the heat accumulation from the preceding pulses, multipulse laser ablation could be advantageous over a single pulse. 
Moreover, the ablation performance can be maximized by properly selecting the pulse number, separation time, and energy 
in a laser burst. The numerical result shows that the present prediction is in fairly agreement with existing experimental 
result. Under the same total laser fluence of 32 J/cm2, a 10 GHz burst laser with an optimized 128 sub-pulse can significantly 
enhance the ablation depth, 4.2 times that a single pulse does. It is found that the optimized ablation depth is a linear function 
of the total fluence of ultrafast laser bursts.
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1  Introduction

Ultrafast lasers have been applied in the internal modifi-
cation of transparent material and surface structuring of 
opaque material because of their high peak power inten-
sity [1] and minimal heat-affected zone (HAZ) [2]. The 
repetition rates of the ultrafast laser source usually range 
from kHz to MHz, and recently to GHz. When processing 
a metal using an ultrafast laser with a kHz repetition rate, 
phase explosion is one of the ablation mechanisms, and the 
overheated liquid metal relaxes explosively (or sputters) into 
a mixture of vapors that is immediately ejected from the bulk 
metal [3, 4]. When processing a metal by an ultrafast laser 
with MHz bursts, the heat accumulation effect and obvious 
HAZ can be found in the process since the sub-pulse separa-
tion time (1 μs for 1 MHz) is usually much shorter than the 
effective cooling time (i.e. tens of μs) of the metal [5].

When a laser source has ultrafast GHz burst characteris-
tics, the pulse duration and the repetition rate for the sub-
pulses in the bursts are ultrafast (ps or fs) and GHz, respec-
tively. Recently, numerous experiments on material ablation 
using ultrafast lasers with GHz bursts have been presented 
for metals [6–8] and silicon [9]. The sub-pulse laser flu-
ence of each pulse considered is usually below the ablation 
threshold. It is interesting that the cool material ablation can 
occur when the separation time of the sub-pulses within a 
burst, e.g. 1 ns for 1 GHz, is less than the thermal relaxa-
tion time of the material, e.g. 1.1 ns for Cu [6]. A two-stage 
mechanism for GHz burst ablation was recently proposed by 
[7]. The first-stage is heating the material to a liquid state by 
accumulation effects, and the second-stage is effective abla-
tion of the hot surface layer. Percussion drilling on Cu using 
an ultrafast laser with 0.864–3.52 GHz bursts was presented 
in [7, 8]. However, HAZ was found experimentally, and the 
authors claimed that the true “ablation cooling” effect is not 
presented.

In our previous study [10], ablation of Cu by ultrafast 
bursts was investigated theoretically. Different repetition 
rates of 2–1000 GHz for sub-pulses in the bursts, different 
sub-pulse numbers 1–10 and a total fluence of 10 J/cm2 
were investigated. The maximum ablation depth obtained 
was found by the 10 GHz rate and sub-pulse number 6. 
The fluence of each pulse, 1.67 J/cm2, was higher than 
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the material’s ablation threshold of 0.6 J/cm2. However, 
the modeling of the metal ablation by GHz bursts with a 
fluence of each pulse below the ablation threshold was not 
investigated. In addition, the optimized sub-pulse number 
for a burst with a fixed total fluence and small HAZ was 
not presented.

In this study, the optimal ablation of copper by an 
ultrafast laser with 10 GHz bursts is investigated using a 
computational model. The numerical results of the opti-
cal, thermal, and the melting and ablation depth responses 
under different total laser fluences and sub-pulse numbers 
are discussed herein.

2 � Modeling

A copper material is irradiated by a GHz burst ultrafast 
laser on the surface (z = 0), and the laser beam is propa-
gated along the z-axis. A numerical model was performed 
based on our previous study [10] and the ballistic electron 
penetration depth is considered in this study. The main 
modules included a two-temperature model, an optical 
model, phase change models, and phase explosion model. 
The laser heat density for a burst laser can be expressed as:

where M is the number of laser bursts, N is the number of 
sub-pulses in the burst, Fij is the sub-pulse laser fluence 
of the j-pulse in the i-burst, tsep is the sub-pulse separation 
time, frep is the burst repetition rate, tp is the sub-pulse dura-
tion, R(0, t) is the surface reflectivity of the material at z = 0, 
�(z, t) = 1∕�(z, t) is the optical penetration depth, and �b is 
the ballistic motion of the photon-excited hot electrons. The 
inclusion of �b alters the distribution of laser energy penetra-
tion into the material, and thereby could result in different 
temperature distribution. In this study, all the sub-pulse laser 
fluences are identical, i.e. Fij = Fp , and �b = 15 nm for cop-
per is used [11]. Figure 1 depicts a single pulse and two laser 
pulse trains consisting of N = 3 and N = 6 pulses with tsep = 
100 ps and the same total fluence.

The temperature-dependent dynamic optical proper-
ties of R(0, t) and �(z, t) could significantly alter the laser 
energy absorption and, in turn, influence the distribution 
of laser heat density. In [10], the critical point model with 
three Lorentzian terms was used to calculate the dynamic 
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optical properties. To simplify the calculation, an extended 
Lorentz–Drude model [12, 13] is used in this study:

where �∞ is the dielectric constant,�L is the laser fre-
quency,�p is the plasma frequency, ΩL represents the oscil-
lator strength of the Lorentz oscillators, f is a weighting 
factor, A is a constant, and �D is the damping coefficient. 
�D = 1∕�e , where �e is the electron relaxation time. The fol-
lowing values are optimized for copper: �∞ = 9.4286, �p = 
1.3593 × 1016 Hz, ΩL = 1.7668 × 1015 Hz, f = 3.6355, and 
A = 44.5275. The laser frequency �L = 1.829 × 1015 rad/s 
for a laser wavelength of λ = 1030 nm.

3 � Results and discussion

Copper, with an initial temperature of 300 K, was irradi-
ated on its front surface by a laser burst with 10 GHz ( tsep
=100 ps), tp = 1 ps, and λ = 1030 nm. The single-shot abla-
tion threshold fluence Fth of the Cu was determined to be 
about Fth = 0.6 J/cm2. The threshold value was determined 
by setting the simulated ablation depth near zero. The simu-
lated ablation threshold fluence is slightly smaller than the 
experimental values, e.g. about 0.7 J/cm2 by laser (1030 nm, 
1 ps) [14].

Figure 2 compares the calculated optical reflectivity 
(R) and lattice temperature on the copper surface, respec-
tively, for a two-pulse burst of sub-pulse fluences Fp = 0.5 J/
cm2 with and without the �b . It is shown in Fig. 2a that the 
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Fig. 1   A single laser pulse and two pulse trains consisting of N = 3 
and 6 pulses with tsep = 100 ps and the same total fluence
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inclusion of �b results in a higher R. The increase in R causes 
the material to absorb less laser energy, leading to lower 
electron temperature, as shown in Fig. 2b. It should be noted 
that the inclusion of �b could change material absorption for 
the first laser pulse, and also for the subsequent pulses in 
addition to the incubation effect.

Two laser bursts, with the same total fluence 5 J/cm2 and 
different numbers of sub-pulses N = 6 and 20, are used to 
process the Cu. The sub-pulse fluences Fp are 0.833 J/cm2 

and 0.25 J/cm2, which are higher and lower than the Fth, 
respectively. Figures 3, 4, and 5 show the time dependence 
of the calculated electron temperature (Te) and lattice tem-
perature (Tl), reflectivity (R) and optical penetration depth 
(δ), and ablation depth and liquid–vapor interfacial tempera-
ture (Tlv), respectively.

In Fig. 3a, for each Fp > Fth, it is evident that the maxi-
mum Tl remains at around 6926 K, i.e. 90% of the critical 
temperature Ttc (7696 K), which is attributed to the phase 
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Fig. 2   Time dependence of calculated a surface reflectivity and b electron temperature for a two-pulse burst of sub-pulse fluences 0.5 J/cm2 with 
and without the �b
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Fig. 3   Time dependence of calculated Te and Tl by two laser bursts with the same total laser fluence 5.0 J/cm2 and different pulse numbers a 
N = 6 and b N = 20
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explosion [15]. On the other hand, as shown in Fig. 3b, for 
each Fp < Fth, the maximum Te and Tl gradually increased 
at each pulse irradiation and the maximum Tl remains at 
around 6,926 K for N = 8–20, which is also attributed to the 
phase explosion. The Tl is heated up via the electron–phonon 
collisions and decreases from heat diffusion loss until the 
next pulse starts. For example, the Tl increases from 300 
to 705 K after the first pulse irradiation and then decreases 
to 516 K (at time 98 ps). The Tl increases step-by-step 
after each pulse irradiation by the heat accumulation effect 

and reaches 3299 K (at 698 ps) before the 8-pulse (at time 
700 ps) irradiation.

In Fig. 4a, for a burst consisting of 6 pulses, the reflec-
tivity R on the surface decreases quickly during the laser 
pulse irradiation and then increases after the irradiation is 
over. The δ increases quickly during the laser pulse irradia-
tion and then decreases after the pulse is off. The R at room 
temperature is 0.97 and decreases to a minimum 0.35 after 
the 1-pulse irradiation and then increases to 0.86 at time 
98 ps. The δ which is 12.1 nm at room temperature increases 
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Fig. 4   Time dependence of calculated reflectivity (R) and optical penetration depth (δ) by two laser bursts with the same total laser fluence 5.0 J/
cm2 and different pulse numbers a N = 6 and b N = 20
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Fig. 5   Time dependence of calculated ablation depth and liquid–vapor interfacial temperature (Tlv) by two laser bursts with the same total laser 
fluence 5.0 J/cm2 and different pulse numbers a N = 6 and b N = 20
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to a maximum 56.8 nm and then decreases to 13.0 nm at 
time 98 ps. On the contrary, for the 20-pulse burst, the mini-
mum R gradually decreases and reaches around 0.54 at the 
8-pulse, as shown in Fig. 4b. The decrease in R causes the 
material to absorb more laser fluence. With the increase in 
�, the laser heat density distribution inside the target will 
become deeper.

In Fig. 5a, for the 6-pulse burst, ablation occurs after the 
first pulse irradiation. The repeating steep occurrences of 
material ablation right after the second pulse result mainly 
from the phase explosion, while the flatter one is from 
vaporization. The final ablation depth is about 322 nm at 
time 0.6 ns. The maximum Tlv reaches 0.9Ttc after each pulse 
irradiation. When the superheated liquid reaches 0.9Ttc, that 
matter is removed via phase explosion [15]. At this state, 
the superheated liquid relaxes explosively into a mixture of 
vapor and droplets that are ejected from the irradiated mate-
rial, and the nanoparticles was deposited around the ablation 
crater [3].

On the other hand, for the 20-pulse burst, ablation begins 
from the 6th pulse (at time 0.5 ns) and the final ablation 
depth is 215 nm at time 2.5 ns, as shown in Fig. 5b. The 
Tlv increases step-by-step after each pulse irradiation by the 
heat accumulation effect; but, the ablation does not take 
place because the peak lattice temperature nearly reaches 
the normal boiling point. When the 6th pulse (at time 0.5 ns) 
irradiates on a hot surfaced layer, the maximum Tlv reaches 
0.9Ttc and, thus, ablation starts. It is found that with a fixed 
total laser fluence, the ablation depth generated by a 6-pulse 
burst is about 1.5 times that by a 20-pulse burst. This sug-
gests that the sub-pulse number (N) and fluence (Fp) in a 
burst are important parameters, resulting in different total 
ablation depths.

Figure 6 shows the ablation and melting depths of the Cu 
processed by two laser bursts with N = 6 (Fp ~ 0.833 J/cm2) 
and N = 14 (Fp ~ 0.357 J/cm2), in which the total fluences are 
the same as for 5 J/cm2. It appears that the melting depths are 
quite different although the ablation depths are similar for 
the two kinds of bursts, i.e. about 323 nm. For the 6-pulse 
burst case, a phase explosion occurs right after the imping-
ing of each subsequent laser pulse as aforementioned. The 
ablation depth of each pulse was mainly controlled by the 
optical penetration depth of the material. The HAZ (the dif-
ference between the melting and ablation depth) was small, 
i.e. about 90 nm. On the other hand, for the 14-pulse burst 
case, ablation begins after the 3-pulse (at time 200 ps). It 
was evident that the HAZ grows thicker and thicker after the 
subsequent pulse irradiates. The final ablation depth is about 
323 nm (at time 1500 ps) while the melting depth reaches 
521 nm, and HAZ is about 198 nm.

In the GHz burst ultrafast laser ablation process, it is 
desirable that the maximum ablation depth can be obtained 
and that the HAZ is as low as possible. Figure 7 shows the 

ablation depth, melting depth, and HAZ of the Cu processed 
by the two laser bursts of total fluence 5 J/cm2 and 32 J/
cm2 and the number of N in the range 1–40. In Fig. 7a for 
the 5 J/cm2 bursts, when N < 8, both the ablation depth and 
the HAZ increase with the increase in N. Apparently, the 
8-pulse burst (Fp ~ 1.1 Fth) achieve the maximum ablation 
depth of 346 nm, which is 1.8 times more effective than the 
single-pulse ablation. For N > 8, the ablation depth tended to 
decrease and the HAZ tended to increase with the increase in 
N. The reason for the reduction in ablation depth may be due 
to less Fp in each pulse resulting in lower Te and Tl values, 
and a higher R that reflects more laser energy away. The less 
Fp that is absorbed, the less material that is ablated. A cop-
per milling by a laser burst with tsep = 180 ps was reported 
in [16], where a higher number of pulses per burst lead to 
an increased melt ejection, which is similar to our simula-
tion results. In Fig. 7b for the 32 J/cm2 bursts, the maximum 
ablation depth is achieved by the 128-pulse burst (Fp ~1.1 
Fth), which is 4.2 times that of a single pulse.

The above results demonstrate that an optimum combi-
nation of the number the sub-pulses and their fluence for 
enhancing the ablation efficiency exist. When Fp is slightly 
higher than the threshold, the ablation is very close to a 
maximum efficiency, leading to a significant ablation of 
material while the HAZ remains mild.

Figure 8 compares the total ablation depth between the 
single pulse and burst over a total fluence of 5–32 J/cm2. 
For the laser bursts, the sub-pulse number N in each burst 
have been optimized for all different total laser fluences. It 
is interesting to note that the straight lines curve-fitted from 
the calculated data show the linear dependence between the 
maximum ablation depth and the total fluence.
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Recently, the experimental results for copper percus-
sion drilling by a 1.76 GHz burst femtosecond laser with 
a total energy of 88 μJ and N = 200 was presented in [17]. 
The ablation depth and burr height around the hole are 
determined to be about 4 μm and 0.6 μm, respectively. 
The total fluence is 38.9  J/cm2 calculated by the total 
energy of 88 μJ and focused beam diameter of 24 μm (at 
1/e2) presented in [7]. The predicted ablation depth can be 
computed using the fitting equation, shown in Fig. 8. The 
estimated ablation depth for fluence 38.9 J/cm2 is 3.43 μm, 
which is close to the experimental value of 4 μm in [17]. 
The total fluence, 38.9 J/cm2, is slightly higher than the 
32 J/cm2 in Fig. 7b. The simulated HAZ for N = 200 in 
Fig. 7b is 0.67 μm, which is also close to the experimental 
value of 0.6 μm in [17].

4 � Conclusions

This study presents the numerical results of material abla-
tion of Cu by an ultrafast 10 GHz laser bursts. To simulate 
the ultrafast GHz laser heating process, a two-temperature 
model with an extended Lorentz–Drude model for dynamic 
optical properties and ballistic electron penetration depth 
in laser heat density, was presented. It is found that a burst 
laser with a total laser fluence of 5 J/cm2 and the sub-pulse 
number 8 can increase the amount of material ablated by 
1.8 times, as compared to a single pulse. As the total laser 
fluence further increases to 32 J/cm2, the ablation efficiency 
becomes 4.2 times that of a single pulse. It is demonstrated 
that an optimized laser burst in terms of the sub-pulse 
number and fluence for enhancing the ablation efficiency 
exist. When the sub-pulse fluence is slightly higher than the 
threshold, the maximum ablation efficiency can be achieved 
and the HAZ remains mild. The present numerical predic-
tion matches fairly well with existing experimental results. 
Most importantly, the present study attain a new finding that 
the optimized ablation depth is a linear function of the total 
fluence of ultrafast laser bursts.
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