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Abstract
The average power of ultrashort laser source has been increasing continuously and, therefore, solutions are required to 
employ fully these technology advances for improving the ablation efficiency in laser micro-processing. The use of burst 
mode processing is one of the solutions that has attracted a significant research and industrial interest in the past decade. 
A novel empirical methodology is proposed and implemented in this research to assess the MHz burst mode impact on the 
specific removal rate (SRR) and processing efficiency in ultrashort laser micro-machining. Especially, the capability of the 
MHz burst mode processing is investigated to scale up SRRs achievable on copper and stainless steel while utilising fully the 
available maximum pulse energy and average laser power. The results showed that the MHz burst mode offer a significant 
SRR scalability potential that can be attributed to beneficial near optimum fluence level and other side effects such as heat 
accumulation. Also, it is evidenced from the obtained results that the surface quality attained with the burst mode processing 
was comparable to that achieved with the single-pulse processing and even better at some specific process settings. Thus, 
the obtained SRR improvements were not in expense of the surface quality and the MHz bust mode processing represents a 
promising solution to employ fully the constantly increasing average power in ultrashort laser processing operations.

Keywords Laser processing · Burst mode · Specific removal rate · Pulse distance · Surface quality

1 Introduction

Over the past decade, the rapid development in laser tech-
nology enabled the development of higher power ultrashort 
pulsed laser sources that can meet the requirements of 
micro-machining processes. In particular, a higher process 
efficiency and/or material removal rates have been achieved 
by employing such lasers [1, 2]. Generally, a higher pulse 
energy (i.e. pulse fluence) leads to higher removal rates, 
which is usually quantified with the removed volume per 
processing time or feeds [3, 4]. In contrast, specific removal 
rate (SRR) is commonly used to judge about the ablation 
efficiency of ultrashort pulse lasers. In reality, this process 
parameter is dependent on the pulse fluence and can be cal-
culated using the following equation [5]:

where � is energy penetration depth, F0—pulse fluence 
and—Fthablation threshold. As can be judged from Eq. (1) 
and also some other reported studies [6–8], a relatively high 
ultrashort pulse fluence (ten times higher than the ablation 
threshold) reduces the specific removal rate, i.e. the removal 
volume per unit energy. This is attributed to the significant 
pulse energy losses into heat diffusion and ionisation instead 
of using it only for material sublimation [9]. At the same 
time, when ultrashort pulse fluence much higher than the 
ablation threshold is used, this leads to some negative side 
effects, i.e. melting and re-solidification of material, which 
can reduce the overall process efficiency [10]. To address 
these limitations, burst mode processing has been investi-
gated as one of potential solutions to attain a higher process-
ing flexibility and control during the laser irradiation. By 
applying the burst mode processing, a single ultrashort pulse 
can be split into a train of smaller sub-pulses and thus each 
of them can have a fluence closer to the optimum value [11, 
12]. In this way, it can be extrapolated, theoretically, that the 
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maximum available output power could be utilised while 
maintaining SRR of a single pulse at its optimum value. 
In addition, the use of burst mode allows a higher repeti-
tion frequency between sub-pulses that can be up to MHz 
and GHz scales. As a result, different advantages associated 
with the burst mode processing were reported, i.e. significant 
improvement in removal rate and surface quality simultane-
ously, especially in the case of GHz bursts [13–15].

Over thepast few years, many studies have investigated 
the capabilities of the burst mode regime for ultrashort laser 
micro-processing. For instance, its benefits in the laser 
machining processes have been demonstrated for different 
types of materials, such as metals, ceramics and transparent 
materials [16–18]. Jaeggi et al. reported that the removal 
rates achieved with three sub-pulses burst mode processing 
of aluminium and copper were higher than those obtained 
with a single pulse within a certain fluence range; while 
the two sub-pulses burst mode did not show any advantages 
over the single-pulse processing [19]. This phenomenon can 
be attributed to the shielding effect and the material rede-
position on the surface [9, 20]. Similar results were also 
reported by other researchers, especially confirming the high 
efficiency achievable with three sub-pulses burst mode on 
copper and stainless steel [21]. However, delivering a train 
of sub-pulses with a temporal distance of nanoseconds led 
to SRR reduction in the case of gold and silver regardless 
of the number of sub-pulses compared to the single-pulse 
processing [21].

Applying a femtosecond MHz burst mode for welding of 
glass was reported in another study [22]. It was shown that 
the burst mode did not have a positive effect on enlarging the 
heat-affected zone (HAZ) into the longitudinal dimension, 
which is desirable in welding of glass. However, the HAZ 
increase in the vertical dimension was reported to create a 
longer filamentation inside the glass with the same deliv-
ered energy as the single-pulse welding. The use of Bessel 
beam in the MHz burst mode was reported in another study, 
especially to drill micro-hole onto a thin AF32 glass with 
the objective to increase the drilling speed [23]. However, 
the burst mode led to strong thermal side effects that induced 
cracks at the edges of micro-holes, although the sub-pulse 
energy in the burst was less than that used in the single-pulse 
drilling. In addition, the fluence level and temporal distance 
between sub-pulses strongly affected the laser-material 
interactions and consequently the process efficiency and the 
hole quality. The laser wavelength was another important 
parameter that influenced the performance in the burst mode 
processing. In particular, the use of the burst mode with an 
infrared laser showed clear advantages over a green laser 
processing in regard to the removal rate achieved on metals 
and semiconductors [19, 24]. though the energy penetra-
tion depth in the green laser regime was greater than that 
achieved with the infrared laser.

Different effects can be obtained by varying the temporal 
distance between the sub-pulses. In ultrashort laser micro-
machining, GHz burst mode was used not only to increase 
the material removal rate but also to improve the quality of 
the machined structures [16, 25]. More specifically, surface 
roughness was significantly reduced when the GHz burst 
mode was used as a post-processing step to clean the surface, 
e.g. to remove micro-scale recasts and micro cone structures 
from the machined surface [26]. The GHz burst of femtosec-
ond pulses also resulted in cleaner entrance when drilling 
micro-holes on invar foils, however,the process efficiency 
reduceed dramatically when drilling on thick substrate [27]. 
On the contrary, the MHz burst mode processing improved 
the removal rate, because it led to an increase of the heat 
accumulation [28]. However, this removal rate improvement 
came at the expense of the surface quality. Especially, the 
micro-structures fabricated using the MHz burst mode led 
to a significant residual heat and thus the overall quality was 
similar to that achieved in nanosecond laser processing [29]. 
Nevertheless, the MHz burst mode processing with a tempo-
ral sub-pulse distance of few nanoseconds had be employed 
in some applications to smoothen surfaces at low fluence 
level [30]. Combinations of GHz and MHz burst mode pro-
cessing were proposed as a potential solution to benefit from 
the advantages offered by both processes [31–34]. Although, 
the reported results showed that there were no efficiency 
gains in comparison to the single pulse mode, the surface 
roughness was improved and did not depend on the number 
of processed layers.

It can be concluded based on the previous studies that 
the influence of the burst mode highly depends on the 
specific application and how its effects were investigated. 
Some researchers argued that the burst mode performance 
should be compared with that of a single pulse processing, 
i.e. with the same pulse energy, and a similar intensity per 
area [16, 21]. At the same time, the burst mode delivers a 
train of sub-pulses and, therefore, its impact on the process-
ing performance comes mainly from the optimum fluence 
level applied and the change in ablation mechanism, i.e. the 
incubation effect led to the ablation threshold decrease and 
heat accumulation due to high repetition rate, though few 
studies employed the burst mode to reduce the sub-pulse flu-
ence to near optimum levels for a given material and hence 
to increase the removal rate [11, 35].

So, it could be stated that the removal rate improve-
ments can be attributed to different factors, especially the 
set sub-pulse fluence, the induced incubation effects and 
the heat accumulation due to multiple sub-pulses within 
a single pulse/burst. The impact of the heat accumula-
tion on removal rates has been reported to be significant, 
because it could either raise the surface temperature to the 
material vaporization point or lead indirectly to material 
redeposition due to the residual heat [36–38]. However, 
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the effects of heat accumulation, plasma shielding and 
other factors on the overall specific removal rate have not 
been studied systematically, while this is very important 
for assessing and judging conclusively about their contri-
butions. In addition, the increase of sub-pulses in a burst 
from tens to hundreds, especially when a relatively high 
pulse energies are available at certain frequencies, has not 
be studied, i.e. the number of sub-pulses in the reported 
investigations was limited to less than 30. Also, the nega-
tive effects of plasma shielding on ablation process have 
not been studied, especially when pulse-to-pulse and sub-
pulse shielding are simultaneously present as it is the case 
in burst mode applied. Especially, laser-induced plasma 
plume can have a significant impact by blocking/shield-
ing the energy of subsequent pulses and sub-pulses in a 
burst and thus to reduce the ablation efficiency [39, 40].

This research reports a systematic investigation into 
the impact of the heat accumulation and other factors 
on achievable removal rates in MHz burst mode pro-
cessing. Especially, the benefits and some intrinsic side 
effects were studied in MHz burst mode processing and 
the achieved performance was compared with the single-
pulse one. In this way, the improvements in the machin-
ing performance have been quantified and the achievable 
SRR scalability with the MHz burst mode processing is 
discussed. The next section describes the empirical meth-
odology employed in this research and then the obtained 
results are discussed and conclusions are made.

2  Materials and methodology

2.1  Laser source and burst mode generation

The experiments were carried out on LASEA LS-4 worksta-
tion that integrates a diode-pumped ultrashort laser source 
Yuja from Amplitude Systems with an average power of 
10 W and can provide a tuneable pulse duration from less 
than 500 fs to 10 ps. The laser source has a central wave-
length of 1030 µm and beam quality  M2 is better than 1.2. 
The maximum pulse energy after the focusing lens was 
90 µJ at a frequency of 100 kHz in the utilised laser system. 
The final output beam had a diameter of 30 µm at the focus 
plane and a circular polarisation. The burst mode of the 
laser source is generated through oscillator at 40 MHz and 
a pulse picker as shown in Fig. 1a. This results in a minimum 
temporal distance of 25 ns between sub-pulses in the burst 
mode (equivalent to intra-burst frequency fIB = 40 MHz). 
Therefore, the maximum number of sub-pulses per burst 
can be up to 400. The pulse/burst energy is set when the 
burst mode is triggered. This means that the energy of a 
single pulse and the respected burst are the same and equal 
to the number of sub-pulses per burst ( Nb ) multiplied by the 
sub-pulse energy (Fig. 1a and b), theoretically. In fact, the 
energy distribution across the sub-pulses is not even, due 
the gain saturation effect of amplifiers [41]. However, this 
is an intrinsic property of the laser source and its impact on 
experimental results can be considered marginal and thus 
could be ignored. Therefore, it is assumed in this research 
that the burst energy was distributed equally between the 
sub-pulses.

Fig. 1  The burst mode processing: a schematic of the burst mode generation; b the energy distribution in single pulse (SP) and burst mode 
(BM); and c the machining strategy used to process pockets
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2.2  Specific removal rates

The aim of this research was to investigate the scalability 
achievable with the burst mode processing at high average 
laser power. Therefore, the maximum available laser power 
of 10 W was deployed in all experimental trials, i.e. pulse 
frequency ( fp ) was fixed at 100 kHz with the pulse and the 
burst energy ( E) being 90 µJ. This represents a peak fluence 
of 25.5 J/cm2 per single pulse and per burst, too, calculated 
as follows:

where R is the radius of laser spot at the focal plane. The 
number of sub-pulses per burst was varied from 2 to 400 and 
the results were compared with those obtained with a single 
pulse. The pulse overlap was varied from approximately 33 
to 99% by varying the scanning speed in the range from 2000 
to 20 mm/s and was calculated using the following equation:

where A is the intersection area between two pulses (or 
bursts). The area A was calculated based on the relative 
spatial distance between two pulses (or bursts) and the laser 
spot size using the following equation:

where d is the pulse (or burst) spatial distance calculated 
based on the used scanning velocity and pulse frequency, i.e. 
d = v∕fp ; and R —the radius of the laser spot. In fact, there 
is a certain special distance between sub-pulses in a burst, 
too, due to the constant beam motion. However, this value 
is much small (the maximum sub-pulse distance is 50 nm at 
scanning speed ( v ) of 2000 mm/s and intra-burst frequency 
( fb ) of 40 MHz and, thus, has been considered neglectable 
in this study.

The removal rate was also investigated for four differ-
ent pulse durations within the laser source available range, 
i.e. 500 fs, 1 ps, 5 ps and 10 ps, to investigate the effects of 
different laser-material interaction times on the processing 
performance in burst mode. A summary of various process 
parameters used in this experimental study is given in Table 1. 
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A high-purity copper (99%) and stainless-steel grade 316 sub-
strates were chosen to conduct the experiment due to the sig-
nificant difference in their thermal conductivity and also their 
wide use in many industrial applications.

Squared pockets with an area of 1 × 1  mm2 were ablated 
onto copper and stainless steel substrates employing single 
mode and burst mode processing with process settings in 
Table 1. The distinctly different thermal conductivity of the 
two materials allowed the incubation effects in the burst mode 
processing to be investigated. The machining strategies utilised 
in the experiments together with its respective variables are 
provided in Fig. 1c. The pulse distance was varied from 0.2 
to 20 µm by controlling the scanning speed, while the hatch 
distance ( Dh ) was maintained the same, 10 µm, and ten layers 
were ablated from each of the pockets.

The measurement of the ablated pockets was carried out 
with Alicona G5 system employing its Volume Measurement 
module [42, 43]. The ablated volume ( V  ) was measured by 
fitting a reference plane on the top of the calibrated 3D form of 
the sample’s surface and then the removed volume below this 
plane was calculated as depicted in Fig. 2. Five measurements 
were taken on a representative crater and a pocket to assess 
the uncertainty associated with the measurement procedure. 
Especially, the Type A measurement uncertainties of obtained 
volumetric data about ablated craters and pockets was deter-
mined to be 3 and 106 ×  103 µm3, which represents 0.73 and 
0.14% of the mean values, respectively [44].

SRR was calculated using Eq.  (4). This quantifying 
approach was considered to offer a basis for a fair assessment 
of the achievable processing scalability with different number 
of sub-pulses in a burst in comparison to the results obtained 
with the single-pulse processing.

where Va is the ablated volume; Np

Total
—the total delivered 

pulses; Np

Line
—the number pulses per line;  NLine—the num-

ber of lines and NLayer—the number of layers.

(5)

SRR =
Va

E × N
p

Total

=
Va

E × N
p

Line
× NLine × NLayer

=
Va

E × 1000∕d × 1000∕Dh × 10

[

μm3∕μJ
]

,

Table 1  Summary of various 
process parameters varied in 
this research

Scanning speed [mm/s] Various parameters

20 60 100 140 200 400 800 1200 1600 2000

Overlap level [%] 99 98 96 95 93 87 73 60 47 33
Pulse duration [ps] 0.5, 1, 5 and 10
Number of sub-pulses/burst 1, 2, 3, 5, 10, 15, 20, 50, 100, 200 and 400
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2.3  Heat accumulation and other effects

A method for analysing heat accumulation and other effects 
such as the material redeposition and plasma shielding in 
the burst mode processing, especially how to determine 
their advantageous and negative effects on SRRs under vary-
ing machining conditions, is proposed in this section. The 
method analyses the contributions of main factors affecting 
the removal rates and the proposed approach is presented 
in Fig. 3.

The overall SRRs achievable employing single pulse 
( SRRsp

Total
 ) and burst mode ( SRRBM

Total
 ) processing are con-

sidered to include the material ablated directly with the 
delivered pulse/burst energy and also additional volumes as 
a result of the heat accumulation, both in single pulse and 
burst mode processing. The processing condition in such 
single shot machining can be considered representative of 
single pulse one without any heat accumulation impact and 
pulse-to-pulse plasma shielding. At the same time a single 
burst can be considered as burst mode processing with heat 
accumulation effect on SRRs just due to the sub-pulse train. 
Especially, this is the heat accumulation effect just due to 
intra-burst frequency that leads to incubation effects and 
reduction of ablation threshold, consequently, that is dis-
cussed later. At the same time, the plasma shielding due 
to the sub-pulse trains can be considered as an inherent 
property in the burst mode processing. This is because the 
temporal distance and the energy distribution between sub-
pulses are fixed (for a certain number of sub-pulse) while 
the spatial sub-pulse distance is neglectable. This material 
removal mechanism is considered as a direct laser ablation 
in the analysis and is distinguished from the overall heat 
accumulation effects due to the trains of pulses and bursts 
deployed during the whole machining process. Therefore, 
by comparing SRRs calculated based on a single shot crater 
with those for the whole process, it will be possible to assess 
the impact of various factors leading to heat accumulation 

and thus to judge about the ablation efficiency. The respec-
tive volumes of removed material are calculated employ-
ing the measurements and the SRR calculation described 
in Sect. 2.2.

In the single pulse processing, SRRs due to the direct 
laser ablation ( SRRsp ) is calculated based on the volume 
ablated with a single pulse. The contribution of the heat 
accumulation (SRRsp

HA
 ) is attributed to the incubation effects 

due to the delivery of a pulse train per spot that leads to a 
decrease of ablation threshold and residual heat, and thus 
further material removal [45]. Therefore, SRRsp

HA
 can be esti-

mated based on the difference between SRRsp

Total
 and SRRsp.

In the burst mode processing, SRR due to the direct laser 
ablation ( SRRBM ) is the sum of the SRR achievable when 
sub-pulses with near-optimum fluence levels are used and 
SRR due to the intra-burst frequency and the resulting from 
this incubation effects. Similarly, to the single pulse pro-
cessing, SRRBM is calculated based on the volume ablated 
with a single burst. In this case, the contribution of the heat 
accumulation ( SRRBM

HA
 ) is again attributed to the incubation 

effects as more than one burst is delivered per spot and ulti-
mately leads to residual heat and further material removal. 
So, SRRBM

HA
 can be estimated based on the difference between 

SRRBM
Total

 and SRRBM.
It is important to state that there are some assumptions in 

the proposed method about other factors that can affect the 
removal rates. For example, the effects from any changes 
of absorption coefficient can be considered neglecta-
ble compared to those directly associated with the heat 
accumulation.

There are three possible cases that should be considered 
in assessing the heat accumulation and other effects in cal-
culating SRRs. Especially, the following three cases should 
be considered in burst mode processing:

1. SRRBM
Total

> SRRBM

Fig. 2  The measurement of 
ablated volumes using Alicona 
G5 system: a an ablated pocket 
and b a single shot crater
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  Hence, SRRBM
HA

> 0 , and SRRBM
HA

= SRRBM
Total

− SRRBM

  The heat accumulation has a beneficial influence over 
the negative effects of the pulse-to-pulse plasma shield-
ing and redeposition effects and leads to SRR improve-
ments.

2. SRRBM
Total

= SRRBM

  Hence,SRRBM
HA

= 0

  The heat accumulation does not have any positive 
impact. In this case it can be assumed that the plasma 
shielding and material redeposition offset any contribu-
tions from the heat accumulation.

3. SRRBM
Total

< SRRBM

  Hence, SRRBM
HA

< 0

  Any positive impact of the heat accumulation on the 
material removal process is offset by plasma shielding 
and material redeposition due to an excessive accumu-
lated fluence and residual heat.

2.4  Surface roughness

A comparison of surface quality achievable with single 
pulse and MHz burst mode processing while using the 

Fig. 3  Methodology for analysing the contributions of the main factors affecting the material removal in single pulse (top) and the burst mode 
(bottom) processing
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same experiments, i.e. the pockets ablated with the pro-
cessing parameters in Table 1 and the same number of 
layers, was conducted. Generally, the increase of ablated 
layers leads to a lower surface quality due to changes of 
surface morphology after each layer. The formation of 
some other surface structures such as pin holes or micro 
cone shapes can also be expected after layer-based pro-
cessing. Taking this into account, the use of MHz burst 
mode processing can be beneficial as less layers would 
be required to achieve the same depth as that in the single 
pulse processing, i.e. due to the expected higher SRR, and 
thus the surface quality can be improved, too.

Therefore, similar pockets to those produced with 
the burst mode processing and ten ablation layers were 
machined with the single pulse mode but with different 
numbers of layers, defined experimentally to achieve the 
same depth. The surface roughness was measured at the 
bottom of the ablated pockets and the obtained results were 
compared. SEM images were taken using Jeol JCM6000 

system at 15 kV acceleration voltage and magnification 
of 220 times.

3  Results and discussion

3.1  Ablation threshold

The ablation threshold for 500 fs pulses was determined 
when performing single pulse and burst mode processing 
using Liu’s method [46], while the number of sub-pulses 
was varied from 2 to 400. The measured radiuses of the 
craters to calculate the ablation threshold as a function of the 
burst sub-pulse number is provided in Fig. 4. The ablation 
threshold attained for copper with the burst mode processing 
was higher than that achieved with the single pulse when the 
processing was conducted with up to ten sub-pulses. Only 
when more than ten sub-pulses per burst were applied, the 
ablation threshold of copper was lower than that for the sin-
gle pulse process. In contrast, the ablation threshold in the 

Fig. 4  R2 of craters as a function of fluence (top) and the abla-
tion threshold fluence (Fth) changes when the MHz burst mode was 
applied with different numbers of sub-pulses and pulse duration of 
500 fs (bottom) to process: a and c Copper and b and d 316 stainless 

steel. The burst mode ablation threshold was quantified taking into 
account the total fluence of a single burst rather than the fluence of a 
sub-pulse
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case of stainless steel was lower for all the burst regimes in 
comparison to the single pulse processing. This reduction 
was attributed to the incubation effect, which was more pro-
nounced in the MHz burst mode processing of stainless steel 
because its low thermal conductivity (14–16.3  Wm−1  K−1) 
compared with copper (386  Wm−1  K−1) [47, 48]. Thus, more 
residual heat was retained locally and partly contributed to 
the achieved material sublimation rate. This also can explain 
why a stainless steel ablation was present even at 400 sub-
pulses per burst whilst any noticeable ablation on copper 
occurred only below 100 sub-pulses.

A closer look at ablated craters after single pulse and 
burst mode processing of copper and stainless steel is pro-
vided in Fig. 5. Even though the total delivered energy was 
the same, the crater depth dramatically increased as the num-
ber of sub-pulses increased from 1 to 20 and from 1 to 50 
on copper and stainless steel, respectively. The maximum 
depth of the single-burst crater was obtained at 10 and 20 
sub-pulse per burst for copper and stainless steel, respec-
tively. It is worth noting that in case of copper the increase 
of the ablation threshold when the number of sub-pulses 
was less than 10 did not result in lowering the removal rates 

for the single-burst craters (see Fig. 5). Therefore, the most 
likely reason for this phenomenon is the heat accumulation 
the train of sub-pulses as it can compensate the increase of 
the ablation threshold and even to improve further SRRs. 
However, the ablation efficiency was reduced significantly 
when the number of sub-pulses increased beyond 20 and 50 
for copper and stainless steel, respectively. This is because 
sub-pulse fluence was much lower than ablation threshold 
and the heat incubation was not sufficient to impact the abla-
tion performance.

3.2  Specific removal rates

3.2.1  Copper

SRRs achieved on copper as a function of pulse distances 
in single pulse and burst mode processing while using 
four different pulse durations are presented in Fig. 6. The 
ablation rates obtained with single pulse processing are 
highlighted in red. The removal rates were significantly 
improved when MHz burst mode processing was applied 
with varying number of sub-pulses, but this was not the case 

Fig. 5  3D surface scans and cross-sectional profiles of craters pro-
duced with single pulse and burst mode processing and pulse duration 
of 500 fs while varying the number of sub-pulses for copper (top) and 

stain less steel (bottom). Craters’ cross-sectional profile was further 
magnified and the respective aspect ratios provided in the figure
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across all pulse distances investigated in this research. In 
general, the interdependences of SRRs on pulse/burst dis-
tances were changing across the following three ranges: (i) 

smaller pulse distances in the range from 0.2 to 1 µm; (ii) 
intermediate pulse distances (from 1 to 4 µm) presented in 
Fig. 6b, d, f and h; and (iii) higher pulse distances (greater 

Fig. 6  SRRs as a function of 
pulse distances in single pulse 
(red line) and burst mode 
processing of copper with four 
different pulse durations: a, c, 
e and g SRRs achieved with 
pulse/burst distances up to 
20 µm and pulse durations of 
500 fs, 1 ps, 5 ps and 10 ps, 
respectively; b, d, f and h a 
closer look at SRRs achieved 
with pulse/burst distances of 
less than 4 µm for 500 fs, 1 ps, 
5 ps and 10 ps, respectively. 1p 
denotes one sub-pulse per burst 
which denote a single pulse 
processing while 2p,3p, …, 
400p—a burst mode processing 
with an increasing sub-pulse 
number per burst
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than 4 µm) presented in Fig. 6a, c, e and g. In the 1st range, 
where the pulse/burst overlap was more than 96%, the single 
pulse mode resulted in better SRRs compared to the results 
obtained with any burst mode processing across all four 
pulse durations. It can be stated that the accumulated flu-
ence from a single pulse train led to a less residual heat and 
plasma shielding due to much lower pulse frequency, and 
thus to less redeposition of material and hence a cleaner 
ablation. In addition, the plasma plume had a noticeable 
impact at intra-burst frequency (40 MHz) as the sub-pulse 
energy was absorbed by plasma plume and led to a reduced 
ablation efficiency. At the same time, SRRs increased 
quickly with the increase of the pulse distance for both sin-
gle pulse and burst mode processing except for 10 ps in a 
single mode, where SRR was relatively stable.

The 2nd range of pulse distances covered the processing 
condition where the pulse overlaps were from 87 to 95%. 
In this range, SRRs for most burst mode regimes increased 
dramatically with the decrease of the pulse overlaps and 
exceeded SRRs achieved with the single mode when the 
pulse distance was higher than 1.4 µm. Thus, beneficial pro-
cessing conditions were created that facilitated the material 
removal/ejection from the ablation area and therefore less 
material redeposition and cleaner ablation was obtained 
when the distance between the bursts increased. Also, 
it should be noted that plasma shielding effect tended to 
decrease when pulse/burst distance increased. And, this 
had an evident impact that made the benefits of process-
ing at near optimum fluence more pronounced and led to 
the SRR increase. The SRRs achieved with the single pulse 
processing reached their maximum values (see Table 2) and 
decreased marginally when the pulse distance increased 
across all four pulse durations. Comparing the results 
obtained with the different pulse durations, bursts with num-
ber of sub-pulses from 3 to 20 resulted in higher removal 
rates for 500 fs and 1 ps pulses. At the same time, higher 

SRRs were achieved even with 100 sub-pulses per burst at 
5 ps and 10 ps pulse durations when compared with the 
results obtained with the single pulse processing.

Finally, the 3rd range covered pulsed distances where the 
pulse overlaps was less than 87%, i.e. the pulse distances 
were higher than 4 µm. In this case, the advantages of the 
burst mode were more pronounced as shown in Fig. 6a, c, e 
and g and SRRs kept increased significantly to reach their 
maximum values. They were higher than those obtained 
with the single pulse and the burst mode with the number of 
sub-pulses from 3 to 50 (in case of 500 fs and 1 ps pulses) 
and from 3 to 100 (for 5 ps and 10 ps pulses). Specifically, 
SRRs achieved with the burst mode reached the maximum 
values of 3.7 µm3/µJ, 4 µm3/µJ, 5.4 µm3/µJ and 4.6 µm3/µJ 
for 500 fs, 1 ps, 5 ps and 10 ps pulse durations, respectively 
(see Table 2). These maximum SRRs were achieved at 15 
sub-pulses, especially when the processing was performed 
with near-optimum fluence levels of 1.7 J/cm2 for 500 fs and 
1 ps pulses. These results are very close to what has been 
reported by other researchers [49]. And, it was evident from 
the results in Table 2 that the optimum fluence level tended 
to decrease to approximately 1.3 J/cm2 that was achieved 
at 20 sub-pulses with the longer durations of 5 and 10 ps. 
In addition, it is important to note that SRRs plateaued and 
were not anymore dependent on the increase of the pulse 
distances when they became higher than 4 µm and 8 µm. 
Especially, this was achieved when the pulse overlaps were 
less than 87% and 73% for the pulse durations of 500 fs and 
1 ps and 5 and 10 ps, respectively. This indicated that the 
negative side effects, such as plasma shielding and redepo-
sition of material, had declined and became steady in this 
range of pulse distances.

The observed changes of SRRs across the three ranges 
of pulse distances are in good agreement with the results 
reported in another investigation [50]. The maximum SRRs 
were achieved with the burst mode when a relatively higher 

Table 2  Maximum SRRs 
achieved on copper with single 
pulse and burst mode processing 
at four different pulse durations

Pulse Regime duration Maximum SRR
(µm3/µJ)

Number of 
sub-pulses

Sub-pulse 
fluence
(J/cm2)

Pulse distance
(µm)

Overlap level
(%)

500 fs
 Single pulse 1.8 1 25.5 2 93
 Burst mode 3.7 15 1.7 16 47

1 ps
 Single pulse 1.6 1 25.5 1 96
 Burst mode 4.0 15 1.7 16 47

5 ps
 Single pulse 1.2 1 25.5 0.6 98
 Burst mode 5.4 20 1.3 20 33

10 ps
 Single pulse 0.7 1 25.5 0.6 98
 Burst mode 4.57 20 1.3 20 33
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number of sub-pulses, i.e. from 15 to 50 sub-pulses, across 
the investigated pulse distances and pulse durations was 
used and thus to benefit fully from the available maximum 
pulse energy of 90 µJ in this study. In addition, the maximum 
SRR in machining micro-structures on copper substrates was 
attained at different number of sub-pulses per burst com-
pared to the results obtained with the single burst of ten sub-
pulses. This indicates that the performance improvements in 
the MHz burst mode processing can be achieved at specific 
machining conditions in regard to the accumulated fluence 
and sub-pulses’ fluence levels. Therefore, it is important to 
investigate these conditions systematically and thus to iden-
tify the respective limits and thus to benefit fully from the 
capabilities that the burst mode processing offers. Also, the 
similarities of the copper response to burst mode process-
ing with 500 fs and 1 ps and 5 ps and 10 ps pulse durations 
should be noted.

3.2.2  Stainless steel

SRRs as a function of the pulse/burst distances in the single 
pulse and burst mode processing of stainless steel (grade 
316) at the same four pulse durations are shown in Fig. 7. It 
can be immediately noted that the advantages of the burst 
mode processing over the single pulse one are more pro-
nounced compared to copper.

The dependences of SRRs on stainless steel in the burst 
mode processing with varying pulse distances (or overlap) 
were changing across the following two ranges: The first 
range includes pulse distances from 0.2 to 4 µm while the 
second one those in excess of 4 µm. Within the first range, 
SRRs achieved with the single pulse processing reached its 
maximum values and then plateaued with any further pulse 
distance increases at all four pulse durations. Again, there 
were similarity in the material response to SRRs achieved 
at pulse durations of 500 fs and 1 ps and pulse duration of 
5 ps and 10 ps, respectively. The single pulse processing 
resulted in higher SRRs at 500 fs and 1 ps (maximum value 
around 1 µm3/µJ) pulse durations compared to relatively low 
values obtained at 5 ps and 10 ps (maximum SRRs from 0.3 
to 0.4 µm3/µJ) across all pulse distances investigated in this 
research (Table 3). The SRRs achieved with the burst mode 
with the sub-pulse number in the range from 50 to 200 were 
higher than those achieved with the single pulse process, 
even at the lowest pulse-to-pulse distance of 0.2 µm, across 
all four pulse durations (Fig. 7b, d, f and h). The sub-pulse 
fluence at 50 to 200 sub-pulses per burst was in the range 
from 0.1 to 0.5 J/cm2. This low fluence level led to a less 
pronounced plasma shielding at high overlap levels (more 
than 98% for pulse-to-pulse distances lower than 0.2 µm) 
and thus the ablation process was more efficient. An effi-
cient ablation with the single pulse processing was achieved 
only when the pulse distances was greater than 0.6 µm and 

SRRSs were higher compared with the values obtained with 
burst distances up to 1.4 µm at 500 fs and 1 ps pulse dura-
tions. SRRs achieved with the burst mode increased dramati-
cally when pulse/burst distances were higher than 1.4 µm 
and then plateaued when they exceeded 4 µm, due to the 
reduction of plasma shielding. However, the SRR increase 
was not always steady as there were some sudden fluctua-
tions, e.g. when the number of sub-pulses in the burst were 
50, 100, 200, 300 and 400. This can be attributed to some 
alterations in the surface morphology, which led to sudden 
change in the absorption coefficient and, therefore, SRRs 
were affected strongly. Despite such SRR uncertainties at 
some burst mode processing conditions, the advantages over 
the single pulse processing were dominant on stainless steel 
across all four pulse durations. The optimum fluence level 
was 0.5 J/cm2 that was achieved with 50 sub-pulses per burst 
while the maximum SRRs across the four pulse durations 
were in the range from 4.9 to 5.7 µm3/µJ (see Table 3). An 
efficient ablation was achieved even with 300 or 400 sub-
pulses per burst when the sub-pulse fluence was much lower 
than the ablation threshold. This can be explained with the 
heat incubation affects that are discussed in the next section. 
Contrary to what was observed for copper, the pulse duration 
did not affect the optimum fluence on stainless steel, as the 
maximum SRRs were achieved with the same fluence across 
all four pulse durations. In addition, the highest SRRs on 
stainless steel were attained with 500 fs pulses, while for 
copper it was with 5 ps ones.

3.3  Heat accumulation effects

As discussed in Sect. 3.2, there were some similarities in 
the two materials’ SRR response at 500 fs and 1 ps and 5 ps 
and 10 ps pulse durations when the effects of the increas-
ing pulse/burst distances were analysed. Therefore, a further 
investigation was conducted only at two pulse durations, i.e. 
500 fs and 5 ps. In addition, the analysis was carried out for 
only four pulse/burst distances, i.e. 1.4 µm, 4 µm, 12 µm and 
20 µm, which covered the three and two specific process-
ing ranges for copper and stainless steel, respectively, as 
discussed previously. The heat accumulation influence was 
studied for both, single pulse and burst mode processing 
with numbers of sub-pulses increasing from 2 to 400.

3.3.1  Copper

Figure 8 depicts SRRs obtained on copper with four differ-
ent pulse distances while the number of sub-pulses per burst 
had been increasing. These SRRs were then compared with 
calculated ones from a single spot crater with an increasing 
number of sub-pulses. In case of 500 fs processing on cop-
per (Fig. 8a), SRRs calculated based on the ablated pockets 
were higher than the values achieved for the reference single 
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crater with one (single pulse) and two sub-pulses per burst. 
The other burst mode regimes led to lower SRRs compared 
to those achieved on the single crater across all four ana-
lysed pulse distances. It should be noted that the negative 

side effects from the plasma shielding and the material rede-
positing when processing pockets were dominant over any 
positive ones from the heat accumulation. Especially, the 
heat accumulation had a positive impact only in the single 

Fig. 7  SRRs as a function of 
pulse/burst distances in single 
pulse (red line) and burst mode 
processing on stainless steel 
with four different pulse dura-
tions: a, c, e and g SRRs at 
500 fs, 1 ps, 5 ps and 10 ps, 
respectively; b, d, f and h a 
closer look of SRRs achieved 
with pulse/burst distances of 
less than 4 µm at 500 fs, 1 ps, 
5 ps and 10 ps, respectively
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pulse and burst mode processing of copper with only two 
sub-pulses. The maximum SRR of 6.2 µm3/µJ was achieved 
with a single burst of 10 sub-pulses.

As expected, the positive influence of the heat accu-
mulation was more pronounced with 5 ps pulses on cop-
per (Fig. 8b). SRRs achieved on the ablated pockets were 
slightly higher than those calculated for the single cra-
ter with the number of sub-pulses less than three and the 
pulse distance of less than 4 µm. However, SRRs on cop-
per increased significantly when the number of sub-pulses 
exceeded 50, especially for pulse distances higher than 4 µm. 
For example, SRRBM

Total
 of 5.2 µm3/µJ and SRRBM of 1 µm3/µJ 

were achieved with 50 sub-pulses per burst and 20 µm pulse/
burst distance. Therefore, this significant SRR increase on 
copper can be attributed explicitly to the heat accumulation 
effect, i.e. the increase of SRRBM

HA
 to 4.2 µm3/µJ. Especially, 

this big difference in SRR achieved with a single burst can 
be attributed not only to heat accumulation but also the 
declining negative effects of plasma shielding when the sub-
pulse energy decreased.

3.3.2  Stainless steel

The plasma shielding in 500 fs processing led to predomi-
nantly negative effects on stainless steel (Fig. 8c and d). 
There were no significant differences between SRRs 
achieved on ablated pockets when compared with the single 
crater results obtained with up to four sub-pulses for both 
investigated pulse durations ( SRRBM

Total
= SRRBM ). The pro-

cessing conditions in this case can be considered to strike 
a balance between the advantages associate with the heat 
accumulation on SRRs and the negative ones due to the 
plasma shielding and material redepositing effects. When 
the number of sub-pulses increased and was in the range 
from 5 to 100, the plasma shielding and material redepo-
sition started to dominate due to the plasma excitation by 

subsequent sub-pulses [51]. Therefore, SRRs attained on 
processed pockets were much lower than those achieved on 
the single spot crater. The positive impact of the residual 
heat on stainless steel could only be observed when the num-
ber of sub-pulses exceeded 200 and 100 at 500 fs and 5 ps 
pulse durations, respectively. Similar to the copper response 
at 5 ps pulse duration, the positive influence of heat accu-
mulation in burst mode processing of stainless steel started 
to become noticeable when the number of sub-pulses per 
burst exceeded 100.

In addition, the SRR results obtained on stainless steel 
and also on copper at different processing conditions (see 
Fig. 8) revealed that SRRs increased with the increase of the 
pulse/burst distance, i.e. when the respective overlap levels 
decreased. Also, it was confirmed that SRRs increased when 
the number of sub-pulses used led to a near optimum fluence 
as discussed in the previous section. This is indicative of 
some interdependences between the pulse/burst overlap level 
and the optimum number of sub-pulses on both materials. 
Thus, it can be stated that relatively low pulse/burst overlap 
levels require a higher number of sub-pulses to attain the 
maximum SRR values.

3.4  Surface roughness

The effects on surface roughness were investigated at only 
two pulse durations. i.e. 500 fs and 5 ps, due to the dis-
cussed similarity between SRRs achieved with 1 ps and 
10 ps pulses, respectively, in Sect. 3.2. Three different scan-
ning speeds, i.e. 500 mm/s, 1000 mm/s and 1500 mm/s, were 
investigated that led to pulse distances of 5 µm, 10 µm and 
15 µm, respectively. In addition, two burst settings of 15 and 
50 sub-pulses were selected for the conducted experiments 
on copper and stainless steel, respectively, because one of 
the highest SRRs was achieved with them (see Sect. 3.2). 

Table 3  Maximum SRRS 
achieved on stainless steel with 
single pulse and burst mode 
processing at four different 
pulse durations

Pulse Regime duration Maximum 
SRR
(µm3/µJ)

Number of 
sub-pulses

Sub-pulse 
fluence
(J/cm2)

Pulse distance
(µm)

Overlap level
(%)

500 fs
 Single pulse 1.0 1 25.5 1 96
 Burst mode 5.7 50 0.5 12 60

1 ps
 Single pulse 0.9 1 25.5 1 96
 Burst mode 5.5 50 0.5 12 60

5 ps
 Single pulse 0.4 1 25.5 1 96
 Burst mode 5.2 50 0.5 12 60

10 ps
 Single pulse 0.3 1 25.5 0.2 99
 Burst mode 4.9 50 0.5 12 60
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Fig. 8  SRRs as a function of number of sub-pulses per burst for pock-
ets machined with four different pulse/burst distances, i.e. overlap lev-
els, for two different pulse durations and materials: a Copper, 500 fs; 

b Copper, 5 ps; c Stainless steel, 500  fs and d Stainless steel, 5 ps. 
The reference single crater curve shows the calculated SRRs from a 
single shot crater with an increasing number of sub-pulses.

Table 4  The number of layers 
required to achieve similar 
pocket depths with the selected 
two pulse durations and three 
scanning speeds

Scanning speed 
(mm/s)

Regime Number of layer

500 fs 5 ps

Copper Stainless steel Copper Stainless steel

500 Single pulse 20 30 30 58
Burst mode 10 10 10 10

1000 Single pulse 27 77 53 195
Burst mode 10 10 10 10

1500 Single pulse 30 90 75 240
Burst mode 10 10 10 10
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Also, it is important to note that it was necessary to ablate 
more than ten layers when the single pulse processing was 
used, as presented in Table 4, and thus to achieve a similar 
depth with the two processing regimes as shown in Fig. 9a 
and b.

Figure 9c and d presents the surface roughness measure-
ments on copper and stainless steel after undergoing pro-
cessing with the two pulse durations. The respective surface 
morphologies achieved with the two processing modes are 
shown in Fig. 10. A marginally lower surface roughness was 
achieved on copper with the 500 fs burst mode processing 
at 500 mm/s and 1000 mm/s, whilst the surface quality was 
similar at 1500 mm/s as shown in Fig. 9c. The difference in 
surface quality was more pronounced at 5 ps processing of 
copper. The roughness values obtained with the burst mode 
were two times higher than those achieved with the single 
pulse processing at the lower scanning speed of 500 mm/s. 
Nevertheless, the burst mode resulted in a significantly 
smaller roughness at the higher scanning speeds of 1000 
and 1500 mm/s.

Based on the results obtained on stainless steel, the 
pulse duration had a clear influence on surface qual-
ity (see Fig. 8d). In particular, a significant increase in 
surface roughness was observed when the pulse duration 
increased from 500 fs to 5 ps in the single pulse process-
ing whilst the roughness differences were marginal on the 
pockets produced with the burst mode processing at the 
investigated two pulse durations. The MHz burst mode 
did not lead to any improvements in surface roughness 
across all three scanning speeds at 500 fs pulse duration. 
Whereas, the burst mode with 5 ps pulses had a significant 
positive impact on surface quality across all investigated 
scanning speeds. The biggest reduction of surface rough-
ness achieved with the burst mode in comparison to that 
obtained with the single pulse processing was observed at 
1000 mm/s, i.e. 10 µm pulse distance, with 5 ps pulses, 
i.e. a reduction from 13 to 5 µm was achieved. It should 
be stressed that having a significantly smaller number 
of ablated layers in the burst mode, i.e. especially when 
processing stainless steel, did not only lead to a better 

Fig. 9  The surface roughness results:  Representative cross-sectional 
profiles of ablated pockets produced on copper (a) and stainless steel 
(b) with different numbers of layers for single pulse and burst mode 
processing (at 500 fs pulse duration and 1000 mm/s scanning speed); 

and surface roughness (Sa) measurement at the bottom of the ablated 
pockets produced on copper (c) and stainless steel (d) with single 
pulse and burst mode at different pulse durations and scanning speeds
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surface quality, but also reduced the overall processing 
time, substantially. Considering the industry requirements 
for a viable ultrashort laser processing, especially higher 
SRRs, the use of the MHz burst mode can help to broaden 
the industrial applications of this technology.

The surface morphology of ablated pockets are shown in 
Fig. 9. The burst mode processing minimised and also elimi-
nated the micro pinhole formation, especially on copper with 
both pulse durations. However, the higher ablation rate achieved 
with the burst mode led to the appearance of a different surface 
morphology, i.e. some line-like patterns. This reflects the scan-
ning path used to process the last layer, and the same patterns 
were also observed on stainless steel. The effect of heat accu-
mulation in the burst mode was more pronounced on stainless 
steel. There was a clear redepositing of an ablated material that 
led to the formation non-uniform micro-structures at the bottom 
surface of the pockets. Again, this can be explained with the 
lower thermal conductivity of stainless steel compared to copper.

4  Conclusions

The capability of the MHz burst mode processing was 
investigated in this research as a means to increase SRRs 
achievable in laser micro-machining on copper and 

stainless steel while utilising fully the available maximum 
pulse energy. Specifically, the experiments were conducted 
with a relatively high pulse fluence, i.e. 25.5 J/cm2, and 
four different pulse durations, i.e. from 500 fs to 10 ps. 
The results showed that the MHz burst mode processing 
has clear advantages in regard to achievable SRRs and 
thus to utilise fully the available average power. These 
removal rate improvements can be explained with the near 
optimum fluence levels of sub-pulses and beneficial heat 
accumulation effects in the burst mode compared to those 
in the single pulse processing. Especially, high SRRs were 
achieved with a relatively higher number of sub-pulses 
per burst, e.g. 15 to 20 and 20 to 50 on copper and stain-
less steel, respectively. However, the results also showed 
that the ablation efficiency improvements achievable with 
the burst mode can only be obtained under some specific 
processing conditions. Sustained high SRRs with the burst 
mode were achieved when the pulse overlap was relatively 
small, i.e. less than 87%. Especially, the highest SRRs 
achieved on copper and stainless steel were 5.4 µm3/µJ 
(with 20 sub-pulses, 33% pulse overlap and 5 ps pulse 
duration) and 5.7 µm3/µJ (at 50 sub-pulse, 60% pulse over-
lap and 500 fs pulse duration), respectively. There were 
similarities in the SRR dependence on the number of 
sub-pulses per burst when relatively low and high pulse 

Fig. 10  SEM micrographs taken at the bottom surfaces of ablated 
pockets with the investigated two pulse durations and three scan-
ning speeds on copper (left) and stainless steel (right). It is important 
to note that the depth of the pockets was kept the same but differ-

ent number of layers was used to achieve this with the two process-
ing regimes. The numbers with the white colour denote the surface 
roughness (µm). Scale bar: 100 µm
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durations, i.e. 500 fs and 1 ps, and 5 and 10 ps, respec-
tively, were used.

In addition, a novel empirical approach is implemented 
in this research to assess the heat accumulation effects on 
SRRs in the burst mode processing. In general, the heat 
accumulation effects were predominantly advantageous 
both at relatively small (from 1 to 3) or high (above 100) 
number of sub-pulses per burst. The results clearly show the 
potential of the MHz mode processing for improving SRRs 
and reducing the machining time in ultrashort laser machin-
ing and structuring. In addition, it is worth noting that the 
surface quality attained with the burst mode processing was 
comparable to that achieved with the single mode and even 
better with some specific process settings. Thus, it can be 
concluded that the obtained SRR improvements were not in 
expense of the surface quality and thus it will be possible to 
benefit fully from the constantly increasing pulse energies 
and average power in ultrashort laser processing operations.
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