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A B S T R A C T   

In order to achieve high-resolution micro-machined features, tight focusing is traditionally adopted in laser 
micro-machining systems, at the cost of a narrow axial machining range. As the laser energy is confined in a 
single, fixed focal spot, machining throughput is significantly constrained by the writing speed of either 
translation stages or galvanometer scanners. We study an ultrafast axial scanning technique that asynchronously 
distributes laser pulses along the axial direction. Oscillation of the focal spot induced by the tunable acoustic 
gradient index lens is visualized in borosilicate glass with femtosecond laser pulses. By tuning frequency and 
amplitude of the acoustic field, machining parameters can be optimized, as demonstrated by the case of line 
machining on silicon. Multi-pass groove machining with axial scanning on silicon as well as femtosecond laser 
cutting of battery separators exhibit an extended effective machining range and an improved machining effi-
ciency for both focused and defocused surfaces.   

1. Introduction 

Laser micro-machining is an important technique in advanced 
manufacturing for a broad range of materials used in industrial appli-
cations and novel devices. In traditional laser micro-machining pro-
cesses, a fixed-focal machining system is adopted where a laser is di-
rected to a single, fixed focal plane and modifies the surface as desired. 
In order to achieve higher-resolution micro-machined features, a high 
optical power system is preferred to tightly focus and minimize the 
laser beam. The drawback of tight focusing is, with a narrow depth of 
field (DOF), the laser energy is confined in a small affected volume.  
Chang and Tu (2012) experimentally demonstrated that the size of the 
affected volume along the axial direction is typically only ten times 
larger than the focal spot size. The small affected volume may cause a 
non-uniform workpiece surface to fall outside its axial range, leading to 
inefficient machining. Simulations by Alferov et al. (2014) illustrated 
that even a slight shift of 2 μm from the focal plane changes the 
transverse beam pattern substantially for a cylindrical vector beam 
focused by a lens with the numerical aperture =NA 0.8. Moreover, the 
machining throughput is further limited by the writing speed of either 
3D stages or galvanometer scanners. Thus, considering extending the 
lateral or axial focal volume opens a window for parallel processing to 
boost the machining throughput. 

One promising solution to address the concerns above is to 

redistribute the laser energy over extended lateral or axial focal spots 
through an adaptive varifocal system. Salter and Booth (2019) reviewed 
the state of art methods and applications of adaptive optics in laser 
processing. Successful implements of adaptive varifocal systems include 
the use of deformable mirrors (DM) with dynamic wavefront sensing, 
computer-generated holograms (CGH) in spatial light modulators 
(SLM), and tunable microlens arrays (MLA). Gaudfrin et al. (2017) 
presented the intra volume glass marking where the depth of the ma-
chining feature is tuned by a varifocal setup constructed with a wave-
front sensor and DMs. Management of the axial focal position is 
achieved with closed-loop control of the wavefront. Another im-
plementation of DM is reported by Campbell et al. (2007), where an 
iterative simulated annealing algorithm is used to optimize the shape of 
laser ablation features. The use of CGH in SLM enables the lateral ex-
tension of the affected volume in laser processing. Hayasaki et al. 
(2005) first applied variable holographic laser processing on glass with 
a temporal resolution of 2 Hz. Nine arrayed beams were generated 
parallelly from CGH. This method was further developed with im-
provements in both temporal and spatial resolution of SLM. Kuang et al. 
(2008) reported a repetition rate of 50 Hz for CGH. The maximum 
number of extended parallel beams is also increased to above 1000, as 
demonstrated by Hasegawa et al. (2016). In addition to SLM, another 
type of adaptive optics based on the response of liquid crystal is the 
tunable microlens arrays (MLA). Algorri et al. (2017) demonstrated a 
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varifocal MLA with a variable focal length between 300 and 1000 μm. 
Recent research efforts have shortened the response time of liquid 
crystal in MLA. For example, Kurochkin et al. (2018) reported 
minimum response time of 0.4 ms by applying stressed liquid crystal. 
However, due to the complicated feedback loops, limitation of the 
iterative algorithms, and the relatively slow response of liquid crystal, 
all the systems mentioned above can only achieve a maximum repeti-
tion rate of several kHz, which is much slower than most ultrafast 
pulsed lasers at MHz scale. Finding ultrafast varifocal scanning systems 
that match the repetition rate of lasers remains an ongoing challenge. 

Recently, acousto-optofluidic (AOF) devices have emerged as a 
promising candidate for ultrafast varifocal scanning. Using sound to 
shape light, AOF devices have shown their massive potential in ultrafast 
varifocal scanning in laser processing. Surdo and Duocastella (2019) 
developed an AOF system generating tunable complex interference 
patterns by controlling the diffraction of light at sub-microsecond 
temporal resolution. Laser direct writing with these patterns creates 
periodic structures with a scalable spatial resolution down to the na-
nometric range. Zunino et al. (2019) applied an AOF system to generate 
dynamic multi-beamlets. Mutifocus laser ablation with up to 25 dif-
fractive foci was demonstrated on various materials. One of the AOF 
devices is the tunable acoustic gradient (TAG) index lens. TAG lens was 
first developed by McLeod and Arnold (2007). It is composed of a cy-
lindrical liquid cavity driven by a piezoelectric ring, which is powered 
by radio frequency (RF) signals. The acoustic standing wave in the li-
quid induces an oscillating refractive index gradient over the radial 
dimension of the cavity, making the TAG lens a gradient index lens 
oscillating between a converging and a diverging lens at kHz–MHz.  
Duocastella and Arnold (2013) experimentally demonstrated the ex-
tension of DOF with the TAG lens. Chen et al. (2018) presented the 
improved ablation volume with the TAG lens as an axial scanner in 
laser micro-machining. 

In this article, we explore the effects of axial scanning by introdu-
cing the TAG lens into an existing fixed-focal micro-machining system, 
without additional synchronization and control between the TAG lens 
and the laser. We visualize the axial scanning effect by directing fem-
tosecond laser pulses to transparent glass cubes. To optimize various 
parameters for micro-machining with axial scanning, we ablate the 
surface of a silicon wafer. Relations between ablated depth and ma-
chining parameters are studied, including axial scanning, material 
feeding rate, and sample defocusing distance. Finally, we confirm that 
axial scanning can increase the machining efficiency over a sizable 
defocusing range, by demonstrating increased ablation depth in a multi- 
pass groove machining experiment and improved laser cutting on a 
wrinkled battery separator. 

2. Materials and methods 

A TAG lens oscillates between a converging and a diverging lens, 
controlled by the frequency and amplitude of the RF signal. Its optical 
power, defined by the reciprocal of oscillation amplitude of its focal 
length, is usually between 0.1 and 2 m−1. To enable high-resolution 
micro-machining, we pair up a low optical power oscillating TAG lens 
and a high optical power objective lens to form an ultrafast axial 
scanner, as shown in Fig. 1(a). The axial scanner can focus at a fixed 
focal position z0 in the TAG off mode or at ultrafast-oscillating focal 
planes around z0 in the TAG on mode. There are two parameters that 
define the performance of an axial scanner. Its frequency ftag is de-
termined by the driving frequency of the acoustic field in the TAG lens. 
ztag is the amplitude determined together by the optical powers of the 
objective lens and the TAG lens. Therefore, the focal position of the 
axial scanner follows a cosine function of the time t , 

= + +z t z z f t( ) cos(2 ),0 tag tag 0 (1) 

where 0 is an arbitrary initial phase. 

The experimental setup in this study is shown in Fig. 1(b). The 
femtosecond laser (800 nm wavelength, 100 fs pulse duration, 6 W 
power at 1000 Hz) is guided through a variable attenuator formed by a 
half-wave plate ( /2) and a polarized beam splitter (PBS). After a beam 
minimizer (L1-L2), the laser is directed through an axial scanner con-
structed with a TAG lens (TLHP, TAG Optics Inc.) and an objective lens 
of high numerical aperture (OBJ, 40X, N.A. 0.65). The TAG lens used in 
this study operates around 141 kHz. The voltage of the RF signal is fixed 
at =V 10p V. The beam is focused down to between 7 and 7.5 μm in 
radius without axial scanning, measured by a standard single-shot ab-
lation experiment following the method in Liu (1982), included in 
Appendix A.1. The spot size is estimated by interpolating both the inner 
and outer radius of single-shot craters as a function of pulse energy, 
similar to the analysis in Bonse et al. (2002). For all experiments in this 
study, the laser is attenuated to 0.13 ± 0.03 W. The estimated fluence 
is around 163 ± 37 J/cm2, assuming a 7 µm spot size. 

In this study, we run experiments on three materials, borosilicate 
glass, silicon, and polyethylene. Samples are mounted on a three-axis 
stage, which is programmed to move following a designated line path at 
a constant speed. To visualize the axial scanning effect, we direct laser 
pulses to borosilicate glass cubes (BK7, 1 cm, 6-side-polished) and 
characterize induced filamentation tracks from the side. To explore 
micro-machining with axial scanning, we ablate a silicon wafer (P-type, 
500 μm thickness) and a porous polyethylene thin film (7 μm thickness, 
obtained from Semcorp Co. as a commercial battery separator). 
Filamentation tracks in glass cubes and ablated Si surfaces are char-
acterized by a 3D laser confocal microscope under a 50× objective lens 
(1080× magnification) with a lateral resolution of 250 nm and a ver-
tical resolution of 60 nm. Laser cut PE separators are characterized 
under a 10× objective lens (2164× magnification) with a lateral re-
solution of 1.25 μm and a vertical resolution of 2 μm. 

3. Results and discussion 

3.1. Visualization of the axial scanning 

For pulsed-laser micro-machining with axial scanning, the focal 
position oscillates at a frequency of ftag and an amplitude of ztag, while 
the laser is operating asynchronously at a fixed 1000 Hz. Thus, the focal 
position at each laser pulse is no longer continuous as in Eq. (1) and 
now follows Eq. (2) where the focal position is determined by the 
timing of the laser pulse. After adding in the laser repetition rate, the 
focal position is written as a function of the pulse number n. The nth 
laser pulse hits the sample with its focal position at z n( ), 

= + +z n z z
f

f
n( ) cos 2 ,0 tag

tag

laser
0

(2) 

where flaser is the laser repetition rate. 
To examine the axial scanning effect on a pulsed laser experimen-

tally, femtosecond laser pulses are directed to borosilicate glass cubes to 
induce permanent damage tracks. Optical microscopic images of the 
glass cubes from the side are shown in Fig. 2 with TAG off in (a), and 
TAG on at various frequencies in (b)–(d). Multiple-filament refractive- 
index change is observed due to the high laser fluence used, as ex-
plained by Couairon and Mysyrowicz (2007). Comparing TAG off with 
TAG on, one can observe the induced oscillation of the focal position. 
Focal positions of laser pulses, marked by the red stars, follow Eq. (2) by 
fitting a value to ztag and 0. The fitted scanning range ztag in glass in  
Fig. 2(b) and (c) is 20 ± 2 μm. From the damage tracks, we observe that 
approximately 5, 10, and 20 pulses are needed to complete a period of 
z n( ) for the TAG lens frequency at 141,800, 141,100, and 141,050 Hz, 
respectively. 

Using this visualization of the axial scanning, we study the fre-
quency behavior of z n( ). From Eq. (2), the frequency of z n( ) is now 

f
f

tag

laser
, distinctive from the frequency ftag of the continuous function z t( ). 
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If f
f

tag

laser
is an integer, the focal positions of all pulses are the same (at 

= +z n z z( ) cos( )0 tag 0 ), yielding no axial scanning. Hence, the frac-
tional part of 

f
f

tag

laser
explains the equivalent phase mismatch between 

frequencies of the TAG lens and the laser. For each additional laser 
pulse, the shifted phase in z n( ) follows, 

= = +
f

f
f

f
f

f2
.tag

laser

tag

laser

tag

laser (3) 

Here, 
f

f
tag

laser
denotes the floor function of f

f
tag

laser
, and { }

f
f

tag

laser
represents the 

fractional part of 
f

f
tag

laser
. 

The period of z n( ) is now defined as the number of pulses N needed 
to return to its initial phase 0. If we use a unit circle to visualize the 
phase, the mismatch between frequencies of the laser and the axial 
scanner slices the circle into N sectors. Fig. 2(e) plots an example of 

=f 141, 100tag Hz, with its = 0.12 . Starting from 0, each additional 
pulse increases the phase and rotates the circle by . Therefore, N
needed for z n( ) to return to 0 is 10. For any given ftag and flaser, N
satisfies, 

=N k·
2

, (4) 

where both N and k are the smallest possible integers for this equation 
to hold. For the three TAG lens frequencies used in Fig. 2(b)–(d), the 
corresponding N is 5, 10, and 20. The limiting case of the smallest N is 
at TAG off, where no axial scanning corresponds to =N 1. On the other 
side, N when the laser pulses much faster than the TAG lens 
( f flaser tag). Experimental results for permanent damage tracks in glass 
with N ranging from 1 to 1000 are included in Appendix A.2 as a re-
ference. Since only { }

f
f

tag

laser
determines N , 

f
f

tag

laser
is multi-valued for any N . 

Using N , Eq. (2) now transforms to, 

= + +z n z z
N

n( ) cos 2 .0 tag 0 (5)  

3.2. Periodic ablated depth with axial scanning 

In this section, we study line machining with defocused sample 
surfaces. Sample surfaces are positioned below the focus of the objec-
tive lens z0. We denote the initial defocusing distance z0 as the differ-
ence between z0 and zs, where z0 is the focal position of the setup in the 

Fig. 1. (a) An axial scanner constructed with a low optical power oscillating TAG lens and a high optical power objective lens. The oscillation in its focal position is 
described by Eq. (1). (b) A varifocal laser micro-machining setup used in this study. 

Fig. 2. Optical microscopic images of permanent damage tracks in a borosilicate glass cube, (a) without axial scanning, with axial scanning (b) at =f 141, 800tag Hz, 
(c) at =f 141, 100tag Hz, and (d) at =f 141, 050tag Hz. Red stars in (a)–(d) mark the fitted focal position from Eq. (2). (e) The phase of z n( ) for =f 141, 100tag Hz 
represented in a unit circle. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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TAG off mode and zs is the sample's axial position (i.e., =z z zs0 0 ). 
Using Eq. (5), the real-time defocusing distance of the sample surface z
from the oscillating focal position is now, 

= = + +z n z n z z z
N

n( ) ( ) cos 2 .s 0 tag 0 (6) 

For experiments in this section, we vary the initial defocusing z0 be-
tween 0 μm (focused) to 60 μm (defocused) for both TAG on and TAG 
off, as shown in Fig. 3(a) and (b). A silicon wafer, placed on the stage, 
moves uniformly in the x direction, with velocity vstage at 30 mm/s, so 
the separation between ablated holes x is = 30v

f
stage

laser
μm. The axial 

scanner runs at the same condition as in Section 3.1, and the axial 
scanning amplitude ztag is approximately fixed at 20 μm regardless its 
frequency ftag. 

First, we characterize the depth of single-shot ablated holes with a 
varying defocusing distance z0 at TAG off and use it as a reference to 
study the axial scanning effect. For femtosecond ablation of Si in a high 
fluence regime, generation of strong surface-induced plasma increases 
re-deposition of the ablated material, as analyzed by Choi and 
Grigoropoulos (2002). In this article, we only focus on the effect of axial 
scanning, where we assume the simplified logarithmic dependence of 
the ablation depth on the laser pulse fluence. Details on the high fluence 
ultrafast ablation mechanism are all lumped into an effective energy 
penetration depth L and an effective ablation threshold fluence Fth, 
similar to the approach in Hwang et al. (2006). The ablated depth 
without axial scanning is described as a function of the defocusing 
distance z0, following the derivation in Chen et al. (2018), which is 
based on Beer's law and fluence of a Gaussian beam, 

= + +d z L L z z( ) ln( ) ln[1 ( / ) ],r0 0
2 (7) 

where zr is the measured effective Rayleigh range considering the 
quality factor of the beam from the single shot experiments, and is the 
measured normalized laser fluence, given by F

Fth
, both described in 

detail in Appendix A.1. We further denote L ln( ) as a constant D, re-
presenting the ablated depth for focused sample surfaces ( =z 00 μm). 
We also formulate a dimensionless numbers = z

z0 r
0 to characterize the 

sample defocusing distance with respect to the fitted Rayleigh range. 
Thus, Eq. (7) is simplified to, 

= + +d D L( ) ln(1 ).0 0
2 (8) 

For this experiment, D is 4.16 μm, zr is 6.37 μm, and L is 0.83 μm. 
Using the calibrated ablated depth without axial scanning, we can 

then obtain the depth with axial scanning by substituting the real-time 
defocusing distance z n( ) in Eq. (6) for the initial defocusing distance z0
in Eq. (7), 

= + +d z n D L z n z( ( )) ln(1 ( ( )/ ) ).r
2 (9) 

By plugging the oscillating focal position z n( ) into the above z n( ), we 
define = z

zr

tag , similar to 0, to characterize the axial scanning ampli-
tude with respect to the measured Rayleigh range. quantifies how the 
TAG lens extends the DOF compared to the fixed-focal system, and is 
fixed at 3.14 for this experiment with =z 20tag μm. The ablated depth d
with axial scanning is then expressed as a function of only n and 0, 

= + + + +d n D L
N

n( , ) ln 1 ·cos 2 .0 0 0

2

(10) 

Comparing Eq. (8) and Eq. (10), the oscillation in the defocusing dis-
tance, caused by the axial scanner, extends a fixed ablated depth to a 
range of distributed depth. This effect is also visualized in Fig. 3(c) and 
(d), where we plot the ablated depth at TAG off as the dashed line. For 
z0 at 0, 10, 20, and 30 μm, ablated depths at TAG off are represented by 
the discrete and red dots in Fig. 3(c). Whereas at TAG on, the corre-
sponding ranges of z are [ 20, 20] μm, [ 10, 30] μm, [0, 40] μm, and 
[10, 50] μm, as represented by the color stripes in Fig. 3(d). 

In order to rewrite the depth d as a function of the length x along 
the machined line, we substitute the pulse number n by x x/ in Eq.  
(10). The envelope of the depth profile d x( , )0 with axial scanning is 
given by, 

= + + + +d x D L x( , ) ln{1 [ ·cos( )] },0 0 0
2 (11) 

where = x N
2

· describes the frequency of the depth profile, using the 
number of laser pulses in a scanning cycle N . 

Fig. 4 exhibits the experimental results of line machining on Si. We 
compare the ablated depth for TAG off ( = 0) and TAG on at 
141,100 Hz ( = 3.14) with various defocusing distance z0 at 0, 10, 20, 
and 30 μm. For each studied case, top and side views of the ablated line 
with 38 single-shot holes are shown. To reduce the spike noise during 

Fig. 3. Schematic of micro-machining on defocused Si surfaces, with (a) TAG off and (b) TAG on. Depth of a single-shot ablated hole for various initial defocusing 
distances z0 for (c) TAG off and (d) TAG on. 
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image acquisition, we take the moving average of five pixels. The depth 
of each ablated hole is extracted from the local minima on the profile, 
marked by blue stars. Based on our analysis, we plot Eq. (8) in red on 
the depth profile for the TAG off cases. Without axial scanning, the 
depth of the ablated holes is relatively uniform around the values de-
scribed by Eq. (8). To describe the oscillating depth profiles for the TAG 
on cases, Eq. (11) is plotted in red by fitting in a frequency and an 
initial phase 0 to its cosine term. The curve fitting in Fig. 4 reports a 
minimum R-square value of 0.87. With axial scanning, the machined 
surface displays a periodic pattern, which agrees with our analysis in 
Eq. (11). 

We also characterize the ablated depth with varying axial scanning 

frequencies. Fig. 5 plots the depth of the ablated holes in stars and fitted 
envelope in dashed lines for axial scanning frequencies at 141,800, 
141,100, and 141,050 Hz with z0 at (a) 0 μm, (b) 30 μm, and (c) 60 μm. 
These axial scanning frequencies correspond to =N 5, 10, and 20. The 
frequencies of the fitted envelopes are 0.042, 0.022 and 0.011, matching 
the calculated values of = x N

2
· with an error less than 5%. The error 

may originate from the characterization of the depth profile, the ac-
celeration of the stage, and the frequency shift of the TAG lens during 
its operation. 

It is interesting to notice the frequency of the fitted envelopes for the 
special case where the sample surface is initially focused. Comparing  
Fig. 5(a)–(c), we observe that the frequency of the fitted envelopes for 

Fig. 4. Experimental results of the machined lines for TAG off ( = 0) and TAG on at 141,100 Hz ( = 3.14), with various defocusing distance z0 at 0, 10, 20, and 
30 μm. Top and side views of the ablated line are shown for each case. Central depth profiles are plotted in black solid lines after zeroing the sample surfaces, with the 
depth of each shot marked as a blue star. Fitted envelopes for the depth profiles are plotted in red dash lines, following Eq. (8) for TAG off and Eq. (11) for TAG on. 
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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= 00 is twice that of 00 at =f 141, 100tag Hz ( =N 10, blue) and 
=f 141, 050tag Hz ( =N 20, green). The same phenomenon is noticed 

when comparing the shapes of d x( ) for =f 141, 100tag Hz in Fig. 4. 
However, for the case of =f 141, 800tag Hz ( =N 5, red) in Fig. 5(a)–(c), 
the frequency of the fitted envelopes is the same for all 0. This effect 
can be explained by examining the phase term of Eq. (10). Using the 
trigonometric identity, we rewrite the depth =d n( , 0)0 as, 

= + + + +d n D L
N

n( , 0) ln 1
2 2

·cos 4 2 .
2 2

0 (12) 

The shifted phase for each additional pulse is 
N
4 . Following a similar 

analysis in deducing N in Eq. (4), the number of pulses M required for 
d n( , 0) to return its initial phase 2 0 must satisfy =M j· 2N

4 or = jM
N

2 , 
where both M and j are the smallest integers for it to hold. Using M , the 
period of the fitted envelope d x( , 0) can be considered as =T M x· , 
with 

=
=

=
M

N j N

N j N
2

with 1, for even ;

with 2, for odd . (13) 

Therefore, as 0 approaches 0, the frequency of the depth profiles 
doubles for even N , and preserves for odd N . 

Finally, we study how axial scanning affects the average ablated 
depth, compared to the TAG off cases. With axial scanning, the oscil-
lation in the ablated depth is explained by the cosine term in Eq. (10). 
The average ablated depth d ( )0 per shot is then approximated by in-
tegrating and normalizing d n( ) with respect to its phase, assuming d n( )
is continuous: 

= + + +d D L d( ) 1
2

ln{1 [ ·cos( )] } .0 0

2
0

2
(14) 

This expression of d ( )0 eliminates the dependence of the average depth 
on scanning frequencies. In Fig. 5(d), we plot the average ablated depth 
per shot with and without axial scanning. Experimental results of the 
average depth are acquired by averaging the depth of 38 single-shot 
holes along each machined line, represented by markers. Ablated depth 
for the TAG off cases, described by Eq. (8), is shown in a solid black 
line. Average ablated depth for the TAG on cases, described by Eq. (14), 
is plotted as a dashed line. Calculation of d ( )0 agrees with the ex-
perimental data points of all scanning frequencies. From the numerical 
integration of Eq. (14), the two curves intersect at 20 . Comparing 
TAG on with TAG off, the average ablated depth is less sensitive to the 
defocusing of sample surfaces at the cost of a lower average depth for 

< 20 . Recall that the ablated depth is peaked at = 00 without axial 
scanning. So at = 00 , any deviation of the focal plane introduced by 
axial scanning reduces the average ablated depth. However, it is worth 
noticing that for > 20 , the average ablated depth exceeds that of the 
TAG off case, indicating extended effective machining range. 

3.3. Optimizing machining parameters 

To take advantage of the extended DOF while maintaining a uni-
form machining quality, we require the laser to stay in the same spot 
until the axial scanner finishes at least one whole period of scanning. In 
short, the average pulse number per spot should exceed N . Defining the 
distance between a train of pulses as the pulse separation x , we can 
estimate the effective pulse number per spot Neff by summing the ac-
cumulated fluence for all the equally spaced pulse positions and aver-
aging it over the peak fluence F of Gaussian pulses. We use the same 
definition of Neff as Crawford et al. (2005) did: 

Fig. 5. Depth of the ablated holes with axial scanning (in stars) and fitted envelopes (in dashed lines) with various defocusing distance z0 at (a) 0 μm, (b) 30 μm, and 
(c) 60 μm. The scanning frequencies in the subplot are 141,800 Hz (red), 141,100 Hz (blue), and 141,050 Hz (green). (d) Comparison of average ablated depth per 
shot with and without axial scanning. Experimental results are shown by markers. Ablated depth for the TAG off cases is displayed in a solid line, and the average 
ablated depth for the TAG on cases is plotted as a dashed line. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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= ==
+

N
F e
F

e
x

R
x

· dr
2

,n
eff

n x
R

r
R

2( )2
2

2 2
2

(15) 

assuming the pulse separation x is much less than the spot radius R, 
and neglecting the change in the beam shape. Using this effective pulse 
number per spot, we require that N Neff . Since the pulse separation 

x is given by v
f
stage

laser
, the requirement imposed on the sample translation 

speed vstage is given by, 

R
x

N v
N2 2

Rf .stage
laser

(16)  

The critical material feeding rate is limited by the repetition rate of 
the laser in this study. The maximum repetition rate of the laser in this 
setup is 1000 Hz, which limits our machining rate to the mm/s scale. 
For laser frequency that matches the TAG lens's operating frequency at 
the MHz scale, the corresponding machining rate can proportionally 
increase to the m/s scale for high throughput. For laser frequency 
greater than 100 MHz, it is estimated that >N 100 due to the small 
phase mismatch ( < 0.01*2 ) between the laser and the TAG lens. In 
that case, the machining rate is limited by the axial scanning speed of 
the TAG lens. 

To verify the requirement listed in Eq. (16), we conduct line ma-
chining experiments with varying pulse separation x at 5, 2, and 1 μm, 

corresponding to vstage of 5, 2, and 1 mm/s. Fig. 6(a)–(c) plots the 3D 
colormaps for the machined lines positioned at =z 300 μm, = 4.710
with varying x , for TAG off, TAG on at 141,800 and 141,100 Hz. 
Depth profiles of the ablated grooves are displayed in Fig. 6(d)–(f) after 
zeroing the sample surface. Fig. 6(g)–(i) plots the corresponding power 
spectrum of the depth profiles to facilitate our analysis of the periodic 
patterns in the groove depth. 

From the 3D colormaps and depth profiles in Fig. 6(a)–(f), periodic 
machining patterns are observed, except for the TAG off cases and the 
case of =f 141, 800tag Hz with =x 1 μm. Plugging the measured beam 
spot size 7 μm into R in Eq. (16), the maximum x allowed without the 
periodic depth patterns is 

N
8.8 μm, with N equals to 5 and 10 for 

=ftag 141,800 Hz and =ftag 141,100 Hz. Among all the axial scanning 
cases, only at 141,800 Hz and =x 1 μm, the requirement on the ma-
terial feeding rate is satisfied. It is also worth noticing that the ablated 
depth with axial scanning is enhanced compared to the TAG off case in  
Fig. 6(a)–(f). This result is consistent with the conclusion in Fig. 5(d) 
with = >4.71 20 . 

The machining patterns are also recognized as peaks in the power 
spectrum. No outstanding peaks exist for the TAG off cases. The absence 
of the peak at 0.2 μm 1 in Fig. 6(i) indicates the disappearance of 
periodic machining patterns for =f 141, 800tag Hz with =x 1 μm. For 
all other axial scanning cases, the unit length T of the periodic patterns 

Fig. 6. 3D colormaps for Si positioned at =z 300 μm with varying x , for (a) TAG off, (b) TAG on at 141,800 Hz, and (c) TAG on at 141,100 Hz. The lateral dimension 
of the 3D images is 250 μm. The depth is shown with a zooming factor of 10, 5 and 3, for (a)–(c), respectively. Depth profiles of the ablated grooves are displayed in 
(d)–(f). The corresponding power spectrum of the depth profiles is shown in (g)–(i). (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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can be found by the inverse of the corresponding frequency peaks. 
Analytically, T is calculated by = N x·2 based on Eq. (11). Table 1 
summarizes the analytical and experimental values of T obtained from  
Fig. 6(g)–(i). The mismatch between the analytical and experimental T
is less than 8.5%. Another group of experimental data with the TAG lens 
operating around 99 kHz is detailed in Appendix A.3. Three more sets of 
parameters resulting in consistent machining depth are included to 
further support the criterion in Eq. (16). 

3.4. Enhanced groove depth with axial scanning 

We have studied and optimized the axial scanning parameters on the 
line machining of Si. Our experiments show improved ablation depth for 
defocused samples, indicating that extending DOF with axial scanning is 
favorable over a fixed position focal point. The case of multi-pass ma-
chining with a fixed focus but shifting substrate position on each pass 
was discussed in our prior work in Chen et al. (2018). In this section, to 
further verify our conclusions and directly demonstrate the enhanced 
machining depth of axial scanning for engineering applications, we 
perform multi-pass machining of deep grooves on Si with =f 1000laser
Hz, =f 141, 800tag Hz, =z 20tag μm, and =x 1 μm. With these ma-
chining parameters, the requirement in Eq. (16) is satisfied and no per-
iodic depth pattern should show up to give uniformly machined grooves. 

Fig. 7 exhibits the average ablated depth for the grooves machined 
on Si surfaces defocused for z0 ranging from 0 to 60 μm, for (a) 1-pass, 
(b) 2-pass and (c) 5-pass. The depth profiles of the grooves at =z0 0 μm 
and =z 300 μm are plotted on the top. In Fig. 7(a), the single-pass 
machining depth for TAG on and off intersects at around =z 100 μm, 
which roughly corresponds to Fig. 5(d). For the sample positioned at 

=z 00 μm, any additional axial scanning reduces the ablated depth 
compared to the TAG off case. Only at >z 100 μm, enhancement in the 
average ablation depth is achieved. In Fig. 7(b) and (c), as the groove is 
machined for multiple passes, ablation depth for both TAG on and off 
increases. One promising finding is that now the groove depth with 

axial scanning is superior for all z0. At 5-pass, the groove depth is in-
creased by an average of 4.7 μm for all z0. The average relative im-
provement comparing TAG on with TAG off is 32%, with the least of the 
relative improvement at 10%, when =z 00 μm. Therefore, for multi- 
pass micro-machining applications, implementing axial scanning ex-
tends the ablation depth for both focused and defocused surfaces. 

The trend of deeper grooves with axial scanning opens the window 
for high-efficiency multi-pass machining. Multi-pass machining is a 
typical process to deposit more laser energy by increasing the incident 
pulse number. Jee et al. (1988) and Žemaitis et al. (2018) suggested 
that if many pulses are applied per spot, the accumulated ablation 
depth first increases and then reaches saturation. After a certain pulse 
number, the marginal depth of each additional pulse diminishes. Here 
we demonstrate that with axial scanning, saturation of the ablation 
depth over multi-pass may be delayed as the axial scanning effect 
generates a larger increase in the groove depth per pass. This may be 
explained by the strong defocusing of the deep groove. After the first 
pass, the material is removed, and the sample surface is defocused from 
the initial focal position. The observed improvement in depth should be 
universal for any fluence level and is valid for a board range of sample 
defocusing distance. This suggests that axial scanning effectively re-
distributes the laser energy in multi-pass machining, meanwhile re-
leases the tight focusing requirement in laser micro-machining. 

3.5. Laser cutting of a non-flat battery separator 

Based on the results and discussions so far, it is shown that axial 
scanning can increase the machining efficiency for a tight focusing 
setup on both focused and defocused surfaces. Thus, we postulate that 
this technique is useful, especially when processing a non-flat work-
piece with defocused surfaces, which is common in practice. To verify 
our hypothesis, a femtosecond laser cutting test is performed on a 
porous polyethylene battery separator, as pictured in Fig. 8(a). As the 
center of the polyethylene film is compressed under an Instron ma-
chine, the film is wrinkled. The thickness of the compressed circular 
region is 3 μm, and the rest of the film is 7 μm thick. Characterization of 
the thin film suggests that the axial variation of its surface is higher 
than 200 μm. The thin film is laser-cut with TAG on and TAG off in  
Fig. 8(b) and (c). The TAG on parameters are the same with the groove 
machining experiment, with =f 141, 800tag Hz, =f 1000laser Hz, and 

=x 1 μm. The four cut lines are created with a 20 μm axial distance 
away from each other by moving the stage stepwise towards the ob-
jective. Improvement of the second cut line is observed by comparing 
TAG on with TAG off. This result briefly demonstrates the potential use 
of axial scanning in laser micro-machining for the non-flat workpiece. 

Table 1 
Analytical and experimental unit length of the periodic machining pattern (T , 
in μm).       

x 141,800 Hz 141,100 Hz  

Analytical Experimental Analytical Experimental  

5 μm 25 25.6 50 51.2 
2 μm 10 10.2 20 18.3 
1 μm – – 10 9.5 

Fig. 7. Average depth of the machined grooves for (a) 1-pass, (b) 2-pass, and (c) 5-pass over a sample defocusing distance of 0–60 μm. Ablated depth profiles for 
=z 00 μm and =z 300 μm are shown on the top. 
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4. Conclusions 

This article explores an effective laser micro-machining method 
with an ultrafast varifocal lens. We use a TAG lens, a tunable acousto- 
optofluidic varifocal lens that asynchronously scans along the axial 
direction around the workpiece surface. With ultrafast scanning, the 
laser energy is distributed over extended axial focal spots. We hy-
pothesize that this extension of focal volume increases the machining 
efficiency for a tight focusing setup. 

A key feature of axial scanning in this study is its ultrafast scanning 
speed. The scanning frequency in our system is in the range of 
kHz–MHz, which enhances the machining throughput, compared with 
other adaptive varifocal systems. Oscillation of the focal spot is visua-
lized in borosilicate glass with femtosecond laser pulses, and silicon 
ablation experiments are conducted to explore the relations between 
ablated depth and scanning parameters. The periodicity of the oscil-
lating depth is explained by the mismatch between frequencies of the 
laser and the axial scanner. Comparing TAG on with TAG off in our 
study, the average ablated depth is less sensitive to the defocusing of 
sample surfaces, indicating an increased effective machining range. To 
eliminate the periodic machining depth resulting from axial oscillation, 
machining parameters can be optimized by requiring the overlapping of 
pulses for at least one scanning period per spot. Multi-pass groove 
machining with optimized machining parameters exhibits an improved 
ablated depth for both focused and defocused surfaces. We have also 
demonstrated that ultrafast axial scanning is practical for engineering 
applications with an example of femtosecond laser cutting of battery 
separators. Moreover, we believe that this technique can be used for 

machining most materials, as our study is established with the universal 
logarithmic dependence of the ablated depth on the laser fluence. 

Apart from ablation and cutting, high speed axial scanning may 
potentially benefit other laser processing applications. As demonstrated 
with our glass filamentation results, axial scanning can be applied to the 
micro-fabrication of transparent materials. Moreover, additional syn-
chronization between the laser and the scanner lens enables dynamic 
and precise control of the wavefront. With the ultrafast scanning speed 
inherited from the acoustic field, our approach matches the need for 
adaptive beam shaping in various laser processing applications. 
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Appendix A 

A.1 Single-shot ablation experiments 

The beam is characterized by a single-shot ablation experiment, as shown in Fig. A1. Fig. A1(a) displays the optical image and the colormap of a 
crater obtained from the confocal microscopy under the 50× objective, with its depth profile shown in Fig. A1(b). Inner Ra and outer Rb radii of the 
crater are measured and fitted as a function of the pulse energy E in Fig. A1(c). The spot size R is estimated as 7 μm. Fig. A1(d) plots the measured 
crater depth d, assuming a simplified logarithmic dependence of the depth on the laser pulse fluence F using the measured spot size. The estimated 
ablation fluence threshold is 0.6 J/cm2. 

A single-shot ablation test with a varying defocusing distance z0 is conducted as the calibration of all our experiments with Si. The ablated depth 
is described as, =

+
d z L( ) ln( )

z z0 1 ( / )r0 2 , where z n( )0 is the defocusing distance of the sample surface from the focal plane, zr is the fitted effective 

Rayleigh range considering the quality factor of the beam. is the fitted normalized laser fluence, given by F
Fth

. The measured and fitted depth of the 
ablated holes is plotted in Fig. A2(a). For the groove machining with a pulse separation of =x 1 μm, the groove depth and the defocusing distance 
z0 follows the same relationship with a proportional factor of 5.5 respect to the single-shot results, as shown in Fig. A2(b). Note that due to material 
re-deposition in ablation, this scaling factor of the groove depth d is smaller than the effective pulse number per spot at R

x2
. 

Fig. 8. (a) A wrinkled polyethylene battery separator for laser cutting. Four laser cut lines for (b) TAG on and (c) TAG off are separated for 20 μm away from each 
other in the axial position. 
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A.2 Axial scanning frequency 

We visualize the axial scanning effects in BK7 glass cubes by tuning ftag between 99 and 100 kHz. Fig. A3(a) lists the optical images for N ranging 
from 1 to 1000 at a fixed laser repetition rate of 1000 Hz and a fixed pulse separation x of 10 μm. Optical images are captured with a 20× objective 
lens (432× magnification, 625 nm resolution). Since the axial scanning amplitude is a function of both the amplitude and frequency of the RF signal, 
fixing the voltage amplitude to be =V 10p V produces an axial scanning amplitude ztag at 15 ± 5 μm. 

Two damage tracks appear and the axial oscillation is characterized by the first track at the top. We measure the length of a period T and the 
peak-to-valley value z, represented by the box drawn for 99,033 Hz. The measured value of N , denoted by N*, is estimated by T

x
and plotted in Fig. 

A3(b). The measured N* matches its theoretical value for N smaller than 100. As N increases, mismatch between the two values appears and grows. 
The observed discrepancy may be due to the frequency shifting of the TAG lens during its operation. For a larger N , which slices flaser finer, the 
relative error in ftag is more significant. For example, a 1 Hz increase in frequency is capable of dropping N from 1000 to 500 for =f 99, 001tag Hz. For 
application purposes, it is suggested that ftag is accurate and stable up to its tens digit. 

The measured value of the axial scanning amplitude z *tag from the damage tracks, calculated by z
2

, is plotted in Fig. A3(c). At =N 1, the measured 
z *tag is zero with TAG off. For =N 2, the measured axial scanning effect is negligible. For N between 3 and 10, the measured scanning range is 
acceptable, covering around 70% of ztag. For >N 10, the measured scanning range is considered to be the same with ztag, where the oscillating axial 
position can be approximated as a continuous function of the length. The trend described here arises from the randomness of the initial phase 0. For 

Fig. A1. The radius and depth of single-shot ablated craters on silicon for different pulse energy are measured and plotted to characterize the beam.  

Fig. A2. Depth of the single-shot ablated holes and the machined groove with =x 1 μm are measured and fitted to characterize the ablation with defocusing.  
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Fig. A3. (a) Optical images (contrast-enhanced) for N ranging from 1 to 1000. (b) Measured N * and (c) z *tag compared with the theoretical N and ztag .  

Fig. A4. Depth profiles of the ablated groove with varying x , at (a) 2 μm, (b) 1 μm, (c) 0.5 μm, and (d) 0.1 μm. The Si wafer is positioned at =z 300 μm.  
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a smaller N , the discrete axial scanning position z n( ) is more sensitive to the random 0. Hence, N 3 is required to guarantee a relatively uniform 
scanning range regardless of the initial phase. Combining the analysis on the actual N and ztag, it is concluded that ftag which satisfies N3 100 is 
recommended for asynchronous axial scanning applications to produce predictable and repeatable results. 

A.3 Additional experimental results for Section 3.3 

To further solidify the criterion of material speeding rate in Eq. (16), another set of experiments is conducted with the same setup on a Si wafer, 
positioned at =z 300 μm. We choose the axial scanning frequency to be 99,020 and 99,100 Hz, which corresponds to =N 50 and =N 10, re-
spectively. Based on Eq. (16), the critical pulse separation x for consistent machining depth is calculated as 0.18 and 0.88 μm. Out of the eight 
ablated depth profiles in Fig. A4, three cases satisfy the material feeding rate criterion: =x 0.5 μm at 99,020 Hz, =x 0.1 μm at 99,020 Hz, and 

=x 0.1 μm at 99,100 Hz. No oscillating pattern is observed from these three profiles.  
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