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Abstract
We report on the characterization of a hybrid laser scanning system using acousto-optical deflectors in combination with 
galvanometer scanners for ultra-short pulse laser material processing. The hybrid scanning system is characterized by the 
roundness of static pulsed ablations of metal thin film on a transparent substrate within the acousto-optical scanning field 
at different galvanometer scanner deflection angles and laser focal positions. An ablation roundness of more than 90% is 
reached in a defocusing range of 200 μm within a galvanometer scanfield of 900 mm

2 , corresponding to approximately 74% 
of the usable scan area of the f-theta lens. A high maximum positioning speed of 843 m/s is pointed out within an acousto-
optical scanfield of 0.4 mm

2 by applying positioning frequencies of up to 1 MHz across a distance of 843 μm . Consequently, 
the hybrid scanning system combines the advantages of optical and mirror-based scanners, enabling a highly dynamic and 
extremely precise laser beam positioning in a large processing area.

1  Introduction

Ultra-short pulse (USP) lasers emit pulses in the pico- and 
femtosecond range and have gained particular significance in 
high-precision micro-material processing due to negligible 
thermal load, often attributed to the so-called cold ablation 
[1, 2]. Thus, USP lasers are typically used in electronics 
manufacturing [3–5], medical technology [6–10], aerospace 
applications[11–13], thin film technology [14] and material 
modification [15–20]. Although excellent processing quali-
ties are possible, a broad adoption in industrial applications 
is constrained by low processing speeds and consequently 
limited productivity [21].

Assuming constant ablation efficiency, the productivity 
of the USP ablation process is determined by the applied 
average laser power [22]

which is in turn defined as the product of the laser pulse 
repetition rate f and the laser pulse energy E. This implies 
two different ways for enhancing the productivity:

•	 Using a higher laser pulse repetition rate
•	 Processing with higher laser pulse energy.

Since a fluence of a few J∕cm2 is frequently sufficient for 
high-precision micromachining, static beam shaping optics, 
i.e. using diffractive optical elements (DOEs) [23–25] or 
dynamic beam shaping using Spatial Light Modulators 
(SLMs) [26, 27], are commonly used for splitting the laser 
beam into several partial sub-beams, enabling a parallel pro-
cessing [22].

Alternatively, for increasing the productivity of USP laser 
ablation processes, a higher laser pulse repetition rate can be 
employed. However, the impact of pulse to pulse interactions 
on process efficiency [28, 29], thermal load [21, 30] and 
consequently precision [31, 32] as well as ablation behavior 
[33] have to be considered. Pulse to pulse interactions can be 
generally divided into optical interactions with laser-induced 
plasma or ablation particles and heat accumulation [21]. For 
counteracting these effects, a reduction of the spatial laser 
pulse overlap by an appropriate fast laser beam scanning sys-
tem is necessary. The combination of typical available USP 
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laser repetition rates of more than 10 MHz [21, 34] and the 
requirement of a local separation of the laser pulses poses 
challenges for commercially used 2D galvanometer scan-
ners, as their dynamic range is limited by the inertia of the 
moving parts [35]. Therefore, alternative laser beam deflec-
tion technologies are being explored and tested [35–39].

Laser scanning technologies are divided into vector-based 
and pixel-based scanning. In pixel-based scanning, e.g. using 
polygon scanners, very high deflection speeds of more than 
100 m/s [40–43] are reachable by deflecting a laser beam 
along one axis using a continuously rotating polygon wheel 
[44]. As a result, pixelation is arising at a constant scanning 
speed and laser pulse repetition rate applying pulsed laser 
sources. Therefore, raster-based scanning technologies are 
suitable for large-area laser processing but not for high-pre-
cision laser beam positioning, e.g. required for laser drilling 
applications.

In contrast to this, using a vector-based scanning sys-
tem, a high precision is accessible by moving the laser 
beam along the defined vector trajectory. A disadvantage 
of mirror-based scanning systems, such as piezoelectric, 
MEMS and galvanometer scanners, is a limited dynamic 
due to the inertia of the moving parts [35]. Therefore, opti-
cal deflectors, such as acousto-optical deflectors (AODs) or 
electro-optical deflectors (EODs), are of great interest for 
laser beam scanning as their deflection is based on the prin-
ciple of diffraction, caused by a periodic refractive index 
modulation in an optically transparent medium, which in 
turn is the result of inducing acoustic waves or an electric 
field [35, 45], respectively.

Overall performances of EODs are comparable to AODs, 
except of a relatively high power absorption and an elec-
trical power dissipation into the optical crystal, which can 
cause thermal lensing and consequently inaccuracies in laser 
beam positioning. In addition to that, maximum EOD aper-
ture sizes of typically 2 mm [35] limit the focusability of the 
laser beam hence, AODs are preferred for processing with 
small laser focal diameters.

Two orthogonal arranged acousto-optical deflectors 
are required to form a 2D scanning unit, as a single AOD 
deflects a laser beam only in one plane. With a 2D AOD sub-
system, highly dynamic laser beam deflection is feasible in a 
small deflection angle range of typically Θ = 0.01−0.05 rad 
[35]. To extend the deflection angle of the AOD subsystem 
by a factor of up to 100 [35], acousto-optical deflectors are 
combined with two galvanometer scanners, whereby a laser 
beam deflection in a scanfield of usually 10,000 mm2 [46] 
is reachable.

Bechtold et al. [37] applied a hybrid scanning system 
in combination with a f-theta lens for microstructuring 
of PMMA. An acousto-optical scanning speed of 26 m/s 
(806  rad/s) is demonstrated, which is around 13 times 
faster as compared to the maximum deflection speed of the 

employed galvanometer scanners. Using a similar experi-
mental setup, Eifel [36] achieved laser beam scanning speeds 
of up to 140 m/s with an AOD subsystem and demonstrates 
the separation of 20 μm diameter laser focal spots at laser 
pulse repetition rates up to 7 MHz.

The importance of high-speed processing using AODs 
in laser micropatterning of embossed metal rolls has been 
demonstrated by Bruening et al. [39, 47]. Positioning pico-
second laser pulses with an AOD deflection speed of 17 m/s, 
a complete pulse to pulse separation was accomplished at a 
laser pulse repetition rate of 2 MHz by rotating the embossed 
metal with a constant speed of 1.3 m/s. Laser pulses were 
separated down to a spatial pulse spacing of 8.5 μm using a 
laser focal diameter of 9 μm . The maximum ablation rate of 
3 mm3/min is an order of magnitude larger as compared to a 
typical 2D galvanometer scanner [48].

Besides full separation of ultra-short laser pulses, AODs 
allow simultaneously modulation of the laser beam intensity 
and are also used for compensation of vibrations and over-
shoots during fast mirror movements reducing processing 
time and enhancing machining quality [49, 50].

A proof of concept of hybrid scanning systems consist-
ing of AODs and galvanometer scanners has already been 
presented [36, 51, 52]. However, superimposed scanning 
systems have not been characterized to determine their 
application potential for high-dynamic laser micromachin-
ing with USP lasers. Therefore, in this study, a scanning 
system consisting of two AODs in combination with a 2D 
galvanometer scanner is comprehensively characterized by 
evaluating static pulsed ablations of metal thin film on trans-
parent substrate. The dynamic and precision of the AOD 
subsystem is determined at different positioning speeds 
within its scanfield. Furthermore, static pulsed ablations 
of AOD grids using different galvanometer deflections and 
focal planes are analyzed to characterize the hybrid scanning 
system in complete.

2 � Experimental

2.1 � Hybrid setup

The experimental setup for characterizing the superim-
posed laser beam deflection using two orthogonal AODs 
(Gooch & Housego, AODF 4140 quartz 532 nm) in com-
bination with galvanometer scanners (Newson, RTA-AR-
800-3G) is illustrated in Fig. 1. Laser beam positioning by 
the AOD subsystem is based on the principle of diffrac-
tion. For filtering the + 1st diffraction order of the laser 
beam after passing of the AODs, two 4f setups with lenses 
of the focal lengths of f1 = 200mm, f2 = 400mm and 
f3 = 500mm in combination with apertures are applied. 
Before entering an AOD, a half-wave plate is used to adapt 
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the linear polarization state of the laser for minimizing 
the diffraction-induced loss of the system. The AOD sub-
system, which includes the lenses of the 4f setups and 
the telecentric f-theta lens (Sill Optics, S4LFT4010/292) 
with a focal length of f4 = 100mm, enable high-speed 
laser positioning in a range of about 0.4mm2 . For exploit-
ing the complete scanning range of the f-theta lens up to 
1225mm2 , a second beam deflection by a 2D galvanom-
eter scanner is superimposed on the acousto-optical laser 
beam deflection. An USP laser (Lumentum, Picoblade 2) 
with a wavelength of � = 532 nm, a laser pulse duration of 
� = 10 ps and a beam quality of M2

= 1.2 was applied for 
experimental investigations using a laser pulse repetition 
rate of f = 2.2MHz.

2.2 � Performance of the AOD subsystem

One key specification of an acousto-optical deflection sys-
tem is the diffraction efficiency (DE), generally defined as 
the relation of the laser power of the 0th to the + 1st dif-
fraction order. Therefore, for analyzing the DE profile of 
the presented AOD subsystem, five representative acousto-
optical modulation frequencies and consequently deflec-
tion angles were applied for each AOD. To determine the 
0th diffraction order, the laser power was measured with 
a power meter after passing through the AODs under con-
tinuous stimulation by the central modulation frequency of 
140 MHz. Subsequently, after filtering by the 4f setups, the 
laser power of the + 1st diffraction order was determined 
using modulation frequencies within the bandwidth of the 
AODs, cf. Fig. 1. Overall, an averaged DE of (68.6 ± 2)% is 
reached for the AOD subsystem, whereby a deviation of up 
to 8.9% is identified applying modulation frequencies in a 
range of 110–170 MHz, cf. Fig. 2. The diffraction-induced 
deviations can be evaded by adapting the amplitudes for 
different modulation frequencies with the associated soft-
ware. However, this was not performed in the experimental 
investigations.

2.3 � Methods

In this study, static pulsed ablations of 110 nm metallic thin 
films on a transparent substrate are used for the characteri-
zation of the superimposed beam deflection. Thereby, the 
applied laser fluence on the sample level was adjusted close 
to the ablation threshold of the material to detect a modifi-
cation induced by the hybrid scanning system, whereby an 
averaged ablation with a diameter of 13.4 μm and a round-
ness of 95.3% is achieved at zero deflection of the AODs 
using galvanometer deflections in the applicable range of 
the f-theta lens. The geometry of the material removal is 
analyzed by transmission light microscopy (Leica DM6000 
M) and can be used for the determination of the laser beam 
intensity distribution at defined laser focal positions [53]. 
Based on this approach, the characterization of the hybrid 
scanning is performed by three experimental procedures.

Both, dynamics and accuracy of the positioning of 
the AOD subsystem are studied by the generation of two 
diagonal ablations within an AOD scanfield at position 1 
and 2 applying varying positioning frequencies between 
0.2 and 1 MHz, cf. Fig. 3a. The galvanometer scanners 
are static at the central position during this process. For 
detection of deviations in laser beam positioning using the 
AOD subsystem, each ablation position is scanned once 

Fig. 1   Experimental setup for analyzing the superimposed laser beam deflection consisting of two acousto-optical deflectors and a 2D galvanom-
eter scanner

Fig. 2   DE profile of the AOD subsystem within its bandwidth at 25 
representative deflection angles
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within a single cycle of AOD scanning, whereby one pulse 
is emitted on the transparent substrate. As the generation 
of each single ablation spot requires 30 laser pulses, 30 
cycles of AOD scanning are applied. Both, the diameters 
of the ablation spots and the distance d between the abla-
tion centers are evaluated. The smaller the fluctuation of 
both parameters, the higher the positioning accuracy of 
acousto-optical scanning system.

Key requirements for micro-material processing are a 
constant laser beam profile inside the processing area and 
an accurate positioning in the focal plane of the f-theta 
lens. For detecting a variation of the Gaussian intensity 
profile of the laser spot in the focal plane of the f-theta 
lens, AOD ablation grids with 13 × 13 equidistant arranged 
spots were fabricated at different galvanometer deflections 
in a range of ± 30 mm, cf. Fig. 3b. Ablation grids are ana-
lyzed with respect to the roundness of individual ablation 
spots and to the width and height of an AOD scanfield, 
which are defined by the horizontal and vertical distance 
between the two outermost ablation centers of a grid, cf. 
Fig. 3a. The roundness of an ablation is defined by the 
ratio of minimum and maximum diameter.

Another prerequisite of a laser scanning system are pre-
cisely defined beam propagation properties along focus-
ing, often specified by the so called Rayleigh length. The 
Rayleigh length is defined by

where wf  is the radius of the beam waist (1∕e2) and � is 
the wavelength of the laser. The Rayleigh length represents 
a characteristic distance over which the laser beam waist 
expanded by a factor of 

√

2 leading to halving of the laser 
intensity [54, 55]. In turn, the radius of the laser beam waist 
can be calculated by

(2)zr =
� ⋅ w2

f

�
,

where � is the wavelength of the laser, f defines the focal 
length of the focusing lens, w0 is the laser beam radius on the 
lens (1∕e2) and M2 represents the beam quality of the laser. 
In this study, a raw beam radius of w0 = 2.2mm was meas-
ured by a CMOS camera (IDS uEye UI-1490SE) mounted 
prior to the 2D galvanometer scanner. Subsequently, a laser 
focal radius of wf = 9.2 μm was calculated by substituting 
the experimental used data in (3), which in turn results in a 
Rayleigh length of about 500 μm from (2).

Metallic thin film ablations were generated in transparent 
substrate in steps of 50 μm within the Rayleigh length and at 
two z-planes of ± 500 μm with respect to the focal plane of 
the f-theta lens depending on five representative galvanometer 
deflections, cf. Fig. 3c. In turn, the roundness of the ablations 
within an AOD scanfield and its dimensions are analyzed.

3 � Results and discussion

3.1 � Dynamics and precision of the AOD subsystem

For determination of the maximum deflection dynamics 
and precision of the AOD subsystem, two diagonal metallic 
thin film ablations were alternately generated in transpar-
ent substrate within an AOD scanfield across a distance d 
at galvanometer non-deflection using different positioning 
frequencies, cf. Fig. 3a.

The results of measured ablation distances d as a func-
tion of the positioning frequencies in a range of 0.2–1 MHz 
are depicted in Fig. 4a. The average distance between abla-
tion position 1 and 2 is 843.4 μm with a maximum devia-
tion of 0.3 μm and is independent of the applied positioning 

(3)wf =
� ⋅ f ⋅M2

w0 ⋅ �
,

Fig. 3   Experimental investigations for characterizing the superimposed laser beam deflection of a hybrid scanning system consisting of AODs 
and galvanometer scanners
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frequency. Furthermore, the diameter of the ablations were 
determined to detect positioning deviations by multiple repo-
sitioning. The ablation diameters in dependence of the posi-
tioning frequencies are illustrated in Fig. 4b. The diameter of 
ablations at positions 1 and 2 is determined with a mean value 
of d1 = 16.2 μm and d2 = 14 μm , respectively. The standard 
deviation of the diameters is 0.3 μm resulting from measure-
ment inaccuracies and is not caused by positioning deviations 
of the AOD subsystem. The different ablation diameters at 
position 1 and 2 are created by a not calibrated DE profile of 
the AODs, cf. Fig. 2, whereby a smaller or larger amount of 
the Gaussian intensity distribution of the laser pulses leads to 
material ablation owing to different laser fluences. A constant 
DE within an AOD scanfield can be achieved by adjustment 
of the amplitudes for different modulation frequencies.

Altogether, the positioning frequency of the AOD sub-
system is demonstrated up to 1 MHz (time interval = 1 μs ) 
across a distance of 843 μm , corresponding to a maximum 
positioning speed of 843 m/s. In the study, for the used beam 
diameter of wd = 4.4mm, maximal positioning frequency of 
the AODs is reached as the sound waves requires at a sound 
velocity of 5740 m/s about 1 μs for the generation of the 
refractive index modulation within the necessary active area 
of the acousto-optical medium of 5.7 mm (central laser beam 
propagation through the optical AOD aperture of 7 mm).

3.2 � Characterization in the focal plane

For characterization of the superimposed beam deflection 
consisting of an AOD subsystem and a 2D galvanometer 
scanner, the roundness of metallic thin film ablations within 
an AOD scanfield and their dimensions were determined at 
different galvanometer deflections in the focal plane of the 
f-theta lens. For the following roundness evaluations, typi-
cally industrial roundness specifications of micro-holes of 
> 90%, e.g. of microvias [56], were used for comparison.

The obtained averaged roundness of ablations and their 
standard deviations within an AOD scanfield are illustrated 
in Fig. 5a using galvanometer deflections in a range of 
± 30 mm. Industrial requirements on ablation roundness 

of > 90% within an AOD scanfield are feasible applying 
galvanometer deflections in a range of ± 15 mm with an 
average roundness of (94.8 ± 1.6)%. The averaged round-
ness decreases by 2% to 92.8% using galvanometer deflec-
tions of ± 20 mm. The roundness of the ablations in the 
AOD grid is consistently lower in the upper right deflection 
range compared to the other galvanometer deflections, cf. 
Fig. 5a, hence roundness specifications cannot be completely 
fulfilled from galvanometer deflections of ± 20 mm. This 
effect is mainly attributed to insufficient centric and parallel 
propagation of the laser radiation through the f-theta lens. 
For the remaining galvanometer deflections in a range of 
± 20 mm, industrial specifications are sufficiently fulfilled 
with an averaged roundness of 93.6%, though the working 
range of the f-theta lens is merely ± 17.5 mm.

For larger galvanometer deflections of ± 25–30 mm, 
roundness drops to an average of 84.1%, as telecentric 
correction is not given outside the operating zone of the 
f-theta lens. Hence, at larger galvanometer deflections from 
± 25 mm, an increasing distortion of the AOD scanfields is 
evident, which is noticeable in the roundness of the resulting 
metal thin film ablations, cf. Fig. 6f, g.

Additionally, the widths and heights of the AOD scanfields 
were determined depending on the galvanometer deflection 
in a range of ± 30 mm in the focal plane of the f-theta lens. 
At galvanometer deflections of ± 5 mm, a constant AOD 

Fig. 4   Evaluation of the dynamics and the precision of a 2D acousti-
cal scanning system combining two orthogonally arranged AODs

Fig. 5   Roundness of metallic thin film ablations within an full AOD 
scanfield and its dimensions in the focal plane of the f-theta lens 
depending on the galvanometer deflection
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scanfield size of averaged 628.7 μm is achieved. For larger 
galvanometer deflections, the AOD scanfield size decreases. 
The average width and height of the AOD scanfield declines 
using galvanometer deflections in the range of ± 10–15 mm 
to (624 ± 3.9) μm and (620.3 ± 5.3) μm . Averaged AOD 
scanfield sizes of 612.6 μm and 602.5 μm with significantly 
larger standard deviations of 7.7 μm and 11.1 μm were 
obtained at galvanometer deflections in the range of 20 and 
25 mm, respectively. The sharply decreasing AOD scanfield 
dimensions are the result of the increasing distortion from 
galvanometer deflections of ± 25 mm, evident in the pro-
cessing results of metallic thin film ablations within an AOD 
scanfield depicted in Fig. 6.

In summary, industrial roundness specifications of > 90% 
are achieved within an complete AOD scanfield using gal-
vanometer deflections of ± 15 mm, which is exemplary 
illustrated by SEM images in Fig. 7 for a galvanometer 
deflection of + 15 mm/+ 15 mm. Compared to the refer-
ence measurements without acousto-optical deflection, 
only minor averaged deviations of the ablation diameter of 
0.8 μm and roundness of 0.5% within an AOD scan field 

are demonstrated applying galvanometer deflections in the 
usable range of the f-theta lens. Therefore, for extreme galva-
nometer deflections, deviations in positioning are attributed 
to the f-theta lens. However, to fulfill high requirements in 
positioning accuracy in laser micromachining, AOD scan-
field dimensions have to be scaled with the galvanometer 
deflection, which is feasible by adjusting the acoustic wave 
frequencies for defined positions.

3.3 � Characterization within the Rayleigh length

Another fundamental specification for a laser beam scanning 
system in laser micromachining are well-defined laser beam 
propagation properties along focusing. Therefore, metallic 
thin film ablations were analyzed with respect to the round-
ness and the AOD scanfield dimensions using different laser 
focal positions, both within and beyond of the Rayleigh 
length, at five representative galvanometer deflections in a 
range of ± 25 mm.

The averaged roundness of the metallic thin film ablations 
within an AOD scanfield and its dimensions depending on 

Fig. 6   Processing results of metal thin film ablations on transparent substrate using transmitted light microscopy. Each picture a–g shows the 
ablation spots within a single AOD scanfield at selected galvanometer deflections
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the galvanometer deflection and focal plane is depicted in 
Fig. 8, whereby AOD scanfield dimensions are defined as 
the average of its widths and heights. An averaged ablation 
roundness of (94.2 ± 1.2)% is reached using galvanometer 
non-deflection in various focal planes ranging between 
+ 200 μm to −100 μm relative to the focal plane of the f-theta 
lens, cf. Fig. 8a. Maximum ablation roundness with an aver-
age of 96.7% is reached in a 50 μm plane below the focal 
position. The AOD scanfield dimensions increase continu-
ously within a z-level of −100 μm to +200 μm from 628.8 μm 
to 632.3 μm.

The averaged ablation roundness and the AOD scanfield 
dimensions as a function of different z-levels both inside and 
outside the Rayleigh length at galvanometer deflections of 
+ 15/− 15 mm and − 15 mm/+ 15 mm are depicted in Fig. 8b, 
c. The usable z-range applying the hybrid scanning system 
with a spot roundness of > 90% is reduced by up to 100 μm 
to −50 μm to +150 μm regarding to the focal plane. Within 
the acousto-optical scanfield, averaged ablation roundness of 
(94.7 ± 1.3)% is achieved. Compared to galvanometer non-
deflection, AOD scanfield dimensions decrease by an aver-
age of 6.9 μm to 624.3 μm . However, maximum deviation is 

Fig. 7   REM images of metallic thin film ablations on a transparent substrate within an AOD scanfield applying a galvanometer deflection of 
+ 15 mm/+ 15 mm in top view

Fig. 8   Roundness of metallic thin film ablations within an AOD scanfield and its dimensions depending on five representative galvanometer 
deflections and laser focal positions
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significantly reduced from 1.8 μm to 0.9 μm . The roundness 
specifications of > 90% cannot be fulfilled at galvanometer 
deflections of + 25 mm/− 25 mm and − 25 mm/+ 25 mm, 
confirming the results of the previously outlined roundness 
analysis in the focal plane of the f-theta lens using different 
galvanometer deflections. Here, AOD scanfield dimensions 
are reduced by 2.8% to averaged 613.6 μm compared to the 
galvanometer non-deflection.

All in all, roundness of ablations > 90% within an AOD 
scanfield is demonstrated within a z-range of 200 μm at galva-
nometer deflections in a range of ± 15 mm, sufficient for laser 
micromachining applications. However, for reaching the high 
requirements in laser beam positioning with the hybrid scan-
ning system, AOD scanfield deviations of up to 6.9 μm have to 
be considered depending on different galvanometer deflection. 
In addition, processing in the focal plane of the f-theta lens is 
mandatory due to AOD scanfield deviations of up to 3.5 μm 
using galvanometer deflections in a range of 900 mm2.

4 � Conclusion

In this study, superimposed laser beam deflection applying two 
acousto-optical deflectors in combination with a 2D galvanom-
eter scanner was characterized based on the roundness of static 
pulsed ablations of metal thin film on transparent substrate. 
Within a galvanometer deflection range of 900 mm2 , ablation 
roundness of more than 90% is demonstrated within an AOD 
scanfield and a z-range of 200 μm , corresponding to about 
36% of the Rayleigh length and 74% of the usable deflection 
area. To fulfill the requirements on positioning accuracy of 
the hybrid scanning system, a scaling of the AOD scanfield 
dimensions depending on the galvanometer deflection as well 
as the focal position is necessary, as maximum deviations of 
up to 6.9 μm are observed. Maximum positioning speeds of 
843 m/s are demonstrated within the scanfield of the AOD 
subsystem using positioning frequencies up to 1 MHz, which 
highlights the great potential of the hybrid scanning system 
for highly dynamic micromaterial processing using ultra-short 
pulse laser. However, an overall diffraction-induced loss of the 
AOD subsystem of about 31.4% is pointed out using different 
modulation frequencies.
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