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The innovative water jet-guided laser technology (also called as Laser MicroJet® LMJ) is rela-
tively new. However, due to a number of unique advantages, it has quickly and successfully matured 
into many applications such as dicing and slotting of silicon wafers, cutting of coronary stents, drill-
ing of stencil and OLED masks, as well as the cutting of hard materials for tool inserts. This cold, 
clean machining technology allows the precision fabrication of intricate structures, providing excep-
tional aspect ratios. In this paper, the fundamental behaviour of a hair-thin water jet such as jet ve-
locity, jet break-up and interruptions are studied. A well-rounded understanding of the jet stability 
characteristics is very important to enhance the performance of the LMJ technology. The propaga-
tion and the intensity distribution of a laser beam coupled in the low pressure, laminar water jet at 
various coupling conditions are theoretically and experimentally investigated as well. The final part 
of this paper will highlight some recent micromachining examples of the LMJ technology. 
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1. Introduction 

The relatively new and innovative principle of a water 
jet-guided laser for micromachining has in a very short 
time period, made a big impact on the industry [1]. The 
concept, which functions by funnelling a laser beam 
through a hair fine jet of low-pressure water, relies on the 
total internal reflection of the laser beam by the walls of the 
water jet. 

As the diameter of the jet is relatively large with re-
spect to the wavelength of the lasers (≈ 1 µm), the water jet 
can be considered to be a multimode fibre. Propagation of 
light in multimode fibres is usually characterized by a finite 
number of guided modes, refractive and tunnelling leaky 
modes that are partially guided, and a continuum of radia-
tion modes [2]. Many theoretical aspects of propagation of 
waves in cylindrical waveguides as well as intermodal cou-
pling are discussed in literature [3]. The interference of the 
modes leads to the modal noise at the exit of the waveguide. 
Modal noise in optical fibres has been studied starting from 
the early 80’s [4] up to recent reports [5]. For the water jet 
waveguide, the number of optical modes is high. For big 
jets, the water jet waveguide is comparable to a large core 
fibre [6]. The stability of the water jet, characterized by the 
break-up length, is limited by increasing water surface 
waves. They are due to initial perturbations [7] and also 
due to the laser induced break-up [8]. In addition, due to 
the long interaction length between the high intensity beam 
of a 100W frequency doubled Nd:YAG laser and water, 
high efficiency stimulated Raman scattering has been seen 
in micrometer-sized water jets [9]. In this article, the 
propagation of a low power and coherent laser light in the 
water jet waveguide is investigated. 
 
 
 

2. Laser MicroJet® - Principal and Visualisation 

2.1 Generation of the water jet 

The jet is produced by forcing the water, under low 
pressure, through a sharp edged nozzle in a coupling unit 
(see Fig. 1). 

 

Fig. 1 Schematic of the coupling unit 

The nozzle orifice is made of sapphire or diamond. 
The resulting diameter of the water jet is about 5% smaller 
than the nozzle diameter due to the vena contracta effect 
[10]. The coupling unit consists of a quartz window, a 
chamber and a nozzle holder where nozzles of different 
orifice diameters (presently 20-100µm) can be installed. 

 
2.2 Light coupling into the water jet waveguide 

The overall experimental configuration is depicted in 
Fig. 2., and the water coupling is shown in zone A. 
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A He-Ne laser (λ = 632 nm, 5 mW) was specified as 
the light source. 
 

 

Fig. 2 Schematic experimental set-up of the He-Ne laser 
coupling system into waterjet (A), coupling control system 

(B), waveguide observation system (C) 

The coupling into the jet is achieved by increasing the 
1 mm diameter beam (1/e2) to a maximum 8 mm 1/e2 with 
a variable beam-expander (BE) and then focusing with an 
objective (between f = 25 mm and 46 mm). The water jet 
interface was calculated using computational fluid dynamic 
software called “Fluent”. It was immediately visible from 
this, that the light is guided by the water-air interface. 

By varying the ratio of beam expansion and the 
choice of objective, three values of Numerical Apertures 
(NA) were tested: 0.06, 0.16 and 0.29. These values corre-
spond to the depth of focus and beam diameters listed in 
Table 1. The focused laser spot diameter (1/e2) was meas-
ured in water at the upper nozzle level. It should be noted 
that despite these high values of NA, they are still smaller 
by a factor of more than three times that of the NA of the 
water jet waveguide (NA=0.87). 

Table 1 Depth of focus 2×Rayleigh range (LRa) and the 
focal diameters 

Focusing 
lens 

BE NA RaL2  






⋅
2

1
2

e
ω

 

46 mm 
No 
BE 

0.06 260 µm 15.5 µm 

46 mm X8 0.16 42 µm 6.8 µm 
25 mm X8 0.29 8.6 µm 2.6 µm 

2.3 Observation of the modes in the water jet 

As shown in zone C of Fig. 2, the glass plate is placed 
in the path of the jet to visualise the light intensity distribu-
tion. High-magnification images were then obtained with 
the help of a microscope objective (x10 x20) located right 
behind the glass plate and a CCD video camera. The whole 
imaging system is mounted on a motorized Z stage so that 
the distance of the glass plate can be varied from the jet 
origin. The modal noise is then characterized by the modu-
lation wavelength λN. It is obtained by image processing 
using the vertical or horizontal intensity profiles of the jet 
section. λN is then derived from the inverse maximum fre-
quency in the Fourier spectra of the profiles. 

 
3. Results of modal noise measurements 

3.1 Spatial distribution 

The increase in the number of modes i.e. the reduction 
of the size of the speckle grains with increasing NA is 
demonstrated in Fig. 3, for a nozzle of 112 µm in diameter. 
In this example the spot is centred with respect to the jet 
axis. The size of the speckle grains expressed as the charac-
teristic modulation wavelength λN are 6 µm and 2.2 µm for 
NA = 0.06 and 0.29 respectively. 
 

 

 
 

Fig. 3 Light intensity distribution in the water jet, observed 
through a glass plate (nozzle diameter 112 µm, centred 
coupling, jet distance 35 mm, jet velocity 132 m/s). (a) 
NA=0.06; (b) NA=0.29; modulation wavelengths: 6 and 

2.2 µm. 

3.2 Mode distribution at different jet diameters 

Mode distributions corresponding to nozzles with di-
ameters of 60 and 29 µm are shown in Fig. 4. In this exam-
ple with NA=0.16, the laser focus is centred and located at 
the nozzle entry. Comparing the intensity distributions of 
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the 122 µm diameter nozzle (Figure 3(b)) with the diame-
ters of 65 µm (Figure 4a) and 29 µm (Figure 4b), a much 
stronger variation is observed. The images were taken with 
different values of magnification, as with the decreasing 
diameter of the water jet, the relative size of the “speckle 
grains” increases. At 29 µm the presence of few big spots 
indicates that few modes are guided (see Figure 4b). 

For large waveguide diameters, the combination of 
many modes, results in modal noise where many speckle 
grains of small size are present. On the contrary, for 
smaller waveguide diameters, fewer modes are guided and 
therefore fewer speckle grains, but with a larger size are 
observed. 

 
3.3 Intensity modulation at different coupling NA 

In order to understand the observed grain sizes in the 
intensity distribution, we refer to well-known formulas for 
fibre optics [11]. In spite of the fact that these expressions 
are based on the weakly guiding fibre approximation, i.e. 
small difference of refractive index between the core and 
the cladding (n2core − n2

cladding)/(2 × n2
core) << 1, we propose 

to apply them to our water-jet waveguide. 
Looking at Figures 3 and 4 we can see that the grain 

size of the intensity modulation is quite homogeneous over 
the jet cross-section for a set of given coupling conditions. 
The origin of the modulation is the superposition of many, 
statistically phase shifted, guided fibre modes. In the mid-
dle of the water jet all excited modes have contributions 
and the resulting grain size of the interference pattern is 
difficult to describe. On the border of the jet however, only 
the highest order modes make substantial contributions to 
the intensity distribution. As a consequence, we can say 
that the (constant) size of the grains is given by the period 
of the intensity modulation of the highest order modes 
close to the border of the waveguide core. 
 

 

 

Fig. 4 Influence of jet diameter on the intensity distribution. 
(NA=0.16, minimum off-axis, jet distance 35 mm); (a) 65 
µm nozzle, jet velocity 187m/s; (b) 29 µm nozzle, jet ve-

locity 281 m/s 

In order to determine the modulation period, we need 
to calculate the normalized frequency (or V-factor) of the 
waveguide of radius α under the given coupling conditions, 
i.e. the used numerical aperture, NA, and the wavelength of 
the guided light, λo. 

o

aNA
V

λ
π 2=     (1) 

with 2α as the waveguide diameter and λo = 632 nm for 
He-Ne laser. 

Restricting ourselves, as in the case of weakly guiding 
fibres, to the linearly polarized modes LPlm

, the maximum 
mode numbers l and m are given by: 

1

2

+
=

π
V

l  and 
π
V

m=      (2) 

The total number of modes in the waveguide are 
given approximately by: 

2

4
2

2

+
=

π
V

N     (3) 

and the corresponding maximum theoretical grain size δl 
and δm are defined as: 

l

a
l 2

2 πδ = and 
m

a
m 2

2=δ     (4) 

The experimentally determined characteristic modula-
tion wavelength λN can be compared to the values. Table 2 
shows the results of this comparison for the 112-µm nozzle, 
a He-Ne laser at 632 nm and the different coupling NA’s. 
The fill factor of the fibre, defined as the ratio between the 
number of excited modes and the maximum possible num-
ber of modes, is also indicated in the table for all coupling 
conditions. 

The results show that the experimental grain size val-
ues are larger than the calculated ones. Nevertheless, the 
values are comparable and it is confirmed that the higher 
the NA the lower the characteristic modulation wavelength. 

Table 2 Characteristic modulation wavelength of modal 
noise for various NA, nozzle diameter 112 µm, and laser 

wavelength λo = 632 nm. 

NA Grain size δl δr 
Fill factor 
N/Nmax 

0.06 λN≈6µm 8.3 µm 5.6 µm 0.46 % 
0.16 λN≈4µm 3.1 µm 2 µm 3.3 % 
0.29 λN≈2.2µm 1.8 µm 1.2 µm 10 % 

 
4. Experimental verification 

A Q-switched Nd:YAG laser is used in this study (M2 
= 1.2) emits at 1064 nm wavelength. The laser pulse dura-
tion is approximately 50 ns with a peak power of 50 kW. 
The focussed laser spot diameter is approximately 30 µm. 
The maximum average output power is 17 W. To reveal the 
energy distribution in the jet waveguide, ablation of a thin 
steel plate is studied with different numbers of laser pulses. 
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Fig. 5 Ablation of a 400 µm steel plate; 150 µm nozzle, 
NA=0.03, jet velocity 94 m/s, average power 7 W at 1.5 

kHz; (a) 10 pulses; (b) 50 pulses 

As shown in the SEM images (Fig. 5), despite abla-
tion structures being rather complex, we note that they are 
almost identically reproducible and do not depend on the 
number of laser pulses. The structures present strong simi-
larities with the intensity distributions observed in the wa-
ter jet waveguide. 

Comparing the theoretical grain sizes δl and δm values 
(24 µm and 21 µm, respectively) to the size of the struc-
tures being in the range of 10 to 20 microns we once more 
confirm good agreement between the applied model and 
the experimental observations. 

5. Recent micromachining examples with the LMJ 

5.1 Percussion drilling of blind holes in silicon wafers 

Fig. 6 shows the consistency of the drilling results on 
a 600 µm thick bare silicon wafer using a third harmonic 
355 nm UV laser. 

 

 
Fig. 6: A hole matrix, top view, 30 µm nozzle, 90 kHz, 9 

W, 20 holes/s 

The average measured hole diameter is 35 µm. The 
hole circularity is about 0.9. With no post cleaning steps, 
the holes are clean and free of debris, burrs, cracks and 
thermal damage. The hole diameter at the bottom is about 
15 µm. The depth of the holes is approximately 50 µm. 

Results of hole drilling on a 300 µm device wafer are 
illustrated in Fig. 7. A second harmonic 532 nm laser was 
used for this application. 

The hole diameter is about 15% bigger than the noz-
zle size. This widening is due to the ejected material. The 
drilling rate is 25 holes/second. The drilling depth in all 
case is about 140-150µm. The holes have a slight taper and 
the bottom of the holes have a rounded conic shape. 

 

 

Fig. 7: Microscopic image of two holes drilled with a 80 
µm nozzle, 34 W, 40kHz. 

Very small holes were also generated on the metallic 
contact pads of a 700 µm thick device wafer shown in Fig. 
8. A 1070 µm fiber laser was selected for this experiment, 
producing 70 µm deep and 30 µm diameter holes. 

 

 
Fig. 8: Holes drilled in metallic contact pads, 25 µm nozzle, 

26W, 50 kHz, 30 holes/s 

5.2 Grooving of sapphire wafers 

Grooving of a 350 um thick sapphire wafer to a depth 
of about 110 µm was achieved with superior edge quality 
and regular depth as shown below in Fig. 9. No chipping or 
contamination occurred. The grooving width is approxi-
mately 55 µm. 

 

 

Fig. 9: Microscopic image of a groove, 355 nm UV laser, 
9.5 W, 20 kHz, 50 µm nozzle, overall speed 10 mm/s 
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6. Summary 

The numerical aperture of the coupling of the laser 
source into the water jet waveguide is the predominant pa-
rameter influencing the grain size of modal noise in inten-
sity distributions. The number of modes i.e. the reduction 
of the size of the intensity grains is clearly increased with 
increasing NA so that the modes are well distributed over 
the jet cross section. For centred coupling, the intensity at 
the jet centre is higher than those at the jet periphery. A 
better homogeneity of the modes over the entire water jet 
section is obtainable by de-centring the coupling. The pre-
dicted intensity grain sizes are in good agreement with the 
experimental ones. Finally, the modal noise in the water jet 
waveguide partly explains the ablation process of the La-
ser-Microjet technology. 

Lastly, the LMJ is also suitable for percussion hole 
drilling with no problems of water jet disturbance. Excel-
lent results of sapphire grooving with a UV LMJ have also 
been demonstrated. Conclusion: the LMJ is an excellent 
tool for many micromachining applications. 
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