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1. Introduction 

Since the advent of availability of high-energy fs pulses [1], the peculiarities of the interaction of 

ultrashort laser pulses with matter are intensively studied. One effect attracting interest is that due to 

the ionization of transparent dielectrics, dense plasma is created on the surface with enhanced 

reflectivity [2-5] weakening the energy coupling efficiency, diminishing thereby the effectivity of the 

material removal [6,7]. For that reason, comprehensive description of ionization induced effects is 

highly required. 

Due to its extraordinary optical and material quality, fused silica is the favourite material of the fs 

ablation studies [6, 8-10, 11-20]. Commercial multicomponent borosilicate and crown glasses 

received astonishingly little attention, even though they may serve as cheaper and more accessible 

alternatives. 

Borofloat, BK7 and B270 optical glasses were studied in this work reporting an analysis of the 

evolution of the morphology and main geometrical properties of the ablated craters generated by 

ultrashort, high-intensity pulses. The evolution of the crater shape and depth is investigated in the 

context of accompanying ionization of the targets and a model based on multiphoton absorption of 

the incoming processing beam. 

2. Experimental 

A scheme about the locally developed arrangement to conduct the experiments is seen in Fig. 1. The 

driving laser for the presented PM experiment was a locally-developed Ti:Sapphire based chirped 

pulse amplification (CPA) system (TeWaTi laser system, [21]), which are able to deliver laser pulses 

with 1 mJ pulse energy, 34 fs pulse duration at 800 nm central wavelength. Uncoated optical glass 

pieces placed at an angle of incidence of 45° were applied as targets. Shot-to-shot repositioning of 

the target using translation stages served to ensure the ablation of pristine surface areas. The beam 

was focused onto the target with a parabolic mirror. The reflected beam was re-focused by a lens to 

totally overlap with the sensor area of the photodiode PD. The actual diameter of the beam on the 

sample surface was determined according to the formula: 

 𝐷2 = 2𝑤2ln⁡(𝐹/𝐹𝑡ℎ), (1) 
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where w is the 1/e2 beam radius, while F and Fth stand for the peak and ablation threshold fluences, 

respectively [22]. Both the diameter-regression technique (DR) based on the application of Eq. (1), 

and the multiphoton absorption-based fitting of the depth vs. fluence functions (MA), [9, 23], 

applying 

 𝑑𝑚𝑎𝑥 =
𝜏𝑚−1

[(𝑚−1)𝛼𝑚(1−𝑅)𝑚−1]
∗ (

1

𝐹𝑡ℎ,𝑑𝑒𝑝
𝑚−1 −

1

𝐹𝑚−1), (2) 

with dmax as depth, m as the order, αm as the non-linear absorption coefficient, τ as the pulse duration 

(actually 34 fs) and R as the measured linear reflection coefficient were used to derive the ablation 

thresholds. 

 

Fig. 1 Scheme of the setup (see details also in [24, 25]). HWP: half-wave plate; PBSC: polarization 

beam-splitter cube; BD: beam dumper; OAPM: off-axis parabolic mirror; L: focusing bi-convex 

lens; F: filters; PD: photodiode 

3. Results 

The profilometer traces recorded along the minor axes shown in Fig. 2 reveal that the shape of 

the craters follows reliably the Gaussian-like energy distribution of the processing beam for all three 

glasses with small differences in the morphology. For Borofloat and BK7 both the shape and the 

roughness of the craters remain essentially unchanged with increasing fluence. With the contour 

remaining smooth but the shape changing, B270 exhibits different evolution as a function of fluence: 

a bump evolves as the fluence increases resulting in slightly smaller depth at the center as compared 

to the maximum depth measured towards the edges. 

In Fig. 3 the evolution of the diameter and the depth of the ablated craters are plotted as a function of 

fluence together with the part of the processing beam reflected from the irradiated area measured as 

the photodiode signal for the three glasses. In the whole fluence range investigated the well-

documented logarithmic dependence (formulated in Eq. (1)) characterizes the evolution of the 

diameter values above threshold, reaching values around 45 µm at 30 J/cm2 for all three glasses. 

Contrary to the diameters the depths increase with increasing fluence and show saturation starting at 

slightly different fluences: above 20, 17 and 18 J/cm2 for Borofloat, BK7 and B270, respectively. 

Joining just above the ablation thresholds for all glasses the Rnorm functions can be fitted by two 

straight sections with different slopes (ap and at) (Fig. 3 g) - i)) marking a change in the optical 

response of the irradiated area at the breakpoint fluence. In the steep increase in the Rnorm above the 

breakpoint the emergence of a plasma mirror materializes [25].  
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With values of 9.5, 10 and 8.0 J/cm2 for Borofloat, BK7 and B270, respectively, the breakpoints differ 

only slightly for the three glasses and correlate well with the ablation thresholds [26], which supports 

further the feasibility of the DR, MA and Rnorm approaches and justifies the statement that the ablation 

characteristics of the glasses investigated are rather similar. 

 

Fig. 2 Evolution of the cross sections along the minor axes of the craters ablated into a) Borofloat b) 

BK7 and c) B270 glasses. Beam radii on the surface: 25.1, 26.1 and 24.83 µm, respectively.  
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Fig. 3 Ablation and reflection characteristics of the glasses. Dashed curves in a)-c) are logarithmic 

fits, while continuos curves denote in d)-f) the MA fits according to Eq. (2). Dashed and continuous 

vertical lines mark the ablation thresholds derived from DR and MA fits, respectively. Rnorm stands 

for normalized reflectivity. Dash-dotted vertical lines indicate the breakpoints between the two 

straight sections of the reflectivity, marking the onset of plasma formation. Dash-dotted and dotted 

lines with slopes ap and at show the difference between the evolution of permanent and transient 

reflectivities in g)-i). 

4. Discussion 

Above a certain fluence only minor differences were observed in the shape of the craters ablated into 

Borofloat, BK7 and B270 glasses: a bump emerged in the middle of the bottom of the crater when 

processing B270 glass with pulses of fluences exceeding 24 J/cm2 (cf. Fig. 2 c) which is an intriguing 

phenomenon not mentioned for fs ablation of glasses. Uteza [6] describes such bump formation at the 

bottom of the craters ablated into a fused silica target with 7 fs and 30 fs pulses developing with 

increasing fluence above 10 J/cm2. As an explanation for the bump formation transient reflectivity 

enhancement in the central part of the irradiated area [6] and saturation of nonlinear absorption at 

high fluence [7] could be considered. Concerning the crater dimensions, the logarithmic diameter vs. 

fluence functions and the saturation in depths compare favorably with the results recorded for glasses 

[23, 26, 27]. 

Three-photon absorption was considered when fitting Eq. (2) to the measured depth values (Fig. 3 d)-

f)) [23]. The fit resulted in three photon absorption coefficients, α3: 6.45, 6.35 and 8.28×10-25 cm3/W2 

for Borofloat, BK7 and B270, respectively. Comparing these figures with data available in the 

relevant literature we found that the α3 values derived by Grehn [23] were two orders of magnitude 

higher than ours, which has several possible explanations: i) the absorption-shielding effect of the 

plasma might be reflected in the lower α3 values obtained by us, ii) pulse shortening from ablating 
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with much shorter pulses as compared to Grehn’s could result in less effective ablation [18, 27], and 

iii) our results refer to an intensity domain with increasing contribution from tunneling while in the 

case described by Grehn the three-photon absorption is more dominant. 

5. Conclusions 

The ablation threshold values derived from both the diameter- and multiphoton absorption-based fits 

proved to be equal within experimental error lying in the 6.1±0.55 J/cm2 domain with overlapping 

confidence intervals. The ablated crater shapes of Borofloat and BK7 behave similarly, while a bump 

emerges in the middle of the bottom of the crater dug into the B270 glass. The onset of plasma 

formation marked by the optical fluence thresholds well correlating with the ablation thresholds, is 

defined by the change in the reflectivity from the processed surface. The three photon absorption 

coefficients derived from the multiphoton absorption-based fit are also similar lying in the same 

magnitude for the glasses investigated. Along with the findings related to the ablation parameters, 

nonlinear absorption coefficients and reflectivity evolution, it can be stated that the fluence 

dependence of the ablation characteristics is the same with minor differences in the optical response 

of the glasses. 
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