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Figure 1 Optical microscope images (illumination at 460 nm, objective 100X, N.A. 0.9) of single pulse laser modifications at the surface of 
phosphate glass.  
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Abstract: We demonstrate the importance of heat diffusion in femtosecond laser surface 
processing of glasses even below the ablation threshold by monitoring the inwards propagation of 
a heat-affected “molten” layer using time-resolved microscopy. 
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Femtosecond (fs) lasers have been demonstrating over the last two decades their increasing potential for micro- and 
nanostructuring of materials. This success is attributed to a large extent to the generally higher precision, sharper 
features and less collateral damage as a consequence of lower thermal effects, when compared to nanosecond laser 
structuring [1]. The reduction of thermal effects is explained by the ultrafast light-matter interaction, during which 
the material reaches extremely high excited carrier densities well before the deposited energy is transferred to the 
lattice. However, it is often overlooked that at longer delays thermal effects do play an important role, for instance 
during material removal or material modification. Recent papers [2,3] model and experimentally quantify the heat-
affected layer underneath an ablation crater produced upon single pulse irradiation, revealing that the thickness of 
this layer is, depending on the material, up to one order of magnitude larger than the crater depth. It is generally 
accepted that in glasses, this layer reaches very high temperatures, well above the glass transition temperature, 
showing thus a very low viscosity, and re-solidifies in a modified structure. 
 

In the present work we demonstrate that thermal effects are equally important in sub-ablative conditions and 
show that the formation dynamics of the heat affected layer can be resolved. To this end, we irradiate phosphate 
glass (MM2 undoped, Kigre Inc.) with a single fs-laser pulse just below the ablation threshold (3.8 J/cm2). The fs-
amplifier laser system (SpitfirePro, SpectraPhysics) used in the experiment operates at 800 nm wavelength and 
produces temporal Gaussian pulses of 120 fs duration. The beam is focused at the sample surface at an angle (53⁰), 
producing an elliptical shape modification. In Figure 1 we show the optical modifications produced upon irradiation, 
featuring Newton rings under illumination with monochromatic light. Their appearance unambiguously 
demonstrates the presence of two interfaces with different refractive indexes, able to produce this interference 
pattern. We have ensured via AFM measurements that below 3.8 J/cm2 surface ablation has not occurred. By 
counting the number of rings it is possible to determine the optical thickness and optical properties of the heat-
affected layer, which is found to increase with fluence.  

In order to visualize and quantify the formation and inwards propagation of this heat-affected layer we have 
employed a time-resolved imaging technique. It is based on a pump-probe microscope set-up operating in reflection, 
used previously for the study of different ultrafast processes (from hundreds of femtoseconds to few nanoseconds) 
including Kerr effect, free carrier generation and material ablation [4]. While usually the temporal delay between 
pump and probe pulses is modified by a motorized optical delay line in air, this method is not practical for the 
relatively long delays used in the present study. We have developed a plug-and-play optical fiber delay module, able 
to span a temporal delay range from a few ns up to 0.5 microseconds. 
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Figure 2 (a) Time-resolved images at different delays (see labels) after laser irradiation, and final permanent modification recorded by fs-
pulsed illumination at 400nm through a fiber. (b) Time-resolved image at a delay of 128 ns and layer cross-section extracted from the 
Newton ring pattern. Orange dashed lines mark the third interference maximum associated to a thickness of 390 nm, and the red line marks 
the fifth interference minimum, corresponding to a thickness of 590 nm depth. (c) Corresponding relative reflectivity change calculated as a 
function of layer thickness. The refractive index change was used as a fitting parameter to match the experimentally observed optical contrast 
in (b). 

Figure 2 (a) shows time-resolved images and the final state of the surface upon single-pulse irradiation at a peak 
fluence of 3.7 J/cm2. The number of rings increases with time, which implies that the thickness of the heat-affected 
layer increases as well. In order to quantify the inwards propagation of the interface with the unmodified material, 
we have used an optical model based on theory of Abeles. Using the experimentally observed optical contrast of the 
ring pattern and the refractive index of the non-irradiated material at 400nm (n = 1.556 ), it is possible not only to 
extract the layer thickness but also estimate the layer cross section. The best match of the model to the data is shown 
in Fig. 2(c) and the extracted layer cross section, according to the lateral position of each interference maximum and 
minimum, is displayed in Figure 2 (b). 

 
By analyzing images recorded over a wide range of delay times, we found that the inwards propagation of the 

interface of the heat affected layer follows an exponential decay function, approaching a maximum depth of 720 nm 
at a delay time around 1 µs. This determination of the time scale of relevant heat diffusion processes leading to 
material modification is of large interest for multipulse processing applications, as it allows to evaluate if a 
subsequent pulse faces a completely resolified material or material with an extremely low viscosity. 
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