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Nonlinear light-matter interactions, such as filamentation, pulse compression, generation of optical 
harmonics, and acceleration of particles, are at the heart of ultrafast science. Scaling such phenomena 
to e.g. higher pulse energy is a crucial task in order to fully exploit the potential of novel laser 
developments. Two important attempts into this direction are: (i) the energy scaling of pulse post-
compression via spectral broadening through filamentation [1,2] or nonlinear propagation inside hollow 
capillaries [3] and (ii) the energy, average power, and repetition rate scaling of HHG extreme-
ultraviolet (XUV) attosecond pulse sources [4-5]. 

Here, we present a general methodology that allows the invariant scaling of various nonlinear light-
matter interactions in gases, under the condition that spatial dimensions, gas density, and laser pulse 
energy are adjusted appropriately. The model is discussed along with its limitations. Experimental 
verification based on filamentation is presented. 

We illustrate the scaling formalism from a typical nonlinear propagation equation, which is shown 
to be scale-invariant in reasonable approximation for a large range of nonlinear interactions in gases. In 
essence, a given nonlinear interaction can be up- or down-scaled in pulse energy without changing the 
general nonlinear characteristics of the interaction. Parameters, such as the spectral phase or the carrier-
to-envelope offset phase (CEP) remain unchanged as well as the characteristics of frequency converted 
fields, while their energy scales according to the input field. 

The scaling model is experimentally verified by studying pulse compression in filamentation, a 
process where many nonlinear optical phenomena play a critical role. Fig. 1 shows an illustration of the 
experiment. The input pulse energy was varied in a range of a factor up to 20, while focal length, and 
gas pressure were adjusted according to our scaling formalism. The measured characteristics of the 
few-cycle, compressed output pulses were found very similar over the whole scaling range. The 
experimental results clearly support our scaling formalism. 

 

Figure 1: (a) Illustration of pulse compression via filament scaling. In (b) and (c), the reconstructed temporal 
intensity profile and the corresponding measured spectral amplitude (solid lines) and phase (dashed lines) after 
recompression are shown for three different parameter sets with increasing laser pulse energy. An arbitrary 
offset was added to the displayed data for better visualization. The grey shaded area in (c) shows the input laser 
spectrum. 
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