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Abstract 

 

We present the evolution of SCE associated with filaments due to the tilt of focusing lens under tight focusing 
geometries. Transform limited femtosecond (fs) pulses (800 nm, 45 fs, 1 kHz repetition rate) were focused in ambient air 
using three different focusing geometries f/#6, f/#7.5, and f/#12 corresponding to numerical apertures (NA) of 0.08, 0.06, 
and 0.04, respectively. The focusing lens was tilted from zero up to 20 degrees. The filaments decayed into two shorter 
parts through tilting of the lens and the separation between shorter filaments increased with increasing lens tilt, in tune 
with earlier reports [Kamali et al., Opt. Commun. 282, 950-954 (2009)]. The separation between the filaments matched 
well with the predicted distances due to astigmatism induced in loose focusing geometries. However the deviation 
increased as we moved to the tighter focusing geometries. The SCE spectrum demonstrated an anomalous behaviour. 
The SCE spectrum was suppressed at larger tilt angles of 12 – 20°. However at lower tilt angles, up to 8°, the SCE was 
observed to be same to that measured without any tilt of the focusing lens. This behaviour is predominant with tighter 
focusing geometries of f/#6 and f/#7.5, wherein the SCE was observed to be higher at 4° and 8° in comparison with that 
observed at an angle of 0°. Systematic study of the focusing lens tilt on anomalous SCE spectra and filament 
characteristics in the tight focusing geometry are presented. 
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1. Introduction 
 
Intense ultra-short laser pulses are well suited for long range propagation in many transparent media. This long range 
filamentary propagation is due to the dynamic balance between nonlinear self focusing of an intense optical pulse and 
laser plasma induced defocusing1. These long propagating filaments in air have received significant attention over the 
last decade due to impending applications in the fields of remote sensing 2,3, lightning guiding 4–6, supercontinuum 
generation (SCG) 7-9, pulse compression10 and THz generation.11 During the propagation of filament the pulse undergoes 
temporal and spectral changes due to the linear and nonlinear effects within medium such as self-phase modulation and 
Raman scattering amongst others1,12,13. Filamentation of a fs pulse comes into play when a high intense laser pulse 
having transverse power (P) greater than critical power for self-focusing (PCr), propagates through air,. For very low 
powers, generally, a single filament is observed. As the power of the beam increases unavoidable spatial irregularity 
across the wave front would be induced either due to imperfection of the beam quality or due to propagation through a 
non-homogeneous medium in the real environment and the pulse exhibits pulse splitting, multiple collapse, and repeated 
filamentation over large distances.  This results in the breaking up of single filament into many, termed as multiple 
filamentation14-16. Understanding and controlling multiple filaments17-19 during the long range propagation of high power 
fs pulses has been a major challenge for various applications20.  
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GW for air and is used as the scale parameter. The self-emission from the filaments was recorded for different tilt angles 
from 0 to 20° for all the three focusing geometries. Figure 2 shows the evolution of the filaments with the tilt of focusing 
lens in f/#12 geometry. In all these focusing geometries (f/#6, f/#7.5, f/#12) only one filament was observed when the 
lens was tilted from 0° up to 8°. At a tilt angle of 8°, the single filament was observed to break up into two shorter 
filaments along the propagation direction, with the filament towards the focusing lens having weak intensity looking 
almost like a comet. Beyond a rotation of 8°, the separation between the filaments was observed to increase continuously 
with increasing tilt of the lens. For all the angles greater than 8°, the intensity of the filament towards the focusing lens is 
smaller compared to that of the farther filament. This is attributed to the astigmatism coming into play because of the 
lens tilt21.  
 

 

 
Figure 2: Filaments for different tilt angles under f/12 focusing geometry. 

 

The separation between the filaments can be estimated from the formula21,22 

    X = f sinΦtanΦ                                                         (1) 

where f and Φ are the focal length and the tilting angle of the lens. Figure 3 shows measured separation between the 
filaments and the calculated separation using equation 1. Both these match very well for longer focusing geometries of 
f/#12 in our measurements compatible with the earlier reports21. However at tighter focusing geometry of f/#6, the 
mismatch between the estimated and observed separation has increased as we moved to larger tilt angles. At any given 
lens tilt, the separation between the filaments increased linearly with decreasing NA. At a tilt of 16° the separation 
between the filaments is ~ 0.4 cm and 0.94 cm for f/#12 (NA ~ 0.04) and f/#6 (NA ~ 0.08) geometry respectively. The 
separation scaled almost linearly for the NA used in the measurements. 
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Figure 3: Comparison of experimentally measured separation between the filaments with that of estimated value for different tilt 
angles under (a) f/#12 (b) f/#7.5 focusing geometries. 

 

The SCE associated with the filaments illustrated interesting behaviour with increasing tilt of the lens. For longer focal 
lengths of 12 cm, the SCE intensity decreased monotonically with increasing tilt angle and the data is shown in Fig 4(a). 
The reduction in the SCE (white light continuum) can be attributed to the distinct separation and shortening of the 
filaments, which is clearly depicted in Fig 2.  However, as we moved on to shorter focal lengths (or higher NA), the SCE 
intensity increased, up to 8° tilt, in the blue region of the spectrum over 550 – 650 nm. The shorter the focal length the 
intense was the SCE in the blue spectral region. Above the tilt of 8° the spectrum decreased monotonically with 
increasing tilt angles. Under tight focusing geometry, though the two filaments were observed, they had a certain region 
of overlap ensuring localization of the pulse energy over a continuous distance along the propagation direction.  
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Figure 4: SCE spectra for different tilt angles under (a) f/12 and (b) f/6 focusing geometries. 

 

4. Conclusion 

The dominant phenomenon of multiple filamentation under tighter focusing geometry was controlled by tilting the lens, 
leading to a brighter SCE in the blue region. Tilting of the lens ensures the presence of a single filament propagating over 
a long distance, leading to an intense SCE. The observed phenomenon was found to be dominant for tighter focusing 
geometries compared to that of looser focusing geometries. To conclude, a careful design of the astigmatism, a 
geometrical aberration, can be utilized in making brighter SCE sources under tight focusing conditions, by exploiting the 
phenomenon of filamentation without conventional intensity clamping23,24.  

 

References 

[1] Couairon, A. and Mysyrowicz, A., “Femtosecond filamentation in transparent media,” Phys. Rep. 441, 47-189 
(2007). 

[2] Woste, L., Wedekind, C., Wille, H., Rairoux, P., Stein, B., Nikolov, S., Werner, C., Niedermeier, S., 
Ronneberger, F., Schillinger, H. and Sauerbrey, R., “Femtosecond atmospheric lamp,” Laser Optoelektron. 29, 
51 (1997). 

Proc. of SPIE Vol. 8434  84340T-5

Downloaded from SPIE Digital Library on 11 May 2012 to 14.139.69.1. Terms of Use:  http://spiedl.org/terms



 

 

[3] Rairoux, P., Schillinger, H., Niedermeier, S., Rodriguez, M., Ronneberger, F., Sauerbrey, R., Stein, B., Waite, 
D., Wedekind, C., Wille, H., Woste, L. and Ziener, C., “Remote sensing of the atmosphere using ultrashort laser 
pulses,” Appl. Phys. B 71, 573–580 (2000). 

[4] Diels, J., C., Bernstein, R., Stahlkopf, K. and Zhao, X., M., “Lightning control with lasers,” Sci. Am. 277, 50–
55 (1997). 

[5] Fischer, R., P., Ting, A., C., Gordon, D., F., Fernsler, R., F., DiComo, D., P. and Sprangle, P., “Conductivity 
measurements of femtosecond laser plasma filaments,” IEEE Trans. Plasma Sci. 35, 1430 (2007). 

[6] Houard, A., D’Amico, C., Liu, Y., Andre, Y., B., Franco, M., Prade, B., Mysyrowicz, A., Salmon, E., Pierlot, P. 
and Cleon, L., M., “High current permanent discharges in air induced by femtosecond laser filamentation,” 
Appl. Phys. Lett. 90, 171501 (2007). 

[7] Alfano R.R., [The Supercontinuum Laser Source: Fundamentals with Updated References], Springer 
Science+Business Media, Inc., New York, USA, (2006). 

[8] Hauri, C., P., Kornelis, W., Helbing, F., W., Heinrich, A., Couairon, A., Mysyrowicz, A., Biegert, J. and Keller, 
U., “Generation of intense, carrier-envelope phase-locked few-cycle laser pulses through filamentation,” Appl. 
Phys. B 79, 673–677 (2004). 

[9] Kiran, P., P., Bagchi, S., Krishnan, S., R., Arnold, C., L., Kumar, G., R. and Couairon, A., “Focusing of 
Ultrashort sub-TW laser pulses in air – Supercontinuum Emission”, Proc. SPIE 8173, 81730Q (2011).   

[10] Kiran, P., P., Bagchi, S., Krishnan, S., R., Arnold, C., L., Kumar, G., R. and Couairon, A., “Supercontinuum 
emission from tightly focused femtosecond pulses in air: beyond intensity clamping”, Proc. SPIE 7728, 77281P 
1 – 8 (2010). 

[11] D’Amico, C., Houard, A., Franco, M., Prade, B., Mysyrowicz, A., Couairon, A. and Tikhonchuk, V., T., 
“Conical forward THz emission from femtosecond-laser-beam filamentation in air,” Phys. Rev. Lett. 98, 
235002 (2007). 

[12]  Nibbering, E., T., J., Curley, P., F., Grillon, G., Prade, B., S., Franco, M., A., Salin, F. and Mysyrowicz, A., 
“Conical emission from self-guided femtosecond pulses in air”, Opt.Lett. 21, 62-64 (1996). 

[13] Penano, J.R., Sprangle, P., Serafim, P., Hafizi, B. and Ting, A., “Stimulated Raman scattering of intense laser 
pulses in air”, Phys. Rev. E 68, 056502 (2003). 

[14] Chin, S. L., [Femtosecond laser filamentation], Springer Series on Atomic, Optical, and Plasma Physics, 1st ed., 
(2010). 

[15] Mlejnek, M., Wright, E.M. and Moloney, J.V., “Dynamic spatial replenishment of femtosecond pulses 
propagating in air”, Opt. Lett. 23, 382–384, (1998). 

[16] Kiran, P., P., Bagchi, S., Krishnan, S., R., Arnold, C., L., Kumar, G., R. and Couairon, A., “Focal dynamics of 
multiple filaments: Microscopic Imaging and Reconstruction,” Phys. Rev. A 82, 013805 (2010). 

[17] Fibich, G., Eisenmann, S., Ilan, B., and Zigler, A., “Control of multiple filamentation in air,” Opt. Lett. 29,15-
17 (2004) 

[18] Schroeder, H., Liu, J. and Chin, S.L., “From random to controlled small-scale filamentation in water,” Opt. 
Express 12 (20), 4768-4774 (2004). 

[19] Eisenmann, S., Louzon, E., Katzir, Y., Palchan, T., Zigler, A., Sivan, Y. and Fibich, G., “Control of the 
filamentation distance and pattern in long-range atmospheric propagation,” Opt. Express 15, 2779-2784 (2007). 

[20] Stelmaszczyk, K., Rohwetter, P., Mejean, G., Yu, J., Salmon, E., Kasparian, J., Ackermann, R., Wolf, J., P. and 
Wôste, L., “Long-distance remote laser-induced breakdown spectroscopy using filamentation in air,” Appl. 
Phys. Lett. 85, 3977 (2004). 

[21] Kamali, Y., Sun, Q., Daigle, J., F., Azarm, A., Bernhardt, J. and Chin, S. L., “Lens tilting effect on 
filamentation and filament-induced fluorescence,” Opt. Commun. 282, 950–954 (2009). 

[22] Hecht, E., [Optics], Addison Wesley, Fourth edition, 2002. 
[23] Kiran, P., P., Bagchi, S., Krishnan, S., R., Arnold, C., L., Kumar, G. and R., Couairon, A., “Filamentation 

without intensity clamping,” Opt. Express 18, 21504-21510 (2010). 
[24] Sun, X., Xu, S., Zhao, J., Liu, W., Cheng, Y., Xu, Z., Chin, S.,L. and Mu, G., “Impressive laser intensity 

increase at the trailing stage of femtosecond laser filamentation in air”, Opt. Express 20, 4790-4795 (2012).   
 
 

Proc. of SPIE Vol. 8434  84340T-6

Downloaded from SPIE Digital Library on 11 May 2012 to 14.139.69.1. Terms of Use:  http://spiedl.org/terms


