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Abstract:  The spatial evolution of plasma filaments in air induced by 
femtosecond laser pulses is investigated experimentally. Several major 
filaments and small scaled additional filaments are detected in the plasma 
channel. The complicated interaction process of filaments as splitting, 
fusion and spreading is observed. The major filaments propagate stably, and 
the small scaled additional filaments can be attracted to the major filaments 
and merged with them. The major filaments are formed due to the 
perturbation of initial beam profile and the small scaled filaments are 
mainly caused by the transverse modulational instability. 

©2006 Optical Society of America  

OCIS codes:  (190.5530) Pulse propagation and solitons; (320.7110) Ultrafast nonlinear optics 

References 

1. A. Braun, G. Korn, X. Liu, D. Du, J. Squier, and G. Mourou, “Self-channeling of high-peak-power 
femtosecond laser pulses in air,” Opt. Lett. 20, 73-75 (1995). 

2. J. Kasparian, M. Rodriguez, G. Méjean, J. Yu, E. Salmon, H. Wille, R. Bourayou, S. Frey, Y,-B. André, A. 
Mysyrowicz, R. Sauerbrey, J.-P. Wolf, and L. Wöste, “White-light filaments for atmospheric analysis,” 
Science 301, 61-64 (2003).  

3. J. Kasparian, R. Sauerbrey, D. Mondelain, S. Niedermeier, J. Yu, J.-P. Wolf, Y.-B. André, M. Franco, B. 
Prade, S. Tzortzakis, A. Mysyrowicz, M. Rodriguez, H. Wille, and L. Wöste, “Infrared extension of the 
super continuum generated by femtosecond terawatt laser pulses propagating in the atmosphere,” Opt. Lett. 
25, 1397-1399 (2000). 

4. H. Yang, J. Zhang, Q. J. Zhang, Z. Q. Hao, Y. T. Li, Z. Y. Zheng, Z. H. Wang, Q. L. Dong, X. Lu, Z. Y. Wei, 
and Z. M. Sheng, “Polarization-dependent supercontinuum genertation from light filaments in air,” Opt. Lett. 
30, 534-536 (2005). 

5. F. Théberge , W. Liu, Q. Luo, and S. L. Chin, “Ultrabroadband continuum generated in air (down to 230 nm) 
using ultrashort and intense laser pulses,” Appl. Phys. B 80, 221-225 (2005). 

6. N. Aközbek, A. Iwasaki, A. Becker, M. Scalora, S. L. Chin, and C. M. Bowden, “Third-harmonic generation 
and self-channeling in air using high-power femtosecond laser pulses,” Phys. Rev. Lett. 89, 143901 (2002). 

7. H. Yang, J. Zhang, J. Zhang, L. Z. Zhao, Y. J. Li, H. Teng, Y. T. Li, Z. H. Wang, Z. L. Chen, Z. Y. Wei, J. X. 
Ma, W. Yu, and Z. M. Sheng, “Third-order harmonic generation by self-guided femtosecond pulses in air,” 
Phys. Rev. E 67, 015401 (2003). 

8. Z. Q. Hao, J. Zhang, Z. Zhang, T. T. Xi, Z. Y. Zheng, X. H. Yuan, Z. H. Wang, “Third harmonic generation 
in plasma channels in air induced by intense femtosecond laser pulses,” Acta Phys. Sin. 54, 3173-3177 
(2005). 

9. O. G. Kosareva, V. P. Kandidov, A. Brodeur, C. Y. Chien, and S. L. Chin, “Conical emission from laser–
plasma interactions in the filamentation of powerful ultrashort laser pulses in air,” Opt. Lett. 22, 1332-1334 
(1997). 

10. S. L. Chin, N. Aközbek, A. Proulx, S. Petit, and C. M. Bowden, “Transverse ring formation of a focused 
femtosecond laser pulse,” Opt. Commun. 188, 181-186 (2001). 

11. H. Schillinger and R. Sauerbrey, “Electrical conductivity of long plasma channels in air generated by self-
guided femtosecond laser pulses,” Appl. Phys. B 68, 753-756 (1999). 

12. S. Tzortzakis, M. A. Franco, Y.-B. André, A. Chiron, B. Lamouroux, B. S. Prade, and A. Mysyrowicz, 
“Formation of a conducting channel in air by self-guided femtosecond laser pulses,” Phys. Rev. E 60, 
R3505-R3507 (1999).  

13. G. Fibich, S. Eisenmann, B. Ilan, Y. Erlich, Y. Erlich, M. Fraenkel, Z. Henis, A. L. Gaeta, and A. Zigler, 
“Self-focusing distance of very high power laser pulses,” Opt. Express 13, 5897-5903 (2005) 
http://www.opticsexpress.org/abstract.cfm?URI=OPEX-13-15-5897. 

(C) 2006 OSA 23 January 2006 / Vol. 14,  No. 2 / OPTICS EXPRESS  773
#9698 - $15.00 USD Received 22 November 2005; revised 9 January 2006; accepted 10 January 2006

mailto:jzhang@aphy.iphy.ac.cn
http://www.opticsexpress.org/abstract.cfm?URI=OPEX-13-15-5897


14. T. T. Xi, X. Lu, and J. Zhang, “Interaction of light filaments generated by femtosecond laser pulses in air,” 
Phys. Rev. Lett. (2005). submitted 

15. A. Couairon, S. Tzortzakis, L. Bergé, M. Franco, B. Prade and A. Mysyrowicz, “Infrared femtosecond light 
filaments in air: simulations and experiments,” J. Opt. Soc. Am. B 19, 1117-1131 (2002). 

16. M. Mlejnek, M. Kolesik, J. V. Moloney, and E. M. Wright, “Optically turbulent femtosecond light guide in 
air,” Phys. Rev. Lett. 83, 2938-2941 (1999). 

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

18. M. Mlejnek, E. M. Wright, and J. V. Moloney, “Power dependence of dynamic spatial replenishment of 
femtosecond pulsespropagation in air,” Opt. Express 4, 223-228 (1999) 
http://www.opticsexpress.org/abstract.cfm?URI=OPEX-4-7-223. 

19. L. Bergé, S. Skupin, F. Lederer, G. Méjean, J. Yu, J. Kasparian, E. Salmon, J. P. Wolf, M. Rodriguez, and L. 
Wöste, “Multiple filamentation of terawatt laser pulses in air,” Phys. Rev. Lett. 92, 225002 (2004). 

20. S. Tzortzakis, L. Bergé, A. Couairon, M. Franco, B. Prade, and A. Mysyrowicz, “Breakup and fusion of self-
guided femtosecond light pulses in air,” Phys. Rev. Lett. 86, 5470-5473 (2001). 

21. J. Kasparian, R. Sauerbrey, and S. L. Chin, “The critical laser intensity of self-guided light filaments in air,” 
Appl. Phys. B 71, 877-879 (2000). 

22. H. Yang, J. Zhang, Y. J. Li, J. Zhang, Y. T. Li, Z. L. Chen, H. Teng, Z. Y. Wei, and Z. M. Sheng, 
“Characteristics of self-guided laser plasma channels generated by femtosecond laser pulses in air,” Phys. 
Rev. E 66, 016406 (2002). 

23. A. Dubietis, G. Tamošauskas, G. Fibich, and B. Ilan, “Multiple filamentation induced by input-beam 
ellipticity,” Opt. Lett. 29, 1126-1128 (2004). 

24. T. D. Grow, and A. L. Gaeta, “Dependence of multiple filamentation on beam ellipticity,” Opt. Express 13, 
4594-4599 (2005) http://www.opticsexpress.org/abstract.cfm?URI=OPEX-13-12-4594. 

25. G. Fibich, S. Eisenmann, B. Ilan, and A. Zigler, “Control of multiple filamentation in air,” Opt. Lett. 29, 
1772-1774 (2004). 

26. K. D. Moll, and A. L. Gaeta, “Self-similar optical wave collapse: observation of the Townes profile,” Phys. 
Rev. Lett. 90, 203902 (2003). 

27. J. Yu, D. Mondelain, J. Kasparian, E. Salmon, S. Geffroy, C. Favre, V. Boutou, and J. -P. Wolf, 
“Sonographic probing of laser filaments in air,” Appl. Opt. 42, 7117-7120 (2003). 

28. Z. Q. Hao, J. Yu, J Zhang, Y. T. Li, X. H. Yuan, Z. Y. Zheng , P. Wang, Z. H. Wang, W. J. Ling, and Z. Y. 
Wei, “Acoustic diagnostics of plasma channels induced by intense femtosecond laser pulses in air,” Chin. 
Phys. Lett. 22, 636-639 (2005). 

29. Z. Q. Hao, J. Zhang, J. Yu, Z. Zhang, J. Y. Zhong, C. Z. Zang, Z. Jin, Z. H. Wang, and Z. Y. Wei, 
“Fluorescence measurement and acoustic diagnostics of plasma channels in air,” Acta Phys. Sin. 55, 299-303 
(2006). 

30. G. Méchain, A. Couairon , Y.-B. André, C. D. Amico, M. Franco, B. Prade, S. Tzortzakis, A. Mysyrowicz, 
and R. Sauerbrey, “Long-range self-channeling of infrared laser pulses in air: a new propagation regime 
without ionization,” Appl. Phys. B 79, 379-382 (2004). 

31. G. Méchain, C.D. Amico, Y.-B. André, S. Tzortzakis, M. Franco, B. Prade, A. Mysyrowicz, A. Couairon, E. 
Salmon, and R. Sauerbrey, “Range of plasma filaments created in air by a multi-terawatt femtosecond laser,” 
Opt. Comm. 247, 171-180 (2005). 

 
 

1. Introduction 

Since the first observation of long propagation of femtosecond (fs) laser pulses in air by Braun 
et al, [1] there has been great interest in the formation of long plasma filaments in air induced 
by fs laser pulses [2-15]. The filaments can propagate over hundreds of meters, exceeding 
many Rayleigh lengths of the laser beam. The filaments result from the dynamic balance 
between the nonlinear Kerr self-focusing due to the nonlinear intensity-dependent refractive 
index and the plasma defocusing due to the high-order multiphoton ionization (MPI) and 
diffraction effects of the laser pulses in air. If the laser power exceeds the critical power for 
self-focusing 

20
2 2/ nnPcrit πλ=                                                        (1) 

of about 3.2 GW in air for the laser wavelength λ=800 nm, where Wcmn /102.3 219
2

−×=  in air 
[2], then the laser beam is self-focused before the geometrical focus. The increased laser 
intensity due to the self-focusing generates free electrons by the MPI process, and the 
electrons contribute negatively to the index of refraction of air: 
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22 2/)( ωω rn pplasma −= ,                                                  (2) 

where 2/12 )/4( eep mneπω =  is the plasma frequency and 
en  is the electron density [1]. The 

self-focusing and defocusing processes repeat again and guide laser pulses to propagate over 
long distance. Many interesting nonlinear phenomena have been observed within the 
filaments of fs laser pules, such as supercontinuum radiation [3], third-harmonic generation 
[6-8], conical emission [9, 10], and electrical conductivity of plasma channels [11, 12]. The 
characteristics of filaments enable many applications such as remote sensing, lightning control, 
Lidar, etc. 

The dynamics of filamentation is complicated and the physics mechanism of multiple 
filaments (MF) evolution in air is still not well understood. The experimental research on the 
detailed process of filaments evolution is also insufficient. As to the free propagation of the 
collimated laser beam in air, Mlejnek et al. [16-18] proposed a model of optical turbulent light 
guiding to explain the breakup and fusion of filaments. In his simulations, the filaments 
propagate in the form of filamentation recurrence. The plasma defocuses a part of energy of 
filaments to energy background, which is made available for further nucleation of filaments. 
Bergé et al. [19] obtained MF patterns by launching a collimated laser pulse into the air and 
found that some major filaments persisted over several meters, whereas others randomly 
nucleated over shorter longitudinal scales. Energy evacuation from primary filaments supports 
the random nucleation. Tzortzakis et al. [20] believed that the modulational instability of laser 
pulses is the main mechanism of filaments evolution. Some experimental results indicate that 
the filament formed by free propagating laser pulse has mm size diameter and the intensity 
inside the filament is around the ionization threshold of air. However, as to the prefocused 
laser pulses in air with a high intensity level, the intensity inside the filaments is about 4×1013 
~ 1×1014 W/cm2 [2, 21], the electron density in the filaments is about 1016 ~ 1018 cm-3 [1, 2, 
22]. Therefore, the nonlinear effects and the interaction between filaments are extremely 
stronger, and consequently, the filamentation and its evolution are complex. The behaviors of 
the filaments should be different in some respects from the case of free propagation of 
collimated laser pulse. In this paper, we present our experimental investigations on the spatial 
evolution of filaments in air generated by prefocused fs laser pulse. The forming, splitting, 
fusing and spreading of the filaments in air are observed clearly in experiments. The random 
nucleation is not observed in our experiments. The small filaments are quickly attracted and 
join the major filaments along the laser propagation direction. The major filaments persist 
from beginning to end supported by the energy background and small filaments around it. We 
suggest that the local unbalance of the laser beam profile introduce the formation of primary 
filaments, the transverse modulational instability and strong interactions in the diffraction 
plane are mainly responsible for the complicated spatial evolution of filaments. 

2. Experimental setup 

The laser system used in our experiments is the extreme light laser system (XL)-II with an 
output energy up to 640 mJ in 30 fs pulses at a central wavelength of 800 nm. The repetition 
rate is 10 Hz. The input beam spatial profile was noisy as shown in Fig.1. The whole spatial 
profile is almost circular, however, the center region with much higher intensity is elliptical 
with an eccentricity of b/a = 2.12 (a=0.82 cm, b=1.74 cm; see the ellipse in Fig.1). The laser 
pulses are focused by an f = 4 m lens with a geometrical focal length of 5.05 m in air because 
the laser beam we used in experiments has a divergence angle. The experimental setup is 
shown in Fig.2. The laser beam is focused in air and forms a long plasma channel that can be 
seen directly by naked eyes. A glass plate is inserted at a 57° angle in the aim to sample the 
cross section of the channel. A lens images the channel onto a charged-coupled device (CCD) 
camera (512×512 pixels) with a pixel size of 24 μm. A high-speed shutter is used to take 
single shot image of the filaments on the plate. The glass plate is placed on a translation stage, 
which can move in parallel with the CCD. This ensures that each laser pulse shoots a new 
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place of the plate. The imaging system is setup on a small stage that moves along the laser 
propagation axis to obtain the images at different positions. 

 
Fig. 1. Profile of the initial laser beam. Intensity recorded at the output of the compressor. 

 
 
 
 
 
 
 
 
 
 

Fig. 2. Schematic diagram of the experimental setup. 

3. Experimental results and discussion 

In our experiments, 22 mJ and 50 mJ of laser pulse energy are used, corresponding to peak 
power values of about 0.7 TW and 1.7 TW respectively. This power is significantly higher 
than the critical power for self-focusing. We track the profile of filaments in detail along the 
direction of propagation. The plasma channel is stable, and the filaments image is 
reproducible from shot to shot. We owe the reproducible MF pattern to the input beam 
ellipticity. Several experimental studies have demonstrated that the input beam ellipticity can 
induce a deterministic MF pattern in ultrashort pulses in water [23], glass [24], and air [25]. 
Several representative profiles of filaments at 22 mJ laser energy are depicted in Fig.3. Since 
the glass plate forms an angle of 57° with the beam axis, a correction factor of 0.54 for the x 
coordinate is taken into account. A single filament is formed before 4.60 m. At 4.75 m, the 
single filament begins to breakup into a double structure; meanwhile, some small filaments 
appear in the low intensity background. The double filaments propagate stably from 4.85 m to 
5.00 m, while a small filament neighboring the primary filaments evolutes quickly and 
unstably, but its onset position is relatively stable. The separation distance between these 
small filaments and primary filaments becomes closer, and eventually, some small filaments 
fuse with the primary filaments. It is clear that small-scaled filaments are attracted by the 
major filaments. From 5.10 m to 5.23 m, there are no obvious small filaments around the 
double filaments. The double filaments seem to propagate independently, however, the 
intensity and diameter of the two filaments transform dynamically. The diameter of a single 
filament varies around 95~150 μm, which is the typical filament diameter [1, 22]. After about 
5.23 m propagation distance, the double major filaments begin to spread, and their separation 
distance becomes increasingly larger, and finally, the double filaments disappear beyond 5.70 
m. The two filaments do not merge into a single one because the separation distance between 
the two filaments is too far away to coalesce [20]. Furthermore, some small filaments appear 
again when the double filaments spread after about 5.23 m. The reason should be that the 
energy in the background reservoir becomes larger because it does not need to feed major 
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filaments and a part of energy in filaments transfers to the reservoir due to the filaments 
dissipation. This will excite new sequences of small filaments. 

 
Fig. 3. Typical normalized profiles of filaments in plasma channels with a laser energy of Elaser 

= 22mJ. Frame size: 5.18 × 5.18 mm2. 

Furthermore, in the beam cross section, the onset position of the filament deviates from 
the beam center. The input laser profile is inhomogeneous, which is amplified by 
modulational instability during the propagation, and the filament forms at a position where the 
power exceeds the critical power for self-focusing. Furthermore, the intensity distribution of 
initial laser beam has an elliptical shape (see Fig.1), resulting in the MF along the long axis, as 
shown in Fig.3. However, the filamentation pattern evolves to a specific circularly symmetric 
shape, known as the Townes profiles [26], as can be seen more clearly from the beam profile 
at 5.40 m in Fig.3. 

It is easier to form MF at a higher energy (50 mJ). We measured the sound signal along 
the plasma channel using the sonographic method [27-29]. The 50 mJ laser pulse undergoes 
higher complicated evolution compared to the case of 22 mJ. The detail can be found in Ref. 
(28, 29). The jump on the sound signal indicates the starting of the plasma channel, and the 
rapid decrease of the signal denotes the ending of it. The channel length at 50 mJ is about 30 
cm longer than that at 22 mJ in the experiments. 

It is note that the random nucleation which is found in the case of the collimated laser 
beam free propagation [19] is not observed in our experiments. The reason may be the great 
differences of the diameter, intensity, and the degree of modulational instability of laser beam 
between the two cases of prefocused and collimated laser pulses [30, 31]. The size of the 
background reservoir is also different, about several millimeters in our experiments versus 
tens of centimeters in the case of free-propagating laser pulses. As the result, the nonlinear 
effects including the self-focusing, plasma defocusing, self-phase modulation, and 
modulational instablility, have different degree and different influences. Therefore, the 
random nucleation has no chance to develop itself in our experimental condition. 

The major filaments are formed from the local unbalance of beam and the beam 
perturbation due to modulational instability [20]. Then the plasma filaments cause strong 
defocusing, leading to a part of energy of filaments releasing into the background, which 
contributes to subsequent formation of new filaments [16-19]. As a result, the complicated 
interactions and some other nonlinear processes lead to the forming, splitting, fusing and 
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spreading of filaments. In experiments, the filaments are asymmetrical. They have different 
intensity, position, direction, and diameter. As the result, the interference, the energy flow, 
and other nonlinear interactions entangle each other, leading to the complicated evolution of 
filaments. 

4. Conclusions 

In conclusion, the spatial evolution of the filaments in plasma channels induced by intense fs 
laser pulses in air is investigated. The propagation of the filaments in the channel shows very 
complicated process including the evolution from a single filament into two and three and 
even more distinct filaments periodically, and the multiple filaments merge into two filaments 
and propagate stably and fade away eventually. We also find that the length of the filaments 
increases with the input laser energy. Moreover, the higher the initial laser power is, the more 
complicated phenomena appear due to the stronger modulational instability. The non-uniform 
intensity profile of the initial laser beam, modulational instability, and dynamic spatial 
replenishment mechanism are the main reasons for the filamentation and the complicated 
spatial evolution of fs laser pulses in air. 
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