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Self-organization of high intensity laser pulses propagating in gases
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In recent years the development of high intensity short pulse lasers has opened up wide fields of science which
had previously been difficult to study. Recent experiments of short pulse lasers propagating in air have shown
that these laser pulses can propagate over very long distances (up to 12 km) with little or no distortion of the
pulse. Here we present a model of this propagation using a modified version of the self-organized criticality
model developed for sandpiles by Bak, Tang, and Weisenfeld. The additions to the sandpile model include the
formation of plasma which acts as a threshold diffusion term and self-focusing by the nonlinear index of
refraction which acts as a continuous inverse diffusion. Results of this simple model indicate that a strongly
self-focusing laser pulse shows self-organized critical behavior.
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1. Introduction
In recent years the development of ultrashort pulse high intensity lasers has made possible the study of a
variety of phenomena which had previously not been possible. Of particular interest with regards to this paper
are experiments where high intensity short pulse lasers have been observed to propagate over long distances in
air1'2. In one experiment a terawatt laser was observed to propagate over 12 km 2. Sophisticated computer
simulations of the phenomenon of the propagation of high intensity laser pulses in air have been performed3.
These simulations show that the pulse filaments and that the onset and recurrence of these filaments have
features similar to strong turbulence in other physical systems3. In this paper we propose that this dynamic
behavior of the self-focusing and filament formation of a high intensity beam is similar to a self-organized
criticality (SOC)4. By using a model similar to that developed by Bak, Tang, and Weisenfled (BTW) 4 we show
that some features of the self focusing beam system are reproduced and indicate characteristics similar to SOC.

2. Laser Pulse Propagation and Self-Organized Critical Behavior
When an intense laser beam propagates in a gas, there are three main processes which occur. One is the selffocusing of the beam due to the dependence of the index of refraction of the gas on the intensity of the laser5.
The second is the formation of plasma due to the optical field ionization (OFI) of the gas by the laser6. When
plasma forms, the laser light is defocused. The third process is the natural diffraction of the light which occurs
due to the finite pulse size. These three processes compete with one another. If the laser pulse focuses too much,
then plasma forms to stop the focusing of the pulse. Conversely, if too much plasma forms, then the pulse is
defocused leading to the stop of plasma formation. The diffraction is continually occuring. It is the balance of
these three processes, which can lead to stable filament formation of the laser pulse and resultingly a sustained
channelling process7 (see Figure 1 ).
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SOC which was introduced by BTW 4 occurs throughout the natural world. Some SOC type systems include
earthquakes, sunspot activity, lightning, and low frequency circuit noise. A SOC system usually has the
following three characteristics: a slow driver, interaction domination, and a threshold value of some kind8.
In the propagation of intense laser pulses in neutral gases each of these characteristics are present. The slow
driver is the self-focusing which occurs over nanosecond timescales and longer. The threshold value is the
ionization threshold for OFI which occurs over very short timescales on the order of 10~15 seconds or shorter.
The interaction domination is the formation of filaments which merge and disappear as the pulse propagates.

Laser propagation direction
self-focusing

Plasma

defocusing

Fig. 1 Laser pulse propagation dynamics
3. Simulation Model
Each of the three processes mentioned above can be represented by a diffusion equation of the form

dt~

dy2'

where Z is the amplitude of the laser pulse, y is the direction transverse to the propagation direction of the laser
pulse, and D is the diffusion coefficient for each process. Finite differencing this equation we model the
propagation of the intense laser pulse on a uniform 2 dimensional Cartesian grid. The amplitude Zij is taken to
be the intensity of the laser at grid point (i,j). The laser pulse is taken to be propagating along the x direction (i).
OFI of the gas and, subsequently, the plasma formation by the laser occurs on very short time scales above the
threshold intensity of the gas6. Therefore, we can model OFI as a step function-like process. When the amplitude
Zij >ZCri,, where Zcrn corresponds to the threshold intensity, plasma is created and the diffraction by the plasma
is represented by

where the diffraction of the laser light occurs perpendicular to the propagation direction of the laser and Dp is the
plasma diffusion coefficient,
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where c is the speed of light, At is the timestep size, n0 is the vacuum index of refraction, Ay is the grid size in
the y direction, coP is the plasma frequency associated with the created plasma, and (do is the laser frequency.
This rule is executed across the grid until all values are less than or equal to Zcr,,. This formulation is very
similar to the one dimensional model of BTW 4 . In addition, since the created plasma remains, laser light
behind the point where the plasma has formed is also diffracted using the same equation. In this model this is
the only way that different parts of the laser beam communicate along the direction of propagation.
The self-focusing of the laser pulse due to the nonlinear polarization response of the gas is continually occuring
and is represented by
z

ij->zi.J+2xKXziJ

z

i,±i->zi.j±i-KXzi,j'

where the effect of the background gas focusing is linearly proportional to the intensity and K represents the
strength of the focusing,

cAt
25n

.
on = nJ

where ti2 is the nonlinear index of refraction of the gas and / is the laser intensity.
Finally, the natural diffraction due to finite beam size is represented by

where the diffraction of the laser light also occurs perpendicular to the propagation direction of the laser and D is
the diffusion coefficient,

n0Ay

e=

0.6U '
nod

where A. is the laser wavelength and d is the laser spot size. This natural diffraction is continually occurring.
4. Results
In Figure 2 a) we show the initial grid which is a 100x100 grid in the x and y directions, respectively.
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Initial conditions
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Fig. 2 a) Initial pulse, b) after 1000 iterations, and c) after 10s iterations

The initial configuration is a gaussian pulse with an initial maximum value of ZmtB=10 with a sigma of 10 in
both the x and y directions. The value of the plasma diffusion coefficient Dp was chosen to be 0.1 with Zcri, 12. The value of K was chosen to be 0.4 and the natural diffraction diffusion coefficient was chosen to be 0.1.
K was chosen larger than D otherwise the pulse would disperse too quickly and, resultingly, no ionizations
would occur. This choice of parameters corresponds to a 14 GW laser pulse with a spot size of 100 Jim, and a
time duration of 333 fs propagating in Xenon gas at atmospheric pressure over a distance of 15 m. In Figure 2 b)
we show the result after the grid has been evolved for 103 iterations. It can be seen that filamentary structures
have formed along the direction of propagation and that the pulse has broken up into many fragments. The front
part of the pulse has narrowed and the back part of the pulse has filamented and widened. There are pockets
behind the front of the pulse where no laser light is present. This is due to the fact that the plasma created at the
front of the pulse has defocused the light behind. In Figure 2 c) after the pulse has evolved for 105 iterations the
pulse has widened and the filament formation has moved forward in the pulse. This is due to the fact that the
front of the pulse which has a lower intensity than the central peak takes a longer time to focus compared to the
central part of the pulse. Thus, plasma creation occurs further forward in the pulse as the propagation continues.
At each iteration the number of ionization events was recorded. Figure 3 shows the number of ionizations which
occur as a function of iteration number. Initially there are no events, but as the pulse propagates the number of
events increases. There is a peak which occurs in the number of ionizations very early on. This is attributed to
the initial self-focusing of the laser pulse. After this point the number of ionizations saturates and appears to
randomly fluctuate about a median value of about 1700.
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Fig. 3 Time series of ionizations
Figure 4 shows the power spectrum taken of the ionization time series. For low frequencies a clear power law
can be seen. Thefitto the low frequency spectrum gives an approximate power law of the form, S(f)~ 1/f. At
high frequencies the power law is flat indicating random noise.
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Fig. 4 Power spectrum of time series

The appearance of the 1/f type spectrum at low frequencies indicates that the ionizations occuring in the pulse
are correlated over all timescales over which the power law occurs. We suggest that this correlation is brought
about by the formation of plasma filaments at the front of the pulse which affect the formation of filaments in
the back of the pulse. The random noise at high frequencies seems to correspond to the ionizations which are
occuring in each filament. In animations of the evolution of the structures intermittent behavior in the formation
of the filaments was observed. Intermittent structure formation is an indication towards SOC.
In simulations where the strength of the self-focusing is reduced suffuciently only a single filament forms over
the propagation of the laser pulse. In this case the power spectrum of the ionization as a function of time also
shows a power law behavior at low frequencies, but the power drops off steeper than 1/f and occurs over a
smaller part of the spectrum. The high frequency flat spectrum occurs over more of the spectrum. At lower
focusing strength with only one filament there are no other filaments to interact with and, therefore, correlations
between the front and back of the pulse do not build up. The ionization is only occuring within the filament.
From these results is apparent that in order to get SOC type behavior one needs strong self-focusing and
resultingly a large number of filaments forming.

5. Conclusion
We have developed a simple model for the propagation of intense laser pulses in neutral gases. The model is
similar in aspects to the SOC model proposed by Bak, Tang, and Weisenfeld4. The model differs from that
model in that the discrete diffusion is performed in one direction. In the other direction the diffusion is chosen
based on the position of previous threshold events. The model shows some behavior similar to that observed in
more sophisticated simulations5 and shows intermittence and 1/f power law behavior in the ionizations induced
by the laser which is a sign of possible SOC behavior. It appears that in order to get this SOC behavior strong
self-focusing of the laser pulse is important. However, more detailed analysis is necessary. The next step will
be to attempt to apply analytical theory such as Branching theory9 to laser pulse propagation and perform a
parameter survey of the parameters relevant to experiments which have and will be performed with high intensity
short pulse lasers.
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Production of Ultrarelativistic Electrons by an Oblique
Shock Wave in a Magnetized Plasma
Yukiharu OHSAWA, Naoki BESSHO
Department of Physics, Nagoya University, Nagoya 464-8602, Japan
Production of ultrarelativistic electrons in an oblique magnetosonic shock wave is
studied with a one-dimensional, relativistic, electromagnetic, particle simulation code.
It is found that a shock wave can accelerate some electrons to ultrarelativistic energies.
Their Lorentz factors can exceed 100. The energies strongly depend on the shock angle.
Keywords : Particle acceleration, Ultrarelativistic electrons, Shock wave,
Particle simulation
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