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Long plasma channels generated by femtosecond laser pulses
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Generation of a long plasma channel by femtosecond laser pulses is investigated. The results show that the
balance between the nonlinear self-focusing of the laser beam and plasma defocusing forms a long plasma
channel, which guides the laser beam to propagate a long distance in air. This phenomenon can be used to
trigger lightning.
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[. INTRODUCTION cess and obtain results in agreement with experimental
measurements.

Propagation of intense short laser pulses over a long dis-
tance in gases and plasmas has been studied at different labo-
ratories[1-4]. The propagation of intense laser pulses is
important in a wide range of applications, such as guiding a The formation of a long plasma channel in air is of key
very long electrical discharge for triggering lightning. Natu- importance for laser-triggered lightning. In vacuum, the
ral lightning is very harmful to humankind, and causes hugePropagation distance of a Gaussian laser beam is confined to
financial losses. For example, the power industry loses a fede Rayleigh lengtizg=krj/2, wherer, is the laser spot
billion dollars every year because of lightning strikes. OneSize at focus an#t is the wave number. Generally, high laser
possible way of protecting dedicated facilities from lightning Inténsities require tight focusing, which in turn results in
strikes is to divert the lightning to a safe place. very short propagation distan¢e.g., wherr=80 pm and

) . . .. A=0.8 um, the Rayleigh length is onl{Zg=25 mm).
The control of lightning was envisioned by Benjamm_ However, we shall show that it is possible for a laser beam to

Franklin when he conducted h.is Iegend_ary e_zxpe_riments "E)ropagate over a greatly extended distafmany Rayleigh

1752. A modern method for triggering lightning is to fireé o044 in air. We find that the laser propagation in the air is

small rockets trailing ground wires toward thunder C|°“ds-strong|y affected by the nonlinear self-focusing and

However, its success rate is only about 60%. Moreover, ifonjzation-induced defocusing effects. The balance between

cannot be launched on a semicontinuous basis. Lasefhese two effects can guide the propagation of laser pulses

triggered lightning was proposed by Ball in 19[&l, butit  and create a long plasma channel.

was not successful due to the limitation of the laser technol- The wave equation for laser propagation in a medium can

ogy at that time. Japanese researchers in Osaka reported e written ag8—10|

periments of successful triggered lightning using 2-kJ,CO

laser pulse$6]. As a result of the progress in chirped pulse

amplification (CPA) technology, we can now obtain intense

ultrashort laser pulses from table-top laser systems. The laser

intensity can reach the order of 0W cm™2. This provides ~ With the refractive index

ﬁlg[;]rt?]?:]g}ng way to generate a long plasma channel to trigger =1+ 7.l —nd2n, . )

The formation of the long plasma channels is attributed tcFor air at 1 atm we havey,=1 and the nonlinear index,

the balance of self-focusing and defocusing of the laser=5x10"1° cn? W1, I =(c/8m)|E|? is the laser intensity,

beam, due to the intensity-dependent nonlinear index of ain, is the density of free electrons, ang=myw?/47e? is the

and the axial plasma filaments created by tunneling ionizaplasma critical density. The second term in E2). describes

tion of air, respectively. Braumt al. [7] observed that ul- the optic-field—induced nonlinear self-focusing in gas, which

trashort laser pulses can be self-channeled into a filameman be attributed to the fact that the central part of the beam,

with an intensity of 2 10" W cm™ 2 and propagate through having higher intensities, experiences a larger refractive in-

a distance greater than 20 m. The average electron density ¢fex than the beam edge. The third term describes ionization-

the channel was found to be around™2@m™3. The long induced defocusing, since there are more free electrons in the

filaments provide a channel with enhanced conductivity thatentral part of the beam.

could initiate and guide lightning. In this paper, we use a Let us consider a Gaussian laser beam focused upon the

one-dimensionallD) propagation code to simulate this pro- opening of a gas chamber with a field strenBgand a mini-
mum spot sizery. Assuming the wave amplitude varies
slowly compared to the laser wavelength, the laser beam

* Author to whom correspondence should be addressed. Email ademains approximately Gaussian during its propagation in
dress: jzhang@aphy.iphy.ac.cn the gas. It can be expressed as

II. PRINCIPLE OF FORMING A LONG PLASMA
CHANNEL
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[E(r.y)|=Eq(ro/rs)exp —r?/2rd), ©) 20
where we neglect the energy loss during propagation in Eq. 1.6F o ‘B
(3), r¢(2) is the spot size at which the field strength reduces [ -
to e ! of its peak value at the propagation axis, agds the S 12f
laser beam waist at=0. The variation of the spot size inthe 2 A
propagation direction is given by § osk®
=~ » 2
d2r/dZ2=(amlar), + 422, 4 = ‘¢ o h
04f ! B
where 7 is a function of|E| and ' Energy=10mJ C
0.0 1 L 1
anlor =(9nl 9|E|)(J|E|lar)=—(2rIr2)(|E|dn/ 5| E]). 0.0 0.5 1.0 15 2.0

We have assumed that around the spot size the factor of Z (units of Zg)

(IElanla|E]) is slowly varying withr. FIG. 1. Variation of the laser-beam radius with the propagation
When laser intensity is=10"* W cm™?, tunnel ionization  gistancez. The dashed curvéC) is self-focusing without ioniza-
dominates the ionization procegkl—17. According to the tion; the solid curve(A) represents propagation of a laser pulse in

tunneling model, the ionization rate is given by air; the dotted curve(B) is free propagation in vacuumr{

=180 um, 7=150 fs).
dng(t)/dt=w(t)(Ng—ny), (5)

the chamber, the laser beam will diffract with its spot size
increasing monotonically witZ, as shown in Fig. 1 by the
dotted curve B). If there is gas inside but without any ion-
ization processes, the propagation of the laser beam in the
, (6) atomic gas is governed by

whereng(t) is the time-dependent electron denshy, is the
initial neutral gas density, and(t) is given by

Ei\%?E, 2 E;
W(|E|)=4Q( ) Eex ——(—

Ei 3/2 Ea
E, 3\ E,

[El

2 2__ _ -3
whereE; andE,, are the ionization potential of the gas under 0°R/dZ°=(1—aP/PyR™. ©)

consideration and of hydrogen, respectivefy=me?/h3
=4.16x10%s! is the atomic frequency, andE,
=m?e5/h*=5.1x10° Vcm ™! is the field strength at the
Bohr radius. For simplicity, considering a flat-top laser pulse

beam in the time domain, the density of ionized electrons cagnere we have assumed thie 1 andZ=0. When the laser
be expressed as power isP> Py /«, the laser beam will be self-focused with
_ _ _ a spot size decreasing monotonically during propagation, as
Ne=No[ 1—exp(—w(|E[))]. D shown by the dashed cur¢€) in Fig. 1. According to Eq.
wherer is the duration of laser pulses. From the above equatl0), whenZ=(aP/Py—1)Zg, the spot sizeR reduces to

Its solution can be written as

R2=1+(1—aP/Py)Z?, (10)

tions we get zero and a singularity in field strength occurs. In reality, this
will not happen since the enhancement in field strength will
d?R P\ (DR-1) inevitably lead to ionization. The solid cury@) in Fig. 1,
dZ_Z_ 1- aP—N R+ expDR+ FDR/exiDR))’ calculated from Eq(8) with ry=180 (we can get this with a

®) leng, pulse energfe=10 mJ P=67 GW), =150 fs, and
a laser wavelength of 800 nm, shows the real situation for
where a=4/e, R=r¢/ry, Z=z/z5, A=E;/E,, B=E,/ the propagation of an intense laser beam in ionizing gases.
Eo, CZNOQTergAS/ZBeUZ/nC' D =2A%%B exp(0.5)/3, F T.he variation of the beam radiuR with the propagation
—6QA7, P is the laser power, an®y=2m/k?7, is the dlst_anceZ is presented. It shows that the beam radlu_s re-
critical power for nonlinear self-focusing. mains almost constarﬁabo_u_t 180um), and the sllg_ht oscil-
We have now obtained the equation describing the Varial_atlon.reflects the competition bgtween self-focusmg.and de-
tion of spot sizeR with respect to propagation distanze focusing. Whgn t_he I.aser begm is focused to a certain extent,
The first term on the right-hand side of the equation is rethe tunneling ionization rate increases. The |on|z¢d eIectrqns
sponsible for the nonlinear self-focusing and the second terff'@ke the beam defocused. Because of defocusing, the ion-
for the plasma defocusing. A proper balance between the twigation rate will decrease. The nonlinear effect in gases will

effects could be used to guide the laser propagation over {€n make the beam focused again.1We fi”‘jzﬂ?e laser inten-
long distance. sity inside the channel to be about'4@vcm 2 in Fig. 2

(curve A), close to the threshold of the tunnel ionization of
Il CALCULATION RESULTS air. This result a.grees.wn_h the measurements in R&f.in
which the laser intensity in the channel was measured to be
We have assumed that the incident laser beam is focusétix 10" W cm™ 2. CurvesB andC in Fig. 2 correspond to the
upon the opening of a gas chamber. If there is no gas insidser intensity of Fig. 1curvesB andC). From Eq.(8), we
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FIG. 2. The laser intensity in the channel versus the propagation (&)
distance ;=180 um, 7=150 fs).

2 5% 10'®

simulate variation of the laser beam radius with the input
laser pulse energgpowen. The results are shown in Fig. 3.
The behavior of the laser propagation is sensitive to the input
laser energy(powel. Only the laser energypowen in the
range shown by curveB, C, D, andE in Fig. 3 can lead to

an oscillated propagation of the laser beam to a very large
distance(many Rayleigh lengths A channel length larger
than 20 m was observed in the experiment in R&f. In
order to show the characteristics of the channel more clearly,
we only draw a short range covering two Rayleigh lengths in
Figs. 1-3. Characters of the plasma channels formed are o 05 0 05 1 ‘
different because of a variation of the laser power. From R (units of ro)

curvesB, C, D, andE in Fig. 3, there must exist an energy ~ ®

(powen which can cause the laser-beam radius to keep a o o
constantsuch as curve&€). The oscillation amplitude of the /G- 4. Spatial distribution of the electron density in the plasma
laser-beam radius becomes very large when the laser powgpanngl.(a) represents the distribution of the electrons in the chan-
departs from this power. So the small disturbance woul el. (b is the contour curve of the electron densitye pulse energy
cause the laser beam to spread and the laser beam could not 10:mJ,ro=180 um, andr=150 fs).

propagate a very long distance. Furthermore, this would gen- . - . .
erate a discontinued distribution of electrons in the channﬁl The density of |on|z_ed e_Iectrons In t_he channel also oscil-
(as shown in Fig. 5 and Fig.)6For a too high or too low ates alongZ as shown in Fig. @) and Fig. 4b) correspond-

laser power, the laser beam would spread as cutvasd F ing to Fig. 1(curveA). The electron density is semicontinu-

=

Z (units of Zz)

o
L)

in Fig. 3 ous and the maximum density at the center of the plasma
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FIG. 5. The contour curve of the electron density in the plasma
FIG. 3. The laser-beam propagation for different initial energychannel with the pulse energg=12 mJ (,=2180um, and 7
(ro=180 um, =150 fs). =150 fs).
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g5 05 0 05 1 ’ We find that the energy loss is relatively small compared
R (units of ry) with the total input energy. The electron density in the chan-

o nel is almost uniform with our stimulation in Fig. 4. We
o FIG.|6. _'[:etﬁontoulr curve of tlie4ele§tron:jig(s)|ty in the dplasmaoelieve the laser energy decays approximately linearly and
channel with the pulse energg=4 mJ (o=180um, and 7 o aser energy with propagation distance becomes

=150 fs).

e(2)=¢e(0)(1-B2), (12)
channel can reach ¥cm 3, while the average electron
density is about 1J cm2. An average electron density of Where g is the laser energy decay coefficient per Rayleigh
about 6x 10'® cm™ 2 was mesured by Brauet al.[7] in the length ande(0) is the initial laser energy. Follwing the
laser channel. We find that the radius of the ionized channedbove evaluation of the energy depletion and B@), we
in Fig. 4 is about 40—5@m and is a quarter radius of the can get3=0.094 per Rayleigh length. Becaugeis very
initial laser beam. In the calculation, we find that the plasmasmall, thee(z) can be written as
channel can be discontinued like beads when the laser power
largely departs from the optimum energyowep. For ex- &(z)~e(0)exp(—B2).

ample, if the laser pulse ener@y=12 mJ orE=4 mJ, the Therefore, the amplitude of E@3) has to be multiplied
plasm_a channel would be discontinued as shown in Fig. %y exp(—Bz/2). We can get new simulation results of laser
and Fig. 6. _ _ , ropagation from Eq(8) shown in Fig. 7. From it we find

In the above calculations, we did not consider the 10Ss O}, the radius of the channel begins to decrease and finally
the laser energy in the propagation, because usually this ey anse This appearance is caused by a decay of the energy.
ergy loss is very small. In the propagation process, the maify e |aser heam has to keep the balance of the focusing and
energy loss is due to the ionization. Assuming the plasmgetocysing by decreasing the radius. At last, this balance
channel is in a column canﬁguratlon and taking the averaggecomes unstable when the depletion of laser energy be-
laser intensity to bé= 10" Wicn?, the energy loss is comes large enough. Smaller laser radius and depletion of

Ejpec=1.6X 10" Yn.7rd2LU /4. (11) energy would lead to the collapse of the laser beam. In the
058 errom stimulation process, we lg8=0.094, r=150 fs, ande(0)
If we take the ionized channél=1 m, d=80 um (the ion- =10 mJ. From Fig. 7, we know that the laser beam can

ized channel diameter is about a quarter of the laser beaipropagate longer than 20 Rayleigh lengths and coll#fose

diameter from Fig. % and assumge=6><1016/cm3 (inRef. @ laser beam of ;=180 um, the corresponding Rayleigh

[7]), the ionization energy it),=15.5 eV, and the energy length isZg=12.7 cm). In order to show this more clearly,
loss is we magnify a small part of the channel as the inset in Fig. 7.

The inset gives details for about five Rayleigh lengths in the
process of the beam propagation. From it we can observe the
oscillation of the beam, as in Fig. 1. Furthermore, in our
experimental measurements, we observed a plasma channel
longer tha 5 m asshown in Fig. 8(laser parameteE

=15 mJ,7=25 fs). Because of the limited imaging range of
the CCD camera, only a part of the laser channel can be
taken in Fig. 8about 50 cm Moreover, the resistivity of the
channel was measured to be smaller than(®&m. Such a
long and conductive channel provides a good testbed for the
0 5 10 15 20 25 30 investigation of triggered lightning.

Propagation distance (units of Zy)

(-]

(-]

Radius (units of rj)
N L3

o

IV. CONCLUSION
FIG. 7. The propagation of a laser beam taking into account the . . .
loss of the laser energy. The inset shows details of a portion of the A short-pulse laser beam with a Gaussian profile can
magnified plasma channel. propagate over a long distance in air due to the balance be-
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