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Characteristics of self-guided laser plasma channels generated by femtosecond laser pulses in
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With ultrashort laser pulses~25 fs! and low energy (E515 mJ), we observe laser plasma channels with a
length over 5 m in air. Thediameter of the plasma channel is measured to be 120mm. The average electron
density in the channel is inferred to be about 1018 W/cm3 with an interferometric method. At the same time, the
temporal evolution of the electron density in the plasma channel is investigated. The resistivity in the plasma
channel is measured to be less than 1V cm. It is suggested that the lifetime of the plasma channel can be
greatly prolonged by launching another long laser pulse along the plasma channel.
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I. INTRODUCTION

There is a great interest in understanding the propaga
process of femtosecond laser pulses through air@1–9#. In
1996, Braunet al. @1# observed self-focusing into filamen
in air with infrared laser pulses. The filaments can per
over several tens of meters. The mechanism for femtosec
laser pulses propagating over long distance in air is the
ance between the kerr self-focusing due to the nonlinear
fects in air and defocusing due to the tunneling ionizat
and diffraction of the laser beam@6#.

In this paper, we present our investigations on charac
istics of plasma channels in air generated by femtosec
laser pulses. With an interferometric method, the initial a
erage electron density in the channel is measured to be a
1018 cm23. The resistivity of the channel is found to be le
than 1V cm. A plasma channel with a length longer than 5
is observed and the channel diameter is measured to be a
120 mm.

II. EXPERIMENTAL SETUP

In our experiments, femtosecond laser pulses w
slightly focused with a positive lens (f 540 cm, 2 m, 4 m! in
air. At the same time, with an interferometric method
shown in Fig. 1, the electron density in the plasma chan
was measured. The laser system is a home-made Ti:sap
laser system, that can provide up to 45 mJ energy, in 2
pulses, at a central wavelength of 800 nm. The laser b
was focused in air and formed a plasma channel. A sm
portion of the laser beam was frequency doubled by a B
crystal to serve as a probing laser beam. The delay betw
the main laser beam and the probing laser beam could
adjusted. After transmitting through the plasma channel,
probing beam was focused through a Wollaston prism an
polarizer. Finally the interferometric fringes were record
by a charge-coupled device~CCD! camera. At the same time
we measured the length and diameter of the plasma cha
with a CCD camera (5123512 pixels) with a pixel size of
24 mm.

*Author to whom correspondence should be addressed. Emai
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III. RESULTS AND ANALYSIS

A typical image of the plasma channel is shown in Fig.
where a lens withf 52 m was used to slightly focus the las
beam. Generally the length of the channel varied with
focus length of the lens. The length of the channel was ab
30 cm when using a lens off 51.5 m. It became longer tha
50 cm as shown in Fig. 2~a!, when a lens off 52 m was
used. Furthermore, when a lens withf 54 m was used, a
good conductive plasma channel with a length greater tha
m was observed. From Fig. 2~b!, we can find that the lase
intensity distribution in the channel is close to a Gauss
and the Gaussian-fitting diameter of the filament is ab
120 mm. The Rayleigh length of the laser beam is about
mm for this diameter. We then know that the laser beam
propagate over hundred Rayleigh lengths. This result is
good agreement with our calculations@6#.

An analysis shows that the electron distribution initia
created by the laser pulse can be very quickly smoothed
recombination and collisional processes. To measure
electron density in the channel, we used an interferome
method as shown in Fig. 1@12#. Because the laser intensit
in the channel is only about 1014 W/cm2, the static magnetic
field can be omitted. The refractive index in air therefore c
be expressed as

N2512vp
2/vL

2 , ~1!

whereN is the refractive index of the plasma channel,vp is
the plasma frequency, andvL is the laser frequency. Whe
the probing beam traverses the plasmas channel, the ph
shifted probing beam can be written as

DF5E ~kp2k0!dl5E ~N21!v/cdl, ~2!

where k05v/c is the wave number.N2512vp
2/vc

251
2ne /nc , nc5v2m«0 /e2 is the critical density. If the
plasma density is small enough, we then ha
ne /nc(vP

2 /v
C

2)!1. This condition is satisfied in our exper
ment. So the phase shift of the interference fringe is

DF5
v

c E F S 12
ne

nc
D 1/2

21Gdl'
v

2cnc
E nedl. ~3!d-
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FIG. 1. Schematic of the experimental setu
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Assuming that the shift number isD, andDF52pD, then
we have

E nedl52Dncl. ~4!

In this experiment, we are interested in the average elec
density, so the expression~4! can be rewritten as

ned52Dncl, ~5!

whered is the diameter of the plasma channel. In the exp
ment, when the delay between the main laser and the pro
beam is about 600 ps, the shift of the interference fringes
measured as shown in Figs. 3~a! and 3~b!. The average shift
number can be measured to beD̄51/8. We can then obtain

ne52.731018 cm23. ~6!

The temporal history of the electron density was m
sured by the interferometric method as shown in Fig. 4. T

FIG. 2. ~a! The image of a part of the plasma channel formed
a femtosecond laser beam with anf 52 m lens.~b! The relative
intensity (I R) distribution in the channel fitted by a Gaussian fun
tion ~dotted curve!.
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solid curve is the measured result and the dotted line is
fitting curve by the following expression:

ne56.1831018exp2t/0.684. ~7!

We can estimate the lifetime of the plasma channel fr
this result. After the plasma channel is formed, dynamics
the channel will follow the equation of continuity as follow
@10,11#:

]ne

]t
1

]Vne

]z
5ane2hne2bepnenpn . ~8!

]np

]t
1

]Vnp

]z
5ane2bepnenpn2bnpnnnp , ~9!

]nn

]t
1

]Vnn

]z
5hne2bnpnnnpn . ~10!

y
FIG. 3. ~a! The image of the interferometric fringes by a CC

camera.~b! The average shift in every interferometric fringe. Th
dotted curve represents the probing beam traversed the pla
channel, and the solid curve represents the probing beam in
space.
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CHARACTERISTICS OF SELF-GUIDED LASER PLASMA . . . PHYSICAL REVIEW E66, 016406 ~2002!
wherene ,np ,nn are electron density, positive ions, and neg
tive ions in air, respectively, as reported in Refs.@7,8#, and
a,h,bep ,bnp are the collisional ionization rate, the attac
ment rate, the electron-ion recombination coefficient, and
ion-ion recombination coefficient, respectively. Assumi
that the plasma density in the channel is uniform in sp
and neglecting the collisional ionization rate, we takeh
52.53107 s21 for the attachment rate of electrons to ox
gen, bep52.2310213 m3/s for the electron-ion recombina
tion, andbnp52.2310213 m3/s for ion-ion recombination.
Taking the following initial conditions,

ne~ t50!5np~ t50!51018 cm23, nn~ t50!50,

we can then obtain temporal evolution of the electron den
in the channel as shown by curvea in Fig. 5, and find that
the electron density decays three orders within 30 ns fr
curvea. In Fig. 5, the dashed curvec is an exponential deca
fitting. So from curvea andc in Fig. 5, we can find that in
the initial period, the electron density follows an exponen
decay as we measured shown in Fig. 4. But at the lon
time, the decay of the electron will deviate from the exp
nential decay. In many applications such as triggered lig
ning, plasma channels with longer lifetime are required. U
ally, the plasma lifetime is constrained by the stro
attachment of electrons to oxygen molecules to form ne
tive ions O2 and O2

2 in air @11#. In order to maintain a high
electron density in plasma channel, another long laser p
is launched along the plasma channel, with an intensityI 2 to
detach electrons from O2 and O2

2 . So we add another term
g lnn in Eqs. ~8!–~10!, where g l is the detachment coeffi
cient. For simplicity we can set the detachment rateh to be
equal to the attachment rate, and the required intensitI 2
56.83105 W/cm2 was given by Ref.@11#. Then we can cal-
culate the electron density in the plasma channel again,
find that the lifetime of the plasma is greatly prolonged,
shown by curveb in Fig. 5. The decay time for three orde
is now greatly extended in the order ofms. This is an effi-
cient way to extend the lifetime of plasma channel.

We measured the conductivity of the plasma channel
ing a similar method as described in Ref.@5#. Because the

FIG. 4. The decay of the electron density in the plasma chan
versus time.
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collisional frequency of electrons is about 1/n51.1 ps in air,
this is much shorter than the characteristic time for the e
lution of an electron plasma. So we can treat it with a stea
limit, which is Ohm’s law. In our experiment, the paralle
copper plates were separated by 6.5 cm. The electrical
nals were recorded by a digital oscilloscope with a 500 M
bandwidth~Tekex Corporation!. A 8 k V resistance was use
to limit the current and the signal voltage was obtained fr
a 50V resistance by an oscilloscope. The signal voltage
shown in Fig. 4, when the applied voltage is 1500 V. T
peak signal voltage across a 50V resistance was 1580 mV
Following Ohm’s law, we have

h50.76V cm. ~11!

Because the connection between the plasma channel
the copper electrodes was not perfect, so the measured v
is only the upper limit of the resistivity of the channel.

IV. CONCLUSIONS

Plasma channels over 5 m were observed when a femto
second laser pulse propagated in air. The plasma lifetime
be greatly prolonged by launching another long laser pu
along the plasma channel. The size of the plasma cha
was measured to be about 120mm. Furthermore, the elec
tron density in the plasma channel was measured to be a
ne52.731018 cm23 with an interferometric method and th
resistivity of the plasma channel was less than 1V cm, re-
spectively. These experimental results are in good agreem
with our theoretical analysis.
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FIG. 5. The temporal dependence of the electron density in
channel. The solid curvea represents the free decay of the electr
density in the channel, the dotted curveb represents the tempora
evolution of the electron density in the plasma channels with
long-pulse laser after an femtosecond laser pulse. The dashed
c represents the exponential decay fitting.
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