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The effect of high intensity laser propagation instabilities on channel
formation in underdense plasmas
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Experiments have been performed using high power laser pulses~up to 50 TW! focused into
underdense helium plasmas (ne<531019 cm23). Using shadowgraphy, it is observed that the laser
pulse can produce irregular density channels, which exhibit features such as long wavelength hosing
and ‘‘sausage-like’’ self-focusing instabilities. This phenomenon is a high intensity effect and the
characteristic period of oscillation of these instabilities is typically found to correspond to the time
required for ions to move radially out of the region of highest intensity. ©2003 American Institute
of Physics. @DOI: 10.1063/1.1534585#
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I. INTRODUCTION

The interaction of intense laser pulses with plasmas
recently received much attention both theoretically and
perimentally not only because of the inherently interest
physics1 but also because of the many exciting applicatio
that have been proposed for such beams. These applica
include plasma based particle acceleration,2–5 and ‘‘fast-
ignition’’ of inertially confined fusion pellets.6 In these appli-
cations it is envisaged that the beam must propagate thro
long distances of underdense plasma, either in a self-for
or preformed guiding channel. Clearly, the uniformity a
stability of the plasma density channel is important for t
success of these concepts. Instabilities of these chan
such as ‘‘sausaging’’~which results in an excessive focusin
and defocusing of the laser! and ‘‘hosing’’ ~a transverse mo
tion of the channel!, would be detrimental to the guiding

a!Electronic mail: kmkr@ic.ac.uk
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Indeed, the hosing of a laser beam, though conjectured
several authors,7–9 has never previously been observed~not
only in plasmas but in any nonlinear medium!. In this paper,
we report observations of the propagation of high intens
laser pulses through underdense plasmas, which may
similarities to the corona of ablated plasma that surrou
the compressed pellet in the fast ignitor scheme. In part
lar, we observe plasma structures which can only be
plained by the presence of these propagation instabilities

It is well known that in high intensity laser plasma in
teractions, a laser beam can overcome natural diffractive
focusing and can remain focused via its own nonlinear in
action with the plasma. In particular, the relativistic quiv
velocity of electrons in an intense laser field can lead to
increased on-axis index of refraction. This, in conjuncti
with the reduction of on-axis electron density due to t
ponderomotive force of the intense pulse,10 can give rise to
the formation of a self-focusing structure. This allows t
propagation distance of the beam to be extended and ena
© 2003 American Institute of Physics
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the production of much higher peak intensities than could
achieved by focusing in vacuum.11 A simple treatment, for an
idealized Gaussian beam, gives a critical power at wh
natural diffraction is exactly balanced by self-focusing. Th
critical power is given byPcr517(ncr /ne) GW, wherene is
the initial plasma density andncr is the critical density~i.e.,
ncr5e0mev0

2/e2, for a laser of frequencyv0). There have
been several previous experimental studies which have
served the effects of high intensity self-guiding and the on
of self-focusing at about this power.11–16

Here we present results from experiments which exa
ine the propagation of much higher power laser pulses
underdense plasmas (P.10Pcr). Using a transversely propa
gating probe beam we have used shadowgraphy to study
plasma generated by the passage of a high intensity lase
these experiments we have observed both laser-hosing
‘‘sausaging’’-like propagation instabilities. These measu
ments were temporally integrated over the duration o
transversely propagating probe pulse ('10 ps), so the for-
mation of such structures must be related to the motion
ions in the laser-produced plasma. The spatial wavelengt
the plasma density structures resulting from these prop
tion instabilities was found to correspond approximately
the time which ions require to leave the focal region of t
laser multiplied by the speed of lightc. The measurement
presented here thus suggest that there is a positive feed
mechanism between such laser propagation instabilities
the ponderomotive expulsion of ions from the region of hi
laser intensity.

II. SHADOWGRAPHY OF THE INTERACTION

A. Experimental setup and principles of
shadowgraphy

These experiments were performed using the chir
pulse amplification beam of the VULCAN laser system
the Rutherford Appleton Laboratory. This laser produc
pulses having an energy of up to 40 J and a duration
0.9–2.0 ps at a wavelength of 1.054mm ~Nd:glass!. The
laser pulse was focused into a gas jet target~4 mm nozzle
diameter! using anf 4 off-axis parabolic mirror. In vacuum
the laser pulse could be focused to a 10-mm-diam spot~Ray-
leigh length ,100 mm). The peak intensity was conse
quently up to about 131019 W cm22. When helium was
used as the target gas the plasma was completely ionized
had an electron density which could be varied up to
31019 cm23 by adjusting the backing gas pressure for t
valve.

In such high intensity laser-plasma interactions, it
found that shortly after the passage of the laser pulse a
sity depleted channel is generated in the plasma.12,13 The
generation of this channel can be explained by the ‘‘C
lomb explosion’’ mechanism.17 Essentially the space charg
force generated by the radial displacement of electrons
ances the ponderomotive pressure of the laser pulse and
within the radius of expulsion of electrons are accelerated
this space charge force for the duration of the laser pu
These ions retain their momentum and continue to tra
radially away from the axis, even after the laser pulse pas
Downloaded 09 Sep 2005 to 130.159.248.44. Redistribution subject to AIP
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leaving behind a column of plasma which is depleted in d
sity. The depleted density channel, is found to be remarka
stable over time, being formed only a few picoseconds a
the passage of the intense laser pulse, but remaining for
of picoseconds afterwards. Hence the detection of suc
deeply depleted density dip is clear proof of the passage
an intense laser pulse. By studying this density channel,
possible to make quantitative measurements, not only of
longitudinal extent of the laser propagation, but also of a
nonuniformities in its propagation. To study the channel f
mation, we used shadowgraphy of the laser produ
plasma.

For this, a second short-pulse low energy frequen
doubled laser beam was directed orthogonally to the dir
tion of propagation of the channel-forming beam as a pro
The refractive index of a plasma is given byh5(1
2ne /gncr)

1/2, wherene /ncr is the ratio of plasma electron
density to the critical density andg is the Lorentz factor of
plasma electrons quivering in the electric field of the las
For a beam traveling in thex direction, the total angular
deflection due to gradients in they direction is given byu
'*(]h/]y)]x. Hence the probe beam is deflected aw
from areas of high density. However, reimaging this d
flected light will give an intensity minimum in the imag
from areas of high density gradients. Since the gradie
formed by the plasma channel formation are much stee
than those generated by the plasma creation, it is found
the images obtained using shadowgraphy, which are pro
tional to the second derivative of the density, are domina
by the channel formed on axis. In these experiments we h
found that shadowgrams are particularly well-suited for
agnosing channel formation.

Part of this probe beam was also split after pass
through the plasma and used for Moire´ deflectometry mea-
surements of the plasma density. Other diagnostics were
multaneously implemented. In particular, the self-emitt
light due to Thomson self-scattering was imaged. Forw
Raman scattering was also measured and used to diag
the electron density in the plasma. In addition, the spe
and divergence of electrons accelerated during the inte
tion by the generation of relativistic plasma waves were a
measured.

B. Typical shadowgraphic images

Figure 1 is typical of shadowgrams taken during the e
periment, and demonstrates the channel formation obse
previously.12,13The focused laser beam forms a wide colum
of plasma which has a density minimum on axis, produc
by expansion of the plasma in response to the ponderomo
force of the high-intensity beam. This density dip is co
firmed by Moirédeflectometry. The channel created by t
majority of the laser energy is clearly identifiable, by th
darkened part of the image. It is noticeable that the chan
is more than 1 mm in length, or over 10 Rayleigh lengt
Undoubtedly the majority of the laser energy has been s
focused. This is found to be the typical behavior of the la
pulse whenever the laser power exceeds 103Pcr . The
plasma generated by the laser pulse eventually expands
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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and many filaments are observed within this expanding c
of plasma. At lower powers this filamentation is found to
even greater and sometimes filaments are observed to
the channel at large angles. Such filamentation is due to s
scattering instabilities ~ionization induced scattering
instabilities18 and stimulated Raman side scattering19!—
which is evident from our simultaneous measurements of
frequency shift of the side scattered light.

C. Anomalous propagation

Significant shot-to-shot fluctuations are also observed
the characteristics in these density channels. This may be
to variations in the beam profile or phase front, which
typical with such ultrahigh power laser pulses and wh
may affect filamentation.20 An example of an irregular struc
ture is shown in Fig. 2. In this case, instead of a sin
straight channel, the width of the plasma and the inte
darkened region is found to be modulated. Indeed the wh
beam after expanding away from focus, appears to be r
cused at a second point about 300mm into the gas jet. After
this, the characteristic filamentation of the beam occu
Modulations of the focus of high intensity laser beam ha
been inferred with other diagnostics such as imaging

FIG. 1. Shadowgraph taken withne52.931019 cm23, tL'0.9 ps, P/Pcr

'19 ~image taken approximately 30 ps after main interaction!.

FIG. 2. Shadowgraph taken withne53.731019 cm23, tL'2.0 ps, P/Pcr

'38 ~image taken approximately 30 ps after main interaction!.
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Thomson self-scattering.21,22The spatial wavelength of thes
modulations was observed to be comparable in all of th
experiments. Such behavior is attributed to a combination
nonlinear self-focusing and diffractive defocusing.

The ‘‘sausaging’’ density channels observed in Fig.
however must be produced by the motion of ions during
passage of the high-intensity laser. This ion motion is gen
ated by the large ponderomotive force of the laser, wh
expels electrons from the region of high intensity. The res
ing space charge force can consequently accelerate ion
the radial direction away from the axis of propagation. Aft
the laser pulse has passed, the electrons return to the
region on a time scale of'vpe

21 ~about 10 fs in these experi
ments! but the ions retain their initial momentum and co
tinue to move out of the plasma. Hence the observed cha
size is indicative of laser waist size at that point. Th
description13 is supported by direct imaging of the expelle
high-energy ions.11 Clearly, the critical time scale for ion
motion to affect the propagation of the intense laser puls
that required for an ion to leave the focal region~dependent
on the laser intensity via the ponderomotive force! rather
than the ion plasma period~where the ion plasma frequenc
is given by:vpi5Ame /mivpe). The ponderomotive force on
these ions in the relativistic case is just given byFp

5Zmec
2¹(11a2/2)1/2.11 So the time taken for nonrelativ

istic ions to leave the focus~of radiusr 0) is given approxi-
mately by the time,

t'F2Z
me

Mi

c2

r 0
2 S 11

a2

2 D 1/2G21/2

, ~1!

wherea is the normalized vector potential andr 0 is the laser
focal spot radius. Since these ions move relatively slowly
response to the ponderomotive force of the laser, the intrin
spatial scale length of this motion will likely provide positiv
feedback to laser propagation instabilities which have a si
lar length scale. Thus, when considering the dynamics of
interaction of the laser pulse with the plasma a spatial sc
length for ion motion ofl 5tc becomes important. For th
parameters of our experiment this scale length is on the o
of 250 mm, which is similar to the scale length of the sa
saging observed in Fig. 2. Note that this distance does
necessarily correspond to the self-focusing distance of
laser pulse but rather to the minimum length at which no
uniformities in the channel will tend to occur because
such self-focusing, i.e., the minimum time which ions c
respond to changes in laser intensity. The effects of hig
frequency intensity variations would be ‘‘washed-out’’ o
time-averaged to zero because of the slow ion response
lower intensity the effects of low frequency nonuniformitie
would also be time-averaged to zero since the ions wo
remain in the focal region throughout the duration of t
laser pulse—and not respond to laser propagation insta
ties.

D. Long wavelength hosing and ion motion

Figure 3 shows another shadowgraph exhibiting a lo
propagating central filament~again over 10 Rayleigh
lengths!. Before entering the gas jet the plasma density ch
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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nel generated in the low-density gas outside the supers
jet of the gas-jet has straight walls. However, after cross
the boundary into the high-density region, the plasma ch
nel forms a transverse structure which oscillates either
of the direction of propagation, and which has a wavelen
of about 230mm. The ‘‘hosing’’ motion grows slightly as
the pulse propagates.

Laser hosing in a plasma has been predicted7 however,
these theories have only considered the interaction of a l
pulse with the large amplitude plasma wave generated by
pulse~via forward Raman scattering and the self-modulat
instability!, as well as the motion of the laser pulse in
precreated guiding channel. In all cases, the primary wa
length of the oscillation is predicted to be that of the plas
wave, kp'k0(vp /v0), which in our experiments corre
sponds tolp'7 mm. This is about the resolution of ou
diagnostics in this experiment, and it should be noted tha
self-focusing or hosing structures were observed at sp
wavelengths shorter than about 200mm.

However recently, Dudaet al.9 have considered a fully
relativistic treatment of the electron response to a laser pu
and find that hosing at longer wavelengths also has a fi
growth rate and may be important in some circumstances
their simulations, it was found that at later times, the pro
gation of the laser pulse can in fact become dominated
this long wavelength hosing. The dispersion relation for t
instability is given by9

v̄2~v̄2 k̄!22~v̄2~P/Pcr!/ x̄R* 2!2~v̄2 k̄!250, ~2!

wherek̄5k/kpe , v̄5v/vpe , andx̄R5xR* kpe is the normal-
ized Rayleigh lengthxR . The solutions forv(k) of this
equation consist of a real oscillatory term and an imagin
term which constitutes the growth rate of the instability. Th
growth rate is plotted versus wavelength of the hosing in
bility for P5Pcr and P530Pcr in Fig. 4~a!. The peak of

FIG. 3. Shadowgraph taken withne52.331019 cm23, tL'2.0 ps, P/Pcr

'14. Above is a delineated schematic which shows extent of plasma d
untrapped filaments~thin lines! and the central channel generated by t
high-intensity laser~thick lines!, which exhibits hosing~image taken ap-
proximately 30 ps after main interaction!.
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the growth rate occurs at the plasma wavelength (2pc/vpe),
but is clearly significant at longer wavelengths as we
The transverse amplitude of the wave packet displa
ment should be easily observable for the resolution
the diagnostics in these experiments and grows
;exp@(P/Pcr)

1/2(k/kp)1/2(t/tR)#.9

It remains unclear theoretically why the long-waveleng
modes dominate in the particle-in-cell~PIC! simulation~i.e.,
why the shorter wavelength hosing with higher growth ra
saturates!.

This long wavelength instability is difficult to directly
observe experimentally, since the hosing motion occ
within the laser pulse, which is traveling through the plas
at about the speed of light. But because of the oscillat
motion of the laser pulse centroid, the generation of plas
waves will be affected and this results in the production
accelerated electrons at large angles to the axis of l
propagation. This can explain recent results which ha
shown a rapid increase in divergence of the generated e
tron beam with increasing electron density.23

However, if ion motion is considered, this instability ca
also account for the spatially oscillating plasma dens
channel observed in our experiments. In Ref. 9 the motion
ions was considered for the high density situation and it w
suggested that the presence of ions may contribute a s
lizing force on this instability at low laser intensities b
might in fact enhance hosing at very high intensities.

Observation of this hosing instability in our experimen
i.e., in the density depression left in the wake of the hi

to

FIG. 4. ~a! Plot of growth rate of hosing instability vs wavelength~at ne

51019 cm23 for two different laser powers!. ~b! Plot of intensity required
for ion ejection time to be equivalent to the hosing wavelength.
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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intensity laser pulse, requires that the wavelength of the h
ing instability is greater than the average time necessary
an ion to move out of the focal region, as given by~1!, times
c ~in our case'250 mm). If this criterion is satisfied, the
trailing part of the laser pulse will then see both an elect
and an ion density perturbation in the plasma which co
reinforce any transverse displacement of the laser light. T
would consequently produce a disturbed ‘‘track’’ in th
plasma after passage of the laser pulse at a spatial w
length corresponding to the temporal motion of the tail of
laser divided by the propagation speed of the laser thro
the plasma. Obviously the average time for ion motion in
frame of the laser must also be less than the duration of
laser pulse. This implies a maximum spatial wavelength
'300 mm for a 1 psduration laser pulse.

The normalized laser intensity, which will eject an io
from the region of the laser for a given hosing wavelength
ne51019 cm23, is plotted in Fig. 4~b!. This constitutes the
minimum intensity required for spatial structures of a p
ticular wavelength to be observed in the plasma chan
This criterion is also equivalent to the condition that t
period of the oscillatory motion of laser hosing during t
laser pulse be less than the average ion ejection time. Th
necessary since the spatial wavelength of the observed
sity perturbations in the plasma is just given
2pc/Re(vhose(k)). This condition can therefore also be e
pressed astejection•Re(vhose(k)),1.

For the intensities encountered in our experiments
which a is between 2 and 4, this criterion is met for th
observed hosing wavelengths. Hence, at these high inte
ties it is very likely that ion motion is significant to th
development of this long wavelength hosing instability. T
minimum hosing wavelength recorded in our experime
was about 200mm. This is reasonable as Fig. 4~b! shows
that increasing the intensity would not significantly decre
the hosing wavelength.

It is clear however that there is considerable theoret
work to do to clarify the effect of ion motion on the prop
gation of intense laser pulses in these plasmas.

III. SUMMARY

In conclusion, these measurements constitute the
observations of a self-imposed transverse motion of a la
beam or laser hosing instability in a plasma or, in fact, in a
nonlinear medium. It appears that by considering the ef
of ion motion with previously published theory on lon
wavelength hosing instabilities, the observed density per
bations in the laser-produced plasma channels can be
Downloaded 09 Sep 2005 to 130.159.248.44. Redistribution subject to AIP
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plained. At the higher powers and longer pulse duratio
required for fast ignitor experiments this instability ma
clearly have detrimental effects, and it may also increase
emittance of electron beams accelerated in high den
laser-produced plasmas. However in fast ignition expe
ments the use of external guiding techniques for the h
intensity ignition pulse~cone-guided ignition24! may be able
to avoid such problems.
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