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Plasma Wave Generation in a Self-Focused Channel of a Relativistically Intense Laser Pulse
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Evidence for self-channeling of a relativistically intense laser pulse in an underdense plasma is
presented through Schlieren a®@ Thomson sidescatter images. Using collective Thomson scattering
of a probe beam, we observe that relativistically propagating plasma waves are excited over the entire
length of the channel, up to 12 Rayleigh lengthst mm). From the wave amplitude, the intensity
inside the channel is estimated to b¢0'® W/cn?. [S0031-9007(98)06554-5]

PACS numbers: 52.40.Nk, 41.75.Lx, 52.35.Mw, 52.60.+h

A powerful laser pulse, when focused in a plasma, cam normalized vector potential, = eA/mc® = 2. Other
propagate a distance greater than the Rayleigh leagth relevant parameters are plasma density= 1.7-2.0 X
(the distance in which the intensity of a laser beam fo-10' cm™> and laser poweP =~ 20 TW corresponding to
cused in vacuum drops a factor of 2) through pondero20-24 P.,, whereP., =~ 1.7 X 10'/n, TW is the criti-
motive and relativistic self-focusing [1]. This ability to cal power for relativistic self-focusing df xm light. A
extend the interaction length is crucial to various x-rayfrequency-doubled probe beam=20 psec full width at
laser [2], plasma accelerator [3], and fast ignitor fusion10% maximum) was used for the Thomson scattering and
schemes [4]. Self-focusing results from an increase oSchlieren photography. The focal point of the horizon-
the on-axis index of refraction relative to the edge of thetally polarized ¢ direction in Fig. 1) pump was placed
laser beam through depressing the on-axis electron deat the sharp front edge of a 4 mm diameter supersonic
sity (ponderomotive self-focusing) or through the radially

dependent relativistic correction to the plasma frequency Coordinate system Probe SIDE VIEW SIDESCATTER
when the quiver velocity of the electrons in the laser field = ?Z \ Etitcamare
becomes relativistic (relativistic self-focusing), or both. liemecape

These self-induced alterations of the plasma refractive in-
dex can allow the laser to self-focus and/or filament into  Forward
several beamlets [5]. Although there is a threshold power ;ﬁﬁﬁt
condition for self-focusing to occur [1], the accompany- Elmms/'< ‘ ' o /4.5 Pump beam
ing effects of high intensity such as electron plasma wave
(EPW) generation [6,7], electron acceleration [8,9], and
plasma heating [10] may influence how the channel ul- " )
timately behaves. Previous work has demonstrated that %" =---F===
psec laser pulses are indeed self-guided under appropriat:
conditions [11]. The work reported in this Letter extends
this knowledge base by explicitly showing that relativis-
tically propagating plasma waves are excited inside—and TFYEISEESHTER s
over the entire length of—a self-channeled laser beam.
Estimates of the amplitude of these EPW’s suggest th&IG. 1. Experimental setup shown schematically. The center
the channeled laser intensity4s10'® W /cn? over a dis-  of the jetis ate = 0 and the laser was focusedsats —2 mm,
tance of up to 12 Rayleigh lengths. propagating in thet-x direction. Three imaging diagnostics lie
The experiment (see Fig. 1) was performed at the Cen? the x-y plane while the top-view sidescatter imaging setup
not shown) looks along the negatiyedirection. The forward-

tral Laser FaClllty at the Rutherford Appleton Laboratory.scattered pump light was collected in the forwgr.5 cone
One beam of the Vulcan laser (the “pump”) provided upand the electrons were collected in /4100 cone defined

to 20 J ofAg = 1.055 um lightin a 1 psec FWHM pulse by a thick collimator (not shown). The collective Thomson

[12] and was focused with agi/4.5 off-axis parabola Scattéring from the probe beam was imaged onto the slit of an
. S % of the laser ener imaging spectrograph with a one ns gated “image intensifier

to a spot diameter containing 85% o g3(g|a|n~100) at the output plane. The spatial resolution

in about20 um with an xg = 350 um. The vacuum gajong the slit was~150 um while the spectral resolution
intensity was about X 10'® W/cn? corresponding to was=~64 A.
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plume of helium gas, 2 mm above the jet body. Forwardiwo filaments on this shot. Also, thef/4.5 cone of the
scattered pump light was spectrally analyzed as werplasma and lack of density gradients at larger angles im-

forward-going electrons.

plies that ionization-induced refraction, although possibly

The image of the sidescattered pump light shown irplaying a role in the coupling of laser light into filaments,
Fig. 2(a) shows two distinct filaments extending roughlyhas not refracted substantial laser power into large cone

10 Rayleigh lengths from the laser focusxat —2 mm
to x = 1.5 mm while in the orthogonal plane [Fig. 2(b)]
only one filament extending out to = 1.5 mm is ap-

angles [14].
Figure 2(d) shows data from collective Thomson scat-
tering of the probe beam off EPW'’s in a channel, col-

parent. The transverse size of the individual filaments isected withf/15 optics. Here, as in Fig. 3(ajA is the
not resolved. Analysis of these images from all the shotsvavelength shift from the probe beam wavelength. The

shows that typically one or two filaments would survive
beyondx = —1 mm (in both views, but not symmetri-

near transverse probe beamkisnatched to EPW modes
centered around = k,X * k., y wherek,/k, ~ 1, k,

cally) and on several shots, a dominant filament would itis the wave vector of the EPW in the laser direction (see

self split into two, well beyond = —1 mm. This is not
surprising for a beam with an initiat/P.. > 1 which is
highly unstable to “filamentation” [5]. Figure 2(c) shows

Fig. 1), andg and y are the unit vectors. These two
modes fall easily within the& spectrum of the relativis-
tic EPW since the spot size of the laser is on the or-

the Schlieren image taken during this laser shot. There amer of the plasma wavelength, [15]. Note that while
two “whiskers” of exposure due to the refractive index gra-each mode by itself is nonrelativistic, their superposition
dients at the edges of the two light-guiding channels seeniiis a relativistic EPW with transverse spatial structure [16].

Fig. 2(a) confirming refractive-index guiding out to, again,

Because of the symmetry imposed by the laser beam and/

x = 1.5 mm. The inside dimensions of the cone-shapedr the channel, both modes must be present, and indeed,

feature in the Schlieren image nearly matches fjié.5
vacuum divergence of theflat-topped laser beam (10 cm

the mode at—k, is seen in the Thomson scattering as
a blueshifted feature which is a perfect “mirror image”

vertical and 8 cm wide). The observed refractive indexabout the probe frequency of the redshifted feature. How-

gradients at the exit of the gas plurbe= 2 mm) corre-
spond to the He/He boundary which requires an inten-
sity of about10'> W /cn? [13] implying a peak power of
>6 TW when evaluated 4 mm from the focus. Clearly,

ever, because of the-2.5° difference in scattering an-
gle (on the order of the angle subtended by the collection
lens), the optics vignette the blue satellite thereby reduc-
ing its intensity relative to the red satellite shown.

not all of the 20 TW laser pulse was captured into the The diagnostic will obviously pick up signals from
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FIG. 2(color). Results from all four imaging diagnostics taken

on the same laser shot with = 20 TW andn./y = 1.4 X

any modes centered aroulmd= k,% * k,§ regardless

of their origin. Besides resulting from the finite transverse
extent of the relativistic EPW, such modes might arise
from Raman sidescatter. However, the limited interaction
length and low noise sources for this instability makes
it unlikely that such modes would grow to a substantial
level. Atthe same time, substantial sidescattered radiation
is inferred in the experiment and seen in PIC simulations.
This radiation arises predominantly from two phenomena.
First, the EPW propagating with the pump focuses and
defocuses the light at density minima and maxima,
respectively, resulting in a transverse modulation in the
EPW driving force [17]. Second, the plasma wave itself
will distort to both its amplitude-dependent frequency [18]
and the effect of the channel which lowers the EPW
frequency on axis relative to off axis. These effects add
to cause curving of the EPW phase fronts, enhancing
the plasma wave-spectral intensity neak, ~ k, and
thus scattering light out conically at an angle of about
k. /ko ~ 0.14 or 8°, wherek, is the wave vector of the

10! cm™3. Axial distance represents position along the lasedaser beam.

axis. (a) Side-view sidescatter nedrum. (b) Top-view
sidescatter taken through a near-infrared glass filter.
Schlieren image taken with the probe beam. (d) Time
integrated (20 ps probe pulse ah® ns optical gate) raw-data
image from collective Thomson scattering. The region betwee
0.4 < x < 1.8 mm was multiplied by 5 in the image file while
stray light nearA A = 0 was divided by 4.

There are two distinct features present in the image

(chf Fig. 2(d) and on all other shots: (1) broadband light

from the plasma itself due to bremsstrahlung continuum

g£mission covering all frequencies neaw, and present

even when the probe beam is blocked, though not nec-
essarily uniform along thec direction; and (2), probe
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light scattered by relativistic EPW’s within a channel Axial distance (x/xR)
4 8 12

and frequency shifted by the effective plasma frequency= 0
w,,/yl/z. Here y is the relativistic Lorentz factor due g (0.5
to the plasma electrons quivering in the transverse field =

of the laser. In Fig. 2(d), this EPW image begins about 5, 0.0
220-250 wm from the laser focus at = —2.0 mm, per- @ -0.5
sists as a bright feature for about 2.4 mnxte= 0.4 mm, =

and then continues at roughfy X lower brightness out -50
tox = 1.5 mm. The200-250 wm gap between the laser
focus and the first observable EPW signature, characteris

tic of all data shots, is in reasonable agreement with the— -25
growth rate of the Raman forward scattering (RFS) insta- =
bility [6]. ::" 0
In Fig. 2(d) the sudden drop of the bremsstrahlung =
continuum atx = —0.3 mm is probably due to the

intensity of the untrapped laser light dropping through 25

the threshold intensity,,, for producing Hell of about
10 W/cm?. Since bremsstrahlung emission scales as 2 -1 0 1 2

Znﬁw(x) [19], which drops a factor of 8 at the HeHe | Axial distance {mm)

boundary, its signal changes abruptly. This implies thak|g. 3(color). Results from two imaging diagnostics from
the uncaptured poweP; = A(—0.3 mm)l,,, = 11 TW  the same laser shot wittP =20 TW and n./y = 1.4 X

for the flat-topped beam diverging #y4.5 with an area 10" cm™. Axial distance represents position along the laser
A. There is also a drop in, and a broadening of, the®Xis. (a) Time-integrated (20 ps probe pulse ayid ns opti-

| gate) raw-data image from collective Thomson scattering.
apparent plasma frequency as one moves towards ﬂi%ntours of constant scattered energy were obtained by sub-

center of the jet. Three possible contributions to &g tracting the average bremsstrahlung background at each spatial
reduction are (1) the unperturbed neutral profile of theocation and applying the contours to the resultant Thomson-

gas jet; (2) self-focusing leading to an increaseypfand  scattering-only image. The effective plasma density is labeled
(3) ponderomotive blowout leading to a dropsg. An g‘trf;rﬂah?fntggrgg“faz) ‘wgs'%’\’ﬁa)egorb;hi purp ‘(i';ﬁggg“f‘i%-
wp Measurement from a low power (.3 T.W). shot with the b) (color) Side-view sidescatter image dominated by light near
laser focused at the center of the jet indicated that the ;,m. Dashed lines represent tifi¢4.5 focal cone of the laser
upper boundary ofv,(x) is probably due to the neutral- in vacuum.
gas pressure variation across the jet. Contributions to
broadening ofw, are (1) transient changesin/y as the
laser intensity rises and falls at each point in space; or (2¢lectron cavitation [20], predicted to occur where the side-
at a given time, the probe is scattering off EPW’s with ascatter is brightest [21], sinee, and therefore the density
range of frequencies as might occur on the walls of a deejs substantial at these points and throughout the filament.
channel. Both of these possibilities require similarly highThe density fluctuation levels/n associated with EPW's
laser intensitie$10'8-10'" W/cn?) for psec long pulses. in Figs. 2(d) and Fig. 3(a) were estimated to within a
A final feature to note is that the Thomson scatteringfactor of 3 in the following way. On other shots where
suddenly drops about a factor of 5.at= 0.4 mm. This >90 MeV electrons were observed and the EPW image
is probably because the filament is not necessarily alignedas very short and uniform in frequency, a calibration
parallel to the slit of the spectrometer direction) and could be made between counts on the CCD camera which
the image can therefore “walk off” the slit. We have viewed the Thomson scattering and the implied average
observed shot-to-shot variations in the precise directiomlectric field of ~160 GeV/m. The estimate fofi/n in
that filaments form in the-y plane attributable to either this case was 20%-60%. The definitive lower bound
shot-to-shot variations in the focal spot quality or jitter assumes coherent electron acceleration to 94 MeV over
in the boundary of the gas jet. On some shots where the observedb00 um extent of the EPW without any
single filament was observed close to the laser beam axiphase slippage. The more reasonable upper bound comes
the filament and the plasma wave were indeed seen tmom signatures of wave breaking in the forward scattered
exist throughout the=4 mm length of the gas jet plume spectrum [8] and is consistent with wave breaking levels
corresponding to abouRxg. observed in 2D PIC simulations. For the shots shown in
An example of this is shown in Fig. 3. The plasmaFigs. 2(d) and 3(a), the maximum CCD count level was
wave is shown in Fig. 3(a), whereas the correspondingomparable to the above-mentioned calibration shot while
90° sidescatter image is shown in Fig. 3(b). One can sethe electron spectrum extended to only about 70 MeV in
axial correlations between the intensely emitting regiong-ig. 2 and about 90 MeV in Fig. 3. We believe that the
of sidescatter and EPW activity. This argues against totsEPW amplitudes are indeed in the 20%—-60% range but
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that the acceleration (numbers of electrons at each energpannel whereas self-channeling requibggP. > 1 TW

and maximum observed energy) may have been adversedyiggesting numerical values fdu;,w) in Eq. (1) be

affected by the density-, intensity-, and therefore phaseconstrained such thdt < Py, < 9 TW. This leads to a

velocity-nonuniformities over the length of the gas jet.  minimum-required intensity a.5-1.8 X 10'® W /cn? at
Computer simulations, even in a homogeneous density = 0 and channel radii in the range = (6.3—14)k;1 or

plasma, show that different physical mechanisms ex7.5-17 um for EPW amplitudes of (20—60)%.
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