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A self-modulated laser wakefield accelerator~SM-LWFA! experiment was performed at the Naval
Research Laboratory. Large amplitude plasma wakefields produced by a sub-picosecond, high
intensity laser pulse (731018 W/cm2) in an underdense plasma (ne'1019 cm23) were measured
with a pump–probe coherent Thomson scattering~CTS! technique to last for less than 5 ps,
consistent with the decay of large amplitude plasma waves due to the modulational instability. A
plasma channel was observed to form in the wake of the pump laser pulse, and its evolution was
measured with the pump–probe CTS diagnostic. The trailing probe laser pulse was observed to be
guided by this channel for about 20 Rayleigh lengths. High energy electrons~up to 30 MeV! have
been measured using an electro-magnetic spectrometer, with the energy spectra and divergence of
lower energy~up to 4 MeV! electrons obtained using photographic films. Highly nonlinear plasma
waves were also detected using forward Raman scattering diagnostics and were observed to
correlate with the electron signals. Simulations of self-trapping of plasma electrons from the
interaction of the laser wakefield with the slow plasma wave generated by Raman backscattering are
also presented. ©1997 American Institute of Physics.@S1070-664X~97!94305-6#
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I. INTRODUCTION

Significant progress has been made in recent years1 us-
ing laser-produced plasmas as a medium for accelera
electrons to high energies. In the Laser Wakefield Accele
tor ~LWFA!,2 a high intensity laser pulse is focused into
underdense plasma with a pulse duration,tL , close to the
electron plasma period~i.e., tL;2p/vpe wherevpe is the
electron plasma frequency!. Large amplitude plasma wave
~wakefields! are generated with strong longitudinal elect
fields and relativistic phase velocities which are capable
accelerating injected electrons. For laser powers,P, ap-
proaching or exceeding the relativistic self-focusing thre
old ~i.e., Pc.17 (v0 /vpe)

2 GW; wherev0 is the laser fre-
quency!, it is not necessary to match the pulse duration to
plasma period. At laser powers for whichP>Pc and tL
.2p/vpe , the laser envelope undergoes an instability a
becomes ‘‘self-modulated’’ at the plasma frequency.3,4 This
effect resonantly enhances the creation of wakefields and
lows use of higher electron densities and generates stro
accelerating fields.5 Recent experiments in this sel
modulated laser wakefield accelerator~SM-LWFA! regime
have measured the production of high energy electr
where the source of accelerated particles was either b
ground electrons from the target plasma6–9 or electrons in-
jected into the interaction region from an adjacent las
produced plasma.10 Direct observations of wakefields in th
conventional LWFA configuration were recently reported u
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ing interferometric techniques, in which the spatial and te
poral wave forms of the wakefield were measured.11

In order to obtain high final energies of the accelera
electrons in a LWFA, it is necessary that the laser propag
long distances at high intensity in the plasma. This impl
that the laser pulse must be ‘‘guided’’ for distances sign
cantly greater than the vacuum diffraction length~Rayleigh
range!, which is typically less than a hundred microns if th
beam is tightly focused. Guiding of intense laser pulses
plasmas has been demonstrated by a variety of mechani
Laser light with intensities of up to 531015 W cm2 has been
channeled in a 3 cmwaveguide structure created by the h
drodynamic expansion of a preformed plasma12 and intensi-
ties of 1016 W cm2 have been propagated for up to 3 cm
vacuum using glass capillary waveguides.13 In addition, a
preformed plasma generated by a capillary discharge
been used to guide 1016 W/cm2 laser pulses.14 For laser
pulses above the critical power for relativistic optical gui
ing, Pc , self-channeling of laser pulses in plasmas has b
experimentally observed15,16 and has been the subject of e
tensive theoretical examination.1,3–5,17,18Self-focusing of in-
tense laser pulses in plasmas can also be enhanced b
expulsion of plasma electrons~cavitation! produced by the
extreme ponderomotive force of a focused laser pulse.18

Large amplitude relativistic plasma waves generated
the SM-LWFA have axial accelerating electric fields wi
extremely high gradients (;100 GeV/m).3,6 The phase ve-
locity of the plasma wave is approximately equal to t
group velocity of the laser pulse (;c), and hence, these
plasma waves are very suitable for high energy particle
celeration. Nakajimaet al.10 have observed high energy ele
trons (;17 MeV) being accelerated in a SM-LWFA exper
ment where;1 MeV electrons were injected. Coverda
et al.6 and Umstadteret al.8 have observed 2 and 5 MeV
1889/$10.00 © 1997 American Institute of Physics
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accelerated electrons, respectively from self-trapping
background plasma electrons. Recent SM-LWFA exp
ments by Modenaet al.7 used a 25 TW laser pulse to driv
nonlinear wakefield plasma waves in a helium plasma res
ing in the capture and acceleration of background plas
electrons to 44 MeV.7 Their experiments showed a broade
ing of the anti-Stokes lines in the forward Raman scatter
~FRS! spectrum concurrent with the onset of high ener
electron production at approximately 7 TW. This broaden
and high energy electron production was attributed to
onset of wave breaking.7

The wakefields in a LWFA cannot normally accelera
background plasma electrons directly because the phas
locity of the wakefield is near the velocity of light. Injectio
of an electron beam from an rf gun at an energy of sev
MeV is usually required. However, recent LWFA expe
ments at the Naval Research Laboratory~NRL! and
elsewhere6–9 have detected high energy electrons ev
in situations where there is no injected electron bea
Mechanisms for self-trapping of background plasm
electrons7,19,20 and the trapping of electrons by the intera
tion of external laser pulses21,22 with the wakefields have
been proposed which offer the possibility of ‘‘injectorless
acceleration.

In this paper, we present results of recent SM-LWF
experiments performed at the Naval Research Laborat
We discuss the experimental diagnostics that monitor pum
probe Thomson forward and side scattered radiation in S
II. Time evolution of the relativistic plasma wakefield wa
measured and is discussed in Sec. III. The formation o
plasma channel by the pump pulse and the subsequent
ing of the probe pulse are discussed in Sec. IV. High ene
electron measurements and their correlation with nonlin
wakefield amplitudes are discussed in Sec. V. Simulati
that demonstrate the trapping and acceleration of backgro
plasma electrons by the wakefield are discussed in Sec
These experimental and theoretical results on the SM-LW
are summarized in Sec. VII.

II. EXPERIMENT

These experiments were performed with the NRL tab
top terawatt laser system which is a Ti:Sapphire/Nd:Gl
system (l51.054mm) which uses chirped puls
amplification23 to achieve the high powers necessary for e
periments in the self-modulated regime. In these exp
ments, the pump laser pulse had a typical duration of 40
and an energy of 800–1200 mJ (P52–3 TW). The contrast
~i.e., the ratio of the prepulse intensity to that at the peak
the laser pulse! was measured to be 1026. The beam was
focused with anf /3 off-axis parabolic mirror. The measure
focal spot radius ofr 0;4.5mm corresponds to a vacuum
Rayleigh length ofZR5pr 0

2/l;60mm. At P52 TW, the
peak focused intensity is 731018 W cm2. This laser could
be operated with a repetition rate of about 1 shot/3 min at
maximum power used in these experiments.

To reduce ionization induced defocusing effects24 which
may occur during interactions in static-filled gas chamber
jet of helium or hydrogen gas was produced in a vacu
chamber by operation of a pulsed gas valve and nozzle.
1890 Phys. Plasmas, Vol. 4, No. 5, May 1997
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measured the plasma electron density by recording the
quency shift of stimulated Raman backscattered light p
duced during interactions at moderate intens
(1016 W cm2). This shift, the Bohm–Gross frequency, is a
proximately the electron plasma frequency,vpe , at low elec-
tron temperatures and is related to the plasma electron
sity ~i.e., vpe5(4pnee

2/me)
1/2). For plenum pressures o

200 psi the plasma electron density was found to
1019 cm23. For a plasma density ofn0;1019 cm23, the
critical power isPc;1.8 TW, and the plasma wavelength
lpe52pc/vpe;10mm. Hence,P>Pc and ctL;12lpe ,
which are necessary for operation in the SM-LWFA regim
The gas jet was measured to have a diameter of appr
mately 3 mm with a central uniform region of about 2 mm
The scalelength for the density gradient at the edges of
jet was about 0.5 mm. During our experiments, the h
intensity laser beam was focused in the front portion of
gas jet to minimize any possible effects of ionization induc
refraction.

A pump–probe experimental arrangement was used
monitor the temporal characteristics of the high intensity
ser produced plasma, as shown in Fig. 1. Approximat
10% of the main beam was split off by a pellicle for use a
probe pulse and was subsequently frequency doubled~to 527
nm! by a 1 cmthick KD*P crystal. For 800 mJ pump pulse
the probe pulse energy was 10 mJ. The maximum broad
ing of the probe pulselength from passage through the d
bling crystal will result in a pulse duration,tL,p,1 ps. This
provides the intrinsic temporal resolution for our experime
SincectL,p@lpe in these experiments, the probe pulse e
ciently sampled the plasma waves it measured. This is
contrast to optical interferometric techniques11 which require
much shorter probe pulses such thatctL,p,lpe . The probe
pulse traverses a delay line and then is recombined with
main beam before being focused into the plasma create
the pump pulse. This delay line can be adjusted to vary
timing between the two pulses. The paths of the two bea
were overlapped by alignment to a series of apertures prio
the focusing optic~an off-axis parabolic mirror which fo-
cused the probe beam atf /6 and the pump beam atf /3! and
by observation of scattered light in the focal region. In so
experiments, small offset angles (;10°) between the pump
and probe beams were obtained by displacing the pr
beam laterally on the final focusing mirror.

Coarse temporal synchronization of pump and pro
pulses was achieved using a streak camera with better th
ps resolution. Fine temporal synchronization was attained
measuring the probe frequency after passage through th
teraction region. If the probe pulse travels ahead of
pump, it ionizes the gas and generates a blue shift in
spectrum.25 Otherwise, the frequency is unshifted. This e
fect is easily observed and provides a measurement of
temporal overlap to within 1 ps.

Directly forward scattered light was recollimated by
parabolic mirror similar to that used to focus the beam, wh
radiation scattered at off-axis angles was collected b
single lens and imaged onto the slit of a 0.25 m Czern
Turner spectrometer which operated in the visible and n
infrared. The interaction was also monitored by transvers
Ting et al.
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FIG. 1. Schematic of Thomson scattering experimental setup.
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imaging Thomson scattered laser light onto a charge cou
device~CCD! array positioned at 90° from the axis of prop
gation.

Electron measurements and forward Raman scatte
measurements were performed using the experimental s
shown in Fig. 2. Forward Raman scattered laser light at
to the laser axis was imaged on the entrance slit of a s
trometer to measure the relative wakefield amplitude and
earity. An inline spectrometer configuration measured
energy distribution of electrons accelerated from the ba
ground plasma. The electron spectrometer consisted o
electromagnet for electron deflection and a plastic scintilla
directly coupled to a photomultiplier tube~PMT! for electron
detection. The electromagnet used a 0–2500 G magn
field in a field region 5.5 cm long. Graphite and carb
shielding were arranged with a small gap centered on
laser axis which allowed only high energy electrons with le
than an 8° deflection in the magnet to strike the scintillat
Electrons with lower energies were deflected more than
and dumped in a graphite block to minimize x-ray produ
tion. This inline spectrometer configuration therefore dete
all electrons above a cutoff energy which is determined
the magnetic field strength and the maximum accepta
angle of the gap in the shielding~8°!.

Kodak DEF x-ray film~direct exposure x-ray film! was
also used for electron detections in two configurations. In
first configuration, the electromagnet was used to dispe
the electrons on the film and generate a continuous en
spectrum. In the second configuration, the magnet was
moved and a thin sheet of lead was placed over the film
block low energy electrons (,1 MeV). The profile of high
energy electrons is then recorded on the film. In both c
Phys. Plasmas, Vol. 4, No. 5, May 1997
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figurations the film was wrapped in 50mm of aluminum foil
to block laser and ambient light from exposing the film.

III. TIME EVOLUTION OF PLASMA WAKEFIELDS IN
THE SM-LWFA

Coherent Thomson scattering~CTS! of a picosecond
probe laser pulse was used to measure the temporal beh
of self-modulated wakefields in the SM-LWFA.26 Coher-
ently scattered light has a wave vectorksc and a frequency
vsc that satisfy the Bragg scattering conditions of frequen
and wave number matching. For electron plasma waves w
vpe andkpe , the conditions requirevsc5v16vpe andksc
5k16kpe , wherev1 is the frequency andk1 is the wave
vector of the probe laser. The plasma wakefields in an S
LWFA have relativistic phase velocities,vf;c, such that
they are capable of accelerating electrons to high energ
For correct matching ofk vectors, both the probe and th
Thomson scattered light must therefore propagate in
same direction as the relativistic plasma wave~i.e., pump,
probe, and scattered light propagating collinearly!. Unscat-
tered light from the pump beam was attenuated by an in
red absorption filter after the interaction region. The major
of the 527 nm probe light was not scattered and was bloc
before the slit of the spectrometer by a notch filter in t
beam path. However, the Thomson scattered electron pla
satellites of the probe light, which are shifted byvpe

(DlStokes'23 nm, Dlanti-Stokes'21 nm for a plasma density
of 731018 cm23 as in Fig. 3!, are positioned beyond th
edges of the absorption band of the notch filter and he
will be detected by the spectrometer. The principal resul
this configuration was the observation of these plasma sa
1891Ting et al.
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FIG. 2. Schematic of experimental setup for accelerated electron measurements.
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lites for about 5 ps after passage of the pump laser. Figu
shows a full width at half maximum~FWHM! of ;2 ps
which is similar to the wakefield lifetime measured by sim
lar techniques reported in Ref. 27. As shown in the inser

FIG. 3. Evolution of electron satellites from zero-degree coherent Thom
scattering. The background level is shown by the dashed line. Data ar
shown for pump–probe delay times less than zero since blueshifting o
probe laser spectrum saturates the detector for early times. Insert is a ty
spectrum~Stokes at 506 nm, anti-Stokes at 550 nm!.
1892 Phys. Plasmas, Vol. 4, No. 5, May 1997
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Fig. 3, the anti-Stokes line was typically more intense th
the Stokes line, perhaps indicating that thek-vectors of the
electron plasma waves in the wakefield are primarily in
forward direction.28 These measurements confirmed the g
eration of wakefields withvf;c.29

The ratio of the total scattered signal intensity to t
probe intensity is given by,30 I s /I l'2.5(dn Lz /ncrl1)

2,
where ncr is the critical density for the probe waveleng
(431021 cm23), l1 is the probe wavelength,Lz is probe–
plasma interaction length~the confocal parameter of th
probe laser,;200mm! anddn is the density perturbation o
the wave. We estimate the ratio (I s /I 1) to be 102361 for
scattering into the electron plasma satellites. This imp
that the amplitude of plasma waves encountered by the p
pulse ~dn/n0 , wheren0 is the ambient density! was up to
1021.

The wakefields generated in these experiments
highly three-dimensional due to the tight focusing of t
pump laser. This causes a strong radial profile of the wa
field which implies that the scattering plasma waves ha
significantk' components~;2p/r 0 , r 0 being the pump la-
ser focal spot radius! and lower phase velocities. These low
phase velocity plasma waves couple more readily with
probe laser to scatter in the near forward directions. In fac

n
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10° tilt between the pump and probe lasers by displacing
probe laser on the focusing parabolic mirror~while maintain-
ing the 30° angle to the pump for the scattered light! gave a
better signal to noise ratio without changes to the gen
behavior of the scattered signal. These electron sate
emission lasted for about 5–7 ps in both hydrogen and
lium, as shown by the closed circles in Fig. 4, similar to th
observed in the directly forward direction.

A dramatic rise in the central peak of the Thomson sc
tered spectrum was also observed att.10 ps, which corre-
lates to the decline of the electron plasma sidebands.
believe this central peak is due to coherent Thomson sca
ing from ion acoustic waves since both a strong depende
on the polarization of the probe beam and a dependenc
its intensity onne

2 were observed. The open circles in Fig.
show that the amplitude of the central scattered peak rea
a maximum atDt'25 ps after the main pulse for hydroge
and atDt'40 ps for helium. We believe this is due to th
turbulent decay of the forward going large amplitude plas
waves into ion acoustic waves through mechanisms suc
the modulational instability.

For moderate temperatures (Te,1 keV), a Langmuir
wave is subject to the modulation instability~MI !,31 in which
a plasma wave (vp ,kp) decays into a low-frequency io
wave (v i ,k i) and two daughter electron plasma waves (vp

6v i ,kp6k i), where typicallyki@kp . Ion waves generated
by MI have been observed coincident with plasma wave
experiments on the plasma beat wave accelerator.32 In these
experiments, the plasma wave is simultaneously driven
the long duration laser pulses (;150 ps) while decaying via
MI. In SM-LWFA experiments, on the other hand, th
plasma waves are first generated very rapidly (,1 ps) and

FIG. 4. Evolution of Thomson scattered spectrum at 30° scattering a
relative to the pump laser but 20° relative to the probe:~a! hydrogen,~b!
helium. Open circles are normalized values of the central peak in the
tered spectrum and closed circles are the normalized value of the first
Stokes satellite.
Phys. Plasmas, Vol. 4, No. 5, May 1997
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then decay into ion waves in the region behind the la
pulse. Collisional damping of the wakefield can be n
glected, since for electrons oscillating in adn/n0;0.1
plasma wave, the electron–ion collision time is long~typi-
cally ;300 ps!.

The linear growth rate31 of MI depends on the paramete
vL /v te523(dn/n0)Te

21/2, whereTe is the electron tempera
ture in keV,vL is the electron quiver velocity in the Lang
muir wave andv te is the electron thermal velocity. MI oc
curs in the strong field limit whenvL /v te.(vpe /vpi)

1/3,
wherevpe andvpi are the plasma frequencies for the ele
trons and ions, respectively. Initially, if the plasma wa
amplitude is large (dn/n0;0.1) and for Te;10 eV, the
strong field condition is satisfied such thatvL /v te;23 and
(vpe /vpi)

1/3;3. The maximum strong field growth rate31 is
approximately given by the ion plasma period (gs f;vpi)
and the correspondinge-folding time ts f51/gs f is short,
about 0.3 ps for H2 (2p/vpi51.8 ps) and about 0.4 ps fo
He(2p/vpi52.5 ps).

As the initial wakefield decays, however,dn/n0 de-
creases and MI transitions31 to the slower growth of the weak
field limit, vL /v te,(vpe /vpi)

1/3, with a maximum weak
field growth rate ofgwf;621/2vpi(vL /v te). Notice that as
dn/n0 (;vL /v te) decreases, so does the growth rate. In
dition, the decay of the wakefield behind the laser pulse
likely to be accompanied by electron plasma heating, wh
will also decrease the growth of MI. The daughter plas
waves may also decay and hence can lead to a cascade
wakefield energy into smaller amplitude daughter waves
drive ion waves over longer time scales. For examp
dn/n0;1023 and Te5100 eV give twf51/gwf;8 ps for
H2 ~11 ps for He! which agree reasonably well with the tim
scales shown in Figs. 4~a! and 4~b!.

IV. PLASMA CHANNEL FORMATION AND OPTICAL
GUIDING

The temporal behavior of the central scattered pe
shown in Fig. 4 may also be affected by the formation o
plasma channel. Plasma channel formation is possible
cause the pump laser is observed to be guided in
plasma15,16 and a channel may be left in its wake.16,33 The
propagation of the probe pulses was monitored by imag
the Thomson scattered emission at 90° to the laser prop
tion direction onto a CCD through a 527 nm filter~Dl
55 nm!. When only the probe pulse was injected into the g
jet, very little Thomson scattered emission was obser
even though a plasma was created. However, if both pu
and probe pulses were incident simultaneously on the gas
a bright image of scattered probe light~527 nm! was ob-
served in the region where the pump beam was channe
This emission is probably caused by coherent Thomson s
tering of the probe laser from ion acoustic waves genera
in the turbulent decay of the large amplitude plasma wa
in the wakefield of the pulse.26 This emission was observe
even as the temporal separation between the pump and p
laser pulses was increased by more than the laser pulsew
~see Fig. 5!. In fact, the brightness of the Thomson scatter
image from the probe reached a maximum approximately
ps after passage of the pump pulse. Thomson scattered e

le

at-
er
1893Ting et al.
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sion from the probe continued for pump–probe delays
more than 40 ps before decreasing significantly.

As the delay between pump and probe pulses is chan
the observed waveguide structure also appears to ch
qualitatively. It is clear from Fig. 5 that for small tempor
separations the Thomson emission profile of the probe l
has a complex structure. However, if the delay is increa
by several tens of picoseconds the Thomson scattered im
appears smoother. This effect may be due to hydrodyna
motion of the plasma which can reduce nonuniformit
caused by the channel production mechanism. Such mo
should occur at approximately the sound speed in
plasma. The plasma temperature from similar interacti
has been measured immediately after the interaction to
about 100 eV34 which results in a sound speed of about 0
mm/ps agreeing with the time scales observed in the ev
tion of the Thomson scattered probe light. In addition, as
size of the plasma channel increases, the decrease in
probe light intensity could also contribute to the observ
reduction in the level of Thomson emission. At large dela
the observed emission near 527 nm@see Fig. 5~f!# is second
harmonic light generated by the pump laser itself.35 Identical
experiments were performed in which helium was used
the target gas producing similar experimental results,
though the characteristic channel formation time was
served to be somewhat longer due to the slower pla
sound speed.

FIG. 5. Thomson scattering images of interaction of picosecond probe b
~527 nm! for various delay settings between pump and probe beam in
drogen gas jet.~a! 0, ~b! 6, ~c! 14, ~d! 22, ~e! 30, ~f! 46 ps~propagation from
right to left!. Typical CCD image (Dt519 ps) shown at top. Dashed lin
indicates approximate position of vacuum focus~centered in gas jet!.
1894 Phys. Plasmas, Vol. 4, No. 5, May 1997
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We have also profiled the exit mode structure of t
probe pulse during this interaction by imaging the focal s
with a microscope objective onto a CCD array. These ima
were obtained by adjusting the axial position of the array
that the lens imaged the exit of the channel. A profile of t
mode structure at the channel exit is displayed in Fig. 6. T
focal spot ~radius ;4.5mm! of the probe beam withou
plasma@Fig. 6~a!# has a similar size as the profile of th
probe beam waist at the exit of the high intensity las
produced channel@Fig. 6~b!#. For Fig. 6~b! the channel exit
was about 1.5 mm from the position of the vacuum b
focus. The exit mode from the channel essentially mainta
the original single mode structure~radius;5mm! with sur-
rounding diffraction rings and some lower intensity sm
scale structure. Without the focusing effect of the plas
waveguide the size of the probe beam is about 300mm at
this position.

A waveguide structure must have been formed in
wake of the high intensity pump pulse since the Thoms
scattering image of the probe beam was observed to be q
tatively similar to that of the pump beam. Although the pum
pulse may be influenced by relativistic self-focusing, t
probe pulse is too weak (Pprobe;1022 Pcrit) to impart rela-
tivistic quiver velocities to the plasma electrons. The o
served channel is also probably not caused by the outw
propagation of a high density shock wave which has b
used to produce a plasma waveguide in previo
experiments.12 The plasmas created in these experime

m
y-

FIG. 6. ~a! Image of focal spot of probe beam in vacuu
(1/e2 diam;9mm). ~b! Image of the guided probe beam waist at chann
exit @same scale as in~a!#.
Ting et al.
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should be relatively cold and the creation of a channel
diameter 10mm using the hydrodynamic evolution of
plasma column requires at least several hundred pico
onds.

The formation of a plasma channel can be most ea
attributed to the effects of ponderomotive forces associa
with the intense pump laser pulse as it propagates thro
the plasma.16,33 Initially, the pump laser pulses exerts a po
deromotive force on the plasma electrons and expels t
radially. This sets up a large space charge force which p
pels the ions outward from the axis of propagation. After
passage of the pump pulse, the ions continue to drift radi
at approximately the ion acoustic speedCs5(ZTe /mi)

1/2,
thus creating a plasma channel, whereZ is the number of
electrons per ion,Te (Ti) is the electron~ion! temperature,
andme (mi) is the electron~ion! mass. The electron motio
is described by the radial force balance,e“'f
5mec

2
“'(11a2/2)1/21ne

21
“'Pe , where e“'f is the

space charge force,mec
2
“'(11a2/2)1/2 is the ponderomo-

tive force,Pe5Tene is the electron pressure,ne is the elec-
tron density anda2 is related to the laser wavelengthl and
intensity profileI by a257.2310219l2@mm#I @W cm2#. This
expression neglects the generation of plasmas waves an
sumes that the axial length of the laser pulse is large c
pared to the laser spot size and the plasma wavelength. I
linear regime, the ion motion is described by the continu
equation]dni /]t52ni0“'–v' and the momentum equatio
mi]dv' /]t52Ze“'f, wheredni andni0 are the perturbed
and ambient ion densities,v' is the radial ion velocity, and
Ti!Te is assumed. Combining the electron radial force b
ance, the ion continuity equation, and the ion moment
equation yields33

S ]2

]t2
2Cs

2¹'
2 D dni

ni0
>
Zme

4mi
¹'
2a2, ~1!

assumingdni
2/ni0

2 !1, a2!1, and an isothermal equation o
state.

Equation ~1! has been evaluated33 for a nonevolving
laser pulse of the forma25a0

2f (z)exp(22r2/r0
2), with

f5sin2(pz/L) for 0<z<L and f50 otherwise, where
z5z2ct. The evolution of the density channel is shown
Fig. 7 for the illustrative parametersa050.25, r 0510mm,
L5120mm, Te5100 eV, Z52, mi /me57300, andCs /c
52.331024. Figure 7 indicates a maximum density dep
tion (dni0 /ni0>0.47) is reached at about 30 ps for the sim
lation parameters. Despite the simplifying assumptions u
these calculations clearly show that a short lived plas
channel can be created in the wake of a high intensity s
pulse laser propagating through an underdense plasm
agreeing qualitatively with experimental results.

V. MEASUREMENTS OF ACCELERATED ELECTRONS

High energy electrons produced in the SM-LWFA a
measured by a magnetic spectrometer and plastic scintilla
photomultiplier detector. An energy scan is shown in Fig.
This is raw data showing the electron signal at a range
cutoff energy settings~1–30 MeV!. The data points are th
total relative number of electrons above the energy spec
Phys. Plasmas, Vol. 4, No. 5, May 1997
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on thex axis. The large fluctuations are believed to be sh
to-shot fluctuations because the low energy~500 keV–4
MeV! electron spectrum~measured using Kodak DEF x-ra
films as shown in Fig. 9! shows a smooth, exponentiall
decreasing electron signal as a function of energy. The fl
tuations did not correlate with fluctuations in energie
(;10%) of the laser. One possible explanation for the fl
tuations is the growth of the plasma waves from the s
modulation and the forward Raman instabilities which a
seeded from noise. The source of the background acceler
electrons may also contribute to the large fluctuations.
possible source of the background accelerated electrons o
than from wave breaking is the interaction of backward R
man scattered light with the laser wakefield,19,20 which is
discussed in Sec. VI.

FIG. 7. Solution of Eq.~1! for parameters discussed in text. A region
plasma density depletion is produced approximately 30 ps after passa
the high intensity pulse.

FIG. 8. The relative number of electrons above the cutoff energy of
spectrometer. The maximum noise level is the background noise level o
PMT. A signal above this level represents a clearly discernible signal f
electrons striking the scintillator.
1895Ting et al.
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Concurrent with electron measurements we exami
the spectrum of forward Raman scattered light. A typi
spectrum is shown in Fig. 10 where strong nonlinearities
the plasma wave are obvious. As the plasma wave ampli
approaches or exceedsdn/n051, the standard linear plasm
wave theory breaks down. At this point the plasma wa
‘‘steepens’’ and harmonics of the plasma wave freque
became significant.6–8,36,37 The presence of these plasm
wave harmonics is readily apparent in the scattered spec
as higher orders of the anti-Stokes line. The comparable
plitudes of the different order anti-Stokes lines in Fig.
indicate the presence of large plasma density modulati
Also, there is no indication of line broadening in the FR
spectra. The width of the first-order anti-Stokes line sho
in Fig. 10 is the same as those we observed in the lin
plasma wave regime~where only the first-order anti-Stoke
line is observed!. This indicates that although the wave h
steepened, it has not begun to break as was observe
Modenaet al. and Umstadteret al. at higher powers.7,8

The correlation of second-order anti-Stokes signal
electron production has been studied. For these experim
the electron spectrometer measured the number of elec
with greater than 1 MeV of energy. For each laser shot
electron number and forward Raman scattering spect

FIG. 9. Energy spectrum of accelerated electrons using direct expo
x-ray film. The dashed curve is an exponential fit to the data.

FIG. 10. Typical forward Raman scattering spectrum.
1896 Phys. Plasmas, Vol. 4, No. 5, May 1997
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were recorded. The second-order anti-Stokes signal vs e
tron signal is shown in Fig. 11. A strong correlation betwe
second-order anti-Stokes and electron signal was obser
This perhaps indicates that electrons are only acceler
from the background plasma as the plasma wave beco
nonlinear.

The profile of high energy~.1 MeV! electrons was re-
corded using Kodak DEF x-ray film as shown in Fig. 12. T
beam profile shows a well collimated electron beam with
cone angle approximately half of the exit cone of the las
The small divergence of the high energy electron beam in
cates that it is well trapped by both the axial and radial wa
fields of the plasma wave. There is also an absence
hollow profile as observed by Umstadteret al.8

re
FIG. 11. The correlation between the second-order anti-Stokes signal
the number of high energy~.1 MeV! electrons

FIG. 12. Transverse profile of accelerated electrons as registered on
Ting et al.
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VI. TRAPPING AND ACCELERATION OF PLASMA
ELECTRONS

In principle, it is possible for a wakefield with suffi
ciently large amplitude to trap and accelerate cold plas
electrons. This corresponds to the limit of cold wave bre
ing. However, at lower wakefield amplitudes, some fract
of the cold plasma electrons can be trapped and accele
by the wakefield if they are first pre-accelerated by so
lower phase velocity wave. One potential candidate is ba
ward Raman scattering~RBS!, which produces a backwar
going light wave which beats against the pump light to dr
a space charge wave with a slow phase velocity. Bertr
et al.19 have reported Vlasov simulations of a two stage
celeration process in which electrons are first accelerate
RBS and then later accelerated to high energies by forw
Raman scattering. Although their simulations were in
regime of laser fusion plasmas, an analogous process of
stage acceleration is likely to occur in the SM-LWFA.

To investigate multi-stage acceleration, a on
dimensional model is used in which the various waves
specified analytically, and a large number of test particles
pushed in the prescribed fields.20 The calculations are carrie
out in a frame moving atvg5bgc which is the group veloc-
ity for the pump laser pulse. The various waves are speci
as functions ofc5kp(z2vgt) with the laser pulse head a
c50 and the pulse tail atc52Lp . The laser pump wave
has a frequencyv0 , wave numberk0 , and amplitude
a0(c) with a maximum valuea0m51.0. The wakefield os-
cillates atvp with an amplitudefp ~the space charge poten
tial normalized tomec

2/e!, which grows over a fewlp in the
pulse to a maximumfp05Ez /E0 , where E0'0.97
(ne@cm

23#)1/2 V/cm. The RBS light wave has frequenc
v02vp and wave number'2k0 and is assumed to grow
and saturate very quickly at some point in the pump pu
We have treated the instability heuristically by specifying
saturation amplitudea2m , a saturation locationcR and a
growth rategR . Accompanying the RBS light wave is a RB
plasma wave of phase velocityvp'vp/2k0!c with a satu-
ration amplitudefRm. Simulation particles are loaded at re
in the lab frame with different initial positionsc i in front of
the laser pulse. The equation of motion is integrated in ti
out to t5vpt5tmax for each particle. Electrons which ar
not trapped by the wakefield slip out through the back of
laser pulse.

Typical simulation parameters arev0 /vp515, a0m51,
Lp5100, andtmax5600. These are representative of t
NRL experiment. Figure 13~a! is a phase space plot showin
gbz vs C for a case with a moderate wakefield amplitu
(fp050.4), and a low saturation amplitude for the RBS
stability ~a2m50.017 andfRm50.0011!. Here, some of the
electrons are quasi-trapped with energies of a few MeV
continue to slip back through the wakefield. Figure 13~b!
shows that whenfp0 is raised to 0.5, some electrons a
trapped and accelerated to a much higher energ
(;50 MeV). However, iffp0 is reduced to 0.3, there is n
trapping, and electron energies remain well below 1 Me
This result is consistent with the energies exceeding 30 M
which have been seen in the NRL experiments. Since mo
changes in the wakefield amplitude~or other wave ampli-
Phys. Plasmas, Vol. 4, No. 5, May 1997
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tudes! can change the electron energy spectrum dramatica
one would expect substantial shot-to-shot variation in
experiment if operating near the threshold for substan
electron acceleration. This too is consistent with experim
tal results.

VII. CONCLUSIONS

Coherent Thomson scattering of a picosecond probe
ser was used to measure the time evolution of plasma w
fields produced by a high intensity laser pulse
31018 W cm2) in an underdense hydrogen~or helium!
plasma (ne'1019 cm23) in the self-modulated laser wake
field accelerator configuration. Large amplitude plas
wakefields are observed to last for less than 5 ps. Ion ac
tic waves, generated by the decay of the plasma wakefi
were measured to have a duration of approximately 50
These observations are consistent with the decay of la
amplitude plasma waves due to the modulational instab
and the enhancement of the scattered signal from poss
plasma channel formation.

A plasma channel was observed to be formed behind
relativistically self-guided, subpicosecond, 2 TW pump la

FIG. 13. Trapping of background plasma electrons by the interaction of
RBS plasma wave and the wakefield generated by the pump laser w
extends fromc52100–0, with wakefield amplitude:~a! fp050.4, ~b!
fp050.5. Note the tenfold difference in the vertical scale between~a! and
~b!.
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pulse in the gas jet plasma. The channel is probably p
duced from the radial expulsion of plasma ions due to cha
separation created in the displacement~or cavitation! of
plasma electrons by the large ponderomotive force of
laser. Using Thomson scattering diagnostics and mode s
ture measurements, a trailing, frequency doubled probe l
pulse is observed to be guided throughout the length of
channel for about 20 Rayleigh lengths—approximately eq
to the propagation length of the self-guided pump laser pu
through the entire length of the gas jet plasma (;2 mm).

High energy electrons~up to 30 MeV! have been mea
sured in the self-modulated laser wakefield accelerator u
a 2.5 TW laser pulse and a high sensitivity, scintilla
coupled to PMT detector. Highly nonlinear plasma wav
have been detected using forward Raman scattering
plasma diagnostic and a correlation between the nonlin
plasma waves and electron signal has been observed.
energy spectrum of accelerated electrons up to 4 MeV
recorded using direct exposure x-ray film. The transve
profile of the accelerated electrons was observed to be
confined within the exit divergence cone of the drive lase

Simulation results have been presented to demonstra
two-stage acceleration process that could self-trap and a
erate background plasma electrons to high energies.
slow phase velocity space charge wave generated by
preheats plasma electrons such that they can become tra
and accelerated by the laser wakefield. Simulations sho
that this two-stage trapping mechanism is very sensitive
the wakefield amplitude and may be the source of shot
shot fluctuations observed in the production of high ene
electrons in the experiment.
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