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Abstract

Large amplitude plasma wakefields produced by a high
power laser pulse in an underdense plasma were studied
in a self-modulated laser wakefield accelerator (SM-
LWFA) experiment.  A pump-probe coherent Thomson
scattering (CTS) technique was used and the lifetime of
the wakefield was measured to be less than 5 psec.  A
plasma channel was observed to form in the wake of the
pump laser pulse.  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 a magnetic spectrometer.
Highly non-linear plasma waves were also detected using
forward Raman scattering diagnostics and were observed
to correlate with the electron signals.

Significant progress has been made in recent years
[1] using laser–produced plasmas as a medium for
accelerating electrons to high energies.  In the Laser
Wakefield Accelerator (LWFA) [2], a high intensity laser
pulse is focused into an underdense plasma with a pulse
duration, τL, close to the electron plasma period (i.e., τL ~
2π/ωpe where ωpe is the electron plasma frequency).
Large amplitude plasma waves (wakefields) are
generated with strong longitudinal electric fields and
relativistic phase velocities which are capable of
accelerating injected electrons.  For laser powers
approaching or exceeding the relativistic self-focusing
threshold (i.e., P > Pc =17 (ωo/ωpe)

2 GW; where ω
0
 is the

laser frequency), it is not necessary to match the pulse
duration to the plasma period.  At laser powers for which
P ≥ Pc and τL > 2π/ωpe, the laser envelope undergoes an
instability and becomes "self-modulated" at the plasma
frequency [3, 4].  This effect resonantly enhances the
creation of wakefields and allows use of higher electron
densities and generates stronger accelerating fields [5].
Recent experiments in this Self-Modulated Laser
Wakefield Accelerator (SM-LWFA) regime have
measured the production of high energy electrons where
the source of accelerated particles was either background
electrons from the target plasma [6-9] or electrons
injected into the interaction region from an adjacent

laser-produced plasma [10].  Direct observations of
wakefields in the conventional LWFA configuration were
recently reported using interferometric techniques, in
which the spatial and temporal waveforms of the
wakefield were measured [11].

In order to obtain high final energies of the
accelerated electrons in a LWFA, it is necessary that the
laser propagates long distances at high intensity in the
plasma.  This  implies that the laser pulse must be
"guided" for distances significantly greater than the
vacuum diffraction length (Rayleigh range), which is
typically less than a hundred microns if the beam is
tightly focused.  Guiding of intense laser pulses in
plasmas has been demonstrated by a variety of
mechanisms.  Laser light with intensities of up to 5×1015

W/cm2 has been channeled in a 3 cm waveguide structure
created by the hydrodynamic expansion of a preformed
plasma [12] and intensities of 1016 W/cm2 have been
propagated for up to 3 cm in evacuated glass capillary
waveguides [13].  In addition, a preformed plasma
generated by a capillary discharge has been used to guide
1016 W/cm2 laser pulses [14].  For laser pulses above the
critical power for relativistic optical guiding, self–
channeling of laser pulses in plasmas has been
experimentally observed [15,16] and has been the subject
of extensive theoretical examination [1,3-5, 17,18].  Self-
focusing of intense laser pulses in plasmas can also be
enhanced by the expulsion of plasma electrons
(cavitation) produced by the extreme ponderomotive
force of a focused laser pulse [18].

Large amplitude relativistic plasma waves generated
in the SM-LWFA have axial accelerating electric fields
with extremely high gradients (~100 GeV/m) [5].  The
phase velocity of the plasma wave is approximately equal
to the group velocity of the laser pulse (~c), and hence,
these plasma waves are very suitable for high energy
particle acceleration.  Nakajima et al. [10] have observed
high energy electrons (~17 MeV) being accelerated in a
SM-LWFA experiment where ~1 MeV electrons were
injected.  Coverdale et al. [6] and Umstadter et al.  [8]
have observed 2 and 5 MeV accelerated electrons
respectively from self-trapping of background plasma
electrons.  Recent SM-LWFA experiments by Modena et
al. used a 25 TW laser pulse to drive nonlinear wakefield
plasma waves in a helium plasma resulting in the capture
and acceleration of background plasma electrons to 44
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MeV [7].  Their experiments showed a broadening of the
anti-Stokes lines in the forward Raman scattering (FRS)
spectrum concurrent with the onset of high energy
electron production at approximately 7 TW.  This
broadening and high energy electron production was
attributed to the onset of wavebreaking.

The SM-LWFA experiments at the Naval Research
Laboratory (NRL) were performed using a
Ti:Sapphire/Nd:Glass CPA laser system (λ = 1.054 µm)
which generates 400 fsec pulses with an energy of 800 -
1200 mJ  (P = 2 - 3 TW).  The beam was focused with an
f/3 off-axis parabolic mirror into a 3 mm diameter
hydrogen or helium gas jet. The gas jet was used to
reduce the effects of ionization induced defocusing [19]
which may occur during interactions in static-filled gas
chambers.  The focal spot radius measured in vacuum
was 4.5 µm which corresponds to a vacuum Rayleigh
length of 60 µm.

The plasma electron density was measured to be n0 =
1-1.5x1019 cm-3.  For a plasma density of n0 = 1019 cm-3,
the critical power is Pc = 1.8 TW, and the plasma
wavelength is λpe = 2πc/ωpe = 10 µm.  Hence, P ≥ Pc and
cτL ~ 12 λpe, which are necessary for operation in the
SM-LWFA regime.

A pump-probe experimental arrangement was used
to monitor the temporal characteristics of the high
intensity laser produced plasma [20].  Approximately 10
% of the main beam was frequency doubled (to 527 nm)
by a 1 cm thick KD*P crystal for use as the probe.  The
probe pulse timing was varied relative to the pump using
an optical delay line.  The spatial overlap of the two
beams was accomplished by alignment to a series of
apertures prior to the off-axis parabolic mirror, which
focused the probe beam at f/6 and the pump beam at f/3,
and by observation of scattered light in the focal region.
Temporal synchronization was achieved by examining
the probe frequency.  When the probe arrived before the

pump, the probe frequency was blue shifted [21].
Otherwise the frequency was unshifted.  This
measurement resulted in synchronization to better than 1
psec.

Directly forward scattered light was recollimated by
a parabolic mirror, while radiation scattered at off-axis
angles was collected by a single lens and imaged onto the
slit of a 0.25 m Czerny-Turner spectrometer.  The
interaction was also monitored by transversely imaging
Thomson scattered laser light on a CCD positioned at 90
degrees to the laser axis.

Coherent Thomson scattering (CTS) of the probe
laser pulse was used to measure the temporal behavior of
the wakefields.  Coherently scattered light has a wave
vector ksc and a frequency ωsc that satisfy the Bragg
scattering conditions of frequency and wavenumber
matching.   For electron plasma waves with ωpe and kpe,
the conditions require ωsc = ω1 ± ωpe and ksc = k1 ± kpe,
where ω1 is the frequency and k1 is the wave vector of the
probe laser.  The plasma wakefields in an SM-LWFA
have relativistic phase velocities, vφ ~ c, such that they
are capable of accelerating electrons to high energies.
For correct matching of k vectors, both the probe and the
Thomson scattered light must therefore propagate in the
same direction as the relativistic plasma wave (i.e.,
pump, probe, and scattered light  propagating
collinearly).  The majority of the 527 nm probe light was
not scattered and was blocked before the slit of the
spectrometer by a notch filter in the beam path.
However, the Thomson scattered electron plasma
satellites of the probe light (shifted by ωpe) are
positioned beyond the edges of the absorption band of the
notch filter and detected by the spectrometer.  The
principal result in this configuration was the observation
of these plasma satellites for about 5 psec after passage of
the pump laser (see Figure 1).  The full width at half
maximum (FWHM) of the wakefield lifetime is ~2 psec
which is similar to the wakefield lifetime measured by
similar techniques reported by LeBlanc et al. [22].  As
shown in the insert in Figure 1, the anti-Stokes line was
typically more intense than the Stokes line, perhaps
indicating that the k-vectors of the electron plasma waves
in the wakefield are primarily in the forward direction
[23].  These measurements confirmed the generation of
wakefields with  vφ ~ c [24].

The probe pulse was also observed to be affected by
the formation of a plasma channel.  The propagation of
the probe pulse was monitored by imaging the Thomson
scattered emission at 90 degrees to the laser propagation
direction onto a CCD through a 527 nm filter (∆λ = 5
nm).  When only the probe pulse was injected into the
gas jet, very little Thomson scattered emission was
observed even though a plasma was created.  However, if
both pump and probe pulses were incident
simultaneously on the gas jet, a bright image of scattered
probe light was observed in the region where the pump
beam was channeling, i.e., over the width of the gas jet
or approximately 20 Rayleigh lengths.  This emission is
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Figure 1: Evolution of electron satellites from zero-
degree coherent Thomson scattering.  The background
level is shown by the dashed line.  Data are not shown
for pump-probe delay times less than zero since
blueshifting of the probe laser spectrum saturates the
detector for early times.  Insert is a typical spectrum
(anti-Stokes at 506 nm, Stokes at 550 nm).
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probably caused by coherent Thomson scattering of the
probe laser from ion acoustic waves generated in the
turbulent decay of the large amplitude plasma waves in
the wakefield [20].  This emission was observed even as
the temporal separation between the pump and probe
laser pulses was increased by more than the laser pulse
width (see Figure 2).  In fact, the brightness of the
Thomson scattered image from the probe reached a
maximum approximately 15 psec after passage of the
pump pulse.  Thomson scattered emission from the probe
continued for pump-probe delays of more than 40 psec
before decreasing significantly.  The guided intensity was
5x1016 W/cm2 with a transmission efficiency of
approximately 75%.

The “guiding” of the probe pulse is most likely due
to formation of a plasma channel in the wake of the
pump pulse due to charge displacement effects.  As the
pump expels electrons by the ponderomotive force, the
space charge force on the ions starts a slow radial
expansion of the plasma away from the pump laser axis.
This expansion causes a density depression on axis and
forms a plasma channel capable of guiding the following
probe pulse.  The observed time scales for formation and

decay of the channel are consistent with a simulation and
analytical calculations of this hydrodynamic expansion.

Electron measurements and Raman scattering
measurements of the pump were also performed.  Raman
scattered laser light at 40° to the laser axis was imaged
on the entrance slit of a spectrometer to measure the
relative wakefield amplitude and linearity.  An inline
spectrometer configuration measured the energy
distribution of electrons accelerated from the background
plasma.  The electron spectrometer consisted of an
electromagnet for electron deflection and a plastic
scintillator directly coupled to a photo-multiplier tube
(PMT) for electron detection.  The electromagnet used a
0 to 2500 Gauss magnetic field in a field region 5.5 cm
long.  Graphite and carbon shielding were arranged with
a small gap centered on the laser axis which allowed only
high energy electrons with less than an 8° deflection in
the magnet to strike the scintillator.  Electrons with lower
energies were deflected more than 8° and dumped in a
graphite block to minimize x-ray production.  This inline
spectrometer configuration therefore detects all electrons
above a cutoff energy which is determined by the
magnetic field strength and the maximum acceptance
angle of the gap in the shielding (8°).

An energy scan is shown in Figure 3.  This is raw
data showing the electron signal at a range of cutoff
energy settings (1-30 MeV).  The data points are the total
relative number of electrons above the energy specified
on the x-axis.  The large fluctuations are believed to be
shot-to-shot fluctuations caused by the highly non-linear
growth of the plasma waves from the self-modulation and
the forward Raman instabilities which are seeded from
noise.  The source of the background accelerated
electrons may also contribute to the large fluctuations.  A
possible source of the background accelerated electrons
other than from wavebreaking is the interaction of
backward Raman scattered light with the laser wakefield
[25, 26].
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Figure 2: Thomson scattering images of interaction
of picosecond probe beam (527 nm) for various delay
settings between pump and probe beam in hydrogen
gas jet.  A) 0, B) 6, C) 14, D) 22 E) 30, F) 46 psec
(propagation from right to left).  Typical CCD image
(∆t = 19 psec) shown at top. Dashed line indicates
approximate  position of vacuum focus (centered in
gas jet).
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Figure 3: The relative number of electrons above the
cutoff energy of the spectrometer.  A signal-to-noise
level greater than 2 (dashed line) represents a clearly
discernible signal from electrons striking the
scintillator.
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Concurrent with electron measurements we
examined the spectrum of Raman scattered light.  A
typical spectrum is shown in Figure 4 where the strong
non-linearity of the plasma wave is obvious from the
presence of comparable intensity harmonics in the
spectrum [6-8].  Also important is the absence of line
broadening in any of the measured spectra.  For example,
the width of the 1st order anti-Stokes line shown in
Figure 4 is the same as those we observed in the linear
plasma wave regime (where only the 1st order anti-
Stokes line is observed).  This indicates that although the
wave has steepened, it has not begun to break as was
observed by Modena et al.. and Umstadter et al. at higher
powers [7, 8].

The correlation of 2nd order anti-Stokes signal to
electron production has been studied.  For these
experiments, the electron spectrometer measured the
number of electrons with greater than 1 MeV of energy.
For each laser shot the electron number and forward
Raman scattering spectrum were recorded.  The 2nd
order anti-Stokes signal vs. electron signal is shown in
Figure 5. A strong correlation between 2nd order anti-
Stokes and electron signal was observed.  This perhaps
indicates that electrons are only accelerated from the
background plasma as the plasma wave becomes non-
linear.

Coherent Thomson scattering of a picosecond probe
laser was used to measure the time evolution of plasma
wakefields produced by a high intensity laser pulse in an
underdense hydrogen or helium plasma in the SM-
LWFA configuration.  Large amplitude plasma
wakefields are observed to last for approximately 5 psec.

A plasma channel was observed to be formed behind
the relativistically self-guided, subpicosecond,  high
power pump laser pulse in the gas jet plasma.  The
channel is probably produced from the radial expulsion
of plasma ions due to charge separation created in the
displacement of plasma electrons by the large
ponderomotive force of the laser.  A trailing, frequency
doubled probe laser pulse is observed to be guided
throughout the length of this channel for about 20
Rayleigh lengths.

High energy electrons (up to 30 MeV) have been
measured using a high sensitivity detector — a
scintillator coupled to a PMT.  Highly non-linear plasma
waves have been detected using forward Raman
scattering as a plasma diagnostic and a correlation
between the non-linear plasma waves and electron signal
has been observed.

1 Omega-P, Inc., New Haven, CT
2 Laboratory for Plasma Studies, Cornell University,
Ithaca, NY 14853
3 R.S.I., Inc., Alexandria, VA
4 University of California at San Diego, La Jolla, CA
92093

ACKNOWLEDGMENTS
The authors would like to thank J. Grun, and A.

Fisher for useful discussions and L. Daniels and K.
Evans for technical assistance.  This work was supported
by the Office of Naval Research and the U. S.
Department of Energy.

REFERENCES
[1]  E. Esarey, P. Sprangle, J. Krall, and A. Ting, IEEE

Trans. Plasma Sci. PS-24, 252 (1996).
[2]  T. Tajima and J. M. Dawson,  Phys. Rev. Lett.  43,

267 (1979); P. Sprangle, E. Esarey, A. Ting, and G.
Joyce, Appl. Phys. Lett.  53, 2146 (1988).

[3]  P. Sprangle, E. Esarey, J. Krall, and G. Joyce, Phys.
Rev. Lett. 69, 2200 (1992).

[4] T. M. Antonsen and P. Mora, Phys. Rev. Lett. 69,
2204 (1992);  N. E. Andreev, L.M. Gorbunov, V.I.
Kirsanov, A.A. Pogosova, and R.R. Ramazashvili,
JETP Lett. 55, 571 (1992);  W. B. Mori, C. D.
Decker, D. E. Hinkel, and T. Katsouleas, Phys. Rev.
Lett. 72, 1482 (1994);  E. Esarey, J. Krall, and P.
Sprangle, Phys. Rev. Lett. 72, 2887 (1994).

[5]  J. Krall, A. Ting, E. Esarey, and P. Sprangle, Phys.
Rev. E  48, 2157 (1993); E. Esarey, P. Sprangle, J.

0 20 40 60 80 100
0

50

100

150

200

R
el

a
tiv

e 
nu

m
be

r 
of

 e
le

ct
ro

ns

2nd order anti-stokes intensity

Figure 5: The correlation between the 2nd order
anti-Stokes signal and the number of high energy
(>1 MeV) electrons.

1 2 3 4
0

20

40

60

80

100

120

In
te

ns
ity

 (
ar

b
. u

n
its

)

Frequency (in units of ωp)

Figure 4: Typical Raman scattering spectrum.

614



Krall, A. Ting, G. Joyce, Phys. Fl. B 5, 2690
(1993).

[6]  C. A. Coverdale, C. B. Darrow, C. D. Decker, W.
B. Mori, K. C. Tseng, K. A. Marsh, C. E. Clayton,
and C. Joshi, Phys. Rev. Lett. 74, 23, 4659 (1995).

[7]  A. Modena, Z. Najmudin, A. E. Dangor, C. E.
Clayton, K. A. Marsh, C. Joshi, V. Malka, C. B.
Darrow, C. Danson, D. Neely, and F. N. Walsh,
Nature 377, 606 (1995); 100 MeV electron
detection recently reported by E. Clayton at 7th
Workshop on Advanced Accelerator Concepts,
Lake Tahoe, CA, Oct. 12-18 1996, Amer. Inst.
Phys., NY.

[8]  D. Umstadter, S.-Y. Chen, A. Maksimchuk, G.
Mourou, and R. Wagner, Science 273, 472 (1996).

[9]  C.I. Moore, K. Krushelnick, A. Ting, C. Manka,
H.R. Burris, R. Fischer, M. Baine, E. Esarey, P.
Sprangle, and R. Hubbard, Proc. AIP Conf., 7th
Workshop on Advanced Accelerator Concepts,
Lake Tahoe, CA, Oct. 12-18 1996, Amer. Inst.
Phys., NY.

[10]  K. Nakajima, D. Fisher, T. Kawakubo, H.
Nakanishi, A. Ogata, Y. Kato, Y. Kitagawa, R.
Kodama, K. Mima, H. Shiraga, K. Suzuki, K.
Yamakawa, T. Zhang, Y. Sakawa, T. Shoji, Y.
Nishida, N. Yugami, M. Downer, and T. Tajima,
Phys. Rev. Lett.  74, 4428 (1995).

[11]  J. R. Marques, J.P. Geindre, F. Amiranoff, P.
Audebert, J.C. Gauthier, A. Antonetti, and G.
Grillon, Phys. Rev. Lett. 19, 3566 (1996);  C. W.
Siders, S.P. Le Blanc, D. Fisher, T. Tajima, and
M.C. Downer, Phys. Rev. Lett. 19, 3570 (1996).

[12] H. M. Milchberg, T.R. Clark, C. G. Durfee III,
T.M. Antonsen, P. Mora, Phys. Plasmas 3, 2149
(1996).

[13]  S. Jackel, R. Burris, J. Grun, A. Ting, C. Manka,
K. Evans, and J. Kosakowskii, Opt. Lett. 20, 1086
(1995).

[14]  A. Zigler, Y. Ehrlich, C. Cohen, J. Krall, and P.
Sprangle, J. Opt. Soc. Am. B 13, 68 (1996); Y.
Ehrlich, C. Cohen, A. Zigler, J. Krall, P. Sprangle,
and E. Esarey, Phys. Rev. Lett. 77, 4816 (1996).

[15]  A. B. Borisov, A.V. Borovskiy, V.V. Korobkin,
A.M. Prokhorov, O.B. Shiryaev, X.M. Shi, T.S.
Luk, A. McPherson, J.C. Solem, K. Boyer, and
C.K. Rhodes, Phys. Rev. Lett.  68, 2309 (1992); A.
Sullivan, H. Hamster, S.P. Gordon, R.W. Falcone,
and H. Nathel, Opt. Lett.  19, 1544 (1994);  P.
Monot, T. Auguste, P. Gibbon, F. Jakober, G.

Mainfray, A. Dulieu, M. Louis-Jacquet, G. Malka,
and J.L. Miquel, Phys. Rev. Lett. 74, 2953 (1995).

[16]  K. Krushelnick, A. Ting, C.I. Moore, H.R. Burris,
E. Esarey, P. Sprangle, and M. Baine, Phys. Rev.
Lett. 78, 4047 (1997).

[17]  P. Sprangle, C.M. Tang, E. Esarey, IEEE Trans.
Plasma Sci. PS-15, 145 (1987).

[18]  G. Z. Sun, E. Ott, Y.C. Lee, and P. Guzdar, Phys.
Fluids 30, 526 (1987); W. B. Mori, C. Joshi, J.M.
Dawson, D.W. Forslund, and J.M. Kindel, Phys.
Rev. Lett. 60, 1298 (1988); P. Sprangle, A. Zigler,
and E. Esarey, J. Appl. Phys. 58, 346 (1991); G.
Bonnaud, H.S. Brandi, C. Manus, G. Mainfray, and
T. Lehner, Phys. Plasmas 1, 968 (1994); K.
Krushelnick, A. Ting, A. Fisher, C. Manka, H.R.
Burris, and E. Esarey, Phys. Rev. Lett. 75, 3681
(1995); C. Decker, W.B. Mori, K.C. Tzeng, and T.
Katsouleas, Phys. Plasmas 3, 2047 (1996).

[19]  P. Monot, T. Auguste, L.A. Lompre, G. Mainfray,
and C. Manus, J. Opt. Soc. Am. B 9, 1579 (1992);
W. P. Leemans, C. E. Clayton, W.B. Mori, K.A.
Marsh, P.K. Kaw, A. Dyson, C. Joshi, and J. M.
Wallace, Phys. Rev. A 46, 1091 (1992).

[20]  A. Ting, K. Krushelnick, C.I. Moore, H.R. Burris,
E. Esarey, J. Krall, and P. Sprangle, Phys. Rev.
Lett. 77, 5377 (1996).

[21]  W. Wood, C. Siders, and M. Downer, Phys. Rev.
Lett.  67,  3523 (1991); E. Esarey, G. Joyce, P.
Sprangle, Phys. Rev. A 44, 3908 (1991).

[22]  S.P. Le Blanc, M.C. Downer, R. Wagner, S.Y.
Chen, A. Maksimchuk, G. Mourou, and D.
Umstadter, Phys. Rev. Lett. 77, 5381 (1996).

[23]  D.M. Villeneuve, H.A. Baldis, J.E. Bernard, and R.
Benesch, J. Opt. Soc. Am. B 8, 895 (1991).

[24]  F. Martin, T. W. Johnston, and E. Ebrahim, Phys.
Rev. Lett. 55, 1651 (1985);  C. E. Clayton, C. Joshi,
C. Darrow, and D. Umstadter, Phys. Rev. Lett. 55,
1652 (1985).

[25]  Bertrand, A. Ghizzo, S.J. Karttunen, T.J.H.
Pattikangas, R.R.E. Salomaa, and M. Shoucri,
Phys. Rev. E 49, 5656 (1994); Bertrand, A. Ghizzo,
S.J. Karttunen, T.J.H. Pattikangas, R.R.E. Salomaa,
and M. Shoucri, Phys. Plasmas 2, 3115 (1995) .

[26] R. F. Hubbard, P. Sprangle, E. Esarey, A. Ting,
H.R. Burris, C.I. Moore, and K. Krushelnick, Bull.
Amer. Phys. Soc. 41, 1602 (1996).

615


