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Electron Trapping in Self-Modulated Laser Wakefields by Raman Backscatter
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(Received 2 April 1997)

Simultaneous measurements of high energy electrons and plasma-wave characteristics have been
conducted in a self-modulated laser-wakefield accelerator. Approximately108 electrons were
accelerated from the background plasma to energies greater than 1 MeV with a peak energy of
approximately 30 MeV. A strong correlation between the plasma-wave amplitude and electron
production was measured with no evidence of wave breaking. Simulations indicate plasma
electrons are trapped by the low-phase-velocity beat waves produced by backward Raman scattering.
[S0031-9007(97)04539-0]
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Conventional particle acceleration techniques are a
proaching fundamental limits to the accelerating fiel
due to material breakdown thresholds. New “structur
less” techniques are now being investigated to overco
breakdown limitations [1]. Some of these techniques a
vacuum laser accelerators [2], plasma beat-wave accel
tors [3,4], and laser-wakefield accelerators [3,5]. We a
currently investigating the self-modulated laser-wakefie
accelerator (SM-LWFA) concept [6–10], in which a hig
power laser with a pulse length much longer than t
plasma period,2pyvp —where vp is the plasma fre-
quency, is tightly focused in a plasma. A self-modulatio
instability, caused by relativistic self-focusing (RSF) an
the forward stimulated Raman scattering (SRS) instab
ity, breaks the laser pulse into beamlets of length2pyvp

[10] which resonantly drive a large amplitude wakefie
plasma wave. The plasma wave has a phase velocityyp

near the speed of lightc and is well suited for high en-
ergy particle acceleration. RSF occurs when the la
power exceeds a critical power,PRSF ­ 17sv0yvpd2

GW, wherev0 is the laser frequency. The RSF thresho
can be achieved with current laser technology in relative
high-density plasmassn0 , 1019 cm23, PRSF , 2 TWd.
High-density plasmas can support large accelerating fie
s,100 GVymd before the onset of wave breaking. One
dimensional (1D) cold fluid theory [11] indicates tha
wave breaking occurs at an electric field amplitude
EWB ­

p
2sgp 2 1d E0, wheregp ­ 1y

p
1 2 y2

pyc2 and
E0 ­ mcvpye ø 96

p
n0fcm23g Vym. Typically, gp ø

v0yvp, e.g., gp , 10 and E0 , 300 GVym for n0 ,
1019 cm23.

Recent experiments have demonstrated electron ac
eration in the SM-LWFA regime [7,8]. Experiments a
Rutherford Appleton Laboratory [8] have achieved bac
ground plasma electron acceleration up to energies
100 MeV using a laser power of 25 TW. The productio
of high energy electrons was observed to correlate with
spectral broadening of the forward SRS radiation. Th
broadening was attributed to the destruction of plasm
wave coherence due to wave breaking. Wave break
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was used as the explanation for the trapping and accel
tion of background electrons by the plasma wave to
high energies observed.

The experiment at the Naval Research Laborato
(NRL) was also conducted in the SM-LWFA regime
However, much lower laser power was used (2.5 TW
and no evidence of wave breaking was apparent, altho
high energy electrons (up to 30 MeV) were observe
The experiment used the laser pulse from the NRL chirp
pulse amplification laser system focused in a superso
helium gas jet to generate large amplitude plasma wav
The 1054 nm laser pulse had a typical peak power
2.5 TW (400 fs and 1 J) and was focused with a 15 c
focal length off-axis parabolic mirror to a vacuum sp
radius of6 mm sIpeak ­ 5 3 1018 Wycm2d. The gas jet
used a supersonic 3 mm diameter nozzle and produce
plasma density of1.4 3 1019 cm23 sPRSF ­ 1.2 TWd in
fully ionized helium. The gas jet density profile was a
approximately 2 mm flat top with 0.5 mm boundaries.

An electron spectrometer was used to measure the
celerated electron distribution. The spectrometer co
sisted of an electromagnet placed 10 cm after the plas
acceleration region and a12 in. thick plastic scintillator
directly coupled to a photomultiplier tube (PMT) 15 cm
after the magnet. The magnet and scintillator/PMT we
aligned with the laser axis. Electrons with energies bel
a cutoff value, determined by the magnetic field of th
electromagnet, were directed away from the laser axis
therefore the scintillator/PMT. This “inline” configuration
resulted in measurement of the integrated number of e
trons above the cutoff energy. Variation of the magne
field determined the energy distribution of the accelera
electrons.

The magnet was a 45± sector magnet with a 2.5 mm gap
a field region 5.5 cm long, and a maximum field of 2.5 kG
Two graphite slabs separated by a 2 mm gap were pla
over the input side of the magnet to limit the acceptan
of the magnet to a 2 mm by 2.5 mm opening and theref
limit the electrons to a well defined path through the ma
netic field. Four in. thick lead shielding was placed aft
the magnet to limit the acceptance of the scintillator/PM
© 1997 The American Physical Society 3909
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to electrons deflected between 0± and 8±. Two in. thick
graphite was placed over the lead shielding to minimiz
x-ray production from deflected electrons. The length
the magnetic field region, the magnetic field strength, a
the acceptance angle of the scintillator/PMT were used
calculate the energy calibration of the spectrometer. Th
method results in an energy determination which is acc
rate to approximately25%y125%. The main source of
error in the calculated calibration is the omission of th
magnet’s fringe fields which causes up to a 20% unde
estimate of the electron energy. The measured elect
energies are therefore the minimum electron energy, a
actual electron energies are likely to be higher. The to
relative number of electrons detected at a variety of cuto
energies and for multiple laser shots is shown in Fig.
The dashed line represents a signal-to-noise level of a
proximately two. Any signal above this level is a definitive
electron detection. Electrons up to an energy of 28.5 Me
were clearly observed. The large fluctuations are shot-
shot fluctuations which are most likely due to the stron
nonlinearity of the laser-plasma interaction and the ele
tron trapping mechanism. Measurement of the continuo
electron energy spectrum from 500 keV to 5 MeV usin
film showed a smoothly monotonically decreasing electro
energy distribution on each laser shot.

Measurement of the peak electron energy allows det
mination of a lower bound on the electric field of the wake
The laser was observed to be self-guided through a plas
over the full width of the 3 mm gas jet [12]. The accelera
tion distance is therefore the shorter of the plasma leng
or the dephasing distance [1],Ld ø g2

p2pcyvp, which is
the maximum distance a particle can be accelerated
fore slipping out of phase from the plasma wave. In ou
experiment,Ld ø 640 mm. The minimum accelerating
field necessary to generate the highest energy electrons
served was therefore 47 GeVym.

The absolute number of electrons accelerated abo
1 MeV was also measured. For this measurement, t
spectrometer cutoff energy was set to 1 MeV and th

FIG. 1. Electron energy distribution measured with the scin
tillator and PMT. The dashed line represents a signal-to-no
level of approximately two. Any signal above this level is a
clearly discernible electron peak.
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scintillator/PMT was replaced with a silicon surface barri
detector (SBD) with a detection area of150 mm2. The
SBD consists of a500 mm thick disk of high purity
silicon set between two metallic plates which are biased
200 V. High energy particles traveling through the silico
excited one electron-hole pair for every 3.6 eV of ener
deposited in the silicon. Each electron incident on t
SBD (1–30 MeV) passed completely through the SBD a
deposited approximately 400 keV of energy, i.e., creat
1.1 3 105 electron-hole pairs. The maximum number o
electron-hole pairs created was measured to be1 3 1011.
The number of electrons passing through the SBD w
therefore approximately106.

The number of electrons measured by the SBD is on
a small fraction of the electrons accelerated above 1 M
due to the small acceptance angle of the magnet. In or
to determine the fraction of electrons entering the magn
the electron beam profile was measured using Kodak D
x-ray film. The film showed a circular electron distributio
centered on the laser axis with a cone angle approxima
one-half the cone angle of the laser. Comparing t
electron beam profile with the acceptance angle of t
magnet showed that only 1% of the electrons were detec
with the SBD. The total number of electrons accelerat
above 1 MeV was therefore approximately108.

The laser-plasma interaction was investigated
examining the SRS light generated during wakefield pr
duction which consequentially is related to the wakefie
amplitude. For large amplitude plasma waves, nonline
steepening results in harmonicssv0 6 nvpd of the
standard SRS spectrumsv0 6 vpd [13]. SRS light was
examined by placing a lens with an acceptance angle
610± at 0±, 20±, 30±, 40±, 60±, and 90± to the laser axis to
image anti-Stokes light into a 0.25 m spectrometer. T
spectrometer measured the scattered spectrum from
proximately 700 to 1000 nm which allowed the first fou
harmonics of the anti-Stokes line to be measured on e
laser shot. The anti-Stokes spectra from 0±–60± were
qualitatively similar with multiple orders and no broad
ening of the anti-Stokes peaks apparent. No anti-Sto
signal was observed at 90±. The angle of 40± was
found empirically to provide the highest signal-to-nois
ratio measurement of the SRS light and therefore t
wakefield amplitude. Figure 2 shows a typical spectru
at 40± where up to the 4th harmonic is visible. Th
5th harmonic was also measured on many shots
lowering the central wavelength of the spectromete
The large angular spread of the anti-Stokes light is m
likely due to the highly three-dimensional nature of th
wakefield due to the tight focusing of the laser puls
sfocal spot size, plasma wavelengthd [14,15]. The
multiple orders of SRS observed and their compara
intensities indicate that a highly nonlinear, large amp
tude plasma wave was present. The nonlinearity of t
plasma wave was correlated with the high energy elect
production (see Fig. 2, inset), where the intensity of t
2nd harmonic exhibited a strong correlation with th



VOLUME 79, NUMBER 20 P H Y S I C A L R E V I E W L E T T E R S 17 NOVEMBER 1997

e
l

s

re
a-

d

-

-

eV

s

n

FIG. 2. The multiple order anti-Stokes spectrum. The w
defined peaks show a highly nonlinear and coherent plas
wave with no evidence of wave breaking. The inset shows
relationship between the 2nd harmonic intensity and the num
of electrons accelerated above 1 MeV.

number of accelerated electrons. In no instance dur
the experiment was any broadening of the scattered pe
observed. For example, the width of the 1st harmo
shown in Fig. 2, when the plasma wave was highly no
linear, remained the same at the lower laser powers w
the plasma wave remained linear. This indicates t
the plasma waves were highly coherent with no eviden
of wave breaking. Large shot-to-shot fluctuations we
observed in the SRS spectrum concurrent with energ
electron production. The SRS spectrum and elect
production fluctuations did not correlate with laser pow
gas jet density, or any other directly controllable expe
mental parameter, except that for very low laser pow
s,1 TWd or low plasma densitys,1019 cm23d high
energy electrons were never produced.

The generation of high energy electrons in this e
periment without evidence for wave breaking strong
suggests that electrons are preaccelerated prior to
ing trapped by the wakefield. Previous experime
on our system have shown that approximately 10
of the incident laser pulse is reflected by backwa
Raman scattering (BRS) [16]. One candidate
preaccelerating electrons is the low phase veloc
waves generated in BRS [17]. BRS produces ba
ward traveling light of frequencyv0 2 Dv, where
v0 ¿ Dv $ vp. The BRS light wave can beat with
the main laser pulse to generate a low phase veloc
ypb ­ cbpb ø sDvy2v0dc, forward traveling electro-
magnetic beat wave. At high laser intensities, BR
occurs in the strong-pump limit, and the effects of t
space-charge wave can be neglected [18]. The low ph
velocity beat wave can pick up some of the low ener
electrons in the background plasma and accelerate t
to sufficient energies so as to be trapped by the high ph
velocity wakefield syp ø cd. These trapped electron
can then be accelerated to much higher energies by
wakefield.
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A 1D numerical simulation of this two stage acceleration
mechanism shows the qualitative behavior observed in th
experiment. The simulation prescribes three analytica
wave potentials (normalized tomc2ye) corresponding to
the primary laser pulsea0, the wakefield plasma wavef,
and the BRS electromagnetic wavea1, and then pushes
test particles in these potentials. The simulation use
the coordinatesz ­ z 2 ct andt ­ t, the potentials are
initialized in the regionz # 0 (z ­ 0 corresponds to
the initial front of the laser pulse), and the particles are
initialized at rest in the regionz . 0.

The laser pulse parameters used in the simulation we
chosen to closely model the experimental laser pulse p
rameters—peak normalized amplitudea0m ­ 1.4, wave-
length l ­ 1 mm, and normalized frequencyv0yvp ­
8.5. The BRS is assumed to saturate at a normalize
amplitude ofa1m ­ 0.033, based on analytical estimates
for saturation in the strong-pump regime [18]. All po-
tentials have a characteristic rise length oftr ­ 25yvp .
Figure 3 plots the normalized axial momentum,uz ­
gbz ­ pzymc, of simulation electrons at a wakefield po-
tential off0 ­ 0.6 as a function of the coordinatez after
250 mm of propagation. This demonstrates the initial trap-
ping of particles in the combined wake and BRS fields.

Production of energetic electrons is seen in the simula
tions only when the wakefieldf0 and BRSa1 amplitudes
are sufficiently large. Figure 4 plots the peak electron en
ergy,Wmax, and percentage,ftr , of plasma electrons which
are trapped and accelerated to energies exceeding 10 M
as a function off0 after propagating 2.5 mm (other pa-
rameters are as in Fig. 3). The threshold for trapping i
at f0 ­ 0.55, beyond whichftr rapidly increases. Once
trapping occurs,Wmax corresponds to the detuning limit,

FIG. 3. Momentum phase space plot of the test electrons i
the simulation after propagatingct ­ 250 mm with a0 ­ 1.4,
a1 ­ 0.033, f0 ­ 0.6, and v0yvp ­ 8.5. The laser pulse
resides in the regionz 2 ct , 0 and propagates to the right.
3911



VOLUME 79, NUMBER 20 P H Y S I C A L R E V I E W L E T T E R S 17 NOVEMBER 1997

,
as
of

T

es,

da,

nc.,

s.

v.
.

s.

s.

tt.

g
s-

d

FIG. 4. Simulation results showing the maximum energ
(solid line) and fraction above 10 MeV (dashed line) o
accelerated electrons as a function of the wakefield poten
f0 at ct ­ 2.5 mm for the parameters of Fig. 3. They axis
is in units of MeV for the energy and the percentage for th
fraction.

i.e., Wmax ø 4g2
pf0mc2. This is in qualitative agreement

with the strong correlation of wakefield amplitude to hig
energy electron production observed in the experime
(see Fig. 2, inset).

An estimate for the trapping threshold can be obtain
by requiring that the wakefield separatrix overlap th
beat wave separatrix [1,19]. In momentum phase spa
(uz versus z 2 ypt), the minimum of the wakefield
separatrix is given byuw,min ø g

2
'y4f0 2 f0, assuming

2f0gpyg' ¿ 1 where g' ­
q

1 1 a2
0. Likewise,

the maximum of the beat wave separatrix is given b
ub,max ø bpbg' 1 2

p
a0a1. Passing of electrons from

the slow beat wave to the fast wakefield can occ
when ub,max $ uw,min, i.e., f0 $ sg' 2 ub,maxdy2. This
condition givesf0 $ 0.6 for the parameters of Fig. 3
(bpb ­ 0.059, a0 ­ 1.4, anda1 ­ 0.033). A more accu-
rate calculation gives a trapping threshold off0 $ 0.54,
in excellent agreement with the simulation results. Henc
self-trapping of plasma electrons can occur whenf0 , 1,
i.e., well below the theoretical wave breaking amplitud
of f0 ­ EWByE0 ø 4.

In conclusion, we have observed very high energy ele
trons (up to 30 MeV) accelerated in a SM-LWFA at rela
tively low laser power (2.5 TW). Optical diagnostics show
the existence of highly nonlinear, large amplitude plasm
waves. Using the dephasing distance as the accelera
length, the acceleration gradient is estimated to be grea
than 47 GeVym. The high energy electrons are observe
with no sign of wave breaking. Numerical simulation
show that low phase velocity beat waves generated by B
can preaccelerate background plasma electrons to su
cient energy to be trapped by the high phase velocity wak
field. Both the experiment and the simulation show th
the trapping and the acceleration of electrons in the S
LWFA is a highly nonlinear process strongly dependent o
the wakefield amplitude.
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