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The interaction of intense laser pulses (pow80 TW) with underdense plasmas has been studied.

In the regime where the pulse length is much longer than the plasma peﬁeﬂ#wgl), the laser

pulse is found to be self-modulated at the plasma frequency by the forward Raman scattering
instability. Wavebreaking of the resulting plasma wave results in energetic electrons being
accelerated to more than 100 MeV. Reducing the pulse length s, thatmu;l, but retaining the

same power, also leads to wavebreaking. This is a direct result of a combination of laser beam
self-focusing, front-edge laser pulse steepening and relativistic lengthening of the plasma wave
wavelength, which can result in a forced growth of the wakefield plasma wave, even for initially
nonresonant laser pulses ¢ rrwrjl). Since, in this forced laser wakefield regime, the interaction

of the plasma wave and the bunch of accelerated electrons with the laser pulse is reduced, this can
result in higher energy gaifto beyond 200 MeVY and better beam quality. @003 American
Institute of Physics.[DOI: 10.1063/1.1564083

I. INTRODUCTION The process can be considered a quasi-quantum coupling of
) . the photongfrequencyw,) with plasmons = w,), to give
| Gretat mter;est ?as b(i.er|1 arqused tt_)y tlhe plrostpect Of[ USNQ attered photons at frequencigs+ v, . The resulting beat-
asers 1o accelerate particies, in particular electrons, 10 eﬁhg of the driver and scattered photons modulates the laser
tremely high energies.Though state-of-the-art lasers can . .

. . ; A . , pulse amplitude at»,. Through the action of the pondero-
have incredibly high intrinisic electric fields Eg . . : .

motive force, this plasma frequency modulation can result in

~6TVm ! for [,=1X10" Wem™?), these electric fields the resonant arowth of the plasma. wave that intiated th
are transverse and oscillating, meaning that they cannot pac fesonant gro ot the plasma wave ha ate €

used for longitudinal acceleration over many laser cycles. |§catter|ng. Direct forward scatteringo that the scattered

has been proposed that the generation of plasma Wavé)gotons stay in the same direction as the original laser pbeam
through the action of the laser’s ponderomotive force is arias a relatively slow growth rate, which saturates at relativ-

ideal way of converting the power of these modern laserdStic intensities(i.e., where the normalized momentuy of
into a longitudinal electric field with relativistic phase €l€ctron quiverin the laser field approachgs $cattering at

velocity? In this paper we show two specific regimes of angles away from the-direction (the propagation direction
laser—plasma wave interaction, which can lead to the devepf the lase), has higher growth ratés) but shorter growth
opment of these accelerating structures. In both cases it wilengths. However, it does play an important role in the
be shown that the power of the laser can be sufficient to lea@irowth of the forward scattering instabilities, since the initial
to nonlinear steepening of the plasma wave and eventually tgrowth of these instabilities can be so large &1 that
wavebreaking. they can erode the front of the laser pulse dramatically, thus
In the self-modulated wakefield regint®MWP),>4ala-  forming a sharp intensity gradiefit. This can impulsively
ser pulse with pulse duration much greater than the inverse set up a much larger amplitude noise source from which the
plasma frequencypgl, is severely modulated at the plasma direct forward scattering can grow. This allows a self-
frequency by the nonlinear interaction of the plasma wavemodulated laser pulse to generate plasma waves of amplitude
close to the initial plasma density on time scales of the order

apaper FI2 3, Bull. Am. Phys. S047, 94 (2002. of ~1 ps or I_ess. Since th_e characterls_tlc of this mt_eracnon is
Pinvited speaker. Electronic mail: zn1@ic.ac.uk the production of satellite frequencies of spacingw,
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(wheren is an integerfrom the original laser frequency, this iting electric field, occurs because some of the plasma elec-
process is often called stimulated Raman scattering, in anatrons undergo such large oscillations that the returning force
ogy to the scattering from virtual excited states of moleculesdue to the plasma wave is no longer large enough to make

The pulse erosion at the leading edge can become ghem continue their longitudinal oscillation. Instead the elec-
severe for sufficiently high intensity pulses, that most of thetrons can continue into the next wave “bucket.” If this is the
plasma wave growth eventually occurs there. In this case, th®rward traveling “bucket,” then the electron will feel a con-
plasma wave growth becomes very similar to the growth intinued acceleration, so resulting in its trapping within the
the nonlinear wakefield regime, and takes place in a time legslasma wave. The trapped electrons continue to be acceler-
than mogl. It can be supposed that it may, in this case, beated until their velocity exceeds that of the plasma wave and
much more efficient to use a laser pulse of pulse lengthhey “out-run” the wave and are dephased. The maximum
shorter than this time. Despite the incredible reduction inenergy gain before electrons “out-run” the accelerating field
pulse durations now achieved with ultrahigh power laser systignoring the relativistic increase in plasma wavelengthl
tems, it is still difficult to directly generate a pulse with rise be
times sufficiently short to generate plasma waves at a suit- . » 2
able density. However, even in the regime where the pulse is € 27p(Emand Bo)MeC”. @)
still long compared to the plasma period, if the pulse is suf-  In this paper, we explore both the SMWF and FLW re-
ficiently intense, then through its nonlinear interaction withgimes for the generation of relativistic electrons. In the
the plasma, it can still experience leading edge pulse comSMWF regime we show that the acceleration of energetic
pression resulting in the required fast rise time. This is due t@lectrons is initiated by the plasma wave generation due to a
the nonlinear interaction of the rising edge of the pulse withRaman scattering instability. Increasing the growth rate of
the plasma wake pushed in front of the laser pulse by itshe instability sufficiently, results in wavebreaking of the
ponderomotive force. The growing plasma wave retards thelasma wave, with a large associated current of accelerated
very front of the laser pulse, so compressing’iThe in-  electrons. By retaining a similar laser power but reducing the
creasing density due to ionization by the laser pulse will alsgulse length dramatically we are able to access the FLW
contribute in a similar mannét.This optical compression in  regime. In this regime no modulation of the laser pulse at the
conjunction with the nonlinear wavelength increase of theplasma frequency is observed. However, the breaking of a
plasma wave as its amplitude increagésr ap>1, Ny,  large amplitude plasma wave is still witnessed. Indeed the
= (2/m)(1+(a§/2))*\,, where \,=2mc/w,], can result maximum energy of detected electrons is significantly
in a highly efficient growth of the plasma wave, even in thegreater, suggesting the growth of plasma waves with peak
case where the pulse length of the laser is initially longemamplitude greater than the initial plasma density. Because in
than the plasma peridd.This nonresonant excitation of the this regime, the interaction of the plasma wave and the elec-
plasma wave has been termed a forced laser wakefiellons trapped by it with the laser pulse is minimized, the
(FLW) excitation'® electron beam is found to have improved quality compared

The nonlinear response of the plasma as the plasmi that produced in the SMWF regime.
wave amplitude grows to the order of the initial plasma den-
sity ng aI;o re;ults in steepening of the plasma wave. Indeeﬂ_ EXPERIMENTAL PARAMETERS AND SET-UP
the density spikes can have an amplitutte>n,. The elec-
tric field associated with this plasma wave can thus be The results described in this paper were obtained from a
greater than the maximum electric field associated with &eries of experiments performed at the Rutherford—Appleton
linear plasma waveée,=m.Cw,/€, and can thus result in Laboratory with the Vulcan:CPA las&t,and at the Labora-
ultrahigh accelerating gradients. In the nonlinear wakefieldoire d’'Optique Applique with the Salle Jaune las€rThe
regime**°the maximum longitudinal electric field is given Vulcan:CPA laser generated laser pulses with up to 50 J on
as EmaX=((a§/2)/\/1+(a02/2))E0 for linear polarized light. target in a 1 ppulse. Wavefront distortion in the beam due
Hence foray>1, one can see that the electric field, andto thermal lensing in the amplifiers is corrected with a static
hence the plasma wave amplitude, approachedrtbelin-  adaptive optic. This allows the beam to be focused to a
eap cold wavebreaking limif Ewo="2(vp— 1)Y2E,, where  roughly 3 times diffraction limited spot. In the experiments
ypz(l—(up/c)z)*l’2 is the Lorentz factor associated with detailed here the laser beam was focused to auiOspot
the relativistic plasma wave, which for sufficiently under- diameter(FWHM), resulting in intensitie$> 10" W cm™2,
dense plasma can be approximatethygy- wg/w,. One can  when focused in vacuum. The Salle Jaune laser has a maxi-
see that these accelerating fields are huge, approachimyum energy on target of about 1 J, but this coupled with a 30
1TVm™?i, for plasma densities aroung,=1x10"° cm 3. fs pulse length, results in similar laser powers of greater than
In addition, these accelerating structures travel with the lase30 TW. For these experiments it was found that increasing
pulse and so have a relativistic factprequal to that of the the focusing length increased the electron beam quality. A 1
laser pulse in the plasmg,. Hence they can accelerate a m focal length parabolic mirror was used, which resulted in a
relativistic particle, which can stay in phase with the accel-focal spot of 18 um waist, giving focused intensities in
erating field, to extremely high energies. vacuum of around & 10*® Wcm 2.

Indeed if theE-field of the plasma waves does approach ~ To prevent ionization defocusing of the laser beam be-
Ewb, then the process of wavebreaking can provide the eledere reaching focus, the laser beam was always focused on
trons to be acceleratédd Wavebreaking, which sets the lim- the edge of a high-density gradient gas-jet. The density pro-
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file of the nozzle had been previously measured by interfer-
ometry. The nozzle has been optimised to ensure that the | -l
vacuum-gas interface is as sharp as possible while retaining

a flat density profile within the gas itséff.The density of wavelcn INET

. ; . 600 700 800 900 1000

neutrals was varied by varying the backing pressure on the

jet. Hydrogen or helium were generally used in these experi-
ments, which ensures that the plasma density produced re-

(@)

(au.)

log(intensity)

600 700 800 900 1000

mains uniform, without the intensity dependant ionization e —— wavelength (nm)
profile that characterizes the interaction with other gases at loglintensity) (a..)

these laser intensities. This also ensures that the gas jetis ()

free from cluster formation. The gas jet densities measured in ' = - STy

these experiments were consistent with the full ionization of
the neutralg2 electrons per molecules measured by inter-
ferometry.

The spectrum of the beam transmitted through the gas jet
was attenuated by reflecting off a glass plate, before directing
it out of the vacuum chamber. The collection angle of the
transmitted beam was comparable to that of the incomingic. 1. Transmitted beam spectra with) n,=4x10® cm 2 and =2
beam. The beam was focused into a spectrometer and thel0" W cm 2 and(b) n.=7.5x 10" cm™® and1=1x10" W cm 2
spectrum detected with a 16-lthigh dynamic rangeCCD
camera. The spectral response of the system was calibrated
with a black-body emitter placed at the focal plane of theure 1(a) shows up to 8 satellite frequencies of the transmitted
laser beam. The glass plate for collecting the transmittedight on the blue-shifted side of the fundamental laser fre-
light had a small hole $=1cm) in it to allow energetic quency, plotted as Idmtensity. The satellites are clearly
electrons to pass through without scattering or energy losslifferentiated from one another, and are spaced by constant
The electrons were then collimatédsing an aperture in a intervals of the plasma frequenay,. The spectrum has a
lead piece before passing into the electron spectrometersimilar character on the red side of the fundamental. One can
Typically the collimator has a collection angtef 100. The see obviously the analogy to Raman scattering from mol-
electrons were dispersed in the spectrometer by use of astules. However, one basic difference exists between plasma
electromagnet. The electromagnet used has specially shapRéiman scattering and molecular Raman scattering, and that
pole pieces to allow imaging in the spectral plane of theis the excitation of the plasma wave. The plasmons that con-
electron source. The magnetic field of the electromagnet, anstitute the plasma wave are not fixed quantum states. As the
hence the dispersion of the spectrometer, can be altered Ipfasma wave grows to large amplitude, in particular when
changing the current passing through its solenoidal coilsthe plasma wave amplitudén/n,~ 1, then the plasma wave
This allows the same instrument to measure a wide range @an no longer be described as a linear oscillation at fre-
energies on a series of shots with different current settingsjuency w,. Indeed the density peaks become steepened.
Hence the spectrometer can be used in imaging mode foFhis nonlinear plasma wave can be Fourier-decomposed
energies of 0 to 217 MeV. The dispersed electrons were dénto its harmonic constituents as follows:n"{/n,)
tected with silicon barrier detectorgof circular area =(m"™/(2™ m!))-(8n/ny)™, wheren™ is the amplitude of
~1cn? each. The detectors were biased, and the currenthe m-th harmonic of the plasma wave of peak amplitude
generated by ionizing radiation in the diodes depletion re-Sn/n,. One can therefore see why sidebands are so effi-
gion measured on oscilloscopes. To measure the backgroumikntly generated even though the growth of the FRS predicts
signal due to x-ray generation, diodes were placed at thehat in 1 ps there is only enough time for the first electro-
same angle but out of the plane of the electron dispersiormagnetic sideband to grow to large amplitude. Evidently the
Additional divergence measurements were made by usingascading is due to scattering from the nonlinear steepened
stacks of radiochromic filMiRCF) spaced by copper pieces plasma wave, rather than a step-wise scattering of the suc-
of known thickness. The stack was placed 5 cm after theessive electromagnetic sidebands off a linear plasma wave
laser focus. RCF has a calibrated response to the dose (fe., one that has a harmonic content onlywg).
ionizing radiation passing through it. The beam profiles thus  Increasing the growth of the plasma wave by further
obtained were corrected for scattering and x-ray generatioincreasing the FRS growth rate, cannot lead to an indefinitely

wavelength (nm)

600 700 800 900 1000

(a.u.)

log(intensity)

600 700 800 900 1000

wavelength (nm)

by use of a tracking code. increasing plasma wave amplitude, due to the wavebreaking
limit. Mori et al. have derived the spatio-temoral growth
Il SELE-MODULATED WAKEFIELD rates for the FRS instability in the relativistic reginfiee.,

ap>1).° They find that the FRS growth rate saturates with
Figure 1 shows the spectra of the transmitted light wherintensity and in this regime one can only achieve further
laser pulses from Vulcanm(~1 ps) were passed through a plasma wave growth by its dependence on density. This is
gas jet for two different plasma densitiesp,=4 shown in Fig. 1b), where a higher density is used compared
x10® cm™2 and n,=7.5x 10" cm 3. In both cases the to Fig. 1(a). The sidebands can still be discerned in this fig-
pulse length is long relative to the plasma wave length. Figure, with a slightly greater wavelength separation singe

Downloaded 07 Sep 2005 to 130.159.248.44. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



2074 Phys. Plasmas, Vol. 10, No. 5, May 2003 Najmudin et al.

10° 51 , , . . ence of the plasma wave. Hence the broadening of the satel-
o B 04x10%cm? lites in the transmitted spectra is a clear signature of the
S 10° (Mg o O 07x10%em? ] onset of wavebreaking. At higher densities, the broadening is
g 10 i so severe that it becomes difficult to distinguish the indi-
%104 — e ® 1507 vidual satellites. Note also that there is clear evidence of the
§ , increased growth of the FRS at higher density from Fig) 1
SRl o ® P - to Fig. 1(b) even though the intensity of the second shot was
oo, ° slightly lower. This reiterates the weak dependence of the
10" = < ® | FRS growth rates on intensity in this regime.
0! | | | | | A further increase in density in Fig. 2 shows that
0 20 40 60 80 100 120 the maximum energy of accelerated electron approaches
Energy (MeV) 100 MeV. From Eg. (1), for this density 6,=1.5

X 10" Wem™2?) for which y,~8, the maximum expected
FIG. 2. Electron spectra from SMWF for a variety of different densities. energy would bef,,,,~130 (6n/ny), suggesting thadn/ng

is very close to 1. However, both simulation and experi-

ment*~?8 of these interactions have shown that in the
«\/n,. However, the sidebands are noticeably broader. ThiSMWF regime, severe wavebreaking and heating by other
is though the interaction length is the same as before. Thiparametric instabilities limits the wavebreaking amplitude of
increased width suggests that the scattering plasma wave tige plasma wave tén/n,<0.4. The simulations show that
losing coherence. such high energies are produced due to secondary processes,

The reason for this loss of coherence is demonstrated bgither self-generated fields due to the high current bunch of
the spectrum of electrons accelerated by the generatezglectrond’ or due to a direct resonant interaction with the
plasma wave, shown in Fig. 2. The figure shows that even daser beant® As a result of these secondary processes, and
n.=4x10' cm~3, when the plasma wave is still coherent, the loss of coherence of the plasma wave, it is found that the
there are a significant number of electrons accelerated temitted beam has a reasonably high divergéfareexample,
quite high energy(up to 13 MeV before the number falls 20 MeV electrons have a divergence ofl2° FWHM),
below the detection thesholdThese trapped electrons are which is comparable to the initial laser divergergdhis
from the tail of the hot temperature distribution, demonstrat-obviously has implications for the emittance of electron
ing that these plasmas can reach extremely high temperaturesams produced by this method.
due to other parametric instabilitiés.In the large electric
fields of the plasma wave, it is_possible to further accelerat?v_ FORCED LASER WAKEFIELD
these electrons to high energies. But one can see by their
modest energies in comparison to Et). that the associated To explore the interaction of an ultrashort laser pulse, we
electric field of the plasma wave is still less thEp,. An  used the 30 {s1 J laser in the Salle Jaune. Both a short and
estimate of the plasma wave amplitude from both the maxilong focal length parabola were used for the focusing. Re-
mum energy and Raman satellite amplitudes givasn,  sults with a short focal length parabol& 7.5) have been
~0.1 for this density. described previous§? With this parabola, in the regime
However, one can see that as the density is increased mhere7'|~27'rw;l, the maximum energy gain was found to

ne=7.5x10® cm 2, the number and maximum energy of be limited by the Rayleigh lengthZ{~300 xm). In this
the electrons increases markedly. This is even more prgeaper we report on an extension of this study performed with
nounced as the plasma wave growth rate is increased by
increasing the density further. Not only is the maximum en-
ergy of the electron distribution increased, but there is a sig- L T T T T
nificant tail to the distribution that can no longer be fitted by .
a single Maxwellian distribution. Divergence measurements
have also been performed using nuclear activation tech-
niques? Taking account for the beam divergence, one finds
upwards of 1 relativistic electrons in total generated by
this interaction, i.e., practically all the electrons from within
the focal volume over a Rayleigh length. Clearly, such a
huge fraction of accelerated electrons cannot be simply ex-

Detection

Number of Electrons (/MeV /sr)

plained by the trapping of hot electrons. The accelerated Threshold
electrons are generated by wavebreaking. As described 10°; = 00 e >0 250
above, charge sheets in opposite halves of the plasma wave Electron Energy (MeV)

oscillation can cross longitudinally, so that instead of feeling
a returning force, some of the electrons, those traveling irf'G: 3. Electron spectrum for,=2.5x 10'° cm ? (squarebfrom FLW. An
the same direction as the phase velocity of the plasma wav&ective electron temperature of (18) MeV is obtained from an expo-
. . . . . . . néntial fit for£<130 MeV (continuous ling The measurement is averaged
can feel a continuous acceleration in the direction in Wh'crbver thef100 opening of the spectrometer and the detection threshold was

they were traveling. This of course also destroys the cohefehosen for a signal-to-noise-ratio of 25:1.
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12 T , T SMWEF experiments where this can be greater than an order
of magnitudeé®® This is likely to be because the FLW is less
;.1'0 1 dependent on fast growth of instabilities from noise sources.
Sos i Transmitted spectra are shown in Fig. 4, from which a
«E‘ broadening of the transmitted spectra is evident. However,
506 ] noticeably, there is a complete absence of satellites. Evi-
504 ] dently the pulse is not modulated at the plasma frequency,
g though it is likely to have experienced a compression due to
Hoo i the effects of ionization and the growth of a preceeding
, plasma wave due to snow-ploughing of electrons in front of
0'go‘ok - 76(3 800 900 1000 the laser.
Laser Wavelength (nm) The main features of nonlinear wakefield generation by

an ultrashort pulse are demonstrated through the use of
FIG. 4. Spectrum of the laser beam in vacu(iriangles and solid lineand  narticle-in-cell(PIC) simulations, as shown in Fig. 5. These
aftgr transmission throggh the plasifuarcles anq q§shed limeén the FLW simulations were performed using the COdSIRI833 Most
regime. The spectrum is broadened from an initial 33 nm to 48 MBI . .
there is no signature of satellite frequencies, as seen in the SMWF. noticeably the pulséon the lefy quickly develops from a

symmetric profile to one which has a increasingly sharp ris-

ing edge. This is due to the effect of plasma wave groieth
af=1m parabola. This gives ay~1.2. For plasmas wave the righd. An initially nonlinearly steepened plasma wave is
growth in the nonlinear wakefield regime, this should not begenerated, as shown by the characteristic saw-tooth associ-
large enough to enable us to reach the cold wavebreakingted E-field. However, apart from the first bucket, the wake
limit. However, when the laser is focused on the edge of ajuickly disappears as it is driven to very high amplituée (
gas jet of densityn,~2.5x10'° Wcm 2, one obtains the ~1TVm™1). This is due to the effect of wavebreaking
electron spectrum shown in Fig. 3. A large current of accelwhich takes most of the energy out of the wake. The laser
erated electrons is once again producédtal charge field at this time is observed to have an extremely sharp
>5nC), now with a maximum in energy beyond 200 MeV. rising edge, which can continue to drive the first trailing
This is despite the reduction of more than>60n laser en-  bucket of the plasma wave even after wavebreaking. How-
ergy compared to the spectra shown in Fig. 2 in the SMWHFever, to see these effects one requires an ingjat 2. Re-
regime. Divergence measurements show that the highest epeating the simulations foay,~1.2, though generating a
ergy electrons are well collimated<@2° for >50 MeV elec- large amplitude wakefield, never exhibits wavebreaking.
trons. Once again wavebreaking of a relativistic plasmaAlso in the one-dimensiondll-D) description, one can see
wave is responsible for this current of energetic electronsthat a measurable amount of light is trapped in front of the
Indeed, the reduced divergence compared to the SMWF resharp edge and is gradually redshifted as it loses energy to
gime demonstrates that the electrons are purely acceleratéite plasma wave. This is shown more clearly in Fig. 6, which
by the plasma wave, and that the effect of direct laser accekhows the spectrum of the laser pulse at early and late times
eration is minimaf® Also improved is the shot-to-shot varia- in the simulation. This figure shows a blue-shifting of the
tion in this regime(Though the electron charge for a given peak of the spectrum as seen in the experintEigt. 3) due
energy does show a shot-to-shot variation, typically by ao compression by the plasma wave. However, the redshifted
factor of 2-3) This is a considerable improvement on tail to the spectrum obtained in the simulation is absent in the

o 20 1=0.28 ps 0.80 ly_0.28 ps
= ] E 040 1
S 10 §
g 00 ®  0.00 A
~ 1.0 1 e
~ oy -0.40 4
=20 ]
T T T -080 T T T T
0 12.5 25.0 375 50.0 0 12.6 25.0 375 50.0
X (Um) X (Mm)
o 20 Jt=1.12ps OB T2
S 10 ] £ 0.40 7 FIG. 5. 1-D PIC simulation results of
g 00 E 0.00 4 a nonlinear wakefield showing laser
E 1.0 1 & -0.40 ] pul_se shapeE, _and pla_sma wave
20 A -0.80 E-field E; at 3 different timesag=3
- T T T T g im. = 9 em-3
0 125 250 375 500 0 125 250 375  50.0 pulse traveling ime=2x 10" cm .
X (Um) X (Mm)
o 2504t=1.98 ps 0.80
= ] g 0.40
S 125 =
§ 0.00 —rr & 0.00 1
= 1257 & -0.401
2,501 , , , . -0.801 i i i ,
0 12.5 25.0 3756 50.0 0 12.5 25.0 375 50.0
X (Um) X (Mm)
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1.2 : ; . focusing are ingredients absent from one-dimensional treat-

ments of this interaction. Even in 2-D simulation, it is not

1 possible to observe electrons beyond 200 MeV, as measured

in this experiment, since except in 3-D simulations, both the

1 radial plasma wave enhancement and self-focusing effects

SN are underestimated. Hence it is only in 3-D simulations that

s i Emax~Euws Can be reachetf That such large electric fields

5 are generated, demonstrates another important difference be-

% 1 tween FLW and SMWF regimes, since in the latter, plasma

Y heating by instabilities limits the accelerating electric field to
ER an order of magnitude below the cold wavebreaking limit. It

©og should be noted that the electric field inferred for these FLW

. experiments is in excess of 1 TVh considerably larger

900 1000 than any other coherent accelerating structure created in the

Laser Wavelength (nm) laboratory. In fact this figure is 4 orders of magnitude greater

FIG. 6. Spectrum of the laser beam obtained from a 1-D simulation aftein@n the electric field strength in the state-of-the-art accelera-

t=0.28 ps(triangles and solid lineandt=1.98 ps(circles and dashed line tors in use these days in high energy phySiCS eXperimentS-
in the FLW regime.

[
T

14
)

Laser Intensity (a.u.)
o =)
£ =)}

AMAAAAAAAAAAAAAAMA

V. DISCUSSION

experimental spectrum. Though the 1-D simulations provide We have shown that in high intensity highly nonlinear
qualitative information about the interaction, to fully under- laser-induced wavebreaking interactions, it is not necessary
stand the FLW regime one must perform 3-D simulatibhs. to have a long laser pulse which self-modulates and reso-
In these 3-D simulations, despite being in the short pulseantly excites the plasma wave. Nonlinear interactions, espe-
regime (r,~2mogl), self-focusing of the laser energy is cially within the leading edge of the pulse, such as ioniza-
observed. This can explain how the intensity can be suffition, self-focusing, optical shock compression and radial
ciently high for an impulsive plasma wave growth to wave plasma wave amplification, can all force a plasma wave to
breaking amplitude, despite the fact that neither the initialwavebreaking amplitude. Having an ultrashort pulse not only
laser intensity nor the observed pulse compression are suffincreases the efficiency of the interactions, but can improve
ciently large. At lower densities, including at the wakefield the beam quality, both in energgue to the reduced heating
resonant density, = mo;l, no accelerated electrons are ob- of the plasma and thus higher plasma wave ampljtadd in
served at all. Hence one can see that there is a subtle diffeemittance(due to the reduced interaction between acceler-
ence between the Forced Laser Wakefield and nonlineated electrons and the laser pulse
wakefield regimes. Without self-focusing, no wavebreaking  One interesting consequence of these extremely large
is observed, but this can only happen if the pulse length immplitude plasma waves is that their wavelength,
not too short initially(i.e., 7'|<K7Tw,;l). But if there is self- =(2/7-r)(1+(aS/Z))l’Z)\p increases. Hence one can consider
focusing then pulse erosion takes place, which can allowvakefield by lasers with otherwise undesirably long pulse
efficient wake generation. Since the very front of the pulse idengths, by increasing their focused intensity. This will make
not self-focused, the erosion will be more severe, explainingt possible to reach the FLW regime with superpowerful laser
why the redshifted front edge seen in the 1D simulations ipulses now being constructed from high energy glass laser
not observed in the experiment. In fact, ionization, which issystems. Though the limited gain bandwidth of glass, typi-
not included in this model, further enhances this effect bycally restricts these laser pulses#o-300 fs, their large size
increasing diffraction of the front of the pulse. The wake thencan compensate to give extremely high powers. Several fa-
is mostly formed by this fast rising edge, and the back of thecilities around the world are now being developed to reach
pulse has little interaction with the relativistic longitudinal the petawatt regime in the near future. A 2-D simulation
oscillation of the plasma wave electrons. Indeed the increasasing 0SIRIS showing a petawatt laser pulgef pulse length
of plasma wave length due to relativistic effectes means the800 fg traveling in an underdense plasma is shown in Fig. 7.
the breaking and accelerating peak of the plasma wave sifBhe petawatt laser has been focused to gye=30, so
behind most, if not all, of the laser pulse. Hence its interacbringing the resonant density from aroune 50'® cm™ to
tion and that of the accelerated electrons with the laser pulsabove 1x10' cm 3, thus allowing consequently much
is minimized, thus reducing emittance growth due to directgreater electric field plasma waves to be generated. The
laser acceleration. Indeed the emittance measured from thismulation shows that the laser pulse is not greatly modified
experiment for high energy electrofs,=(2.7+-0.9) #mm  after traveling~ 150 uwm into the plasméaFig. 7(a)], unlike a
mrad for£=(55+2) MeV] has been found to be comparable similar pulse length but lower power interactions as shown in
if not better than modern LINACE: Sec. lll and in simulation by Tzengt al® However, the
Also observed in the 3-D simulations is that the radialelectric field trailing the laser pulse at the same time is again
plasma wave oscillations interact coherently with the longi-huge[Fig. 7(b)]. This results in wavebreaking as can be seen
tudinal field, so enhancing the peak amplitude of the plasm&om the spectrum of electrons after a laser propagation dis-
wave. This coupled with the aforementioned strong selftance of 300um, which shows a significant number of ac-
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