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Abstract

The possibility of accelerating electrons to the GeV level using a Petawatt laser fo-

cused in a uniform plasma is investigated. The proposed scheme relies on the wakefield

acceleration of an electron bunch from a state-of-the-art radio frequency accelerator. Us-

ing an analytical model as well as numerical simulations performed with WAKE, an study

of the injector parameters is carried out. In particular, itis found that the quality of the ac-

celerated electron bunch -in terms of bunch length and energy spread- depends crucially

on the injection energy. Injection energies of a few MeV leadto a GeV electron beam

with sub-100 fs bunches and 10% energy spreads. Most of the features of the accelera-

tion process can be explained with the analytical linear model, whom results are in good

agreement with the numerical simulations.

During the last few years, both theoretical work and experiments have shown the feasibility

of laser-plasma electron acceleration [1-4]. The interaction of a laser pulse with an underdense

plasma produces a trail of oscillatory fluctuations of the electron density, e.g. a wakefield.

The accelerating gradients in the wakefield can attain extremely high values (of the order of

TeV/m), exceeding by four orders of magnitude the fields supported in conventional accel-

erators. Laser-plasma technology is currently consideredfor the construction of compact and

economical accelerators [5]. Laser wakefield accelerationhas permitted the production of high

quality ultrashort electron beams of energies up to 170 MeV and charge of 0.5 nC [6].

The next generation of laser systems (with several Petawattlasers currently under construc-

tion [7]), is expected to allow the production of GeV electron beams. Two scenarios are envis-

aged for reaching these energies. The first one consists of operating in the strongly nonlinear

regime with high laser amplitudes (a0 ≫ 1) and small acceleration lengths (mm). Numeri-

cal simulations have shown that in this regime, near-GeV energies can be attained in a single

stage device [8]. In the second scenario, an electron bunch of some MeVs created in a first
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stage is injected into the wakefield of a moderate amplitude laser (a0 ≃ 1) and accelerated

over distances of some centimeters [9-11]. The weakly nonlinear nature of the interaction in

this second scheme could permit to obtain stable operation conditions, avoiding wave break-

ing, strong self-focusing and the onset of microscopic instabilities. We study in this paper this

second approach to get GeV electrons.

In the linear response approach, cold fluid equations, i.e. continuity equation, momentum

equation and Poisson’s equation, are solved to obtain the wake potential induced by the laser

ponderomotive force. Assumingγp ≫ 1 (with γp the relativistic factor corresponding to the

wake velocity) and that the detuning lengthLd ≈ γ2
pλp is much larger than the acceleration

lengthLa = 2LRayleigh, the maximum and minimum final energy for a bunch of lengthLb = λp

are respectively given by[12]
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γ0 the injection relativistic factor andtR the Rayleigh time. For a bunch of electrons uniformly

distributed in a wake period[0,2π], the fraction of trapped particlesftrappedand the final length

L f of the bunch are given by

ftrapped≈
2arccos(y)

2π
, kpL f ≈ arccos(−1+y)−

π
2

. (2)
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Figure 1: Nonlinear (dots) and linear (curves)

results for the finalγ vs. initial γ for a0 = 0.85

In the weakly nonlinear regime (a0 < 1),

linear model predictions are in well agree-

ment with nonlinear numerical results ob-

tained with the code WAKE [13]. This can

be seen in figure 1, that shows both the linear

and nonlinear results forγ f as a function of

the injectionγ. The laser amplitude isa0 =

0.85. The laser wavelength isλ0 = 0.8 µm,

the pulse duration 30 fs, the laser energy

and power 7.5 J and 0.25 PW respectively.

The pulse focal spot isw0 = 100 µm. Wide

pulses are needed to get large acceleration

length without guiding. Test electrons are injected atz= −zR and extracted atz= zR (acceler-

ation length isLa = 2LR≈ 8 cm). The relativistic factor of the laser pulse isγp = ω0/ωp = 125.
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Test electrons are uniformly distributed in the second wakeperiod (kpLb = 1), with a bunch

radius ofkpσb = 2. As can be seen in figure 1, electrons are trapped and accelerated by the

wake electric field only forγ0 > 6 (3 MeV). In the neighborhood of this value, the band-

width is very small, while for larger injection energies thebeam becomes less monoener-

getic. Particles fill in the area betweenγmax+
f andγmin

f , due to the finite initial bunch radius.
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Figure 2: Nonlinear (dots) and linear (curves)

results for finalγ versus initialγ for a0 = 1.72.

For higher laser amplitudes, nonlinear ef-

fects become significant. The main effect

is the change in the wake velocity due to

adiabatic shifting of the plasma frequency.

For a0 = 1.72, the effective relativistic fac-

tor at t = −tR is γe f f
p ≈ 60, well below the

linear phase velocityγp = 125. As γp be-

comes smaller, the assumptionγp ≫ 1 be-

comes poorer. Figure 2 shows finalγ vs. in-

jectionγ. Laser power and maximum inten-

sity are 30 J and 1 PW respectively. As can

be seen, minimal energy predicted by the

linear model overestimates the numerical result. On the other hand, close to the minimum

for trapping, energy spread of extracted bunches is small.

Analytical expressions and numerical calculations show that Petawatt lasers will permit the

production of high quality GeV bunches in a two-stage device. The use of a homogeneous

plasma rather than a plasma channel [10, 11] has the advantage of simplicity regarding the

practical implementation of a two-stage scheme. In summary, best beam qualities, i.e. smallest

bandwidths and emittances, are obtained with low injectionenergies, even when the initial

bunch length is as large as the plasma wavelength. Hence, conventional RF injectors appears to

be suited for the first stage of such an accelerator. On the other hand, in the present scheme, the

bunch charge is limited by constraints on focusing. For charges of some tenths of nC, focusing

of the low energy bunches to radii smaller thanw0 = 100 µm is prevented by space charge

effects. Production of GeV-nC bunches would require the useof higher injection energies (to

avoid space charge effect in the focusing) and shorter bunches such as≪ λp, in order to keep

the beam monoenergetic. Bunches with the required properties are currently produced by laser

wakefield acceleration [6]. Therefore, the use of laser-plasma acceleration in the first stage

appears to be beneficial to the production of highly charged bunches.

Simple estimations derived in the linear response framework are in good agreement with
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nonlinear numerical simulations. The relativistic shift of the plasma frequency is the only

nonlinear effect that plays a significant role in determining the properties of the extracted

beam. Its main effect is to reduce the final beam energy and to increase the energy spread.

Acknowledgments:

Support of the European Community Research InfrastructureActivity under the FP6 Struc-

turing the European Research Area program (CARE, contract number RII3-CT-2003-506395)

is acknowledge.

References

[1] V. Malka et al,. Science298, 1596 (2002)

[2] D. Umstadter, S.-Y. Chen, A. Maksimchuk, G. Mourou and R.Wagner, Science273, 472

(1996)

[3] F. Amiranoff et al, Phys. Rev. Lett.81, 995 (1998)

[4] M. Everettet al, Nature368527 (1994)

[5] M. Xie, T. Tajima, R. Yokoya and S. Chattopadhyay inAdvanced Accelerator Concepts,

ed. by S. Chattopadhyay, J. McCullough and P. Dahl (AIP Press, New York, 1997), p.

233.

[6] J. Faure, Y. Glinec, A. Pukhov, S. Kiselev, S. Gordienko,E. Lefebvre, J.-P. Rousseau, F.

Burgy and V. Malka, Nature431, 541 (2004)

[7] M. Aoyama, K. Yamakawa, Y. Akahane, J. Ma, N. Inoue, H. Ueda, H. Kiriyama,28,

1594 (2003)

[8] A. Pukhovet al, Plasma Phys. Control. Fusion46, B179 (2004)

[9] L. M. Gorbunov, S. Yu. Kalmykov and P. Mora, Phys. Plasmas12, 033101 (2005)

[10] D.F Gordon, R. F. Hubbard, J. H. Cooley, B. Hafizi, A. Tingand P. Sprangle, Phys. Rev.

E 71, 026404 (2005)

[11] A.J.W. Reitsma, R.M. Trines and V.V. Goloviznin, IEEE Trans. Plasma Sci.28, 1156

(2000)

[12] A.F. Lifschiz, J. Faure, V. Malka and P. Mora, Phys. Plasmas in press.

[13] P. Mora and T.M. Antonsen, Phys. Plasma4, 217 (1997)

32nd EPS 2005; A.Lifschitz et al. : Laser wakefield acceleration of electron bunches in the mildly nonlinear r... 4 of 4


