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The effect of radiation damping on the interaction of an ultra-intense laser pulse with an overdense plasma

is studied via relativistic particle-in-cell simulation. The calculation is performed for a Cu solid slab including

ionization. We find a strong effect from radiation damping on the electron energy cut-off at about 150 MeV

and on the absorption of a laser pulse with an intensity /=5*1022 W/cm2 and duration of 20 fs. Hot electrons

reradiate more then 10% of the laser energy during the laser pulse. With the laser intensity, the energy loss

due to the radiation damping increases as f. In addition, we observe that the laser pulse may not propagate

in the plasma even if a\,2lo?y<\. The increase of skin depth with the laser intensity due to relativistic effects

gives rise to the absorption efficiency.
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1. Introduction

The recently found low-emittance ion acceleration from short-pulse laser irradiated plasmas [1-5] has

become one of the most important applications of CPA lasers. Even at relatively low laser intensity 7=5xl019

W/cm2, the ion energy exceeded £=0.5 GeV [5]. Following the existing models [1-3], with a laser intensity

of over 1022 W/cm2 one can expect an ion energy higher than 10 GeV with the increase going as I112.

However, new physical processes arising due to relativistic effects should be taken into account.

Radiation damping can become important at laser intensities over 1022 W/cm2 corresponding to a laser

amplitude of ao=eEo/mca>>\00. Since the energy of a free electron in the laser field can be as high as

e~ao2/2, the radiation damping force can be comparable with the Lorentz force [6] at

„ l
5 ~ — - > 1, a0

me 2mc
with &>the laser frequency. However in the plane wave, the radiation damping (RD) is very small because an

electron accelerated by the wave mainly scatters the laser light. Asymptotically, the RD force has the

following form [6],

f ^ r \
me

In the plane wave, Ey=Hz so that/=O. In overdense plasmas of multiply charged ions with (Op2/ct/)(>l, which

is opaque for the laser light, the strong electrostatic field produced by the laser pulse can accelerate plasma

electrons up to ultra relativistic energies in the direction counter to the laser light propagation. This may
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cause strong radiation damping affecting the electron energy distribution and ion acceleration. Moreover, the

laser light coming into the plasma is not a simple plane wave, and the force/can be very strong.

In the present work, we perform relativistic particle-in-cell simulations including the radiation damping.

We use a proper representation for the RD force to avoid unphysical acceleration. Also, we perform

calculations of the laser pulse propagation in overdense plasmas to understand the high rate, -60%, of

relativistic resonance absorption [7] at ultra-high laser intensity.

2. Radiation damping in the relativistic case

Rapid growth of the Larmor radiation with the laser intensity breaks the common approximation already at

IX 2=2xl021 W jom2/cm 2. This threshold is supposed to be achieved soon. Applicability of Taylor expansion

for the radiation damping is correct when e3Ey/m2c'i«l [6], while the damping force is larger than the

Lorentz force i.e. e3E//m2c*>l. If y> 1, these conditions are achievable. We can estimate the maximal

energy, £̂ ax of an electron upon the laser radiation. We use the solution for single electron motion in the

plane wave putting the initial velocity to zero.

I uY = -Asin(r + x)
*Y

• = yi +u\ + [ Asin(r + x)f

with A = eA/mca),p = mcu, r = cut,x = tax / c, A is the amplitude of the electromagnetic wave. Then, the RD

condition,

2(eEV
c i 1

SE
7 T p 6 g 4 = 1 .

m c Kmco)J m c co

gives the laser intensity of

An 4;rv e1 )

To derive the equation of motion we have to use the relativistic equation including the radiation damping

which is

dul e a i
me = — F u^ + g

ds c
where F*k electromagnetic tensor, g"the radiation damping force

3c V ds2 ds2 )

To avoid self-acceleration, g% is expressed through the electromagnetic fields [6],

- no -



JAERI-Conf 2001-011

2 -AExH+-Hx{vxH) + -i
3m c

The third term is the largest. However, at v=c

2eA

— r i
3m c

\{E + lvxH)2-^(yEf

for the plane wave Ey=Hz, Ez=-Hy and/=0. This means that the radiation damping of a free electron accelerated

by the plane wave is negligibly small. However, the laser field in plasmas differs from the plane wave. Besides,

hot electrons accelerated by the plasma electrostatic field can propagate counter to the laser pulse.

3. Relativistic particle-in-cell simulation including radiation damping

We carry out a relativistic ID particle-in-cell simulation for a Cu slab irradiated by a laser pulse including

plasma ionization and radiation damping. The laser intensity is varied from (1-5) 1022 W/cm2, A=0.8 îm, the

pulse duration is 20 fs. The prepulse effect is included through the initial condition.

The absorption rate of a Cu plasma with a prepulse is shown in Fig. 1. The total absorption rate is pretty

high at about 60%. 10% of the laser energy is converted to ion kinetic energy. The absorption rate when the
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Fig. 1 Temporal evolution of the absorption rate in a Cu plasma with (RD) and without (no RD) radiation damping.
Fig. 2 Hot electron distribution in a Cu plasma with and without radiation damping (no prepulse).

is included increases while the energy in the plasma decreases. This means that hot electrons reradiate about

20% of the total laser energy during the laser pulse. We observe a decrease in the energy cut-off as a result

of the RD. During randomization, the hot electrons, accelerated by the plasma electrostatic field, moving

counter to the laser pulse brake due to the RD.
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In the non-relativistic case, the pulse can propagate if the energy acquired by electrons is less than the

energy of the laser field Ncemia = ^j - ^EH = — ^l • ̂ n*s lea(*s t o t n e well-known relation determining

the laser pulse propagation - a^\/co<\. In the ultra-relativistic case

so that 6)p\/a)<(2)m. However, the skin depth is no longer l=c/a)p\ since the acceleration length (length over

which the electron needs to be accelerated to the maximal energy) can be greater. The temporal evolution of

a relativistic laser pulse in a plasma with o\\la>=3 is presented. The cessation of laser propagation at /~3A, in

spite of o)pi/(O^l2-l/l0, is clearly seen. Strong electric and magnetic fields appear in the vicinity of the

turning point. We attribute this field with conversion of the laser pulse to an intense soliton.

x100

2 4 6
Distance [urn]

2 -

ao
.i. o
T3

I-

-4

1 1

1

1 i • i •

Cm-1/50 t -80 .

I . I .

- 2
a
(D

0 73
A
o
a*

2 4 6
Distance [nm]

Fig. 2 Spatial distribution of electric and magnetic fields in a plasma irradiated by an intense laser pulse.

W/cm2,1=0.8 mm, pulse duration 20 fs.

4. Conclusion

We observed the strong effect of radiation damping on the interaction of an ultra-relativistic laser pulse with

overdense plasmas via relativistic particle-in-cell simulation. We found that the radiation damping depresses

the maximal energy of hot electrons and emitted ions at a laser irradiance of over 5xl021 W iim2/cm2. We

found that the relativistic penetration of the laser pulse into overdense plasmas along with the relativistic

resonance absorption leads to an absorption rate of over 60%.

References

[1] A. Zhidkov, S. Sasaki, and T. Tajima et al, Phys. Rev. E60, 3273 (1999)

[2] M. Yamagiwa, J. Koga, L.N. Tsintsadze, Y. Ueshima et al, Phys. Rev. E60, 5987 (1999)

[3] A. Zhidkov, S. Sasaki, and T. Tajima, Phys. Rev. E6_i, R2224 (2000)

[4] S. P. Hatchett, C.G. Brown, T.E. Cowan et al., Phys. Plasmas 7, 2076 (2000)

[5] E.L. Clark, K. Krushelnick, M. Zepf et al., Phys. Rev. Lett. 85, 1654 (2000)

[6] L.D. Landau, E.M. Lifshits, The Classical Theory of Fields ( Pergamon,1994 )

[7] A. Zhidkov, A. Sasaki, T. Utsumi et al, Phys. Rev. E62, 7232 (2000)

112 -


