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Introduction

Several experiments have reported the production of positrons using inteh8&{V cm—2)
laser beams [1, 2, 3, 4]. In all cases, the laser was used to accelerate electrons, which subse-
guently initiated an electromagnetic cascade in a foil made of Bignget material. The highest
yield achieved so far is roughly 3bpositrons per laser pulse, which represents a small fraction
(10-*-107°) of the laser pulse energy. Much higher efficiencies are predicted for laser beams
in which the electric field approaches the Schwinger valyg = 1.3 x 108V m~1, which is
achieved at a laser intensity of roughly?2@ cm~2. However, even though this effect may be
observable already at an intensity o3/ cm~2[5], it is unlikely to be realizable in the near
future.

Here and in a companion paper (Arka et al, these proceedings) we report on an alternative
technique that may enable the conversion of a substantial fraction of the pulse energy into
pairs at an intensity of around 3W cm~2 [6, 7]. The technique is a three-step process: First,
counter-propagating laser beams accelerate electrons in an under-dense plasma to several hun-
dred MeV. These particles then radiate photons of comparable energy by non-linear Compton
scattering of the laser photons. ThelO0MeV photons then pair create by non-linear interac-
tion with the laser photons. Steps two and three of this sequence have been studied in experi-
ments at SLAC [8]. However, when all three steps operate in the focus of the laser beams, the
number of pairs may grow exponentially and saturate only when a substantial fraction of the

laser pulse energy has been converted into gamma-rays and pairs.

Electron acceleration
The classical trajectory of an electron picked up at rest by a linearly polarized vacuum wave
is periodic in a reference frame that moves at speggt = ca?/(a® + 4) in the direction of

propagation of the wave, wheads the Lorentz invariant strength parameter:
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Eo is the amplitude of the electric field of the wawgyserits frequencyA,m its wavelength in

microns and., is the laser intensity in units of #6W cm~2. In this frame (th&Zero Momentum
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Frameé the electron executes the well-know figure-of-eight orbit with Lorentz factor roughly

equal toa, if the wave is strongg > 1). The radiation it emits is determined by the value of

the Lorentz invariant parameter= ,/(dp#/dr)(dp,/dt)/mc wherepH = (ymc, p) is the
electron four-momentum, andthe proper time. In terms of the fields at the position of the
particle

1 = (€ punee ey @
whereu = p/p, B = p/ymg andE | is the component dE perpendicular tqu. For a particle
picked up at rest) oscillates between the values 0 dfgf Eqyit = 2.1 x 1O—3I21£2.

This relatively low value of

n can be attributed to the re-
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Figure 1: Trajectory of an electron picked up at
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cause the trajectories are stron .
) gl?[he electron is accelerated to a Lorentz factoyet a =

influenced by radiation reaction . . . . . .
y 320, but radiation reaction aligns its trajectory with the lo-

| :
[6], and partly because countercal field, resulting im < 0.4
propagating beams lead to much

more complex trajectories [7]. An example of such a trajectory is shown in figure 1.

Gamma-ray emission and pair-creation

In a strong wavea > 1 the coherence lengths and times associated with the processes of
gamma-ray production by an electron and pair production by a gamma-ray are very short com-
pared to the laser wavelength and period [9]. It is, therefore, a good approximation to treat the

electromagnetic fields as constant during the interaction. Then, rather than non-linear Compton
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scattering and multi-photon Breit-Wheeler pair productithe processes are more appropri-
ately called synchrotron radiation and single-photon pair production in a static field.
In the classical if < 1), synchrotron & > 1)

y-ray spectrum, 1,,=0.14 regime, the characteristic photon energy is

hy =~ yszZEo/Ecrit = VzahVIaser
= 77515 A2 MeV 3)

log(vF,) MeV/electron

corresponding, for the trajectory shown in figure 1,

to 41 MeV. The spectrum of low frequency photons

log(v) MeV is of power-law type with intensity] v1/3. At fre-
quencies above the peak, the intensity cuts off ex-

Figure 2: Gamma-rays produced by an . .
ponentially. In the quantum regimg~ 1, where a

electron following the trajectory shown in ] o .
synchrotron photon carries off a significant fraction

figure 1. For a total pulse energy of 150J, . ) .
of the electron energy, the peak is shifted to slightly

roughly 102 such electrons would con- .
lower energies. The spectrum produced by an elec-

vert a substantial fraction of the laser en- . . o ]
tron following the trajectory shown in figure 1 is

ergy initially into~ 30MeV gamma—rays.shown in figure 2. The peak is at roughly 30MeV,
so that the classical estimate is reasonably accurate in this case.

Depending on the point at which they are emitted, and on their direction of propagation, these
photons may either escape from the laser beams without interaction, or may convert to pairs by
absorbing multiple laser photons, (i.e., single-photon pair production in the strong quasi-static
fields of the laser beams). The probability of this process is controlled by the photon equivalent
of the electron parameter defined in (2) (but conventionally with an additional factor of 2 in

the denominator). For a photon of eneguc, one estimates

X =~ €Eo/Egit

Inserting the energy of the synchrotron photons produced by laser-accelerated electrons in the

hv 2
o A laser
o~ ()
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classical regime this becomes

()

and one finds that the mean free path to conversion drops bglowvihen the laser intensity

exceeds roughly & 1073W cm~2 at a wavelength of one micron.



36th EPS 2009; J.G.Kirk et al. : Prolific pair production with next generation lasers 40f4

These estimates confirm that a pair avalanche can be expeatednter-propagating laser
beams with,4 ~ 1. Because the pairs are created in regions of strong field, they are accelerated
by the laser within a fraction of a laser period. Their number should, therefore, exponentiate
until they are numerous enough to deplete the beam energy. However, these estimates ignore
the effects of radiation reaction and do not take account of the geometry and polarization of
the laser beams. In our companion paper (Arka et al, these proceedings) we present detailed
results on the pair yield obtained by treating radiation reaction as a perturbation of the classical

electron orbit, and using realistic models for the geometry of the counter-propagating beams.
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