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Over the past ten years a revolution has occurred in our ability to produce high-peak-power
pulses (Fig. 1). Ten years ago, tabletop-size lasers could generate only gigawatt power. Today,
the same size system can produce at least a thousand times this power, i.e., terawatt. This
dramatic advance has been due to the technique of Chirped Pulse Amplification (CPA)! and our
ability to produce short pulses.2 Once focused, intensities over 1013 W/cm? can easily be
achieved (Fig. 2). At these intensities the electron quiver velocity is close to the speed of light
and the electron mass changes periodically in the field of the laser. This relativistic optical
regime opens novel and attractive opportunities, particularly in the field of laser plasma
accelerators.

In 1979, T. Tajima and J. M. Dawson proposed a plasma-based accelerator concept called
wakefield accelerator.3 In this concept, a very intense pulse propagates into a subcritical-density
plasma to create a large plasma wave in its wake. The electrostatic gradient associated with the
wave is very large. For the TableTop Terawatt Laser (T3) the magnitude of this gradient is of the
order of 20 GV/m, that is, 1(? times greater than the gradient obtained by conventional
methods.# It is important to note that this technique is similar to the Beat Wave Accelerator,?
where instead of using one pulse to create the plasma, a series of pulses generated by beating two
waves is used. The difference frequency is set to be equal to the plasma frequency which can be
adjusted by changing the plasma density. This concept has, however, a limitation. As the
electrons get accelerated their mass changes, so the interval between the pulses needs to be
readjusted in order for the particles to stay in phase with the plasma wave. This condition cannot
be met with the beat wave, where the pulse separation is rigidly fixed. To accommodate for the
relativistic detuning a third concept, Resonantly Laser Driven Plasma Accelerator (RLPA), was
proposed by D. Umstadter and E. Esarey,3 with the plasma wave this time driven by a series of
pulses, where the distance between the pulses changes to take into account the change in the
plasma frequency due to the increase in the electron mass. RLPA leads to a much-improved
efficiency.’

Another important consideration for laser accelerators is the average current or power. For a
tera-electron-volt-size accelerator the average power is in the 10-kW range. The laser average
power of current CPA systems is in the 1-W range. To be competitive with existing technology,
laser power in the kilowatt range will have to become available.

We can at this point list the desired characteristics for a laser driver compatible with the
acceleration of electrons in the tera-electron-volt range:
1. Intensities greater than 1018 W/cm? over a large spot size, typically greater than 50 pm,
corresponding to several plasma wavelengths to avoid diffraction (1-D regime).
2. Adjustable pulse duration from 50 fs to 500 fs for optimum performance.
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3. Pulse shaping capability. To avoid relativistic detuning, a sequence of pulses will drive the
plasma. Both pulse duration and separation will have to be adjusted with femtosecond
accuracy.

4. High average power greater than 1 kW.

5. Low cost. For high-average-power, tera-electron-volt, multiple synchronized beams, as
many as 1000 could be required.

We will in the following section discuss these different points essential to the construction
of a compact laser wakefield accelerator.

Ultrahigh Intensity

The concept of Chirped Pulse Amplification is described in Fig. 4. A good energy storage
material, i.e., with a small transition cross section and wide bandwidth, is used to amplify a
short-duration seed pulse. In order to circumvent the nonlinear effects taking place in the optical
elements i.e., small-scale self-focusing as the pulse is amplified, the pulse is stretched 103 to 104
times, reducing the intensity by 103 to 10 without changing the input fluence (J/cm?). At this
point the pulse can be amplified and efficiently extract the energy stored in the amplifying medium.
After the energy is fully extracted the pulse is compressed to its initial value. The concept has been
shown up to 80 TWS and further extension up to the petawatt’ will be demonstrated in the near
future. Although a large improvement in peak power has been shown (see Fig. 1) over the last
few years, we are still far from the ultimate peak power level of good energy storage materials like
Ti:sapphire, alexandrite, Nd:glasses, and LiSAF. The theoretical peak power is given by the ratio
between the saturation fluence over the reciprocal gain bandwidth Pyp=2Fga;. Du, where, Fsat is the
saturation fluence and Du is the gain bandwidth at half maximum. This value corresponds to the
Rabi intensity to produce haif-Rabi oscillation in these materials. These intensities are expressed
below for beam size of a cm?, for different amplifying media:

Nd:phosphate Ph= 60 TW/cm?
Nd:silicate Pn= 100 TW/cm2
Nd:glass combination ~ Py = 400 TW/cm?
Alexandrite P = 2000 TW/cm?2
Ti:sapphire Pim= 120 TW/cm?

The saturation fluence of these materials being of the order of 0.5J/cm? (Ti:sapphire) to 10
J/cm? (alexandrite), to prevent optical damage8, the pulse will have to be stretched from 10 fs to
greater than 1 ns, i.e., greater than 105 times. This expansion and compression ratio is more than
10 times what can be accomplished today. In the initial CPA work,! a fiber was used to stretch
and a grating pair to compress. Because the stretcher and compressor were not matched, the
expansion compression was limited to about hundred. It was realized afterward that a grating-

based compressor proposed by O. Martinez? for the compression of siretched pulses at 1500 nm,
i.e., in the negative group velocity dispersion of fiber, was matched with the grating compressor

over all orders. Stretching/compression of a few thousand was demonstrated.10 This system now
is used in all CPA amplifying systems.1! For very short pulse amplificaion, further
improvements on the basic system were done by C. Barty !2 and by Mumane and Kapteyn.!3 To
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reach the theoretical peak power limit, a 105 time stretcher compressor system matched over all
orders will have to be demonstrated and deployed. Important work in this area are being done by
M. White et al.!4 and S. Kane et al. 15

Adjustable Pulse Duration for Optimum Performance

In wakefield acceleration it is important that the pulse duration be of the order of the plasma
period. It also determines the bucket structure where the electrons can be trapped and
accelerated. The number of buckets is a function of how quickly the plasma wave can be
damped. The optimum pulse duration is found!® to be of the order of 100 fs and must be
adjustable. It is one of the great features of CPA to permit the continuous variation of the pulse
duration from femtoseconds to nanoseconds by a simple change in the compression grating
distance, keeping all other parameters—energy, pulse bandwidth, beam quality—constant.

Pulse Shaping Capability

As discussed by D. Umstadter and Esarey, 5 it is more efficient to excite the plasma wave
with a series of pulses in a prescribed sequence than with a single pulse. It is therefore essential
to have pulse-shaping capability. This can be easily obtained using a pulse stacker approach,
where the main beam is split in several beams which are then delayed with respect to each other
and recombined. A more sophisticated approach consists of filtering in phase and amplitude, in
the Fourier plane of the stretcher, the pulse Fourier components.!7 Figure 5 shows some of the
results obtained by using this technique.

High Average Power

High beam current will require a high-average-power laser. Current systems that provide
intensities in the 1018-W/cm? range have average power of the order of one watt,18 i.e., 100 mJ at
10 Hz,19 or 1 J at 1 Hz.20 High-energy physics requires high average power in the range of 100
kW. For laser-to-electron-beam efficiency of the order of 10%, average laser power of the order
of 10 kW will be necessary . Average power of the order of 50 W/cm? of optical amplifier has
been demonstrated for laser-diode-pumped Nd:glass.21 A 10-kW-average-power laser,
Nd:glasses, could be built with only 400 co® of Nd:glasses. To be efficient the laser will be
continuously puraped at a repetition rate roughly equal to 1/Tf , corresponding to 1 kHz for
Nd:glasses. The average energy per pulse will therefore be of the order of 10 J with a pulse width
of 100 fs, i.e., a peak power of 100 TW. If we mix Nd:glasses to increase the gain bandwidth,
pulses as short as 30 fs could be produced. The overall characteristics of the system will be 100
TW at 1 kHz. It is also possible for this application to have several regenerative amplifiers as
shown in Fig. 6. Each regenerative amplifier will excite a different plasma cell. A tera-electron-
volt-class wakefield accelerator could involve as many as 1000 _plasma cells. Each plasma cell
will be of the order of a centimeter. The overall accelerator length will be of the order of 10 to
100 m for a beam size of the order of 1 cm. The level of complexity of such a system will be less
than the large MJ fusion laser with 280 beams where each beam is 60 cm in diameter.
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Low Cost

The system could be quite economical. Nd:glass is inexpensive and well understood. The
cost of a laser diode will decline in the near future. The system of choice will rely on large
regenerative amplifiers capable of producing 10-J pulses at 1 kHz. Similar technology has been
demonstrated in laser fusion, where large regenerative amplifiers involving large-aperture
Pockels cells with transparent plasma electrodes are used for injection and cavity dumping.

Conclusion

From a laser point of view, the laser wakefield accelerator seems to be doable. Large peak
power and large intensities can be produced to excite the plasma waves. The optimum duration
of the order of 100 fs can be achieved with a combination of Nd:glasses. The pulse shape can be
optimized to a series of pulses in order to resonaritly excite the plasma wave as proposed by D.
Umstadter and E. Esarey. The laser system could be laser-diode-pumped Nd:glass and have an
average power of 10 kW. With an efficiency of about 10% the electrical power will be of the
order of 100 kW. With a few joules per pulse, gradients of 20 GeV/m could be produced. Such a
system will be of the order of 100 m in length and could accelerate about 100 electrons uptoa a
fraction of a tera-electron-volt.
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