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Abstract

The idea to convert an electron collider into a high en-
ergy photon collider has existed for several decades [1].
A key technological limitation to realizing this idea is the
need to create a large amount of laser power to drive the
Compton back-scattering. A concept to reduce the required
laser power using a recirculating cavity [2, 3] has been pro-
posed. We describe a concept for a laser architecture that
could drive such a cavity.

INTRODUCTION

A laser system to drive a resonant stacking cavity for the
Gamma-Gamma Collider should meet the following output
requirements:

• Pulse energy of 30 mJ, pulse duration 1 ps (FWHM),
wavelength of≈ 1µm

• Trains of≈ 3000 pulses at 2-3 MHz (300-400 ns sep-
aration) with uniform energy

• Pulse trains at 5 Hz

• Near-diffraction-limited focusability

• Controllable polarization

• Spatial and temporal fidelity to drive the resonant cav-
ity with minimal loss

The main challenge on the laser side will be reaching
the required average power (≈kW) and short pulse dura-
tion while maintaining spatial and temporal pulse fidelity
through the amplification process. Gain saturation, disper-
sion, nonlinear effects, optical inhomogeneities, and ther-
mal effects must all be controlled in a way to allow coherent
addition of successive pulses in the resonant cavity.

The initial concept for such a laser, shown in Fig-
ure 1, is based on conventional chirped-pulse amplifica-
tion (CPA) [4]. After generation in a short-pulse (<ps)
oscillator, the laser pulses are stretched to approximately
1 ns before amplification. Acoustic-optic and electro-optic
modulators are used to produce the required pulse train for-
mat. Amplification is achieved in a series of single or mul-
tipass amplifiers, which must be configured to minimize
nonlinear, gain, and thermal effects. After amplification,
the pulses are temporally compressed back to the ps range,
before injection into the stacking cavity.

∗This work performed under the auspices of the U.S. Department of
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Figure 1. Block diagram of initial concept for laser system. 
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Figure 1: Block diagram of initial concept for the laser sys-
tem.

Laser systems that can produce uniform energy across
the≈ms pulse train have been demonstrated up to the 100
µJ level [5, 6]. These systems were frequency converted
and used to drive a photocathode, but not injected into a
resonant ring cavity. This level of amplification is des-
ignated by the low-energy amplifiers in Figure 1. The
medium-energy amplifiers will boost the energy to the few-
mJ level. This is where nonlinear and thermal effects be-
come increasingly important, and is a good level at which
to demonstrate an initial system capability. Thermal, non-
linear, and gain saturation effects will be major issues in
the main amplifiers. This is where the majority of the laser
system design effort will occur.

DESCRIPTION OF SYSTEM
COMPONENTS

Oscillator

The oscillator will create the short (<ps) pulses that will
be amplified through the rest of the laser system. There are
many types of short-pulse oscillators, ranging from fiber-
based to high-average-power bulk systems. The choice of
gain material will be driven by the main amplifiers, and
the oscillator will need to produce pulses within this gain
bandwidth. For coherent addition in the resonant cavity
the oscillator must operate at some multiple of the cavity
frequency, and the carrier envelope phase (CEP) of the os-
cillator pulses must be locked (constant). CEP-locked os-
cillators operating at 75-100 MHz and 800 nm are commer-
cially available [7]. There are also extended-cavity oscilla-
tors that operate down to 2 MHz [8], but have not been
CEP-locked. The best choice for stability is probably a



shorter cavity that operates at≈100 MHz. The repetition
rate can be locked to a multiple of the 2-3 MHz cavity fre-
quency, and pulses selected at 2-3 MHz from the 100 MHz
train by an acoustic-optic deflector. The pulse energy lost
by choosing a higher repetition-rate oscillator can be made
up by a CW-pumped fiber or bulk amplifier.

Pulse stretcher

Before amplification, the laser pulses from the oscillator
need to be stretched to approximately 1 ns to avoid nonlin-
ear effects in the amplifiers and other transmissive optics.
This level of stretching can be easily reached by many dif-
ferent designs of pulse stretchers. One important aspect
of the stretcher is that it must be extremely stable against
beam pointing jitter that will lead to phase noise and re-
duced efficiency in the resonant cavity.

CW-pumped amplifiers

As much amplification as practical should be produced
in CW-pumped amplifiers, where each pulse will see the
same temporal and spatial gain profile. This can be
achieved up to the 10-Watt level (few uJ pulses at 2-3 MHz)
in a combination of diode-pumped fiber and bulk ampli-
fiers.

Pulse selector

After reaching a practical average power limit in the CW
amplifiers, the duty cycle will need to be reduced before
further amplification. An electro-optic modulator (Pockels
cell) will be used to carve out the≈3000 pulse trains at
5 Hz. Some pulse train shaping may be necessary at this
point to achieve uniform output energies.

Amplification

The gain medium for the main amplifiers must support
the required bandwidth, have a reasonable gain cross sec-
tion, and produce minimal thermal distortion. The gain
medium for the earlier amplifiers does not necessarily have
to be the same, but it must have sufficient bandwidth and
match the wavelength of the main amplifiers. Regenera-
tive amplifiers with cavity lengths of 1-3 m are typically
used to produce high gain (109) and excellent beam quality.
With our requirement for≈1 ms pulse trains, a regenerative
amplifier is not practical and a series of single- or multi-
pass amplifiers will be needed. In order to maintain beam
quality and reduce pointing jitter, the pulses will be relay-
imaged and spatially filtered between stages. An analysis
will need to be made to determine the optimum spatial pro-
file at each stage typically either Gaussian or flat-top.

Low-energy amplifiers

The low-energy amplifiers will increase the energy from
theµJ level to the 100µJ range. Similar systems exist to-
day for driving photocathodes. The TTF system [6] pro-

duces uniform trains of 2400 micropulses at 3 MHz in the
train (800µs total length). The Nd:YLF gain medium re-
sults in a pulse duration of 11 ps FWHM and the pulses are
not required to be phase-stabilized for injection into a res-
onant cavity. Micropulse energy of 140µJ at 1047 nm is
generated at 10 Hz. Timing of the flashlamp pulse is used
to control the temporal gain profile and produce uniform-
energy pulse trains. This system demonstrates feasibility
of producing uniform gain at the 100-µJ level.

Medium-energy amplifiers

The medium-energy amplifiers will boost the energy to
the mJ range. With average power in the 20-W range, ther-
mal effects will become increasingly important. As the ir-
radiance increases to the GW/cm2 range, nonlinear phase
accumulation (B-integral) will also come into play. This is
a good level for an initial demonstration of a scaled-down
laser system coupled into a resonant cavity.

Main amplifiers

The biggest challenge in the laser system will be in the
design and operation of the main amplifiers. The aver-
age power will be increased to 0.8-1 kW as the pulses are
amplified to the 50-mJ level. This must be accomplished
while minimizing nonlinear and thermal effects, and main-
taining excellent beam quality. New laser materials, such
as ceramics made from sesquioxides (Y2O3, Lu2O3) and
oxyorthosilicates (LSO, YSO, LYSO), should be investi-
gated to provide the required emission bandwidth along
with high thermal conductivity. The Mercury Laser [9] at
LLNL uses He gas cooling of Yb:S-FAP laser slabs in its
main amplifiers to produce 65 J pulses at 10 Hz. This is
on the same order average power required for the Gamma-
Gamma Collider laser system, although both Mercury and
HALNA [10] are designed for only five-times diffraction-
limited beam quality. Spreading the energy into pulse trains
will greatly reduce the optical damage risks and nonlinear
effects compared single high-energy pulses. Of great con-
cern will be the changing thermal profile during the pulse
train amplification. This will lead to changes in refractive
index and consequently phase variations spatially across
the beams and temporally through the pulse train. The
magnitudes of these variations that still permit coherent ad-
dition in the resonator cavity need to be understood.

Pulse compressor

After amplification, the laser pulses must be temporally
compressed from 1 ns back down to 1 ps. This can be
accomplished in a conventional pulse compressor incor-
porating multilayer dielectric diffraction gratings. These
gratings exhibit high efficiency (> 98%) and high damage
threshold (> 3J/cm2 @ 1 ps) at 1µm wavelength [11],
and have been shown to handle average power densities of
2 kW/cm2 [12] without thermal distortion.



FURTHER DESIGN STUDIES

Numerous questions need to be answered in designing
the Gamma-Gamma Collider laser system. A comprehen-
sive model should be developed to investigate how the non-
linear, thermal, pointing, and gain effects affect the ability
to coherently add the pulses in the resonant cavity. Con-
trol points and feedback loops need to be identified and
designed. A full 4D spatial/temporal model is desired, but
much insight can be gained from a simple 2D calculation.
Some of the questions include:

1) How does a changing thermal distribution affect the
coherent addition of pulses? Is there a maximum allow-
able rate of change in temperature? 2) How does nonlin-
ear phase accumulation across the beam affect the resonant
cavity? Is B-integral a concern in changing the pulse tem-
poral shape? 3) How does gain saturation affect coherent
addition? Must all pulses see the same gain? 4) Should the
injected pulses have a Gaussian or top-hat spatial profile?
5) What gain material is optimal? 6) What type of laser
oscillator should be used? 7) Where are the control points
to maintain resonance?

CONCLUSIONS

The basic technology to create a laser pulse train of the
correct energy and timing to drive a recirculating cavity for
the Gamma-gamma collider exists. Further work is needed
to quantify the tolerances required for the laser system so
that it can successfully drive the recirculating cavity. Work
toward this goal is currently on-going.
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