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Abstract

A Mono-energetic Gamma-ray (MEGa-ray) source,
based on Compton scattering of a high-intensity laser beam
off a highly relativistic electron beam, requires highly spe-
cialized laser systems. To minimize the bandwidth of the
«-ray beam, the scattering laser must have minimal band-
width, but also match the electron beam depth of focus
in length. This requires a ~1 J, 10 ps, fourier-transform-
limited laser system. Also required is a high-brightness
electron beam, best provided by a photoinjector. This elec-
tron source requires a second laser system with stringent
requirements on the beam including flat transverse and lon-
gitudinal profiles and fast rise times. Furthermore, these
systems must be synchronized to each other with ps-scale
accuracy. Using a novel hyper-dispersion compressor con-
figuration and advanced fiber amplifiers and diode-pumped
Nd:YAG amplifiers, we have designed laser systems that
meet these challenges for the X-band photoinjector and
Compton-scattering source being built at Lawrence Liver-
more National Laboratory.

INTRODUCTION

Tunable, narrow-bandwidth v-ray sources have the po-
tential to revolutionize nuclear physics in much the same
way that lasers revolutionized atomic physics, allowing sci-
entists to probe nuclei in a controlled manner over a broad
range of energies. One of the more popular means to gen-
erate such a source is through the Compton scattering pro-
cess: laser light scatters of a relativistic electron beam and
the scattered photons carry off a fraction of the electron
energy, emerging as y-rays. Several sources relying on
this technique have been demonstrated and used for nu-
clear experiments[1, 2, 3, 4], but all have relied on adapt-
ing a system designed for other purposes to accomdate the
Compton scattering process.

At Livermore, a Mono-energetic Gamma-ray (MEGa-
ray) source is under construction that has been designed
from the ground up to optimize the gamma-ray parame-
ters. This system is based on 11.424 GHz rf accelerator
technology generating a 250 MeV beam, with a 532 nm
laser scattering to produce ~ 2 MeV ~-rays[5]. Previ-
ous experience[6, 7] has demonstrated the feasibility of a
Compton-scattering source for nuclear resonance fluores-
cence (NRF) measurements, a process which can provide
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isotope-specific identification of material[8], and the sys-
tem currently being built has been designed to optimize
performance for this process. NRF lines are generally
found in the 0.5 — 3 MeV energy range, and have band-
widths on the order of 107 (~ 1 eV). Therefore, in design-
ing a source, it is important to maximize the photon flux in
the resonant bandwidth (photons/s/eV) while minimizing
the number of photons outside that bandwidth, which can
only contribute noise to the experimental measurement.

The energy of the scattered electron beam in a head-on
collision is given by

472
=— _F 1
T 202 4y W
where A\ is the laser wavelength, E; = % is the en-

ergy of the laser photon, v is the electron Lorentz factor,
Ae = 2 =2.426 x 10712 m is the Compton wavelength,
and 6 is the observation angle relative to the electron direc-
tion. The equation shows that, to minimize the bandwidth,
the laser bandwidth, electron energy spread, and electron
beam emittance must all be minimized. These requirement
drive the design parameters of the laser systems used for

the source.

PHOTOINJECTION DRIVE LASER

The energy spread of the electrons is driven mostly by
the variation in accelerating gradient during the length of
the bunch. With an 11.424 GHz accelerating field, this
means the bunch length must be keep at 2 ps or shorter
to keep the energy spread in the 0.2% range. To gener-
ate a high-charge, short bunch, we are using an X-band
photoinjector[9] which requires a driving laser. To mini-
mize the emittance of the electron beam at the output of
the gun, it’s important that this beam has a fast rise and
fall time and a uniform transverse profile, which requires
shaping of the laser pulse.

Pulse Amplification

Both the Photoinjection Drive Laser (PDL) and the Inter-
action Laser System (ILS) start with the same fiber oscilla-
tor. This oscillator produces 250 pJ, sub 100 fs, near trans-
form limited pulses at a 40.8 MHz repetition rate with a full
bandwidth from 1035 nm to 1068 nm. A 20 nm bandwidth
portion of the full spectrum centered at 1053 nm seeds the
PDL; a 1 nm portion bandwidth centered at 1064 nm seeds
the ILS (Fig. 1).
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Figure 1: Spectrum of oscillator and stretcher outputs,
showing the bandwidths used for the PDL and ILS lasers.

To avoid damage and nonlinear effects in the amplifying
medium, chirped-pulse amplification is used. The sub-ps
pulse from the oscillator is sent through an Offner pulse
stretcher which imparts a transmission delay that is a func-
tion of wavelength, resulting in a pulse that is ~3 ns long
with a commensurately lower peak intensity. The stretcher
output is then coupled back into a fiber with a 10% total
transmission efficiency, as shown in Fig. 1.

A series of 5 telecom-type preamplifiers increase the
pulse energy to 1 uJ at 10 kHz. Next, two bulk/hybrid
41 pm core photonic crystal fiber amps boost the pulse en-
ergy to 100 pJ. An 85 um core photonic crystal rod am-
plifier provides the final 10 dB of gain, resulting in a final
energy of 1 mJ, that should be compressable to a 214 fs
FWHM pulse.

Pulse Shaping

The amplified pulse is frequency converted to the fourth
harmonic, 261 nm, to overcome the work function of the
Cu photocathode. This pulse is then shaped in space and
time to generate the necessary uniform cylindrical distribu-
tion to illuminate the cathode.

Temporal shaping is provided by a hyper-Michelson
pulse stacker[10], in which a series of beamsplitters mul-
tiplies a single input pulse into 8 copies with a precisely
controllable spacing. This allows the 250 fs input pulse to
be converted into a 2 ps long pulse with a <200 fs rise time.
Using a waveplate and polarizer to recombine the pulses at
the end of the beamsplitter chain means no light is wasted,
and efficiency is limited only by the quality of the UV mir-
rors.

Spatial shaping is accomplished with a refractive beam
shaper, which redistributes light from the center of the in-
put gaussian distribution towards the outer edge (Fig. 2).
Transmission efficiency through the refractive shaper was
measured at 70%. A previous scheme, where a small aper-
ture was used to clip all but the centermost portion of the
beam, also produced a beam sufficient for cathode illumi-
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Figure 2: Top: Profiles before and after refractive beam
shaper. Left: before, Right: after. Bottom: Simulated emit-
tance growth of electron beam through X-band gun and first
accelerating section with starting distribution shown above

nation. This method was much simpler to implement, but
wasted 88% of the incoming laser pulse and so is very in-
efficient. Simulations of an electron beam in PARMELA,
with an initial spatial distribution matching that measured
using the refractive shaper, showed an emittance at the end
of the first section similar to that for a flat distribution (Fig.
2, bottom). The asymmetry observed in the emittance is
attributable to the asymmetry in the initial gaussian profile,
shown in Fig. 2, top.

INTERACTION LASER SYSTEM

To minimize the bandwidth of the ~-ray source, it’s im-
portant that the bandwidth of the interaction laser be mini-
mized. However, the interaction geometry must be kept in
mind; the laser will be focused to interact with the electron
beam. At distances z from the focal plane of the laser, the
1/€? intensity radius w of the beam increases according to

2 2
w(z) = woy |1+ (f) = O

where wy = w(0) corresponds to the laser focal size and z,
is known as the Rayleigh range. This increase in beam size
causes the photon density (and therefore the scattering rate)
to drop. For wy = 40 pm and A\ = 532 nm, z, corresponds
to an optimal interaction length of ~ 30 ps. Having a pulse
longer than this means part of the interaction will occur
away from the focus, so more laser energy per scattered
photon would be required. Since the pulse length and the
bandwidth of a laser pulse are inversely related, this ~10 ps
requirement limits how narrow the bandwidth can be.
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Figure 3: Comparison of the size of a standard (top) and
hyperdispersion (bottom) compressor with a dispersion of
6650 ps/nm.
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Figure 4: ILS pulse trace reconstructed from frequency re-
solved optical gating (FROG) pulse measurement showing
8.3 ps FHWM pulse length.

Hyperdispersion

Nd:YAG turns out to be an ideal material for building
the amplifier needed for the ILS, since it has been used for
decades to produce Joule-level pulses of a few ns in length
and has bandwidth sufficient to support a 10 ps pulse. How-
ever, stretching a 1 nm bandwidth pulse to 6 ns requires a
much larger dispersion than a conventional stretcher and
compressor can provide in a reasonable space. To create a
dispersion of 6000 ps/nm, a conventional stretcher would
require a grating separation of ~ 30 m. By cascading two
gratings in sequence, with matching incidence angles, the
dispersion can be significantly increased, allowing a table-
sized stretcher and compressor to successfully chirp a 1 nm
bandwidth laser to a few ns in length. Fig. 3 shows a com-
parison of the size of two compressors with equivalent dis-
persion of 6650 ps/nm (4000 ps?).This “hyperdispersion”
pulse stretcher has been demonstrated[11] to compress a
1 J laser pulse to 8.3 ps (Fig. 4).

Amplification

The stretched pulse is first amplified up to ~ 100 pJ in a
fiber front end that matches the first stages of the PDL am-
plifier. It is then sent into a bulk amplifier. The kW-class
diode pumped amplifier consists of two heads (Northrop
Grumman, REA series), each containing a 1 cm diameter,
14.6 cm long Nd: YAG rod. A gaussian to flattop refractive
shaper modifies the seed beam profile to optimally fill the
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amplifier rods, maximizing extraction efficiency and min-
imizing diffractive losses. The seed beam four-passes the
first amplifier head and double passes the second head pro-
ducing 1 J prior to compression. A deformable mirror com-
pensates for thermal lensing and low-order aberrations in
the amplifier. The beam is relay imaged throughout the sys-
tem to maintain beam quality and compensate for thermal
birefringence. To produce higher energy vy-rays, we will
frequency double the output pulse and generate ~200 mJ
at 532 nm.

CONCLUSIONS

Choosing the ultimate application of the MEGa-ray
source currently under construction at LLNL to be NRF
measurements leads to the requirement of minimal ~y-ray
bandwidth. This in turn leads to requirements of narrow
bandwidth on the interaction laser, which requires a novel
hyperdispersion pulse stretcher and compressor. With this
hyperdispersion technology in hand, commercial Nd: YAG
heads become the ideal amplfier for the interaction laser.
Also required is a drive laser for the X-band photoinjector
that provides a uniformly filled cylinder of photons, requir-
ing shaping of the laser beam in both time, using a hyper-
Michelson pulse stacker, and in space, using a refractive
beam shaper. The fast rise times required necessitate care-
ful design of the CPA hardware to allow recompression of
the fiber-amplified laser pulse to the 250 fs range. It is
expected that the system designed at LLNL can meet all
these requirements and generate a ~y-ray beam with mini-
mal bandwidth.
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