Holographic Snapshots of Laser Wakefields

Abstract

Laser wakefield accelerators (LWFAs) have emerged as compact, low-cost
devices for producing electron beams for potential application in high-energy
physics and medicine. LWFAs use the large electric fields in plasma waves
created in the wake of intense laser pulses to accelerate ultrashort electron
bunches to relativistic energy (> 100 MeV) over distances as small as a
millimeter. The interaction of these intense pulses with the plasma can be
very complex, producing structures with very different morphologies in
different parameter regimes. The shape of these structures and their
evolution during the interaction determine whether an electron beam will be
produced, and whether it will have properties suitable for applications.
Previously, the only method for visualizing the structures was a multiple-shot
technique called Frequency-Domain Interferometry (FDI) which was of
limited utility because of inevitable shot-to-shot variability and long
measurement time. In this poster we report the first single-shot
measurements of these wakefields using a holographic extension of FDI
known as Frequency Domain Holography (FDH).
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Old Diagnostic Method: FDI
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Frequency Domain Interferometry (FDI): Two temporally short
(30 f5) second harmonic probe pulses travel colinearly with the
main driving pulse. The variations in plasma density which make
up the wake affect the probe pulse by altering the index of
refraction, and causing the probe to accrue a different a different
amount of phase than the reference. ~After the interaction, the
probe and reference are sent into a Spectrometer, where they
interfere in the spectral domain. The fringe patten s sensitive to
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wake. This technique is fundamentally limited in that it can
only measure the density at one time-location for each shot.
This makes it time consuming and prone to noise from shot-
to-shot variations.
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Frequency Domain Holography (FDH)
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Frequency Domain Holography* (FDH) is an extension of FDI
In this technique, the two short probes are chirped to make them
temporally long (1 ps). The probe records the plasma density

ns over a range of times in a single shot. As a result,
the that were
never before observable. Because the technique is single-shot,
measurements can be done in rea-time and enable the
experimenter o to optimize laser parameters and to study the
effects of varying experimental conditions.
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Analysis of Chirped FDH

(Full Electric Field Reconstruction)
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Experimental Results
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Here are two Holographically reconstructed Wakefields. In both
images a sharp ionization front with slight radial curvature is
observed in the leading edge of the pump puise, followed by (2) 6
o (b) 15 periods of sinusoidal density oscillations of wavelength (,
= (a) 281 m or (b) 135! m in its immediate wake. The wavefronts
of these plasma oscilltions appear nearly fia in these examples.
To help understand this result, we simulated ionization and
wakefield generation using the particle-in-cell code WAKE (c). Our
simulations predict fiat wavefronts for peak POWers Pyg, < 5 TW
for our nominal laser-plasma parameters. The simulations show
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We observe that wake oscilation period T, = (5/2) 4%

corresponds to the theoretically predicted value Heasurement ¥, %,
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‘almost perfectly on every shot. This is shown in (d), which
plots T, vs. background n, (both recovered from the
holograms, with n, confirmed independently by transverse
interferometry) for several dozen shots. Agreement with the
theoretical curve shown is excellent, despite using no fiting
parameters.

(€) shows a holographic snapshot taken at higher
power of a wake with curved wavefronts, a clear signature
of strongly-driven, nonlinear laser-plasma interaction *
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The wake oscillations in the center of the
ionized region evolve from nearly flat profies
immediately behind the pump to sharply
curved Guorse-shoeOprofies afer 6-9 periods.
A WAKE simulation assuming 40 TW incident
power, (), closely reproduces all aspects the
L0t observed behavior: the degree of curvature, its
rate of change behind the cive pulse, and the
relative widths of wakefield and ionized He.
Such curvalure, though extensively simulated
with both nonlinear 20 fuid and partcle codes,
has never previously been observed directy in
-100- p— N the laboratory
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Conclusions

! Frequency Domain Holography provides first single-shot
measurements of Wakefield structure

! Reconstructed images demonstrate features, including wake curvature
which are consistent with strongly driven plasma waves and consistent
with simulations done with PIC code QVAKE.O

! Measurements were done in real-time.

! FDH will help researchers develop Wakefield technology to maturity.
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