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The objective of our research during the reported period was three-fold:  (a) theoretical investigation of novel mechanisms of injection into laser wake field accelerators; (b) theoretical investigation of single-shot frequency domain diagnostics of relativistic plasma wakes, specifically in the context of  spatio-temporal evolution of the “plasma bubble”;(c) experimental and theoretical investigation of laser-driven accelerating structure, specifically in the context of the Surface Wave Accelerator Based on SiC (SWABSIC).

(a) Novel injection mechanisms into plasma-based accelerators

The Petawatt Laser Wakefield Accelerator (PW-LWFA) at the recently commissioned Texas Petawatt facility enables a large-spot operation (no need for the plasma channel), low-density plasma (long dephasing length, large electron energy gain), large accelerated charge, and relatively large period/size of the “plasma bubble” (ease of experimental diagnostics). However, electron injection from low-density background plasma into the bubble has been challenging because of the high relativistic factor of the bubble. During this reporting period we have concentrated on understanding electron injection, with main accomplishments described below. 
Discovery of the novel self-injection and trapping mechanism of background electrons into an evolving plasma bubble. We have demonstrated analytically and by PIC simulations that self-
injection of the background plasma electrons into the quasi-static plasma bubble can be caused
by slow temporal expansion of the bubble. Using a model of a slowly expanding spherical plasma
bubble propagating with an ultra-relativistic speed, we have derived [1,2] a sufficient condition
for the electron injection: the change of the electron’s moving frame (MF) normalized Hamiltonian  must exceed its rest mass energy . There is a small minority of plasma electrons that satisfy this trapping criterion:  as shown in Fig. 1: bubble’s expansion between a and b results in electron trapping. The specific details of plasma bubble’s evolution also determine the quality of the resulting accelerated beam and can yield high-quality mono-energetic electron beam as shown in Fig. 2.
Scenarios for injection, trapping, and beam quality control in the PW-LWFA. By properly engineering bubble’s dynamics, we have numerically demonstrated for typical PW-relevant laser/plasma parameters (P = 1.3PW, n0 = 1017cm−3, spot size w0 = 27μm) that not only injection/trapping are possible, but mono-energetic beams can be generated by as shown in Fig. 2 due to the discovered by us Limited Self-Injection mechanism. 
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Mono-energetic beam generation by Limited Self-Injection. Injection limiting occurs when bubble’s evolution occurs over a short finite distance, beyond which bubble’s size stabilizes. We have demonstrated that plasma electrons injected throughout bubble’s evolution can “line up” in energy much faster than after the full dephasing length (which can be prohibitively long for underdense plasmas). This can be physically understood by noting that electron’s energy inside the bubble at the co-moving position   is   where  is the effective potential experienced by a relativistic electron. One can envision a situation where electrons occupying the region  have the same energy γ by virtue of being injected at different times  and, therefore, having different values of which compensate for the variation in. This situation is indeed realized in Fig. 2, where an initially continuous energy spectrum at x = 2mm (black in Figs. 2(b,c)) flattens and forms a mono-energetic bunch at x = 5mm (red in Figs. 2(b,c)) owing to the effect of Limited Self-Injection.
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Limited Self-Injection mechanism of mono-energetic bunch generation in an evolving
bubble for PW-LWFA parameters. (a) Laser intensity (black) and bubble length (blue) vs propa-
gation distance x. The injection clamps when bubble size stabilizes. Spread of the moving-frame
Hamiltonian H due to different injection times shown in (b) results in the flattening of the phase
space shown in (c) and a highly peaked energy spectrum shown in (d). Colors in (b-d): black at
x = 2mm and red at x = 5mm.
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(b) Single-shot frequency domain diagnostics of relativistic plasma wakes, specifically in the context of  spatio-temporal evolution of the “plasma bubble”
Frequency domain holography/shadowgraphy (FDH and FDS, depending on whether the probe’s phase or amplitude are reconstructed) are single-shot techniques used for mapping the amplitudes of the plasma wakes. Our theoretical efforts are motivated by Mike Downer’s experiments at the HERCULES facility and the upcoming experiments at the Texas PW and at FACET. The key accomplishment of the collaboration is the first visualization of the plasma bubble using co-linear FDS. Our group’s simulations of the FDH technique shown in Fig. 4 were crucial to the interpretation and validation of the HERCULES experimental data. The goal was to extend the application of FDH to the highly nonlinear bubble regime of LWFA achieved in high-density plasmas (), where large phase shift accruals  prevent phase shift unwrapping. Our WAKE simulations (shown in Fig. 4) demonstrated that the intensity of the probe pulse presents an excellent diagnostic of the bubble formation. Specifically, bright spots in the reconstructed intensity  were observed numerically and experimentally: a feature never seen in the linear wake regime, and presently referred to as FDS. Our theory demonstrated that these bright spots (“optical bullets”) were formed by the focusing effect of a plasma bubble, and provided an unambiguous signature of bubble’s formation.
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(c) Experimental and theoretical investigation of laser-driven accelerating structure, specifically in the context of the Surface Wave Accelerator Based on SiC (SWABSIC).
Recently [19] we have proposed an alternative accelerator structure driven by a CO2 laser. The
Surface Wave Accelerator Based on SiC (SWABSiC) (see Fig. 5, left) is based on a polar semiconductor, SiC, that supports infrared surface waves at the SiC/vacuum interface because its dielectric permittivity  is negative within the tuning range of the CO2 laser. The SWABSiC structure can be employed as (i) an accelerator, in which case an external laser beam is needed to supply energy to the accelerated beam; or (ii) a radiation source that uses a pre-bunched electron beam to generate mid-IR Cherenkov radiation. Application (ii) can be potentially useful as a diagnostic tool for high-energy beams (e.g., at FACET or ATF facilities). During the previous period we have succeeded in fabricating and optically testing the SWABSiC (at low power). Using a line-tunable CO2 laser, we have succeeded in experimentally measuring phase velocities and quality factors of the accelerating and deflecting modes of the SWABSiC. The results (to be published) are summarized in Fig. 5. To our knowledge, this is the first metal-free fabricated and optically characterized macroscopically-sized laser-driven accelerating structure.
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(Left) Schematic of the SWABSiC. Charged particle
s can be accelerated inside gap 
by electric fields 
 (arrows). Inset: photograph of fabricate
d top half of SWABSiC. (Middle) 
Experimentally measured (dots) and theoretically calculated (lines) reflectivity spectra 
 
from the SWABSiC structure with the 
 air gap. Colors: λ
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 = 10.723 μm (red), λ
2
 = 
10.784 μm (blue), λ
3
 = 10.850 μm (green), λ
4
 = 11.065 μm (cyan), λ
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 = 11.128 μm (magenta), and 
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6
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Reflectivity dips: accelerating (Mode 1)
 and deflecting (Mode 2) wakes. 
(Right) Phase velocity (lines: theory, symbols: experiment) 
 f
or vacuum gaps 2a = 4 μm (red), 
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μ
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m (green), and 
∞
 (magenta). Solid/dashed lines: accelerating/def
lecting wakes
 supported by the structure.
)













Because SiC has a negative dielectric permittivity between and ,






the structure consisting of two SiC slabs supports two surface waves: one is the accelerating one (“longitudinal wake” that has the accelerating field symmetric with respect to the mid-plane at ) and another is the transverse (deflecting) one (“transverse wake” that has the accelerating field anti-symmetric with respect to the mid-plane at but the transverse field  symmetric with respect to the mid-plane at ). The two wakes are shown in Fig.6, and have been successfully observed in the Shvets’ laboratory at UT using a tunable CO2 laser incident at a variable angle onto the prism. Reflection dips correspond to the excitation of the wakes.
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Figure 6
:
 two types of wakes in a 
Surface Wave Accel
erator Based on SiC (SWABSiC): accelerating (longitudinal) wake and a deflecting (transverse) wakes. (a): theoretically calculated dispersion relation of the two wakes. (b) experimentally excited (using a custom-made and designed by our group)  longitudinal and transverse wakes. 
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