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Fig. 1. (a) Combined acceleration model of RPA and LW-
FA driven by circular polarization laser. The purple part
represents a critical density thin target with a thickness of
5 pum, and the orange part represents a uniform density
plasma channel. (b) Density and positional distribution of

thin target and plasma channel.
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Fig. 2. The proton capture region in & -p/ phase space for plasma densities of (a) 1 X 1020 cm—3 and (b) 7x 1020 cm—3 .

3

h(¢',p!) =1 (black solid line) delineates the proton capture region and the non-capture region. When the Hamiltonian of the pro-
ton is h(¢’,p!) < 1 (red dotted line), the proton can be captured by the wakefield.
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Fig. 3. (a) Electron density ripples in transverse slices at ¢ = 14 fs at the position of the red line; (b) electron density in longitudinal

slices in the z = 0 pm plane at ¢ = 14 fs.
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Fig. 4. Evolution of density ripples during linear development of RTI at plasma channel density is 7 x 102° em ™3 : (a)~(c) The spa-

tial distributions of electron density in transverse slices of the y-z plane at different moments; (d) spatial distribution of proton

density in transverse slices of the y-z plane at ¢t = 30 fs.
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Fig. 5. Evolution of electron density bubbles during nonlinear development of RTT at plasma channel densities of 7 x 1020 em™3 :

(a)—(d) The spatial distributions of electron density in transverse slices of the y-z plane at different moments.
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Fig. 6. Evolution of electron density bubbles during nonlinear development of RTT at plasma channel densities of 3 x 1029 cm=3 :
(a)—(d) The spatial distributions of electron density in transverse slices of the y-z plane at different moments.
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Table 1.

Simulation parameters of proton acceleration in pure RPA. The Gauss (z,zo,w) function can be expressed as

f(x) = exp[—((x — z0)/w)?], where the variable = centered on x¢ with a characteristic width w. The intensity distribution
of the laser satisfies Gaussian distribution in the y and z directions.
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Fig. 7. (a)—(d), (e)—(h), (i)—(1) are longitudinal wakefield of laser-driven plasma, spatial distribution of electron density, spatial dis-
tribution of proton density and the energy spectrum of proton beam at different times during pure RPA; (a)—-(c), (e)—(g), (i)—(k) are
longitudinal slices of the simulation window on the z = 0 pm plane.
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Table 2.

celerated plasma simulation for the combined RPA

The plasma simulation parameters of ac-

and LWFA scheme. The window parameters and

laser parameters are the same as in Table 1.
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Fig. 8. In a uniform-density plasma channel with a density of 1 x 1020 em™3: (a)~(d), (e)-(h), (i)-(1) are longitudinal component

of laser-driven plasma wakefield, spatial distribution of electron density, spatial distribution of proton density and the energy spec-

trum of proton beam at different times. (a)-(c), (e)—(g), (i)—(k) are longitudinal slices of the simulation window on the z = 0 pm

plane.
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Fig. 9. (a) Variation of the cut-off energy of accelerated
protons with time in plasma channels of different uniform
densities; (b) variation of the peak energy of accelerated
protons with time in plasma channels of different uniform

densities.
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Fig. 11. In a uniform-density plasma channel with a density of 7 x 1029 em™2: (a)—(d), (e)—(h) and (i)-(1) are longitudinal wake-

field of laser-driven plasma, spatial distribution of electron density, spatial distribution of proton density and the energy spectrum

of proton beam at different times; (a)—(c), (e)—(g), (i)—(k) are longitudinal slices of the simulation window on the z = 0 um plane.
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Abstract

High-energy proton beams have broad application prospects in medical imaging, tumor therapy and nuclear
fusion physics. Laser plasma acceleration is a new particle acceleration method with great potential because its
acceleration gradient can reach 10°-10° times that of traditional acceleration method, so it can theoretically
accelerate electrons and ions to high energies in the scale of a few centimeters to a few meters. Radiation
pressure acceleration (RPA) is considered to be the most promising mechanism of high energy proton
acceleration in laser plasma acceleration, but the Rayleigh-Taylor instability (RTI) inherent in the process of
radiation pressure acceleration will cause transverse density modulation on the target surface, resulting in the
premature termination of the proton acceleration process and the failure to obtain high energy proton beams. In
order to obtain high-energy proton beams, an acceleration scheme combining radiation pressure acceleration
with laser wakefield is proposed. In this scheme, a high-energy proton beam with peak energy of 22.2 GeV, cut-
off energy of 36.4 GeV and charge of 0.67 nC is obtained by adding a uniform density plasma channel at the
back end of the thin target with critical density, the cut-off energy of the high energy proton can be increased
by two orders of magnitude compared with the proton only in the radiation pressure acceleration process. The
results confirm that in a uniform-density plasma channel connected behind a thin target, the laser wakefield can
capture protons pre-accelerated by the radiation pressure process and maintain the acceleration for a long
period of time, finally obtain high-energy protons. The acceleration of protons in plasma channels with different
uniform densities is also investigated in this work, and it is found that the higher the density, the higher the
peak energy, cut-off energy and charge of the accelerated protons are. The combined acceleration scheme is

instructive for the generation and application of high-energy proton beams.

Keywords: radiation pressure acceleration, laser wakefield acceleration, high-energy proton beam, plasma

channel
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