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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.

115202-10


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 73, No. 11 (2024)

115202

I, o7 B o B W/, BT I X,
I BN AL 11(h) Brzs 19 B4 44 . DAt = 450 fs
¢t =840 fs, WBERT T T THOC R A
FLE AT IR BEA i As i i, AH S AR BE T 5
TEM I R B & BT s S BB 4 R kA4 T
B, P 11(1) Fos. BTN 7 x 102 em™?
%) 55 B - VA TE sk N, B 2 RAR R RE T HR
fir B2 0.67 nC, VE(ERER N 22.2 Gev , #ILAE R
h36.4 GeV, y Fl 2 77 Ia] (% & 5 BE 4302 8.30
F17.24 mm-mrad. 52F H 1 x 1020 cm—3 54
B AREIE A L, SRR T A WA RE AL RE
ATRTE 1A%, MR T 1R

6 & %

ZE BRR, ARCME% T RPA 5 LWFA &
M7 28, 45/ BIRTEANTHE T R F7E %l
0.06m,—0.40m,, 55 &5 F PR 18 A s i ol 5%
S o0 2 % 1023 W /em?® (14 [52 fi 1% o5 S0 3O 4
FRTEIG FL% B 0 L) 76 RPA iR PR
TR —A~ S50 1 8 2 51 LW 5 R T e
Y B 12 5 T 22 8 B s A B gl i
NGB REIE I, SOIGE i T RE RS AR Y )
R TR I TP RO R I R O E— 2 .
M HCAE T 0T AEAS () 9% 3 4 B Al 3 v () A
SMF, (EAF— P2 M R AERA I R v, B Rk
£ B, 4T TV /m. SJafilgs Bk, A&
J5 S A vt N — X8 5 8 B A B TG, RS
TIEHRER N 22.2 GeV., HULAERE N 36.4 GeV
FLff £ 0.67 nC B RERT TR, 54l RPA 12
HLL, & AE AL RE R T LA T 2 N BCR g X
LU 1A [ 2 i 45 o 1Al T P B I, &
L2 g, DR o S ) (L R e AR L RE
g, FE e RS AL SR SR R T A R v
TN _b—A 55 2 U T AR E I i, ek
A R R

S7% 30k

[1] Borghesi M, Campbell D H, Schiavi A, Haines M G, Willi O,
MacKinnon A J, Patel P, Gizzi L A, Galimberti M, Clarke R
J, Pegoraro F, Ruhl H, Bulanov S 2002 Phys. Plasmas 9 2214

[2] Koehler A M 1968 Science 160 303

[3] Mendel Jr C W, Olsen J N 1975 Phys. Rev. Lett. 34 859

[4] Tabak M, Hammer J, Glinsky M E, Kruer W L, Wilks S C,
Woodworth J, Campbell E M, Perry M D, Mason R J 1994
Phys. Plasmas 1 1626

[10]

(11]

(12]

(13]
(14]

15]

(16]

(17]

(18]
(19]
20]
[21]
[22]

23]

[24]
[25]
[26]

[27]

115202-11

Naumova N, Schlegel T, Tikhonchuk V T, Labaune C,
Sokolov I V, Mourou G 2009 Phys. Rev. Lett. 102 025002
Bulanov S V, Khoroshkov V S 2002 Plasma Phys. Rep. 28
453

Bulanov S V, Esirkepov T Z, Khoroshkov V S, Kuznetsov A
V, Pegoraro F 2002 Phys. Lett. A 299 240

Bulanov S V, Wilkens J J, Esirkepov T Z, Korn G, Kraft G,
Kraft S D, Molls M, Khoroshkov V S 2014 Phys. Usp. 57
1149

Martinez B, Chen S, Bolafios S, Blanchot N, Boutoux G,
Cayzac W, Courtois C, Davoine X, Duval A, Horny V,
Lantuejoul I, Deroff L L, Masson-Laborde P E, Sary G, Smets
B V R, Gremillet L 2022 Matter Radiat. Extremes 7 024401
Roth M, Jung D, Falk K, Guler N, Deppert O, Devlin M,
Favalli A, Fernandez J, Gautier D, Geissel M, Haight R,
Hamilton C E, Hegelich B M, Johnson R P, Merrill F,
Schaumann G, Schoenberg K, Schollmeier M, T Shimada T
T, Tybo J L, Wagner F, Wender S A, Wilde C H, Wurden G
A 2013 Phys. Rev. Lett. 110 044802

Ledingham K W D, McKenna P, Singhal R P 2003 Science
300 1107

Wen J M, Zhi P L, Peng J W, Jia R Z, Xue Q Y 2021 Acta
Phys. Sin. 70 084102 (in Chinese) [Z53C, XM, FMaA, #
FHi, BIEFER 2021 PI3HAEAR 70 084102

Macchi A, Cattani F, Liseykina T V, Cornolti F 2005 Phys.
Rev. Lett. 94 165003

Robinson A P L, Zepf M, Kar S, Evans R G, Bellei C 2008
New J. Phys. 10 013021

Bulanov S S, Brantov A, Bychenkov V Y, Chvykov V,
Kalinchenko G, Matsuoka T, Rousseau P, Reed S, Yanovsky
V, Litzenberg D W, Krushelnick K, Maksimchuk A 2008
Phys. Rev. E78 026412

Steinke S, Hilz P, Schniirer M, Priebe G, Briinzel J, Abicht F,
Kiefer D, Kreuzer C, Ostermayr T, Schreiber J, Andreev A
A, Yu T P, Pukhov A, Sandner W 2013 Phys. Rev. Spec.
Top. Accel. Beams 16 011303

Henig A, Steinke S, Schniirer M, Sokollik T, Horlein R, Kiefer
D, Jung D, Schreiber J, Hegelich B M, Yan X Q, ter Vehn J
M, Tajima T, Nickles P V, Sandner W, Habs D 2009 Phys.
Rev. Lett. 103 245003

Kim I J, Pac K H, Choi I W, Lee C L, Kim H T, Singhal H,
Sung J H, Lee S K, Lee H W, Nickles P V, Jeong T M, Kim
C M, Nam C H 2016 Phys. Plasmas 23 070701

Pegoraro F, Bulanov S V 2007 Phys. Rev. Lett. 99 065002
Yan X Q, Lin C, Sheng Z M, Guo Z Y, Liu B C, Lu Y R,
Fang J X, Chen J E 2008 Phys. Rev. Lett. 100 135003

Chen M, Pukhov A, Sheng Z M, Yan X Q 2008 Phys.
Plasmas 15 113103

Liu T C, Shao X, Liu C S, Su J J, Eliasson B, Tripathi V,
Dudnikova G, Sagdeev R Z 2011 Phys. Plasmas 18 123105
Palmer C, Schreiber J, Nagel S, Dover N, Bellei C, Beg F N,
Bott S, Clarke R, Dangor A E, Hassan S, Hilz P, Jung D,
Kneip S, Mangles S P D, Lancaster K L, Rehman A,
Robinson A P L, Spindloe C, Szerypo J, M Tatarakis M Y,
Zepf M, Najmudin Z 2012 Phys. Rev. Lett. 108 225002

Wan Y, Pai C H, Zhang C J, Li F, Wu Y, Hua J, Lu W, Gu
Y, Silva L, Joshi C, Mori W 2016 Phys. Rev. Lett. 117 234801
Wan Y, Andriyash T A, Lu W, Mori W B, Malka V 2020
Phys. Rev. Lett. 125 104801

Qiao B, Kar S, Geissler M, Gibbon P, Zepf M, Borghesi M
2012 Phys. Rev. Lett. 108 115002

Kar S, Kakolee K F, Qiao B, Macchi A, Cerchez M, Doria D,
Geissler M, McKenna P, Neely D, Osterholz J, Prasad R,


https://doi.org/10.1063/1.1459457
https://doi.org/10.1063/1.1459457
https://doi.org/10.1063/1.1459457
https://doi.org/10.1063/1.1459457
https://doi.org/10.1063/1.1459457
https://doi.org/10.1063/1.1459457
https://doi.org/10.1063/1.1459457
https://doi.org/10.1126/science.160.3825.303
https://doi.org/10.1126/science.160.3825.303
https://doi.org/10.1126/science.160.3825.303
https://doi.org/10.1126/science.160.3825.303
https://doi.org/10.1126/science.160.3825.303
https://doi.org/10.1126/science.160.3825.303
https://doi.org/10.1126/science.160.3825.303
https://doi.org/10.1103/PhysRevLett.34.859
https://doi.org/10.1103/PhysRevLett.34.859
https://doi.org/10.1103/PhysRevLett.34.859
https://doi.org/10.1103/PhysRevLett.34.859
https://doi.org/10.1103/PhysRevLett.34.859
https://doi.org/10.1103/PhysRevLett.34.859
https://doi.org/10.1103/PhysRevLett.34.859
https://doi.org/10.1063/1.870664
https://doi.org/10.1063/1.870664
https://doi.org/10.1063/1.870664
https://doi.org/10.1063/1.870664
https://doi.org/10.1063/1.870664
https://doi.org/10.1063/1.870664
https://doi.org/10.1103/PhysRevLett.102.025002
https://doi.org/10.1103/PhysRevLett.102.025002
https://doi.org/10.1103/PhysRevLett.102.025002
https://doi.org/10.1103/PhysRevLett.102.025002
https://doi.org/10.1103/PhysRevLett.102.025002
https://doi.org/10.1103/PhysRevLett.102.025002
https://doi.org/10.1103/PhysRevLett.102.025002
https://doi.org/10.1134/1.1478534
https://doi.org/10.1134/1.1478534
https://doi.org/10.1134/1.1478534
https://doi.org/10.1134/1.1478534
https://doi.org/10.1134/1.1478534
https://doi.org/10.1134/1.1478534
https://doi.org/10.1016/S0375-9601(02)00521-2
https://doi.org/10.1016/S0375-9601(02)00521-2
https://doi.org/10.1016/S0375-9601(02)00521-2
https://doi.org/10.1016/S0375-9601(02)00521-2
https://doi.org/10.1016/S0375-9601(02)00521-2
https://doi.org/10.1016/S0375-9601(02)00521-2
https://doi.org/10.1016/S0375-9601(02)00521-2
https://doi.org/10.3367/UFNe.0184.201412a.1265
https://doi.org/10.3367/UFNe.0184.201412a.1265
https://doi.org/10.3367/UFNe.0184.201412a.1265
https://doi.org/10.3367/UFNe.0184.201412a.1265
https://doi.org/10.3367/UFNe.0184.201412a.1265
https://doi.org/10.3367/UFNe.0184.201412a.1265
https://doi.org/10.1063/5.0060582
https://doi.org/10.1063/5.0060582
https://doi.org/10.1063/5.0060582
https://doi.org/10.1063/5.0060582
https://doi.org/10.1063/5.0060582
https://doi.org/10.1063/5.0060582
https://doi.org/10.1063/5.0060582
https://doi.org/10.1103/PhysRevLett.110.044802
https://doi.org/10.1103/PhysRevLett.110.044802
https://doi.org/10.1103/PhysRevLett.110.044802
https://doi.org/10.1103/PhysRevLett.110.044802
https://doi.org/10.1103/PhysRevLett.110.044802
https://doi.org/10.1103/PhysRevLett.110.044802
https://doi.org/10.1103/PhysRevLett.110.044802
https://doi.org/10.1126/science.1080552
https://doi.org/10.1126/science.1080552
https://doi.org/10.1126/science.1080552
https://doi.org/10.1126/science.1080552
https://doi.org/10.1126/science.1080552
https://doi.org/10.1126/science.1080552
https://doi.org/10.7498/aps.70.20202115
https://doi.org/10.7498/aps.70.20202115
https://doi.org/10.7498/aps.70.20202115
https://doi.org/10.7498/aps.70.20202115
https://doi.org/10.7498/aps.70.20202115
https://doi.org/10.7498/aps.70.20202115
https://doi.org/10.7498/aps.70.20202115
https://doi.org/10.7498/aps.70.20202115
https://doi.org/10.7498/aps.70.20202115
https://doi.org/10.7498/aps.70.20202115
https://doi.org/10.7498/aps.70.20202115
https://doi.org/10.7498/aps.70.20202115
https://doi.org/10.7498/aps.70.20202115
https://doi.org/10.7498/aps.70.20202115
https://doi.org/10.7498/aps.70.20202115
https://doi.org/10.7498/aps.70.20202115
https://doi.org/10.1103/PhysRevLett.94.165003
https://doi.org/10.1103/PhysRevLett.94.165003
https://doi.org/10.1103/PhysRevLett.94.165003
https://doi.org/10.1103/PhysRevLett.94.165003
https://doi.org/10.1103/PhysRevLett.94.165003
https://doi.org/10.1103/PhysRevLett.94.165003
https://doi.org/10.1103/PhysRevLett.94.165003
https://doi.org/10.1103/PhysRevLett.94.165003
https://doi.org/10.1088/1367-2630/10/1/013021
https://doi.org/10.1088/1367-2630/10/1/013021
https://doi.org/10.1088/1367-2630/10/1/013021
https://doi.org/10.1088/1367-2630/10/1/013021
https://doi.org/10.1088/1367-2630/10/1/013021
https://doi.org/10.1088/1367-2630/10/1/013021
https://doi.org/10.1103/PhysRevE.78.026412
https://doi.org/10.1103/PhysRevE.78.026412
https://doi.org/10.1103/PhysRevE.78.026412
https://doi.org/10.1103/PhysRevE.78.026412
https://doi.org/10.1103/PhysRevE.78.026412
https://doi.org/10.1103/PhysRevE.78.026412
https://doi.org/10.1103/PhysRevSTAB.16.011303
https://doi.org/10.1103/PhysRevSTAB.16.011303
https://doi.org/10.1103/PhysRevSTAB.16.011303
https://doi.org/10.1103/PhysRevSTAB.16.011303
https://doi.org/10.1103/PhysRevSTAB.16.011303
https://doi.org/10.1103/PhysRevSTAB.16.011303
https://doi.org/10.1103/PhysRevSTAB.16.011303
https://doi.org/10.1103/PhysRevSTAB.16.011303
https://doi.org/10.1103/PhysRevLett.103.245003
https://doi.org/10.1103/PhysRevLett.103.245003
https://doi.org/10.1103/PhysRevLett.103.245003
https://doi.org/10.1103/PhysRevLett.103.245003
https://doi.org/10.1103/PhysRevLett.103.245003
https://doi.org/10.1103/PhysRevLett.103.245003
https://doi.org/10.1103/PhysRevLett.103.245003
https://doi.org/10.1103/PhysRevLett.103.245003
https://doi.org/10.1063/1.4958654
https://doi.org/10.1063/1.4958654
https://doi.org/10.1063/1.4958654
https://doi.org/10.1063/1.4958654
https://doi.org/10.1063/1.4958654
https://doi.org/10.1063/1.4958654
https://doi.org/10.1063/1.4958654
https://doi.org/10.1103/PhysRevLett.99.065002
https://doi.org/10.1103/PhysRevLett.99.065002
https://doi.org/10.1103/PhysRevLett.99.065002
https://doi.org/10.1103/PhysRevLett.99.065002
https://doi.org/10.1103/PhysRevLett.99.065002
https://doi.org/10.1103/PhysRevLett.99.065002
https://doi.org/10.1103/PhysRevLett.99.065002
https://doi.org/10.1103/PhysRevLett.100.135003
https://doi.org/10.1103/PhysRevLett.100.135003
https://doi.org/10.1103/PhysRevLett.100.135003
https://doi.org/10.1103/PhysRevLett.100.135003
https://doi.org/10.1103/PhysRevLett.100.135003
https://doi.org/10.1103/PhysRevLett.100.135003
https://doi.org/10.1103/PhysRevLett.100.135003
https://doi.org/10.1063/1.3019105
https://doi.org/10.1063/1.3019105
https://doi.org/10.1063/1.3019105
https://doi.org/10.1063/1.3019105
https://doi.org/10.1063/1.3019105
https://doi.org/10.1063/1.3019105
https://doi.org/10.1063/1.3019105
https://doi.org/10.1063/1.3019105
https://doi.org/10.1063/1.3672515
https://doi.org/10.1063/1.3672515
https://doi.org/10.1063/1.3672515
https://doi.org/10.1063/1.3672515
https://doi.org/10.1063/1.3672515
https://doi.org/10.1063/1.3672515
https://doi.org/10.1063/1.3672515
https://doi.org/10.1103/PhysRevLett.108.225002
https://doi.org/10.1103/PhysRevLett.108.225002
https://doi.org/10.1103/PhysRevLett.108.225002
https://doi.org/10.1103/PhysRevLett.108.225002
https://doi.org/10.1103/PhysRevLett.108.225002
https://doi.org/10.1103/PhysRevLett.108.225002
https://doi.org/10.1103/PhysRevLett.108.225002
https://doi.org/10.1103/PhysRevLett.117.234801
https://doi.org/10.1103/PhysRevLett.117.234801
https://doi.org/10.1103/PhysRevLett.117.234801
https://doi.org/10.1103/PhysRevLett.117.234801
https://doi.org/10.1103/PhysRevLett.117.234801
https://doi.org/10.1103/PhysRevLett.117.234801
https://doi.org/10.1103/PhysRevLett.117.234801
https://doi.org/10.1103/PhysRevLett.125.104801
https://doi.org/10.1103/PhysRevLett.125.104801
https://doi.org/10.1103/PhysRevLett.125.104801
https://doi.org/10.1103/PhysRevLett.125.104801
https://doi.org/10.1103/PhysRevLett.125.104801
https://doi.org/10.1103/PhysRevLett.125.104801
https://doi.org/10.1103/PhysRevLett.108.115002
https://doi.org/10.1103/PhysRevLett.108.115002
https://doi.org/10.1103/PhysRevLett.108.115002
https://doi.org/10.1103/PhysRevLett.108.115002
https://doi.org/10.1103/PhysRevLett.108.115002
https://doi.org/10.1103/PhysRevLett.108.115002
https://doi.org/10.1103/PhysRevLett.108.115002
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 73, No. 11 (2024)

115202

(28]

29]

31]

Quinn K, Ramakrishna B, Sarri G, Willi O, Yuan X Y, Zepf
M, Borghesi M 2012 Phys. Rev. Lett. 109 185006

Zhuo H B, Chen Z L, Yu W, Sheng Z M, Yu M Y, Jin Z,
Kodama R 2010 Phys. Rev. Lett. 105 065003

Higginson A, Gray R J, King M, Dance R J, Williamson S D
R, Butler N M H, Wilson R, Capdessus R, Armstrong C,
Green J S, Hawkes S J, Martin P, Wei W Q, Mirfayzi S R,
Yuan X H, Kar S, Borghesi M, Clarke R, Neely D, McKenna
P 2018 Nat. Commun. 9 724

Yu L L, Xu H, Wang W M, Sheng Z M, Shen B F, Yu W,
Zhang J 2010 New J. Phys. 12 045021

Liu M, Weng S M, Wang H C, Chen M, Zhao Q, Sheng Z M,
He M Q, Li Y T, Zhang J 2018 Phys. Plasmas 25 063103
Zheng F L, Wang HY, Yan X Q, Tajima T, Yu M Y, He X
T 2012 Phys. Plasmas 19

Liu M, Gao J X, Wang W M, Li Y T 2022 Appl. Sci. 12 2924
Zhang X M, Shen B F, Ji L. L, Wang F C, Wen M, Wang W
P, XuJ C, YuY H 2010 Phys. Plasmas 17 123102

Tajima T, Dawson J M 1979 Phys. Rev. Lett. 43 267

Pukhov A, Meyer-ter Vehn J 2002 Appl. Phys. B 74 355
Shorokhov O, Pukhov A 2004 Laser Part. Beams 22 175
Wilks S C, Kruer W L, Tabak M, Langdon A B 1992 Phys.

[46]

[47]
(48]

(49]

115202-12

Rev. Lett. 69 1383

Gamaly E G 1993 Phys. Rev. E 48 2924

Valeo E J, Estabrook K G 1975 Phys. Rev. Lett. 34 1008
Estabrook K 1976 Phys. Fluids 19 1733

Wu D, Zheng C Y, Qiao B, Zhou C T, Yan X Q, Yu M Y,
He X T 2014 Phys. Rev. E 90 023101

Zhou M L, Yan X Q, Mourou G, Wheeler J A, Bin J H,
Schreiber J, Tajima T 2016 Phys. Plasmas 23 043112

Yu T P, Pukhov A, Shvets G, Chen M 2010 Phys. Rev. Lett.
105 065002

Chen M, Pukhov A, Yu T P, Sheng Z M 2009 Phys. Reuv.
Lett. 103 024801

Arber T D, Bennett K, Brady C S, Lawrence-Douglas A,
Ramsay M G, Sircombe N J, Gillies P, Evans R G, Schmitz
H, Bell A R, Ridgers C P 2015 Plasma Phys. Controlled
Fusion 57 113001

Shen B F, i Y L, Yu M Y, Cary J 2007 Phys. Rev. E 76
055402

Grebenyuk J, de la Ossa A M, Mehrling T, Osterhoff J 2014
Nucl. Instrum. Methods Phys. Res., Sect. A 740 246

Fubiani G, Esarey E, Schroeder C B, Leemans W P 2006
Phys. Rev. E 73 026402


https://doi.org/10.1103/PhysRevLett.109.185006
https://doi.org/10.1103/PhysRevLett.109.185006
https://doi.org/10.1103/PhysRevLett.109.185006
https://doi.org/10.1103/PhysRevLett.109.185006
https://doi.org/10.1103/PhysRevLett.109.185006
https://doi.org/10.1103/PhysRevLett.109.185006
https://doi.org/10.1103/PhysRevLett.109.185006
https://doi.org/10.1103/PhysRevLett.105.065003
https://doi.org/10.1103/PhysRevLett.105.065003
https://doi.org/10.1103/PhysRevLett.105.065003
https://doi.org/10.1103/PhysRevLett.105.065003
https://doi.org/10.1103/PhysRevLett.105.065003
https://doi.org/10.1103/PhysRevLett.105.065003
https://doi.org/10.1103/PhysRevLett.105.065003
https://doi.org/10.1038/s41467-018-03063-9
https://doi.org/10.1038/s41467-018-03063-9
https://doi.org/10.1038/s41467-018-03063-9
https://doi.org/10.1038/s41467-018-03063-9
https://doi.org/10.1038/s41467-018-03063-9
https://doi.org/10.1038/s41467-018-03063-9
https://doi.org/10.1038/s41467-018-03063-9
https://doi.org/10.1088/1367-2630/12/4/045021
https://doi.org/10.1088/1367-2630/12/4/045021
https://doi.org/10.1088/1367-2630/12/4/045021
https://doi.org/10.1088/1367-2630/12/4/045021
https://doi.org/10.1088/1367-2630/12/4/045021
https://doi.org/10.1088/1367-2630/12/4/045021
https://doi.org/10.1088/1367-2630/12/4/045021
https://doi.org/10.1063/1.5033991
https://doi.org/10.1063/1.5033991
https://doi.org/10.1063/1.5033991
https://doi.org/10.1063/1.5033991
https://doi.org/10.1063/1.5033991
https://doi.org/10.1063/1.5033991
https://doi.org/10.1063/1.5033991
https://doi.org/10.1063/1.3684658
https://doi.org/10.1063/1.3684658
https://doi.org/10.1063/1.3684658
https://doi.org/10.1063/1.3684658
https://doi.org/10.1063/1.3684658
https://doi.org/10.3390/app12062924
https://doi.org/10.3390/app12062924
https://doi.org/10.3390/app12062924
https://doi.org/10.3390/app12062924
https://doi.org/10.3390/app12062924
https://doi.org/10.3390/app12062924
https://doi.org/10.3390/app12062924
https://doi.org/10.1063/1.3518762
https://doi.org/10.1063/1.3518762
https://doi.org/10.1063/1.3518762
https://doi.org/10.1063/1.3518762
https://doi.org/10.1063/1.3518762
https://doi.org/10.1063/1.3518762
https://doi.org/10.1063/1.3518762
https://doi.org/10.1103/PhysRevLett.43.267
https://doi.org/10.1103/PhysRevLett.43.267
https://doi.org/10.1103/PhysRevLett.43.267
https://doi.org/10.1103/PhysRevLett.43.267
https://doi.org/10.1103/PhysRevLett.43.267
https://doi.org/10.1103/PhysRevLett.43.267
https://doi.org/10.1103/PhysRevLett.43.267
https://doi.org/10.1007/s003400200795
https://doi.org/10.1007/s003400200795
https://doi.org/10.1007/s003400200795
https://doi.org/10.1007/s003400200795
https://doi.org/10.1007/s003400200795
https://doi.org/10.1007/s003400200795
https://doi.org/10.1007/s003400200795
https://doi.org/10.1017/S0263034604222133
https://doi.org/10.1017/S0263034604222133
https://doi.org/10.1017/S0263034604222133
https://doi.org/10.1017/S0263034604222133
https://doi.org/10.1017/S0263034604222133
https://doi.org/10.1017/S0263034604222133
https://doi.org/10.1017/S0263034604222133
https://doi.org/10.1103/PhysRevLett.69.1383
https://doi.org/10.1103/PhysRevLett.69.1383
https://doi.org/10.1103/PhysRevLett.69.1383
https://doi.org/10.1103/PhysRevLett.69.1383
https://doi.org/10.1103/PhysRevLett.69.1383
https://doi.org/10.1103/PhysRevLett.69.1383
https://doi.org/10.1103/PhysRevLett.69.1383
https://doi.org/10.1103/PhysRevLett.69.1383
https://doi.org/10.1103/PhysRevE.48.2924
https://doi.org/10.1103/PhysRevE.48.2924
https://doi.org/10.1103/PhysRevE.48.2924
https://doi.org/10.1103/PhysRevE.48.2924
https://doi.org/10.1103/PhysRevE.48.2924
https://doi.org/10.1103/PhysRevE.48.2924
https://doi.org/10.1103/PhysRevE.48.2924
https://doi.org/10.1103/PhysRevLett.34.1008
https://doi.org/10.1103/PhysRevLett.34.1008
https://doi.org/10.1103/PhysRevLett.34.1008
https://doi.org/10.1103/PhysRevLett.34.1008
https://doi.org/10.1103/PhysRevLett.34.1008
https://doi.org/10.1103/PhysRevLett.34.1008
https://doi.org/10.1103/PhysRevLett.34.1008
https://doi.org/10.1063/1.861390
https://doi.org/10.1063/1.861390
https://doi.org/10.1063/1.861390
https://doi.org/10.1063/1.861390
https://doi.org/10.1063/1.861390
https://doi.org/10.1063/1.861390
https://doi.org/10.1063/1.861390
https://doi.org/10.1103/PhysRevE.90.023101
https://doi.org/10.1103/PhysRevE.90.023101
https://doi.org/10.1103/PhysRevE.90.023101
https://doi.org/10.1103/PhysRevE.90.023101
https://doi.org/10.1103/PhysRevE.90.023101
https://doi.org/10.1103/PhysRevE.90.023101
https://doi.org/10.1103/PhysRevE.90.023101
https://doi.org/10.1063/1.4947544
https://doi.org/10.1063/1.4947544
https://doi.org/10.1063/1.4947544
https://doi.org/10.1063/1.4947544
https://doi.org/10.1063/1.4947544
https://doi.org/10.1063/1.4947544
https://doi.org/10.1063/1.4947544
https://doi.org/10.1103/PhysRevLett.105.065002
https://doi.org/10.1103/PhysRevLett.105.065002
https://doi.org/10.1103/PhysRevLett.105.065002
https://doi.org/10.1103/PhysRevLett.105.065002
https://doi.org/10.1103/PhysRevLett.105.065002
https://doi.org/10.1103/PhysRevLett.105.065002
https://doi.org/10.1103/PhysRevLett.103.024801
https://doi.org/10.1103/PhysRevLett.103.024801
https://doi.org/10.1103/PhysRevLett.103.024801
https://doi.org/10.1103/PhysRevLett.103.024801
https://doi.org/10.1103/PhysRevLett.103.024801
https://doi.org/10.1103/PhysRevLett.103.024801
https://doi.org/10.1103/PhysRevLett.103.024801
https://doi.org/10.1103/PhysRevLett.103.024801
https://doi.org/10.1088/0741-3335/57/11/113001
https://doi.org/10.1088/0741-3335/57/11/113001
https://doi.org/10.1088/0741-3335/57/11/113001
https://doi.org/10.1088/0741-3335/57/11/113001
https://doi.org/10.1088/0741-3335/57/11/113001
https://doi.org/10.1088/0741-3335/57/11/113001
https://doi.org/10.1088/0741-3335/57/11/113001
https://doi.org/10.1088/0741-3335/57/11/113001
https://doi.org/10.1103/PhysRevE.76.055402
https://doi.org/10.1103/PhysRevE.76.055402
https://doi.org/10.1103/PhysRevE.76.055402
https://doi.org/10.1103/PhysRevE.76.055402
https://doi.org/10.1103/PhysRevE.76.055402
https://doi.org/10.1103/PhysRevE.76.055402
https://doi.org/10.1016/j.nima.2013.10.054
https://doi.org/10.1016/j.nima.2013.10.054
https://doi.org/10.1016/j.nima.2013.10.054
https://doi.org/10.1016/j.nima.2013.10.054
https://doi.org/10.1016/j.nima.2013.10.054
https://doi.org/10.1016/j.nima.2013.10.054
https://doi.org/10.1103/PhysRevE.73.026402
https://doi.org/10.1103/PhysRevE.73.026402
https://doi.org/10.1103/PhysRevE.73.026402
https://doi.org/10.1103/PhysRevE.73.026402
https://doi.org/10.1103/PhysRevE.73.026402
https://doi.org/10.1103/PhysRevE.73.026402
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 73, No. 11 (2024) 115202

An enhanced radiation pressure acceleration scheme for
accelerating protons
using the uniform density plasma channel’

Yang Lu!  Wang Xiao-Nan"?)  Chen Xin!')  Chen Peng-Fan?!
Xia Qian-Wen!  Xiong Li") Long Hao-Yu! Li Lin-Yang!
Mao Xiao-Bao!)  Zhou Hai-Long?  Zhang Wei-Weil)

Lan Xiao-Fei’" He Yang-Fan V?

1) (School of Physics and Astronomy, China West Normal University, Nanchong 637001, China)
2) (Panzhihua No.3 Senior High School, Panzhihua 617099, China)

( Received 5 January 2024; revised manuscript received 27 February 2024 )

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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