) 32 2 3R Acta Phys. Sin. Vol. 73, No. 16 (2024)

165202

ETHEEE FHEIER B HEBE
Pk ERRESEFIE

REFVE BPE D

EIR

KEMEDT HARTY  #AFRY

1) (Wi TR R2E G T 5P Be, KV 410205)
2) (EBRHE R, Kb 410073)

(2024 4E 5 H 16 HU#; 2024 4E 6 A 28 HUEMEMR)

PR THEIR FE RS T T 401 SO0 0 A T S 46 B 7 3 R O ok o 25 9 o 5 7
BORE. TF5E 5 B, o1 1k 28 0 R 3 R 0 5 T A 3 5 0 T SO0 e 25 S50 3 B 390k
BRE. A TURIE N 5.46 x 102 W /em?, HEIE 24 10 jm H92% (AR OB A SH 9 £ 0 — 10°H0HETS 45 8 T-Hoom
B, TR GREE AR 1 ) BRI GRETIEES 6 6%) AOTRHOL. FTESOE N e 38 31 8
T B0, 55 A0 D B % 7 250 o) ot e AR SO 3 B 160 S 50 7 6 PSR 1 B
S M TR, 78 8 T 0 9 40 I, I 2 AR 1 A 24 240 GV 19 8BS T, BF 5
AT K PW SO T BT 5200 7 R % L R R T P AR e 5

REIA: ALK, HER AR TG, DI, e

PACS: 52.38.Kd, 52.38.-1, 52.50.Jm, 12.20.-m

1 5 =

HE T RIRY | E0T . mF
050 120 55 SR B Tz W L AR g 3RS
e e e Y [ S0 Y by NELU - 1 YA B || B
TN i & T e L 2 AT DU GeV /u. SR, 32
FRF IR T (~MV /em), 33X 88 i1 58 i i 3 (AR FR
Ve M 5 4% . 1 3 5t B Aok B A
R SR IEOGHE AR 1Y R K R, BT R IEOG R
A F IR O UG T — FR ) H 2 e b1,
KEFHETHKELHIIE (petawatt, PW) O3
BRI E A SR T OB EK Bl B 0 A AT
Frek 0210 5 4 Jung 45 121 SR FH B 1 b fokt o 3

DOI: 10.7498/aps.73.20240696

(breakout afterburner acceleration, BOA) #HLi|3k
8 7T HUERERE R 80 MeV /u 1y CO+E ¥, Braenzel
A 03] BL T PR AR KE M ML ARAS T 1—2 MeV /u
i) Au BT, Wang 55 05 Fl ] fs OLK i 5 L
MEAER = THER N 6.1 MeV/u i Au & F. [H
SRR B TR RE R BUIR, OB MeV /u, ™
PR T HSEERN . BEE S KK R
A (optical parametric chirped pulse amplification,
OPCPA) & J&, $1FCFI-T40 BL g mi D ot 4
EAHARE R, AT RO B T IR AL Ao
a0 b G BRI SEL . MG A 3 O 1 it
ELI 45 16201 33 6 25 D ABO 0 B A RS0 %
PR A I (R B 38 1023—10% W /em? (R 51 K
FRHOCK i, SO S B AR TR

IR A AR (S 12305268, 12175310, 12075014) . BRI A EFITRFHISEIH (S 22B0655, 22A0435), WM&
HARBIAIE S (S 2024776184, 2022JJ20042, 2023JJ30195) HIE BB K2ARHIFHRI (S ZK21-12) TR,

# [F A SRR
T HEfEMEH . E-mail: zgb830@163.com
© 2024 FEYIEZS Chinese Physical Society

http://wulixb.iphy.ac.cn

165202-1


http://doi.org/10.7498/aps.73.20240696
mailto:zgb830@163.com
mailto:zgb830@163.com
http://wulixb.iphy.ac.cn
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. 16 (2024) 165202

ORI MPR e 4= R EI E{VEAE TRAT RO EE S VIR ®) i an
AR REDS 7= AE R it Rk GeV /u (W EE B3 (1921
R T SR B0 o B A AR B AR ORI, Aniot
SREE T > 102 W/em?, WOLHERERERE < 5 um.
TR SEBRR TR R, WA E RO e S Bk
(18 [F) 0 A T 25— SR ot JB e P i A 17 2 )
AL T EEAER, AF R TURME AR LML BOR S
USRI RSN A R, AR A5 28 1A B 2R
FE 77 A A A U U R R R L R X O ik
2 LR 18 A 5 B A A TR 2 A
TR B O oh 58 BE R ] 291,58 i 4
AR AR A T B AR O G bk b B4 45

BT IUAED, PG T 2RIk
FETHBTT /BT AR BT, AN O G bk i 2229,
BRI TE A 20T HERE T SRR A . X ge Ty
Zh, IR A58 Il E AU RS 5 | RO
i, I BEXTHOGIIK TR T 5 £5 LA i B R i B3 11
WOGHREE, JEMIESRBOGRE R ACR L B 1
WRERE. SR, FE A BOCS BT, i 3%
T3 J1% (quantum electrodynamics, QED)
RS HE AR R Hb52 e L~ 1 31 g 2 A7 Ry 282290 A
£ 85 B VA 3 T 5 | O i 0 5 R
R BOCEZEAME, mF X PW R
POCHK Sl i) = BE B TIN5

AR SR FIRL AU, DF9E T B THEIE A5 1
A TE Y E OO K PRI e B i
MBECHILAR. DRI, BT HEIE A5 R A
XFEOCIK AR L T MR A IR OGRS
WICHREIE, BROGHEBERG R, [RIE, 585 S A
JIREGE AT RN T F I EARIRO G 5 B A 1)
AN 5 | A T AR i o P A R 1 K,
BT B s I, R A ARG RE R R A Y
240 GeV WU AE Au™ B 1, XFERER C &k 3
Hh R B Al AR AT K Y B (R RE

2 HEEA

A S QED B 1y — 4k T B4 (parti
cle-in-cell, PIC) #£F EPOCHB #F5¢ i PW £ i
RO K b 5 HE T A5 2 A3 A ELAE P A ok e
ROE N 25 . BEHUSEUN T — 3 p Ak
WO P o 5l N 2ol 3 AT, WOtIH— ki
i 278 M a = ag exp[—(y — yo)* /o — (t — t0)? /7],

HHr ag = eEy/mewoc = 200 (e, me, wo, Eo Fl ¢ 53
S B FRL A L F R BT ORISR | WA
SRS o), X R Y (S OG5 N 5.46 %
102 W /cm?, IR 172 PW, Sfight e = 14.15 kJ.
WO TR - = 25T, (WL T, = 3.3 f5)
o0 = 10 o MK HRIEEAE, Ny = 1 pm 2
JEAEELAS A, BEJR R 2. Bl K LY
B GBS T IEECEAE © = 5X\ & z = (L+5)
o Z M8, RImFF 242K v, 3038 BE 5 RO ARl
IR 0. MV B FUGEE R E 2 4R
T, B R H 8 B 5 A ny = 33.5n Ml ne =
Zn; = 2646.5n, , Hoh Z = 79 JE B T AL, n, =
1.1x10% cm 3 R A5 B TR A% 2. [RIR, 7E4EE
A5 VA T A SRR TR, I e A
J A, 6 BEREE BE 43530 R my = 33.5m Fll d = 0.1,
LA ST o x gy = 70Ny x 40Xy, PIAEASE K
Ao/100 x Xg/100, BEA WA PN 43 CE 36 4> HL T
B, B RoRn (i 1Rl 46k ZERLqlh,
T IO 55 B T oM BAE T #EA QED X3 2551,
SN e i 3 7 7 R T i A 0 e =

3 H I RBOL Mok B

R T VR 5 HE T A5 B AR T R SR I
ek IR, B 15T ¢ = 50T, ifZl, &
TR 5 A R SEO0 Y 55 85 148 16 A bR
FHRHRE ) B3 B, 023 6] 43 A, B0 Bh o7 B 1 &
R AE TR, S EOGERE I Al 6, Kt
FREN v B 1(a), (c) Al (e) BE r= 3 pum, 6
A3 5°, 10°H1 20°, A LLFE 2, BEE M 6 13y
K, HIENTWRLRESZ. RIGERETH R
Gitl T ¥ S5 8L BE D = Ao/ (2sin6) 2, D [A] sin6
B L, PR R BEAS () B4 1 B 5 SR DU £ B o
K 0 = 20°%F W & fie /N D, PUTTT 95 458058
FERAS . BRI 1 IR 2R SO T2 B AR 1
(1), LSRR sind BUR E, BRER 6 HBG KT
VAR BURS I G SIS T BEXHEB SR O AT LR
PETF V5 S e ol R A &, SOk b 4
PIEHTIE. [K] 1(b), (d) F (f) 4 T ARIHIF 2k
12 r ANRIREO K IR 25 [R5 A 52, [ 0 =
10°. ATLAFE ], 24 = 1 pm B, 588 SMUEOEBE
i R, WOtRE R TCIL e Al I, HAE
S B IAE I P = RS TS AR R

165202-2


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. 16 (2024) 165202
20 20
(a) (®) 300
10 10
E 0 E of ) 0
= > H
—10 —10
—300
—-20 : ' : —20 . . .
0 10 20 30 40 0 10 20 30 40
z/pm z/pm
20 20
© (d) 300
10 10
E £ W'" (e AN
< o ‘u.«..m.mmnnnmm)l' I S i ““{(“““N,,, ,{’{ {pr 0
—10 —10 g
—300
—20 L L L —20 L L L
0 10 20 30 40 0 10 20 30 40
z/pm z/pm
20 20
(e) () 300
10 10
nm mmmm
E ER 1
= = it \\\n\M\\\\\“N““‘NM il
—10 —10
—300
—20 : : : —20 : . .
0 10 20 30 40 0 10 20 30 40
z/pm z/pm
Bl 1 t=50T, B, B EHOE 5 R IE 2800 T8 45 s 1 38 A LV FTRS R 1) 3% B, (923 8] 4340, s 3% 0 — 1K 3] mewe/ e. 1B
HORHE N W ZIRL AL E (a), (), (e) [ r= 3 pm, 0 4351 5°, 10°F1 20°%; (b), (d), (f) Bl 6 = 10°, r435124 1, 5 F1 8 pm

Fig. 1. Spatial distributions of the transverse electric field E, in the interactions of the hundreds-petawatt laser pulse with conical

plasma channels of different parameters at ¢ = 50T;. Here, the electric fields E, are normalized by mewyc/e. The black boxes in the

figures show the positions of the targets at the initial moment: (a), (c), (e) Plasma channels with fixed end opening radius r = 3 pm

and 6 are 5°, 10°, and 20°, respectively; (b), (d), (f) plasma channels with fixed § = 10° and r are 1, 5 and 8 pm, respectively.
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Fig. 2. Distributions of the transverse electric fields E, along y = 0 pm ((a), (b)) and radial distributions at the location of the max-

imum E, ((c), (d)) when the hundreds-petawatt laser pulse interacts with conical plasma channels of different parameters at ¢ =

50T;. Here, the electric fields E, are normalized by mewyc/e: (a), (c) Channels with fixed end opening radius r = 3 pm and 6 are 5°,

10°, and 20°, respectively; (b), (d) channels with fixed # = 10° and r are 1, 5 and 8 pm, respectively. For comparison, the black

lines in the figures represent the propagation of the laser pulses in vacuum.
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Fig. 3. Evolutions of the spatial distribution of the average energy of Au™+ ions for the channel target ((a), (b)) and the flat target

d), (e)). Here, the average energy of the ions is normalized by m,c?. Temporal evolutions of the energy spectra of Au™* ions
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(c) and the energy conversion efficiencies n from laser to all the particles, Au ions, electrons and gamma photons (f) for the channel

target and the flat target.
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Fig. 4. Spatial distribution of S, (the a-direction component of the Poynting vector) (a), (d), axial distribution of ion density n;,
electron density n,, and longitudinal electric field E, along y = 0 pm (b), (e) and electron energy spectrum (c), (f) for the channel
target (conical, (a)—(c) and the flat target (flat, (d)—(f)) at ¢ = 507T,. Here, the unit of S, is W/cm?, and the ion density n;, electron

density n,, and longitudinal electric field FE, are normalized by n,, Zn, and mwyc/ e, respectively.
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Fig. 5. With (w) and without (w/o) considering the QED effect, the distribution of the transverse electric field E, along y = 0 pm
(a) and radial distribution at the location of the maximum FE, (d) when the hundreds-petawatt laser pulse interacts with conical
channel target. Here, the electric field F, are normalized by mwyc/e. Without considering the QED effect, the electron spectrum
(b), Au™* ion spectrum (c), the distribution of the average energy of Au™* ion (e), and the distribution of ion density n;, electron
density n,, and longitudinal electric field E, along y = 0 pm (f). Here, the ion density n;, electron density n,, longitudinal electric

field E,, and the average energy of Au™* ion are normalized by n., Zn., mwyc/e and m,c?, respectively.
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Au™* ions and the axial length L of the conical plasma channel when considering the QED effect.
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Abstract

In this work, the effects of conical plasma channels on the laser pulses shaping and the heavy ion
acceleration under the extreme light field conditions of hundreds-petawatt are investigated by using a particle
simulation method. The law of influence of the conical plasma channel on the spatio-temporal waveform and
intensity of the incident laser is analyzed, when the quantum electrodynamics (QED) effect is taken into
account. The reason for the shaping laser-enhanced heavy ion acceleration is given, and the role of the QED
effect in the acceleration process is explained.

It is found that due to the non-linear interference and focusing effects, the conical plasma channel can
shape the spatio-temporal waveform of the laser pulse and enhance the laser intensity. A tightly focused (beam
waist radius < 1 pm) and ultra-high intensity (enhanced 6 times) shaping laser is obtained for a linearly
polarized laser with an intensity of 5.46x10?2 W/cm? and a waist radius of 10 pm at an incident angle of 6 =
10°. In the simulation, the conical plasma channel is filled by fully ionized high-Z gold plasma with an electron
density up to n, = 2626.5n,. Therefore most of the laser energy in the channel is reflected by the channel wall,
and the QED effect has less influence on laser focusing and shaping. This laser is used to accelerate an ultra-
thin flat target placed at the end of the channel. It is found that the radiation reaction force can effectively
suppress the transverse expansion of the ultra-thin flat target, caused by the electron heating and the transverse
non-uniform of the laser intensity. The transparency time of the ultra-thin flat target is prolonged, which will
allow the gold ions to be fully accelerated. Ultimately, the gold ions can reach up to about 240 GeV in cutoff
energy. These results are expected to provide theoretical reference and technical support for designing the future
experiments on hundreds-petawatt laser heavy ion acceleration and their applications in high-quality ion source,

such as nucleus-nucleus collisions.
Keywords: hundreds-petwatts laser pulses, conical plasma channel, pulse shaping, heavy ion acceleration
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