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Development and prospect of laser plasma wakefield accelerator

Chen Min"?,  LiuFeng'?, LiBoyuan’, Weng Suming'?,  Chen Liming'?,  Sheng Zhengming'?,  Zhang Jie'?
(1. Key Laboratory for Laser Plasmas (MoE) and School of Physics and Astronomy, Shanghai Jiaotong University, Shanghai 200240, China;
2. Collaborative Innovation Center of IFSA, Shanghai Jiaotong University, Shanghai 200240, China)

Abstract:  An ultra-short ultra-intense laser can excite high-amplitude electron plasma waves or so called laser
wakefields when it propagates in under-dense gas plasma. A laser wakefield accelerator makes use of such waves to
accelerate charged particles (especially electrons and positrons). These plasma waves can sustain longitudinal
acceleration fields over three orders of magnitude higher than conventional radio frequency accelerators. This new
type of laser-driven plasma-based accelerator opens the way for compact particle accelerators and radiation sources. It
also has the potential to be applied for the construction of future ultra-high energy TeV electron-positron colliders and
free electron lasers. In this paper, the principle, characteristics and development history of this new accelerator,
especially the main progress in the past ten years, the future development trend and the main challenges will be briefly

reviewed and introduced.
Key words:  laser plasma; laser acceleration; laser wakefield; ultracompact accelerator; novel radiation

source
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The dashed arrows show the directions of the longitudinal and transverse electric fields.
Fig. 1 Schematic of laser plasma wakefield acceleration

1 OGS B T MR i R R R

092001-2



Mro RRAF: WOLSE R TR R BN 85 A A e 2

AT, 3ot 5 2 T VA P VO (1) P i, T LA A 1 e 5 L 160 £ 31 B B 2 e i
B O 007 ) e 2, B HE R ) T B0 T P R D DA 075 T B A o 4 G T 00, WO 55 5
e 0 /I 55 55 B B T 0 AR R R, [V /em] ~ Cngfomn™]) 2, 3 i # (11 0 P 25 5 -0
(ne~— 10" om®), LR 538 5 T i 10° Viem . K BETE L AT A T — /4~ IAIIE 6 1 140 B A48 , AT 001 ik 4 1
S 5 BEAR I T 2 5 A 0 AR T R IR, 32 2 A 1 PR 0 0k S 0 L BB B . RS
R T e T PR M EE (P 1 TR A R R A X P 0 T ), IR B AT T A
A TR A TR 00 e A5 1 B, 30 o o kT R R, 3 R HC 7 B o M B A R
A, e e T I 0 S 13 X 9 4 15 P 7 S50 5 5% 2 o 102 30 O B B (L) IOTR L.
TR B M (v, = vy ) 7% UL AT Y 0, 7 L o 52 DA B QB B5 (Logodyc/ (v ) » 3830 mm Z4C om
L) 23 TR U L 4 JRUE e 3884501 o B3 ), AT o PT35I 3 1 0 B

T, SO PR 0 o P 7 25 0 T T S B 0 IR — 2 0 7 A 4038 058 5 T (R 55 4, W0 A
SR M7 e (G e G 1SR R I BRI K I ) — SR 0 2 6 0 1 B 00, 76285 5 T (i
SR 1 25 B T PR R s 2 0 T 5 T A P e T £, 75 5 1 4 R, W T A B A AR, 9 B
e M ST A S 0 ST B 5 A M B WO B R R B4 0 T B AT IR T 3 5 D -4
WA 25 0 T P R e AT 0 BB 5 P %

SO 5 B0 T VAR A A ke 5, FOAILSE o 9 s 7L DR AT « o B R M, 3 LA £ I
Fh 0 B 9 ST, T LA 0.1 i 1) pum B9 B 0 OB O AR ) A, RS B T3k fs F % bl it 4
SE T, T AR R R IR T N, S B 1955 , TR A Betatron ST, FL AR AR M\ B 51 X 52 U B
R P L7 585 90O S 0 1 S T 722 0 S5 1Y P e JE 9 1 S 4
I AR, 3 4 T T TR R Ry T B R TR e R R — 2 4
A BEE— S, BT TT R o (1 F LT MO TeV IF 60 o X 8 HL I i 28 6 53 F 0 i e RO, BT I
KB 5 ARG 5%, 3o 2 DU~ 4R RO 25 5 T VAR 0 9 7 9 PR PO A0 T 192 10 R BB, 2004 4 LI FL R e

TR

2 HAFEFEEEMENFINERE

WO A B U R 0 SHARE A A AR 1 R T 1979 AR, LW X AROH TR SRR SR O Bk B R | IO A B AR B S
0 R Uk I % RN R TN B S | 22 G 22 R R T K R T R RE T A LAY BUE B 5T, LA R O R ek
(14 1o FHRFF 5 T T A S [R] i o 3 DU A1 ) 3k A )y T AT B 45 TR DGR R 1) & R A B TR R R 25
BHEE A WOLSE R TR DM KB DT = A8 W 500 & B B, LT 5 i [m) 25 3145 T Pk & e,
T4 BT AR B A2
21 BAEBFEEEMELZBH=/ME
211 RIEHOGE B IR Rk

PO A5 B AR D I SE I 2 1) R, ER T R SR O K R AR R R A A, AR R BT B TW Y
REPBOGAR A WA B, AT 560 12 W] AR G 38E (H— 658, a= eE/mawc<<0.1) IO bk o =25 K s B 1)
B AR . AEARAN B B AT G TS i far A K ko O 555 1 S8 BK R R IR SR TR R . X — it
WL T Z R0 B 3 8 % O vk, WGV | Bk ep g B S . A RO R . 5 SO R
T A RO M R D i, A4 L X O EEIR SR A R, AT — 3112, 47 248 134 1l LU 2
HLRIRSCHR [1, 6] [A]— B 40 1) S 36 B 5% 35 B T 0 R 0N T4 B K%, 4N 1995 4F, Nakajima %5 A B3 F1) ik 58 4
1 ps, P4 1,052 pm, TR 3 TW BYIEOEHK sh 78 BN 1.5X 10" em™ A2 B8 AR RS20 T H I HEOC B 30k,
FL 3 0 TR 3] 30 GV/m!™ 33— 30 AT 9 6 45 98 ' B2 3 14 RO s s e A AT TN, 3 R OR RO B Y
T L B T A
2.1.2 OGN KR i T IR

Wi 25 R WK Sk 3 30 A 52 AR 19 2 e 0 6 ' ok e 1 B, ) BRI S R BT s DAY, o A A X
58 (10" W/em?) By CEMOG AT AR 25 5) M AE 55 85— Uk vh UK 0 s i F2 3, 3k (45 () sF 80 A9 380G 2 3 o ik S 18 7 8
WIS SR 5T T ARAS B TP R R L % B B — A LB B B 58 R T LS 3 Malka S50 9 3% R RS ] [ PR

092001-3



weOoW s 5 Ol TR

G VEH T 2002 4F 7E ( Science) I & 38 19— 52 5 R U2, A AT R T Bk 5 R 30 s, B35 30 TW, K 820 nm
U Ik AR %% B2 2.5X10" em™ A A5 B UK Uk T R R U, O ELIE A R I A T A S AR A T
AR A E] 18 MeV(130 MeV LA R gt 1YL T A8 50 M RE AL, WKl 2(a) Bios ), fiefm A T 200 MeV, B
AT 5 nC LTI . 5 IHT Dk vl O IR 0 Y IR R I A TR A4 sk 2K e e RO K i R 0
N MY A7 30 BRI N o 1 R U o g TR RRAE 2 3 SO I SR i R R AR, Dl K Ko B
il B 3 290 v s S b AEAE I LA B R0 32 0 (] B 1) 22 S IO U6 o 3X — P A RIS Lk AT EC TE W S8 31 1 R
WO R Ik = R AR RE . ML), BFR L2 5800 R BN s /N RO B2 . (H S B LS
JoT, JC IR HCT R R A S RIS BR ) Iz a0 .

10]]

1010

o
%

100k 1

¢
=N

10%

107 E

number of electrons/(MeV-sr'')
charge/(pC-MeV™")

S

~

0.2
10° : : : : 0 : L e
0 50 100 150 200 250 100 150 200 250
electron energy/MeV energy/MeV
(a) energy spectra for laser wakefield acceleration (b) sample electron energy spectra of
experiment with different plasma densities in reference [12] consecutive 40 shots in reference [19]
250
200
150

energy/MeV

shots

—
—_
=]

] 2345678 910111213141516 171819 20212223242526272829303132 3334353637383940
(c) the false-color images of the 40 spectra

Fig.2 Energy spectra
B2 W

2.1.3  WOGR I 0 HL S S ORI BE R AR T

FEffR D T R A B AR RSN 22 5, 0 R B atE AT R R B L AR e R i e
PR T PTG . e — R, SR A R R R I A R T AR S A RO T 5] R R ML . T
A BRIS YL HE— 2 A e, S22 A R, S50 T ISR S R AR T BRI . R, AR A (A A
RS2 TR e . S8 . S RELEL —= 7 R ARG, 22 BAR HE, WOB R I RS N k.
T I BE T M E BABE B RE /N T 1%; 0 — 4k & 59 8 F 2 0.1 mme-mrad; H 7 3 (958 8 PO 375 RIEAR TH . X —
19700y LR ) R AL 4R 2004 A 7E [R] — 91 (Nature ) b 43590 iy 9 [ | 5 [ Rk [ 40078 14 /DN 0 N7 e 36 1) =i SR, At
TRE T R FIEOE R 3 5 23 AR 1S T e R 2 70 MeV (3% FEHL) , 86 MeV (2% FEHL) , 170 MeV(24% REH) 19
WELARE R T3 . (Nature) 24 3 193 i) L “ 45 2 3 ( Dream Beam) ” U 3% = B8 30T LA T 22 SARIE Y, X =AT
E T4 BFER 7 AEA L BOES 51 LR ARG M R U T i 7 i 3y 160 A5 2 0, o6 75 7 BRLRE R 7 fim o 5 1) 5K
B, KRB SR T AR 2 e s 3¢ 7945 A S 1 1y FH A 455 0

VS5, o0 T 1 s O R el R B T R RS E M, A G R TR A BRI RSB S R B B, bk E
BRZEA TR LOA WF5Y 4 2006 4F- 7 (Nature ) I & 3R 1 5250 TAE AT DAAE Sy BORLAR SR b A7 8 52 56 b 1 YR S0 iE
TR RS AR % R bk R A SR, e R R RO B RIS 7, A AT R SEER T IO R
L OO B A RIS T . X — TAE AR AT R S o (4 v] PR AR O K . 7R TR B R T O, X
— WA AT TR O E D%, 350 S0 B, DL KON 5K R f 5 s DO i AR e 5], R RT BE b ZE K
W B, B R B RN s g . MR AR AT LS I 2006 4F 26 [ 25 48 B 1A v R FE 5 525 % Leemans /N 41 & R AE
Nature Physics) [ i TAE, flLfi 13648 1 f5 —Fh 7 28 FIRHKEE A 3.3 em, H0 % B2 4.3 X 10" em™ (149750 L 6 4045 AL
D51 T 40 TW B 30%, 845 T 1 GeV By 58 H0 1 i 3 U™, 78 i o 2 P 19 52 56 AF 55 7 187, 2008 4F 7 [

092001-4



Mro RRAF: WOLSE R TR R BN 85 A A e 2

Osterhoff &5 AR IE 1 iR T4 20 TW ., K5y 42 fs BBOEHk el 50 15 mm, B AR 250 pm A TE SR
BRI RSB T AIEZ 7.3 X 10" em ™ IPARAT TASRE AIHL TN, A UKIE) L oK RMS BEEARENEDE T 2.5% (U 2(b, ¢)
JiR ), 8 e g ML T 1.4 mrad, B A7 AR E PER T 16%.  HL T BE 3 S8 A Hhots BE 5 24 200 MeV, HLF 3Rk A
(2.1£0.5) mrad, B & (22£5) pCl7 IX 88 T AE A OE R 35 3 I 103 1) 9 28 B S I B 7 1 I8 S A Al o X — B B
JE WO R W AL ) A By AR o BT T Y bR R BSO8R i B TR . R E, LU
Betatron 4 5 51 T i 57 4 1) ) 20 80 S50 QR B 00 A0 167 o ¥ ke -0
22 HAEBFEEREMBARTENER

DA b IR i B[R] Dk 45 00 O R g A By 5 K SR 45 7 1 B BEPE B9 o028, IATSE 7 ok A, R LR R i 4%
ABrBe, BEE | ABAUANSE S = 07 ARG, B RE o P AT B AT 5T B B AR HO R, etk R — 4R
PER DGR, UL A s By g < R S B O T AR T SIS PR, R AR O R o i 5 ) S0 A AR
WK BEE TR (L4523 T GPU MR R AL B 1B B 20 % e PR BETH L) R T B AL B 1 v PR RE 4T
TR HOR A R, VLSO 55 88 1 AR B AR R AURR PP i bR R 8, BB RE ST 58 7 O 2 B 1 IR R Dl i wF 52
HRY R OR B 2 . FETE 2 R TR A R, B TR B A4 Bl ) S AU 51— AL TR ALL (Particle-
in-Cell) P, K A Fhd ALY (AN ik oh 0 283 AL AEXS BRI RZ R | I8 AE 2278 0 578 R Y 55 55 P2 TEHOE % B
A U iy T R AR K o BR T 1979 45 Tajima FI XY 5 (93T HLARLFAS LS T R 3 B R 1) — 4 500
BB UE SR, 2002 4F, Pukhov i i = 40k B P & I 1 AR LA BOL S & IR R B i 25 10 45 F =, LU SO% 5
THOEA TS, A A UL, T RURAHME A RE T A IR o RS X 5 T SE g A e SR O, A S
AR 2 M 23 10 e BN K R B S RIF T AL A5 LA A 37 R R Y AR R TE S T, AR ki AT
TEAP Y28 A AL TE AP DR G A Y 45 Z b A ML, AR o T3 ML A B 1 40208 A B B
FE, RS TARER R ARG 8951 S e AR AL

SCYT5 T BR T LA b A 430 4% B B H I AL AR B 1k AL, B XHEOE R S A I ISBA2 W, LA R X
HLF O 2R CINRE I, R BE | ) ARG BRI I L AR5 1 DR R i o il TOE R Bl oK B R HLDLI O
B Bl Y A B T RS, X AT BRI IR R . SRE B R, SRR AN E &R E T 2 M0 RS 45 1
PRI T5 12, A0 e ok ol 680 06 2 s B, B DRIBO B R IR AR PR e 1 SRR AR 55, S e B R AN M 5 B M
BEALLE A E 5 260, X R Dl iy B Rp Ay T — 2B IR . 55— T, th T R S F 1 AR e D L
Pk i AR AR 1] 45 K SRR, S A S5, A R 3 o o A v ) P SR, AR R IR AY . AR 2 A G e 1 s
v LB T2 W R TE O R BN E SR RE B S T o ISR ARESR AT I T 22 Fh AR Bl A vl 7 SR B 0 4 D7
¥, QR T RAE FE 3 Y Betatron 5 5% S S L 1 ARURRAE 2 B (AT 1) A 56 ), AnTEL 3 BT o X7 TH A A
B kR T L2 % Downer 55 A5 (Y 2534 SCHR [32].

3 BAEEFEEEMENNALZE

WO AE B T VR R I o B PR R, R AR B A T R S TR T, R IR s 1 P 1 A 2 T
SRR . R, AN [ A LA 5 3R SRz ask o A1 T R U I SR L R F o R AR, YOS RS R D i
FAWFFE A F % R W 0, 308 T — 2B i TP o 3k B R ATt L ) — s M 760 )57 AT 2 A 40 o 3k 6 07 FH AT L
S R NS
31 FAREMEREFRARMELEAHAR

X 28 FWF 5% 40 35 5 T H 7 o 76 B 3% vh i 1) 32 3 9 Betatron %8 598 & LR Y, 25 T T o 5 AMINRE 5O6 %
i VE FH 11 [7) 25 B S D5 R 30 8 30 WS VR, 35 o 1 SRR R Pl P A7 S A% o X T A8 43 1 R T 225 Corde 55 AT
ZERSCHERD, 33 B AT 1R B A 24— e i AR B S P S, 2009 4, [ T3 TG A Fuchs 48 AR 1.5 cm KAy
BN 5 30 cm KA aeilh & 74 T KN 9 nm A1 18 nm AY4E ST, YeURiES2E R 1.3 X 10 photons-s™ -mrad?-mm™
(0.1%BW) ™1, 2010 4, 4 [ 77 = B T 2% B 19 Kneip % AR ] L J7E 2 3% 37 1 (1) Betatron 46 5 72 42 7 O g &
7 10 keV, 5% & 5 35 10?2 photons-s ™ -mrad 2mm? (0.1%BW) ] X B £E R EY, 2011 4, B [ 37 45 57 307 4% S8 1K 24 1
Jaroszynski /)N I FH IO I I 3 19 700 MeV 1 B F 35 3R Bl O6 R WEVE L, fE LT RE R 1~7 MeV S [l
PIP=AE T 107 A 15 R AN 35 565 4R U5, b AT BELAR AN R 25 pm (59 40 22 30047 AR 1%, R4 T Al 5 15 0 ) 1
B, 2012 4F, 1536 5 [ RL 2% R A5 B IR BB R O 5, ik 45 B BT R OG A RO, o SE B T IO R Uk

092001-5




weOoW s 5 Ol TR

lanex screen
Ce: YAG| _——_

phase shift/rad screen Q |
plasma ) a0
relativistic ~ wakefield ¥ § _[@dipole
electron beam., ’ dh\ ~_{ magnet
= *4-mm
! as jet i
25-TW sm o
laser gasjet -__.-"-‘
2-mm gas jet ¥
=
=
= 1.2
t, —
“000-0 £ §
p \ = 3
» 5| | 5
L L 1 — l '2

n./ (10" cm™)

g
2
50 8 g
[
=
1.5
t,+4.6 ps )
—50 g diaviny =
8
: : . . . . -1.5
600 400 200 0 0 133 266 399 532 665
At/fs z/mm
(a) top figure shows a typical detected image of (b) schematic and experimental results of transverse
laser plasma wakefield using frequency-domain holography, electron radiography for laser plasma wakefield detecting

bottom figure shows the corresponding simulation image

Fig. 3 Detected image of laser plasma wakefield (Figures are from reference [32] and Matlis N H, et al. Nat Phys, 2006, 2: 749 and Zhang C, et al.
Phys Rev Lett, 2017, 119: 064801 and Zhang C, et al. Plasma Phys Controlled Fusion, 2018, 60: 044013)
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(b) at Shanghai Institute of Optics Mechanics, two laser systems with power of 200 TW (left) and 10 PW
(right, SULF facility), respectively

a conventional 45 MeV electron accelerator (right)

Fig. 4 Laser and target systems for laser wakefield acceleration studies
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