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Research progress of free electron laser based on laser plasma acceleration
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Abstract: Laser plasma accelerator can accelerate electron beams to GeV level within a few centimeters, which
provides a driving source for the development of table-top free electron laser. However, due to the difficulties in laser
plasma acceleration and the development of existing technology, the quality of electron beam is not high enough to
realize free electron laser, especially in the aspects of stability, divergence and energy spread of electron beam, which
present substantial obstacles to the development of compact free electron laser. In this paper, the latest research
progress of free electron laser based on laser plasma accelerator is introduced, the main challenges in the experiment
for high gain free electron laser are analyzed, then corresponding solutions and experimental progress are summarized,
and the future development is prospected. A recent research shows that the high-quality electron beam produced by
controlling and optimizing the injection and acceleration of laser plasma accelerator can achieve spontaneous emission
amplification and produce high gain radiation in the exponential gain regime, which promotes the research for free
electron laser based on laser plasma accelerator to a new stage.

Key words:  laser plasma accelerator, high-quality electron beams, free electron laser, undulator radiation, novel

light sources

Fifi 5 0 TR 2% B R G & R, R T n o 2% A S 9 S IR Gn W) A6 58 B AR B E P 380 (free electron laser, FEL) 76 9 B
fh2f . AR BRI R A A L 4 T B AR . AR NS IUAROEIR, A OB A A R Ik TE A 4
MTF R PR TR F AT SR R T B FEL 2% 58 5 M T 505 728 hn 3k &%, JH0 5 K A0 B0 AR A 7 55 A9 R

* IFRE#A:2022-03-30; &1 B#A:2022-06-28
EETB: ER HARAIEETH (11991072, 11875065, 12105353); 1 [EIRFE B s P56 SR & 5 (XDB16); 1 [R5 A [ 52 b S & -l A rh R4
BeEAERIHMEUE ST H (201952, 2022242)
BRAR: 2% 1, jlanghai@siom.ac.cn,
BIE1EH: £ 30, wwt1980@siom.ac.cn;
ZE{H 3T, ruxinli@siom.ac.cn.

104009-1


http://dx.doi.org/10.11884/HPLPB202234.220090
http://dx.doi.org/10.11884/HPLPB202234.220090
mailto:jianghai@siom.ac.cn
mailto:wwt1980@siom.ac.cn
mailto:ruxinli@siom.ac.cn

wmoOoW e 5 K TR

AFR# T FEL %% & iR M, B R A DEOLA B R A XA XA E . OG5 TR s #52 (laser
plasma accelerator, LPA ) if i 5 18 ' 15 45 B 7 AR 546 F i & M0 2 0) 25 MO 25 400 ) 45 B8 AR e, S5 8 IR b A e ]
DA ZS WA AR I Inadt o 78 LPA oy, S5 85 1A 32 o7 28 f He R B, sk A6 5 AT 3K 100 GV/m®, Be S 430 fin s 4% e 3 4>
Bom g, HAT, LPA o] SEELFE em i BBl RS HL 7 ik 3] GeV = 40, {f F LPA 1E b 3K ol I A5 B2 52 31 /N7 b FEL
% E AT, B R M /Iy FEL 2% B 0 MU AN A, 42 1 B b 1 068 8 1038 SR ] . it oh, LPA 7 A= i s F
LA R | K T AN A ST B (R A L, XA FEL 4l R T — S8 (R R, QIR s 5 ARER v B 1] 40 B

2008 4, Nakajima 7£ LPA fYJEAl 42t 7 & 200 B il F 30 stE", BiCE BOG R s HoR i & g,
ek 22 1B 58 AT BAIAR B T 5 24k B R OB T A A, aniEl 1 B, AR 2 E SR IX B HLA AR B 4
T ST G T IR T AR DGRBS IR, ik [ R AR5 0 B DG S % (LOA) | FE [E] Y L F- 7]
AN R A5 B 58 i (DESY ) AR K22 A 9 O 50 K 3l 1 45 25 A 3 4% 52 49 % (LAOLA) | 36 [H 55 A
ve A B 58 92 56 & (LBNL) # op 8 BL 2 Be b 1 't 2% 0K 25 HLACAE 5¢ Jir (SIOMD) o 6 A, B 19 15k 5 BF 55 2 H
EuPRAXIA® 1E7F #38 5L T 45 25 1M in 2 & (9 2Lk it , & 7E#E3h &5 =046 FEL i . AR, BB ER AR SEH A E
B G R B TR0, BT OSSR B i T OG22 Pk

ARSCRES T BT OGS R R g g 19 6 =4k B 06 BRI 0 32 B, DA T T AR
IR A% Hr DA S REFRCRMEE D Tt A 28 T PR L B A — S A D SRR R S R, RS T R T E R T
PR 25 04 P E O TE SS9 T I8 A A 04 JeoR i i

N COXINEL

D/ -

Fig.1 World map of free electron lasers driven by laser plasma accelerator

1 OGRS T AIE 2SS IR S 10 e T IEOEE B PR A
1 LPA-FEL A58

13
TE = 1 35 FEL B3+, FEL A9 £ BHRE H Pierce S pP IFE . p= (

K3JJT
L Kl ]) I TS A LR

16 I, y302K?
I~ 17 KA RTRSCHUL, yo R R T, o P TSR B R K, = 2% A s BRI, K0 28 e
U SR B, TV T T AL S A B '

Pierce 2 fitp i HL T 5 0 2 A1 35 28 60 2036 [ s 0, T 1 FIEL 4 25 e T F, 5K 0 10 5 4
R R FEL S5 s o BRI T, A BUAT LPA FIIK S5 550 A, ol 76 1 x 1072 7, 3 B3R o 738t 0
BEHCIE T 0.1%. SR 24 BT PR I 36T LPA 7 4545 0 i T 4 BB MG 3y 1% 75 47, < Bl 2 7 4 26 FEL %K.
LPA 7% L T ELAT B 0 9 % A TG ob, SR 6 e, 2 o o0 10 5 5 0 B 2
SECH B 1 o K, LT FEL S0 A, 00 H 7 o o P 1 T OBk b, ol MO R
T A T o7V 22 P SO 65 T S 501 I 2 o, T 0 7 e B

104009-2




%W ETROLEE TANER B b e T HOLHT sk it R

(52, 350 AR B B R B sh P, S I 22 0 B AL B A FEL 38 99 RS M . =i 14 25 FEL X HL 5 1Y)
FEE R TR B AR, HATIE T LPA 724 i 7 3 35 AN 31 3k Se R, 3t {2 4 [ Py A0 9 W 58 N B3 4 o 22 b it
ey ok s & ik FEL.

2 BRARMIWHRE
21 EMBREBEFR

L S0 il B R T LR R RS T IR B AR S 5 0 H R T ROE . F A 2004 ARFESEE b RS
T MeV B 5 19 1 BLRE HL T A2 S5 0, WS N LA AR T — FR G0 A T ABIL AN B A R e R S
at SO AR U, H Y S B B T AR KRR BE AR TR . X T FEL R, B PSR A RE RO — B B AR bR, (R
4 HL - BRI BB B0 Ry O 55 8 AN SR AU (A I Y TE  Z — FE LPA TP, L P AR BE L 32 SR R T T
N HUIM i o e A G R R, AN () B 200 A f H o s ) B R ], G SR e K RS T AR S FEUR A
(1 HL 7 B A OB AR T, HETT S B0 T AR BRI RS e b, h TR T IRES A H
YR AN 510, A T AN TR A 1 7 8 4 Fi - LA A TR) A o sk el B, o o s Sk 1 Fl - EL AT T 3 ) A o WA B, X 2 FlL R
RETBOE LA 40 8] T4 2 — 19 F 2R

SRV /0N B SR R e R v A B RE R, AT ERIE R T — S A R WA kM T
X R AR 107 B RERL. U0, 76 2 koo i B A B2 b, i T AR A R T 1 R R B A
ik b i B s )RR A R A L AR AT AR A AR e S R R R IR BB A F R, AL AR AR 0 B R D) R A
0.1% LA U, FESE VA Evh, SEREA 18 10 %5 B T BV A5 1, 38 2 Ak e 1 B T 345 107° B pe ™, X F
TN 3k AR AR Y LA R R R K ) R TR, T LA S R i AR 14 S S T R R 0 A X EL R B R WA KR A T b
(R RO REE 37 ) | B el B T S B0 1% = - N P8 = 7 8 71 2 R 2 1 2 SN A 11 )1 B2 O DS B -
SRRV, TE R -0 0 2o R X F 1 o R KR AT 22 RS, FE AL P AT DUAR A 0.2% BEHLAY FL AU, 3 ) AR
2R 2 T A A B 1 A S AR B A, R A s 3 0 AR ) O fRRER AR 1 ik g, Re S i i T
TE I AT R B R R ) 7 A 1 R TR S R R 1 A S AR R 2 A, T R A o AR e A A A
P F8 - 37 £E 1) beamloading 37 X5 5 WA WK 1) Bk f 7 SR 2E A7 25 WA Rk 1% 7 80 mT AARAS 0.1% 2247 Y R

B T BERLAL, BT R & G R WO S B T A B LAk B . R E R YE BT A E I S
Xf FEL 38 25 i BRI RE AR B RO B 2L, W P OR7E T A 2038 AR e s 1 H & 5 B 00 R/, e S B 2 R IR T 06 iy
18 1) 5 J5T 2l 3 R 2 0 R A BIOAE B o TR W LA S e /N BB O R o A 5 Bl g s A o R AR A ) 3 ok
FCHL TSRO 2 S B . e R T A2 e, R Sl 2 R T S O SO R R N, SO I R A 5 8h A
BN, RIS B IR 7 A 30 BE B/ N B ML o AR, R T A T, S A R BT R, PR AR L SR A e
JEE BN B 203 A T DL ARAS R AR & 6 A AR

FRAE BRI R © 28 0T LUy AR 0.1% LA BE A FE 5, (FL 2 30k 2 7y 22 5 I A9 59 380 2% 14 AR A 38 e
PASEER . 76 O 3B 09 SE B0 AF 58 B oy, v B2 e 1 06 06 24 K % MLBCRE 92 BT i T H LPA j™= A 1 i 52 J3E | IKTE
B NER B TR . 2016 4F, STOM 78 A 53 1) F XU VAR I8 15 40 W A 3 17 A S 1 286 66 B8 1 IRV &5 P9 22, 5
85 v R 3 1) AR B S A 4 T A o) R DB A RN O e A BB — s v R kS N, T A A v R A 2R
PREEF o Ab, 2 I S T AR A B T AR R A R v s 1) AR R R, R e BRI T A R K
R TR A RE L, M, 1ES2H0 B3RS T RE B 1E 200~ 600 MeV Z [H] 7] ¥4 . BEHL 0.4%~1.2%. Hi & 10~80 pC L I
A 0.2 mrad (975 5 R TR, HON 4R 2 ] S5 FE A 1K6.5 X 10" A-m2-(0.1%) ", B 45 14 48 B 4 s 23 7= A 1
LI 52 B . 2021 4F, SIOM M58 A D3R 3 1 S0P 00k T oF 7 A AR s 1 A0 %5 B 4 A ), 3 3k 0811 985 ink 14 o7 R
SR TR A R WO A R BRI R . 7RO A B AR R b 0 AR, ot
o A i g A R R A i R S, DT T AR AT R R . B A E SIS B ARAS T BB i 7E 780~ 840 MeV., fE
1 0.24%~4.1%. HL i 8.5~23.6 pC LA M & W1 0.1~0.4 mrad 4 5 5 5T HL 15

W 1 ) R I B A 7 A R R T AR 2 A, ML A 2T A I T IO R 3 i s 4R D R T AR
J P, O A B A0 AR A R A i A SR i R, AR ORI TR IS LA R
FETFERSHS . XESHO OHE AR Z AR AR, A8 A AR 5250 0 B ot L 32 30 - $R R AR DL e 4%
, BLas 2 S ARE A i e 25 02 2% R G i e A0 AR 1R . 2021 45, i [ IS #2 K 2% Il DESY FORFSE A RIS T 76380

104009-3



weOoW s 5 Ol TR

A TR S8 v, DL P AR R RS T 32 pC, 0.7% RERCAY L TR, RIS b, FH T R Y BE T 5
YE AL B bR R4 f = VOE/AE, Horh AE ML T RE B I 4a X 25, O W far i, B F AR BRI A R 7 2. Ak
M\ 10 A BEALECHE TR 46, @ ot LA OEsR B | £ S0 B R SURE L, B 6 RS EU AT — R, A L5 45 min
50 YRR Z Jm H RE R eI 1 3.7% AL E] 0.7%.

22 BFRIBEKREFEH

FL - RPN 7 A 380 S ) o R v R AR LS T AR R N S, A AR A ok AR v AR R SRR S BT X FEL SR 2
EHEEEM . (HJE, 76 LPA 1, Fi 50 A5 B8 1A 5 U 380 2 vh isf ply 08 1) SR A D0 0931 2k &5 2 BOLAE R 1) 1 ek
MK, 77 A R A AR o RN X L 7 R AT 40 A0 (44, F 6 D 3 4 v A% i B 2 PR R 1%, S FEL 5 56 1Y
FAAEFIOR o K TSR F, o\ A5 B 1 A 3 8 381 s vl B R ) 2R 9 2R X H 1 RO 2 ) i R T 20 1
SR, A B HOR TR S B

R T AR FL A HULE U5 A% AT R 0 B, TR B R A S E0R T A E M R R AR I R A R
o TEAR AL S e v, 38 7 FH v A0 DA Bk 8 A 8 M B R L R HEA T IR AR o AE BT 28 R Y A AL i 4k
o, Rl AL S8 0 K R Bl R DUAR Bk o G W, 76 SE T LPA f4 HY 11 BT 50— 2 7 i B DO A 4k ke o e, - SR AT
R, AR PR AR, FEU A A E B B Dy — A VO AR Ak R A R A 05 A O RO R
2018 4F, SIOM #HF5¢ A 51 78 52 5 bt 7 0 e W g ol Al 4k Xof |, — SR A7 SR AR AR L7, Dl 7 ol o ) KB
PR WA H RFAE o XSRS R 1 38 o U C HE SR A S HOR T 1S 1Y R A A BB 8 X LPA LR R &
AR AN 1) P 7 A AR A 1 SR A R LSO .

0 H IO R AT DR L BULE T/m B R 86 B2, (E 2 500> DO AR BR 7 A8 1] b HORE X 5 — 5 ) 9 L S SR £,
e 7 ) R IR AR, DR I3 T N R SR B Y DU AR Bk A (R X L AT A AR ) R AR AR . Xt
B DU A R e TR A RO AL i 2, O L DU R 23 X R R R Y H R A 0 B 8 O, N R A i e ) i
TIMERE . S5 TIARBSHERBRAILT T/m WRESELE, v LUE cm JE B N R AR TR, & —FE N BEBEME TR
AR BB 5 T DLt R B A Y BR BOB IR S A R AR R A A R ) SRR R DU A
e A AR, BA A py RAERCR, B2 5 AR AR e B 2 B R TS AR E Ph R 2E . BRETRE 7R
B v M) R 5K 52596 % BELLA Hro0 ) FEL 2% 8 TSR H T ik L 6 200 480 55 2 IR 08 45 i SR 6 O 2 8, LG M B v
15 3500 T/m, AT LA7E JEOK I FBL AR F2 77 MeV fE S B9 LPA L 73R,

F T OG5 B R 2 — e BE AR M 0y b B BKEh OGS 800 A8 Al 2 6 i PR RE A R By B Bl
W B Bl 30T 72 Gt 1A 8 R X L R BE A A 7 A R B S A% i U O i, R IR O (4 48 1) A Tk L Rk i R
Tk . FEL XHHOG AR M T R W AR 1 058 N B O R G Fr 2k A S 4k . B14n 2018 4%, S T4 7+
FL - S e 1 AN R EE A 1, STOM A5 A B3 X 200 TW, 1 Hz (8K 5 A1 SO A8 64T T 4 i TH B, 3 ok ™ A% 42 il
HWOL RS0 TAERREE AR AL BOE A8 3T, 388 7 ROB Kb B 48 m A2 € 1, 78 90 min P45 A9 30O 9 48 17 2 /N
T 1.5 prad. 3 BOH DA TORAS, B T EOG M RE R UE PR, 7E 90 min N LRI T 5400 A& Ok o, M RE B
KT 0.55%. i FFGUG 0L R Ge e L g il T R AR 1, RS AR SE IR A5 R T, 148 300 R HLF IR
S RE R 667 MeV, RE R4} Bk 3.4%, 1T AR HEIT 100%. £ 1 HL 7 SRFE HRU A% i 2ok v B A% CRIE DU i 42k
B b, SR A R L, AR T RS K R B AR
23 BEMEIMEES AR

LPA H1 ¥ K BEHIUE 523 & 3 45 FEL 09 dic R I B A, BOORTESE 50 1 2 &8 AT LLARAS 0.5% A A3 RE ) ML 1O,
{H3X 5 Pierce 2 1 X 1072 A MBUA LA —E 2205 . HETE PR R Z5 LPA ¥R RERLAE 1% A4, %K ig
R, BESE N DL T LR RE RN 8T 07 22, A4 HL 1 AR 9N 1) Ji 9E (decompression ) P I [a] #6237
(transverse gradient undulator, TGU ),

FLF Y decompression S i it chicane £5F4SZEL 1Y), 4n1&l 2 fr 7 . Chicane F DU MR 2R A%, M F AR7E ik
rh A% I 23 A D L AN [R) 0 BB 1 0 L O A 1 AR BE RS [R] . 7E£8 3 chicane Y IO UK iR % I, e B HE AR R RS
B, A AR Y H A R B ARG, BB A R 0 L AR R Y R B AR TR] . 7R S AL, chicane 23 AR HL BB AL Y KU1
Yl R - HER, T AR SR TR A V) RE B, 78 FEL 58 5 A0 72 b, B 900 B B8 B A1) 48 5 09 il Ko
P o (HJZ TS Y decompression 23 3 S (F HL I 1Y BRAIK, 520 FEL B3 25, PR AE {8 F decompression J7 £ B 5
LLRA % M T AR MY REHORNE(E HL X FEL (520 . H AT E PR AR 235 F LPA /9 H i i 0B 8 #

104009-4



% WA B TROLSE TR K B T O SR R

Fig. 2 Schematic diagram of chicane

[# 2 Chicane 718 & [&]

T chicane X H, T % decompression 3 [# 5 B8, F 5 A9 U A BEHL, 151 4017 [E LOA A9 COXINEL %% &4 fi[E LAOLA /)
LUX %EBS] ﬂl?% [E] LBNL 9 BELLA ':F'»[) i) FEL "%éﬁm] T/’ff o

B A R TR BB O K R TGU, W1 3 TR . TGU W3 i 8 1 F R = 0 0 £ 1 4 R 1
5ﬁa@ﬁm%ﬁmﬁm%mmﬁﬂﬁmﬁ%ﬁﬁomﬁnmm%ﬁ%ﬁm=%@+§)Kﬁ%ﬁ%@%ﬁwm
B R IR BB A 76 TGU 175 58 5 i Ko 52 161 (07 10 50 8K, 83 T 6 B O R X3 PR 7y A S 1 £ 8 B
TR TGU B ML B UG i Tl 0 35 2 5 MDA T 0 6 6 LA 0 2 0, o 75 PEL 0
TR 2% . E T o0 T X TR Ty 5 B T 1 6 T bl B Bk A 31 AR (T i

2
2;K1§0i+%??%'=§ﬂ[”]o i 2o 1 B 3 A B R R, TGU Al e/ A R 5 T B HIONS A S0 I ey 52 iy, DA T £
0
FEL $W S B o AHUR phy A7 AR B 1 4 B2, T LA PR 7 A 7K -5 1) b 237 AR W A, 7 BEA I A9 B 7 A B vl 1 TRUAY
KA o BEAN TGU J7 583068 L 5 5 A9 RS RE P SR , 0 HON FL - SRR fiE 2 81 3 A 1o 2} sl T AR e A 22

K. HHT, SIOM Flrf FE Bl2# B i B Y FEET 27 BT (SINAP) B 2T R A1F, 2 1 T #1609 TGU 5256 J7 2209,

D:

Fig.3 Schematic diagramof TGU
PR3 R 1o B I v e

3 Sit# FEL SR #HRE

Fe R LPA LTS T 0% T 48 TR 22 69 2 10 [ B BF 98 /1N AL, 2008 4, S K5 LPA 72k iy 73 BLHE TR A B %
PP RS RN B T K 740 nm BT A0 i B B4R ST, XT B B9 HL T RE B R 64 MeVI. BE T LPA B A 3k
A T O T R AR T O S B A 5 BB 12— 2000 4F, 78[5 T 5 R B v A O Sl
(MPQ) 5 /INL i FH— %8 DU Ak 5o o, R 4726 TR 1 g, 9236 rh 45000 ) T L 0K 18 nm (99K X B8 0 3%
PSR S % HG T IR Y, 2 v T 5 £ L U 8k 8 A5 O 1 B T L AR S T
SR ATA T B A ME . 2018 4F, 1 [E LOA MBS A BUEN G LPA HL T ok B ORI K 2 B00A A0 A 4R T 0 it A 7
FOIFR T — 4B M MR 0, A 2 o e 7 790 4L T 7 4 D 2k D T Ak o S 10 28 A0
T, ] chicane [ {5 HL 75 A0 A BT HLI 3 76 chicane 45 H9 F4 AL SE J82 T 98135 B4 B 4% 1T 6 59T 75 B o T 4 i

104009-5



weOoW s 5 Ol TR

BV, S8 b, SR T LPA A RIRE R 176 MeV Ze A7 B HL 3, JH 32 e i 2 00 HL 3 S B0y 2 1] ARDR o) A 45 (1] 45
G0, BLELIN 2 3 K 200 nm 55 A% HR 5T

A S R R B 1490 3 e R S AR AL IR A 10 AR S B B A A A TR D R AR, XfELLIA B FEL 9 22
Ko BT, 1545 T 58 AT E ol B R TR AR RIRG A R A i D T B R AR B R, STOML BT SN B 4
o R SR A i T S A e A I e A, I SR P TR A R B R A O 28 AR BUIOR X
S, IS T 4 FEL A JSUBEUE BT, 5K 022 70 RO A% i 07 87 RPN ] 4 7, 4 — L v A 2 DO A0 Pk e 7
SARHLJET7 8 em (0 B ISR X LPA 7 A2 1 L SRR AT 56 SR AR, T P B DU R B2 T 05 v 45 i PR TR L TSR DL A /N Y
1) NT PR R o rP AL R AR S . e A A JE 3R BEDN 15 m, Py fsim N 1, R 2.5 cm (9°F 1H]
Pegias o BRAAL AR EEAE] 10 m, fjf 1 RO AL f iy 52 20 1t

LPA quadrupole triplet quadrupoles undulator
EEEEE EEREE REEEDN
}
A “‘ “ EEEEN EEENEN EEEER
| 8§ mm 8 cm ~10r'}1'5m 1.5m 1.5m |

Fig. 4 Schematic diagram of compact beamline
P4 T SR A i e
S v I A R 26 g BRI A T R R AR R S R AR Y H SRR R A b B 1) RUSE 4 51 800 pm A
100 um 2247, UEBIZ R AL 5 2% LPA M7 oUHAT I 8 i AR o S 7R SE 30 R 4300 3 1 I /o i S B 2 150 nJ,
HLO PN 27 nm B R B, RSB THORT 35100, XA A HL T BB 5O 490 MeV., REHL 0.5%. FLfar i 30 pC. & HL
0.2 mrad. 38 0% ST T HORIER = i g 45 vh AR AR ST B G, FR T SROZE B RS 5 v Y R R 1 £ o R T A
100 %, UEH] T 4@ 59 AU R It 1 45 O 20k A T HE 80 25 X B

4 BESRE

L OIE  h J5SIE 0 T RS R ST (038 T L, B0 4 R R TR T I 2 . i PO %
BT RN 5l U S R, 7 4R FEL 55 B AL 6] 43 9% 0 [T INF , 4k MR AR T FEL B LR AR AR, 26 T il 2
BT RO 28 0 5 46 25 FEL J5UHEA9 5200 30 9F o 4 2046 FEL BRI BFRI A K 77 8, H RT3 FHO6 %8 T
S0 4 2L FEL BT Y 20 ph 34 2 S0 0 B Bk A 0 TH B B, 452 5 8 5 D01 % 0 S BURE X 59 2% i B 49 FEL
S T WSS T 5 . FEL (932658 FH T o 75 00 50 R, Sl ik HL8 2 > 46 2 S A AL b AR AT LAt — 2B 42 7 el T3 1
TR, % R T 4 A RIS 0 AL B A O 25 5 N Pk SR 0 S R T 0 T 0 e, 45 4 S T 1 D
AR R P 5 B 0 TSRO S S B DK B FEL S8 ST, T — 2 5 4 XA A T TR S TGU 25 RE B2
77, 3 VC L 3 A TR S RO AR 2 V] 4 45 7 R VSR A T o R S 2, T — SR THR ST R T R

S % 3k

[1] Daukantas P. Synchrotron light sources for the 21st century [J]. Optics and Photonics News, 2021, 32(9): 32-39.

[2] Tajima T, Dawson J M. Laser electron accelerator [J]. Physical Review Letters, 1979, 43(4): 267-270.

[3] Gordon D, Tzeng K C, Clayton C E, et al. Observation of electron energies beyond the linear dephasing limit from a laser-excited relativistic plasma wave [J].
Physical Review Letters, 1998, 80(10): 2133-2136.

[4] Leemans W P, Gonsalves A J, Mao H S, et al. Multi-GeV electron beams from capillary-discharge-guided subpetawatt laser pulses in the self-trapping regime[J].
Physical Review Letters, 2014, 113: 245002.

[5] Gonsalves A J, Nakamura K, Daniels J, et al. Petawatt laser guiding and electron beam acceleration to 8 GeV in a laser-heated capillary discharge waveguide [J].
Physical Review Letters, 2019, 122: 084801.

[6] Nakajima K. Towards a table-top free-electron laser[J]. Nature Physics, 2008, 4(2): 92-93.

[7] Emma C, Van Tilborg J, Assmann R, et al. Free electron lasers driven by plasma accelerators: status and near-term prospects[J]. High Power Laser Science and
Engineering, 2021, 9: e57.

[8] Sarri G. Laser-driven positron sources for applications in fundamental science and industry[C]//Proceedings of SPIE 11790, Applying Laser-driven Particle
Acceleration II, Medical and Nonmedical Uses of Distinctive Energetic Particle and Photon Sources: SPIE Optics + Optoelectronics Industry Event. 2021:
117900F.

[9] Huang Zhirong, Kim K J. Review of X-ray free-electron laser theory [J]. Physical Review Accelerators and Beams, 2007, 10: 034801.

[10] Faure J, Glinec Y, Pukhov A, et al. A laser-plasma accelerator producing monoenergetic electron beams[J]. Nature, 2004, 431(7008): 541-544.

104009-6


https://doi.org/10.1364/OPN.32.9.000032
https://doi.org/10.1103/PhysRevLett.43.267
https://doi.org/10.1103/PhysRevLett.80.2133
https://doi.org/10.1103/PhysRevLett.113.245002
https://doi.org/10.1103/PhysRevLett.122.084801
https://doi.org/10.1038/nphys846
https://doi.org/10.1017/hpl.2021.39
https://doi.org/10.1017/hpl.2021.39
https://doi.org/10.1103/PhysRevSTAB.10.034801
https://doi.org/10.1038/nature02963
https://doi.org/10.1364/OPN.32.9.000032
https://doi.org/10.1103/PhysRevLett.43.267
https://doi.org/10.1103/PhysRevLett.80.2133
https://doi.org/10.1103/PhysRevLett.113.245002
https://doi.org/10.1103/PhysRevLett.122.084801
https://doi.org/10.1038/nphys846
https://doi.org/10.1017/hpl.2021.39
https://doi.org/10.1017/hpl.2021.39
https://doi.org/10.1103/PhysRevSTAB.10.034801
https://doi.org/10.1038/nature02963

%W ETROLEE TANER B b e T HOLHT sk it R

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]
[26]

[27]

(28]

[29]

[30]

[31]

[32]
(33]

(34]

[35]

[36]

[37]

[38]

[39]
[40]

Chen Min, Sheng Zhengming, Ma Yanyun, et al. Electron injection and trapping in a laser wakefield by field ionization to high-charge states of gases[J].
Journal of Applied Physics, 2006, 99: 056109.

Buck A, Wenz J, Xu J, et al. Shock-front injector for high-quality laser-plasma acceleration[J]. Physical Review Letters, 2013, 110: 185006.

Yu L L, Esarey E, Schroeder C B, et al. Two-color laser-ionization injection[J]. Physical Review Letters, 2014, 112: 125001.

Tomassini P, Terzani D, Baffigi F, et al. High-quality 5 GeV electron bunches with resonant multi-pulse ionization injection[J]. Plasma Physics and Controlled
Fusion, 2020, 62: 014010.

Xu X L, Li F, An W, et al. High quality electron bunch generation using a longitudinal density-tailored plasma-based accelerator in the three-dimensional
blowout regime[J]. Physical Review Accelerators and Beams, 2017, 20: 111303.

Pollock B B, Clayton C E, Ralph J E, et al. Demonstration of a narrow energy spread, ~0.5 GeV electron beam from a two-stage laser wakefield accelerator[J].
Physical Review Letters, 2011, 107: 045001.

LiuJ S, Xia C Q, Wang W T, et al. All-optical cascaded laser wakefield accelerator using ionization-induced injection[J]. Physical Review Letters, 2011, 107:
035001.

Zhang Zhijun, Li Wentao, Liu Jiansheng, et al. Energy spread minimization in a cascaded laser wakefield accelerator via velocity bunching[J]. Physics of
Plasmas, 2016, 23: 053106.

Brinkmann R, Delbos N, Dornmair I, et al. Chirp mitigation of plasma-accelerated beams by a modulated plasma density[J]. Physical Review Letters, 2017,
118:214801.

Manahan G G, Habib A F, Scherkl P, et al. Single-stage plasma-based correlated energy spread compensation for ultrahigh 6D brightness electron beams[J].
Nature Communications, 2017, 8: 15705.

Li F, Hua J F, Xu X L, et al. Generating high-brightness electron beams via ionization injection by transverse colliding lasers in a plasma-wakefield
accelerator[J]. Physical Review Letters, 2013, 111: 015003.

Wang W T, Li W T, Liu J S, et al. High-brightness high-energy electron beams from a laser wakefield accelerator via energy chirp control [J]. Physical Review
Letters, 2016, 117: 124801.

Ke L T, Feng K, Wang W T, et al. Near-GeV electron beams at a few per-mille level from a laser wakefield accelerator via density-tailored plasma[J]. Physical
Review Letters, 2021, 126: 214801.

Shalloo R J, Dann S J D, Gruse J N, et al. Automation and control of laser wakefield accelerators using Bayesian optimization[J]. Nature Communications,
2020, 11: 6355.

Jalas S, Kirchen M, Messner P, et al. Bayesian optimization of a laser-plasma accelerator[J]. Physical Review Letters, 2021, 126: 104801.

Dornmair I, Floettmann K, Maier A R. Emittance conservation by tailored focusing profiles in a plasma accelerator[J]. Physical Review Accelerators and
Beams, 2015, 18: 041302.

Fang Ming, Wang Wentao, Zhang Zhijun, et al. Long-distance characterization of high-quality laser-wakefield-accelerated electron beams[J]. Chinese Optics
Letters, 2018, 16: 040201.

van Tilborg J, Steinke S, Geddes C G R, et al. Active plasma lensing for relativistic laser-plasma-accelerated electron beams[J]. Physical Review Letters, 2015,
115: 184802.

Thaury C, Guillaume E, Dépp A, et al. Demonstration of relativistic electron beam focusing by a laser-plasma lens[J]. Nature Communications, 2015, 6: 6860.
van Tilborg J, Barber S K, Isono F, et al. Free-electron lasers driven by laser plasma accelerators [J]. AIP Conference Proceedings, 2017, 1812: 020002.

Wu Fenxiang, Zhang Zongxin, Yang Xiaojun, et al. Performance improvement of a 200TW/1Hz Ti: sapphire laser for laser wakefield electron accelerator[J].
Optics & Laser Technology, 2020, 131: 106453.

Maier A R, Meseck A, Reiche S, et al. Demonstration scheme for a laser-plasma-driven free-electron laser[J]. Physical Review X, 2012, 2: 031019.

Huang Zhirong, Ding Yuantao, Schroeder C B. Compact X-ray free-electron laser from a laser-plasma accelerator using a transverse-gradient undulator[J].
Physical Review Letters, 2012, 109: 204801.

Couprie M E, Labat M, Evain C, et al. An application of laser-plasma acceleration: towards a free-clectron laser amplification[J]. Plasma Physics and
Controlled Fusion, 2016, 58: 034020.

Delbos N, Werle C, Dornmair I, et al. Lux - A laser-plasma driven undulator beamline[J]. Nuclear Instruments and Methods in Physics Research Section A:
Accelerators, Spectrometers, Detectors and Associated Equipment, 2018, 909: 318-322.

Liu Tao, Zhang Tong, Wang Dong, et al. Compact beam transport system for free-electron lasers driven by a laser plasma accelerator[J]. Physical Review
Accelerators and Beams, 2017, 20: 020701.

Schlenvoigt H P, Haupt K, Debus A, et al. A compact synchrotron radiation source driven by a laser-plasma wakefield accelerator[J]. Nature Physics, 2008,
4(2): 130-133.

Fuchs M, Weingartner R, Popp A, et al. Laser-driven soft-X-ray undulator source [J]. Nature Physics, 2009, 5(11): 826-829.

André T, Andriyash I A, Loulergue A, et al. Control of laser plasma accelerated electrons for light sources [J]. Nature Communications, 2018, 9: 1334.

Wang Wentao, Feng Ke, Ke Lintong, et al. Free-electron lasing at 27 nanometres based on a laser wakefield accelerator[J]. Nature, 2021, 595(7868): 516-520.

104009-7


https://doi.org/10.1063/1.2179194
https://doi.org/10.1103/PhysRevLett.110.185006
https://doi.org/10.1103/PhysRevLett.112.125001
https://doi.org/10.1088/1361-6587/ab45c5
https://doi.org/10.1088/1361-6587/ab45c5
https://doi.org/10.1103/PhysRevAccelBeams.20.111303
https://doi.org/10.1103/PhysRevLett.107.045001
https://doi.org/10.1103/PhysRevLett.107.035001
https://doi.org/10.1063/1.4947536
https://doi.org/10.1063/1.4947536
https://doi.org/10.1103/PhysRevLett.118.214801
https://doi.org/10.1038/ncomms15705
https://doi.org/10.1103/PhysRevLett.111.015003
https://doi.org/10.1103/PhysRevLett.117.124801
https://doi.org/10.1103/PhysRevLett.117.124801
https://doi.org/10.1103/PhysRevLett.126.214801
https://doi.org/10.1103/PhysRevLett.126.214801
https://doi.org/10.1038/s41467-020-20245-6
https://doi.org/10.1103/PhysRevLett.126.104801
https://doi.org/10.1103/PhysRevSTAB.18.041302
https://doi.org/10.1103/PhysRevSTAB.18.041302
https://doi.org/10.3788/COL201816.040201
https://doi.org/10.3788/COL201816.040201
https://doi.org/10.1103/PhysRevLett.115.184802
https://doi.org/10.1038/ncomms7860
https://doi.org/10.1103/PhysRevLett.109.204801
https://doi.org/10.1088/0741-3335/58/3/034020
https://doi.org/10.1088/0741-3335/58/3/034020
https://doi.org/10.1103/PhysRevAccelBeams.20.020701
https://doi.org/10.1103/PhysRevAccelBeams.20.020701
https://doi.org/10.1038/nphys811
https://doi.org/10.1038/nphys1404
https://doi.org/10.1038/s41467-018-03776-x
https://doi.org/10.1038/s41586-021-03678-x
https://doi.org/10.1063/1.2179194
https://doi.org/10.1103/PhysRevLett.110.185006
https://doi.org/10.1103/PhysRevLett.112.125001
https://doi.org/10.1088/1361-6587/ab45c5
https://doi.org/10.1088/1361-6587/ab45c5
https://doi.org/10.1103/PhysRevAccelBeams.20.111303
https://doi.org/10.1103/PhysRevLett.107.045001
https://doi.org/10.1103/PhysRevLett.107.035001
https://doi.org/10.1063/1.4947536
https://doi.org/10.1063/1.4947536
https://doi.org/10.1103/PhysRevLett.118.214801
https://doi.org/10.1038/ncomms15705
https://doi.org/10.1103/PhysRevLett.111.015003
https://doi.org/10.1103/PhysRevLett.117.124801
https://doi.org/10.1103/PhysRevLett.117.124801
https://doi.org/10.1103/PhysRevLett.126.214801
https://doi.org/10.1103/PhysRevLett.126.214801
https://doi.org/10.1038/s41467-020-20245-6
https://doi.org/10.1103/PhysRevLett.126.104801
https://doi.org/10.1103/PhysRevSTAB.18.041302
https://doi.org/10.1103/PhysRevSTAB.18.041302
https://doi.org/10.3788/COL201816.040201
https://doi.org/10.3788/COL201816.040201
https://doi.org/10.1103/PhysRevLett.115.184802
https://doi.org/10.1038/ncomms7860
https://doi.org/10.1103/PhysRevLett.109.204801
https://doi.org/10.1088/0741-3335/58/3/034020
https://doi.org/10.1088/0741-3335/58/3/034020
https://doi.org/10.1103/PhysRevAccelBeams.20.020701
https://doi.org/10.1103/PhysRevAccelBeams.20.020701
https://doi.org/10.1038/nphys811
https://doi.org/10.1038/nphys1404
https://doi.org/10.1038/s41467-018-03776-x
https://doi.org/10.1038/s41586-021-03678-x

	1 LPA-FEL面临的挑战
	2 解决方案和实验进展
	2.1 高品质电子束
	2.2 电子束的稳定长距离传输
	2.3 能散补偿等多种新方案

	3 高增益FEL的实验进展
	4 总结与展望

