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X DI, XA B R A RESHOGER S 1, LUBT+/H I, SRRk g% R Ui Bm s, DL R4l
DIV AR IO G AT B R M R S T E R AR, YT, B — U S RO R AR I
WS E N ES R, BT 2 EM IO C S AR, BWOtR M — LR =
10%—10* W /em?, OGS FARY I E P FE S o FE 28, DIERAERE | IR i X4k
FURRSEMID LRSS, DL H e AL . A AL AR QED SO FEHOGA B A HI ok Bk
R SR OE A B TR B AR XIS RO 35 X — 20 40 I B QED RO 3 X,
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1) (IR RECH=BE, [ 200234)
2) ("PEPBEER L FRE UM T, SO E R E A S0 %, B 201800)

(2021 4E 1 A 15 HIE; 2021 4E 2 A 10 H @ HERH)

FHT X%, Rl X G4k A i FHOBEB AR M & IR HE T — R34 st ik 2. i IS
PIOGF BB L oy W D A8 B2 5 R i kP B, A SR SR O A BN TT IO i B o B XOG i By BT,
BT XHEMAELEREF4FYHOTUS TR LR, A XS4 AER T, A8 B AR RS IEA XS Y
SR 37 T L 8 1% (quantum electrodynamics, QED) 4y B 25 45035, A 3G 3R sh i 3 5 48 & . QED H =5 |
I 40 IO ) 77 A 5 I A5 Al R T I B2 B LS AR SO BRI X S R OB e Bk b iy B . B ik b
F A SR A T AT, B A B XS 2k e B SR I Wy AR A T IR R VR 55 OGS R R O e % AR

e HRSARAA K &7 1) HEAT B

KGR X GERBOC IR, s8I0, RTINS R, s Y, ) BRI

PACS: 41.60.Cr, 41.75.Jv, 12.20.-m, 14.80.Va

1 3

1985 4, Strickland Fl1 Mouroul" 7& AJ W, 5
BB WK bk i R 4R (chirped pulse ampli-
fication, CPA) ¥ KiEREH N eV G T LS
B CRD AR RUBE, KOG 5 Ao Bk 21 AH X
WA GRS > 10 W/em?), B 2T &, )
Kb JE 165 Y BAR 5 AR FH ) B9 SR R FH 7
J1, REAFERHE RS T 2018 4 DU /RPB-#.

5 —7J7 T, Tajima Fll Dawson? JFRE T 3T 5%
HOGS 55 B FURA AR FH AR I 4k, AT
35 I T SRR o U 5 B R PR SR 5
5 B4 5 3 By BEE R T VR UF T ) A5 5 T A B RO
P EX IR BRI RSN T, o 25 214, 4ttt
FASL T AREHS (1 PW = 10 W) BB
THARLHOCRE BB UGB 1T, T AR
B SR O HEAT TR #E . H il TR

i
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FEERG A, AR O REE A B R a I R R
WA T3, BOWRE 5 622 0 T L RRSTROR A il
AR AN TR BIBRR, B BBOER RS 5
ARIBEVReMELL SR (1 EW = 1018 W) /)
W D)K., RZ0 T SR O C Y BRI ST 0 v R4k &
Ji&. BRAE R AR TA R AR, B T H AR Z 5k,
FSY:0p; ot A ME Y N RN DT W N 3 T L5 ) i
BRI, AT LA B TR A R T,
EREIS R AZ T = R, MR BT LSRR R T
AN SR B R T A2 2 S
B, TLLKS et AR BE & | Ak b i) SR e 2 3]
sk E SO, MG E AR B RO R
TR, oA B R S 5 s 4 ik v R e
R Ak, T LR AR S SO IR B0 1 S5 S A
R A R ) FLEA Rk RO ).
BT E IR RS o3 B, (A AR
R, S it — 2B AT
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Jokhe BEOR T BRI B H I DG iE n] ak
F] 10" W/em?. H HHEFHOL (free-electron-laser,
FEL) ¥ m et AR EA S B g d v, doFHa s
PR E R L AT A ) SR ] A e
FHT R R, G ReR BT AR EIET ke V. iX
T 4 | e W 5 2 AR T D I 7 AR B i
Yoy i EAT E RS, T LA BT bR 3 1 7 17 B
5 i BB E, XN EOC TN B/ (w), H
W o TR, b B v R DGk i R AR BR
IR — R TR R, Bl ~ 1/v, TR AR
R R RS HETE 02 ~ (c/0)?, Horlt e R leill, T8 4,
W RAELR I~ Evd, IRENSEFRER R S
3—A ARG, I8 B AH [R5 X ik v S RE ) 2
SKAT DAREAR 10 St 22 A7 . H i 7E 2 b2 0%
B R R R O Y D ) R B v e BT R X R
22 [ W OGS E A B Lt ik 3
10% W /cm? SR AIEETRE, Ot RRERET 1500 J,
X 15 fs (9 bk vh 9 BE . %5 R A 1 keV 6 T RE &
1) X SR H T30 (X-ray free-electron-laser,
XFEL), B~k e 10 mJ, B3 1 fs, W)
Fh 10 TW, REZFGUKFOEHER ST, 58 BT
1K 10% W /em?. [ifig XFEL ORI KL R, AKRIRA
AT g7 AR T MR AR I PR A OE5R (29 10% W /cm?),
XA AT DG BafOHEAME LA K.

R X SO 0 A B R S Y B 5
e XOtP B, BRI X SR
ALk, FEAE PR T RITTH, Rk
AR S5 X TAHXIS YR, 1 pm A AYAERHE
PO RE R B 101 W /em?, T 1 nm ) X 2y
1 10% W /em?, B DL AR AT HEA AR S5
E AT — H bR, MR I8 X FLBOERT L
BEHEEEE S 8T XOGHOE, U5 A+
) IR BARXT IS RN, FE 48 K RURE S = o i 1Y)
R hna, HowE IR RO N T ORI BOBO B R 3
(RT3 e AT K BB ) v B R - DR TE 15 B
BERGOGIR . RIS W | iR R S A5 T T R A
HEZE T E R B R X O R RO R 4
HTER Y HAS B )% (quantum electrody-
namics, QED) ¥JH, HIAnG-GHUR . Btk iE
T 0 A S ET T RIESE 5 ] B 1k — T — R AR
P BOLMBFSER SR T AT R X Ot 5 iRl
HAEHR R AE R, S i X K
JCH B — A ST 7 8], A BRI R i %)

YIEL A TRV, [ N ANA L ARTE 5T D4R 5 R
HFRE)Z R ST T TR, ARZRR
WA . X OGOk AR 3, I 44 TR
P

ARZERAG B e R X RO E R ST B
RGE 279, BJE 2 B LAE R (55 3 19).
SRS QED YR (55 495 00 A S
(55 5 1) &7 m RIS, WA d A 49 XFEL
FHSCHS W S ik (5 6 7)), e fesh 7 it
frugsh e,

2 By X S EOLRAT R IR

X7 A AL A S AT AR B B R Rz
PR | R OB L PIECR ST L OGS R AR I
D4R B OGS, SIS — R
G 7 A S R = BEAR T, 2B AR XA
X— . FIHE IR RO, B TEm%
PR SOR , 7E 80 AR 5L AR X Sl By
AT 5 02080 J5 et A ) A A0 14 F
5, (HEVAR FtE AT, R T I I S s
Al PR AE AT X, (HEIH AT 1R, BEE A i),
H RO B = B T A AR T I
WAz b, BRI IR e AR AR, JS
HHHETHRIFEA BN, RAMERR, WAEMT
R IBE, DT 4 S i B RO K 1YL AR X B,
FTUE AR B AL AT WO By iR, TeIh A,
Vi TR IR Z ORI 77 2 i B A K 7 o
R %) SR =y A RE B4 £ HATHE PR L XFEL 2% &
K H # Z 1 /& SASE(self-amplified spontaneous
exnission) 117 K54, B FT 55 5 o F o 54
FHEAE IR A & BCORFRSS, W3¢ E /) LCLS (Linac
coherent light source) , Kkl F H L FHOE EuXFEL,
HAHR) SACLA | Fiit-19 SwissFEL F15: E ) PAL-
XFEL. [ HATEREMRE X G52k A i it
‘® SHINE(Shanghai high-repetition-rate XFEL
and extreme light facility) t 7] LLEiZ A R 2
17, e FRem T LIk %] 25 keV, HAL R /R B W0
& 1 Fs. AR GIRAE TR RIS, 4 SASE
2 B K Ve R MR R ] R, N TR R T self-
seeding B0 SEGTEINEASUGEN (HGHG)!M
s F MG AT ™ A () XFEL VE MR, MR &
THREDOEIENREE ST, ] iR X
CES I QLN S IERIES
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VHF Heater BC1 BC2 1.3 GHz ) FEL-II: 0.4—3.0 keV _—
eun. 29 GHz cryomodule De-chirper S s e e =T
i il g1
100 MeV 270 MeV 2.1 GeV 8 GeV

(X (20 s e 5
(AT -y K FEL-L: 3—15 keV_'C)J
FEL-III: 10—25 keV
— -

K1 bl X G2k A i B T B0 B SHINE 75 3 /5] 19
Fig. 1. Schematic of Shanghai high repetition rate XFEL and extreme light facility (SHINE)!'Sl.

5 XFEL [k mds B 2 32 1 OB B2 m L
AR SN DR A B R BE RS I, AR T4
Sk B AN XA, MR FEL A9 R8540 a0% — i
AR 1073 . —Fh S WA AIE ) 05 22 X
PG THEIE (Taper) ), HACR AT DI T3] L
ANE R, FEE YRR R TWERL A, SR Z
%% FEL #f1 Fresh-slice £, LCLS 7£ 0.67 keV
Ab ST A AR K TE L TRAR Y 5R X 5 £k ik
i YTl A ZEAMBOG TR ) R L O, R
I RERRAEAT R4S, 7E 905 eV ALSEL T 480 as
(1 X Sk, IE(E D FRIBE] 100 GWEL

J ) AT LUK Mourou & BH Ao WA BEK Jik s K
TR PHE] XFEL L. B S A — A B b 2 ik
B 1 v i BT XA O, A A R
Pk, K X LR TE, 6 an 2 Bz Bb R ) R
JE, SRR H HE AR i AP AT OR SR
CRL i #i (compound refractive lens) #1714 H
S o P SR A e 47 R BT Rk B, A B2 5 gL T b
FRUBE () R W T30 XS ik e,

GO AT LS ) X OB By i, —
ol A28 2 30 e YRR i o T AP R BRSO G —
ARG FRC AR, RIS B R 3 23, S il 5
JAl A R A O G K b 5 VAR AR EAEH, TR S A%
BT IRR IR, WS ROk, 7 Az SRR
PRI TE] RUBERYAH T X SR pi AN [w] D7 1] i 5 24,
A RN 2 fros. AL R A “HEXTE IR
7 (relativistic oscillating mirror, ROM)P>20 - 512
B 1 BRI A B T ROM 5 Uy i 27, S AR
T X BRI i A 1 2D Y E.

3 By X 5 & WO ) BT e ik

Tajima F1 Dawsonl? F 1979 442 H T I#0OG1E
M S B TR P SR S R g s AL, A
JE AL e a8 42 v 3 A Ec 2L B 2004 4F,
(Nature) Ph“Z2Z W (dream beam)” Jy &}, [

199 3R = R, A8 R R O ER Bl ) 5
[ S % N2 7)) || 0 S 0 S I S = W v ) 11 B4 ]
BT ). E TR ROGER 3 A5 B 1A R I 1 in U=
FCBR B i e =AU, BT A SO
F3E 10 GeVP; gL Ahid i B A OK 3 9 45 B 114
R UEHLE, B2nT LI 42 GeV 1 B —F 50 i i 5]
85 GeVI2,

B T4 R A SR i B A o, REfE i
HLf 85, DA 7 A T RS2 B G > TR A RS
T G B BE . Ey(V/em) = emw, /e =
0.96m"/? (cm®). Hth w, = (dnn,e?/m,)? HHE
TARMR, e FEAIHLT, m, TR, n, W5
BFARERE. Dl n, = 10" cm 3 BB TR R 4],
HAEUE RN E 2 By =~ 96 GV /m, [t
fege s de & i 3 BRI A 2R A R Y
KB, A B AR AR eI 2% 1 T 43 2 —.
FHR B 33 P o i fEL 37 1 B 2l U 3 2 A 4 =
FWOC T e R, FIHA B ) (B
o) B A [ AT ) (i FRE - 3R) 51 R A B 1A
LA A S, R AR N L, O DL R I Y
T ARTE T B L4, AR H R ot I,
PR L QIIBE Y vAm a4 e S U 12N IVAE AN N i124:; S5
F S (] A8 AR N . 1 — SR Ok wp e (I
SRR LR, 5 K b2 A G A B8l 14
L~ MO K I 7 DCHE ) An ROk b 2%
TEALRE A7 m A BE L 5% BRI A, 4324,
A58 1 S TEWOC K b 485 1 XS e iR &
— AR A5 B A, RIECMBOGE . X T
RURHICTFRIBOCIK b (Bl , WoR iR
PRIETE 2L ~ A, BHRCK.

SR A T X S BOL I K o gk E g, 1T
EHES B B AUOR G R BEAE R, RN
K RUBE () 55 85 TR sl R A 251, [ A 288 B 1) 25 5
A AT i A R 4 R LA R K (TeV /em).
AHEE H AR R 10 MeV /em &S INE RS,
DATOK i BEBOG IR 3 S 5 1 FE 8 s AL il ]
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20-fs i
compressed |
pulse

Dispersion
compensation
mirrors,

i

1
Coherent, -
attosecond
X-ray pulse ©

Over-critical I
solid target L

VAP RE ,-i(.).mpressed

focusing

A 2

* Compression

R SR PO 7 A A T X bk o B R R EORE S TR B AT O BORO TR A = RO RD (BRI R, R4 S S T A

ST RR AR EAR . G5 A 1B AR 3 B B ™ A2 AR T B BT RD XS R bk o 5 2

Fig. 2. Coherent X-ray beam generation based on relativistic laser pulse: A foil works as a compressor to single cycle from optical

laser pulse with pulse duration of several tens femtoseconds?). When the compressed laser pulse reaches a solid target surface, single

X-ray attosecond pulse is produced based on relativistic oscillating mirror schemel?*.

B B 4 B GeV /em, SR ARG TeV &
e e RERL o, AN B L E KIS B i
R X FHEHOCVE IR BN, S0 EAE 1 em KB
WAAESCEL TeV IBERIEZS.

MRABO G Bl B 2 i N e, AR B
SRR TR B R OG, % BB, s A B O
AL RAF R RE R 25 AE ~ 2mec®ad (nee/ne) , Bl
i e g AN R S 34 5 DA SR 0 — 1k
Jii B A5 B IR R AE o« 1/ (ne/ner) , Hir
Ner = wime/(4me?) = 1.1 x 1022 X" 2em 3. X} F4 &
PP T, G 5% B2 [ L, = B Y 23 Bk
AR B AR I B . BN, ORI 0
Bl B 9% FE S 102 em 3, 3R15 1 TeV BH T HE=
HOSE TR B A 10 em 3 BOHG AT A
JNERE 250 m, O SEPR I SEIR R ERE T B K Pk
6. o3 — 7T, s AL R S RSB0 G 75 B
B, X TR X FZBOE (A1 0.1 nm 1K), I
FEER 10 em 3, 7EIH— 0B AR 5L,
R X HHRBOETT IAE 102 em® B9 [ R0 9K 3
FE W 0, A B T 4 AR )
(TeV/cm), BEWE Al IE/N NS A ES2E TeV
AE R TN (TeV on a chip). 3T I, #otIK
SR ER RN E, HirE L4l y R
Tajima Z#% PO 7 2014 4545 H AR RS BB ALE
T BB PR A R S R 5 X B0, AR A

+ XOGIRAE S R A FE R AR (dnsx g8 ok
PR SR SE QUK R Z5 R ) ) Aok B B
ISERE L R R e, W] LASRAS B i AR TR AT,
ZOR PR A B LA A R 5. X R0 5 94
KRS & HISCA AT RE.

AT JLAF AT UE 52 BY, A BT 220 2 5 4 [
PREE, [8 PR % B2 R AR RS T LIRS O 29 RO 1 0
JE R X SFEHOL, IO AL 1 B E], AT 52
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Fig. 3. (a) One-loop contribution to the vacuum polariza-

tion diagram; (b) diagram of photon-photon scattering.
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Fig. 4. Ellipticity of the XFEL beam when it head-on col-
lides with 100 PW laser pulsel7.
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Fig. 5. Schematic design for the proposed QED vacuum birefringence experiment7.
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Fig. 6. Schematic three-dimensional setup for four-wave
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Fig. 7. Schematic design for four-wave mixing using strong
laser and XFEL probe, laser and XFEL are travelling back-
wards and forwards along the z-axis, and polarized in z and
y direction, respectively. The scattered photons are emitted
in the oblique angle of 6. The composition of all the

scattered photons forms a scattering ring.
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Fig. 8. Vacuum bright and dark diffraction fringes resem-
bling the characteristic double-slit pattern, the crosses in-
dicate the prediction of the classic formula for minima,

which is consistent with the vacuum diffraction.
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Fig. 9. Experimental setup of high-purity polarization state of X-rays/''5.
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Fig. 10. Schematic of the experimental setup for terahertz-

field-driven X-ray streak cameral!l?.
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Fig. 11. Angular streaking resolves the X-ray pulse structure via angle-dependent kinetic energy changes of photoelectrons!!?6l.
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Fig. 12. Schematic of the X-ray wavefront sensor!'32.
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Fig. 14. Schematic of the reflection self-seeding at SACLA[S].
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SPECIAL TOPIC—Ultra short ultra intense laser plasma physics

High field X-ray laser physics
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Abstract

Development of coherent X-ray source, especially X-ray free electron laser (XFEL), offers a new approach
to reaching a strong X-ray field. High field laser physics will extend from optical to X-ray regime since the X-
ray beam has high photon energy, high intensity and ultrashort pulse duration. Till now, nonlinear atomic
physics and nonlinear molecular physics have been explored based on intense X-ray beam sources. They will
extend to relativistic physics and quantum electrodynamics (QED) physics area with X-ray intensity increasing,
and thus offering a new opportunity to innovatively investigate the particle acceleration and radiation, QED
vacuum, dark matter generation and vacuum birefringence. This review provides an overview of the wake field
acceleration, vacuum birefringence as well as axion generation and detection based on strong X-ray laser field.
Intense X-ray pulse will show unique potential both in basic science and in practical applications. Finally, an
outlook for the future development and perspectives of high-field X-ray physics is described.

The invention of chirped pulse amplification results in the generation of the light intensity in the
relativistic regime (> 10'® W/cm?). Laser-plasma interaction in this regime motivates multiple disciplines such
as laser-driven particle acceleration, laser secondary radiation sources, strong-field physics, etc. While petawatt
(PW) lasers have been established in various institutions, several projects of building 10 PW or even 100 PW
lasers are proposed. However, pushing the laser power to the next level (EW) confronts significant challenges.
Current technology is approaching to its limit in producing large aperture size optics due to the damage
threshold of optical material. Alternatively, plasma is considered as a potential medium to amplify or compress
laser pulses. This requires further validation in future studies.

In recent years, XFEL has made significant progress of producing high brightness light sources. Based on
self-amplified spontaneous emission (SASE) or self-seeding in undulators, the XFEL provides a brightest light
source up to the hard X-ray wavelength. The existing major XFEL facilities are LCLS-II in USA, EuXFEL in
Europe, SACLA in Japan, Swiss FEL in Switzerland and PAL-XFEL in South Korea. In China, a new facility
SHINE consisting of a high-repetition rate hard X-ray FEL and ultra-intense optical laser is under construction.
After implementing the tapered undulator in XFEL, the peak power of X-ray pulses now reaches multi-
terawatt. The pulses can also be compressed to an attosecond level.

Following this trend, it is expected that the coherent XFEL will be able to generate a super strong light
field, thus pushing strong-field physics to the X-ray regime. The relativistic threshold for 1-nm X-ray is about
10%* W /cm?, which we believe will be achievable in the near future. Such relativistic X-ray pulses can be used to
stimulate relativistic dynamics in solid materials, realizing high-gradient low-emittance particle acceleration in
solids. This may open a new path towards high-energy physics, advanced light sources, fast imaging, etc. In
addition, the combination of strong X-rays and ultra-intense lasers offers a new opportunity to study the light-
by-light scattering in vacuum and detecting the candidate particles for dark matter. The field of strong-field X-

ray physics is largely unexplored realm. In this review, we show a few key science cases brought up by high
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power X-rays and shed light on this important direction.

The ultra-intense coherent X-ray laser with a wavelength in a range from 100 nm to less than 0.Inm can
interact directly with the nanostructured materials with solid density. Benefiting from the ultra-intense field
and ultra-high critical density, acceleration field with gradient of TeV/cm can be stimulated on a nanometer
scale, and thus ultra-high energy particle beams can be obtained. The available nanometer material technique
promotes such a development. For example, the recent research reported that high-repetition/few-attosecond
high-quality electron beams can be generated from crystal driven by an intense X-ray laser. Beside electrons,
ions including protons are expected to be accelerated to ultra-high energy via target normal sheath or light
pressure acceleration mechanisms on a nanometer scale if the X-ray is intense enough. It should be noted that
ultra-high acceleration gradient is not the unique advantage of the X-ray laser driven acceleration. A more
important quality is the beam emittance that can be low enough because of the small size of the beam source.
This is very significant for ultrafast microscopy to achieve a high resolution.

In classical physics, photon-photon interaction is prohibited in vacuum. However, according to the QED
theory, vacuum is full of quantum fluctuation, in which virtual particle-antiparticle pairs emerge and annihilate
in ultra-short instants. When excited by strong fields, the vacuum fluctuation appears as a weak nonlinear
medium and allows photon-photon interaction therein, which is referred to as vacuum polarization. Based on
the effective field theory, the vacuum polarization can be described by Euler-Heisenberg Lagrangian density,
and then classical Maxwell equations are modified. Vacuum polarization can induce some novel physical effects,
including vacuum birefringence, light-by-light scattering, vacuum diffraction, etc. Up to now, none of these
effects has been verified experimentally under strong fields. The XFEL is regarded as a promising probe to
explore these vacuum polarization effects. In this paper, the research progress of vacuum polarization driven by
strong fields is summarized, the potential detection proposal using XFEL is discussed.

Dark matter is one of the puzzles in contemporary physics. Till now, we still have not known what particles
constitute it. Axion is a spinless massive hypothetical boson that is proposed as the solution to strong CP
problem. It is the particle beyond the standard model and has extremely weak interaction with the standard-
model particle like photon, and hence there appears a significant obstacle to detecting it. Therefore, axion and
axion-like-particles (ALPs) are a kind of promising candidate of dark matter. In this paper, we summarize the
research progress of axions and ALP detection, including detecting the axions sources from universe, the
production and detection of artificial axions and ALPs. It is shown that the XFEL is a potential tool for
detecting the artificial axions and ALPs under strong electromagnetic fields.

The XFEL provides a coherent ultrafast X-ray beam for exploring particle acceleration and radiation, QED
vacuum, dark matter generation, vacuum birefringence, etc. The probing of these dynamics requires different X-
ray diagnoses, including the measurement of polarization purity, spectrum, pulse duration and focal condition.
The X-ray polarization purity has been improved to a 100 level by using 6 reflections based on channel-cut
silicon crystal and it will efficiently probe the vacuum birefringence. The pulse duration of isolated X-ray pulse
in FEL reaches as short as 200 as, which allows probing ultrafast electron dynamics. A new self-seeding scheme
using the Bragg reflection in SACLA is developed to obtain a narrow spectrum of 3 eV, 10 times smaller than
that in the current SASE scheme. Therefore, the fast development of X-ray diagnostics will finely characterize
X-ray beam itself and offer a unique tool for understanding the underlying phenomena for different applications.

The peak intensity of coherent X-ray beam will reach to a relativistic level in future. A possible way is
CPA technology, which is well developed in intense near-infrared laser system and may produce an ultrahigh
intense attosecond X-ray pulse. High field X-ray laser physics will offer new opportunities both for basic science

and for revolutionary application.

Keywords: X-ray laser and diagnostics, high field laser physics, particle acceleration and radiation, quantum

electrodynamics physics, dark matter detection

PACS: 41.60.Cr, 41.75.Jv, 12.20.—m, 14.80.Va DOI: 10.7498 /aps.70.20210096

084101-18


http://doi.org/10.7498/aps.70.20210096
http://doi.org/10.7498/aps.70.20210096
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

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

BOLINE R R LR AR AFINE ST R
LE xNEM EIMA RER BFK

Experimental progress of laser—driven high—energy proton acceleration and new acceleration schemes

Ma Wen-Jun  Liu Zhi-Peng  Wang Peng-Jie  Zhao Jia-Rui  Yan Xue-Qing

5] Fi{# B Citation: Acta Physica Sinica, 70, 084102 (2021) DOI: 10.7498/aps.70.20202115
TEZE [T View online: https:/doi.org/10.7498/aps.70.20202115
BHAPIZS View table of contents: http://wulixb.iphy.ac.cn

FEAT ARG HoAh S

Articles you may be interested in

ST R IR AT R IYSG 1T -U B RG-S 36 i 5%
Picosecond laser—driven proton acceleration study of SG I =U device based on charged particle activation method

WIBEAEA. 2018, 67(22): 225202 https://doi.org/10.7498/aps.67.20181504

Bl -5 B A B O RN Hh L AR R

Effects of slant angle of sharp plasma—vacuum houndary on electron injection in laser wakefield acceleration

PIFIE4. 2020, 69(3): 035201  https://doi.org/10.7498/aps.69.20191332

MO 52 BERAE R AL i AL I BAR

Charged paricle activation analysis for characterizing parameters of laser—accelerated protons

YIBR2EA. 2017, 66(20): 205201  https://doi.org/10.7498/aps.66.205201

MBI RS B O K ) 6 SR i it i
Experimental progress of laser—driven flyers at the SG-III prototype laser facility
YIBR2EA. 2017, 66(6): 064703 hitps://doi.org/10.7498/aps.66.064703

R RS X R R PO 5 R SR AR A

Focusing effect of channel target on ultra—intense laser—accelerated proton beam

YrH2Ed. 2017, 66(18): 184101  https://doi.org/10.7498/aps.66.184101

HRFOL S AR SRR R R T

Helium ions acceleration by ultraintense laser interactions with foil—gas target

YIHE2E4R. 2017, 66(8): 085201  https://doi.org/10.7498/aps.66.085201


http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.70.20202115
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.67.20181504
https://doi.org/10.7498/aps.69.20191332
https://doi.org/10.7498/aps.66.205201
https://doi.org/10.7498/aps.66.064703
https://doi.org/10.7498/aps.66.184101
https://doi.org/10.7498/aps.66.085201

) 32 £ 3R Acta Phys. Sin. Vol. 70, No. 8 (2021) 084102

il BEEEHNEE T YIE

BN E SR F LA RHARRETMNERFE"

o E ]

F A DY

BRI K029

1) dbmkes, YRS EERERE SR, Jbat 100871)
2) ([AtEoEmsE QR .G, Jbat 101407)
3) (AbIR¥, N HYFEFST L, B3 100871)

(2020 4F 12 A 14 HYE); 2021 4F 1 H 13 HEIE )

AT i RO 55 25 1 AR AR P R sk g BE

TR O A B T A B 25 ) B B4 T 5 A

Zead 1T 20 AF A9 KR, OGES TN C U AR, AR T — U Y AR SRR T I A ANEOG T
P IR B8 b S S 6 B S, R % e RE B 19 A X — S B IR AL R AT T IR A BIERIS, A 4R TR LA R K

JREBIAT T 1 BB I 7 5.

KA WOLE T, BOCHESLIRAEA, WO Ty, HOLhE s

PACS: 41.75.Jv, 52.38.Kd, 52.50.Jm

i

1 5

B R T AE SE R IT | AR | R T Rl
W 2R 5 AN A M E A 2R . T
ARk E B o 2 A A B, A% 50 st 28 s B
FALT 100 MV /m, 5280568 & T s ds A E
o EER A A EE U B B OGRS K
&, AR AT R B, Susil B A XS A (1 >
10'8 W/em?) 1) 8 5 3850 5 5 e 1 FEAH B AR FH B
A K 2 3 P R L AR AAGE Bl 7R A A A A )
FL 37 T i . T e B T 3k £ G T g Y
103109 5, REFEOK- CAb = GG A 25 RUBE oK
G E VAR o) 1B 775 i e U P S < =0 NS A O
KT INE k. K EE ML A5 R, Hosn
BT AREAFERSTN (okE9) | bksekd (R
JUE) BESTL R E Em (101° A/em?) | BEIE T84
Ivi) 14 GE N A AR L A R A, 7 SR A S vy Rk

DOI: 10.7498/aps.70.20202115

REPRES T RS B RS A BT SE | B T AR
J7 AT LA R BT Rt B

TEVE 22 N 5, B TROERT 1 MR AT T2
WS ARYIT 0 Z—. i/ B T e 2 T i
iwiiRiD) ) C Ry A R N = RiTTIR S RS b |
AT (LA [R5 s A5 B A% ) i i s B
B, HE SR M AN 2 AR Ml 2402 o/
BT OT AR K. RH LG TR SRR,
JCT TR A B A T K 25 (8] | LR MESE 3B AT
HESFOA | TR BT RE | R G AR R AT A
BRI M e i 2 P 1)/ N ok oo
Bl A B T A OO B TR A A S
AT A ST AR Al O 24 (4 BRSO 1. SR
T OB R A AR Se, AT RE TG By B0y 1k B4
AR FERE BT A AEATIE BCIRY T 7. w] LT, Ak
THOCIE S O 0T R G — B 8,
BT LA A4 R EE BE B, MR AR AE 25 Y
IRI7 S, HEBN BT T e TR E A A

* EKE SRR (HEfES: 2019YFF01014402) ., % A AR5 G H A H (S : 61631001) . ERK A A= S (S
11775010) FEZ A AR 2EIE BB BHARL 2L 4 (S 11921006) B B EREL.

t BIE1EE. E-mail: wenjun.ma@pku.edu.cn
©2021 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

084102-1


http://doi.org/10.7498/aps.70.20202115
mailto:wenjun.ma@pku.edu.cn
mailto:wenjun.ma@pku.edu.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

) 32 £ 3R Acta Phys. Sin. Vol. 70, No. 8 (2021) 084102

B, Ebr LOAANDRE TR 7T
WAESR A W F T R AT 512 HO i 4 7
(> 10° Gy/s) XF#H2% FLASH iy 02 %
HEME. SR, 6N 5 2538 2 o7 r
SR K R R L T2 T R M A R AT 1
I 2 LR A BRAR 1. B Y v Pk ok B TR
JF AV T AR PR RA B4 Bk A T 7 B, ST
AEEZIAE] 200 MeV L) F 031 i H A2 6 - ikAs
() fi e JoR T RE R 94 MeVIS if i K TR

0

1<
=t

puss(yy
i

ARSC IR T 305 AT R PHO'G IR Bl i B BT i )
PRAEPESCIERE, PRI TP AE T SR B
) R AR, B A 4T —SE ROk AT T fE
Az 200 MeV PA_E B B9HOE N I7 %, b 173
PR A DR AR T 5 J RO I 5 R o
TR AT TR

2 EER T miE Lt R

TErd 20 Z AR A R ] L, R SR IO IR SN
AR S~ IS E S A e A S5 AR AT T AR R
J&, BAMSCSCHRES T B A £k 078, H Rl
B 215 S5 P S BB i AL ] (45 $E T S

M (target normal sheath acceleration, TNSA),
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TG Ailf 5 i HL U N (collisionless electrostatic
shock acceleration, CES) . #IU i 5 i i i (break-
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Fig. 1. Target normal sheath acceleration regime.
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Fig. 2. First experiment of ion acceleration in the TNSA regimel?”: (a) Distribution of proton emission from the rear target; (b) ex-

ponential energy spectra of accelerated protons.
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Fig. 3. Energy spectra of protons and carbon ions accelerated
in RPA regimel67.
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Fig. 4. Experimental results of laser-driven high-power protons in RPA regime: (a) Maximum proton energy as a function of on-tar-

get intensity of the femtosecond laser pulses™; (b) energy spectrum of protons employing picosecond laser pulses!'®l.
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Fig. 5. Experiment of CES acceleration®: (a) Experimental setup of collisionless electrostatic shock acceleration after tailoring the

density profile of the plasma; (b) quasimonoenergetic protons and carbon ions in the spectra.
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Fig. 7. Magnetic vortex acceleration regimel!%,
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SPECIAL TOPIC—Ultra short ultra intense laser plasma physics

Experimental progress of laser-driven high-energy proton
acceleration and new acceleration schemes”
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Abstract

The acceleration of high-energy ions by the interaction of plasma with ultra-intense laser pulses is a frontier
in the fields of laser plasma physics and accelerator physics. Laser-driven ion acceleration has achieved great
success and triggered plenty of new applications after nearly twenty years’ development. This paper reviews the
important experimental progress of laser-driven high-energy proton acceleration, discusses some critical issues
that influence the acceleration. It also gives an introduction to new acceleration schemes developed in recent

years, which promise to generate over 200 MeV protons.

Keywords: laser-drive ion acceleration, laser-driven acceleration experimental results, laser-driven

acceleration schemes, laser plasma accelerator
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Fig. 1. Laser wakefield electron acceleration experiment platform based on self-made 890 TW laser.
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Fig. 2. The experiment device of cascade acceleration”.
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Fig. 3. Electron beam energy spectrum based on cascade ac-
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Fig. 4. Electron beam energy spectrum with 3% energy spread2.
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Fig. 5. Electron beam energy spectrum with >1 GeV peak energy?2.
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Fig. 6. Angle resolved electron beams energy spectrum based on cascade acceleration!.
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SPECIAL TOPIC—Ultra short ultra intense laser plasma physics

High-quality laser wakefield electron accelerator”
Jiang Kang-Nan?  Feng Ke!) Ke Lin-Tong"?®  Yu Chang-Hail
Zhang Zhi-Jun?  Qin Zhi-Yong!  Liu Jian-Sheng!

Wang Wen-Tao !  Li Ru-Xin 1?1

1) (CAS Center for Excellence in Ultra-intense Laser Science, State Key Laboratory of High Field Laser Physics,
Shanghai Institute of Optics and Fine Mechanics, Chinese Academy of Sciences, Shanghai 201800, China)
2) (School of Physics Science and Technology, Shanghai Tech University, Shanghai 200031, China)
3) (University of Chinese Academy of Sciences, Beijing 100049, China)
( Received 26 November 2020; revised manuscript received 31 December 2020 )
Abstract

The acceleration gradient of laser wakefield acceleration is 3—4 orders of magnitude higher than that of
state-of-the-art radio-frequency accelerators, which has unique advantages in the field of electron acceleration.
With the development of application fields, higher requirements are put forward for the quality of electron
beams. Achieving high stability, high energy, high charge, narrow pulse width and low emittance is the
direction of long-term efforts in the field of electron acceleration. This article mainly summarizes the
achievements of the relevant research teams in electron acceleration from Shanghai Institute of Optics and Fine
Mechanics in recent years. The energy of the electron beam based on the acceleration of the laser wakefield is
mainly limited by the dephasing length and the laser pumping loss length. Aiming at the problem that the two
stages of laser wakefield acceleration cannot be controlled independently and the plasma density is difficult to
balance, a cascaded acceleration scheme where the injection stage and the acceleration stage are separated is
proposed. The injection stage has a higher plasma density and the acceleration stage has a lower plasma
density. The acceleration stage with lower density has a longer dephasing length, so that a higher acceleration
can be obtained without affecting electron injection. Finally, the electron beam energy of the order of GeV is
obtained in experiment. In order to obtain a higher-quality electron beam, a low-energy-spread electron beam is
obtained experimentally by using energy chirp controlling. The six-dimensional phase space brightness, which
simultaneously characterizes multiple qualities such as electron beam emittance, charge and pulse width, is
introduced. It is hard, with high quality only, to achieve long-distance transmission of electron beams and to
generate free electron lasers. For the development of free electron lasers, the transmission and modulation of the
electron beam are equally important. Taking into account the need to further optimize the acceleration of
electrons from generation to realization of active control, higher quality and higher stability, it is necessary to
monitor the interaction process between laser and plasma in time to obtain parameter through diagnosis. We
have designed and optimized a variety of diagnostic solutions suitable for electron acceleration in the laser
wakefield to achieve single-shot measurement of electron beams at different positions, such as using Betatron
radiation inversion to measure ultra-low emittance. The effect of laser multifilament on the quality of the
generated electron beam is also discussed.

Keywords: laser wake-field acceleration, high-quality electron beam, six-dimensional phase space brightness

PACS: 41.75.Jv, 52.38.— DOI: 10.7498/aps.70.20201993
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Fig. 1. Recent progress and road map of the Thomson scat-

tering.
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Fig. 2. Two different experimental geometries for all-optic-
al scattering: (a) Single beam plasma mirror regime; (b) dual

beam regime.
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Fig. 3. Illustration of the X-ray generation via plasma mir-

ror regime.
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Fig. 4. Scaling law of inverse Compton scattering X-ray en-
ergy by fundamental and second-order harmonics of Ti:

Sapphire scattering laser.
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Fig. 5. Scaling shift in the few-photon scattering experi-

ment. Reprinted with permission from Ref. [91].
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Fig. 6. Effect of high-order multi-photon scattering repor-
ted in Ref. [35].
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Fig. 7. Scaling law of the Thomson scattering cross section
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RR effect matters. The curves were plotted based on Ref. [60].
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Table 1. Parameter of all-optical inverse Compton scat-
tering X-ray source.
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SPECIAL TOPIC—Ultra short ultra intense laser plasma physics

All-optical Thomson scattering”
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Abstract

With the development of laser and accelerator technology, and improvement of the particle energy and field

intensity, the scattering process between electron and photon will reach the highly nonlinear regime, where the

multi-photon process takes place and the quantum electrodynamics starts to play a role. In the near future,

with the commissioning of the multi-PW laser facilities, these effects will be available. In this article, we review

the recent progress of electron-photon scattering experiments, from single or few-photon regime to high-order

multi-photon regime. In the scattering process, collimated bright X/gamma-energy photons are generated,

making it possible to realize a compact top-table bright light source, which is also known as inverse Compton

scattering source. Finally, the prospects and challenges of scattering experiments are discussed.

Keywords: ultra-fast high-power laser, laser wake field acceleration, Thomson scattering, X-ray

PACS: 41.75.Jv, 42.50.—p, 52.38.Kd DOI: 10.7498 /aps.70.20210319

* Project supported by the National Natural Science Foundation of China (Grant Nos. 11991073, 12074251, 11905289,
11805266), the Science Challenge Project of China Academy of Engineering Physics (Grant No. TZ2018005), the National
Basic Research Program of China (Grant No. 2017YFA0403301), and the Strategic Priority Research Program of the
Chinese Academy of Sciences (Grant Nos. XDA25030400, XDB17030500).

1 Corresponding author. E-mail: wenchaoyan@sjtu.edu.cn

1 Corresponding author. E-mail: lmchen@sjtu.edu.cn

084104-11


http://doi.org/10.7498/aps.70.20210319
http://doi.org/10.7498/aps.70.20210319
mailto:wenchaoyan@sjtu.edu.cn
mailto:wenchaoyan@sjtu.edu.cn
mailto:lmchen@sjtu.edu.cn
mailto:lmchen@sjtu.edu.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

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

BRBOLEE T AR A RS R IE B SRR ST St R

HATR PRI KA g 2L A KEE OA4R AR

Research progress of high—order harmonics and attosecond radiation driven by interaction between intense lasers
and plasma

Xu Xin-Rong  Zhong Cong-Lin  Zhang Yi LiuFeng Wang Shao-Yi TanFang Zhang Yu-Xue Zhou
Wei-Min  Qiao Bin

5| {5 B Citation: Acta Physica Sinica, 70, 084206 (2021)  DOI: 10.7498/aps.70.20210339

TELERE View online: https://doi.org/10.7498/aps.70.20210339

BN 2 View table of contents: http://wulixb.iphy.ac.cn

AT RE RSB HAN S R

Articles you may be interested in

S5 B PRI ) 2 THTRELIRE B2 08 T3 U ™ A B 52 )

Effect of plasma grating roughness on high—order harmonic generation

YIFRZEAR. 2017, 66(24): 244209  https://doi.org/10.7498/aps.66.244209

R 8 (i i PO 15 T AR B P 7 A e U

High order harmonics generation by relativistically circularly polarized laser—solid interaction

YIBER2A 4. 2018, 67(21): 214205 hitps:/doi.org/10.7498/aps.67.20181574

XU B - VR HRH ELA T T RE DR AR )~ A 4L

Simulations for two colliding plasma bubbles embedded into an external magnetic field

YIFE2A4R. 2017, 66(7): 075202 https://doi.org/10.7498/aps.66.075202

T IE IR RO G2 P 5 G 3RAF IRSL P AR ik oy A
Isolated attosecond pulse generation from a double optical gating scheme based on orthogonal polarization field

WIFEAEA. 2019, 68(21): 214201 https://doi.org/10.7498/aps.68.20190847

FRXE BRI 5 I 5 B A% 1 PR ELAE B o LR

Proton imaging of relativistic laser—produced near—critical-density plasma

PIBR2FA. 2019, 68(15): 155201  htips://doi.org/10.7498/aps.68.20190610

HHRKGE10 f i P2 il Bk i 3R AL T 0 ok e
Isolated attosecond pulse generation from polarizationgating pulse with 10 fs duration

PFE2EAR. 2019, 68(18): 184201  hitps:/doi.ore/10.7498/aps.68.20190392


http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.70.20210339
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.66.244209
https://doi.org/10.7498/aps.67.20181574
https://doi.org/10.7498/aps.66.075202
https://doi.org/10.7498/aps.68.20190847
https://doi.org/10.7498/aps.68.20190610
https://doi.org/10.7498/aps.68.20190392

) 32 £ 3R Acta Phys. Sin. Vol. 70, No. 8 (2021) 084206

Tl BEBRMtES TYE

SR E B TR EE(E AR SIRIE R
SRR

B DD ARD9
EHY KETO

1) (EBRHE RSO BE R, KD

7K 23
Bl 4% KO

XD F L
7z 29t

N

410073)

2) (Estes Bz be, B SR F R E A=, Jbat 100871)

3) (ALmRE R Y B S BORBI R L,

Y AR A MR AT SR =, JERT 100871)

4) (HIBGE RIS R IR, WOtH B FREFEIE AL E, [ 200240)
5) (¥R ARAE IFSA B flsih, [ 200240)
6) ("1 TR BRI e IR ARSI by, S5 B AR PR [ SR AN, 4R 621000)

(2021 4E 2 A 21 Hig#); 2021 45 3 A 28 HUEMEEH)

X PR Ao o B AR A4 o R T N AR ROV TR TR R S ) i 5 A RE g . BRI Y AT S8 IR 2
Y 4 v, 13 Bl B L SC TR ONE A e s 0 B B RN AR A, O NSRBIt R B A T 4 T B, A
RO A s LR R R R 2 — {5 2 R i [ O BT AR R 2 ) R R 10 AR E B A R T
1. 1) FH SR PO 5 0 SSOR EL AR P 7 A e Y TR SRR R R 52 R e 5 R BTk e e A ) R R 22—,
N T AT AR RO S B T AU T 5 PR AR SOR R SR OG5 55 B 1 O ELAR I R A e U D A BT B ik
B, A G HE ML | S SR R L, O R R B4 A Jr A AR BT S AT R .

KA RO, SRR, BB, BRIk
PACS: 42.65.Ky, 52.27.Ny, 52.38.-1

FI AR B T S A g 1] RUBE B O 10724 s B9%
TIBGFE R 10" s BT 4RI, aniE 1 BT
N, TR EEA [R5 RUBE F, Wt A2 AR SCHK
HARME S Y, ORI gl it R RS
HALPE TR ZZ DR . PR fROU S A A
WA BT IRATE IR 1 g St S AT 4 Q.
BRSO B K AR A3 X PR 8 1~ R Y

DOI: 10.7498/aps.70.20210339

WFoEHE A CRD (166 =107 ) g, AHAGLIAE
SR 43T 2 LA TR AR SR AR AR, A
T T B AR A B AR AR AU TR &
&, A TR R ERT . R R — i
RIS, Bl 5 Zewail W F ] CEMIEOE M 35
N FACEE W RRE BT RE, DARAS 1ol T
AT 2R S A R AR, Sk T4 Ak 2 s vy 4]
T ATREME, 51K T AL B DG E R EE AR
Hi, Zewail A N EIE SRR 1999 438 DR {5
RSO CAE ATV R A AR 0L FH 40 358 A SR

* E PR A TR (HEHES: TZ2018005), FIK HAAR #EES (HEES: 11825502, 11921006, 12004433). [E5 H AR 3L
G- E TR PR A4 (kS U1630246) . RS 584 (HEHES: XDA25050900) . [ SWF AL (LS
2016YFA0401100) ., W4 HRBlERE 4 (LS 20207J5649) FE iR KRR RIW H (#EfE S ZK19-12) YEBIiGEL.

t iBIE1E#E. E-mail: bgiao@pku.edu.cn
©2021 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

084206-1


http://doi.org/10.7498/aps.70.20210339
mailto:bqiao@pku.edu.cn
mailto:bqiao@pku.edu.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

) 32 % 3R Acta Phys. Sin. Vol. 70, No. 8 (2021)

084206

1024 1021 1018 10-12 106

N RS TIBBRE

B1 SR B S i S AL e i) g RO : WA T 18 SRR AE S 10 24 s BT 4R 0% 10%8 s

Fig. 1. Typical time spans in the natural physical world: From 10 2! s for the characteristic period of nuclear motion to 10'® s for the

age of the universe.

AW PO R AFTRS (1as = 10718 s)
Ao () kit 42, LS E B | b 2s AR A
RO 1 B )2 BRI

MR YA P B AT R0, H R I %) ok o v B2 5
W B B R L. 6T R AR T G B
T, B 57 4 RH S0 B J R o ) Tk o A 4
Fisf 1) A, TG S AT R B AT e ST 3 BT A i v
PRI IE = A S AL 28 X SR B 1) v i 45
TEXT RIS S AR E 5T, A7
Sz ] THOEIBIE S, EIRA TS &
WA RE L, BCET A B BT R Jik e E J7 . 2001 4
Paul 45 2 | I ENEO LA™ 2R s e,
32T 250 as PNk EERST. [F4E, Hentschel %5 P
SEELT 650 as AU ER DK o ) A A R
T BEE A BRTEHT 40 T

SRR R U T T A 2R < =D AL
B FEL AR BOCH AR BT, SUAT Tk
AERREE BT B AR RO L I E R T e
BRI BEE FL7 5 ) R R [ B A R L
MR ER IR, Z2RmEeE R LD IIE
OB R . AR ST R R A RO R I E R —
W, AT AR RS A, BIEOGR S ool
U MG T0i2 2 R AT A I B R AR T
1 RBNREL) 317U, (U, MEOCHI A Bish J134), Xf
INNER AN A I ie =

Fmax = I + 3170, (1)

Hodr I, i F B L B RE, comax A 1 TR AR AR LA
R, R AR

SRR R O AR BTz A B S 5 B
FE 01, 7 AR A BTARD K s BEAS A . 2 T, 52
B b 0 AR ik A 43 as, MR BT EL T

27 5E Worner TREIZH O ;= A= 3% [ 2 RS20 10 5
4 88 as, HH [E B AF @3 75 IR 1) i (H5Z
SARE AL B A B, DKl AR = U B A S T
B SR O B — AN v T 101° W /em? Bl i
O 3] 1 YOI I 1Y RE 1 R R ARCR il HR 1070 —
10500 DAl 1 38 e i — O LA™ A e ik B BT ik
M, B KOG BE B AR 7R koo B B AR Bk T
PRR, 7S R T r) Tz N H.

BEAE OGN A BE R T, R85 25 8 - b iy
FUGEDE H 255 RERHA T8 248K A1 L T30k
REUIE N, X — 07 X TJCFT 5 JEAE B 102 4L
., FIARSZ A XTI 38 B O GR IR Ah, B0 % 55
B R B S ORI T A TR R AR TE A
FRURBE N, Hoae B BRI DL S, FR S350 LAk
UGB 2D AR, HIL, FEXHE SO IR
S 8 A5 R A A T R R U AR SR A A B ik
PR T G RE R L O e R A R R | T R AR ]
LHE, AR X GHEARZ M2 | SR AL &
- HL B ) 2R A .

AT TR O 5 55 B R AH BAE sk
B U TRV e %) S L T A R R FH T
st JEXTACR BRI TR EE, A BE AR X i it 5% 4
A S22 B 25 A SCEEMINTR : 26 2 1y
AEEIE I RS, WA T R AR ST XS
IR BT [RICFR AL 5 3 A A G
FUIE I, A4 R SN BOR BT | M e R A 45
ABNLARFAE S W | RS BTRD Ik = A | B A2 B R
SET7 L 57 4 1 TR B 2 K — O IO S U ) LR
HH, A5G 30 2z BRI L AH A S LA |
i ) S R A2 W45 7 TD ) B9 5 ARRM g R 5 4 1)
A B JE A SO BB AN R EE.

084206-2


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

Y] 32 % 3R Acta Phys. Sin. Vol. 70, No. 8 (2021) 084206

2 HRELE

SRS P % A B AR BLAE Bl i ik
TSI R A B I 9 B FL AT B W 2] 1977 4F, Burnett
5 1O AE SR BB SR A0 g e 8] 1k 11 By
AT (55, 1981 4F, Carman 55 MR 54
2 29 B, Ak S L ) S S RAE AR RS L R
TR R, [ Z BOCER A AU GE
JIR BRI, ZEAR A — B[R] N S UG I R BIFE 325
R T A EF 20 HhZeoK, WA kK o
B AR B4 H ARO[ D) 3245 BSR4 T,
(]I} e PR RE R AU AT HH SRR ) P A i, Al
XU | R BIEFE A 18] 2 25 1 T H AR I
Ot 55 08 5 45 B - A E AR T BIK 2l 2 Y T 8 o S )
=AU, F R R EARAN A

2.1 T EHIE 5 (coherent wake emi-
ssion, CWE)

T RZMES (CWE) Pl h Quereds 12 42
T AEREREE A T 101510 W/em® ) P b

TOL 55 AN 2] 55 B T AR EL AR ™ A e ik

RIS E S B AL, FERIX N B P2 2
T (Brunel #L) SRS RER. T TIEAEG
BLas i DL X% %, Brunel BT 38R 0] 55 5
FRNIRE RIS B067 53 8, DA AS A8 (1 3 R 4k
S ) AL . AE I AR ) e g SRR
FL A 38 A i T s A ) | R R (X LT B
PR LR B R AR R R X, H
FEEBI R AL AT B AR IR , 2R 7 38 i L A
SN RS, ELARSTIURAE T Y Hh 45 55 4
PRGIE. B 3 4T —4ehi PR CWE #L ]
T IR ()T R G A R AR SRR, AL R R
BE 3.4 x 1017 W /em? 1) 800 nm 3G DL 45°Ff1 A5
HHTA 0SS 25 oA A 4 B AR b i 2 5
FRRE N 0.051 (A AGHECIE ), AR K
HL, 25 8 R 200m. (e OB A X0 R 1) 55 B 11K
Il P ).

AT RS, X RUAS IR, A S8y
i AR R FR AR, B O DE R OB IE A S B

CSE 5@@7
e AR T

B 2 (a) SRIEOCHE %8 1 URA B AR FH SR 3 i U I AR S A B 25 (b)—(d) MG =Fh EEEFALE A ZBE b)) TR
) 5 4t (coherent wake emission, CWE), (c) A%} & ¥ % % (velativistically oscillating mirror, ROM), (d) #H T [A] 2 48 #F (coherent

synchrotron emission, CSE)

Fig. 2. (a) Schematic for high-order harmonic generation from intense laser interaction with overdense plasmas. (b)—(d) Schematics

for three main radiation mechanisms: (b) Coherent wake emission (CWE); (c) relativistically oscillating mirror (ROM); (d) coher-

ent synchrotron emission (CSE).
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Fig. 3. Typical harmonic radiation process and radiation characteristics of CWE mechanism in one-dimensional (1D) particle-in-cell
(PIC) simulation. (a) Temporal evolution of electron density. The green lines and the purple part are the trajectories of Brunel elec-
trons and the high-order harmonic of the corresponding time with frequency between 3w — 15w respectively. (b) The spectrum of the

reflected laser. Here, a laser with intensity of 3.4 x 1017 W/cm? and wavelength A = 800 nm is incident on a plasma target with

preplasma scale length of 0.05)\ and the maximum electron density of 200n. at an angle of 45°.
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Fig. 4. Typical harmonic radiation process and radiation characteristics of ROM mechanism from 1D PIC simulation: (a) Temporal

evolution of electron density, and the bule part is the high-order harmonic of the corresponding time with frequency between

15w-150w; (b) spectrum of the reflected laser, and the dashed red line is the prediction of theory I(w) o< w

—8/3 Here, the inci-

dent laser iradiates the target normally, the intensity and wavelength of which are 7.7 x 1021 W/cm? and 800 nm respectively.

The electron density of the target is 250n. and there is no preplasma.
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Fig. 5. Typical harmonic radiation process and radiation characteristics of CSE mechanism. (a) Temporal evolution of electron

density, and the bule part is the high-order harmonic of the corresponding time with frequency between 15w—-150w; (b) spectrum of

the reflected laser, and the dashed red line is the prediction of theory I(w) o< w

—4/3_ Here, a laser with intensity of

7.7 x 1021 W/em? is incident on a plasma target with preplasma scale length of 0.033\ and the maximum electron density of

95n. at an angle of 63°. Here A = 800 nm is the wavelength of lasers.
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FH T TRk i R O DK S R s DG T RE R, AR
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BT Fb Ik i el 35 T A SR AN B R X SR D BERY
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X REZAI BER) ETEAZ BT . 18 5 Bl AR K o kg At 1%
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FRGERIE X S AR A BRI L 2T LK A%
THT AR e R 22 [ 20, S T AR A, G
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EREZRINEST (ah g i PSS IR N A A1 E TR i R
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X ML PCR AN IT 3, R A 2R 1 B 55
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FRAPOCIRRENS LS N BE RN 30250 eV B
oG, bR Ta R AL T RIFRYSEEF 5.

BT ik b B A SR TE I 9] R T RUBE % K 58
FR N B 3 AT ST 1%, 3l 1R OGN R R ELAH
S 104, e v, BTRR K Rl o UM R, SRS
— S MRS B 5l AR LA B b, B RTZ A BORT ik
o o SR R ) A 8 RS Dk i B R AIE . 2009 4
Nomura, 55 U84 77 A 18 I OB 5 S 5 SR A 21 A
b, AR PR EREZS 0.9+ 0.4 fs, SEEL T
XoF ) 2 A g A TR K b ) BRI . Sy A
AR ARG, E ARG B ZSR BT R Pk ip A
ARBERIAESR . Mg, AR s, W0t
e B AR, 7 A BT RR Ik b BA R R HR
1, FECA A B — R E AR HAh,
FIAH DG v 75 8 25 ) 51 R B0 T B AL A s A BL
FESRT, PR HG RT O 81 7 Xl 4032 BR . EL AR DG
et AR A i PR BT i i AN 2L A s OGR4
FBHELAMEA B L, sl AR E R T A6 T RE i
BB T RETE S AR A BT R B b 8 SE B L. EAHOG
W & A 2 Fh il & F BE, 41 Frequency-resolved
optical gating for complete reconstruction of atto-
second bursts (FROG-CRAB), Reconstruction of
attosecond beating by interference of two-photo
transitions (RABBITT), Attosecond streak cam-
era (ASC) 4%. Hrft FROG i % =X sl ST ik o 1)
A2 W4 AT 5 ] RABBITT H T2 M4 A ] 4E
I D' R T RE 3 Y 1424 IR I ] 1) 5 R IR 58 B AR
S, T DL E A YR IR B, 12 5 i HE LA
26 Hh Ik b S SCRFAE B A R B T ASC 7k U
AE XF I 57 A9 Bl A0 ik b i A7 58 B2 I L 2012 48
Wheeler % 0% i F§ FROG J5 % CWE i Ik vh
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4 5RO
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U W5 258 B Oy 1014 — 10" W /em? [ i) 75
ik vp ] 4% 7 K 522 I ROEF L T 2 ot
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25, BRIk o ol 75 X6F HRL T4 T 4 DO 24 R A
AIRE, A B FHE S I T i 0 (R BB Fidr, Sit
B AT AL B FE A4, TRk
PR R S IR R ST R, T BRI
R TR A5 ., SR b2 N
SR BR R TR) A AT A bk e A AT 3 A g A TR
SEPRN T AT P (ks SR . AR A Wy B 2440, K 7
I B v T R BT XS AR TG IR R AR W R T
BT AR R 2 WAL T A RR AR R B, 1T
MARAS [ 4B 7R B A A AR DR, e TR )2 T S B
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il FL T A B B i R, et AR A R Y i B A ek
fig, A TOGEER . b5 Sy & .

4.2 HFLTHAREG

AR AT 5 B i fe i X SR AR AR RO AT
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FH L IO E AR e 1T 4k 1) — Rl B R R
AT LI AR SRR S A K G — 2 37 AR S FU A% 197,
X — AR AR ZER X ST BA S5 kv L
K Faear, DASZEUXAE S B9 o P TC i RE.
AR TR R L &0 B Y H RO
R e TR R PO P A R U X — /NI B0 | BT K
B 77 U S AR TS S AR B2 N .
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FHAR B AR R UGB BT T A e g0 2%
1, TS T R U B A A AT S R B B P A7
AR FY . (HX — G IR A B Kk 2ot T4 H
b, BURATI FIRERS EERAIR. 2009 4F, Ravasio 45 (%
R yEloxk —[ale, AR 5.5 m AEHEER A
WO, S AL 2 10 em KA & U S I
W, SEHL T 119 nm BB AR . EX L
YRR SEIRATRENE | FIr e 2 [A) A 10 B 2 557 T 12
T AR 2R EOR . WA B TR, R
TRABOE BIVRT 7 A T B Y e U B, PRI
AR e B A TR R (R AR T
PR E i YT 14 68 S R B Bt VD B U g T
AR, L ROM AL i Ul PO 3 i 2
L, o n=S/3 5345 PRHEA T AR T AT 5 UG B 35 7E 43
BRSSP Z TRI AT AN . $ iRl Ay 7= Ak
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R 25 B AR 1 s U B T A R AR 1Y
KA.

4.3 BEIRIEMERES
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YRR I BRI Jik b SR M5 45 A5 B IR IR | %
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BT A 15 10 05 i AR R B 0 R AR Ak
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FDE v 25 Ik 22 (R DG AR 067 22, R AT DA A
HR R B AR P A R S i P R AR R L e, R BT
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JIk B e R M B 245 XAFS BT[] 43 5 10 51 2 [
. DR G s R e o AR BT,
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(extreme light infrastructure, ELI) i H A+ £}
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JOE2E E (Shanghai superintense ultrafast laser
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SPECIAL TOPIC—Ultra short ultra intense laser plasma physics

Research progress of high-order harmonics and attosecond
radiation driven by interaction between
intense lasers and plasma’
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Abstract

The realizing of the detection and control of ultrafast process conduces to understanding and remoulding
the physical world at a microcosm level. The attosecond light source with attosecond temporal resolution and
nanometer spatial resolution can realize real-time detection and manipulation of the atomic-scale electronic
dynamics and relevant effects of the substances. Therefore, attosecond science is considered as one of the most
important milestones in the history of laser science. and has been listed as an important scientific and
technological development direction in the coming 10 years. High-order harmonic generation (HHG) from
intense laser-matter interaction is one of the most important routes to breaking through the femtosecond limit
and achieving brilliant attosecond pulse radiations, and thus having aroused great interest in recent years. After
more than 20-year development, the research about attosecond pulse generation by laser-gas interaction has
reached a mature stage. This method produces the shortest isolated pulse in the world to date, with a pulse
width being only 43 as. However, this method based on ionization-acceleration-combination encounters
inevitable difficulties in pursuing the relativistically intense attosecond pulses and the highest possible photon

energy. Quite a lot of studies have proved that the HHG efficiency from laser-plasma interaction can be a few
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orders of magnitude higher than that in gaseous media, which makes it possible to produce pulses with shorter
pulse width and higher photon energy. In this article, we introduce the main generation mechanisms, research
progress and frontier applications of HHG through the laser-plasma interaction process. In Section 2, we
introduce the HHG generation mechanisms, including coherent wake emission, which is used to describe the
HHG process driven by a nonrelativistic laser; relativistic oscillating mirror, which can well explain most of
HHG processes generated from plasma-vacuum interface in relativistic regime; coherent synchrotron emission,
which is suited to explain the HHG synchronously emitted from isolated electron sheets. The research progress
is summarized in Section 3 from the aspects of radiation efficiency, polarization characteristics, phase
characteristics, generation and diagnosis of isolated attosecond pulses, etc. Frontier applications of these ultra-
broadband intense attosecond pulses are presented in the last section, such as the study of electronic dynamics,
process, coherent diffraction imaging, diagnosis of extreme states of matter, the generation of extremely intense

fields, etc. Finally, an outlook on the future development trends and innovation breakthroughs is also presented.

Keywords: intense lasers, plasma, high-order harmonics, attosecond pulses

PACS: 42.65.Ky, 52.27.Ny, 52.38.—r DOI: 10.7498 /aps.70.20210339
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Fig. 1. (a) Spatial trajectory and (b) relative degree of spin
polarization antiparallel for electrons at the magnetic node
of two counter-propagating laser fields with aq = 200,
600 and 2000. Continuous lines refer to electrons initially at
rest and dashed lines to electrons settled in the circular tra-

jectory from the outset!0).
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Fig. 2. Transverse momentum distribution of the scattered
electrons (as a heatmap) and the polarization of scattered
electrons transverse to the beam axis (arrows). The length
of the arrows indicates the magnitude of the polarization for

a given p/| [,
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Fig. 4. Relative magnitude of the spin-dependent term in the radiation probability of Eq.(2) with (a) xe =1 and (b) xe =0.1,
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ally polarized (linearly polarized) plane waves. The colored circles indicate the photon emission points in the laser field and the cor-

responding electron final momenta. The red-up (blue-down) arrows indicate “pin-up” (“spin-down”) with respect to 4y axis in

panel (c2) and panel (c3)7.
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the 4y axis, respectively!7.
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Fig. 9. (a) An arbitrarily polarized (AP) laser pulse
propagating along 4z direction and head-on colliding with
a longitudinally spin-polarized (LSP) electron bunch pro-
duces circularly polarized (CP) ~-rays; (b) an elliptically
polarized (EP) laser pulse propagating along +2z direction
and head-on colliding with a transversely spin-polarized
(TSP) electron bunch produces linearly polarized (LP) ~-

rays!!18],
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Fig. 10. Scenario of generating linear polarized ~-rays via

nonlinear Compton scattering!!.
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SPECIAL TOPIC—Ultra short ultra intense laser plasma physics

Review on laser-driven high-energy polarized electron
and positron beams and -rays”

Sun Ting Wang Yu  Guo Ren-Tong Lu Zhi-Wei  Li Jian-Xing '

(MOE Key Laboratory for Nonequilibrium Synthesis and Modulation of Condensed Maiter,
School of Science, Xi’an Jiaotong University, Xi’an 710049, China)

( Received 4 January 2021; revised manuscript received 21 January 2021 )

Abstract

High-energy spin-polarized electron and positron beams and 7-rays have plenty of significant applications in
high-energy, laboratory astro- and nuclear physics, and the efficient generation of such polarized beams attracts
a broad research interest. Recently, with the rapid development of ultrashort ultraintense laser pulse
technology, the modern laser pulses can achieve a peak intensity in a range of 10— 10** W/cm? with a pulse
duration of tens of femtoseconds. The interaction mechanisms between such a laser pulse and matter have been
spanned from linear regime to nonlinear regime due to multiphoton absorbtion, such as nonlinear Compton
scattering and Breit-Wheeler pair production. Employing spin-dependent nonlinear Compton scattering and
multiphoton Breit-Wheeler scattering in laser-matter interaction paves a new way for generating the high-
polarized high-density high-energy electron and positron beams and 7-rays with tens of femtoseconds in pulse
duration. This article briefly reviews the research progress of polarized electron and positron beams and 7V-rays

generated by laser-matter interaction, and also introduces the principles and main conclusions.

Keywords: quantum electrodynamics, relativistic laser pulse, polarized electron and positron beams, polarized
Y-rays

PACS: 79.20.Ds, 29.27.Hj, 71.15.Rf, 31.30.J- DOI: 10.7498/aps.70.20210009
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Fig. 1. Progress of the focused laser intensity over years and the development of laser-driven physics!4.
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Fig. 2. Peak brilliance for different types of X-ray radiation sources from the third-generation synchrotron-radiation sources and

XFELs!*" (a) and laser-plasma-based radiation sources® (b).
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Table 1. Comparison of the performance of laser-

driven X-ray and gamma-ray sources under different

physical mechanisms in current experiments.
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Fig. 3. (a) Schematic diagram of the wire scheme; (b) chart of photon energy and brilliance of gamma-rays generated from our wire

scheme, XFEL, synchrotron radiation facilities, and betatron radiation and Compton scattering based on LWFA; the angular distri-

butions (c) and energy spectra (d) of the generated gamma-rays under different laser powers, where “

the photon number multiplied by a factor of 1030,

x10” in the legend indicates
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Fig. 4. (a) Concept of extremely brilliant V-rays from a two-stage laser-plasma accelerator; (b) 3D simulation results of collimated 7-

rays radiation in the two-stage LWFA scheme; (c) the angular-spectrum and angular distribution of the emitted gamma-rays;

(d) the gamma-ray peak brilliance (photons/(s:mm?mrad0.1%BW)) as a function of the radiated photon energy!6.
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Fig. 5. (a) Schematic diagram of attosecond V-ray pulse generation from a circularly-polarized Laguerre-Gaussian laser-driven cone-

foil target. Electrons (red rings) are extracted from the cone walls and accelerated by the focusing laser. Then, the focusing laser

pulse is reflected by a plasma mirror/foil (blue plate) and collides head-on with the dense energetic attosecond electron bunches, re-

sulting in efficient emission of bright multi-MeV attosecond 7-ray pulses. The spatial distributions of the laser intensity for the in-

cident pulse (b) and in-cone pulse (c). Density distributions of electrons (d) and 7-photons (e)[®4.
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SPECIAL TOPIC—Ultra short ultra intense laser plasma physics

Research progress of ultrabright 7-ray radiation and
electron-positron pair production driven by
extremely intense laser fields”
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Abstract

The advent of high-power ultra-short ultra-intense laser pulses opens up the new frontiers of relativistic
nonlinear optics, high-field physics, laser-driven inertial confined fusion, etc. In recent years, with the
construction of high power laser facilities at a multi-petawatt (PW) level and above, the interaction between
laser and matter enters into a new realm of high field physics, where extremely rich nonlinear physics is
involved. In addition to classical nonlinear physics involving wave-particle interactions, relativistic effects, and
ponderomotive force effects, the quantum electrodynamic (QED) effects occur, such as radiation reaction force,
electron-positron pair production, strong 7y-ray radiation, QED cascades, and vacuum polarization. This paper
presents a brief overview of electron-positron pair creation and bright 7-ray emission driven by the extremely

intense laser fields.

Keywords: high-intensity laser-plasma interaction, ultrabright <-ray radiation, electron-positron pair

production, quantum electrodynamics (QED)
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Fig. 1. The nonlinear quantum parameter x. and radiation-
reaction effect parameter R as a function of the laser in-
tensity (at wavelength of 800 nm) and electron energy in

the case of laser and electron collision.
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Fig. 2. Angle energy spectrum for electron and laser colliding at azimuth angle ¢ = 180°: (a) Without radiation reaction; (b) with

radiation reaction. The laser intensity is 5 x 1022 W - cm—2 and the electron energy is 40 MeV.
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amplitude ag: (a) From test particle simulations using the
LL equation, the white line corresponds to the threshold
defined in Eq. (5); (b) after considering the quantum cor-

rection factor according to Eq. (6).
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ao
Fig. 4. (a) The number of photons emitted by electrons of ~9=1000 head-on colliding with a laser pulse with different pulse width
(7 is the pulse duration in laser period). Lines are the result from Monte-Carlo simulations while points are from analytical result*’];
(b) relative error of the photon number between the two approaches!*’); (c) comparison of energy spectra under different laser para-

meters where f = ¢. The solid gray line gives the QED result, and the dashed line is the Monte-Carlo result, respectively. The per-
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Fig. 5. Trajectories of electrons with 500 MeV colliding with
ay = 100 laser field. Black solid lines are the ones given by
the QED-MC method (repeated 20 times at exactly the
same condition). The red and blue solid lines are the tra-

jectory from Lorentz equation and LL equation, respectively.
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Fig. 7. Trajectories (top) and energy evolution (bottom) of electrons in collision with half-cycle (left) and one-cycle (right) laser
pulsel.
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Fig. 8. (a)—(f) Electron trajectories at two given values of kinetic energy, modelled by the Lorentz equation, the LL equation and

the QED photon radiation. The red arrows represent anomalously transmitted and reflected electronsP!. (g)—(i) Proportion of elec-

trons reflected by the laser pulse at different laser intensities and electron energies. The red and blue squares correspond to the

parameters in the second and first columns, respectively!l.
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Fig. 9. Polarization evolution of an electron beam in a stor-
age ringl!l.
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Fig. 10. Electron polarization evolution as a function of the
laser amplitude in circularly polarized standing wave
field[®2.
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Fig. 11. The oscillation of polarized electrons in laser field.
Ap, represents the momentum shift of unpolarized elec-
trons in a half cycle, plus or minus sign denote electron ini-
tially polarized parallel or anti-parallel to the laser magnetic
fieldl.
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Fig. 12. Simulation results with and without radiation reaction®®: (a) 2-p, distribution of electrons; (b) 2-p, distribution of protons;

(c) energy spectrum of electrons; (d) energy spectrum of protons!®l.
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Fig. 13. The distribution of electrons, protons, electromagnetic fields, and gamma photons at ¢t = 807, when a laser of ag = 500 in-

teracts with a plasma of me = 20n¢ ! (a)—(c) with radiation reaction; (d)—(g) without of radiation reaction.
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Fig. 14. (a) Density distribution of electrons in the standing wave field at different field intensities. Photon emission is modelled via
QED-MC method[™; (b) the result from classical radiation-reaction modell™; (c) typical electron trajectories at different field in-

tensities!™,
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Fig. 15. (a) Electron trajectories at different plasma densities””; (b) work done by the radiation reaction force; (c) length scale and
field strength of plasma field at different plasma densities™". Eq. (4) is the electric potential of the plasma field ¢ = Egod/vq -
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Fig. 16. The radiation spectrum from the collision between
1 GeV electrons and 5 x 1022 W-cm~2(ag = 154) laser
pulsel™. The black and red dotted lines are the spectra with
and without radiation reaction in quantum radiation. The
blue dotted and red dotted lines are the ones given by clas-

sical theory, with and without radiation reaction.
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Fig. 17. The total energy conversion efficiency of laser to
plasma (a) and the energy conversion efficiency of laser to

gamma photon (b) as a function of laser intensity!®?.

Vranic 55 57 5t 4G R4 S B A F D7 05
Z, M — RS AHXHE OIS RN = A i fig
HL 11 3 — SRR P 5 3R A 7 A s A U fEDE
5, 5 i AE R OO, R T ARORHRE S A O RE
AR Y5 UE A8 S S AR 328002, Al 18 i, A
PG AT FCSOBOE B AT PLARAS T WL R 8. Cole
A5 B4 A Poder 45 B SR ATZO AT S8, IE 1
RS AR b 57 AR 32 T ok R R AR
PE5 7 i v, 5 RO 8 RS, S ARARAIR,

Driving laser
Iip, aLp, ALp, WLD
Self- mjected
electrons X-ray

(or ~-ray)
detector

Scatterlng laser

Io, ao, Ao, wo, To

K18 oLl iR AT AR RO R B B TR
Gy 5 , 5 RO A e T

Fig. 18. A sketch of all-light detection of radiation reaction.
After the electron beam accelerates through the tail field, it
collides with the scattering laser to produce high-energy
photons!®™.
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Fig. 19. (a) The laser accelerates the electron into the microchannel target and then collides with the electron through the reflec-

tion of the film®); (b) angular distribution of electron energy®.
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Fig. 20. Measured photon energy spectra generated by high-energy positron beam penetrating crystal and its comparison with theor-
etical results from different modelsi®: (a) Target thickness of 3.8 mm; (b) target thickness of 10.0 mm. QRRM is the quantum RR
model, QNorRM is the quantum model without RR, ScrRM is the semi-classical RR model, and CrRM is the classical RR model.
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Abstract

Laser-plasma interaction at intensities beyond 102 W/cm

2 enters a new regime where gamma-photon

emission and the induced radiation-reaction effect dominate. In extreme laser fields, high energy electrons emit

gamma-photons efficiently, which take considerable portion of energy away and impose strong reaction forces on

radiating electrons. When the radiation power is comparable to the electron energy gained in a certain period of

time, the radiation-reaction (RR) effect becomes significant, which fundamentally changes the picture of laser-

plasma interaction. In this review article, we introduce the physics of radiation-reaction force, including both

classical description and quantum description. The effects of stochastic emission and particle spins in the

quantum-electrodynamics (QED) RR process are discussed. We summarize the RR-induced phenomena in laser-
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plasma interaction and some proposed measurements of RR. As a supplement, we also introduce the latest
progress of producing spin polarized particles based on laser-plasma accelerations, which provides polarized
beam sources for verifying the QED-RR effects.

In the classical picture, the RR force can be described by the Landau-Lifshitz (LL) equation, which
eliminates the non-physical run-away solution from the Lorentz-Abraham-Dirac (LAD) equation. The damping
force could induce the electron trajectories to instantaneously reverse, electrons to cool and even high energy
electrons to be reflected by laser pulses. The latter leads to a “potential barrier” at a certain threshold that
prevents the electrons of arbitrarily high energy from penetrating the laser field. In general, classical LL
equation overestimates the RR effect, thus calling for more accurate quantum description.

When the emitted photon energy is close to the electron energy, radiation becomes discrete. Quantum
effects arise such that the process, also known as nonlinear multi-photon Compton Scattering, must be
considered in the strong-field QED picture. This is resolved in the Furry picture by using the laser-dressed
Volkov state in the local constant cross-field approximation (LCFA). The QED model is applied to particle
dynamics via Monte-Carlo (MC) sampling. We introduce the prominent feature of quantum RR-stochastic
photon emission. It allows the processes forbidden in classical picture to emerge, such as quantum ‘quenching’,
quantum ‘reflection’, etc. These observables validate the strong-field QED theory. Recently, there has been a
rising interest in identifying the spin effect in the QED-RR force. We summarize the latest progress of this
topic, showing that when spins are coupled with photon emission the electrons of different spin states undergo
distinctive RR force.

The RR force has a significant effect on laser-plasma interaction. The review paper introduces recent QED-
MC based PIC simulation results. Some key features include electron cooling in laser-driven radiation pressure
acceleration and the radiation-reaction trapping (RRT) mechanism. In the RRT regime the laser pulse conveys
over 10% of its energy to gamma-photons, facilitating the creation of a highly efficient gamma-ray source and
electron-positron pair. In addition, the paper mentions the major efforts to measure the RR effect in recent
years. It relies on high energy electrons either colliding with ultra-intense laser pulses or traversing crystals.
Primitive observations indicate that existing theories do not match experimental results. Further investigation
is required in both SF-QED theory and experiment.

Finally, the review paper discusses the idea of laser-driven polarized particle acceleration as a supplement.
The all-optical approach integrates pre-polarized gas target into laser wakefield acceleration, offering a compact
all-optical polarized particle source, which is highly favorable for strong-field QED studies, high-energy colliders

and material science.

Keywords: ultra-intense laser, radiation-reaction, strong-field quantum electrodynamics, polarized particle

acceleration

PACS: 52.38.—r, 52.38.ph, 52.65.Rr, 52.59.—f DOI: 10.7498 /aps.70.20210091
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Fig. 1. Schematic of self-reflecting all-laser-driven Thomson scattering.
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Fig. 5. X-ray from Thomson sacttering: (a) Energy spec-

trum; (b) angle divergence distribution.
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Table 1.  Comparison of modified formula calculation and numerical simulation when plasma density is 4 x 10'® cm® and
PM position is 2.5 mm away.
L LWFARBOE TR XIPE
itk Py 2% /(10®photons-s -
FEBE/um KO /fs /?;E*m%l) figs /MeV fEBE/um A B /mrad T4 /107 mm 2mrad -
o-mm (0.1%BW) 1)

BIEAR 10 7 17 460 2.0 18 4.1 1.3
B AT 10 6 17 450 1.8 16 4.0 1.6
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SPECIAL TOPIC—Ultra short ultra intense laser plasma physics

Parameter optimization of self-reflecting all-laser-driven
Thomson scattering based on laser wakefield acceleration’

Ye Han-ShengV?  Gu Yu-Qiu"3" Huang Wen-Hui? Wu Yu-ChiV
Tan Fang!  Zhang Xiao-Hui?  Wang Shao-Yil

1) (Key Laboratory of Research Center of Laser Fusion, China Academy of Engineering Physics, Mianyang 621900, China)
2) (Department of Engineering Physics, Tsinghua University, Beijing 100084, China)
3) (Department of Engineering Physics, Shenzhen Technology University, Shenzhen 518118, China)

( Received 22 March 2021; revised manuscript received 3 April 2021 )

Abstract

All-laser-driven Thomson scattering based on laser wakefield acceleration can provide high quality X-ray

and greatly reduce the source size. Compared with two-pulse setting, the self-reflecting setting can reduce the

requirement for temporal and spatial synchronization in experiment. However, it is difficult to optimize X-ray

because Thomson scattering is coupled with laser wakefield acceleration in this process. In this paper, we correct

theory formula through numerical simulation, and analyze the parameters quantitatively in laser wakefield

acceleration and Thomson scattering, such as spot size, duration and energy of laser and electron beam, and

reflectivity of plasma mirror. Then we can trace the parameters by using the modified formula rather than the

numerical simulation with similar accuracy and less time. The modified formula is also used to optimize the self-

reflecting all-laser-driven Thomson scattering X-ray under the given laser conditions. The optimal X-ray

luminance and photon number can be obtained by changing the plasma density and the position of the plasma

mirror.

Keywords: laser wakefield acceleration, Thomson scattering, self-reflecting, X-ray

PACS: 52.38.Kd, 52.38.Ph, 52.38.—r DOI: 10.7498 /aps.70.20210549
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Fig. 1. Schematic of the experimental layout.
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Fig. 2. Relationship between THz energy, laser energy and laser back scattered light: (a) Dependence of THz energy (red square)

and THz-laser efficiency (blue square) on the laser energy; (b) laser back scattered light spectra at different laser energy.
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Fig. 3. Relationship between THz energy, laser intensity, laser back scattered light, and laser defocus: (a) THz energy (red dot) and
laser intensity (black square) as a function of the laser defocus distance D; (b) laser back scattered light spectra at different laser

defocus distance.
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Fig. 4. Characterization of THz spectrum, polarization and profile: (a) THz spectrum measured by band-pass filters (brown square)
and fitted with the CTR theory (black line); (b) THz polarization distribution measured by a THz polarizer; (c¢) THz spot profile

measured by a THz camera.
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SPECIAL TOPIC—Ultra short ultra intense laser plasma physics

Experimental study of terahertz radiation driven by
femtosecond ultraintense laser”

Wang Tian-Ze"?)  Lei Hong-Yi"%  Sun Fang-Zheng!?  Wang Dan '?
Liao Guo-Qian Yt Li Yu-Tong V341
1) (Beijing National Laboratory for Condensed Matter Physics, Institute of Physics,
Chinese Academy of Sciences, Beijing 100190, China)
2) (College of Materials Sciences and Opto-Electronic Technology, University of Chinese Academy of Sciences, Beijing 100049, China)
3) (School of Physical Sciences, University of Chinese Academy of Sciences, Beijing 100049, China)
4) (Songshan Lake Materials Laboratory, Dongguan 523808, China)

( Received 17 March 2021; revised manuscript received 12 April 2021 )

Abstract

Powerful terahertz (THz) radiation sources are crucial to the development of THz science. High-energy
strong-field THz pulses have many significant applications such as in the ultrafast control of matter and the
THz-driven electron acceleration. In recent years, ultraintense laser-plasma interactions have been proposed as a
novel approach to strong-field THz generation. In this paper, the experimental results are presented about the
generation of THz radiation from a solid foil irradiated by a 10-TW femtosecond laser pulse. The THz energy as
a function of laser energy and defocusing amount is studied. It is found that both the THz energy and the laser-
to-THz conversion efficiency increase nonlinearly with the laser energy increasing. At maximum laser energy
~270 mJ, the measured THz pulse energy is 458 pJ, corresponding to a laser-to-THz energy conversion
efficiency of 0.17%. No indication of saturation is observed in the experiment, implying that a stronger THz
radiation could be achieved with higher laser energy. By simultaneously monitoring the backward scattered
laser light spectrum, it is qualitatively understood that the observed THz radiation as a function of laser energy
and laser defocusing distance is closely related to the electron heating mechanisms at different laser intensities.
The THz spectrum and polarization are characterized by using different band-pass filers and a wire-grid
polarizer, respectively. The THz radiation covers an ultrabroad band ranging from 0.2 THz to 30 THz, and
shows a radially polarized distribution. By fitting the measured THz spectrum with the theory of coherent
transition radiation, the THz pulse duration is inferred to be about 30 fs. At the THz focal spot of ~1 mm in
size, the THz field strength is evaluated to be 3.68 GV /m. Such a strong-field THz source will enable the study

of extreme THz-matter interactions.

Keywords: ultraintense laser-plasma interaction, strong terahertz radiation, coherent transition radiation
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* Project supported by the Science Challenge Project, China (Grant No. TZ2016005), the National Natural Science
Foundation of China (Grant Nos. 92050106, 11827807), and the Strategic Priority Research Program of the Chinese
Academy of Sciences (Grant Nos. XDB16010200, XDA25010000).

1 Corresponding author. E-mail: gqliao@iphy.ac.cn

1 Corresponding author. E-mail: ytli@iphy.ac.cn

085205-6


http://doi.org/10.7498/aps.70.20210518
http://doi.org/10.7498/aps.70.20210518
mailto:gqliao@iphy.ac.cn
mailto:gqliao@iphy.ac.cn
mailto:ytli@iphy.ac.cn
mailto:ytli@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

	01超短超强激光等离子体物理专题编者按
	02强场X射线激光物理
	03激光加速高能质子实验研究进展及新加速方案
	04高品质激光尾波场电子加速器
	05全光汤姆孙散射
	06强激光等离子体相互作用驱动高次谐波与阿秒辐射研究进展
	07强激光驱动高能极化正负电子束与偏振伽马射线的研究进展
	08极强激光场驱动超亮伽马辐射和正负电子对产生的研究进展
	09超强激光驱动的辐射反作用力效应与极化粒子加速
	10基于激光尾场加速的自反射式全光汤姆孙散射的参数优化
	11飞秒超强激光驱动太赫兹辐射特性的实验研究

