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Fig. 1. (a) Schematics of photon acceleration driven by the
near-forward scattering when intense laser pulse propag-
ates in under-dense gas. The three-wave matching condi-
tions for the laser pulse and electron plasma waves: (b) The
first kind of NFS; (c) the second kind of NFS.
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Fig. 2. Setup of initial laser-plasma conditions, namely, va-
cuum-helium-gas-vacuum distribution. The inset is the ini-

tial distribution of laser electric field.
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Fig. 3. Distributions of laser electric field E, in (a), (c), (e), (g) spatial space (=, y) and (b), (d), (f), (h) wave vector space (k,, k,) at
(a), (b) t = 62.5T; (c), (d) t = 93.8T; (e)—(h) t = 125.07;. Panels (a)-(f) are with electron plasma (EP); panels (g), (h) are
without (w/o) electron plasma (EP). T} is the laser period.

125201-3



¥ 1B ¥ Acta Phys. Sin.

Vol. 72, No. 12 (2023)

125201

WAL TFHE K B, BH ¢ = 125.0 Ty B 20552040,
W 3(f) fzn. HAEB R 23 8] AR i O i
R kg ~ (1.0kg, 0.12k).

BT — IR ks . K 4(a) ST =
93.8T, Bt ZIMHOL Y B, (5%%k) ML T 5 n,
(£14%) TESOHN A A 4(a) 7T UL B, 34
RT3 32 B L F 55 B R % B ARSI
W EVRE. R T ROGER B i o AR
Kl 4(a) 1 B sUZ T, AP o L
B ZJE, B d g, mfAAE—
LS AV X O AT R . B 4(b) BT LA A
W, BEZIEARBIEN T FEE RN, 3 H
ML 45 B IR B B AR B 20 1074, Y 2]
TNTHFHENAZSMY. B THFSEE K
W W FERE, B s 20 00 P 108 0 A% 45 %) A 8BS wpn =

/Muuﬂ~c1+—ﬂziﬁB£EW%mﬁ

%Tﬁﬂ’ﬂﬁl_xvphk ~ e < vpnL, ¢ N EZS PG,
DCFPAHEE 1) 22 S oL P R . B Ay
i 385 6 658 1T 2R 7R A Isr = Nphoton/w o< W, Nphoton
Shy LS TR AR 1 BRI (] Nl L B S e FACH
PR Igr oc w, B i3 2647 WA B 13 25 53t B 1 ok
TN I A BRSO — B, ARt 2 g
SR, BOEHCRE K ERR B S L
SRR E . T BN, B S AR
TR TE A B ML O Sy 1 PR . R
B 1AL B AT A O 6 R S
TR U R 5 A s S SR [RIE FH T B
BORES. R B 22 A P B OO EsR 43 A R TR
S RA TN TT fo o< Vag, B TROGH—1k g

0.06

(a) B

10.04

ne(nc)

10.02

50 55 60 65 70 75
z/pm

RGN, AT B8l Syl LA b TP AR
(A FL 6 A2 i FTRE B~ . AT 122 0 A
K, EABTEIRE ASFHBOG | 55 5 A RO
6= Z ) 2 Bl i A RE s~ AE 272, .

hkg = hko + hkpo,  hwg = hwo + hwp,
Hrr, noh P W rew g, BRSSPk
Bfs3) (1) i = BR A X R,

A ADK A SASAEROCT T R R RE 2
ERRE R BERO R A TR G K. BT 5(a) 44
Tt = 93.8T, 2By %346 I 5(a) 7]
LIE i, Ol s SOt i ey, i
I R A8 L 5 DX PR L 2 AR
HL 45 B TR IR R B AR08, T & 5(b) TR
S0 NS/ == 28 24 M o R
%, DR R, B T P P, 5 AR ipl O Tl ) 5 —
AN BE R D, TRl 5(a) HP Y SR Sk TR, 1
B — SR O e YO [0 B3CSRT . Hh T L 45 8 1
AT AR o) PR R B AN — 380, PRI o) 0843 F
DX IAF AR 1] L5 B TR R Ky 5 4 LS IX 3
Wy o Bl ) B AR B AR IR Ko R E 1
S0 B KA BE 1Y) Ko 5 Ko Y DG R WAL 5(b) Hr
() R AT K TR NI IR I R 25 ] (K, k)
53 IR 5(c) Bz, A BERSR IR M ko =

(0.224ko, 0) I ) F5e A HE PR Fopr = (02240,
0.112kq), HART7 1] BB R 58 E 55, J T ] 226

31 4550

T4 2 KA ke , 1T T8 AR
oo TETEE P17 )L A77E— AN Ak = (0, 0.112k0),
PR T P, 265 9 T A AR T B 1) AR, T
TEBOEI P 193 B 3 AL 50 B MV O e

4

(b)
k 12
0 -
— &
{10 ¢
B =
g
o)
—2
N H s N 4
50 55 60 65 70 75
z/pm

Kl 4 t=938T B Zl, (a) WOLH Y E, (84R) M F%E n, (ALK); (b) Y E, (4R 5k) F F55 8 IR % EH 3 6n, =

(o~ 0.05n,) (414 ) TEWOL A& H B L 19501

Fig. 4. Distributions of (a) laser electric field E, (green line) and electron density n, (red line); (b) longitudinal electric field E,

(green line) and electron density perturbation of electron plasma wave dn, =
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Abstract

The mechanism of photon acceleration driven by the near-forward scattering (NFS) in the interaction
between an intense laser and under-dense plasmas is studied by particle-in-cell (PIC) simulation. This
mechanism utilizes tunneling ionization effect to stimulate electron plasma waves when the intense laser pulse
propagates in under-dense plasmas. The electron plasma density is inhomogeneous both in longitudinal and
transverse direction. In the longitudinal direction, a steep ionized electron density front is generated by incident
laser ionizing the helium gas. Around the ionization front, the incident laser interacts with electron plasma
waves, thus generating the first kind of NFS waves. Compared with the frequency of laser, the frequency of NFS
wave increases. This is the first characteristic peak in the frequency spectrum. In the transverse direction, the
electron plasma waves have different phase velocities, which makes the incident laser pulse undergo NFS process
and upshift its frequency. This is the second characteristic peak in the frequency spectrum. Owing to the fact
that the electron density inhomogeneity is much larger than the electron density perturbation of electron
plasma wave, the scattering model and dispersion relationships, which are based on perturbation theory like
stimulated Raman scattering, are no longer applicable to this case. Our further study shows that the incident
laser, electron density plasma waves and NFS waves still satisfy the energy conservation and momentum
conservation that is, they still satisfy the three-wave coupling relationship of momentum and energy
conservation under the condition of heterogeneous density, thus explaining the appearance of two characteristic
peaks in the frequency spectrum and their growth in the wave-vector space. This study has significant reference

to the spectrum evolution when the intense laser pulse propagates in under-dense plasma.
Keywords: intense laser, electron plasma wave, near-forward scattering, photon acceleration
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