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INELSR B K i 2R 25 AHA37. (carrier-envelope-
phase, CEP) f2E HAGHE Al 45, X0 5250 = OB,
AR T AR KA PR 400 X F ko, MR )%
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X PR £ 38 (polarization gating) ARG T
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EB(t) = ZEifi (t —0s) cos [w; (t — ;) +wi], (1)

Horp B AUIGIRIE, fi(t) = e 220/ g g i ko
A4, e BRI RFEERTE] (full width at half maxi-
mum, FWHM), w; AR, o k#8084
AHAL, 6 A AR A AE IR . Akt R, Bite, =0,
@i =0 (WAl IBCHABE, Bl ks 2], A2
M e 2 BT R Jk o ) 5 1821, g RO Ik i < £
R, B RAWEY (n=2), BOGHBK I TE
PLLLAN, 3B A = 800 nm, \g = 1200 nm, X
PR O CTE SEB S 25 5 7 A R =
GG i, WIBEI— Ry Ao PRSI0, Bl As =
600 nm. QR DY 37, RS T — 3R A B A7 A0
Y5, Bl Ay = 400 nm. HAMSEL (E;, ;) RAmMEREL
(genetic algorithm, GA) {Lfbifi b FE RS 2. E;
Y 23 (AR T EBOESREE, o A 2s A PR e
TE [-3 fs, 3 fs]. LIS — M REAL B BE R Lt
e 1 R R R DL AR B, © N TR 3 B 4 i A
F¢ U2 TR A R M BEAIL AR B AT TT
f, RN R s A2 AR
SAEIEE R TT AN, ERE N IR B, T
P BRZ L. AR 3000, F:ARHYAMA
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I

F= ﬁ’ (2)
Hrp, Lo s A i BT AR Rk i B2, 1o
HARBTFP KR L, AT Sy HARBIAD K i S8

2.2 BEFERNMAF KA TE

A SO EIEE AR AR F R G5 T &
SHE UGB BT S HA B BT R ik iR . B 5
KAL) (strong field approximation, SFA)
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2 ad)
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Horp &tETing =1+ 6 — i B & T PR T
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T, HAT o A A v Ay mE AR LR o i, et Ak
R W (W) TR 2R G ORI R R,
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Hrp, no ARG PRI TR R, D(r, 2,t) 9L
T, AT (3) gh . — HARTS A
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gl (WCHEAL). 2 i e 25 1] AR £ 10 el ) 18
T4 2 7 BT AR ik o 1491,

3 #£R53

R T R AN IR B B BIR 3 3 X6 U T
TSP R RS B LA O g BT R bk o B4 S, 7 e
IR P AT 21 A7 44, B 800 nm +
1200 nm, G EGEEH8.0 x 10 W/em? | 1554
RiA BHEPEOE, W 1(a) Lr s is (6
NS EE R 1 RYEE 2 5145 H). MIET LR
 SEAEAE TS B R 16 fs OGS 3] T E bk
of. B 1(b) @y il T A s Ne JRFH
HAER AR & UGE MRS AT LUE R B A
140 By 2] 270 B % 2235 . E kS0 140—190 By
W, BT RS AS [F A P BTRR K (] 1(c)),
e K ol i FEBE29R 50 as. A T B BT RD ik
PR & SRR XIS B HEAT T R B, A5 SR an
Bl 1(e) B, HSE BB /T LI 1 550
{14 BT i e St 1 EL A L WRIRK %) P, - L 4 5
T 452 55 118 Jok o ) iy S0 WK P9 2003 Bk, 2 AR
FEFEH S Myl 2t e M AL S K BUE STk
Jik e g i, A JE R & 5 B A BTk
e,

N T RENS 46 5 WG (A 21 AN O AL A 7 A Y
B[ ik b S B AN T P €030 2T MO G A A JE Rl
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W = A SRR FURF. b T 5 HA
AT AL LR (FHZEARE 5%), =630 A0t
SEEICA 7.5 x 101 W/em?. [#] 1(a) ik B S
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Fig. 1. The high-order harmonic spectra and attosecond pulses generated by optimized two- (800 nm + 1200 nm) and three-color
(800 nm + 1200 nm + 600 nm) laser fields: (a) Optimized laser waveforms; (b) Ne harmonic spectra generated by two laser pluses,
the harmonic spectrum of two-color field is shifted for easy observation, and the multiplied factors is indicated; (c), (d) attosecond
pulses synthesized from harmonics H140-H190 and H140-H200, driven by two- and three-color fields, respectively; (e), (f) time-fre-
quency analysis of the harmonic spectra generated by optimized two- and three-color field, the data have been normalized. o.c. is

the optical cycle of 800 nm laser pulse.

T =@ R BB, X O S R
1S 355 B EIELAMAE L, 1
=AML I A R B rekE, R
SEAEBTAPK P EERGFIX (Bt = 0 BRI 151 1(D)
HlE (2 = (5 A IKEN Ne J777 A i iR U
Pk, WTLAUE 1, 2SIA 1200 nm ik A5 4537

1 WOEKSREE SN 8.010, 7.510 Fl 7.0Io i
AR . =AM EZHOEESEL (1o = 1.0
101 W/cm?)

Table 1.
three- and four-color fields with total peak intensity
of 8.0Iyg, 7.5Ip and 7.0lp, respectively (Iop = 1.0x
10™ W/em?).

Optimized laser parameters for two-,

5 P T L R B AT R, T B X sy oo I=Toh 1270k
F4E S0 8, SO AT A RIS BT L L
Bikdl. P 1(d) %5tk TR0 140200 Brisilgeitng R o A o o
BT IR, O, AR50 P3RS B AT Ik g, iy ) P
B2, 5558 AR A I i B8 3 — 20 ARG s T 650 Jok L/ 5.723
W T JE W AT G0 (47 as). AL L(E) HIRESAHT Mijom 8000 8000 5000
” . P . . . A2 /nm 1200.0 1200.0 1200.0
AN, TR U g TR A B AT, o o -
A A T I o P T L T R P 0% s fom 1000
AR ek, P, A 1200 nm A58 71 /fs 16.0 16.0 16.0
BRI E A SIS 2 nfs 160 160 190
O L 2 S DO 2 e o0 o
kA Db el 12 ARG I = (% I SR L 5 0o 0o 00
A 800 nm G A5 IR Y WA 18 1 DU 2. & 32 /fs 0.136 0.026 0.389
W, XG0 EOE S BT AL, % 1P e 0.092 vz

A FNGE T BRI N 7.0 x 10 W/em? BHEAE
AU OISR, A SRR I OE 1A 2(a)
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Fig. 2. The high-order harmonics and attosecond pulses generated by optimized four-color field (800 nm + 400 nm + 1200 nm + 600 nm):
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(a) WOGHIE ; (b) WK PIE; (o) &

(a) Optimized laser waveform; (b) harmonic spectra; (c) attosecond pulses synthesized from harmonics H120-H190; (d) time-fre-

quency analysis of the harmonics.

Fin. B 2(b) 4 T HeAk i 3= A il g, v]
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TRk SERE Sy 37 as B (8] 2(c)). AHELAL
TR = sk shIE B, 1T AL B2 A i 1Y €25 Al
9K B0 JELF T AR A ) BT RS ok b s AR 2 T BB Y
A . TRV, X DUt B BK B0 AV T R A T TR
BT (B 2(d)), 458 % M, Emibiuaigiks)
SRR LS T S EA T A RRE, AL
TFRIE XN 1 TTEk e A0, 1M H, #E 120—
190 B (38 18k 0 i N LTS3 T JCWR gk & 59, 2
TETZAT BN [F] RE 2 (A)B  JLF- 7 [ — B i) 2 5
F—T7 T, A A2 ML) < AR Sl B |
WG, RO FRE 2 B BB R AT RER ], T
SEROCHVER TR FHLE, EIIER
SRR R R SN, (RS E LA R
BRI N S5 REES T2 5, & ST HAS R RE fE 1 &
. Ak, FATHAT T LI E 54007, 8 R
P E L el h i O R, 4 T e AL A
v B e ) A2 A R )55 R BE R 2 ] A G
Z, B3 B T A AR WK 3 a LA,
MHL T EIAE KT 185 eV (R 120 Frits i) i, it
TYHEMRERAFTES T, BTN B
BFZIARTR], B 4 S ERTZ], WE 3 PR )

114, 1770 BE A [ 4% T %ot o2 A B, 42 A5 ] L
SEER B BRI AE-0.4——0.25 SEJEIMmE Y. g a] 0,
KT 120 B = YR ke A4S IR A A — 2 T R
H2, XA RBOCEAR/ING, 58T RS

TE—EREE DA AR, i L p T bl
DI, TEAL B SR 2T AN S A TS5 &
B E R, AR T & 58 1Y s sk se g
AAT A BT ik o 14 B R) 2 7 2 9 1) B 3 TR
WU & ST B R A 22 AR /N . 3 5 08 G 20 4 4T
DL A-EMH T B 1) LT AM-LT AR B0 2T A+
251 DU BK Bl J5E - S 1o YR I 1 7 22 i AN ).
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2y
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Fig. 3. Classical analysis of electron dynamics in optimized
four-color fields.
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TV, EAFE IR BOR IR EPLE S 2K
HUIE STk, O A DY €037 B ] A ik e e B
27 as MY PAJE RS ik (L5 SR ARLAH). SR, Xl
T IR S 32k A K PUE DTk, R HLER
SR A (R I AR % SR LA T, AR METE A5 4l B
ATSEEARAZ VL, MG T SEU0 X R R A 114 PRI

N T NZE T e 2RI IS BT RR ik o, 2
P STBUR S (& Ty o e ) e O L RN
TV K S5 189 15 YR RS 0 A J5 v 1) 4% 1% 500 o A
FE. R 1P e D g el A Sk
SR EAN OGS, RS SRR, AT
AR IS BT RR kv, dE— R SCB0 25 . IR
WS EC: ARG T8 B 1 mm, SR A
SYRRYSUAIE S 75 Torr (1 Torr =~ 133.322 Pa),
SAREHA HR A B OGRS 2 mm &b, 2
RIS 150 pm , IEIAF SRS () & T
JeEEFE)S 500 mm Ab.

El 4(a) FIE 4(b) 2504 T ik g =i
(1) 5 B 2 I A T S A 3 1 23 8] A . vl LA
ET| ST S A Bl g ke S B o7 = N o) o A TR A
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FLIH B T AN [ A2 1o B AL 1) 3 S I8 A 40 3138 37
it T & BOAS ) B 5 RS AR e RE 22 B2 [ 4(c) 4h i
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T eI A S TRl FLAR (B FL AT SO ) s s i, T
PIA H, ASE 2 RFE A 100—200 Bl 3447 1R
UL, S IAEXT R A 105—195 Bk 3815
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Fig. 4. The macroscopic harmonics and attosecond pulses generated by optimized four-color fields: (a), (b) The spatial distributions

of harmonic emission in the near and far field, respectively; (c¢) harmonic spectra collected by a circular filter with different aper-

ture r at the far field (z = 500 mm); (d) attosecond pulses synthesized by harmonics H105-H195 from different spatial range.
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sis of harmonics from 0 to 0.2 mm.
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Fig. 6. The macroscopic harmonic and attosecond pulses generated by optimized four-color field at different gas pressures: (a) Mac-
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at 20 and 100 Torr pressures, respectively; (d), (e) the attosecond pulses synthesized from harmonics at two pressures, respectively.
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SPECIAL TOPIC—Attosecond physics

Generation of isolated attosecond pulses from atoms driven
by optimized two near-infrared pulses and their
second harmonic fields”

Du Jin-Xu!'’  Wang Guo-LiYf Li Xiao-Yong?  Zhou Xiao-Xin V%
1) (College of Physics and Electronic Engineering, Northwest Normal University, Lanzhou 730070, China)
2) (College of FElectrical Engineering, Northwest University for Nationalities, Lanzhou 730030, China)
3) (Beijing National Laboratory for Condensed Matter Physics, Institute of Physics,
Chinese Academy of Sciences, Beijing 100190, China)

( Received 11 July 2022; revised manuscript received 5 August 2022 )

Abstract

With the rapid development of laser technology, it is possible to control optical waveforms by coherent
superposition of electric fields with multiple color components, which creates conditions for generating the ultra-
short isolated attosecond pulses (IAP). Based on the strong-field approximation theory, this work focuses on the
TAP generated by the optimized multicolor field synthesized by two fundamental near-infrared lasers and their
second harmonic fields. The results show that by applying frequency-doubled pulses to the near-infrared laser
fields and optimizing the laser parameters, the emission properties of high order harmonics from single atom can
be greatly improved, and the nearly attochirp-free harmonic emission can be realized within a certain energy
range. As a result, shorter IAPs are obtained. With the consideration of the macroscopic propagation effect of
gas, the TAP with a pulse width up to 40 as is generated under appropriate experimental conditions. Finally, the
effects of gas pressure on the properties of the high-order harmonic and attosecond pulses are also investigated.
This study provides useful theoretical guidance for generating ultra-short IAPs with near-infrared laser pulses in

experiment.

Keywords: high-order harmonic generation, isolated attosecond pulse, optimization of laser waveform,

macroscopic propagation
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