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Electronic dynamics study of high-order harmonic generation in

SiO: crystals

ABSTRACT

The interaction between laser and substance will produce a variety of nonlinear effects,
such as high-order harmonics, above threshold ionization, tunnel ionization, Among them,
high-order harmonics can deeply understand the interaction between strong laser and matter,
laying the foundation for breaking through the femtosecond limit to obtain the second pulse.
With the development of science and technology, it is found that the yield of attosecond light
source produced by atomic and molecular systems is too low, which restricts the development
of nonlinear attosecond science. Recently, scientists found that compared with the gas phase
system, the solid system has the characteristics of high density and diverse spatial structure.
Therefore, the high intensity attosecond light source generated by solid system has become a
new research direction in the field of strong field physics. Based on the semiconductor Bloch
equation, the interaction between high intensity laser and SiO: is studied in this paper,
including the following two aspects:

(1) The electron dynamics of non-integer harmonic generation in SiO: crystals is studied.
The results show that the non-integer order of harmonic radiation in the higher order is caused
by the destruction of symmetry of electron population number in the energy band caused by
the change of laser intensity and the periodic interference of harmonic radiation in the
adjacent half period with the change of laser intensity. In addition, we continue to explore the
influence of different phase-out time on harmonic radiation. It is further proved that the
existence of medium-periodic interference above is correct.

(2) The harmonic radiation characteristics of high intensity laser interaction with P3121
and P3221 SiOz configurations are studied. The results show that the difference between the
two configurations is very small. Further exploration reveals that the harmonic characteristics

of the two configurations are different due to the transition dipole moment, which leads to

I



irregular excitation due to the narrow valley near the I' point, and the irregular oscillating
electrons and the excited state electrons behind produce nonlinear harmonic interference.
Then the harmonic interference of different configurations in two-color field and three-color

field is also a factor affecting the harmonic intensity through time-frequency analysis.

KEYWORDS: SiO; non-integer order harmonic; dipole moment; electron population
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BEERARIIR IR, AT T 5 TR 277 A BT AR S IR 77 K AIG, #1129 T 9RZk
PERM RO R R o o R 23 S I RO, 5 o] A 22 0 A ELATE FH IRt R 5 s TR G
HESMRGX, BhRGEAREE. ZHTREWER . FTLEG RS E
R IR RP OGRS I ) B R M T Al — . BT, WO 5 SR E A6
FAE ELAE FH (R RS = 8 SR g S A4 AT s 6 7 2 (SBEs) Ml 75 B %5 FE 2 iR 214 (TDDFT)
SR SLII8-02, £ I a8 15 5 FE(TDSE) 2 2 F TR A ] 44, AN REAX R 20 S 1 [ 4 A A} L63-651,
SBE J5 i F B P v B R Ay A5 A NI AR AR, T 838 2 % RO B B8 (DFT) T
IO

U JVAESR, [ P AN T /N IO DX AT [ s o 7= A S 8 B s i R AR AT
BEAT TIRANIBE T . b ERHEBORS 2 SR 2 SRR BT 7T e 1 25 N BTl 1
P R AR B4 7 VA R AT STE 0 SR 0 (B T, RO - A S AR A LA
P2, ELFE LT B P A WORORT H B o TR R IO ik 1 WAk 2R Bk SO O A 1Y)
AN R A A5 G AR R A R o0, e ] e K 2 A K [ R S T B R T
TDSE 7EiH 5[l & HHG SRR, AL HH-F TDSE 1 SBEs FI45 RA MR 1) % 57 .«
ST UIE B A [0 308 T8 R S0 P 188 38t 2 TR0 £ 328 T A 2880 0 o) 9 £ 50 148 O T B 4
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BT R SR G L G SR S UM 7E P R 275 0 25 AR P 3 3 RV
JEREFEITRE M BB A ROR U SR MoSo (IR OB, 0t R 2 Rl & N A2 7 A1
AT A R (R, 1T 3 B AR 0 3R P A LR 327 1 PR A7 22 1) 3 PR R XD BB R T
e ELAR B A7 AR 68, 3245 ik BOR AR BB 1B B I 7 DR 2t B AHER
BUAR R 2 T S5 A5 B B THEL A5 R o J DA TSk i BB AT AU AR A8 DI F B
X T e B F o B VR BT T B AR 6 B

7% B R SRR UL RE i - AR AT R T B BRI AT T T A A RE P3221 AL
UGB, 5 DVE R TAFAR BB IR (T H SR B SERr A RLZEAT T A 2 TR 5. AR
IR 55 AN BARTVR, 8 7 RMRE S ATV B 5 R (10 592 A B /N A8
B AEH=TPEAVER TR 5HE M, 45 RRIIBEE OGRS AR
T 2 R AR AR, R IR 20 A A2 AN 3 IR R A e ORI N A S
2 BRI A A IR A D7 T BEAT R TP B A . O 1 IRAIETHE Z R R 2, B R SJURTT T
IEUARIR 8] (AR S (IR, a1 BB TR

3.2 BigHE
AT I SR MR BEFITE T R 7 - AR AT I 7 AR AT T E AR EOLE AR
WHEM A E/EH. XEMNESNMBmEmERAKENT FHRELX, BIA
H(t)=H,—xF(t) . Ansbght, mgsineg H, RS mSH A R &N E, = E, (k) , 1£
BOCRKIT I BXBh T, F 1 BR B R T AR AT IS A S TR, B
EHEDY IBZam(k,t)gom’k(x)d%, (3-1)
$eofta, () ATLEHRIR, FF 2SR ) 000 6 G A — 16 SR By
THRBBOLH I RANER T RT3 5, 87 3-1 W A &I e 5 7 12
z%w(z) = (0 (1), SRR TR LM A 1Y S0 7, (o) et B 9t T A3

a, =(—iE(k)+ F(t)Vk)a, +iF () Y d,, (k)a,, (3-2)

St 5 s R BRI AR AR R D d (k) AR5 3 PN DR 7 [8) ok 23 Al BEAT TS A A
i [ A 5 DA SR SR 0 0 I 7R 26 — B Ee vk L O HAR SR TF U
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AR g R P AR BRI O AR K B AT AT

N T S RO SR A BAE T30 1 B EME, A AL R R
ST SRR T I BT . HES ST T DA IR . TESROGIER N, AN
7 (VB) T R 25 1) 55 (CB)JRHR, SR 5 Ay o 125 7 OR S s op (¥ fL - S PE O A A
N ERTIRY; — HH-T2EA B IKIX (the Brillouin zone, BZ)FIA 7, HLF K 4B
REE TGN CBe ML M4 8 55— AN O FE 2 — M B UK 1 7
SR MRS R S, RS OB . RO, U I A A G
XM RET SR EMSE, B k- k=00 &5 HIEREENE— b S0

&,(0) = &,[k(D)] = &,[k, + A(D)), (3-3)

el

Hrbeak), &k koM A RARIEBRER, SIESIE, VIRRKSIENBOCII RS
FEA S TR % Sl B (R AL /e e

At) =~ j;E(t')dﬂ, (3-4)

33 HEERSTHL

AT R, i B EOE S AR AR A, A B0 58 09 1.0x1013
W/em? i F SiO A% BIE, PN 2400 nm, SFFEE (A 8T, BAHESHH Tr =4
fs, S5 To/2(To AZSZNIC ), BRI ot sin? 2, Bk aled 1 g4
G I ETHEAT T B .

- - -VB (@) (b)
L SO

o
o
T
-

Dipole elements (a.u.)
(=}

r I

3-1 ()T SRR P3221 BLAET M S RAEEE; O BT E— 1 EEi HE RN L TEQ)
S B 5 KT BARLE .
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3-1(a) R AT A P3221 BYRT-M J7 [ e B, 206 i B AR AR 2
i, RO LR BN, AR RN VB FST CB Z A/ B E N 7.9
eV, HAMIHBIER 12 eV. B 3-1(b)Fandt T 58— R B THEA5 30 10 — S ik ik 1)
BRIE AR, 7T LAE BITE k= 0 BHE — MBS AR 5 Hoe S A I A B AR
KA.

T4 R LRG0 VE R 48 56 H R o B vk iT LIS B 140 B A2 A, X5
Rty Z A RE B R RANT &, BATUCHIKER T & MIPOTAHR T o R IR T Re 2 S 50m

TREE ARSI OCBED 2R, T4 00 = R 1 8 SR [ e [ BRIE H T A0 A O FL T TE
WOt I W AE AL H) AR SR LRI 00 o L URTRATT A T 25 0 50 00 18 o e ) 5 P8t AE 386
M AR R, 2 BT I B IS S RS R, 3 SO 5

0.02

(@) : § \——1.0x10" Wiem®

0.01

0.00

E(t) (a.u.)

-0.01

-0.02 A | L | . | A
0 2 .4 6 8

------ el i

Intensity (arb.units)

0 30 60 90 120 130

Harmonic order (o/o,)

& 3-2 (a) S IRE A 1.0x101 W/em? B & HE17; (b)) S iERIRIIERIEE.,

N T T ST YRR T BB BRI I ok, £ & 3-2(b) 70 i H R HXE B
W, 2L E g R L AR [, IR T IR SRR AR PN, TR Sty
PR AT AT TR VR ) AT o AL 3-2(b) AT BAFE BIEAREY B = 25 1 B i — A 3C
R IXANAZ RO R BRI G  m B S MBI AL B, S R AT AR B AR SO B
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AR g R P AR BRI O AR K B AT AT

W, FEI 3-2(b) AT DAL A (S 2R TRt SR I AW 5, Hon] DU 21 B R A2
BT 2 e Y I TR, TR B T R e (B TTER ), XA A
USSR o AEAS SO 1 2 BEWE T 1 BB (0 O s, P e AT T P i 1)
TERACE BB EAT 7 T -

@ EEEENREEEN
2 g | i T R B S R RS R s e e P
3 { it 1
2 B8 gl N
@© : } d i : i
2, / ; ; ; i ' t ¥ ¢ -
2 1EAT b TS 3 I N LR R S O R i W SSRGS P
@ ! ! ! ! ! ! ! ! ! ! ! ! ! !
| = o) R G (O L OO SO Oy (U O OO A O OO U SO O (VU (VO SN O U O (O O O (O
E | i i | i i | | i | i i i |

1E-20 i i I i i i i i i i i i i i

100 102 104 106 108 110 112 114 116 118 120 122 124 126 128 130
Harmonic order (o/a )
160 1.000E-21

&5
B8 .
E 2 512E 20
g
@
2 6.310E-19
o
O
=
o 1.585E-17
£
£
L]
T 3.981E-16

.1 000E-14

1.000E-21
&
8
g 2 512E 20
=
@
B2 6.310E-19
(]
8
S 1585617
=
=
(]
A= 3BB1E-16

-1 000E-14

6 7 8

4
Time (0.c.)

& 3-3 () N EHRGLR A TRNERIEE; (b)y ()7 HI (BRI R A TRIRSRS T E.

SILHF LRI, A1 3-3(a)Fir A AR AL PE R B O 100-130 B it i,
FP T () SELRARRARNLA On, 5 60 RISEE RN o3 o FRATTRBUAE AL g Onitt,
T 3-3(a) T LU BIFRATT AT 1) B 23 B 100-130 B R A & ki ik 3 BRI
R0 MEAEBIEIHIN L —A(/3)m AR BL B 2R LG R . B AL B R
AT BB RO AR, T /W76 M B4R R, A 1L ok
ARASE) 7 X LT M ) 3-3(0) ()BT L LAE (RO 045 18 B T LA AT £
I 4 B IR 2 o TG TR TS WA R SR L (R e 1, 4380 BT
O FURRKC TH0 R BRI 1 SURRIN W R A LR , 4Ok T VS TR T W0k b 7H
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(I DTHRI 1 R IR IER . BL 4.0 o.c v B TR BV 0 5, RS 3-3(b)+ (c)
HEOG B TR BV RIS STk S L AT A, /3 FEAE DL S AR R B2 R R 4.0
0.C.-6.0 0.C. V4L T BRI AT DTHR IR SS . 1 Upk i S 1 R AE OB A IR IR I AL B R 5
FETHEATT BRI DTS DU AR, BT AR K.

LA HEFO G 5L H 1.0x10" W/em? {2 7.5% 1012 W/em? I BT 45 21 (1) 1
FAEE WA 3-4@) TR, MEOGREIR/NA 9.0x1012 W/em? I 1] UR B i H B T B
BFVE AR B o Bl TR T4k SEPRAROL RS, 458N 6.5%10'2 W/em? i
FEHEH BV I AR A B

|— 100" Wiem®

(a 956407 Wi —1 (b)
BT a0’ wir' - | = lan
—— B5x10% Wiem?
x1? — 8.0x10% Wiem®
1E-10 - — 7.5¢10" Wiom®
— 7.010" Wiem®
B0 Wiem* 1R
o F o
e} 2 oo}
C i [
3 Bl
0 0
L [
[} [
) >
fd i
[1/] 0n
C C
[T} [
= o
£ i
LI R Y I () U NS P i - P [ ) R 0 A O o I 8.\.\.\.\.\.\.\.\.\.\.\.\.\.\‘

1E-2 2
100 102 104 106 108 110 112 114 116 118 120 122 124 126 128 130 100 102 104 106 108 110 112 114 116 118 120 122 124 126 126 130

Hamonic order (o/o,) Harmonic order (/o)

& 3-4 () NEIHMIEIHBE TENERIEE; (b)FRIRAENE T AEBRIEE .

EHHOCHMTAERT, 8RR S A 1 i FE i 08— NI E B UL
FEPANREN 2 IR, IR B T, — SR i i) LS4 R 1 28 %
4. AT BRI AL 5 NS, K 3-5 454 T AT
X IR PR S ) B A S, X BLERAT T B 0 A 2 4.0 0.¢.-6.0 o.c., X RPFRINBOGIK
TPLE S IRF DO %o 2 0 0 ) B KA A1 gl e X B2 FL P30 R B KN 221, 1 3-5 mTBAR
D61 FE R AR A 23 52 B HEL T (R ERAT, ATl o AT B B R AR R I 2 S .
Kl 3-5(e) MDA, FEBEOERE R T 9.0x10'2 W/em? i, 1 DL 1) 55 o 1 oL 14 J5 5
TE k=0 I ORI FRVEAR BT, (HRAESBR AR T 9.0x10'2 W/em? i, 7T AT [ 3-5(a)-(d) 34
HH ) B A R AT h=0 B PRI R PR AR, X2 R IO 1P 77 5 s IR IR AROE L
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AR A P AR R AR R B T T

DRl 4 O o B8 i AR A R BAIR I s, At s B 7 R RIE . XD
TRIBRIE EERAAE k2 E k=0 MR, BTSSR k=0 AR, XEE
ARG B I 3 o B B AT SR AT X MRS RER BT A0 5 AR S A AT SR
Y ARV B B A U SR B AR I AR AR5 P I F 1A Jo B8O PR AR A A A
P A SR E I B RS AN S8 A X R, I — 25 80T R I (A3 R U B S AE 3
RIABEH

Time (0.¢) Time (o) Time (0.¢.)

[ 3-5 NEHIREN N THSHEHNEFRER. (a)HERER 7.5x102 Wiem?; (b)HIRER
8.0x10'2 W/em?; (c) L IRE A 8.5x10'2 W/em? ; (d) ISR E 79 9.0x10'2 W/em?; (e) B3R E J9 9.5%1012
W/em?; (f)ESEREL A 1.0x101° W/em?,

Sk LA BRI A AT AT BLRIIE : FEEOG SRR T 9.0x10"2 W/em? I, JEREH 15k
[ H AL BT v AT R A k= 0 AL B PRI o 1 — 2B A SR IRATT R B,
T I 0of Y B] R EAT /N AR 4 AR B W] 3-6 BT I Ao A, ZE I 3-6 HN AR i A R
AR O IRV f R AR XS BEFTER 3o H T3 AR A B 1 e () H 30 R AE 100-130 B
FIT CARATT 0 B 4537 A7 348 426 4 2 Y Bl B2 K14 100-150 Fre ML 3-6(b) (d)+ () ERICKIX
AT LA B, BEAR WOt 5R R B 1GR9 B AN 1Y 9 SR AE SRS, TEOKR X i) A7
FIT ot 2 B B TRT S R R 1=4.0 0.¢-4.1 o.c.o BRI M IR ) s Bl 0o Bk 32 H AR O

19



L P YT O 2 A 2 A6 18 S

e i Ak PR A T T30 B0 T DA M UL 2 06 98 1) 1 R R e 10 A S A
AR BB T AR BB B M R — AR o ZR EPNIR, AT RS R A
B rb R I AR B R (14 i DR O 9 R ) AR A AR 4 i L A e 8O R P ) BBEER DA
L BB A O 58 P PR AZ A AE A Q08 B0 24 A S 10 P ) 95 A S A7 1) S B0 A 920 K R Al L
RISE R, 3R WO, S S A L7 i 2 SC FE B Ay

140

)

130

120

Harmonic order (oo, )
Harmenle order (o)

Hamnenic order (o,

110

=
El

3.8 39 4.0 4.1 42 38 39 4.0 41 4.2 38 39 40 4.1 4z

Time (0.c.) Time (o.c.)

Time (0.c.)

o
=

=
=

=
&

=
5

E310E1S

Harmonic order (oo}
Harmonic order (oo, )
Harmonic Order (/o)

=

100 . .
3.8 39 4.0 4.1 42 38 39 4.0 41 4.2 38 39 40 4.1 42

WO RS -
B 3-6 R KB 3-5 X RIRE TRIEHRAATE.

SR T I S Y D ) R B IO I VA A A 2 A S P A D S ) A P
M TWA R, RATEE T — TR S HOR AR ), 8 o8B AH B 8] AT AR e
H L T REEAS I () T = ¢, — ¢, SRR TSR SR SN R R T R AR, B OB I I T (R 25
Bl 3-4(b) AN FRAH I 8] 3 18 B, (FH T BOE SCER A A KR, I35 - #%
AbFR), JBAHI A TE A 1 £5-16 fso ML S s T LUK I, FEIRAHI 54 1
fs-4 fs H)YE A A AR BB B I, T AEIRAHIN (8] 9 4 fs-16 fs HYE Fl A A JE 3L
B B . FEASST AR ERA TR BB K 2400 nm, 4 fs (R A R A TR RS
W — NG AL NIEFSET(1/2) To.

& 3-7 AN [RIR AR )15 350 R FA) LA B 4, T LA 3 B A R BUE B IR =4 o.c.
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