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(2016 4£ 10 A 9 HILH; 2016 4E 11 A 1 HikEME R )

LR BT T AT R FEBE VA4 & R A OB R JE, AN TRt N G T R 4%
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AFE T E B H IS 93738 AU 8 (strong field ap-
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HL - T LEARR A DX b B 2 2 DT () A R R S5 A 11,
I H AR FEG RGEIRAN B ZE X )
I, NATTAIH 2 SFA fig A5 i Hb ik s I I 4.
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8o E S € 15 77 1 (fime-
dependent Schrédinger equation, TDSE) ZU{E 4L
REE L LES, X L& 508 KIEECH
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il BRI R AT 75 A Bl A 1 oL
B, K o B 2 4 W 7 %, B RIFE ] P
HIL LES BLR. R A8 503 5 B2 5 08 1)
28 U SR = B B (classical trajectory Monte
Carlo, CTMC) B~ 25 7 K FEEE X LES 1
TER BIfERE, B LES B R ER VA 25 8 2 35508 [l
Al LT FR BT [ BT

e 28 BT AR A BT 28 i Bh 8 B DR RS A 1) R
AR J7 3. JE I O AR B T 4T Dyson 444K
JEIT, 2 O b TS 3 i (R 2Rl b, JE

BB IR N BEAZ A RN, AATT R % Ak PR

R B L HE S (high-order above-threshold ioniza-
tion, HATI) =%, {H HATI EZ40 Af 2U,—
10U, 6 H BA H et KOG, M LES =2
RREX LR, T EREARRE X P & &GS, AAT
RIE T HT I B IE3R I (trajectory-
based Coulomb-corrected strong field approxima-
tion, TCSFA) 773k P11 % SFA H B MR IE 34T
B DS 0 UL I RN, 45 R RIE R 7]
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4 (very-low-energy structure, VLES) "2, & fig &%
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4 NZES) 13- & REPREZ, (HIHLF~ 4 iR
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SPNTE I RESE T ARG, Uk, BT E AL
IR T AR AR S S X L S G RRAE.

T e AR R JE IR R OFERE J572; (analytical
R-matrix, ARM) 6171 ] 541K A8 1% B0 54 8 1 I
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Fl— RY A EAZ A FEKEE X B R, T
%7~ LES MIA AR T simple-man 457 dr 4t
RSN T R, FE A RIVER RO eI
AEASE DRI 7458 i ek 55 T 1% Be B Y DRk, X R AR T
—ANATRENE, BIR AR BT ) — R S50 T DL AR
T S LR oW B 1) — R A R .
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R IRVl 8 A P B A S A T AT s R
ZIR I B 5 7. S BT IA I U2 TE A T T
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Up M. 52X R, 7R3 06 & 1Ak
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5 U, FIRERRE 1/U,, IKEEPITEIRE = 1)
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AR5 AR B— s
Jelal i ARM 75 5 (A Js 2 101 A28 ARM W
F T 2oz 3 T 1 SR AR i 37 F B e 2R i 1) it
HA gl N T R& Rl AR AR BEE T
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St R P D7) [ iR 3 T FCD e ) R 119200 2,
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T RGMHRAEA. 9 R T 7580 2 807 7
B, XFER AN X BA IR KIS, Sibr b f#
T 77 1508 21 1) = 2 R M S X DAk 3 75 [ ) =5 B8 Ak
KB E5HET SR T RMEELERNE SN
A AN AR A E BN, BRAE R
A BRI ABAEIE M X i, A X R A B R
B 7T 5, IR Z f# AT 773k, 4N eikonal-Volkov it
LL(EVA) P g ] LUR GF M il iR ) 77 2230 f2. 1
I BE A b B2 ] DL A O EAE 5 3 I A ]
5 38 VR AR LR, e — B R B O Y A
b, AhiR TS O B TR REAZ B (R 2
TR 2 SRS SR P ERERNR,
t-SURFF J5ikth 5T R FEFEEAR 2525 b b
AN X B I 2 1), EARSMNX G SRS I bR Hs Ak i
T Volkov #, WX i@ S sL B\ 4R X Volkov
B, KA Volkov 52 7F T RHZ AE 11
BT AL IR BN LS BN 12 PR, SRl
SR E B R, (H R K AR O3
HRALELE 100 an. HEERIT MR B) 1724 FE,
B A XS AMX T A AT AL

it i, WX 54X R 5]
AN T T S TP S, H
2 T R T R, ) T A AR T TR AR YR T
X 1 LT3 8, A P AE B2 T SR AT AL I W 46 2%
PR, AH R R Je 1 B8 27 1 R s BSR4t
SRR XS, B — e T Bk
TERGEEA S, ATATARSE AR P9 XA
[F) 0 IS FEAT 43 FRAR 5 B, R BT RN oy =
Z AN Mg T - B TR AR AR (20:27) g £ R
&, ARM A XAV 5 REZ RS X 50 9 B Alk
B 5RO R 6 BT B AT AR X T A Al

0 N B RE N A X BRI N Al dE 2 A
N, BU R, ERMEHUN T, BUS T M55
HERAS S R K RE R, T K Al A B e i P Al A
R R A IR E/INMG 2, DR IR o B LURE AL F28 T
KOS o B T I 9 K o G LS.

P9 DX A3 A A B 2 R A T X LT RE R
R R, i R R RN, A X R
VIR R AN L, KX iRt 7 — A
R E LRI 2 i e e KRS N 2h
BEANPIX, AHERAR, HLTAE A DX AR BRI [ B 24
IRHE, 5 56 B LA R AT 5 e 7 i
A7 AR PR o BRI I R T v e F U

Hif (quantitative rescattering theory, QRS) [2%:30]

HH 2 AC 37 HACE 8RR 1 R e Al R 4 W im 22 TR
AT SR 138 P [ il T R, X RIS I ) AR KL PR 155
DU A, H QRS kMR B0 B T
[ RRE, s O R & BY SO B O R
£ 20 26 T R R T 72 U AT G b R X LR A
RN EFT S A s e 2T TIREERE. 5
4, ARM JR U 1 th BEAR 7 th 4 3 550 47 K 50 T (1 i
] 43 % 4 S BAR 12520 SO i S 99 HOH
SHEW BB T, 2% BIGAAEINX, Dl
R PR A L A EETRE N N X AR )

2.2 ARM HE#EIE

ARM HEABAZRERF S/ RE
5 BAZ 3 RAH AR H 32 S A AN E], R =3 8] 50 A
WIX 5AMX. fE4NX, RSG5 A3 E A BAE
S, BRI BE ML AN X, gl
E RS 7R BNl oS - AU IS : BV DN A S¥ G|
a FIERGESEI A X, S50 o WIEFR T 220 2 %A
1/k < a < I,/ Eo, 83 %3R5% 1A B 7S B
IREFHRBMNOSH O, A X5 X 5)
35 R S X ] F) 30 L UL SR

I JE, R SR A SN XA X
NARECK BT, 7 @ 5] N1 AU A5 8 s
HE HE = H+ L) EXAALKE
BRI LE(a) = +6(r — a)B A& T Bloch B 7
B = d/dr+ (1 =0b)/r, “47 5“=" 3% xR
WX 558X, B AT SRAF B 0 712 100 (r, t) =
HEY(r, t) — LE(a)(r, t), I77 5 gl FAH ) 5
TR 100 (r,t) — HEG(r, 1) = —LE(a)ip(r, ).
SRR AR T8 IR SR 1a) @] ) A B 5 RO R A
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*4{&%& Ggut(r,t,r’,t’) — <7-|efiftt/ ﬁ(f)d-r|,r,/>’ m‘

1FAMX I BRI
Yout (7, 1) —1/dr / dt'Ge (v t, 7" 1)
X[=L7(a)y(r' )] r=a-

Z L, P9 KB ER L i (r, t) RIS, X5
AR Goy (ot v ) BN GL(r b7’ ) =
(rle= S AT ATy egg Lo By LY

BILAE UL i 57 0 RO T A7 S5 H — R Y
R BN . T 5 M — VL SR 4 X 0 R
B, 301 SRk I S R KT I A0 RT3k B B
SEAS I, FTARANX B R

1
Pialr,

/dr / dt' G (r,t, ' 1)
X [L (@)t (r")]|—aag(t') e~ E (1)

Hoib () B8 T WK H RS TSR B,
[y Stark B R IEAW I oy (') IFE.
Rk, (1) AT i (7, £), FE45F ASHIX 7

BEA X AL,
/dr/ dt'GE (v, t, v 1)

<L @) (7 ) lr=ar (2)

T BB U (e 1), B T NS X A
ALHEN N XS PR GRAFR X 4

FEF ORI 3 M T LUl NIERLTT V. A IX
Your HHATHII G2 FTH EVA P A E. EVA
I AL SR UEVA (L, T) 7T DS IA R AT
BEZH U (r) 186 A RS DT R 5Ry B e, &
HALH ARM HI4NX. Aid, EVA AL RV
CAEL AL R R AR, X5 B IEREE R R
FOVFBEBRBOR HARTY. RIS, s s iR A
PR 5 S o LA I R 22 S AR X, T B 28 R 4
O, DRI FB 5 R 52 e AT DL 208

EVA & [pEVA@®) R Lo T
eikonal LA [p®) MW T 2. 2| ¢ 1L )5 1A
e X, [pEVA () = UBYA (L, T)|pB), Hdh T N
Jik 2 R 1, ¢ SRR R AR ) [p®)
E X3 “eikonal” , p Nt s&. EFEEKRT,
(r|p®) = (2m)=3/2 P e1Gor(™) Frh Gop(r)
BT AHATEALE » AR LT T B R AE RS, S

v (rt)

FE AL, AR [pP) MEN EVA 5 T I ZiE
IR, LS, AT [pEYVA (1) IRIE,

(rlpFV A (1))

= (2m)"3/2 il AW T—3 [1 dTlp+ AL

% efiqu d7rU(rL(7;7,p,t)) eiGgp(rL(T;r,p,t))’

EREE—1TH Volkov WAL, A(t) AR, 51
W F(t) KR F(t) = —0,A(t); 5 471
RFLHZ T T HIAHHTIZ AR, 58 DU TC 53 BAHTHT
AR, PRAE T T BP0 iS5 EVA 75 1E LA
. Hop,

ri(t) =rp(r;r,p,t) = r+/tT dt"[p + A(t")]

RETWHTEZ ¢, N r R, KREHHEHEN p
L. THEAMMEIEE Gop(ro(T;r,p,t)) TRIE
TIRIBESM:, 4t =T — oo B, 7(T;a,p,t) —
0, Gop(rL(T;r,p,t)) — 1 FEH T PRz a4
eikonal FJUH 24 B e P TH B, 2496 BT W) BEAZ 7
) J [ A% R T, P TR BT 7R Y63 5 R 35 I 3L

AECI T R ATEAE, AR FIH EVA &, EVA
Y INEEA ]

GEVA(r b7 1) = (U=t t) )

— 0t~ 1) / p(r[PEVA (1)) (pEVA (¢)r),

AN (1) RATTHEAMX PR Do (r, ).
Bloch SAFHIAFER I, #4i& EVA &5 EVA #%
MRBRE R AH SRR ok T 5, Ab T AN X R B
XN T B S RET. H EVA KRS
S0 () T HE 3 T AT AT

N T IRBCE BB E, AR BTS2 You
R BT eikonal EEFE pP) L, ap(T) =

/ dr (PP r)fous (r, T), Fotf, / AN 2 T
GBS, T o oo I, HLT U 6LI B B
S, LR ST I B S b e
B, ap(T) = / A (plr) o (m: T). 45 GEVA fRN

Vout, A EVA ZAIHJIERL KRR, HEMRIE
BB

/ o=k JF drlp+A()?

oL dTUrL(D)] o —ilp+A®)]r’
27-()3/2
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x8(r" — a) B, (r', t). (3)

TEERMNRE, b ap(T) REHTHEERAET,
AE G A 5 B R A A (BT RE R .

3 KRR T AN EERER

P RK N B R R A e, Bk
ARM R TN 0 e fd 't 3 Hh R AU 71 v
BRI, HoAg sl N SR, s pr
SEERR. AN FIEIS T g g Ry (A
FeH S 2 ARG

HAR L = a RS RE U (r',t) ~
et o ag (t')ig(r >, Hodt a(t) BE T Stark B
00 Je B A T, g (r') Wy 25 6] ok 4. % T
BHEELHS Ur) = —Q/r PFHIEAR
Ty (1) = 0 (r)Yim (0, ¢), Ferh, 2 1835 o6 4L
W42 1353 ppa(r) = Cur®2e " (kr)9/" kr,
k= /2@, X RTRAEIE T HRES) &, 1, A
BB, 1/k ARESEFIRIERE, Cuy NE=E.
UTRAE R L FAE ) Bloch HAFH, 4 b= Q/k,
Fyilk B%,I(T) = —Kpe(r).

LM IR G N, B wiRIT AW 2 77
H], B & E(t) = Fcoswté,, R#¥ A(t) =
—(F/w)sinwte,, ¥ 57 FHK R B, (r', ) AR
A (3) K, A1 A g2 6]

: 2
ir Sifhr

— 2
ap(T) = W@ Y i(a)e
T 27
x/ d9sin9/ d6Y 1 (6, 0)
0 0
X e*iaPL sin 6 cos(¢p—¢p)
T
X/ dt’ag(t’)e*isv(TJ’,p)efiau(t')
% e—ivz(t')acosﬂ7 (4)
/\EP
’ L 2 P\,
t/

’Uz(t/) =D + A(t,),
T
w(t) = [ arUop L 6)

HEX p, =p., p7 =p +p5, ¢p NEHIE p,
5 o BhE R A (4) EE AT N, &
ZAT R TR AR )

I 1) A543 Tt e %&%E@Zﬁ@m e IR 3% ¥ 43
FERBAAEDL N, X BT iE /ﬁﬁ%ﬁfﬁuﬁﬁ

. IR, FEBGE ou (') MHEL Sy ()
AR HIEILT, SR8 K FHONE, WK
(SR URY GINE S Wrp st

Sloy + AP

P2
+ |1, +7+Facosﬁcoswt =0. (6)

P TR ¢ = t, B SGERUR ay(T) T
etk
ap(T)
ik P

= W(L apﬂl(a)e e

e 21
x/ desine/ doYim (0, ¢)
0 0

% e—iapJ_ sin 6 cos(¢—¢yp)

V21ag(ta)
\/|S” )+ A (ty)acos |
X e —iSv (ta) 710U(ta) 7i'uz(ta)¢zcos9. (7)

R AZ I8 TCSFA % 77 R E X, ¢ R&TT IR
Moy AR + 83 = 1, AR, 4 A
X B ERK Fa < I,, ATLUAER ¢, ~ t;, ARM 5
TCSFA T B s 7 B IX I E T (6) A
HIJE— I F(a)cosfcoswt’. 7ERS[A]AF BN 47 5
Frag (7) AR HEAG b, 4% 220 4 W) A B ik AT A0
%Uﬁﬁﬁ‘%m@i&ﬁ’ﬁﬁ AR B AR L E §
HIAL 57, / d¢’ exp[—iap, sinfcos ¢’ + im¢’] =
21‘((—1)mJ(:n(pLasm9) FEXS O BEAT AR AL FLIN,
DL B R e 1 7 A1 TE 0 = mo B, ml i A8 46
0" =m—0, XS 0 HAT NIRRT, 21— R
HET, A TG L AMIR G ™ B R R
ap(T)
(71)l+mim+1
1Sy ()]
x @7 Jiy AT H AT o tpd /Dt g (43

2
e [&]m
K

Im €

X pri(@)ae™ Jio ATU(Zat T p+ACNIA") (g

U J@+D)0+m) o
= Yy N

AL TN N 5 FAEIER, B ap(T) KRG
IR I T T a, KR RS R AT I A
A H] I b, NONMERE T E?)ﬁ‘i&%ﬁlﬁiiﬁﬁ
Wiz, Ak X 2 B AN KAER. sebs b, I8

223204-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 65, No. 22 (2016) 223204

WEA R U 1 o 523003 KA 51 o M
M, ATLMIER ap(T) 5 N RIERAR o Took.

X REUR T R MEERIR T, AT DR
JR 1R @ (a) RN (8) i, XL F a
PHC RS (8) i /a — W& I M AL B,
BE— DR RAG A P I H S

p2
ap(T) =~ Rnlm(p>ag(ts)e_lTlT
%o~ Ji drU ([ dt”[p+A(")])

X e_% ft’f dT[pH +A("’)]2+i(1p+pi/2)ts7 (9)

HAPRDIE ¢, = ts — i/k? PR T ¢t T
T3, AR K B O A X R 0 TR 2 25 I R
WKB (Wentzel-Kramers-Brilliouin) ¥ i2 fi# (1) VT AT
FAE AT, HI
B (_1)l+mim+1
Rnlm(p) — S(} (T7 ts)*Clm
x eimép [%} " Car'?  (10)

R T W BRI A ) S R S O R A R ).
(9) NI AT T ECHK TR, shESET
IIATAE p = 0 Kb, XF R AE SN FL b () IR N R A FL
&, X5 PPT (Perelomov, Popov, Terent’ev) # it
H i E B IE & — S0 POl hAh, 7 ARM BB
i, ECEIES p AR, ANERRAShE T4
32 N B AS [F] B 2, BRIk A& TR TR 5 4k
s JE N I 24 98, (9) 28 =47 NbrifE
Keldysh HLEHISFHFREI e~ 1SV (Tter) ST
thig (9) N5 PPT BUBEIBE R, v (9) i
RItEZ T REr e ik RA S PPT #
W R BT E T L,

E,+w/2
w, = / dplap (1)
E,—w/2

PPT {45 R A4 X JE R ik it BT A5 1) F B M < i
i (9) 2R T M0 1 s B Bl 2 B, TRt
T WAL 2] ¢ S5 AR EE .

X E A1 37 8 A PRSI B0 6 v PR 3 L A LT
i)

20(1) = [ dpan(D)lp)

AT IR 1A, FER TSI R AL |A (1)) SR
MW |p+ A(t)) |, AT15 f MR IR

ap(t) = ag(ts) e Welr P eilele R 6 (p)
% e_% ftts[P—FA(t”)]th”?

Horp
t T
Wo(r.(p.0) = [ dru ( / dt"[p+A<t">1)
P ts
NEEST, Bk
t
J(p,t) = AEdt".
r(p,1) /tf’” ("))t

AT BT A A ¢ S or, HER ¢ dE AR
HIBE Sty = ty(p). EEXS t =T I, k& T
(9) A T AR K B MER I @, (T). B0 2
TRt = to + imp S LR A ¢ PR
BT, feVr o MrbE F e FE R AW R
R

H—J5T, WA ap(t) H k IR R A
AL, WI1R

Rqppe

ap(t) ~ /dr(ag(ts)) 27 (t — t)]3/2

i (r—ms(p,t)? it 2
% e% =R e*%fts(erA(t”)) dt”.

AL ARM B AR 1L A R B ) R o P
Mgt L ENIX, B ¢ -t = —i& T3
FHTR A e [P0l /26 DU g gty B
(t — to)73/2 BWTY L B, B 5 S 3 & AR
Xk LA A8 M AR DX A A I EAS W O
Bt

—iWg—in/d+ilpt,

4 I JEHA I A RO

ik A, RS RO I K I % 5
T 056 L PR e DARIF 70 e 28508 % 6 L 6 1)
FUM ) XA o fROKRH = E A PR T 4 B A R
VS ) RIS, 37 A K S B T BEAZ R (R %R
TE) B4y EEE A I 5370 H B AN )
YIRS 2 3 HEL T R AR — e s P R gk,
JE FA R I R B 2B T O — PR R 2. £ TCSFA
Jii, B SR AR T AR BRI, s
Y77 H 2= R MR BT R AL, 59— 5 TR 3% 7 AR
R & BN T &AM B A BAE R I T fE ARM
W RN R RIEE & We b, EE TR
P33 i R AR 87 B, 249K, TCSFA A &
(A& TE A2 78 B4 7 H B R I 1 iy bdk AT
f, R B U (B HATT f3843) iR e
UL AT N L FF A2 R, (H = B I & T
NEZR R 1 R 52 3
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ARM - 28 B30 23 A AT T AR A 30
VA ) I I R RS R R . RE pyL = 0, JE
CHMTIN o~ We, Hrh, PERET t(p) =
to(pH) + iTT(p”), Wz

We(p) = /t "4 < /t "4t + A(t”)]> ,

M BB ARE, B C #H t, =
to + irp — 1/, FA7 T A R SIS £

FEATIE$H B E P L, Vo(x) = —Q/|z| BEEERA
Ve(r +1y) = —Q/+/(z + 1y)? = —sign(z)Q/(z +
iy). X5 IO LB A DTk Y 8 IR 1
HIREHS. M KiE, Bl Hin s — B E R
THEH, REFEEN L, B E B IEE
DR, X B REEE |ap(t)|? 1 PE O RS AT R AA N
e2We, +2We, Hrh

Q [ I
WC1 = 2 72 do,
w Jo

r+r]

wt /i
We, = 2 / Sign(r}) —g 2 d g,
w S

i + 142
H ¢ = wre = w(tr — 1/K?), ¢ = wrp NEE
S I 50 A B, 4 A 0 R R TS D S o
SR A RITTSR,
ri = a(F /w?)| cos ¢;|(cosh ¢~ — cosh ),
ri = B(F Jw?)|sin ;| (sinh ¢ — sinh ¢
+ cosh ¢-(¢ — ¢-)),
rhy = (F /w?)[cos ¢ — cos ¢; cosh ¢
+ sin ¢; cosh ¢ (¢ — ¢5))],
ry = B(F [w?)|sin ¢i| (sinh ¢, — ¢ cosh ¢, ),

XH, o= —sign(cos ¢;), B=sign(sin ¢;) =sign(p).
o 5HENZIEI N IEAE R, RiE T BT IR
7, g WEE THFIHIETRIEE. #H o
5 5 W4 &0 LALLM A AR — R s O, Y
a = B B, BFIEE M (E) 2 77 LU (IE) 3)
HAMR, ZXFE O B R BB, 6N T
¢; € (—1/2,0), (1/2,0),--- HIHLEINE], Shif 34 22
T B0, 24« # B I, BE2KEH, BB RE
J& LT R T IR R Bl & [ BEAZ T T A 5 S Al
1E R H RS — P B B 1S Ol nT B RS W,
5 We,. We, £—NEAN PR, We, B
WSR3 R T AT S B X T EER

1, We, < 0 SBORBERANG], 2B EEREAR -
FEARLINY). A H AR IR, W LN T
FL B BRAZ AT 3R, ARAE B IE e*Ver ALxfima
BT MG T, B, AEREE DT
B 3L B 25 T ) PR ) P M R 2 A i ik =
B

5 WEREEME R AT
5.1 MBFEBELERNENTRKL

FEIE 22 2 I S A b, AR A SR R IR [R)
I E R TR A, B % B S AS G T 3)
VAESSIVRS7 B0V S R ER S SUN 0L T, & e & o =
(6 HL TR AR AR T DAAERF SR A, HLHC R B AT S
B (0 47 3 i S PO A i 8 A da ik AR A R AR
HL BRI, 7R bk FR b, H ] B Sl R A
RO AR RS, MAERE TR 56 HAH BAE A
BB, 54, BT BT L S R
g e ok, BTG HLT B E A A R A
oy

T I B BEZ ) EVA UK RS BERZ B A
F WKB LA i o 2 25 % R 202847 DL C 7T LA #I
TR AL UG 2 AF. a3 A UL PC SR A ) 2 A 3
NG BRI I A2 A Y, X T 3T AR FE
75, BB T4 SR 3, a2 S [) il s Ak
B, PO AR PR AE S, IXAE, ARM BERiR A H T
P % 25 i R S 2R ) TCSFA 5 1O,
ARM Tk SR VRRE 28 I (BB AR AR DR EAE, XA
FLAE S [A]E A R Hh tH BE U O A . 1K 2
BN, 807 B A E Yo TIEHE, fEHE R R
Yo 1 2R ERE A AL, MY EE b, XX R T
A% W7 I R B Bh A TR RS (50400,

24 22 BRI R S ) B S AE D' L 1 IRl i BE A
MR RIS o R . e b, B
BN, IR SR N, AT I8 S
[ _F AR AR 7 B AR Ja vk B 4@ 1 3 S )i
(branch cuts), X155 H BIARERR 4 B A2 AN FE ]
T (40 TCSFA Hr, M BB [a] i BLEEAR 40 21 S ]
My, BRI SEREATRUY). XRMELLR, T RE
PEAR IS TR R R R P AL ) T AR R
P AR FH & B 43 SCUDENTEL. BIEFT I, 73 S V)&
T A2 OO H B, AE — X 73 SR T TR 5 5 —
ANBE B R A /(02 B8R, 12 R S B I )
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FTHE r(t) - v(t) = 0 Bk, ARINEEFPITILZ
M simple-man £8 $LHUE H A B EAT 40 B, IX S H
P ) B) f ARG B AR T E SR M B B A5 R T, A
SEATFREI AT S, B R RS R
JEESTE], AATTAT DA 2R S Hhde 35 11 AR 43 B A2

FEMAELE T, W ABEFE S NZES HHCH R Bl filf
U T R EI P27/ 7) = P SR a2 U 87 L |
TR P s A T BEAZ I 52 BERZAE FH R A SR
1, B 5 RAZ R ARG, [BIAE U 2 A8 6 0 £
L& b 28 1 B T, (H 5 L8 2 5] NS % 5 2 3k
FONE S, 3K A0V Bl il e P 0 F B R R 3 [ il
FINAN ) 3 > U 1 Ta) ) B2 2% A0 BLAE A, DAPRAR
B = 2H dp 0 e R AR I R S DL Sy S T A
B R AN BORVRRAE. 6 H 1 B & P
IF B (A B, AR R AT A A
ik, SECT BB AR IRIEAE ARG N, St T ke
Hh O SR RO FL U R STHR (18] I AT R, BT
CHAYPREA BRI I Z HIZE), © R K
BRI AH A7, IR AR B T BA KR 7 4k 43 A i 2.
NI K AR A3 IR Eh e () R b A 2H 4K R
W5 NZES fI% 4.

5.2 S IREN T & HA IR RO ER [ il
Simple-man #5782 i 1A b 27 HL 2 5 L HL T30
TR 75, IR R B mIRE, Wi
F(t) = Fcoswtz, R#HA
A(t) = —/F(t)dt = —(F/w)sinwtz.
£ SFA ', BT v(t) = p+ A@R), i p AN
PRI EE AL =B &, 1E to = to + imp MZIK
%Eﬁ%, A0 HL T R A R T R R R T R
i[p + A(ts))? + I, = 0. HTFME LR

rdﬂ:A@+AmMr

R Rl = A R A AR SO IR BN R 4 R, A B
W BT F 3 AR B N R, N T R B S R Y
RIBIRERS 8] ¢, 207 B 5 SR,
tr
Re[za(t:)] = Re [/ [p. + A(T)]dT] =0,
ts
vy (ty) = p. + A(ty) = 0.
RN EIEY, 3t — B RE N AR 1z
TR

F
Zexit + Pz (tr — to) + E[COS wt, — coswtg] = 0,

.
p, — —sinwt, =0, (11)
w
/\¢

Zexit = Re [/: [p + A(T)]} dr

F
= cos(wtp)(1 — coshwrr)

ARG E WAL RO PTAT ROER B RS R AEAEAR B U,
RERAR/NTEOL, FTELRBELL p, /N EMRIT
(ZRPEAL). ¥ T R PR T4 HL B I (8] ¢ JRIEN

to + i L arcsi (w( T ))
177 = — arcsin (| — P 1K
0 T w Ia D

1 1
~ + i—arcsinhvy,
F 1+ 72 w
2 1 1 i
lo >~ bz , Tr = —arcsinh~y.
F 1+ 72 w

AN 7 ORI — T, 18 2oxis ~
~(Ffu?) (VI+97 =1). EBFHIE 5 <1 F,
Zexit %ﬂ: _Ip/F (11) ﬁ?‘j—:zﬁ‘ﬁﬁtfﬁ’ﬁ1uy‘j

F
Pty + 2 [coswtr — /1 —1—72} =0,
F .
p, — —sinwt, = 0. (12)
w

KA (12) NFFEXS t, KT p, FATEMEM. KR
R AL i R e BB SR T AR IR, A R AE
wt, = 21 JE# 4 RAE— U EAE, b4 wt, =
(n+Dm+wdty, i n=1,23--- RN (12) X
Alfg oty ~ (—1)"*p,/F, Bf coswt, ~ (—1)"*+1,
(Rl I e sk >R T 3R e AR 3% 482 3K (Bl lf 1) B0 8 1) 95 7S
o
Fyl+92+(-D"
w (n+1)m
Z A AT PUR Gt el (11) SRS, n 10515
PEYUE 130 AT 7] [B1 R BEAZ, & T 1 Bk
ANF AT A, Fenl bl v BRI REXRR: AT n
NETEL, BEFEIIR v — 0 F,

vk
n+1)2n (n+1)2n’
X w [ E REE R, BIRE p?/2 oc 2% X T n l
B3,

ST
b, =

SrNi
pZ_CU(

F 1 K 1
wh+Dn v+ 1)

FEE p?/2 oc vy~ (EW KN 3.1 pym, WEA
1 x 10" W/em? BJSMIH, &5 74 n NE

ST
b, =
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G T, EEE p. ~ 0.02 a.u., KB 8 meV [
FfE, X5 NZES M FE A — 2.

SEBS AT LU AT 5 NZES J6H T Re & 2
HA 421, BRI F K P E B a AL #1215 7R
EAE. 2R T a7 e 50 & E AKX T R =
PRI () oy Fe e, AR R BEARIER G T v — 0
(0 B 28 B PR, IS ROBE 6 R M A sE s i 5 0l T
A ERER T B E R R A
T NZES B8, 540, i85t 5 7 5 507 #
il & BA VUG T AR TR0 Het B+, vl fif
MRS, fEREF v R/ Rt 684
P o~ gk = RPw/F RO, DU BRI & RN
AlRE.

PR BT I sh B LR MR T —H 5 &
G RINTH. 24 n B, 558 3/5, 5/7,
7/9,--+5 M n AFHL TN 1/2,2/3,3/4...0 4
R SO0 25 AR M DL SE I 3R 7 41 R 36 IE, (H I Ff
PRI — HL S PR xoF Bk 2 o 11 s e 7 A B 2 3L

16 HCRE B I 72 R, A RS LT i Bh A R
£, e BT R B R 3 B iR
W3 558, 350 AT PSR A RS P~ AL I L i 0. 8 n
LS U, [EREER R AR T — AN
W2 TR NZES BTN, Rl kA KLY
e A LR S (R R 02 I R g B AR A
HEERA, MRS HE TS BRI A5 5H
HLE X PO, STk g s 55 3555
AR, AR BEEESNFRSIX B e R EREL
AR T REs T A .

A

5.3 ARM Fp$ L8 S EHIITE D

MG ARM B i e m] L SR 3 R B
FRIREIAE. 7E ARM EgH, AT LA BERZ A5
HL 7 1) 3 2 DTk AR 7 52 e, d i A EVA
B HUE RS IRAE. 2BLT SFA o, o) B I ] AT AR
g3 0] DLR e sOE R AT AR IR TR TR
SLERTE P EL IS, A ARM HH FITAS ) FiE R R
A AT HIUZE R A BERR R FL AT . FERTZI ¢
RAEHE, 25 1% T R AL, B
WZ) T 4. BTN vt) =p+ A(t), BFHL
I A

ralt) = / p+ A(D)dr. (13)

b6 LS, AR (9) 3R, R SR U A R AR
IR K [ B TR 1 o1t SR s
KB o2 e PTACIAT e 5 e ok 1 1
FRH e e Urat) AT gy A A, EATA
A TR AR L, 2 o e R R e T Bk 5
(R AR T L (A 40 75 B R 4 B 12
i ) L, R R A A7 T A A T LA
FRAEAR4) e, % DL 3% LA TCSFA i, e $%
SPAT I D R 0 e A, LR B S i e,
VL SN B B T, BORE, BB AR 40 B T i
RIS R S5 5 R . AL, BB R TR T
R T |eilvts o= 3 L PHAMIZAT| 2 1 4R 4 41,
BT, 5B R I SR AL, A
AR T, AR, TT AE B, 3R i 1 % 4 1 5
LAY LT A7 E 1 B

76 ARM A4 PR U J it 5 3 A0 S e 1
BT VG R+ 165 IR

rurirpt) = v+ [ [ A7

By (13) MR SR IIBE ra(t), HizHE
PITRIR A A AR 532

exp [—i/tT U(Tcl(T))dT] :

B B S48 1E A DR R A B IR AR 43 A X R
EVA FEOEIEFRF

exp [i /Tt U(rg(r;r,p, t))dr]

WS E R I RRAT R4, e e T T E A
B IE BB, WI46 26 HH UL EC R B e

ARM 5 TCSFA =X 80k ()48 A L S A
. ARM 1, JLF v (t) R4 ER TE
BNTTRE Pa(t) = —F(t) g, XAFT TCSFA J7
EREE R Z ST (RN EHOES 5 EAH
W) M EAERMIZ3 TR XA IR R & B,
EVA B3R HIL ro, A8 S BHZHA XTI K
YER, 7€ EVA U R 208 J2 1 b AL 38 872 2 AR )ik
. ARM W46 %A & A F T TCSFA H i)
WHAKAE. ARM H, B T 46 2% 1 2 N ER — P R
LR IRAG 1, B B RFUEAE RS 5N AR NS, 1A
PR LR A H AR 14 5T T fE TCSFA H, e
BUIETERE ZE A sz, B RIR BRI B i, 1
HEPP RS S EERNE TR A
N HAFAER Z WA, Horp, Wz — /e T 5
I [A]~F 1T b2 R 43 S D) T
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ARM J5 {5 SUVFAE A3 T B i 7 iRt ik £F
RIS R T AR . T LT I R R B e A
Fr, WIS B E# B R T

¢
exp [1/ Ulrp(r;r,p,t))dr| .
T

TERFZ ¢, AL, BULIR TSI B ro(te) ~ —2/k, (H
5 BT A BN SO, A0 R B AR I TR
M B N BAE. AL E B A P SRR, FL
—EEMEE p, BONSEER p. S AER
ts = to+ ity 5 t = to [HB R AT BB A AL B
ipirr. F4N, YR AE o il X R B A o
RS

FE HL T r) PRI 5 58 A6 1 77 18] b, 24 B34 I ]
NS, (13) b RSy bR R O Sl W SR
AL R T, AL B AR, E T I ZIHTHB T
BRI B F e — B YRR AR AE, (RIRI A B A
FE A b AR B SIS A G R . H A [ Al
R, A AR S o ek, R E T
T, RAETHE BHZ F I iy — A 7 R Y R L
TS, SRR U 5 Oy B P R
TRER Ur) = —1/Vr? = —=1//2® + 2 + 2.
TR T TR BEESY, B m s
r? € (—o0,0) J7 [ S AF1E TCE B 1) 43 SCUT I TH
FL 7 [ il P 2 38 213X 8 4y SC DI BINHL, [R, e [
REFB o KT 92 Eh. bR b, SAEAE KT A
Wy N r?2 = Rer? — Imr? + 2iRer - Imr. 7E
Imr? > Rer? B4R, 24 Rer - Imr — 0 i (B
FE5 AR A, U Bk 4y SOV, S8 V2 1
SO BB e AR S, RN Tmy/r2
MIFF 5 2 R AR TRAR AR, A SR AR 43 B A2 A e 9%
U E A % SCUIENE, At AR B
VB FH S AR AN T2 Al A B B, SRRl TG VR R S
a0 (4) B P bl ad 85 8 ¢ Bl 2
By, R RBRK R LT N T RRIEA ]
B, THERBEANBGREE LR RRENE ¢ RE
FRNTRREL, Ulra(t)] = —1//ra(t)?, B3 HuU
te> ra(t)? TRV U (r) 895 SCUIEITH RN 2 [E]
S, T e B R R, — AR B
A Re G 7y SR, 1 ORAIEPE-C A2 IEAH X
TR, NATZUR AR 3 B A RS B8 S Al BETT
SCUENH, AEAR 7 BB T e 2. XA I R
23 [F) N 0 FAE PO B AT e (), B2
/DRI 28 T (t). S8, Bk [ #ie

HEEAFRI R R E A, REZE p W3 Hm
MR UL U(ra(t)) BEAMREKZ 0, K5l
FEBR [ Rl S R A A I 2 R, DRl 2 ke
AT 34 3% 521 T _E ) B A

5.4 IRFIEE-RIEIEATE

PRI g 188 L7 S 1 69 430 S 0 8 T 4 LR
TP B AR B P, R T 38 G P 0L, 96 B A
B T LT 4 S ) 0 TR 4 1 38T (slalom
gate). THEEH TE BRI 28 &K B R F H3)
BSH, Wk, RIE—E RGN 7R 2 e
HEE R AT S AR 4 B AR A L

SEIT TP SV 2 10 2 R R, T
BUR B3 4B B B R T V. B A4 52 1)
B Rey/ra(f)? = 0 MIZEEILE, W54 % 1)
<51 T A 5 L B D M 2R )0 T 2 ) L
0, TR 1 Bl 20 R T 43 S ) TH ) 2 N
A6 52 AT b WS 22 A TR A, 8 D55 1) S AP B
Re [\/ra(l)?] £ 4eib, B3R /MILR K
o L 4y S BN O B 1, B/IME A, KRB
RETBAE S AR b, Rl A B B AR e . T
T30E T4 52 UV I R B A, 24 E0 @3 3 AN T DA
IR A B /MEL TR, T LABR S 2 “ e i
FA 58 N toa. MERIHBYL, JBIT ¢ = toa MOBK
FRA413 3 J5 50 B8 Re/rar (8)2 S /NN () S0 B
B R, WU, AT A4 T B B B
FRF (0 B B T B k. 2L, 470 3 I L T B £
THEPE 3, AT DLTE (R IE B 4 808 43 b0 i
(IR R, BME 1/ /ra(6)? S2H 5 4%t 4 i
KAH, F54 P A E AR R AT e RAE 5. AT
W, ToREA 0 /ra(t)? = 0 HIfR, #—5
MITE R Oy[ra(t)?] = 0, WEE S ZAF N

""cl(tCA) . v(tcA) = 0. (14)

i 1 ZA B B2, BT Il BRI,
S EREREEN, BT 5RZERRIE. Ak
e 28 WAL B AR A SR FR , 1230 R )
RO W I LT R, T 24 B [ml Al 2B I, AR N

5.5 LB IEIRETE AT

BRI, (14) KPR D A2 HEl
AL AR, A TR A 2T, 200

223204-10


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 65, No. 22 (2016) 223204

e R (14) SREOAR, BT r2 fE
{8 5. 9 T F R B I A8 6 4 S VR, X
SR [T b0 A fon A MR SR 2
51X AP KR, WY py = 0 B, BCRRTT 4 A A
v, (t) = 0 5 52 2a(t) = O HIEIRESS, 3—
3 I 2 [ra(0)2]/de 19TE S, 7T DURSE
raa(t)2 WM 5 KA A A7 I, RS
BRIV R A 7E 9 2 5, I
va(t) = 0 5 za(t) = 0 MR, BE% SRS, 15
SN MOT R RS, (14) SR A5 704 5
VRN A A4 2 9, 350 L, ST 3R A TR
%@EFMJHEMﬂ:m—gmmw%KE
MR M p, £ 0 0, SR T AR A T
NEEMTH, EEE T — RIE A IR
LBl A SR, R b R . JKRE, it
17T I R T 0 5 AT
HR. AE— MR, R R 2 AT DA P X 2
15 515 BRI I 5.

B R, 3 £ AT LA B P AR 048 L By
rea(£)2 763K J 45 9 4 B AT R 380 B A A8, O L
350, T35 20 B 7K P 2 T A I A
NFETH, T /ME 2B TR 2T, B AT
A 2 A A 5 /MBI A T4 B, ke, e
S A DA R B e, MBI ¢ 75
S RITHT 33 B A, Bk 5 J N T

5.6 EBFRIEIEATEIRRAVHFE

PRIy BA A RE IS [R) 46 L, T %3 I (]
fR BA R LTS5 K. R BOEAS B - £
ZHAEOLT, WASSHEM AT LS IR, BAeEE T
oL, RAEMEHIRAAAE, EB BS54 M [
R ERORY, 2RI T,
B RARIL. L2 SR I Z5 T N S8,
2L T RS I, Xk N B R S R
B, A2 DR ST BT AR X 8 B 0 RN, R ) 1 6
) A R AR B S 1R, S5 Rt — X
A BUNINEIITNE 3 R AN I A Al TH s SN
{E T 5 e /IMETH FUHR 73, A BIKIL A, KECK
BOPATH#TE I .

AT JUAS /b 52 ) o 4930 I 1) ) P~ i b A i T
B, MNE G, R EE N o RIZILFAF K
AEAE BRI I, B R R R IR B B R AR R
A AR T X, BREEAR T =M K i

FF 0 8 2 190 F 4R LA . AR [ T8 ST ], 3 6 A
Rt AR, 3o BIANE = SR B L8 2 5
BN R IN 1], 2 A 4 6] 3230 2 ) T Sl
[N, TR B T ISR AL

TR, 1% = KA R L TS
S S 1943 S b TR 5 o 2 B AR AR k. 4b
e t0) 58 R 5 2 AR R4
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Abstract

The semi-classical method based on the recently developed analytical R-matrix theory is reviewed in this work. The
method is described with the application to ultra-fast strong-field direct ionization of atoms with one active electron in a
linearly polarized field [Torlina L, Smirnova O 2012 Phys. Rev. A 86 043408]. The analytical R-matrix theory separates
the space into inner and outer regions, naturally allowing the possibility of an analytical or semi-analytical description
of wave function in the outer region, which can be approximated by Eikonal-Volkov solutions while the inner region
provides well-defined boundary conditions. Applying the stationary phase method, the calculation of the ionization
amplitude is cast into a superposition of components from trajectories and their associated phase factors. The shape of
the tunneling wave packets associated with different instants of ionization is presented. It shows the exponential cost
of deviating from the optimal tunneling trajectory renders the tunneling wave packet a Gaussian shape surrounding the
semi-classical trajectory. The intrinsically non-adiabatic corrections to the sub-cycle ionization amplitude in the presence
of both the Coulomb potential and the laser field is shown to have different influences on the probability of ionization. As
a specific study case, soft recollisions of the released electron near the ionic core is investigated by using pure light-driven
trajectories with Coulomb-corrected phase factor [Pisanty E, Ivanov M 2016 Phys. Rev. A 93 043408]. Incorporating
the Coulomb potential, it is found problematic to use the conventional integration contour as chosen in other methods
with trajectory-based Coulomb corrections, because the integration contour may run into the Coulomb-induced branch
cuts and hence the analyticity of the integrand fails. In order to overcome the problem, the evolution time of the post-
tunneling electron is extended into the complex domain which allows a trajectory to have an imaginary component. As
the soft recollision occurs, the calculation of the ionization amplitude requires navigating the branch cuts cautiously.
The navigating scheme is found based on closest-approach times which are the roots of closest-approach times equations.
The appropriately selected closest-approach times that always present in the middle of branch-cut gate may serve to
circumvent these branch cuts. The distribution of the closest-approach times presents rich geometrical structures in both
the classical and quantum domains, and intriguing features of complex trajectories emerge as the electron returns near
the core. Soft recollisions responsible for the low-energy structures are embedded in the geometry, and the underlying

emergence of near-zero energy structures is discussed with the prediction of possible observations in experiments.

Keywords: above-threshold ionization, semiclassical theory, analytical R-matrix method, complex time
method
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