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Calculation of the time-dependent Schrodinger equation in momentum space and the

study of atomic multiphoton ionization
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Calculation of the time-dependent Schrodinger equation in momentum

space and the study of atomic multiphoton ionization

Student : Ren-Jie Wu Adviser : Jin-Fu Jiang

Institute of Physics

National Chiao-Tung University

Abstract

Quantum mechanical-wave function.in mementum space with generalized
pseudospectral method, we can save the amount of computation and that the error
are small, and the result can be obtained with-more easily way. Then we can apply
those complete set of wave functions to other theory, such as perturbation theory,
strong field approximation (SFA), etc., providing a simple and fast calculation tool

to determine the motion of photonelectron in a strong laser field.
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é_i+ 7‘; ]E"}” ) ”"-rlj ]E;"’KAo\i\)/P J NN ahr
BARSTT MY LI QAR i B AL R A L Rl w1y T
WP R AT fEE TR Ak B0 A PR Ra L { LR EES - 7

PR AR RS ik Sl B &AL R 5 i sl f ek

ShBc B ER A B R AfePFais > 35 F NP g rr:';u”“‘IL » A F“*‘ FE I BEY S
Po= D W)
all E4<0

B= ) I

all E4=0
B ¥ B fetW A bl 52§ Mol b RS B SR A E o o di 0 (P BT

PB-I—PC:I

S S () 0 T LA A RS Wk, t) Fera W (ko te) 0 A ¢

Ps(D.tr)) = Pe¥(p.ty) = EANXALICAN)
all E4<0

G =RYFE) = ) Wl W (Et)
all E4=0

& Hc A R 3 (triple differential ionization probability) 3 £ & + Ap =

Ji

(.6, 9)ic £ A E = p?/2miis 5 % &

03P
aEaQ p| (p'tf)|

= £ fes T 38 & (double differential ionization probability) (DDIP) ] % # & & +

jo R AL T E M
0’ . 93P
OEsinfd0 7T(aEaQ
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Hcs % 4 5 (differential ionization probability) (DIP)™ 124 ¥ % % + ® F T 4(ATI)

op f” 0%P 0 do
9~ ), \oE sing 96 )"

2 7 348 % (total ionization probability )(TIP)

o= [ s
—J, \oE
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25

A * pmax =20 au. > L=2> .+ # 256 B > Imax= 21 R=150

BrcEer i B3 ek —05n"23%4

f- nsw BUCEfE TR CREALE

* —

n o |ns BYTEE ns EEATEE R

1 -0.5 -0.50069 | 0.000693
2 -0.125 | -0.12512 | 0.000118
3 -0.05556 | -0.05559 | 3.73E-05
4 -0.03125 | -0.03127 | 1.61E-05
5 -0.02 © | ~0.02001 | 8.33E-06
6 <0.01389 | -0.01389 | 4.85E-06
7 -0.0102 -} -0.01021.| 2.80E-06
8 =0.00781 }=0.00779 -2.53E-05
9 -0.00617 | -0.00577 f -0.00041
10 -0.005 -|--0.0034~| -0.0016
11 -0.00413 | -0.00063 | -0.0035

+ -
~ —

TS £ SECRNES I ES LS A

n np B np BT RRE

1 - - -

2 -0.125 | -0.12501 | 8.28E-06
3 -0.05556 | -0.05556 | 3.13E-06
4 -0.03125 | -0.03125 | 1.43E-06
5 -0.02 -0.02 | 7.58E-07
6 -0.01389 | -0.01389 | 4.47E-07
7 -0.0102 | -0.0102 | 1.31E-07
8 -0.00781 | -0.00779 | -2.50E-05
9 -0.00617 | -0.00579 | -0.00038
10 -0.005 | -0.00345 | -0.00155
11 -0.00413 | -0.00072 | -0.00341
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o - %2 1 .
#3‘4?5(?’ ;'E—E’ i%.’auFls \/— (1+p2)2 HF

—RENTR7
i A

Y(p)

BlalFamet i s Ishofichd RSB0 Ad 2 2T OB & 85 % Bicid

F A7 enficiE o

APEF g Pl RSB BERSL RRET A FER R PRZE L R

3% A 8-% F f 4L % Lande’ subtractiontechnique & e = > Ji% it 3 4c 2

FER > BB E & o

!

%+ 3 & (Oscillator strengths)

Wi

LRARER R A ST e r ST S T AN AR Rl N Y TR e g R

BOFsE R o TANF AU L G A )EED AW, )R FEAE o & Bethe

and Salpeter th2 F[7]» 7| &7 - L HcEELRKD -

20+1) 1 ; 2
fn,l—>n’,l+1 = 3(Zl + 1) En’ _ En p Fn,l(p)Fn’,Hl(p)
21 2

f

nlon'l-1 =

1
3F F,i
32+ DEy —E ) P ni(P)Fp 121 ()
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A =frde o VUG RAPORELRRERR > T FAPER

Fo b et B & AR S ko } i EpmaxfrEESERPF o R TR R ik

EIRN
# = ~ JEns-np A+ 3% & Bethe and Salpeterfe#ic & j# (38 £

Is 2s 3s 4s

B-S FES B-S FiES B-S FES B-S FiES
2p 0.4162|-7.689[-4] |- -0.041]-1.319[-4] | -0.009|-2.031[-4]
3p 0.0791]-3.561[-5] | 0.4349|-1.777[-3] |- -0.079|-1.860[-2]
4p 0.029]-1.077[-5] | 0.1028{-2.573[-4] | 0.484|-1.755[-3] |-
Sp 0.0139(3.993[-5] « 1.0:0419|-3.453[=5] /| +0.121]-3.542[-4] | 0.545|3.941[-3]
op 0.0078|1.099[=6] | 10:0216]2.395[-6] 0.052|-7.306[-4] | 0.138|-3.886[-4]
Tp 0.0048|1.695[-5].| 0:0127|3.110[-5] 0.027]3.208[-4] 0.06]-5.091[-4]
8p 0.0032(1.361{-4] | 0.0081]4.604[-4] 0.016{1.292[-3] 0.033]6.598[-4]

. w ~ JENp-nsiE -+ 3 & ‘Bethe and Salpeter{e#ic & fi# g 4

2p 3p 4p

B-S F e B-S FEE B-S e
Is -0.139 | 5.229[-4] | -0.0026 |-2.375[-2]| -0.01 3.369[-4]
28 - -0.145 | 6.259[-4] | -0.034 |-1.808[-4]
3 0.014 |-2.893[-4] - -0.161 | 2.518[-4]

4s 0.0031 |-3.228[-5]| 0.032 | 5.356[-4]

5s 0.0012 | 2.181[-5] | 0.007 | 4.828[-4] | 0.053 | 3.666[-4]
0s 0.0006 | 2.220[-5] | 0.003 | 5.315[-5] | 0.012 | 4.252[-4]
s 0.0003 |-1.340(-4] | 0.002 |-4.101[-4]| 0.006 |-8.698[-4]
8s 0.0002 | 4.455[-5] | 0.001 |-3.855[-6]| 0.003 |-1.652[-4]
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BT AREEF 4 AP D TS
EO

A= sinz(nt) sin(wt)
) T

Casel: E;=0.3 w =0.5 T=10 cycle =126 au

100 ld

1074

dP/dE

10—4 1

10—5 1

10®

(a) (b)

®Bl4.3 (a) ~ ChusDIP®A; : E=0.3au, o =0.5au(b) ~ & & fz<DIPEA; E=

0. 3au, w =0. bau
B4 3(a)fe(b) it 6+ £ Z % 5 2 i (a)B-afa Bhdiciie 5 > #T00 R s 15 o ax

BB AR AR ko
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Case 2 : E;=0.5 w =05 T=10 cycle =126 au

dP/dE

1073

(a)(b)

4.5 (a) -~ ChuswDIPEA; : E=0. 5au, o =0.5au(b) ~ #ig f2-DIPHA; : E=

0. bau, w =0. bau

B4, 5(D) B feBl4.5(a) B £7 5 @ st 4 T RS F B R R

4.5(a) i F ¥4 A ATIRAS -
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Case3 : Ey=1 w =05 T=10cycle =126 au

10"
107
1074
107
1074
107

dP/dE

(a) (b)

Bl4.7 (a) >~ Chu=DIP®?; : E=1 au, w = 0.5au(b) -~ #& & fzsDIPEA;: E=1 au

w = 0.5au

Bl4. (b))% frBld. T(a)£ 7 L % » 7B a#icd 2 § alk ajons 7 UEL
Foac e R Bhdic 0 Ap T B4 T(b) § & B4, T(a)4%iT
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Bt Ea s d A e RS 53}§1m§9:|§’3‘frﬁ”ﬂ}%ﬁ”;}pg_2 Ao R BEERE

~

o FT Kk ABBATIORIFF > § 28~ 503au = e & lﬁ%fﬁ:mATl‘f; IR iR
NRAEAARFAFE S E T I RBE S RAKERLT 5 7 LATIP ST 5 5
T RS A RAEF T G N DA B AR S 4 R
AT AR K AZ 5 o 57 7 vLF 400 FIATIEAMA) o 4 3 2o fo 5 Bhlic] 7 - figin s ®

F 7206 B B Tl g R F SRR EE IR o
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?@/ﬂgéq\?;lwéciméﬁq’ttﬂég’}"fi%—r’wﬁéﬁf‘f@ﬁhﬂ”ﬁ“?\m
Fofg At g- BEEZF R 2P TH > vt G

E(7,t) = Ey(r)cos(wt).

THIRIGT % 4 PR BT

Eo(7) = Eq () + (67(8) - V)Egli=s, + -

He57() 5 TF RHFT hT

- ek
S7(t) = — = coswt (1)
Mew
FRFIERT LET
eE
v(t) = 02 sinwt (2)
Mew
Ft > TFER D BT B S
dv
Me - =e(E+vxB)
3)

R 1
= e[E, coswt + (67(t) - V)E, coswt — oV X (V X Ey sinwt)]

B(DRF X @)X 2 T E T @

dv e? e’ L\
m, <E> = —m[(Eo "V)Eg — Eg X (VX Eg)] = —WwEo(ro)'

SRS A LA S R

eZ

Uu, = E,|?
14 4mew2| Ol
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THRR &

|Eo|*
2

I = goc{|E([, t)|?) = g4C

Ea R AR =N

e?l

2MmyeyCcw?
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B pE) - -

'&r“;‘l/)(F){iﬂ‘_ s \;’i’y_‘a’{ ) Q’K}ﬂ?&u

IGRIES (B.1)
A e w8 s (P) 2 B L A
. 1 el
W) = —— [ exp @5+ D G) dp (B2)
(2m)?

% (B2) &~ (B.1): Al
R — 1 R R R DN R R
[ arwr@we) = T [ ai [ disf ap exv 15 - 5 DI 296 = 1

¥ &

1 dA - - =7 = | - - =7

Wf RO A\ =5 (5 — 77)

FpE L Frig

| a5 [ a3 =39 Gew = 1
oy

f|¢<ﬁ)|2 dp =1

Sp(F) T LB

¢(ﬁ) = Fn,l(p)Yl,m(ef (,0)
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