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Theoretical studies of high-power laser ionization of molecules in the tunneling region
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In this paper, we extend our previous works on the generalization of Keldysh'’s theory to the photoionization
processes of molecules. In particular, we include the Franck-Condon factors into our photoionization rate
formulas which are based on the use of the molecular orbital theory to describe the electronic degrees of
freedom. The inclusion of Franck-Condon factors leads to the proper treatment of the molecular vibrational
degrees of freedom. All of our formulas consist of the preexponential and exponential factors, and have explicit
laser frequency dependence in the same manner as the original atomic Keldysh theory. The latter fact facilitates
the exploration of the laser frequency dependence of the photoionization rate, which is more advantageous than
the popular Ammosov-Delone-Krainov formulas. As a result, our analytical expressions turn out to be quite
instructive to deduce physical meanings of the photoionization processes of molecules. As an illustrative
example, we have applied our formulas to the photoionization process aidtecules and found that our
formulas reproduce the numerical results reported in the literature quite well. Without the Franck-Condon
factors, our formulas cannot fit the numerical results well, which implies the importance of including properly
the Franck-Condon factors for the tunneling photoionization processes of molecules. The results also indicate
that the exponential factors which depend on the nuclear equilibrium state play a key role in determining the
photoionization rates of the spatially aligned molecules. Comparing the Condon and non-Condon approxima-
tions shows that the Condon approximation is usually appropriate for the case of the laser polarization per-
pendicular to the molecular axis, while it is not necessarily true for the parallel case. Our theoretical results are
also applied to analyze the experimental data of Urledial. [Phys. Rev. Lett.92, 163004(2004)] for the
photoionization process of Hnolecules.
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[. INTRODUCTION experimental[10] points of view. The neglect of molecule-
especific degrees of freedom may cause serious problems es-

In recent years, many theoretical and experimental studi . . . . . .
ecially if one is working with large polyatomic molecules.

on the interaction between the laser field and the matter

have been directed to the detailed investigation on moleculatis has already been pointed out by Sasjz
photoionization processes in intense laser fields. Different. Recently, molecular ADK theory has been proposed by

from the photoionization processes of atoms, due to multinul-‘ind"’msc_j co-worﬁerz{ﬁ],”agqrthﬁ sol-)calle((dj imelnse'(ji?ld many-
clei in nature, molecules exhibit interesting features which?0dy Smatrix theory( ) has been developed for atoms
cannot be adequately explained by the atomic theories. and later extended for the molecular systems by Faisal and

For atomic tunneling photoionization Keldysh-FaisaI-CO'WorkerS[ll]' These theories appear to be able to repro-

Reiss (KFR) [1-3 and Ammosov-Delone-KrainoyADK ) duce experimental results quite well. As an alternative, many

numerical calculations have been carried out for simple mol-

[4] theories are frequently utilized for the analyses of theecules by a number of research groipg, but because of

experimental data. In general, these theories can reprodugge hyge computational efforts involved even for diatomic
the expenmentgl results of the atomic photoionization VeNYmolecules, these approaches are not promising for larger
well. However, in recent years, tlomicADK model has  molecules at present.

found more widespread ugd]. One of the reasons for this In our previous paper§l3], we have generalized the
may be due to the fact that the ADK theory succeeds irkeldysh theory[1], which was originally developed for the
predicting or reproducing experimental results much bettefonization of the % state of hydrogenlike atoms. We have
than the KFR theory. In addition, the formalism of the ADK treated the ionization of molecules by introducing the mo-
model is much simpler. Although it is an atomic theory, ADK lecular orbital theory within the one-center approximation
theory has been applied to simple molecular systems likand calculated the photoionization rates of molecules by ex-
H,, O,, N,, etc. However, it should be recognized that thetending the Coulomb-Volkov function of atomic systems to
ADK theory is theatomictheory,not the moleculaone and the molecular counterpart and expressing the initial molecu-
can be applied to tunneling ionization and not to photoiondar state by a linear combination of atomic orbitals and mo-
ization lecular orbitals LCAO MO).

For molecular systems, in addition to multielectrons con- In the present work, we shall extend our previous formu-
tributed from multinuclei, the molecular motion like rotation, lations of the photoionization of molecules by introducing
vibration, etc. has to be taken into account properly. Howthe Born-Oppenheimer approximation to properly take into
ever, this has been neglected in some theoretical studiepnsideration the electronic and nuclear degrees of freedom.
[5,6]. The importance of the nuclear degrees of freedom habkor the electronic part, we use the molecular orbital theory;
been reported in several works from the theoreficabl and  in particular, we use the LCAO MO theory for the initial
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electronic orbital state and the Volkov function for the final Ne
electronic state of photoionized electron. In treating the M=-e>r, (2.7
nuclear part of photoionization of molecules, the Condon i=1

effect and the non-Condon effect arise. This formulation cafs yhe gipole operator. Her#|, represents the number of the
treat the photo_lomzatlon of not only dlato_mlc_molecul_es, buteiectrons in the system, the position of theth electron, and
also polyatomic molecules, and as application and illustra-

tion, it will be applied to calculate the photoionization rate of F(t) = F coswt, (2.9
gfd%?é computed results will be compared with experimen- optical electric field.

For molecular systems, the Born-Oppenheimer approxi-
ation is commonly used; thus for the photoionization from
e initial rovibronic statew to the ionized rovibronic state
pv’, we find

The present paper is organized as follows. In Sec. I, we
derive the theoretical aspects of our method mentione
above in detail. In Sec. lll, the details of tlad initio calcu-
lation of H,, the calculation of potential energy curves
(PECy of H," deformed by the laser field, and the calcula- - dcy, (1)
tion of Franck-Condon factors are described. In Sec. IV, we IﬁT
demonstrate our numerical photoionization rates glising
the formula derived in Sec. V. We investigate two caseswvherea andp denote the initial bound electronic state and
where the laser polarization direction is parallel and perpenthe final ionized electronic state, respectively, whilandv’
dicular to the molecular axis. The behaviors of the two casesepresent their corresponding rovibrational states. For ex-
are quite different, which agrees with the previously reportecample, for the case of diatomic molecules, if the molecular
work [14]. In addition, we compare Condon and non-Condonion is a stable species, then we have the Franck-Condon
approximations. This comparison shows that the more accuransition between the discrete rovibrational states.
rate molecular photoionization rate can be obtained by taking If we let ®,,, and ©,, represent the rovibrational wave
into account the relative geometries between the neutral anfdinctions with energie&,,,, andE,,, then Eq.(2.9) can be
ionic potential energy surfaces and the characteristics of theritten as
ionic potential itself in addition to the equilibrium neutral

; . : - dey, (1) ) it
state. The concluding remarks are given in Sec. V. i (O [H (D] O, )ex %(Epu’ ~E.) ¢,

=(Wp (@OH'W,@D), (2.9

at
Il. THEORY
(2.10
A purpose of this section is to derive the photoionization , i )
rate of molecules within the approximation of the atomicWhereHy,(t) denotes the electronic matrix element of the

Ke|dysh theory_ According to the time_dependent perturba.dip0|e interaction. If the molecule is |n|t|a“y in a closed-

tion theory, we have shell bound state, then for the case of one-electron ioniza-
tion, H;,a(t) can be written as
A _
n- Y 2.3 HpoD) = = 2|t - F(D] 2, (2.1
where where ¢, denotes the highest occupied molecular orbital
(HOMO) while ¢, represents the ionized electronic wave
H=Hy+H' (2.2 function. For the Keldysh theoryp, is described by the
Volkov function, i.e., the plane-wave state of the emitted
and electron dressed by the laser field defined in the length
J A gauge:
iha\lfﬂ(q,t) =HoP%a,t), (2.3

Pplr,t) = eXP[ ;,l—{[p —eA()]-r

1 ' ’ 12
_Enjodt [p-eA(t))] H (2.12)

Wherel:|0 is the zero-order Hamiltonian and! the perturba-
tion. If the system is initially in theéth state, then from

W(g,0) = 2 cy()P(a,b) (2.9
. In the present work, we shall concentrate on the deriva-
we obtain tion and calculation of the following process:
dey(t) . H,— H," +¢€". (2.13
in—"— = (¥p(q,0|H'[¥R(q,1). (2.9 _ :
dt In this casep,=¢,1s and using the LCAO MO theory,
In the dipole approximatiorﬂ’ is given by br15= D1x1 15+ D2Xx2 18 (2.19
H'=-M =) (2.6) where x; 35 and x, 15 represent the sl orbitals of nuclei 1
’ ' and 2, respectively, anld; and b, are the molecular orbital
where coefficients for nuclei 1 and 2, respectively. If the laser in-
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FIG. 1. Configuration of the hydrogen molecular iog"Htom-
posed of two hydrogen nucléH" and?H*, and one electrowe™.
The vectorR denotes the internuclear distance directing frai

to *H*, r the position of the electron from the center of mass of thechange significantly with vibration, we can use the so-called
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A(t)=—ESinwt. (2.19
w
Therefore, we obtain
_ 2
Hpo() = = V22 b; 1Vo 1dp — €A (D) Jcoswt
j=1
Xex L if dt’[p —eA(t")]?
k| 2mJ, P
—[p—eA(t)]-RJ-H. (2.20

!

For the photoionization process obHf Hy

(1) does not

molecule, and, andr, the positions of the electron measured from Condon approximation in E¢2.10) to obtain

H* and 2H*, respectively. On the left-hand side, the polarization

direction of the linearly polarized electric field is indicated by the dcy, (1)

arrows.

tensity is not so strong or the molecular axis is perpendicular
to the direction of the laser polarization, we can simply write

(2.15

where S;, denotes the overlap integral. It should be noted
that a better basis set than the simple LCAO MO theory can
be used. For polyatomic moleculeg, will be much more

complicated than that used in E®.14).
Using EQ.(2.12), we obtain

2
Hpa() = =22 by 1(p(r Dl (r) - F(O]x; 15(r )
j=1

2
== \2X by 1o, Oy (r ) - F(O)x;.15(r )
j=1

xexp{—'%[p—eA(t)]-Rj}, (2.16)
where we have defined
R R
Ri=—2 and R,=-—2 (2.17)

2

The vectoR, is the instantaneous internuclear vector gf H
In deriving this equation, we have used the notation defined

in Fig. 1.
In the Keldysh notation, we have

Vo,1d P = €A(1)] = (p(rj, 0| (r) - Flx; 15(r}))
i ‘ 12
xXex —Rfodt[p—eA(t et

(2.18

In the above equations, we have defined the vector potentiaind the transition dipole matrix element between the plane

A(t) associated with the laser pulBét) as follows:

i
s

2
= = V20, |04,) 2 b; 1V 1P — €A(D)] coswt
=

i 1 ‘ ’ "\12
Xexp[%{(Epv, -E )t+ Enfo dt'[p-eA(t')]

—[p—eA(t)]-R;H. (2.20)

Finally, the photoionization rate can be written as

W, =2 Iimf d3p
w—pt T e ) (2mh)3

d°p

2 2
4 1 *
=52 im Re f 2mh)? 71%)3I<p,,,|®a,,>|221 PIRIPIR

R, (T)Cpy(T)]

.
xf dt coswT coswtVy 1 p — eA(T)]
0

. t
XVo.1dp — eA(t)]exp[ f'i—{ f dt <|av,pv,
T

1
v p- eA(t’)]z) +[p-eA(M] R

—[D—EA('[)]-RJ'H,

(2.22

where (O,
define

Iav,pv’:Epv’ _Eav! (223)

wave and % atomic orbital is given by

063414-3
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Vo,15(p) = (explip - r/7i)|eF - r|x14(r))

21304, e Fn.5/2 54
-2 VMETPA s (2.24)

m7/4(| 1t p2/2m)3

Performing the integration over and taking the limitT
— oo render

_Am 22 x d®p
Wavﬁpv’ - 7 Rejgl J%l bj,lsbj’,ls —(27%)3

- 2
> L p
X lels(p)LJ",1s(p)5<|av,pv’ +—2

n=-o
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1 eF 1
Lj,ls(p)=z du\p 15 P"‘ZU Ic ~ p
eF ) i [
+Zu ,Rj,v,v exp, % . Iav,pv’

1 eF \?| du
+—(p+—Uu — |. (2.26
2m [0 \J’l—u,z

Here, we have defined

le(k,Rjv,0") = explik - Ri}(©p,[04,),

(2.27)

where the subscripf denotes the Condon approximation.
Carrying out the contour integration in the above equation
and substituting it into Eq(2.25, we obtain the general ex-

e2F2 pression for the total photoionization rate of, kholecule
* ama nw), (2.25  from stateav to pv’ under the Condon approximation, which
@ consists of the individual rates and those from the quantum
interference effecf5,15,14. The individual photoionization
where rate can be expressed as
|

asias_ E1s5o%1D5 1sc(1au,p0) PO (O )PeXP= 207, 1 o Ry} (2,28

w—pu’.C Bj,ls,C(Iav,pv’ij)
[

o . i . —
Iﬁ;t?eerrlr?;jl;]/gléa;?;oms 1 orj=2, where the definitions of gﬁl) ( , R-):i(T sinfiiy, —~|1 715\’1+7€s
j,1s,C\lav,pv/1 1Y) heoo av,pv S S 1+2’)/215
. lav,pv’ = lis Yis —eF- Rj71s> ) (2.32
Bj,lS,C(Iav,pv’!Rj): Smh_l'yls+ i
AR V1+ ')/215
F R Too =l i+ S0
_ %1€ ) sinh‘lyls— ’ Y1s av,pv’ ~ lav,pv’ Ama?
2|15 V]'+-7%S . . . . .
. s (effective ionization potential of the molecii|e
Iau pv’ l1s Yis
’ , (2,29 (2.33
25 (1+93)% (229
_, , EF?

l1s=l1s+ M’

1 la v’ T l1s
Dj 1sclap,pu?) ( =

= -eF R;
l1s71s N/l + ’)/215 J)

_ 1 + Iav,pu’ Ils Yis
YisV1+ '}/%s 2l1s 1+ 7215)3/2
_ 1 ( Iav,pv’ - |1s
Zhiulls d]_+—y€s

— ol
Eis= 2\‘"27774113 \/ ﬁls,

2
—eF - Rj) , (2.30

(2.31)

(effective ionization potential of the atomic brhital),
(2.39
and
_ w\r’m
Yis— eF

(Keldysh parameter of the atomic drbital).
(2.39

Equation(2.28) is general in that it can be applied to any
fixed molecular geometries with respect to the laser polariza-
tion direction. From Eq(2.28), we notice that the individual
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photoionization rates depend on the molecular geometry with
respect to the laser polarization, which is different from at-
oms. They depend on the angle between the laser polarize
tion direction and the vector of the molecular agdsie to the
termsF-R;).

The quantum interference term for the transiténto pv’

under the Condon approximati Ulilr;vl,sc (j#]j') is given
in Appendix A. It should be noted that the individual photo-
ionization rate and the quantum interference term depend oi
the molecular geometry in a different way. Different from the LU
individual ones, the quantum interference terms depend no
only on the angle between the laser polarization direction

and the vector of the molecular axis by the relatfofiR; but

lonized state

L E=E,, +k,(R~R,,~AR)'/2
>

o

)

= E=E,, +k (R-R,)/2

Neutral state

also by the angle between the molecular axis and the direc

tion of the emitted electrofdue to the term(R;—R;/)-p in AR

Eqg. (A9)]. Since we integrate over the solid andlg, to R
obtain the total photoionization rate, the relation between the Ry, Ryy +AR

. . (internuclear distance)
guantum interference term and the molecular geometry is not

so obvious. However, we can predict that when the different FIG. 2. Pictorial representation of the harmonic oscillator model
nuclei lie very far from each other, the terfR;—R;/)-p in  system used for the comparison between the Condon and non-
Eq. (A9) will contribute to a significant extent. Therefore, the Condon approximations. The neutral and ionic PECs are identical
quantum interference terms are expected to be very differemixcept that the latter is displaced from the former by distakiRe

for small and large internuclear separations if other paramand the energy minimum of the latter is larger than that of the
eters are identical. In addition, it is likely that the angularformer byAE.

dependence of the photoemitted electron in the quantum in-

terference terms will be quite sensitive to the angle between i1sias ) E1d0;.19°ID; 16l po) (O[O

the molecular axis and the direction of emitted electron in W, o’ CTun =

the case of a large separation of the nuclei. Bj,,ls,C(Iav,pv’)

i,1s,j,1s

. . "15"”1 .
Mathematically speakingw., > " . and wy > " (j xexp{= 2h; 1sc(lay pu)}- (2.39

#]') are quite different. The former can always be obtained
in a closed form(no numerical integration is neededs is  The definitions of the terms in E¢2.39) are given by
the case for the original atomic Keldysh theory, while in

general the latter contains the numerical integration over the

. . . lav oo’ +l1s— €F R [ 3lgy oy 2
solid angle of the emitted electron and thus for simple mol- B! 1ol por) = v,po i vpo’
i1sj’ L . . . i.1s, pv ’
ecules,w;*) ' (j#j’) can sometimes be obtained in a l1s h1s
closed form. (2.39
In summary, the total photoionization rate of the transition
av—pv’ under the Condon approximationy,, ., c, is
given by , _ heF heF
Dj,ls,C(lav,pv’) - |2 ”r'(lavypvr - llS_ eF . RJ) - —I /2_
1sVeMlyg 1sV2Mlyg
2 2 1 5
j,1sj,1s j,1sj’,1s i —l. —eF°R.
Wau—»pv/,(::E Wjauijpv’,c*'z E W]avijpva(:' 212 (lav,pv’ lis—€eF Rl) ! (2.40
j:]_ j:l j,:l (H&]/) 1s
(2.36 and
Using the individual ionization rates and the quantum inter- V2mlyq 1
ference terms, the total photoionization rate from the initial hj 1s.clap,pu’) = heF lap,por = 3 eF-R;|.
stateav under the Condon approximation is given by
(2.4
Next, it will be necessary to check the validity of the
Wa U,C: 2 Wavﬂpu’,C' (237) y y

Condon approximation in deriving the above formulas. For

this purpose, we consider the following simplest model sys-
Next, we derive the photoionization formulas in the tun-tem. The system considered is depicted in Fig. 2, where two

neling limit. These can be obtained by taking the limit identical harmonic oscillators for the neutral and ionized

—0 in the equations shown above. Thus, Ej28 reduces states are displaced from each otherA#f. Under the Con-

to don approximation, we have

’
v
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g'es k-R\2[ i :
|<®pv’|®av>|2|l):o: U,e! , (242) + (5) } + E(— 1)J|( . (R0a+ ARR/2)} , (244)

where A . ~ -
where R denotes the unit vector alongy, and it is also
S=BARY2, B= proplf, and - on =Kl i, assumed that the initial vibrational state)is0. On the other

(2.43 hand, under the Condon approximation, we have

for the transition from the vibrational staie=0 to the vibra- le(k,R:,v=0u")
tional statev’. Here, S is the Huang-Rhys factopz,cH2 the )

reduced mass of §l andk; the force constant. The above _1(B v'i2 o B, 1 i

formulas, Eqs(2.28), (A6), and(2.39), using Eq.(2.42) are S \2) (ARTexp = AR (- DK Raa
applicable for both the parallel and perpendicular laser po-

larization cases. (2.49

For the derivation of the ionization rate under the non-
Condon approximation, we have only to change@®7 to  The difference betweeh:(k,R;j,v,v") andIyc(k,Rj,v,v")

the following form: is that the latter contains extra termfi(—1)//2][(k -R)/ ]
Inc(K,Rj,v=0,0") in the preexponential factor, and(8/4)[(k-R)/28]? and
= (O [€F1O ) =0 +(i/4)(-1)'ARK -R in the exponent.
) _ ) Under the non-Condon approximation with the molecular
_ 1B\ i—1)/k-RY B) axis parallel to the laser polarization, the individual photo-
=—=(2] (AR-—=""] exg - 2{AR axis pe e aser polar
o'\ 2 2 B 4 ionization ratew,*" | _is given by

i,1s,j,1s _ (ZU’/UI!)Els|bj,ls|2|Dj,ls,NC,pa'(Iau,pv’)'zexp{_ Zghgrj,ls(lay,py’)}
Wavepv’,NC,par_ B. (1 ) (2.4
j,1s,NC,pat'av,pv’
[
The definitions of the terms are given in Appendix B. y1s(eF)? AR
2 H -l 4 (- 1)Je|:_
In Eq.(B9), the term €B3/4)AR¢ is nothing but one of the 86t ( 4

factors of the Franck-Condon fact@;® in the Condon ap-
proximation, ~while the term [-1)'\2ml/4AJAR i Eq. (B5), and Mw/8Bhys, in  Eq. (B6),
—(ml13/8h2/3) purely stems from the non-Condon approxi- _(-1)iy, (eF)/2gkhw in Eq. (B7), and «-1)iy,(eF)/4Bhw
mation. The first term on the right-hand sideés) of Eq. iy £q. (B8) also originate purely from the non-Condon ap-
(B9) is the same as that in f[he absen_ce of th_e V|br_at|on_ roximation. Note that the term on the third line of the rhs of
degrees of freedom. From this, we notice that including VI-Eq. (B1) is independent of the Franck-Condon factor, and

brational motion in molecules under the Condon approximag <o - nd non-Condon approximations.

tion decreases photoionization rate by the Huang-Rhys factor For v’ larger than zero, we can compare Condon and

S/2=(B/4)AR?, the inclusion of the vibrational motion un- on-Condon approximations. In the Condon aporoximation
der the non-Condon approximation further changes it by th PP ) PP

factor [(-1))v2ml,o/42JAR-(ml,s/842B). Therefore, while imit, Dj 1sncllay por) reduces to
keepingS constant, an increase &R will bring about sig- o
nificant change of the photoionization rate in the non- D. (y ) — -1

Condon approximation using this factor; particularly for 1, 1SNCav,pu v'12
=2, the ionization rate will decrease significantly.

In the preexponential factors defined by the equationsyhich means that the preexponential factors in the Condon

2D 1scllappr)s (2.47)

from Egs.(B1)«(B8), the terms approximation limit also reproduce those of the Condon ap-
— 1) EENRC proximation. _
&{AR— w‘} The quantum interference term under the non-Condon ap-
4v2mlys 2hB proximation with molecular axis parallel to the laser polar-
in Eq. (BY), ization,wl*) "F . is given by
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! 1
j1s,j’,1s _ (Zv Iv"! )Elsbj,lsbj’,1sDj,1s,NC,pav(|av,pv’)Dj’,1s,NC,pav(|av,pv’)eXp{_ Zgi‘ua)r,]s(lav,pv’)}
av—pv’,NC,par—

, (2.48
Bls,NC,pal(I av,pv’)

where _2y2mlyg
i 1s— 0
Iav,pu’ - Ils Yis w) 3heF

2l 1+ ﬁs 8hp This is the same exponent as that of the hypothetical atom
having the atomic ionization potenti} which is equal to

(2.52

Bls,NC,pa(Iau,pu’) = (Sinh_1715+

X3 sinhly, - Yis lap,pu OF _|1s- In thi; case, we can also see that the pre-
\‘"1+7’§s exponential factor is also almost the same as that of this

| 0 3 12 hypothetical atom and we will observe a good agreement
ap' s Vs (2.49 between the photoionization rates of the molecule of interest
21, 1+ ;@3’2 ' and the hypothetical atom. However, in the actual molecules,

this will hardly happen. In reality,, 5, is not equal to

and l1s, F-R; is not equal to zero, and much worsg, ,, is not
1 [~ N a fixed parameter. Instead, we have to sum up photoioniza-
gf]fa),]js(lavvpvy) =l a porSiny;s = Ilsls—lS tion rates from each ionization potentlg! - as is shown in
ho 1 +27’%s Eqg. (2.37. This implies that great caution must be taken
[ when applying the atomic photoionization rate formulas to
B2 Ml : . . e
+ ZAR - _8ﬁ2,8’ (2.50 the real molecules as was done in previous investigations.

In the numerical calculations shown below, we include the
wherej=1 andj’=2, orj=2 andj’=1. Here, it should be semiclassical Coulomb correction for the preexponential fac-
noticed that in the quantum interference term the factotors as was suggested by Keldydh,

[(-1)}y2ml,/4A]AR, which is present in the individual

photoionization rate, is absent so that the quantum interfer- M
- S : — (2.53
ence term will not be affected significantly by the drastic fioN1+ Yap pyr

change ofAR. The factors pertaining to the non-Condon ap- o o ) )
proximation, especially those of the preexponential factors{Or €ach vibrational excitation. In this case, we have different
Egs.(B2)«(B4), are difficult to analyze so that we shall nu- preexponentlgl factors as shown/ln the following. Thatlls, we
merically investigate them later. In any case, it clearly showd1ave to substitut&; (15, p,/) andE;((la, 1) for ExsandEg,

that the displaceme®R has to be included properly for the 22 1 5

accurate calculation of the molecular ionization rate. Ep(ly o) = s’ | [lAsavp’ 5 g
For the case in which the molecular axis is perpendicular TP 1+ e 0

to the laser polarizatiotthe molecular axis is parallel to the

y axis), the individual photoionization rate and quantum in- 217/4\s’§rm5’4l 13/4 312
terference terms under the non-Condon approximation, = )= s avpo (2.55
s,1s i1sj’,1s . . 1s\ av,pu’ (eF)SIZfL?/Z ' '

War 'S e per ANAWLIST S, o @re presented in Appendix

C. The total photoionization rates under the non-Condon apand

proximation are given by simply replacing in Eqgs.(2.36 —_—

and(2.37 with NC. _o\2mly, o,
In all the formulas presented above, it should be noted Yav,po' = eF

that the slopes in the log—log plot of the molecular photoion-
ization rates versus laser intensity are not the same as those
of the atomic photoionization rates or those of the molecular (2.56
phot0|on|zat|on rates with Fhe_|on_|zat|on pot_ent_|al being su_b Here, we have explicitly shown that these factors depend on
stituted by the molecular ionization potential in the atomlcthe vibrational excitations considered

photoionization formulas. This is most easily recognized, for '

example, by inspection of E2.41):

\"2m|1
hj,ls(lav,pv’) = heF S(Iav,pv’

(Keldysh parameter of the molecile

IIl. COMPUTATIONAL METHOD

—I—ls—eF-Rj>. (2.51)

3 A. Ab initio calculation
If it happens that,, ,, is equal tol;s andF-R; is equal to Ab initio quantum chemistry calculations are performed
zero (e.g., the molecular axis is perpendicular to the lasefor the ground state of fHimolecules. Its geometry is opti-
polarization at the same time, E@2.51) becomes mized using the hybrid density functional method B3LYP

063414-7



MISHIMA et al. PHYSICAL REVIEW A 70, 063414(2004)

with the 6-31G basis set and the corresponding harmonic 601~ : . .
frequencies are characterized at the same level of theory |
From the force-constant matrix calculation, no vibrational . (a)
modes with imaginary frequencies are found, which means 404 1
that the truly local minimum has been obtained. E

Using the optimized geometry calculated above, the mo-
lecular orbital coefficientb; s (j=1,2) are obtained by the
HF method with the STO-3G basis set. The package of ¢
GAUSSIAN 98 is employed for all theab initio calculations
performed in this work17]. In this preliminary work, higher
levels ofab initio calculations will not be carried out.

Energy (eV)

B. Calculation of Franck-Condon factors (@, | @42

The potential energy of the Hyround electronic state can
analytically be represented by the following Morse potential:

Va(R) = Da[exp{_ 2:8a(R - ROa)} - 2ex;i— IBa(R - ROa)}]
-~ AV, 3.1)

whereD,=4.7 (eV), B,=1.0338(bohr?), Ry,=0.74168A),
andV,,=15.427(eV). On the other handr, ando, states of

60

T T T

500 TW/cm?

Energy (eV)

H," molecules are given bj18] ——100 TW/cm?
Vp,:(R) = Dplexp{- 28,(R— Rgp)} — 2t.exp{— By(R— Ry, +——200 TW/cm?2
(3.2 “—1 PW/cm?
0 2 4 6 8
whereD,=2.7925(eV), B,=0.72(bohr), Ry,=2.0 (bohp, Internuclear distance (a.u.)
and
O T T T T T
_ 1.0 fore=oay (3.3
*l-11 fore =oy. ' 14 () ]
The PECs are depicted in Fig(a3. <
The transition dipole moments between thg and o, )
states of H" molecules are calculated to obtain the field- > -2 ~ i
modified PECs of H'. The analytical expression is given by b Vp,_ (R)
[18] & —
-34 S . 4
w(R) ] e
| V, (R~
M - N
_mt B_sy[l —-exgd- B.y(R- Rop)}] for R< 12 bohr 41 2 I a z 5
RI2 for R> 12 bohr Internuclear distance (a.u.)
(3.9 FIG. 3. Calculation results of PECs of,kind H," relevant to

_ ,_ __ the present work) Potential energy curve®ECS of H, and H,"
Where,u—.1.0.7(a.u.), s _0'396(6‘;“)' andy=-0.055. molecules relevant to the tunneling ionization of thetdolecule.
The vibrational wave functiofv=0) of the ground elec- ) Fielg-modified PECS/,.(R) of the H," molecule.(c) Artifi

tronic state of H i§ given by the ane}lytical eiger_1funct.ion of cially cut PECs?/p -(R) andV, _(R) of the H," molecule. The laser
the Morse potential oV, (R). In addition, analytical eigen- intensity is 100 TW/cr ’

functions of the Morse potentialp,,,g(R) are used. For the
dissociative potentialV,, (R), we only have continuum
states:®,(R). In order to obtain®,(R), we numerically
solve the following time-independent Schrodinger equation, J ®;,Er(R)p,E(R)dR: SE-E). (3.6)

h? d?
— %ﬁ + vaUU(R) ®p,E(R) = E®p,E(R) (35)

using the shooting methdd9]. We normalize the continuum This normalization is done by ensuring ti§ =(R) is equal
eigenfunctions to satisfy to the Jordan-Wenzel-Kramers-Brillouin wave function
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2,U«H2>l/2 1 fx ™
( 2 k(x)l’zsm . (x)dx + 2

at some point far from the classical turning potata, where
k() =[2u1,{E~Vp,0 (RIITV?/7i [20].

In the parallel laser polarization case, the PECs gf &te
significantly modified by the laser field. In order to take into -

tal coefficient
o o
>
]
\I '

account this Stark shift, we have to diagonalize the following 'g 0.59---_____ 1
matrix: = 1 T Se-a
= 0.4 R
VP,Ug(R) - w(RF 3.7 § ] N
- w(RF Voo (R |’ ' S 0.3- 1
=

Then we can obtain the field-modified adiabatic PECs . . . ——r
V,~(R) andV, .(R): 10" ) 10"
Laser Intensity (W/cm®)

V,, (R +V,, (R
V,+(R) = P% B
p.E 2 FIG. 4. Laser intensity dependence of the molecular orbital co-
efficientsb; 15 (j=1,2 of the ground electronic state of,Hnol-
V,, (R -V,, R |? ecule calculated at the HF/STO-3G level of theory. The laser po-
+ 2% 2% +{u(RF¥? larization is parallel to the molecular axis
+ 5 M . p :

(3.9 using the formulas derived in Sec. Ill. The other factors, for
] ] . ) o example, the molecular orbital coefficients,s and the
These adiabatic potentials are depicted in Fi®).3 quantities associated with PEGthe ionization potential
When the laser intensity exceeds 200 TW¢id, (R) lapors the internuclear distancB,~R,, etc) can only be
becomes completely dissociative and does not have any digptained numerically so that the numerical values obtained
crete vibrational states. In this case, we calculate the conp sec. 11 will be used. In the numerical calculations for the
tinuum statedd,, ¢(R) in the same way as described above. comparison between the Condon and non-Condon approxi-
On the other hand, when the laser intensity is smaller thamations, the molecular orbital coefficients are assumed to be
200 TW/ent,V, (R) has several quasibound vibrational constant even if we are working with the parallel polarization
states. For the quasibound states with short lifetime, it is easyase. In all of the calculations shown below, we assume that
to obtain®, ¢(R) and to calculat§(®,|®,,)|* which shows  the initial vibrational state is equal to zero. In addition, the
a broad profile, while for those with very long lifetime, semiclassical corrections, Eq&.54 and (2.55, are used
[(©p,|@,,)]* shows a very steep and large peak, so that wexcept for Fig. 6.
require very small energy steps and much more computa- Figure 4 shows the molecular orbital coefficiehjs; (]
tional time. To avoid this, we numerically calculate the dis-=1,2) for the case of the parallel laser polarization. We can
crete vibrational eigenstates for the potential cutoff artifi-clearly see thab, isincreases whilé, 1 decreases with laser
cially: \~/p,_(R) [see Fig. 8&)]. It is numerically assured intensity QUg to the poIarizabiIi_ty _of the moIeCL!Ie. This is
that =,/ (@, | O )2+ [dE®, £|®,,)[? is almost equal to characteristic of the molecules in intense laser fields.

unity (the percentage of the numerical errors is of the orde On the other hand, the molecular orbital coefficients
of 0.1% for any laser intensities used in this work ijls (j=1,2) for the case of the perpendicular laser polariza-

When the laser intensity becomes very largg.(R) be- tion are 0.548 36 in any laser field amplitudes. This value
comes a steep potential well and has dense discrete eige%gre_es with the analytical value_ very v_veII.
Figure a) shows the photoionization rate versus laser

zittﬁts). dlgetglcsritSZSZbV(\)/\?ecz\i/I\?eug?\ :Egrr]n dg?;;ri'gzlItﬁgvl':t?altqh%n_tensity in the tunneling Iimit when th_e laser polarization is
Condon factorl(®,,,|© >'|2 Strictly speaking, even when arallel to the molecular axis. In this f|gU(e, we compare our
. . port avsd ! : results with those of Saenz calculatedah initio fashion
the laser intensity is lowy,, ,(R) forms a bound PEC. Since [Fig. 3a) of Ref. [21]]. The comparison shows that the nu-
this potential well is very shallow, we approximately regard merical results calculated seem to be reliable so that we can
the eigenstate as continuum and calculate the Franck—Condc&n&rry out benchmark tests. Another reason is that we do not
faCt°r|<®p,E|av>|_2 accordingly. _ ~ yet have experimental data to compare with our calculation
Although we did not take into account the field distortion qyantitatively(i.e., the absolute value of the photoionization
of the ground state PEC ofHmolecules, it is a reasonable ratg). From the figure, we can see that our results reproduce
first-order approximatiorg]. Saenz’s results well. In addition, we notice that the hydrogen
IV. NUMERICAL RESULTS AND DISCUSSION atom 1, Whic_h is upstream along the Ia}se_r pqlarization d|
rection, contributes to the total photoionization predomi-
In this section, we show numerical results of the tunnelingnantly. This is due to the fact that the exponential factor
single-photoionization rate of aHmolecule calculated by exp2v2mlF-R;/%:F) of 'H is much larger than that GH.
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' 3
10" E 10" 3
& (a) s E 3 (b) E
Tﬁ’, 1014‘ - ‘-31014_ 4
2 - 9 ]
© ©
T 10°] . S 107] 3
IS 5 1450 nm 3
Pl : 200
c 12 c 10124 nm J
s s 400 nm
11 1
101 14 T ‘ 101014 ) 1615

. 2 10
Laser Intensity (W/cm’) Laser Intensity (W/cm?)

FIG. 5. Photoionization rates versus laser intensity of thertdlecule in the tunneling limit with the laser polarization parallel to the
molecular axis, calculated by using Eg.38 [panel(a)] and quantum interference terms for the laser wavelengths 1450, 800, 600, and 400
nm calculated by EqA6) [panel(b)]. Panel(a) is compared with that calculated by thé initio method[Fig. 3@ of [21]]. In this panel,
the solid squares stand for the results taken from Hia). & [21], the solid line for the total photoionization rate calculated by @g38),
the broken line for the partial contribution frofi, and dotted line for that fromiH of Fig. 1. Note that the solid and broken lines are
superimposed in panéh). This means that the total photoionization rate is dominated by tht df the parallel laser polarization case.

This is consistent with the results reported so[]. molecular axis. Comparing Figs. 5 and 8, we can see that the
As mentioned in Sec. Il, Eq2.38 does not include the photoionization rate with the perpendicular laser polarization
quantum interference terms appropriately. We have to checis much smaller than that with the parallel laser polarization.
if the total photoionization rate demonstrated in pa@l In addition, we notice that the partial contributions frdhh
(solid line) is reliable. Figure &) shows the quantum inter- and?H hydrogen atoms are of the same magnitude. This can

ference terms for the laser wavelengths 1450, 800, 600, angk easily understood by inspection of Eqg.38(2.41).
400 nm calculated by using EGA6). It is found that as the |, the perpendicular laser polarizatior; -R; for both
laser wavelength increases, the quantum interference terms

. . j,lS,j,lS . . .
decrease. This tendency indicates that it is reasonable to . ?de_z.l_s 2610 S0 thaw?vﬁpv’vc'“” 's identical for
sume that the quantum interference terms in the tunneling©thi=1andj=2. This comparison between the parallel and
limit are smaller at least than those with the laser wavelength T
1450 nm. Comparing panelga and %b), we can see that 10" . 3
the quantum interference terms are several factors smalle L ]
than the individual and total photoionization rates. This fact =~ ] 4
leads to the conclusion that the quantum interference term:
are negligibly smaller than the individual or total photoion-
ization rates in the tunneling limit.

Figure 6 compares the total photoionization rates with and
without the quasiclassical correction of the long-range Cou-
lomb potential effect in the tunneling limit. We can see that if
the correction is not included, the photoionization rate be-
comes about ten times lower than that with the correction. In
general, the order of this difference becomes larger as the
laser intensity decreases iy, ,,» increases since in the tun- ] ’
neling limit we have the semiclassical Coulomb correction 1l
| po’ \ 2Mlag po /i€F from Eq. (2.53. 10 o ' ppe=

Figure 7 compares the total photoionization rates with and Laser Intensity (chm2)
without the Franck-Condon factors. The difference between
these two cases is not negligible, twice or thrice larger for the g1 6. Comparison of the photoionization rates versus laser
case without Franck-Condon factor. However, we can see gtensity of H, molecule in the tunneling limit with semiclassical
slight tendency that the inclusion of the Franck-Condon faccorrection and without it. The solid line and the squares are the
tors causes decrease of the photoionization rate, which ame as those in Fig. 5 while the broken line is calculated under the
consistent with that calculated by the ADK formy#gj. assumption of no correction. This figure indicates the importance of

Figure 8 shows the photoionization rate versus laser inthe Coulomb correction for the accurate calculation of the photo-
tensity when the laser polarization is perpendicular to theonization rates.

—
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FIG. 7. Comparison between the molecular photoionization
rates, including the Franck-Condon factor, and those in its absencﬁz
i.e., only the photoionization rate of the transition to the vibrational
level v’ =0 is considereg. The solid line and the squares are the
same as those in Fig. 5 while the broken line is calculated under the
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assumption of no Franck-Condon factors.
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frequency dependence cannot be included in an explicit fash-
ion in the latter case.

So far, the Condon approximation was assumed. Below,
we shall investigate the validity of the Condon approxima-
tions made in the above discussion. In the following calcu-
lations for the comparison between the Condon and non-
Condon approximations, the parameters are chosen to be
laser intensity 7.5% 10" (W/cn?), w=1.55(eV) [or
wavelength=80@nm)], Ry,=0.735(A) (very close to the
equilibrium distance of the Hmolecule in the electronic
ground statg andAE=17.33(eV).

Figure 9 shows that Huang-Rhys fac®defined by Eq.
(2.43 with the parameters defined above. We can see that as
far as both parameteyd and AR are very small, the Huang-
Rhys factor is very small, which is reasonable in real sys-
tems. However, if these parameters are very large, the most
probable vibrational excitation is to the higher vibrational
states of the ionic potential.

Figures 10 and 11 compare the molecular ionization rates
nder the Condon and non-Condon approximations for the
cases of the parallel and perpendicular polarizations, respec-
tively. In the case of the perpendicular polarization, we can
See the good agreement between the results under the Con-
don and non-Condon approximations; in particular, the

perpendicular laser polarization cases actually indicate thBhotoionization rate with the perpendicular laser polarization
importance of the site-dependent exponential factor ofS Much more insensitive to the Condon approximation. In
exp(Z\meIISF-RJ-/ﬁF). the linear laser polarization case, we can see around a ten
In Table I, we show the laser frequency dependence of thiMmes difference between the Condon and non-Condon ap-
total photoionization ratewi, , - with the parallel laser po- Proximations(from Fig. 10. In addition, we notice that 38
larization under the Condon approximation. We can see that" AR becomes small, the total photoionization rate becomes
increasing the laser frequency leads to the enhancement G¥9€r- This is due to that fact that in this case the quantum
the total photoionization rate provided that the laser intensilumber of the vibrational state _Of the ionic state with the
ties are identical. The frequency dependence of the photoion@9est Franck-Copdon factor # =0. In addition, the tran-
ization rates can be analyzed more conveniently by thsition to_the state’ =0 hag, thg smalle_st |on|zat|on.potent|al
Keldysh type of theories than by ADK theory since the laserlav.po- Since the photoionization rate is very sensitive to the

lonization Rate (s'1)

1074

10

o
total ionization rate§

14

Laser Intensity (W/cmz)10

15

value ofl,, ,,» but less sensitive to the Franck-Condon fac-
tor, the transition to the state’ =0, which has the largest
Franck-Condon factor, has the largest photoionization rate in
all the situations. From the figures, we can see that the photo-
ionization rates seem to be more sensitivg3tthan toAR.

In the area where the Condon and non-Condon approxi-
mations do not agree well, the photoionization rates under
the non-Condon approximation are larger than those under
the Condon approximation because of the several times dif-
ference of the exponential and preexponential factors. In ad-
dition, due to the lack of the terfn/2mil,¢/ 2h)(-1)/Ry, in the
exponent in the quantum interference terms, the contribution
from the quantum interference term is smaller by one or
three orders of magnitude than the individual photoionization
rate contributed frontH.

Finally, we note the recently published work concerning
the experimental results of vibrational distribution of,"H
molecule in the tunneling photoionization of the process of

FIG. 8. Photoionization rates versus the laser intensity of the HEQ. (2.13 [23]. This study has clearly demonstrated the im-
molecule in the tunneling limit, with the laser polarization perpen-portance of including the vibrational degrees of freedom for

dicular to the molecular axis, calculated by using E238). The

the molecular tunneling photoionization. They have found

broken and dotted lines are the partial photoionization rates fom that the relative populations of the vibrational states gf H
and?H, respectively. The solid line is for the total photoionization molecule after the tunneling photoionization of Kholecule

rate. Note that the broken and dotted lines are superimposed.

do not follow the conventional Franck-Condon principle.
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TABLE I. Total photoionization ratés™) of H, to H," for various laser wavelengths when the laser polarization is parallel to the

molecular axis.

Wavelength\ (nm)

laser intensityy;s Tunneling limit 1450 Yis 800 Yis 600 Yis 400 Vis
1.03x 1014 1.62x 101 3.58x 101  0.58
1.37x 10 1.14x 1012 2.13x10? 050 3.74<10? 0.91
1.82x 104 6.57x 1012 1.09x10% 044 1.62x108% 0.79
2.43x 10 3.21x 1018 4.74x10% 0.38 6.21x10% 0.68 8.03 10 0.91
3.23x 104 1.23x 1014 1.74x 10 0.33 21010 059 251x10% 0.79
4.29x 101 4.20x 10M 5.64x10% 0.28 6.39%10% 051 7.25¢10%  0.69
5.71x 104 1.27x 10 1.63x 10 0.25 1.78<10 045 1.94x10° 0.60 2.40<10° 0.89
7.60x 1014 3.49x 10'° 4.29x10% 0.21  453%10% 0.39 48110 052 55%10%° 0.77
1.01x 1015 8.84x 105 1.05x 10 0.19 1.09<10'* 0.34 1.13<10'% 045 1.25¢10% 0.67
1.34x 105 2.12x 1016 2.43x10® 016 2.48<10® 0.29 255<10® 0.39 27210 0.58

The reason for this is the rapid variation of the photoioniza- Wap pu’.C
tion rate with the internuclear distance. They used the fol- Prei(v’) = T (4.2)
lowing formula to calculate the transition rates to the indi- a.C

vidual field-modified vibrational levels of J1 molecules,

') = Urlfz(R)XU,(R)XO(R)dR ,

2

(4.2

Figure 12 shows the relative populations for each vibra-
tional statev’ for the parallel and perpendicular laser polar-
ization cases. As if23], when the laser intensity is very
large, the number of the bound or quasi-bound vibrational
states of H" diminishes so that the total populations of the
bound or quasibound vibrational states of Hecrease. For

wherey, (R) and xo(R) are the vibrational wave functions of example, the total populations from the bound or quasibound

H," and H, molecules, respectively, adiR) is the photion-
ization rate dependent on the internuclear distaRc&he
R-dependent photoionization rai&R) is calculated by the

ADK formula [4].

states add up to 94%, 91%, and 70% for the Figs.
12(a)-12c), respectively. This agrees well with the experi-
mental results reported in the literaty3]. Contrary to the
results obtained by Urbairt al. [23], the relative popula-

We compare their results to those obtained by our formutions calculated in this work follow the same distributions

las. The relative populatiop,(v’) in the vibrational state’

is given by

3.0

?R(A)

1.5
1.0'\04

0.5

I

iij§

I

> O

/i

/

[

0.8

FIG. 9. Huang-Rhys facto® defined by Eq.(2.40) when the
laser intensity is equal to 7.5910" (W/cn?), w=1.55(eV) [or
wavelength=800nm)], Ry,=0.735(A), andAE=17.33(eV). The

10 12
B (A%

value on each curve represei®s

1.4 1.6

predicted by Franck-Condon factors, although they claim
that the dissociative photoionization does not follow the
Franck-Condon principle since the ADK photoionization rate
is dependent oRR.

Some features are very similar between Fig. 223 and
Fig. 12 of this work. For example, we notice that as the laser
intensity increases, the relative populations of higher vibra-
tional quantum numbep’ becomes larger for the perpen-
dicular laser polarization case. This tendency agrees well
with that of Figs. 2 and 4 of the literatuf@3].

From the above comparisons, we can conclude that if the
laser intensity is very large, the prediction by the ADK
theory and that of our theory are very similar. But if the laser
intensity is not so large, these two theories yield very differ-
ent results. The decisive conclusion has to await more ex-
perimental studies of intense laser ionization of different
molecules.

V. CONCLUDING REMARKS

In this work, we have obtained the analytical Keldysh-
type expressions for the photoionization rates of rol-
ecules in the linearly polarized electric field in the tunneling
region. For this purpose, we have extended the Keldysh
theory improved by us in previous works; especially, we
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3.0 SO 3.0
15.013 15.0092°%)
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FIG. 10. Dependence of the total photoionization rategg@nd AR with the same parameters used in Fig. 9 in the case of the parallel
laser polarization. The value on each curve representg(total ionization rate in W/cf). In (a) and (b), the Condon and non-Condon
approximations are assumed, respectively.

have included Franck-Condon factors to take the moleculaand preexponential terms, which is very similar to the origi-
vibrational degrees of freedom into consideration The comnal atomic Keldysh theory. However, in the case of mol-
parison of the numerical calculations performed by usingecules, there exists a special feature due to the interferences
these formulas with the numerical results calculated bybetween different atoms. The explicit dependence of the
Saenz[21] has actually shown the validity of our formulas. photoionization rate on the laser frequency is also one of the
Clearly, our formulas have more complicated structures thaadvantages over other tunneling theories, e.g., the ADK
the ADK theory, but we could obtain physical insights from theory.

inspection of the formulas themselves and the numerical re- We have only concentrated on the hydrogen molecule in
sults. This feature is due to the simple structure of the forthe present paper. However, it is an easy task to extend the
mulas derived by the Keldysh-type theory: our formulas arepresent procedures to other molecules whose molecular or-
expressed in the form of a combination of the exponentiabitals consist of the atomic orbitals such & 2px, 2py, 2pz

3.0 3.0
2.54 2.5
< 20 T 20-
g g
. 1.5 a. 1.54 )
] R
1.0 1.0 14.774
0.51 0.51 / //
08 10 12 14 16 08 10 12 14 16

(a) B (A (b) B (A2

FIG. 11. Dependence of the total photoionization ratesBoand AR with the same parameters used in Fig. 9 in the case of the
perpendicular laser polarization. The value on each curve represepdtaj ionization rate in W/cH). In (a) and (b), the Condon and
non-Condon approximations are assumed, respectively.
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oo T T T other authorg22]. However, the comparison between the
— 404 . numerical results obtained under the Condon and non-
s Condon__approximations has shown that the exponent,
S 20l I parallel +[(-1)\2ml,/ 42 ]AR- (ml,s/842B), in Eq. (BY) also plays
= [ 1 perpendicular an important role for determining the photoionization rate if
(a) "g‘_ the molecular axis is parallel to the laser polarization. Again,
Q 201 - this indicates the importance of properly including the vibra-
© tional degrees of freedom for the analysis of the molecular
2 photoionization processes. This feature will be more notice-
% 101 A able for large polyatomic molecules, which must await ex-
14 periments that are carried out for this purpose.
0l m IO An important feature of the Keldysh-type theory is that it
01 2 3 4 5 6 7 8 9 10 provides the absolute magnitude of photoionization rates.
v This information is important when there exist other photo-
-— physical processes competing with photoionization.
404 .
X
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Q. 20 .
(b) g
_02‘) APPENDIX A: DERIVATION OF THE QUANTUM
w10 ! INTERFERENCE TERMS
0]
s o Mo The quantum interference terms are derived as follows:
0 1 2 3 45 6 7 8 9 10 from Eq.(2.25, we obtain
v 47
"1""1 _ * * *
T T T T T T T T T T T Javi]pv’?C - ?Re ijlsbjvlSClSClSDj,ls(laU,pv/)Dj',lS(laU,pU')
< 401 | 2 1) 1
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FIG. 12. Vibrational distributions of the i molecule after the
tunneling photoionization of the Hmolecule. The laser intensities where
are (a) 4.4x10%, (b) 5.84x 10 and (c) 1.03x 10" (W/cnP).
These figures should be compared with Figs. 2 and 4 of the litera- 2 1| eF %
ture [23]. 93l ap,p0) = P m*w(l ~V1+94) = (apr =119

etc. (e.g., polyatomic organic moleculeis a similar way as

X — 7le
V2mig\1 + ¥

the ADK expressions of the tunneling ionization rate of ar-
bitrary complex atoms and atomic iof)].

For large polyatomic molecules, unless the molecular axis
is perpendicular to the laser polarization, the exponential fac-

eF-R;
+ iY1s , (AZ)
v2mlyg

e c : @ (| __ 1 - lavpor ~l1s 71
tor pertaining to the molecules, &2y2ml,F -R;/AF), will 915 aw,pur) = o | S st e
be large so that very different photoionization rates for the s N 1s
molecule and the atom with the identical ionization potential eF ‘R y1s
will be found; the same conclusion has been deduced by ‘%le , (A3)
S
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1 | s =1 ecules the quantum interference terms are less sensitive to
(4 Vis av,pv 1s Vis . S T
gj,ls(lw,pv,)=2mw ~ 7 Y (1+2)32 molecular geometries than the individual photoionization
V1+ st 1s 15 rates for such a simple diatomic molecule.
eF ‘R
+ S RjYis , (A4)
AR APPENDIX B: DEFINITIONS OF THE TERMS
IN EQ. (2.46
and Q- (248)
The definitions of the terms appearing in K8.46 are
2\(2ml ) 549202 o pp g in K3.46
Cis=- (A5) given by

meF?

Integrating overmp, we finally obtain the general quantum
interference terms for the homonuclear diatomic molecules

consisting of only % atomic orbitals:
j1sj’ 1s

wlls 4
av—pv’,C T V - Vlsbj,lsbj’,ls

W,
X Dj,ls,C(Iav,pv’)Dj’,lS,C(Iav,pv’)|<®pv’|®av>|2

1
X exp{— gj(}])_s,c(lav,pu’aRj) - gj(/,)ls,c(lav,pv’ij’)}

sz’lejfvls(lav,pv’yﬁ) - ZGlS,ls(Iav,pv’! ap)
X | dQp

Gi,zls(l av,pv’s ap)

2 ~
4G5 15 ap o+ 0p)

xXexp) - , (AB)

where

j=landj’=2,orj=2andj’' =1, (A7)

3
Gls,ls(lay,pv’i ap) = Zmﬁw[g},g:zs(lav,pv’) + g}/,)ls(lau,pu’){gj(ﬂs

Xl o) + 01l o) JCOS6, ], (AB)

~ [2Mw .
Jj,ls,j',ls“au,puf,p) = T(Rj - RJ-,) P

+ c0SO,{K; 18l ap por) = Kjr 16l a o)
(A9)

and

[P
Y av,pi 1s
K as(lapo) = =2 ( udliid —eF-Rj),

Vil g V1+ Ve
(A10)
andp is the unit vector defined by. In this derivation, we

have used the fact thaf 15, Cis, andDj 1514, py7) are real.
It is clear from Eqs(A8)—«A10) that the quantum interfer-

ence terms arise from the two-center geometry of the nuclear

field: Only two differentjth andj’th atoms contribute to

each quantum interference termjgvlij';;l,fc. In particular,
Jj1sj’ 15l aw,po’ P) depends on the distance betweém and

j'th atoms whileGyg 1414, p,+6p) ON the sum of the dis-

tances betweejth andj’th atoms from the molecular center.

Iav pv’ IIS Yis
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Dj,ls,NC,pan(Iau,pu')u’:O— | - Xz(lau,pu’)v’:o
Yisl1s

_ Xl,i(lav,pv/)f':o (B2)
Zﬁwlls

or

Dj,ls,NC,pal(Iau,pu’)v’=l

_ (- 1)jeF \*",Bxl,j(lav,pv’)u’:lx
= — 3
4yrd1sVB Y1sl1s ]
X1 janpo)yca | —
= X(1 Nyregt ————— (VBXy4:, B3
o av,pv Jor=1 2wl VB 4., (B3)

or

Dj,ls,NC,pal(Iau,pu’)v’>2

~ U/(_ 1)je|:ﬁv’/2—l V1 l),(l)/ _ 1)(e|:)2’8v'/2—2 2

Because many terms which depend on the nuclear posi-

tion cancel out in Eq(A8) or completely disappear in the
exponent in Eq.(A6) for the homonuclear diatomic mol-

Ayidlis i 32wl “
. BU’/Z(eF)lej(Iav’pU/) ! _ % v -1
016l 1s H Ao h
, X1 (Iav v') !
= 37123 X1y o) + — P Xaj B4
B 2l pu?) 2hwl g . ey
|y pv’ ~ l1s i Roa Y1S(eF)2
Xy j(lappo) = ==+ (- DSeF—_7 - >
1,1( av,p ) \/1+'}/215 ( ) 2 S,Bﬁw
. AR
+(- 1)'eFT, (B5)
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Xy = - o - C U sleR) (B7) m=sinfly,+ 2= (cy)
2 2Bhw 2l 1+ Yis
' TR
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and

B (NN, 0,) = f daa““zexp{—<m+nzco§0
0

1 ~ V147
I 1l o por) = . (Iavpv,smh Yis— Ils_llS 27215) .
) Is + ——sirte Sin2¢> o?
—— 8h3
\Zmlls ﬁ 2
—Q (= 1)JR0a+ ~AR
2h +ians(j,j)singsing!, (C5)
— Nivoml.
G \ﬁzmlls ) rr;LIle (89) -
! op LTV Jmef o AR)
for the homonuclear diatomic molecules. ai,)") = 2 fi Roa 2 ) (€6

andj=1 andj’'=2, orj=2 andj’'=1.

The integrations in EqQYC1), (C2), and(C5) have been
performed numerically. For the integration overin Eq.
(C5), we have used the following formula:

APPENDIX C: TOTAL PHOTOIONIZATION RATE
WITH THE PERPENDICULAR POLARIZATION
UNDER THE NON-CONDON APPROXIMATION

The individual photoionization rate with the perpendicula:J da exp(— Aa? +iBa)
polarization under the non-Condon approximation is give

by \/’ p( ) p( BZ> B/2/A ,
-— exp(to)dt.
WSS = Erdby 17D (T o) Py [0 AT A f At

avﬂpv’ NC,per—

Xexp{— Zgjg,ll)s,c(lav,pv’ao)} (C7)
" From the above equations, we notice that the non-Condon
XE @+t ( Mo )K approximation does not affect the exponential factor, but the
o) 29320\ 1 BPAR? preexponential factor is affected in the perpendicular polar-
. o ization case. o hare0 andmo/ 8/ 5=0
. We can see that the terms w andmw =0on
XJO sin edaf d¢{ M+ 7,008 the rhs of Eq.(C1) for the individual photoionization rate,
(a2 and \=\"=0 in Eq. (C2), (mw/8%B)sirtdsirt¢$=0 in Eq.
+ _S|n205|n2¢} (C1) (C5), andAR/2=0 in Eq.(C6) for the quantum interference
8418 ' terms correspond to those under the Condon approximation.

The other terms stem purely from the non-Condon approxi-

while the quantum interference terms are given by mation. Comparing this with E¢2.46), we notice that under

wirisi’1s = E,b; b1 1D 1ol V2D [P the non-Condon approximation, the parallel polarization case
av—pu’ ,NC,per— —15-],155]",1sIj,1s,CL aw pv’ pu' ™ av will be affected more than that of perpendicular case because
xexpl- Zgj Yy U O} the former contains many more terms.
As has already been shown above, the t&Ri2 in Eq.
o' v o (C6) and the summations fak#0 or A’ #0 purely stem
X2 2 ,1Cy, Cp(= DM from the non-Condon approximation. In their absence, Eq.
A=0)\"=0 (C2) reduces to EqAB). Ej;:(\+\', 60, ¢) in Eq. (C5) can
1 M\ A2 b_e calculated by using EQC7). We_ can see that th_e n_ucl_ear
X : ( ) distanceR,, does not affect the individual photoionization
N 302\ 1 BPAR? rates but the quantum interference terms are affected.
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