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In this paper, we generalize and improve the derivation of photoionization rate formula for one-electron
atoms proposed by Keldygizh. Eksp. Teor. Fiz47, 1945(1964 [Sov. Phys. JETRO, 1307(1965]]. More
exact expressions of the photoionization rate in the tunneling regime have been obtained. In addition, we
extend the derivation to photoionization rates of randomly oriented diatomic molecules.
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[. INTRODUCTION amplitude of the incident electric field and the threshold pe-
culiarities at the frequencies corresponding to thresholds for
Recently, owing to the rapid advancement of laser techabsorption ofn photon quanta. This phenomenon is known
nology, the interaction of intense laser fields with atoms andhs the above threshold ionization process which the famous
molecules has been the subject of many theoretical and eXinstein relation for the atomic photoeffect did not include.
perimental investigations. Using the current high-intensity Soon after this work, Perelomov, Popov, and Terent'ev
laser technology, we can approach the regime where the lasg20] developed the photoionization rate formulas in the lin-
field interaction with electron far exceeds the binding energyearly and circularly polarized electric fields on the basis of
of the valence electrons. In this case, many interesting phehe Green’s function methoPPT theory. Their theory is
nomena of excitation and photoionization can be observedilso based on the adiabatic approximation<lI, (w, laser
For instance, overviews of the photoionization processes ifrequency;l o, ionization potentigl as that of Keldysh. They
the atomic systems are well documented in REfs:3]. In obtained the formulas for the one-dimensional model in the
molecules, more intriguing phenomena take place due to thé-function-type potential and the actual three-dimensional at-
additional degrees of freedom by many-body particle interoms in the short-range potentials. Their three-dimensional
actions. In atomic and molecular systems, above thresholghotoionization rate formulas are applicable for hydrogen
ionization and dissociatiofp4], bond softening[5], vibra-  atoms with arbitrary initial ground states of orbital angular
tional population trappind6], and charge resonance en- momentum and projection quantum numbarin the direc-
hanced ionizatiori7] have been observed and are now welltion of the electric field Eq. (54) of Ref.[20]].
established. The other interesting phenomenon induced by Ammosov, Delone, and Kraind\21] derived the expres-
high-power lasers is the Coulomb explosion of moleculessions for the tunnel ionization probabilities of arbitrary com-
and clusters, which has attracted considerable attention iplex atoms and atomic ionADK theory). Their theory is
recent year§8—17]. To understand these phenomena, it isessentially an extension of the PPT theory. They took into
important to investigate the photoionization processes iraccount that the states of the complex atoms are character-
more detail. ized by effective principal and orbital quantum numbers. The
A very important theory of one-electron atom photoion-theories developed by Perelomov, Popov, and Terent'ev and
ization by strong lasers has been given by Keldyis#]. For ~ Ammosov, Delone, and Krainov are based on one-
the first time, using the first-order perturbation theory, hedimensional models which extend the work of Keldysh.
systematically derived the photoionization formula for the In all of these theorieKeldysh, PPT, and ADK theorigs
direct transition between the electric ground state and théhe exponents of the formulas are the same and the photo-
Volkov continuum state which includes oscillatory motion of ionization rates show very similar behaviors; they are differ-
the free ionizing electron in the time-dependent linearly po-ent from one another only with regard to the preexponential
larized electric field. The most important finding is that thefactors.
adiabaticity parametey (Keldysh parametgmwhich was in- Currently, apart from the above-mentioned theories, there
troduced during his derivation determines whether the photoappeared two important analytical nonperturbative ap-
ionization process lies in thaunneling or multiphotonre-  proaches for calculating the atomic photoionization probabil-
gion. The Keldysh parameter is the ratio of the characteristiity. Faisal[22] considered arg-matrix theory in which the
time that the electron takes to pass through the barrieinitial bound state is dressed by the laser field and the final
formed by the electric field and static atomic potential to theionization state is taken to be noninteracting. It is now rec-
cycle time of the oscillating electric field. In the tunneling ognized that Keldysh 18] and Faisal[22] theories are
limit v—0, Keldysh formula reduces to the well-known ion- equivalent. Later, Reig®3] established a rigorous basis for
ization rate formula in a static electric fig]d9]. In addition, an extended version of the Keldysh theory in which system-
his formulas represent the main features of the photoionizaatic higher-order corrections can be applied to the Keldysh
tion process appropriately. For example, they describe theerm. Depending on whether the length or the velocity gauge
exponential dependence of the photoionization rate on this used for describing the interaction between the atom and
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the incident laser field, this scheme is known as the Keldyslionizing electron must be included properly. To simulta-
or the Faisal-Reiss ansatz, respec_tively. These are welhkeously include the influence of both the laser field and Cou-
known as the so-called Keldysh-Faisal-Reiss theory. Theyomb potential on the freely ionizing electron, a Coulomb-

are categorized as “adiabatic” theories. Volkov-type function is proposed for the continuum
It is important to note that the Keldysh theory can be onlyspectrum and is now being investigated intensiy&gy—37.
applied to thetunneling regime, while in themultiphoton In addition, there are endeavors to constructrttuecular

mediate resonance states which are recognized to be Vel recent years. For example, Cornaggia and Hefi3g]
important in the strong lasers were not taken into considerpaye derived the molecular single-ionization rate formula by

ation_ in_the thepry and that the adiabatic as_sumpﬁmn . extending the tunneling theory developed by Perelomov,
<ly in EqQ. (1.1) is necessary to use saddle-point method 'nPopov, and Terentev for atonj&0]. In Ref. [38], the mo-

the de”‘.’a“o.”.- Using the h|gher—order _perturbat_|on theory1ecular electronic wave function of the ionizing electron is
the applicability of Keldysh approximation tmultiphoton &aken into consideration

lonization is discussed by Trombetta, Basile, and Ferrant Another interesting research for the tunneling ionization

[24] and Mittleman and Abranyol25]. Their conclusion is ) .
that the Keldysh approximation is hardly adequate for de-Of the molecular system is to take into account the actual

scribing multiphoton ionization of real atoms because of the>n@pe of the potential barrier properly. Otherwise, particu-
many simplifications involved, however, at the same time it@ry in the complicated polyatomic molecules, significant

aspects of the process. For the tunneling ionization, detail8eight influence the tunneling process prominently. The
are well documented in Ref26]. Keldysh adiabaticity model was extended by replacing the
Experimentally, there was an observation of pure 22imodel zero-range potential witib initio electrostatic poten-
photon multiphoton ionization process, in contradiction withtial energy surfaces and it was found that the conventional
theoretical calculations which predict that a tunneling effectkeldysh parameter for the simple zero-range potential over-
should appear in the laser-intensity range adopie@6 um,  estimates than that for the actual nonzero-range potential
10*® W/cn?) [27]. This is the first multiphoton ionization [39].
experiment in which the rangge<1 was observed. On the In spite of many arguments about the Keldysh theory as
contrary, there was an experimental observation of tunnelingnentioned above, it remains to be a very important theory.
ionization in the multiphoton regimg28]. These two cases This is due to the fact that it is one of the theories enabling
show that it is necessary to investigate carefully the compeus to derive easily analytical expressions by which insightful
tition between the tunneling and multiphoton ionizations.  physical interpretation can be deduced. Therefore, we be-
Recently, we have witnessed some applications and imleve that it is worth to reexamine the Keldysh theory in the
provements of Keldysh or other tunneling theories. For expresent work.
ample, Pazdzersky and Yurovsky, and Pozdzersky, Usa- The purpose of this paper is to improve the original
chenko, and Chernov, applied the Keldysh theory to studyeldysh theory and extend it to diatomic molecular photo-
the tunneling photoionization in a bichromatic laser fieldionization processes in thennelingregime. In accordance
[29]. with Keldysh, we use Volkov functiof40] as a final con-
Another remarkable improvement of Keldysh theory is totinuum state. We avoid using the saddle-point method to the
ameliorate the involved wave function of the final continu-integration ofL(p) of Eq. (15) in Ref.[18]; instead, we use
ous spectrum, which was not taken into account by Keldyshthe residue theorem for its evaluation. The dependence of the
That is, in a neutral atonte.g., hydrogen atoj Coulomb  preexponential factor on the electron moment@ngnored
potential between the remaining charged nuclei and photdn Ref.[18], which is given by the following expression:

2\ mal lo how [ J’Us|+1 e+eF )2 dv 11
7TaOeI:aO (1_US§)1/26X h o 0 0 2m p ® v (1 ?)17?! ( )

will be incorporated in this work. It will be shown that such lowing Ref.[18], we derive photoionization rate formulas for
modifications allow us to obtain more exact expressions fohydrogenlike one-electron atoms. Our derivation is different
the photoionization rate and to treat analytically the photofrom that of Ref.[18] in the respect mentioned above. Our
ionization phenomenon for the molecular system. formulas work quite well in the tunneling ionization regime,
It is important to note that we will not focus anultipho-  which was assumed in the derivation of REl8] and con-
tonionization in the present work. Our aim is to derive morefirmed experimentally as weJl1]. In Sec. lll, based on the
exact expressions of photoionization rate, which can be apdevelopment made in Sec. I, we extend the derivation to the
plied efficiently in thetunnelingregime. simple molecular systems: randomly oriented diatomic mol-
The present paper is organized as follows. In Sec. Il, folecules. As an example, the photoionization formula for N
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molecules is reported. In Sec. IV, we compare Keldysh's oiin the dipole approximation. Her&, is the amplitude maxi-
other photoionization rates with our results numerically andmum of the incident linearly polarized electric field. The
discuss the validity of our formulas. For the atomic case, W&yave function Y(F) represents the initial electron ground

focus on the % state of hydrogen atom as the initial state. state andy;(f,t), the final continuum state. We shall choose
For the molecular case, our attention is directed to the photahe 15 state of hydrogenlike atom fapy (),

ionization pathway to removey2p electron of N molecule
and to produce Kl in its ground electronic staté 23 ; [42—

44]. Section V is devoted to the concluding remarks. . 1 r
Yol = N 7a3®® ~ 5

Il. THEORY: ATOMIC CASE

_ 2.3
) a_?a ()

A starting point of the Keldysh theory is to evaluate the
rate of photoionizatiorw, for direct transition from the
atomic ground bound state to the continuum spectrum for
one-electron atoms,

and the Volkov function forys(1,t),

l/’ﬁ(ﬁt):exr{%—[[ﬁ—eﬂ(t)]f

dp
—%Ldt’[ﬁ—ef\(t’)JZH, (2.4

wherep denotes the momentum of the freely ionizing elec-

tron and
i T ) > > . .
TV — —(iIEgty 1 (7 VG, B > where A(t) = — (F/w)sin(wt) and Z represents the effective
c(T)=7 jo dtcogwtje Hp(r.0]d-Flyg(r) nuclear charge.
(2.2 Substituting Eq(2.2) into Eq. (2.1) yields

_2|' RJ d3p de T Vi _)+el_:)' T |V _)+el_i'
Wo—ﬁ Im Re m o tcod wT)cog wt) ol P ?Sm(w ) ol P ZSIH((U'[)

T—o

ijtd | 1
Xex g T T O+ﬁ

}, 2.9

eF 2
p+ —Sln(wr))
1)

wherel,= — E4=Z%e%/2a, (ionization potentigl and

) 16iel3\ma’ jg Flprgu
= — u =
b h 1 eF \?°

Vo(P)=8i(ma) 2ehF - Vy(1+pZa2ih?) 2 (2.6 ot om P!

i (u dv 1 efF \?
X ex —f lot 5=| P+ —w
for 1s level of hydrogenlike atoms. hw Jo \1—12 2m w
Carrying out the integration with respect t@nd taking

the infinity of T in Eq. (2.5) yield (2.9

andTy=1y+ (e?F%/4mw?).

27 d®p o~ [~ PP The singularity pointsig of the integrand ot () can be
WOZTJ —(th)3|l‘(p)| n;x S| lot+ 5o~ Nhw, determined by the following condition:
2.7
1. eF 2_ )
where |0+% p+ ;US =0. (2.9
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In order to evaluaté (p), we let Notice that at this point, our expression fop) [Eq.
(2.19)] is larger than that of KeldysFEq. (1.1)] by a factor
eE )21 219 of two, which arises from the contour integration made for
2.1

u dv
juy= J — | lo+ 5—| p+—v evaluating Eq(2.12), different from the saddle-point method
_ 2 !
oV1-v m ® utilized in Ref.[18].

and expand the exponent and the denominator of the inte- In Ref. [18], depia_ndence of cay and V.l_us on the_
grand of Eq.(2.8), which leads to electron momenturp in Eqg. (2.15 has been ignored, that is,

cosf=1 and \/1—u52= J1+9? were assumed. In the
eF ) present paper, we shall take into accountfiteependence of

1

-

. 37 F-lp+—u these preexponential factors and examine what role they will
L(p)=— 1oeloVma % du- . ‘;’ — play as well. For that purpose, we reducgj) defined by
wh j"(ug)*(u—ug)*(1—-u) Eq. (2.15 into the form being easily integrated with respect
i 1 to p in Eq. (2.7). The derivation is shown in Appendix A.
Xex;{—{j(us)Jr Zi"(ug)(U—ug)®+-- Substituting Eq(A10) into Eq.(2.7) and integration with
ho 2 respect toj leads to
(2.11
3/2
Carrying out the contour integral in E€R.11) using the resi- -4 /2|0‘” Y N I T-B.C
due theorem vyields Wo i\ V1t 42 (7,0.10.10,8.C)
N eF Ao . i+
16ie|8\/77a7F~ p+ ZUS) i XEX[{_h—a(: sinh 1’}/—1_‘_—272 . (2.17
L(p): ﬁij//(us)Z(l_ug)SIZ ex[{%](us) ’

(212  Equation(2.17) is an atomic photoionization formula includ-

ing the p dependence of the preexponential factors in Eq.
where (2.15.

The preexponential factor of E(R.17) is slightly compli-

i"(ug = e Elgs fu (2.13 cated due to th@ dependence of E¢2.15. It is essential to
(s Mo 1—u§ P w ° ' verify the effect of the preexponential factors on the photo-
ionization rate. The preexponential factd(y,w,lq,1o) in
and Eqg. (2.17 and the photoionization rate formulas derived on
, - the basis of different treatments for the preexponential fac-
) ~  p°) . e‘F tors are given in Appendix B.
j(ug)=|To+ 5 —|sin lug— Wusx/l—ug
eE. B 5 11l. DIATOMIC MOLECULAR CASE
- V1-ui—1). 2.1
Mw ( s~ (2.19 In this section, based on the approach introduced in the

_ _ _ preceding section, we show that thwlecularphotoioniza-
Notice that the denominator of the integrand of E211),  tion rates can be derived analytically as well.

(1—U2_)3/2, is approximated by (& y%)*? due to the as- In general, as is clear from the derivation shown in the
sumption of small Keldysh parametgrand low kinetic mo-  following, one can arbitrarily choose any molecular systems
mentump (cf. Appendix A). and their initial electronic bound states. In the present paper,

A remarkable advantage of our method is that the singulafye focus on the D molecules as an example. Particularly,
point of the integrand and the zero point gf(u) do not  we consider the case of the molecular photoionization from
necessarily have to coincide in E@.11) [18,45. As are-  the o2p, orbital of the N, molecules. In this case, the initial
sult, extension can be easily made when the Volkov functiommolecular statey, is given by
is replaced by Coulomb-Volkov function in which case the
saddle-point is different from the zero point jof(u) [46].

The quantityL () can be written as hg=Nop[(2p2)1+(2p2)2], (3.9
L(p)= 4holg\ma exr{l—j(u (219 where (2,); and (2,), represent the atomic orbitals, and
eFcost,r 1-u: ho' 7% N, denotes the normalization constant. Here for simplicity
of estimation, we use the simple molecular-orbital theory,
where co® is defined by that is, linear combination of atomic orbitals—molecular or-
bital method.
) oF oF _ I_:or_the case qf ra_ndomly oriented molecules, the photo-
F-lp+ ?Us) =F|p+ —Us COSOpE . (2.1 ionization ratew, is given by
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12y Rf dp JTd T VS *+er:' T)\? *+e|§' t)
Wo= 3ﬁ2TT:c e W . tcogwT)cog wt) V5| P ;sm(w )| -Vol P Zsm(w)
i td | 1 (. eF ? 32
X ex %L T °+ﬁ p+;sm(wr) , 3.2
|
where for the N molecules K 6a2p,p

VO(ﬁ):64weFagN2p (1+ k2a§)3_ ﬁ2(1+ k2a§)4

\70<ﬁ>=ﬁeF<exp(iﬁ-r/h)lF|N2p[<2pz>1+<2pz>2]>, 37
using Eq.(3.1). It is worth noting that in the atomic case, Here, k denotes the unit vector along taelirection, i.e., the
Vo(P) was a scalar as indicated by E@.6), while in the ~ Molecular axis. o . _ _
molecular case. its counterpaﬁ@(ﬁ), is a vector owing to Repegtlng the derivation shown in the preceding section,
the directional nature of the molecular bond. The factor 1/3¥€ obtain

in Eq. (3.2 is introduced for the orientational average of the p2
photoionization rate. Wo f 57 3|L(p)|2 E S| To+ o~ nﬁw)
In the one-center approximati¢47], Eq. (3.3) reduces to ( ) 3.8
Vo(B) =2 F(exp(ip - F/#)|F| 2., B4  where
where | dus E
- r L(p)—z uVpl p+—u
=\/—=szexp — —|. 3.
Vap, wag F{ ag) @9 [ u dv 1 efF \?
X ex h—f . lo om p+—vwv
Using the molecular-fixed coordinates, £§.4) leads to @Joyl-v
i (3.9
Vo(ﬁ):(ZieﬁF)fo dFexp{ — b F) Y2p, (3.6 Notice that the relation af%/a3=2ml, still holds for the
molecular system as in the case for hydrogenlike atoms. Af-
which after some algebra renders ter the contour integration as was done in Sec. I, we obtain
C©) 257V%5 3 F F{ i w k 3eF {( . eF elE L eF )R]
==z u s Y _U
P ho P 0?1 =u” maj(ug1-u2? | Pty s
eF _ eF
pz"’jus p+7us - a1
o mjrr(us)4(1_u§)2 J (US) ' ( . @
|
where Using the same procedure adopted in Sec. Il, the photoion-
ization rate for the system of randomly oriented molecules is
iV2ml, eF finally given by
]//( S)_ \/—UZ mo COSﬁpF, (31])
2° [2low y¥H2y%+3)? ~
Wozg % (1+ 72)5/2 N(71w1|01|011!0)
o €FF 1 2i\2mloug eF
J (US)_ me \/1_U§+ (l u2)3/2 mo COSQPF e _ZL th7 B Y 1+,y (3 13
(3.12 M e 1252 :
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In Eq. (3.13, the preexponential factd(y,w,4,10,1,0) is 10" 3 : T
given by Eq.(B1). Note that in Eq(3.13 the p dependence
of the preexponential factors is ignored. 10"
It should be noted that the exponential factor for the ran-
domly oriented molecular cadéeq. (3.13] is exactly the —~ 10"
same as that for the atomic cd$eg. (2.17)]. This indicates S0 3
that ionization mechanisms of atomic and randomly oriented @ 1
molecular systems are essentially the same because the ion 10"
ization rate is essentially determined by the exponential fac-
tors. The difference between atomic and molecular systems 104 -
arises only from the preexponential factors. In addition, it is ]

important to note that in the case of the molecules, the 1012' , , —————
Keldysh parametety can be defined in the same way as in 10" 10"
the atomic system, Eq2.17). Field Intensity (W/cm®)
It should be noted that in the tunneling limity{-0),
comparing Eq.(3.13 for the molecular system and Eq. 10" 2 . ——— 5
(2.17 with B=1 andC=0, we find that the photoionization ] (b)
rate is 48 times larger for the molecular system than for the 10" —Eq. (B3) 7]
atomic system. This is due to the different orbitals for the = 1 ----- Eq. (B4) Y
initial state and to the directional nature of the molecular
bond. 10" 3
The photoionization rates fromn,s and ,, states for the K2 ]

N, molecules can be evaluated in a similar manner and will 349"
not be presented in the present paper. In addition, application
of the present method to other diatomic molecules is straight-
forward.

10" 10"

IV. RESULTS AND DISCUSSIONS Field Intensity (chmz)
In this section, we demonstrate numerical results by using

our analytical formula$Eq. (2.17) for the atomic system and FIG. 1. Log-log plot_of the calculat(_ed atomic photoionization

Eq. (3.13 for the molecular systefjand compare them with atéWo. The calculation is performed using the Keldysh the@yg.

those calculated by the Keldysh theory or numerical resulté!® in Ref.[18]] and our theoryEq. (2.17]. The wavelength of
of other authors. the incident light is 248.0 nifi 0 =5.0 eV]. In order to ensure the

In Fig. 1, we show the atomic ionization rate, calcu- convergence, the summation upper limit of B81) was 500 for the
lated by the Keldysh theorjEqg. (16) of Ref.[18]] and our higher intensity region.

theory[Eq. (2.17] for a hydrogen atom witlZ=1. For the
estimation by the Keldysh theory, we have checked that suf- N2 |_o( eFn Uzex 4 J2mig?
- m1/2| (3)/2

ficient convergence has been attained in the summation over Wo 3 & 3 enF
n[Eqg. (B1)]. Notice that our results fow, agree very well

with that of Keldysh, although the latter underestimates than
the former by a few factors. If we include whole preexpo-
nential factorsy, becomes smallegsolid line in Fig. 1b)].
According to Ref.[41] the widely used Reiss and Keldysh and
methods underestimate the experimentally observed photo-

2

% 1_y_>] [for the case Eq(B5)],

10

ionization rates to a large extent. Therefore, Fig. 1 indicates lo[ eFfi \12 4 \2mi3?
that our formulas ameliorate the Keldysh’s original ones. Wo= 3ﬁﬂg(m) exp) — 3 ehF
In the range of tunneling limity<<1), the photoioniza- 0
tion ratesw, obtained by the different approaches can be 52
approximated as X 1_F)>J [for the case Eq(B6)]. (4.1)
32 In Eq. (4.1, y=fw/lyis assumed, except for the Keldysh’s
W :El_o eFh llzexp{ _ 4‘/ﬁ|0 tunneling formula. We notice that only the preexponential
"4 n\mA ng 3 ehF factors are different from each other and we can predict the
5 magnitude of the difference of the preexponential constants.
«|1- v (Keldysh For instance, near the tunneling limit at the field intensity 4
10 ysh, X 10' W/cn?, the photoionization ratev, calculated by
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Keldysh's formula[broken line in Fig. 1a)] is the smallest

and that estimated by E@B5) [solid line in Fig. 1a)] is 10" . ]

smaller than that calculated by E@6) [dotted line in Fig. E L

1(a@)]. This is consistent with Eq4.1). 4 R -
From Fig. 1, we also notice thdtlog;o(wg)/d log; (1) (I, y ,"

laser intensity is almost constant in the tunneling region, v’(; 1077 v (a) 3

which is evident from Eq(4.1). This indicates that the ion- - 1 /’ L, ]

ization potentially or the effective nuclear chargécan be = 2 Ay A I,=8.7 (V)

estimated by measuring the slogéog;o(wg)/d log;o(1) us- 10°4 /.’ R s 1,=10.2 (eV) 1

ing Eq. (4.2). VA ----1 =118 (eV
Now, let us compare our results and that calculated nu- 1/ o) _/°= 13.6 EGV;

merically based on the time-dependent Sdimger equation 47 ) ’

by LaGattutg48]. Our results including preexponential fac- 101013 C ' 1'(')14

tors are quite similar to that obtained by LaGattuta, espe- Field In . 2
cially in the high-intensity rangéaround 1x 10'® W/cn? or eld Intensity (W/cm?)
highep. In the low-intensity regime, large discrepancy

is found. This tendency has already been pointed out by ] . ]
LaGattuta. This can be attributed to the fact that Keldysh and 10'3’5 e
our theories cannot be applied to the multiphoton regime. 1 ‘," ]
Figure 2 presents dependence of the atomic ionization rate e 3
wg on the effective chargg. In the low field intensity range, =~ 190"+ s .
Keldysh's and our results agree very well. However, in the £ /.’ /
high field intensity range, large discrepancy is found. Figure 3 3 / : / 3
2 shows that the ionization rate varies significantly with ion- 9 s e S T l,=8.7 (eV)
ization energy. The lower the ionization energy is, the larger 101 ,'/ S S ly=10.2(eV) 7
the ionization rate is. In other words, using Fig. 2, we can 1.~ 7/ Tt h=118(eV)
estimate the ionization rate as a function of laser intensity S/ — =138(V)
and ionization potential. 10 ” — T
Next, we consider the molecular photoionization rates. 10 \ o100
Apart from the atomic photoionization, detailed studies of Field Intensity (W/cm?)

molecular photoionization will provide additional insights FIG. 2. Log-log plot of the dependence of the atomic ionization
into the dynamics of photoionization processes in generarlate wg on the effective nuclear chargé The wavelength of the

E)t%t%(i]c.)n-li—;aetzgl;oirr?rr?olrse ngeggﬂtam to explore the molecular incident laser is 3000.0 nrflaser frequencyw=0.413 eV). The

) . . ionization potentialsl, are 8.7, 10.2, 11.8, and 13.6 eV f@dr
It IS known that the K_eld_ysh theory can also p_redlct di- =0.80, 0.87, 0.93, and 1.0, respectively. Pdagivas calculated by
atomic molecular photoionization rate to a certain extenty, Keldysh theonfEq. (16) in Ref. [18]] and (b), by Eq. (2.17)
However, in order to estimate accurately diatomic or poly-y, Eq. (B3). In order to ensure the convergence, in the highest
atomic molecular photoionization rates, it will be necessaryptensity region, the upper limits of summation with regarchtin

to describe molecular states by including the directional nagq, (81) and the counterpart of KeldyslEg. (16) in Ref. [18]]
ture of the molecular bond which is the most distinct charyere n=5x10*, 1x1®, 6x10°, and 7x 1¢f for 1,=8.7, 10.2,
acteristic from atoms. Along this line, DeWitt and LeY&l]  11.8, and 13.6 eV, respectively.
conducted a time-of-flight mass spectrum experiment for
benzene, naphthalene, and anthracene, and calculated thgin] (Fig. 3 of Ref.[53]) and those estimated by DeWitt and
photoionization and dissociation probabilities in intense lasel evis by use of orientationally averaged tunneling theory
fields. From the theoretical or experimental interest, there argppropriate for diatomic moleculégig. 4 of Ref.[55]). In
several investigations concerning photoionization rates othe whole range of the figure, our prediction agrees very well
cross sections of Nmolecule in recent year62-55. In with that of ADK [53] and orientationally averaged tunneling
connection with these works, we shall compare numericaiheory [55]. Lower than the laser intensity ¥ow/cn?, a
results estimated by E¢3.13 and show its validity, which minor discrepancy is found between our result and that of
include the effect of the molecular bond to the photoioniza-orientationally averaged tunneling thedBp]. As mentioned
tion rate. in Fig. 2, we can estimate the ionization rate as a function of
The molecular ionization rates, of N, molecule calcu- |aser intensity and ionization potential, which is demon-
lated by our theoryEqg. (3.13] for various ionization poten- strated in Fig. 3 with various ionization potentidlg
tials 1, are demonstrated in Fig. 3. From He | photoelectron From Figs. 2 and 3, we can see that the photoionization
spectrum of N, it is known that the minimum energy nec- rate increases very rapidly with decreasing ionization poten-
essary to removey2p electron to produce N inits ground  tial in the whole range of the laser intensity. This is due to
electronic staté(zEg is 15.58 eV[56]: |,=15.58 eV. the fact that under the condition of the same laser intensity,
Let us compare our result with those calculated by Guahe potential barrier height and width are smaller for the
et al. by use of Ammosov-Delone-Kraino(ADK) model  system with smaller ionization potential. This suggests that
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c
FIG. 3. Log-log plot of the calculated molecular photoionization :g
ratew,. The calculation is performed using our thedEq. (3.13] 2 10"+
for 1,=12.58, 13.58, 14.58, and 15.58 eV 5+0.80, 0.85, 0.92, ©
and 1.00, respectively. The wavelength of the incident laser is 800.0 F
nm (laser frequencyw=1.55eV). The solid line in the figure is 10'%4 E
compared with those calculated by Gebal. [53] and by DeWitt : i . ] ; i i ]
et al. [55]. 0.2 0.4 06 0.8 1.0

there will be a case where the indirect tunneling ionization . . S

process through an excited intermediate stegsonant tun-  FIG. 4. Optical absorption rat/,_¢(«), ionization rate of the

neling ionization may be more effective thator at least intermediatee statew,, indirect photoionization ratevg;, and di-

comparable tpthe direct tunneling ionization. In Fig. 4, we rect photoionization ratev,. The calcula_tion is performed using

investigate the laser intensity and frequency regions wherE9S:(4-2 and(4.3. The energy gapsye, in Eq. (4.3) are 1.0 eV

this is the case. and 0.5 eV for(a) and (b), _res_pec_tlvely. The_ laser intensity is 3
For estimation, we shall consider the indirect tunneling><1014 Wien? for (b). The ionization potential from the ground

L Lo state to the ionization threshold is 13.6 eV. The indirect ionization
ionization from the groundy state to the ionization con- ratew, in Eq. (4.2) is estimated by using E42.17) with Eq. (B6)
tinuum via the intermediate staée In this case, the indirect © g% y 9 ) 9 )

C L _ . The magnitudes of the transition dipole momégg are set to be
tunneling ionization ratevs; can be estimated from 1.0 a.u. and 0.2 a.u. fdg) and (b), respectively. The direction of
W, o) the transition dipole moment is assumed to be along the laser po-
Wgi= g We, (4.2 larization. The dephasing constants of thetate,y.4, are 4 times
Wgﬁe(w) + yet We

and 0.1 times ofw.q for (a) and (b), respectively. The relaxation
decay rate of thee state corresponds to 100 p®) shows laser
intensity dependence of the transition rates for the fixed photon
frequencyw resonant with the energy gagp,q (1.0 V). (b) shows
laser frequency dependence of the transition rates for the fixed laser
intensity (3x 10* W/cn?).

wherew,, Wy_,¢(w), andy, denote the tunneling ionization
rate for thee state, optical absorption rate fgr—e, and the
relaxation decay rate of theestate, respectively. Notice that

7eg|deg' F|2
|(deefdgg)'F|2_ i 2
Weg 4;12(0eg @ Yeg sume that the permanent dipole moments can be neglected:

(4.3 dee=dyg=0. In addition, we have used E¢B6) in order to
R calculatew, and wy: we assume the tunneling ionization
where y4 represents the dephasing constant, dpgdand process of hydrogen atoms.

599 denote the permanent dipole moments. Now, let us concentrate on Fig(a}. From Eq.(4.2), it is
Figure 4 demonstrates laser intensity dependence axpected that for the first absorption resonamegwould be
Wy_e(®), We, Wi, and direct tunneling ionization rate, negligibly small until a certain intensity of laser power is
for the fixed photon frequency resonant with the energy reached so that, andW,_,¢(w) are comparabléat the field
gap weq [1.0 eV for Fig. 4a)]. Here for simplicity, we as- intensity 5X 10 W/cn?). In the case of Fig. @), Wy_e(w)

1
Wy_e(w)= 272 2 :
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is large due to the resonance transition betwgeand e V. CONCLUDING REMARKS
states, whilew, is much smaller due to the small tunneling

probazblhty in the low laser intensity range <G  {he derivation of photoionization rate of hydrogenlike atoms
X 10 W/en) and slightly larger thamv, due to the larger proposed by Keldysh. We have performed the contour inte-
tunneling probability. Thereforeys; andw, are comparable gration of Eq.(2.11) in a different way from Keldysh or
in the low-intensity regime. Beyond this limitaround 5 many other author§29,45,57. In most of the cases, the
X 10" Wicn?), wg; behaves likeW, . o(w) which is much  saddle-point method has been used, while we adopted the
smaller tharw, andwy; the indirect tunneling ionization is residue theorem for the contour integration. In addition, we
less effective than the direct tunneling ionization. In thishave taken into account thiedependence of the preexponen-
high-intensity range, the potential barrier is highly transpardial factor in Eq.(2.15. Our formulas are more accurate than
ent, which leads to indistinguishably high ionization prob-those derived by Keldysh's theory. Numerical calculations
ability for the g ande states(note that the energy gap. is have shown that the photoionization rate for the hydrogen
quite small. Thus, we have found that the indirect tunneling @toms should be more enhanced than Keldysh's, which is in
ionization is more effective than the direct tunneling ioniza-accord with the experimental resuf].
tion in the low laser intensity region. Based on our denvatlonal_ mgth(_)d, we have extended the
Figure 4b) demonstrates that if the photon frequeneis Keldysh _theory to the_phot0|on|zat|0n processes Qf th_e ran-
in resonance with the intermediate bound std& eV), domly oriented diatomic molecules;NThe phot0|on!zat|on
W,_o(w) is quite large, andv, andw, are smaller due to rates calculated .by our formula for the r_andomly ongnt@d N
the fact that the potential barrier is not transparent enoug olecules were in a good agreement with those estimated by

for the electron to penetrate through it. Therefore, the reso- e ADK formula[21]

nant ionization raten.. behaves likew. and is more en- As was mentioned in Introduction, because of the long-
st € -, range Coulomb potential between the remaining ionic core
hanced than the direct ionization ratg. In addition, we can

. and the ionizing electron for neutral atoms, and positive ions
see that when the photon frequeneyis smaller or larger 5,4 molecules, it is questionable to apply Keldysh's assump-
than the energy gap.4 (0.5 V), wg; behaves likeV,_,o(w)

. ) tion to such systems. In the Keldysh theory, in the exact
due to the fact that in the off-resonance cag .(w) is  expression for the amplitude of the wave function of the
much smaller thamv, . continuum state,

In the present paper, we have generalized and improved

(T —(LH)E,T N = > P d°p’ 7 7 7
o= | dtcoswtie M =usr.0ld Flug) - 1 [ at| o5 bs o O0r0IUO U (7.0), - 6.1

the second term of the right-hand side was totally neglectedhe power series op up to second order inclusively. This
In order to incorporate the effect of Coulomb potential, wemeans that the kinetic momentum of the ionizing electron is
could use Eq(2.2) and substitute;(t) into the second term assumed to be low.

on the right-hand side of Eq5.1). In spite of the approxi- Using the following expression fang obtained from Eqg.
mation adopted by Keldysh, that is, the replacement of th€2.9):

final ionized state by the Volkov functiofEq. (2.4)], it is

expected that we can obtain accurate analytical photoioniza- ) p ip?sir? 6

tion rate expressions up to second order including the effect Us=7y| 1 — WCOS‘“ WJF"' , (A
of Coulomb potential. This idea has been pointed out by 0

others[23,24,58, but analytical or qualitative formulas have it js easy to show that

not yet been obtained. The work in this direction is now

under way. =i st Y 1++9°| eFcos#
j(ug) =il o[ sinh™=y 14277 Mo
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(A2)
APPENDIX A: COMPACT FORMS OF L(p) where
DEFINED BY EQ. (2.1H
To facilitate the integration with respect foin w, of Eq. wy2ml

. 0
(2.7), we shall expand the functions included in E2.15 in YT TeF (Keldysh parametr (A3)

033401-9



MISHIMA, HAYASHI, Y1, LIN, SELZLE, AND SCHLAG

and
p-F=pF cosé. (A4)
Similarly, from Eq.(2.16), we find
L p?sir? 0 A
COSHPF + W ( )
From Eq.(Al), we obtain
A
i y°p cosd
Vi—02= 1+ Y% 1+ ————
s Y V2mig(1+ 9?)
2p?(1—-2 cog 6+ y?sir? 6
p( 4 ) (A6)

4mlg(1+y%)?

Using the Taylor expansion of e{ijp)} for an arbitrary
function f(p) aroundp=0,
exp{f(p)}=exp{f(0)}+f'(0)exp{f(0)}p

f7(0)+f'(0)?

F— el (0% (A7)

we find

2 .
p? sir? 0) (A8)

COSH,-=€ex
PF p<4m|O

and

i v2p cosé

[1— 2__ 1 2
Us T eXp{ 2mlg(1+92)

Y?p?(1+ y?*—2 cog 0)]

Amlg(1+y?)? (A9)

Inserting Eqs(A2), (A8), and(A9) into Eq. (2.15 yields

dhwlyyma
L(p)= ——=—=exd A+iB(6)p+C(6)p?],
(P) eFVIi ] (6)p+C(6)p7]
(A10)
where
To  ,  wi+y?
AZ—% sinh 7_1+—2y2 ) (All)
eFcos¢ cosa yzcosa
B = \/1 - )
(6= ) V2mig(1+42)
(A12)

and

PHYSICAL REVIEW A 66, 033401 (2002

1 1+2y% Y*+4y°+1
C(a)_4m|0[_ 1492 T (11922 cos’ 6
1 - ycog 0 (AL3)
— —— 1 SIn - .

The above procedure can be easily extended to the four cases
of Egs.(B3)—(B6) in Appendix B.

APPENDIX B: DEFINITION OF N(y,®,14,1¢,B,C)
IN EQS. (2.17 AND (3.13

As shown in the text, we have taken into account phe
dependence of the preexponential factors in E217),
which was disregarded in R€f18]. In order to examine the
influence of thep dependence on the photoionization rate,
we show some formulas depending on various treatments of
the preexponential factors.

The preexponential factoN(y,w,lo,14,B,C) in Eq.
(2.17 is given by

N('y,(l)o,lo,To,B,C)

I
Cllls
HMS
r—-D—|
I
/’Q
&'ol
+
|_\
T——
|
;~|Oz

. Y
+n|{sinhty— +C
{ ’ \/1+72
~ ~ 1/2
2')/ IO Io
X0 _1+728(<%+1>—h—+n ] 1,

(B1)

where the symbo{x) denotes the integer part of the number
X, ®(x) is the Dawson’s integral,

X
O (x)=exp —x%) f exply?)dy (B2)
0
Let us now consider the four case§) /1— u2 and
cos6,e depend orp, (i) V1-— u2 depends onp and coge
=1, (iii) y1— 2—\/1+ ¥? and cog),r depends orp, and
(iv) cosfpe=1 and1— 2— JV1+ 92 It follows that

] ﬁw(y4+4y2+1) ﬁwyz(yz—l)
R T e LT e
(B3)

B_1 hoy d C_ﬁwy( —-1)

(0 B=l+{ i pm and C= 5 a7
(B4)

foyl+y?
(i) B=1+ " and c=0, (B5)
2'0’)/

(iv) B=1 and C=0. (B6)
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In the cas€iv), our formula is four times larger than that of ~ The numerical results estimated by E®.17) for the
Keldysh for the atomic system. This discrepancy stems fronabove four cases and that by E§.13 for the casgiv) are

the different methods for the contour integration in Eqg.compared and discussed in Fig. 1 and Fig. 3 of Sec. IV,
(2.11. respectively.
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