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Theory of molecular tunneling ionization
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We have extended the tunneling ionization model of Ammosov-Delone-KraiaBK) for atoms to di-
atomic molecules by considering the symmetry property and the asymptotic behavior of the molecular elec-
tronic wave function. The structure parameters of several molecules needed for calculating the ionization rates
using this molecular ADK model have been obtained. The theory is applied to calculate the ratios of ionization
signals for diatomic molecules with their companion atoms that have nearly identical binding energies. The
origin of ionization suppression for some molecules has been identified. The predicted ratios for pairs with
suppression (BXAr, O,:Xe) and pairs without suppression {Mr, CO:Kr) are in good agreement with the
measurements. However, the theory predicts suppression fAr,Fwhich is in disagreement with the experi-
ment. The ionization signals of NO, Sand of SO have also been derived from the experimental data, and the
results are also shown to be in agreement with the prediction of the present molecular ADK theory.
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[. INTRODUCTION little light so far on the general issues of ionization suppres-
sion for molecules.

The ionization of an atom in an intense laser field has When considering the ionization of molecules versus at-
been investigated extensively in the last decades, both theoms, effects due to the additional degrees of freedom in mol-
retically and experimentally. While direct solution of the ecules should be evaluated. To begin with, the electronic
Schralinger equation in a time-dependent laser field hagloud of an atom is spherically symmetric while for mol-
been widely used by theorists, simpler models are often prefecules it is not. The ionization rate of molecules can further
erable to experimentansts_ One of the Common|y used mocpe affected by the rotational and vibrational motion. While
els for calculating the ionization rate is the so-called ADK the exponential growth of ionization rates with field strength

(Ammosov-Delone-Krainovmodel[1]. This model is based _bef_ore_ reaching _saturation is det_ermingd primarily by the
on the ionization rate of a hydrogenlike atom in a static!onization potential, the absolute ionization rates are deter-

| mined by other properties of atoms and molecules. Thus in
many-electron atoms. A key element of the ADK theory isstudymg the ionization suppression O.f molecules, it is pref-
erable to compare the ratio of ionization rates of molecules

that the ionization rate depends critically on the |on|zat|on\?,i,[h respect to their companion atoms that have nearly iden-

pot_entl_al of the atom. Subsequent expe_nment_al studies Flcal binding energies. This is true also for experiments. As
ionization o_f molecules have found_ that |on|zat|qn rates for ointed out by DeWittet al. [5] it is important to measure
molecules, in general, are very similar to atoms if they hav&, i, ation signals of the companion atoms and molecules at
nearly identical binding energies. Further investigations have,s same time to reduce errors from variations of laser pulses
found exceptiond2-6]. These latter experiments showed i, gifferent shots.
that ionization is strongly suppressed fos &nd G, in com- Since the observation of ionization suppression of some
parison with their companion atoms Ar and Xe, but ioniza-molecules, different theoretical interpretations have been
tion for N, and R, are comparable to their companion Ar proposed. To explain the ionization suppression of iB
atom under the same laser pulses. Whileinitio calcula-  comparison to Ar(ionization energies of 15.4 eV and 15.8
tions for the ionization rates of atoms are readily available, atV, respectively, Talebpouret al. [3] attributed the suppres-
least within the single-electron approximation, this is not thesion to the alignment of molecules. Such a claim is not sup-
case for molecules. Based on the Kf&t Keldysh-Faisal- ported by other studiegl0]. For the simple B molecular
Reiss model [7], the ionization rates for molecules have ions, quantum calculatiofi1] has shown that tunneling ion-
been calculated8] in terms of ionization rates of atoms ization rate does not depend strongly on the alignment of
modified by the interference from the atomic centers. Fomolecules. Saenfl0] has considered the possible effect on
ionization from an antibonding valence orbital, the interfer-ionization suppression from the vibrational motion of mol-
ence is destructive and thus ionization is suppressed. Facules, but the effect was found to be too small. To explain
ionization from molecules in a bonding orbital, no suppres-the ionization suppression of,n comparison to Xgion-
sion was expected. The ionization of molecules includingzation energies at 12.06 and 12.13 eV, respectjyeBuo
many-electron effect has been studied based on the tim¢12] argued for a larger “effective” ionization potential for
dependent density-functional theory by Chu and co-worker®,, invoking that the open-shell nature of this molecule
[9], but the complicated nature of these calculations shed&ould result in the valence electron experiences a larger ef-
fective charge and a larger effective ionization potential
(16.9 e\). The proposed larger ionization potential cannot be
*Email address: xmtong@phys.ksu.edu obtained theoretically, nor empirically from other experi-

electric field, with modifications introduced for the rea
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ments. An alternative explanation of the suppression jn Oshowed that they are in agreement with the prediction of the
was the interference model of Muth-Bohet al. [8]. They  Present MO-ADK theory. _ _

used the Keldysh model for ionization where the initial mo-  In Sec. Il, the molecular ADK theory is derived and some
lecular wave function is expressed as linear combination oparameters needed for calculating MO-ADK rates are tabu-
atomic wave functions at the two centers. Using this ap_lated. With these tabulated parameters for each molecule, the
ionization rate for any laser pulses can be calculated with the
tive interference of ionization from the two centers. Theysame ease as the trad|t|ongl ADK theory for atoms. The com-
were able to use this model also to explain the differenfrison with other calculations and the factors that affect the

ejected electron spectra between Xe ang [@3]. This ionization signals are discussed in Sec. Ill. We then apply the

. . . - . MO-ADK theory to obtain ionization rates for diatomic mol-
model, while being successiul in explaining the SUPPTESSIOR 65 that have been measured. The results are presented
of O,, fails to explain the suppression of,DThe model

i SH R - and discussed in Sec. IV. The final section gives a summary
would also predict suppression ip,Fout experimental result 54 future outlook.

[5] shows no suppression in.F

As indicated earlier, a fulab initio theory for calculating
the ionization of a molecule in a laser field is still not pos-
sible in the foreseeable future. In order to obtain a simple
theory for calculating the ionization of molecules, we exam- The ADK theory for ionization of atoms in a laser field is
ined the basic models of the ADK theory for atoms and in-based on the tunneling of an electron through the suppressed
troduce modifications to develop a molecular ADK theory potential barrier of the combined atomic field and the exter-
(MO-ADK), which can be used to calculate the ionization nal electric field. For a static electric field and for a hydro-
rate of molecules in a laser field. A simpler version of thisgenic atom the tunneling rate can be calculated analytically.
model has been used earlier to explain the ionization supln® ADK theory is obtained by modifying the analytical
pression of @ and the lack of suppression for,NThe formula by considering nonhydrogenic atoms. The chief

theory has been used to calculate the saturation intensity @I;“t%ng th?m IS t?e Imotdlﬂca_\tlotr;] of the rafh?I wave funcrt]lon
these molecules. In conjunction with the Lewenstein mode € outermost electron in the asymptotic region where
[14], it was used to predict the high harmonic generation unneling oceurs. To ob_taln tgnnellng lonization rates for
from molecules. With this theory, it is straightforward to pre- molecules, similar considerations on the electronic wave
dict that ionization suppression would result in an extensio unctions in the asymptotic region have to be considered.

; - - . The ADK model for atoms was derived for an electronic
Oof t[hfSJh'gh harmonic cutoff, as observed experimentally Instate that initially has a well-defined spherical harmonics. To
2 .

The purpose of the present pape i to provie a morEIOY AnaYIca exressions for e foization raes for
complete description of the molecular ADK theory. It is ’ P

based on the assumptions of the ADK model for tunnelindsunCtionS in the asymptotic region in terms of summations of

onization of atoms{1,16,17, but suitably modified to ac- PRl FATIOREE 08 GIECon e BRaTRON,
count for the difference in the electronic wave functions in ' ymp

atoms and molecules. Within this model, we investigate thé/alence electron in a diatomic molecule at large distances

effect of the alignment of molecules with respect to laselca P€ expressed datomic unitsm=f=e=1 are used
polarization. We also investigate the possible influence of théholjght the paper unless otherwise indicated
vibrational motion of molecules. The MO-ADK theory does

not account for the many-electron effect, including the W)=, CF(1)Ym(r), ()]
change of screening such as those discussed in the density- !

functional approach of Tong and CHd8,19. The theory . _ _
also does not extend to regions where tunneling ionization i ith m be!ng the magngnc quantum. f?“mb.ef along the mo-
not the dominant ionization mechanism. In order to test th ecular axis. We nor'mall|ze the coefﬂmeﬁt In .SUCh a way
validity of the MO-ADK theory, we compare the calculated that the wave function in the asymptotic region can be ex-
ionization signals for all the diatomic molecules that havepressed as
been determined experimentally that we are aware of. The

possible effects due to the temporal and spatial profiles of the

laser pulses are also considered in order to make a valig. : : A
comparison with experiments. Our predicted ratios of ioniza-\sé”th Zc being the effective Coulomb charge:= y2l,, and

. . ’ i ] ] . I, being the ionization potential for the given valence orbital.

o oes e Somes ec dsLee, e 5 tal he moecr s slgned slong e
: . ' external field direction. The valence electron will be ionized

agreement does occur fop fAr. According to the pres_ent along the field direction ab~0. The leading term of the

MO'AD.K mod_el, we would expect a suppression fof iR spherical harmonic along this direction is

comparison with Ar. However, experimdri] shows no sup-

pression. For other molecules, such ag, RO, and SO,

proach they attributed the suppression if tO the destruc-

II. THE MOLECULAR ADK TUNNELING
IONIZATION THEORY

Fi(r—oo)~re/<lg=xr, 2

h > ) . 1 eim¢
there are no convenient atoms for comparison. We derived Yim(N=Q(I,m) ——— sin™g—, €)
“experimental” ionization signals from existing data and 2|m||m|! N2
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TABLE |. The ionization energy, equilibrium distance, and the  TABLE Il. The C, coefficients for rare-gas atoms. Note that the

C, coefficients for diatomic molecules. coefficients predicted by the ADK model are also presented.
C He (1s) Ne (2p) Ar(3p) Kr(4p) Xe (5p)
[ R@A) 1=0 1=2 1=4
p (V) @ I, (eV) 23.59 21.56 15.76 14.00 12.13
H2+ (og) 29.99 1.058 437 0.05 0.00 C 3.13 2.10 2.44 2.49 2.57
D, (o) 15.47 0.742 251 0.06 0.00 C,(ADK) 2.67 2.52 2.19 2.04 1.86
N, (o) 1558 1.098 2.02 0.78 0.04
O, (g) 12.03  1.208 0.62 0.03
Fyp (1) 1570  1.412 1.17 0.13 B2(m’) 1
S, (mg) 9.36  1.889 0.81 0.07 Weial F,R) = >
_ B _ _ statl’ 2l I/ 1 j2Ze/x—1
I,y RMA) 1=0 I=1 =2 =3 m 2™ m’|l &
CO (o) 1401 1128 143 0.76 0.28 0.02 0,3\ 2Zo k=l |-1
NO (1) 9.26  1.151 0.22 041 0.01 » _) o 2K%03F 9
SO (m) 10.29  1.481 041 —-0.31 0.01 F
with The ionization rate in a low frequency ac field is given by
| " (214+1)(I+|m]|)! @
,m)=(— —_—
Ql.m=(-1) 20— [m))! 3F | *
W(F,R)=| —5| Wsta(F.R). (10
The wave function in the tunneling region can be written as TK
~ N Zolk—1a— . .
\Ifm(r)—El CiYim(r)roei= e whereF is the peak field strength.
In the present work, we calculate the coefficie@isfor
sinmg emé molecules by the multiple-scattering metH@®0—22. In this
:E C,Q(l ,m)rzc”‘*le*‘“TI \/: method, the effective potential for the molecule is approxi-
! 2M|m[t 27 mated as follows(1) a central potential within each atomic

sphere;(2) a central potential with the appropriate Coulom-

sin™g em? . : A _
(5)  bic tail outside a sphere that inscribes the atomic spheres;

:B(m)rzclkflefxr - e—,
2Mm|t 2w and (3) a constant potential in the interstitial region. The
_ potential and the wave function can be obtained self-
with consistently for a fixed internuclear distance and electronic
configuration. The calculated wave function for the valence
B(m):El C,Q(l,m). (6)  electron is then fitted in the outside region to obtain the

coefficients listed in Table I. One can obtain the parameters
. ] ) by fitting the valence electron wave function calculated by
Following the same procedure used in Rdf6], we obtain  gther methods as well.

the tunneling ionization rate in a static field as For atoms, we did not use the coefficie@t from the
B? 1 0,3\ 2Ze/k—Iml-1 ADK [1]. model. We use the actual value calculated based on

Wil F,0) = (m) ( oK o 2r%13F the self-interaction free density-functional the¢®g] for at-
stattt 2 m1 k2Ze/x=1\ F ' oms. There are slight differences between the calculated co-

(7) efficients and those from the ADK model, both are listed in
Table Il for comparison. Note that our definition of the ADK
Note that in Eq/(7) we have corrected the error in the coef- coefficients is somewhat different. With the coefficieflts
ficients in Ref.[16]. If there is only one partial wave EQ.  obtained, which are the property of the ground state, we can
(7) returns to the atomic, case as shown in R&T]. study molecular tunneling ionization for aligned as well as

If the molecular axis is not aligned along the field direc- randomly distributed molecules. Note that the present theory
tion, but at an arbitrary angl® with respect to the field can be easily extended to more complex polyatomic mol-
direction, theB(m) in Eq. (7) is expressed as ecules.

Since we will focus on the comparison of single ioniza-
tion of a diatomic molecule with its companion atom that has
a similar ionization potential, we will investigate what fac-
tors affect the calculated ratio within the MO-ADK model.
with D'm,ym(R) being the rotation matrix an® the Euler  Suppose the molecule and atom have ionization potentjals
angles between the molecular axis and the field directionandl,, respectively, the ratio of the ionization rate from Eq.
The static field ionization rate is (10) for the molecule vs the atom is

B(m') =2 CiDyy (RIQU,M), 8)
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TABLE Ill. Ratios of single-ionization rate$Egs. (12), (13),
and (14)] for each diatomic molecule with its companion atom at
the laser intensity of 18 W/cn? for the upper group and of 2
X 10 W/cn? for the lower group. See Eqél2), (13), and(14) for
the definitions ofA’s and Eq.(11) for R.

3
P i
A, A, As R S
| =10" W/cn? ]
D,:Ar 0.31 0.88 0.42 0.14 T
0O,:Xe 0.38 0.03 0.74 0.01 .
N, :Ar 0.84 1.04 1.31 1.15 - 1
F,:Ar 3.96 0.02 1.09 0.09 F(a.u.)
gZOXKer 833 (1)2(1) 2992 gfé . FIG. 1. Ionizat.ion rates. of Hin a static field at the equilibrium
distance. The solid curve is from the quantum result calculated us-
SO:Xe 0.11 0.07 9.92 0.08 ing the complex rotation methd@].
NO:Xe 0.13 0.12 33.0 0.51
| =2% 10" Wicn?

ecules, the values in Table Il are the average values for
$,:Xe 0.97 0.06 1946 90.5 molecules aligned along the field in both directions. We will

SO:Xe 0.11 0.04 1690 7.44 come back to these numbers when specific pairs are com-
NO:Xe 0.13 0.07 2485 22.6 pared later.
lll. THE VALIDITY OF THE MO-ADK THEORY AND
R= Wol(F) OTHER FACTORS AFFECTING THE IONIZATION
Wm(F) OF MOLECULES
Bzmol(m) ngc/Kﬁ 172 ZKE 271Ky —|m| A. Comparison of MO-ADK tunneling_rate with other ab inito
= o 5 oz | guantum calculations
2IMIm[1Bg(0) k77"

The present MO-ADK ionization rate is an approximate

E | %%k s s tunneling ionization rate of a multielectron molecule at a
X ( _) @ 2(xky— k3)I3F (11 fixed internuclear separation. While a full quantum theory of
single ionization of a multielectron molecule has been for-
L ) . mulated within the time-dependent density-functional theory
We have sem=0 for the ionization of atoms since higher 1,y chy and co-worker@4], such calculations are difficult to
values ofm contribute little. For molecules, we considered carry out and only few results have been reported. The key
the m (taken to be positive onjyof the valence electron ihgredient of the present MO-ADK model is the ionization
v_vhen the molepular axis is aligned v_wth the laser field direcyate of molecules in a static fie[€q. (7)]. Thus our first test
tion. For o orb|tals,m=Q; for 7 orbital, m=1. From Eq.  of the MO-ADK theory is to compare with the quantum
(11), we see that the ratio depends on calculations for a one-electronjHon in a static field.

3
2K2

B2 (m) We calculated the ionization rate of;Hoy the complex
1:L, (12)  rotation method in prolate spheroidal coordinates in a similar
2Imm|1B2,,.(0) procedure used by Chu and co-workg®$ The MO-ADK

rate is calculated by Eq7) with the H, parameters listed in
Table I. Figure 1 shows the ionization rates calculated by two
327, 271 methods. In the lower-field region, the two results are in
2k c/rg—Im| = c/K2 .
<Ky o (13) good agreement. The discrepancy starts ffom0.2 a.u. or
F 2x3 ’ I>10" W/cn?. Beyond this field, the MO-ADK rate is
larger than the value predicted by the quantum calculation
which depends on the ionization potential and on the fieldndicating that in the overbarrier regime the tunneling model

which depends only on the ground-state wave functions;

2

271 kp+ 112

Koo K2

A= 27Tk  + 112
Ky

strength in a power-law relation; and is no longer valid. On the other hand, this comparison shows
that the present MO-ADK model works well in its region of
Ag=e 2RI, (14)  validity.

In a recent paper, Saef25] calculated the ionization rate
which depends on the ionization potential and on the fieldbf neutral H molecule in a static electric field where the
strength in an exponential relation. molecular axis is aligned with the direction of the electric

Table 11l showsA;,A,,A;, andR for each pair at a laser field. The calculation was performed including the correla-
intensity of 13* W/cm?. For molecules with lower ioniza- tion of the two electrons. We convert his calculated static rate
tion energies, the parameters were calculated at a lower irie an ac rate using Eq10). In Fig. 2, we show that the
tensity of 2x 10" W/cn?. For heteronulcear diatomic mol- MO-ADK rate for H, obtained from the present model is in
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FIG. 2. lonization rate of Hin an intense laser field at the ( )
equilibrium distance. The circles are from thk initio calculations FIG. 3. Ratios of ionization rates for molecules aligned along
by SaenZ25]. the laser field direction over the randomly distributed ones. The

) ) solid line is for N, and the dashed line is for,0
good agreement with the full quantum calculations of Saenz

[25]. The discrepancy appears in the higher laser intensity C. lonization rate, probability, and signal
region only. So far we have compared the MO-ADK rate
with the ionization rate of Bl and H, in a static field. The

comparison shows that the present MO-ADK model work

In a pulsed laser field, the ionization rate depends on the
Speak field strength and laser’s temporal and spatial profiles.
It also depends on the molecular alignment, and most impor-

in the tunneling region. ST . o T
. tantly the ionization energy. Since ionization is fast com-
We note that Chu and co-workejig] have studied the f' pared to the vibrational period, the ionization energy is taken

ionization in intense laser field by_ the Floquet met_hod. Un+5 be the vertical ionization energy, which is a function of

fortunately, there are no data.avanable for comparison frorTi'nternuclear separation. To compare theoretical calculations

that work at the equilibrium distance. with experimental ionization signals, all of these factors have
to be included. For concreteness the electric field is taken to

B. Alignment effect on the ionization of molecules be that of a Gaussian beam. The electric field has the form
It is well known that diatomic molecules can be aligned
i i i i i i - I:OWO _ 21\\2 _ 2,2
by linearly polarized lasers at low intensitpefore ioniza F(t,r,2)= ———e 2N2ri W2 g-2In2t%r
tion), if the pulse length is long enouglsay over tens or W(z)

hundreds of picoseconds-or short intense lasers it becomes . ]
more difficult to entangle the effect of alignment and theWith W(z) =W, 1+2%zg, whereW, is the size of the focal
ionization of molecules separately. Within the MO-ADK SPot,zg= W)/ is the Rayleigh range, an is the laser
theory the ionization rate for molecules oriented in differentwavelength. Herer is the pulse length at full width at half
directions in space can be obtained from the ionization rat&aximum(FWHM) andF, is the laser field peak strength. If
of molecules lined along the field direction through a rotationthe molecule is aligned along directidR, the ionization
matrix, as explained in Sec. Il. It is often assumed that ion{robability is expressed as
ization rate would be largest when the molecular axis is lined
up with the field direction. This is actually not correct. The
ionization rate is largest when thiitial electronic cloudis T ith . i dt lculate the ion-
aligned with the field direction. Not all diatomic molecules . 0 compare with experiment, we need to calculate the ion
have their valence electronic orbitals lined along the molecu'—Zatlon signal as
lar axis. For am electron, for example, it is preferentially
aligned in a direction perpendicular to the molecular axis. SO(R)ocf P(F,R)2xrdrdz (16
To illustrate this effect, in Fig. 3 we show the ratios of

single-ionization rates for Nand Q molecules aligned for molecules that are aligned in a direction defined by the
along the field direction over the rates when they are rangjer angleRR. The integration in Eq(16) can be performed
domly oriented. Clearly we see that the ionization rate isyy an equi-intensity surfade6]. This will reduce the two-
enhanced for an aligned,iince its valence electron is®  gimensional integration to a one-dimensional integration. If

orbital, while for G, it is reduced since its valence electron is the molecules are randomly distributed, the ionization signal
a orbital. When we say molecules is aligned in a direction,js calculated as

we align the molecular axis. The tunneling ionization de-

pends on the electron density. Thus for @hen the molecu-

lar axis is aligned in the field direction, the electronic cloud Slo‘f So(R)dR. (17)

of the valence electron is not. Electrons that are mostly per-

pendicular to the field direction are difficult to ionize, thus Figure 4 shows the ratio of single-ionization rates, probabili-
the ionization is suppressed. It is a simple geometric effectties, and signals from Eg&10), (15), and(17) for D,:Ar for

P(F,R)=1—el JW(F.R)d], (15
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FIG. 4. Ratios of single-ionization rates, probabilities, and sig- FIG. 5. Potential curves of Dand DE’ calculated from the

nals for D,:Ar. Hartree-Fock method. The dotted line shows the vertical ionization
energy as a function of the internuclear distance. The dashed curve

randomly distributed Bin a 25-fs pulsed laser. Clearly the shows the ground-state vibration density.
ratios are close to each other before the field reaches the . L
saturation intensityat | = 3 104 W/cn#?). Around the satu- |on|za§|0n potentials excep'_t f_or the last Fhree. The ionization
ration intensity, the ratio of probabilities increases dramati-Potentials and all the coefficients used in the MO-ADK cal-
cally and reaches the saturation value 1.0, while ratio of sigculations are listed in Tables | and II.
nals lies in between. Therefore, if the ionization probability N our present calculation, we treat all the molecules to be
is very small, the ionization signal is proportional to the in-randomly oriented. For the short pulses considered in this
tegration of the ionization rate over the time and space aBaper, simple estimate based on the static dipole polarizabil-
used in Ref[27]. At the higher intensity, it is the ionization ity of the molecules indicates that alignment would occur at

signal defined in Eq(17) that corresponds to the experimen- @ time scale longer than a few hundred femtoseconds. Nev-
tal measurements. ertheless, the effect of alignment is to introduce a factor of 2

or 3 in the ionization rate. From the example in Fig. 3, the
ionization rates for aligned molecules will increase if the
tunneling is from then=0 molecular orbitals, and decrease
In experiments with short pulse lasers, i.e., for pulses oft it is from the m=1 molecular orbitals.
length of tens or hundreds of femtoseconds, the electronic
transition occurs in a short time scale compared to the mo- A. D,:Ar
lecular vibration period, thus one should use the vertical ion- o ] ) )
ization potential in the molecular tunneling model. If the  The ionization suppression of,0n comparison with Ar,
vertical ionization potential changes significantly over thewhich has a similar ionization potential, was first observed in
vibrational amplitude, then we need to fold the ionizationthe experiment by Talebpot al. [3]. They interpreted the
signal over the vibrational distribution as suppression as due to the random distribution of molecules
with respect to the field direction. When the molecule is not
2 lined up in the direction of the laser field, they derived an
SZ“J S1(R)x,(R)dR, (18) effective charge and a suppressed potential, and then used
the ADK theory to calculate the ionization rate. The suppres-
wherey is the vibrational wave function. Figure 5 shows the sion derived using their model is too large. The suppression
potential curves for D and D, calculated from the Hartree- for this system has also been investigated by Sagfgby
Fock method28]. The vertical ionization potential as a func- considering the effect of vibrational motion of the molecule.
tion of nuclear separation is shown. For the vibrationalAlthough there was a suppression, the reduction was too
ground-state wave function, we use the harmonic-oscillatosmall. In Fig. 6, we present the,DAr single-ionization ratio
wave function where the vibrational frequency has been obvs the peak intensity of the laser, and compare the results
tained from Raman spectf&9]. With the folding process, Wwith the measurement of Welk al.[6]. Their data are con-
Eq. (18), we also investigated the effect of vibrational distri- Sistent with the earlier measurements of Talebpeial. [3].

D. Effect of vibrational motion

bution on the MO-ADK rate. It is clear that our calculations are in quite reasonable agree-
ment with the data for intensity below 3210 W/cn?.
IV. RESULTS AND DISCUSSION There are significant differences at the higher intensity which

will be explained later. Note that the ionization potential we
Based on the present MO-ADK model, we have calcu-used here is the vertical transition energy, which is about
lated the ionization ratios for homonuclear diatomic mol-0.88 eV larger than the value listed in Table I.
ecules with their companion atoms, IAr, N,:Ar, O,:Xe, In calculating the ionization ratio, we have included the
and R:Ar; and heteronuclear diatomic molecules CO:Kr, spatial distribution of the laser intensity. The molecules are
NO:Xe, SO:Xe, and SXe. Each pair have nearly identical assumed to be randomly oriented. The possible effect due to
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12 ¢ explained by two earlier theoretical models. Mauth-Bohm
et al. [8] attributed the suppression in,@o destructive in-
10 F terference from the two atomic centers since the valence or-
08 bital in O, is aw orbital. In another model, Gud 2] argued
« F that the valence electron in,Obecause it is in an open shell,
5 06 results in a larger effective charge and a larger effective bind-
+DN ing energy, thus the ionization is suppressed. However, such
0.4 E an interpretation is not supported by calculations from the
electronic structure of the Omolecule, nor from other ex-
02 f periments such as photoabsorption.
oo In an earlier papef15], we showed that the ionization

suppression of @can be interpreted within the framework of
the ADK model for atoms if one properly identifies the “cor-
rect” parameters in the ADK model when it is applied to

FIG. 6. Ratios of single-ionization signals of, DAr vs the peak ~ Molecules. It was noted that a two-centgy orbital is closer
intensity of the laser field. The experimental data are from Wellsto an atomic orbital wittm=1 andl=2, when the atomic
et al. [6]. orbital is referred to the center of the molecule. According to
this model, when @is aligned in the direction of the laser
field, the electron cloud is nearly perpendicular to the laser
field and thus the ionization rate is very small. This simple
observation explains the ionization suppression of O

In the present MO-ADK model the valence electron wave
function was calculated using the multiple-scattering theory.
The asymptotic wave function, which is the essential ingre-

According to the ADK theory, tunneling ionization rate is . : ;
determined much by the suppressed barrier that occurs atdéent for the ADK model, indeed has the domlnqmcll and
| =2 character, as seen from Table I. The contributions from

large distance from the atom. While the binding energy de- therl’ it I A the th factors that
termines the tunneling probability each time the electrorP €S are quite smail. Among the three factors that con-
g)ute to the ionization ratio, the suppression comes from

reaches the barrier, the frequency that an electron reaches ¢ o X
barrier is determined by the wave function in this asymptoticAZ' as seen fro_m Table I”.' Note ‘h"?“. the ionization pptentlal
region. Equatior{11) expresses the ratio of ionization rate in we used here is the vertical tr_ansm_on energy that is about
terms of the product of three terms. Fos:Br, A; would be 0.33 eV larger than the value listed in Table | fo5.0

1.0 if the ionization energies were exactly identical. The Based on the rates calcu!ated .fr°!“ the prgsent MO-ADK
small energy difference give8;=0.42 at the intensity of model, we compare the ratio of ionization 5|gnal_oj G
10** Wicn?. The coefficientA,, which is significant only Xe. Clearly the results are in good agreement with the ex-
when them’s in the tunneling model for the molecule are not periments within the spread of the data.

zero, is essentially 1 for the present case. The “suppression”. We mention that our interpretation of ionization suppres-

comes from the factor8, andA,. TheA, is 0.31, owing to sion of G, is consistent with the interference model of Muth-
1 3 1 . ) . .
the smaller electronic charge density foy iD the asymptotic Bolhm et altﬁ'?cl)ﬂ\]/vhhleolr\l/lesthml?\,/ orl]<e tthle-r[gg]chararc]:ter_ 01:1 ttr;‘e
region. This effect cannot be derived directly from the origi—va ence orbital. Yvhile Muth-bohrat al. [o] emphasized he
nal ADK model for atoms without examining the electronic antibonding aspect and the destructive interference from the
wave function of a molecule two atomic centers, our MO-ADK model attributes the sup-
In Fig. 6, we notice that there is a large discrepancy beP €SSion to ther character of themr, orbital. Our model

tween the present MO-ADK theory and the experimentalreﬂeCtS the effect of electronic charge distribution with re-
data at higher intensity. From Welk al. [6], it is known spect to the laser field direction, and has nothing to do with

that D' formation becomes important for intensity above o gquantum interference. Further difference in actual calcula-
X 101 W/cn?. The experimental signal contains this infor- tions is that we used the ADK model for tunneling ionization

mation but this contribution is not accounted for in the and '.V'“th'B‘?h".‘et gl.used the KFR approximation for cal-
present theory. culating the |on|zat|_on rate. N o
We also emphasize that the origin of suppressionjnsO

different from that in D. Comparing @ with Xe within the
MO-ADK model, m=1 for O, but m=0 for Xe such that

The suppression of Oionization with respect to Xe has the ratio of the ionization rate has an additional factor
been reported by Talebpost al.[2] and by Gucet al.[30].  (F/2«%) [see Eq.(7)], which grows with the laser field
The O,:Xe ionization ratio has been measured by DeWittstrength. This explains the relatively rapid rise of the ratio
et al. [5] directly. While the ratio from DeWitet al. is in ~ shown in Fig. 7 with intensity. For ) as explained earlier,
general agreement with the ratio derived from the ionizatiorthe ionization suppression is due to the decrease of the
signals reported by Guet al, we mention that the former swave radial function in the asymptotic region, not because
can be up to a factor of 2 higher at lower fields. As discussedf the angular dependence of the wave function in the
in the Introduction, the ionization suppression ipl@as been asymptotic region as in £ Sincem=0 for both D, and Ar

| (W/em?)

the vibrational motion is includedthe S, curve, but the
effect is not large. In other words, the present MO-ADK
model is capable of explaining the suppression gfdhiza-
tion in comparison with Ar. However, what is the origin of
ionization suppression in 2

B. O,:Xe
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0.8 T domly oriented ensemble of Nmolecules and a Gaussian
07 E Sy - : laser pulse of duration 25 fs. The results are compared to the
Sz ratio measured directly by DeWigt al.[5], and to the ratios

06 F 200fs O o

derived from the ionization sighals measured by Gaal.
[30]. Clearly the two sets of experimental data differ by a
factor of 3—4. Our calculated results are closer to the data of
Guo et al. [30]. We emphasize that the calculations were
presented for randomly distributed, Molecules. From Fig.

3, the ionization rate for a randomly distributed N about a
factor of 3 smaller compared to the ionization rate for mol-
ecules aligned along the laser field direction.

Is the difference of a factor of 3—4 in the ratio reported by
DeWitt et al. and by Guoet al. bears any significancg®or
0,:Xe the difference is less than a factor oj Zhese two

FIG. 7. Ratios of single-ionization signals of Xe vs the peak ~ €Xperiments used different pulse lengths, the former used a
intensity of the laser field. The open circles are from the 200-fs100-fs pulse and the latter 30 fs. Could the difference in the
pulse of Ref[2] and the filled triangles are from the 30-fs pulse of ratio be due to the pulse length? From E#S), when the
Ref. [30]. ionization rate is small, the ratio of ionization probability
will not depend on the pulse length. Thus we could not at-
tribute the difference in the two experiments to the pulse
length. On the other hand, calculations of Muth-Boh&h
showed that the ratios for 30-fs pulse and 200-fs pulse are
different.

For molecules, there is another possibility that ionization

C. Na:Ar probability can depend on the pulse length. For a longer

We next discuss Nthat is known to have similar ioniza- PUISe, the molecule can be aligned before it is ionized. Using

tion rate as Ar. The valence electron of Also occupies a, a simple model based on the static dipole polarizability for

o . - N,, we did a classical calculation to estimate the possible
orbital like D,. However, thes orbital of N, is constructed 21 . : X X
from two 2p orbitals at the t\?vo centers, while for,0t is alignment of N in the field strength region studied by the

constructed from two 4 orbitals. Our calculation shows that experimentalists. We found that the molecules are neither
o - . . aligned for the 30-fs pulse nor for the 100-fs pulse. Thus we
the o4 orbital in N, at large distance is a strong mixturesof

a h ded i f ic orbital tend to conclude that the difference in the ratios reported in
wave andd wave, when expanded Iin terms ot atomic orbitalSye 1o experiments is a consequence of experimental uncer-

at the center of the internuclear axis, see Table I. From Tablgyinties. In fact, the ratios reported from different experimen-

showing no suppression from each factor. In other words, i 7[30], 1[13] to 1.7[5].

the N, molecule is aligned along the field direction, its ion-  Despite of the fact that our calculated ratios are closer to
ization rate would be identical to Ar. In fact, at the intensity the data of Gucet al. [30], it is recognized that the ratio
of 10" W/cn?, the ratio was calculated to be 0.98, see Tablejetermined directly in DeWitet al.[5] is supposed to elimi-
1. nate errors introduced by differences in the laser intensities
In Fig. 8, we show the ratio of ionization signal fo,Mr  from shots to shots. The latter experimental data gave a ratio
obtained from the present MO-ADK theory, assuming a ranof 1.7 while our calculation gives a ratio of 0.4. The reduc-
tion of our ratio from 1.0 to 0.4 is due to average over the

I (Wicm?)

in the MO-ADK theory, the ratio would be independent of
laser intensity if the binding energy of,Cand Ar were ex-
actly identical.

35 —— orientation of molecules. To reach the ratio of 1.7 reported in
100fs +—e—i the experiment of DeWittt al. [5], the ionization rate for an
30 F 30fs A - . ) 0 ;
S JR— aligned N has to be five or six times larger than Ar. Since
25 F Sz the major error in the MO-ADK model comes from the cal-
“ ook iﬁ ; } culation of the coefficient€,s in Table I, which are esti-
:.‘. % $¢3 EH mated to have an error at the 20% level, the five to six times
z 15F } ﬁ} ; larger ionization rate for aligned-Nmolecules is not possible
1ok Eq i within the ADK tunneling model. We have also checked the
possible effect from the vibrational motion of the, Kol-
05 F ecule, but the effect was found to be small too. For the latter,
0.0 . we obtained the ionization potential from the total-energy
10" 10" difference of the neutral and molecular ions by the Hartree-
| (Wicm?) Fock method 28].

FIG. 8. Ratios of single-ionization signals of M\r vs the peak
intensity of the laser field. The filled circles are from the 100-fs
pulse of Ref[5] and the filled triangles are from the 30-fs pulse of ~ The ionization of i has been calculated using the inter-
Ref.[30]. ference model by Muth-Bohret al. [8], where suppression

D. F,:Ar
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FIG. 9. Ratios of single-ionization signals of Ar vs the peak FIG. 10. Ratios of single-ionization signals of CO:Kr vs the
intensity of the laser field. The experimental data are from DeWittpeak intensity of the laser field. The experimental data are from
et al.[5]. Wells et al. [6].

with respect to Ar was predicted. Subsequent measuremefdr NO, 10.29 eV for SO, and 9.36 eV for, SThere are no
by DeWitt et al. [5], however, showed that there is no ion- convenient atoms with ionization energies in this range.
ization suppression for = For field intensity in the range Comparing systems with distinct ionization energies would
(1-5)x 10" Wicn?, the R :Ar ratio drops by a factor of 2, mean that the ionization ratio be quite large at the same laser
from about 1.7-0.8, see Fig. 9. intensity, as in the present case. According to the MO-ADK
What is the prediction of the MO-ADK model? The va- model, we expect all three molecules to show ionization sup-
lence electrons are in the, orbital, like in O,, except that pression since they all have orbitals. From Table Ill, at the
there are four electrons in,Fand only two in Q. The fact  intensity of 2< 10** W/cn?, the suppression from the or-
that the former is a closed shell and the latter is an open-shefiiital reducesA, to a few percents, but the large difference in
molecule does not matter within the present MO-ADK jonization energies result in large valuesAy; such that the
theory since it is a one-electron model. From Fig. 9, theionization ratios at the same laser intensity are quite large.
MO-ADK model also predicts ionization suppression, in  How does the prediction from the MO-ADK theory com-
agreement with the interference model, but in total disagreepared to the measurements of Wadlsal. [6]? It turns out
ment with the experimental data of DeWt al. [5]. From  that the ratios for these molecules measured are in the range
Fig. 9, we conclude that the MO-ADK theory predicts a ratioof 1-10 smaller than what the MO-ADK theory has pre-
that is about a factor of 10 too low at<110"* W/cn? to a  dicted, which are up to a factor of 100 or more at lower

factor of 3 too low at 5 10" W/cn®. We have searched for intensities near 26 W/cn?. We have traced that the errors
possible effects that would increase the ionization rates fronn the ratios are not from the MO-ADK theory itself. Rather,
ionization of inner-shell electrons and from the effect of vi- it is from the failure of the ADK theory for Xe at the lower
brational motion. These effects were found to be quite smalllaser intensities covered in the experiment where multipho-
We will return to discuss other possible explanations for theon ionization begins to dominate. From the measurement of

discrepancy at the end of this section. Guo et al. [4], the ADK theory has been shown to break
down for intensity below % 10" W/cn?. Due to the expo-
E. COKr nential dependence of the ionization rate on the intensity, the

error of the ADK theory was found to be up to abouf 160

ow at 10 W/en?. Since the critical intensity where the
ADK model breaks down depends on the ionization energy,
it becomes undesirable to present the ratios of ionization
signals if one is interested in testing the validity of the

The ionization of CO vs Kr has been measured by Well
et al. [6]. Their results are shown in Fig. 10, together with
the prediction of the MO-ADK theory. The valence orbital of
CO is ao orbital and it is dominated by thewave in the
asymptotic regionsee Table ). Therefore there is no sup-
pression. The agreement between the calculations and ppgesent MO-ADK theory.
measurement is quite adequate. We mention that the agree- From the date: of nglget a'-,,[‘?] a_nd .Of quet al. [30],
ment between theory and the experiment of Wetisl. [6] we derived an “experimental” ionization signal for each

for the present case is comparable to the agreement betwe@??lecu'e at a given mtensﬂy for a 25-fs pulse used in the
theory and the data of DeWitt al. [5] for the Ny:Ar sys- present calculation. Since these experiments were performed
tem at different pulse lengths, we made the following two as-

sumptions in deriving the “experimental” datét) the mea-
) ) . sured ionization ratios of NO:Xe, SO:Xe, ang:&e are in-
F. NO:Xe, :Xe, and SO:xe dependent of the pulse lengtt?) the ratio of the measured
The ionization ratios of NO, SO, and 8s Xe have been ionization signal of Xe as compared to the prediction from
determined by Wellst al. [6]. Note that the ionization en- the ADK model for Xe is independent of the pulse length.
ergy of Xe at 12.13 eV is somewhat higher than the 9.26 e\From these two assumptions we “derive” the experimental
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FIG. 11. The deduced “experimental” ionization signals for NO FIG. 13. Same as Fig. 11 but for SO.

and Xe in a 25-fs Ti:sapphire laser pulse. The solid line is from the o ) )
MO-ADK theory for NO and the dashed line is from the presentindicates that the ionization of both molecules is still gov-
ADK theory for Xe. See text for the derived of the experimental €rned by the tunneling ionization mechanism for field inten-
data. sities covered in the figures. However, in the lower intensity
region, the ionization of Xe is no longer governed by tunnel-

ionization signal for a 25-fs pulse, which are then compared.ngI iogﬁza'tlic;n. hat th Its 1 h MO
to the predictions of the MO-ADK theory. The results are . ' "9 19, We note that the results from the present MO-
shown in Figs. 11-13 for NO, S and SO, respectively. In ADK theory are lower than the deduced experimental ioniza-
each figure we also show the “experimental” ionization sig-tlon sgnals in the Iowgr-fleld region. The ionization energy
nal for Xe at 25 fs and the prediction from the ADK model. of SO is abput 1 .eV higher than NO _anq'. SThus for t'he
From Fig. 11, we note that the predicted ionization signal ame laser intensity, the ‘?'0”?'”3”‘ lonization mechan_lsm for
from the present MO-ADK theory are in good agreementso is no Iongertunnelmg ionization. The discrepancy |s_“ac-
with the deduced experimental data. In the measurement ptable” since we expect that when the ADK model fails at
Wells et al. [6] the data in the higher intensity region were (e lower Intensity it quld predlct arate or S|gngl that is too
taken with the 800-nm Ti:sapphire lasers, while the IowerJOW as multiphoton ionization begins to contribute to the

intensity region were taken after the wavelength had beefPhization mechanism.
doubled.

In Flg 12, we note that the MO-ADK theory also pred|cts G. On the diSCI’epancy between theory and eXpel’iments

results that are in quite good agreement with the experimen- From the results presented in this section, it is clear that
tal data. Note that Sand NO have nearly identical binding the MO-ADK theory has been able to explain the ionization
energies. The difference, according to the present MO-ADKeatios measured for quite a few number of molecules, includ-
theory, is that the molecular orbital for the former isda ing molecules that exhibit suppressions, i.e,:& and
wave, while for the latter it is a mixture Qf wave andd 0,:Xe, and those not, i.e., NAr and CO:Ar. These pairs
wave, see Table I. Due to the lower ionization energies fohave nearly identical ionization energies and the comparison
NO and 3, the good agreement between the prediction ofof the ionization ratios directly reveal the role of the elec-
the MO-ADK theory and the deduced experimental resultgronic structure played in the tunneling ionization of mol-
ecules. The one lone exception is: Ar where the MO-ADK

T — theory predicts suppression, but the experimental result from
10° r DeWitt et al. [5] shows clearly that there is no suppression.
M The MO-ADK theory prediction is about a factor of 10 too
@ 10 F small at lower intensity and a factor of 3 smaller at the higher
5 102} intensity.
€ 10%F We have also calculated the ionization signals for NO,
= 10 E SO, and $ and compare them to the signals for Xe. We
2 ; showed that the present MO-ADK theory also works well for
Ny 10° r So: 'é"(.)?xmf — 1 these molecules. For SO, the discrepancy at the lower laser
& 108 | B Agk ....... 1 intensity can be attributed to the possible contribution from
107 b Xe:Expt. o 3 the multiphoton process.
8 b S ] Among the diatomic molecules examined here, it appears
10 1018 104 that only the K data cannot be interpreted by the present
I (Wiem?) MO-ADK theory. It will be of interest to see further theoret-
ical and experimental work on this molecule. A more com-
FIG. 12. Same as Fig. 11 but fop.S plete calculation based on the time-dependent density-
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functional theory similar to what has been done for[R4]  the molecules are aligned along the laser field direction, the
would be useful. Similarly, further experiments at the sameunneling probability is small. Most of the molecules exam-
and different wavelengths on, Rvould also be of interest. ~ ined in this paper have suppression originating from the
We comment that the failure of the ADK model for pre- character of its valence orbital. The only exception we have
dicting the ionization rate of Xe for intensity below 5 found so faris kg that has an outermost orbital, but show
<102 W/en? should have little effect on the ratios for NO Suppression. We have also identified suppression due to
0,:Xe presented in Fig. 7. These two have nearly identica{he reduction of electron density in the asymptotic region due

ionization energies and we expect when the ADK model the binding .Of the electrpn in the “molecular” region.
o . .. Such suppression is found in,DTo conclude, the present
fails, it would occur more or less at the same laser intensit

YMO-ADK theory provides an accurate and efficient theoret-
ical model for calculating the ionization rates of diatomic
V. SUMMARY AND CONCLUSIONS molecules. The model can be extended to polyatomic mol-

In this paper we developed a tunneling ionization theoryecules Wlth. ease and work is in progress, which can further
for molecules based on the ADK theory, which has beerfeSt the validity of the present model.
widely successful for atoms. By examining the asymptotic
wave function of the electron at a distance far away from the ACKNOWLEDGMENTS
center of the molecule, the appropriate parameters that
should be used for the ADK theory for molecules have been This work was supported in part by Chemical Sciences,
tabulated. With these parameters we show that ionizatiolGeosciences and Biosciences Division, Office of Basic En-
suppression of molecules can be anticipated when the vargy Sciences, Office of Science, and U. S. Department of
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