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Strong-field ionization of diatomic molecules and companion atoms: Strong-field approximation
and tunneling theory including nuclear motion
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We present a detailed comparison of strong-field ionization of diatomic molecules and their companion
atoms with nearly equal ionization potentials. We perform calculations in the length and velocity gauge
formulations of the molecular strong-field approximation and with the molecular tunneling theory, and in both
cases we consider effects of nuclear motion. A comparison of our results with experimental data shows that the
length gauge strong-field approximation gives the most reliable predictions.
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[. INTRODUCTION panion Ar atom allows one to study fairly directly effects of
molecular symmetry and ro-vibrational motion. In RE3]
When a molecule is subject to an intense laser field, ahe status of theory versus experiments was discussed: The
series of related strong-field processes may occur, includinylO-ADK theory [3] gave results in satisfactory agreement
ionization, dissociation, and high-harmonic generation. Aswith experiments for molecules with suppressed ionization,
for atoms, it is essential to obtain a detailed understanding dP,:Ar [10,13 and G.: Xe [8,11], and without, N:Ar [11].
the initial, single-ionization process in order to describe the For the k:Ar ratio, the MO-ADK theory predicts sup-
subsequent evolution of the system. Fudly initio calcula-  pression of the molecular signal while the experimental data
tions of the strong-field ionization of any molecule more[12] does not. For the Fmolecule, however, the total energy
complicated than Kare impossible in the foreseeable future. obtained from a Hartree-FociHF) calculation of the mo-
Hence, theories of general practical use have to rely on thdecular system is higher than the energy of the separated
oretical modeling and it is the purpose of the present work t@toms[14]. This means that electron correlation effects are
investigate the accuracy of such models. While the quality ofmportant for the proper description of the binding of, F
ab initio calculations may be checked numerically by studiesand, accordingly, the one-electron model taken as the starting
of convergence and by identity of results in different gaugespoint for the MO-ADK (and the MO-SFA theory is not ap-
the quality of an approximate model has to be checkeglicable. The models discussed above, and in the present
against a more accurate model or experimental data. paper, can only be meaningfully applied on molecular sys-
In the study of strong-field ionization of molecules, threetems where effects of electron-electron correlation are small
models are widely used. These are the velocity ga§e)  [15]. Methods which do take electron-electron correlation
molecular strong-field approximatidiviO-SFA VG) [1], the  into account are presently under developmiel8,17], but
length gaugéLG) MO-SFA (MO-SFA LG) [2], and the mo- these methods are not yet applicable to molecules interacting
lecular tunneling theorj3]. The latter theory is an extension with oscillating fields in geometries without cylindrical sym-
of the atomic Ammosov-Delone-KrainofADK) tunneling  metry.
theory[4] generalized to take into account the nonspherical The MO-SFA VG was compared with experiments in Ref.
symmetry of the molecular system and it is referred to as thél]. The theory was shown to predict suppressed ionization
MO-ADK theory. The MO-SFA VG and MO-SFA LG theo- of O,:Xe [8,11] and to predict the “absence” of suppressed
ries are the velocity gauge and length gauge versions of thienization in N;: Ar [11]. In Ref.[18], the predictions of the
Keldysh-Faisal-ReiséKFR) atomic theorie$5—7] appropri- MO-SFA VG were compared with experimental above-
ately modified to the molecular case. In short, the MO-SFAthreshold-ionization spectra of,@my symmetry and N, (o
theories are based on g&matrix formulation where one symmetry and for these systems the theory gave the correct
considers the transition from a field-free initial state to aqualitative predictions.
Volkov final state, i.e., the state of a free electron in the laser In general, the MO-SFA VG approximation predicts sup-
field. pressed ionization for diatomic molecules with an antibond-
To assess the quality of the models, predictions have beang highest occupied molecular orbitd OMO) and it pre-
compared with experimental daisee, e.g., Ref3] and ref-  dicts no suppression of the ionization of diatoms with a
erences therejnin particular, data has been studied in detailbonding HOMO. These general predictions are based on an
which compares ionization yields of diatomic molecules withanalysis of the MO-SFA VG rate in terms of linear combina-
yields of atoms having nearly the same electronic binding ations of atomic orbitals where the antibondifignding rate
the molecules—the so-called companion atoms. The ratio db proportional to sif(q-R/2) [cog(q-R/2)] andq-R<1
ion signal data of diatomic molecules and their companiorwhereq is the momentum of the outgoing electron a@Rds
atoms[8-13 is illuminating since effects are factored out the internuclear coordinate. For example, the MO-SFA VG
which depend only on the binding energy. Hence a compariapproximation predicts suppressed ionization fgrv@th a
son of the ratio of ionization signal of, e.g.,lnd its com- HOMO of 7y symmetry and no suppression of the:Br
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signal. This latter prediction is in contrast with experimental N
observation{13] and MO-ADK theory[3], and we shall re- VEO(1) =1 - F(b), (2)
turn to this discrepancy below. j=1

In view of the above discussion at least two question
need to be investigated in more detail. First, what is th
quantitative prediction of the MO-SFA in the,DAr case?
Second, is it possible to carry out a calculation in a mor
accurate approximation which sheds some light on the dis- dw
crepancy between the MO-ADK calculations of Ref] and
the experimental results of Refl13]? To address related
questions we have recently developed the necessary tools for
computations in the velocity and length gauge formulations *
of the MO-SFA, and in addition we have set up a program W=272 | |Agl?a.da, (4)
for the evaluation of the molecular tunneling thedgy15]. n=ng
Our LG and VG versions of the MO-SFA are generalization
of the atomic adiabatic theofy19]. Our formulation of the
MO-ADK theory follows Ref.[3], but our method of extract-
ing the angular coefficients of relevance for the evaluation of 1 (T
the rate is differenf2,15]. In this work, we extend our pre- Aﬁfn) = ?J (W V)W)t (5)
vious analysis, by taking effects of nuclear motion explicitly 0

into account, and we show that the inclusion of nuclear vijyylves integration over one period of the fieTd: 27/ w,
brations may lead to a significantly lower rate. For thegng (> designates integration over both the electroa
molecules considered in this paper nuclear motion is of Signyclear coordinates. Hen; describes the molecular initial
nificant importance for Band NO while it leads to small - gate andy, is the final state describing the state of the
effects in the final results for the other molecules studied. resiqual ion and the free electron in the laser field. In Egjs.
The paper is organized as follows. In Sec. I, we describgynq (4), n, is the minimum number of photons needed to
the theories and provide a qualitative discussion of the efreach the continuum, and the momentgis given by en-
fects of nuclear motion. In Sec. Ill, we give some calcula-grgy conservation. In the Born-OppenheinBO) approxi-
tional details; in Sec. IV we present the results of our calcUmationg, is determined by Eq10) below.
lations; and in Sec. V we conclude. In the SFA we approximate the initial state by a field-free
molecular state. In the BO approximation this state is a
product of an electronic state and a ro-vibrational state la-
Il. THEORY belled byw;, J;. The electronic and vibrational states are typi-

In this section we describe the MO-SEA and MO-ADK cally the respective ground states. The rotational periods of

theories and discuss how to account for effects of nucleeﬁhe diatomic molequles are much longer than_typical experi-
motion. In the MO-SFA one considers a state to state transf—nental pulse durations and therefore the rotational degre§a§ of
tion where the molecular states are generated from movin eedqm may be neglected. The total energy of the initial
nuclei. On the contrary, in the MO-ADK there is no detailed tate Is

specification of the final state in the strong-field ionization E =EXR) +E (6)
process, and in order to maintain a quasistatic tunneling pic- b w

ture one must fix the nuclei at an internuclear distaR@and WhereE?(Ro) is the electronic eigenenergy at the internuclear
let the electron move in thR-dependent potential. equilibrium distanceR, and E, is the vibrational eigenen-
ergy of the nuclear Hamiltonian. If we approximate the elec-
tronic part of the initial wave function by the single-
determinant HF wave function, the corresponding initial
molecular wave function is

Sn the length gauge. In either gauge, we express the angular
Sdifferential dW/ dg and totalW rates as sums overphoton
eabsorptions{lg]

=21 > |Agl?an, 3

S —

Swhere the transition amplitudes corresponding to the interac-
tion VO(t) (c={VG,LG}),

A. Molecular strong-field approximation including nuclear
motion in the Born-Oppenheimer approximation

In the Coulomb gauge and in the dipole approximation 1
the linearly polarized laser field may be described by the - _=_ geiy(r ) e it % R)e Eit
vector potentialA(t)=A, coswt, wherew is the angular fre- N 1T dard) = (e, X xy (RIS
qguency. The corresponding electric field is obtained- &3 7)
=—gA(t), i.e., F(t)=Fysinwt. The interaction between the
field and anN-electron system iatomic units(A=m,=e  wherey, (R) is the initial vibrational wave function and the

=ag=1) are used througholt Y;'s are orthogonal single-electron wave functions. The elec-
N , tr_onic wave function is evaluated at the nuclgar equiIibrigm
VoI =S At b+ A=(1) , B distanceR, since we assume, consistently with the BO pic-
i 2 ture, th_at it will be a slowly varying function of the internu-
. clear distance. We have checked that the results are insensi-
in the velocity gauge and tive to this approximation.

023411-2



STRONG-FIELD IONIZATION OF DIATOMIC... PHYSICAL REVIEW A 71, 023411(2005

We seek the transition amplitude to a single-electron VvG) q;\~ T )
Volkov state and a definite vibrational and electronic eigen- n =Sy ~Ep- o ¢N(Qn)?J expl| nwt
state of the molecular ion. The application of a Volkov wave 0
in the final state means that the electron-ion interaction is _ U, .
neglected. Additionally, we assume that the electronic state + 0 - ap Sin(wt) + ﬁ S'”(Zwt)>t- (15
of the ion is unrelaxed, i.e., only the HOMO is affected. The
final state is then In Egs.(14) and (15), ap=A/ w is the quiver radiusyi(q)

1 . =(2m) %2 dre 9" yx(r) is the momentum space wave func-
V== detya(r)ya(ra) -+ dulrnblry X x;, (RIETET, tion of the HOMO, andE, is the energy difference between
VNI the final and initial state;
(8)

Ey=Ef"(Ry) +E, ~Ef(Ro) — E,. (16)

whereys, is a(2) %2 normalized Volkov wave function and f '
where the superscripts+” denote the ionic state. The time- When we compare Eqgl4) and(15), we see that the length
averaged energy of the electron in the laser fieldqﬁsz gauge formulation accounts for a superimposed quiver mo-

Up, and the total final-state energy is tion in momentum space of the bound state electron via the

presence of thé(t) term in the argument of the momentum

qn +U,, (9)  space wave function. Such an effect is not present in the
2 P velocity gauge amplitude.

To account for the Coulomb interaction between the out-
going electron and the residual molecular ion one has typi-
cally introduced a Coulomb correction factor. In the velocity
gauge, this factor i€y)=(k3/Fo)Zor' with «=\2E, [1]

O = \/Z{nw— [Ef*(Ry) + E:f -E{(Ry - E,]- Uy and Z;,, the charge of the residual ion, while in the length
(10 9auge ClLO) = (243/Fy)Zol* [21]. Both correction factors

Coul
The transition amplitude of E(5) can now be written as and hence do not take into account the molecular symmetry.

=Ef"(Ry) +E; +

where Up=F§/4w2 is the ponderomotive potential, and
where the final state momentuay is determined by energy
conservatiomw=E;-E,, i.e.,

were derived for the case of strong-field ionizatioratdms

(c={VG,LG}) In our evaluation of rates, we have found that much more
precise results are obtained in the length gauge @ﬁﬁj

°> = f <XV R)lﬂv(rN,t)W )(t) =1[2,15]. We explain the absense of a Coulomb interaction

in the length gauge by the fact that the transition to the

. et continuum occurs at large distances. In this spatial region the
X|¢N(rN'R0)XVi(R)>eXF{'(Ef (Ro) laser-electron interactiogrjl is stronger than thepelectrong-ion in-
E' - ES(Ro) - E,)t]dt, (11)  teraction and the Volkov state is a good approximation for
' the final state. In addition to the Coulomb correction factor,
where theN-electron matrix element of the one-electron op-we multiply the rates by the number of equivalent electrons
erators, Egs(1) and (2), has been simplified by the Slater- in the HOMO. Finally, to obtain the total ionization rate of
Condon rule$20] and Where\/ (t) is the transition operator the molecules, we must sum the contributions from each vi-
for electronN. The mtegratlon over nuclear coordinates canbrational level in the final state. In the velocity gauge our

be performed immediately to give result is equivalent to that of Ref22]. For the noble gas
1T atoms with filledp shells we sum the rates from each mag-
(cn) =S, q__f f ¢:/(TN7t)V(NC)(t)¢N(rN;Ro)dFN netic substate to obtain the total rate of ionization.
1. Qualitative discussion of the effect of nuclear motion
i '+ N+— _ N . . .
x gl (Ro+Ey ~Ei(R)-E,ltgt. (12 The transition amplitude of Eq12) consists of two fac-

tors, namely the Franck-Conddi#C) factor and an elec-
tronic matrix element, and both factors depend on the vibra-
R tional levels considered. The rates to each vibrational level
Sy, :f D, (RI] x,, (R)dR. (13)  are therefore not just proportional to the FC factors. Instead
the relative populations in the lower final vibrational states
From Eq.(12), we find the following explicit expressions for are enhanced compared with the distribution obtained from

whereS, , is the Franck-CondofFC) factor

the amplitudes the FC factors alonf22] because the electronic matrix ele-
T [q,+ AT ment is favored by the smallest energy differences. When

Le-g (— E, - —)lﬁN[QanA(t)] including vibrations, the total rate summed over all final vi-

T 2 brational states will therefore typically be smaller than if the

U vibrational ground state of the ion had been given the weight
X expi (nwt +0, - ag sin(wt) + =2 sin(2wt)>t, of unity. This latter method is nearly equivalent to fixing the
20 nuclei{compare Egs(14) and(15) with Egs.(5) and(6) of
(14  Ref.[2]}.
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The importance of the inclusion of nuclear vibrations will  In a slowly varying field, the ionization rate is found by
depend on the properties of the neutral molecule and thaveraging the dc rate over an optical cyfl®]
molecular ion. If their potential curves are only shifted with . B
respect to each other but otherwise exactly identical, then the We 3Fo W giaf Fo) + Wgia{Fo) (20)
vibrational eigenstates will be identical, too. The orthogonal- K3 2 ’
ity of the nuclear wave functions then assures that only a - :
single FC will be nonzero. We may estimate the importanc%\'here_wstta_“:()) are the dc rates for _the posmve and negatwe
of nuclear vibrations using molecular orbital theory and by |el_d d'reCt'ons W'th respect to tiedirection. When the field
considering the type of valence orbitals. If the valence orbitaP?iINtS in the negativé direction, Eqs(1t|3) and(19) must be
is nearly nonbonding as, e.g., ipNhe bonding properties Medified by the substitutiorCy, — (-=1)Cyy [15]. We see
of the molecular ion will be approximately equal to the oM Egs.(18<20) that one only needs to know th@,
bonding properties of neutral molecule and transitions pecoefficients in order to be able to evaluate the tL_mn_ellng for-
tween the vibrational ground states of the molecule and thg'Ula analytically. See also RéfL5] for a generalization of
ion dominate. In the case of a bonding HOMO, e.g., asin D the tunneling theory to molecules with more than two nuclei.

the bonding of the ion will be weakened and transitions to _ | "€ tunneling theory can be extended to include effects of
many vibrational states will occur. vibrations. In the quasistatic picture all potentials seen by the

active electron should be regarded as being static. This
means that the nuclei are fixed and the height of the tunnel-
B. Molecular ADK theory ing barrier will depend on the internuclear distance chosen.
We then calculate the rate for each valueRoaind weight
. . . ; theseR-dependent rates by theprobability distribution ob-
any given instant of time the system will respond to thetained from the nuclear wave functid@]. As an approxi-

external laser field as if it were a static electric field. The rateyate binding energy we take the energy difference between
of ionization in the oscillating field may then be determlnedthe potential curves of the ion and neutral molecule as cal-

by time-averaged static rates. Whether this approach is réyaieq by HF theory. The vibrational wave functions are
sonable or not depends on the value of the Keldysh paramsq s cted from the harmonic approximation to experimen-
etery=\2E,w/Fo [S] with y<1in the tunneling regime. We 5| hotential curveg26]. As demonstrated in Sec. IV the
will only show results from the MO-ADK theory in the in- oftect of thisR-dependent weighting is quite small. Note in

tensEy region|§ correspofnd!ng to<1. ecul passing that recently vibrational distributions were measured
The tunneling rate of diatomic molecules can be detery . calculated with tunneling theofg7].

mined once the field-free asymptotic wave function is
known. In a body-fixed frame, labeled by superscBnd a

z axis directed along the internuclear axis, this function has lIl. CALCULATIONAL DETAILS
the asymptotic Coulomb form

The tunneling theory3,4] relies on the assumption that at

In order to determine the angular coefficier@s, we
YB(r) ~ réod le x> C LV, (F), (17)  evaluate the ground state wave function in the HF approxi-
' mation. We seek an accurate description of the orbitals at

wherem is the projection of the angular momentum on thelarge distances with the correct exponential behavior. For

internuclear axis, and whef@,, are expansion coefficients. (1S purpose we find in general the usual expansion in an
From the asymptotic form of E17), the total ionization atomic Gaussian basis to be inadequate. Instead we solve the

rate in a statiddc) field in the positive laboratory-fixed HF equations fully numerically for the d'iatomic _molecules
direction is calculated as in the atomic c4g@,23,24, and 28] and for the atom$29,3Q. After having obtained the

the result ig[3] ground state orbitals we project the highest occupied orbital
on the spherical harmonics and match the resulting radial

|B(m")? functions to the formC,,r%e”*" 1™ treating the angular

Wiiaf Fo) = E —2‘”"‘|m’|lxzzi0 yp coefficients as fitting parameters. We give @g’s obtained

m by this procedure in Table I. Since orbitals from the HF

2,43\ 2Zion/k-Im'|-1 2,3 calculation are optimal within the independent particle ap-
(F—> exp( ) (18 proximation, the HFC,,, coefficients should be more accu-
0 rate than the multiple scattering coefficients reported in Ref.

where [3].
The knowledge of the coefficent§,,, is sufficient to
Bm) =S (— 1)mlemz 21+ 1)1+ |m’])! evaluate the MO-SFA LG rate accuratghp]. For the evalu-
| 2(1 = |m’)! ation of the MO-SFA VG transition amplitudes, we make a
numeric Fourier transform of the HOMO.
X C,mdﬁ]),m(a). (19 If we use the experimental ionization potential in the cal-

0 . . . _ culation of x, the HOMO is not guaranteed to follow the
Hered,,(0) is the middle term of Wigner’s rotation func- correct asymptotic form of Eq7). The asymptotic form
tion [25] and @ is the angle between the field direction and will be similar but with «HF=12|e om0l substituted fork
the internuclear axis. with epomo the eigenvalue of the one-electron HF
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TABLE |I. The molecular and atomic properties necessary for the evaluation of the present MO-SFA LG
and the MO-ADK theoryl, is the experimental adiabatic ionization potential @glis the equilibrium
distance[26]. Furthermore, we give the angular coefficieg, from our Hartree-Fock-based calculation
together with the coefficients from RéB]. We have chosen the origin at the geometrical midpoint. Franck-
Condon factors and vibrational energies can be found in the references indicated after each molecular species.

| Ry

@ A  Cm  Cm  Cm  Cm  Cu
D3 (ag) [32] 15.47 0.742 2.44 0.14 0.00
2.51 0.06 0.00 [3]
N, (o) [33] 15.58 1.098 3.46 1.64 0.12
2.02 0.78 0.04 [3]
0, (mg) [34] 12.03 1.208 1.04 0.07
0.62 0.03 [3]
S, (mg) [35° 9.36 1.889 1.46 0.24
0.81 0.07 [3]
CO (o) [34] 14.01 1.128 -3.93 2.79 -1.59 0.31 -0.09
1.43 0.76 0.28 0.02 [3]
NO () [34] 9.26 1.151 -0.25 0.82 -0.06 0.04
0.22 0.41 0.01 [3]
SO (m) [36]° 10.29 1.481 1.09 -1.25 0.34 -0.12
0.41 -0.31 0.01 [3]
Ar (p) 15.76 2.51
2.44 [3]
Kr (p) 14.00 2.59
2.49 [3]
Xe (p) 12.13 2.72
2.57 [3]

¥Based on photoelectron spectrum

(Roothaan equation. For the highly correlated kon, for  disagreements between the results. The yield ratios were es-
example, the two different values efdiffer by 20% and the timated to be N:Ar=0.7[11], 0.2[9], 1[18], and 1.7[12],
application of a wrong asymptotic wave function will intro- respectively. Previous theoretical calculations with the MO-
duce a large error when calculating the MO-SFA LG ioniza-SFA VG model predicted the NAr ratio to be above unity
tion rates[31]. For the systems considered here the largesil] while MO-ADK calculations predicted the ratio to be
difference between the experimentaland «<F is 10% for  0.4-0.6. In Ref[3] it was shown that the experimental dif-
NO and less than 5% for the remaining systems. Thus wéerences could not be explained by differences in pulse
conclude that correlation effects do not affect the outer eleclengths and the possibility of dynamical alignment.
tron significantly for the systems considered here. We believe In Fig. 1 we show our calculations for the,Mvr ratio.
that the smallness of the differences betweeand «"F jus- ~ First, we note that the results from each model are nearly
tifies the application of the single-active electron models. independent of pulse duration. In the length gauge we predict
With the ionization rates at hand, we calculate the ionthe ion yields of N and Ar to be nearly identical. These
signals by integrating over the temporal and spatial profile ofindings are in reasonable agreement with the experimental
the pulsg15,37. In all experiments discussed here, the ionsdata from Refs[11,13. The differences between our MO-

were collected through a small pinhole near the beam waighDK results and the results of R¢B] lie in the values of the

and the spatial integration should be restricted to this regiorf}nnfnmjrﬁ';’“ i?]ogfgﬁr(;eer:rt]se.n\{v\?viftir?thfoel{?t[igi;O tif’a)s]"ql[ﬁg l;)gyer

As the signals saturate, the signal ratios will approach unit)( city gauge MO-SFA predicts the ion yield of ,No be
- 2

for such a setup. We calculate the rates and signals for eagll - awhat larger than for Ar in accordance with Rel. We

g:)?:gﬁﬁlirr doerﬁrc;titilrzzlgtnedr:r\:ggﬁle f)hr?e:tlgga;soevrﬁ[ﬂggemaﬁnd an oscillating behavior of the signal ratio in the velocity
y " gauge which is not supported by the experimental data. The

IV. RESULTS AND DISCUSSION origin of this artifact lies in the concept of channel closing:
_ At low intensities continuum-continuum transitions are very
A Na:Ar weak. The rate of ionization is then typically dominated by

Several experiments have been performed grahd its  the rate which originates from the lowest number of photon
companion atom Af9,11,12,18 and there are significant absorptionsn,. As the intensity increases the ponderomotive
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40l@) ' MO-SFALG —— ] 10'2
e ~ MO-SFA VG ------- 0
< A MO-ADK --------- 10 ]
+o 3.0 % Guoetal. (1998) © 4
pd RN 10" ]
2 2.0f e, . "o g
E 2 o 10 :
z &
o) c 10° 3
o 2

5 107 ‘ .

i ~ 108 ]
<
. 10° T T J
2 10* 5 7
© 10 10" 10 10
T Intensity (Wem™) Intensity (Wem™2)
=)
n FIG. 2. The ionization rates of Nand Ar (dotted at intensities

0.0 10'14 10'S around the first channel closings obtained fréah MO-SFA LG
Intensity (Wem2) and (b) MO-SFA VG. For N,, we give the rates at parall&olid)
and at perpendicular geomettiong-dashell The wavelength is
FIG. 1. Intensity-dependent ratios between the yields pahd 800 nm and the intensities at which the channels close foard
Arions. In both panels the laser wavelength is 800 nm. In pael indicated by the arrqws..Ar ha's.a sllightly higher ionization potential
the pulse duration is 30 fs and the experimental data is from Ref@d the corresponding intensities lie at bit lower.
[11]. In panel(b), the pulse duration is 100 fs and the experimental
data is from Ref[12]. The thin lines are calculations with fixed B. D,:Ar
nuclei and the thick lines are the corresponding calculations includ-

R Two experiments have been reported op Bnd Ar
ing vibrations.

[10,13 and both showed a suppression of thesigynal com-
pared with the Ar signal. As mentioned in the Introduction
the MO-ADK calculations reproduced this res{®] while

potential rises and eventually leads to the closing ofrthe the MO-SFA VG model predicts an absence of suppression

channel. The effect of channel _closmg on the total ionizationy .4 se the HOMO of Dis a bondinga orbital.
rate depends on the relative importance of teprocess In Fig. 3, we show our calculations and the experimental

pompared with the excess—phqton processes. As the intensityis of data. We do indeed find absence of suppressed ion-
increases and a channel closing approaches, the momentymtion when we use the MO-SFA VG model. On the other
corresponding tm, photon absorptions will become sm~aII. If hand, the MO-SFA LG and MO-ADK models both correctly
the HOMO does not contain al=0 component, then/, predict suppression. At high intensities the ratio will ap-
—0 asq—0, and for such systems the MO-SFA VG ampli- proach unity as both signals saturate. The MO-SFA LG
tude, Eq.(15), will be suppressed. Near the channel closingsnodel has some problems in predicting the correct intensity
the contribution from then, channel is thus small and the at which this saturation occurs, but we note that the experi-
total rate will not be significantly affected when this channelments do not agree on the saturation intensity either. The
closes. If, on the other hand, the HOMO containslai®  longer pulse length should be equivalent to a lower satura-
component, the low momenta will generally be favored andion intensity but this is clearly not the case when comparing
the ny channel gives a large contribution of the total rate. Inthe experimental data in Figs(e8 and 3b).

this case, the closing of a channel will therefore lead to an We see that the inclusion of nuclear vibrations reduces the
abrupt decrease of the total rate. These differences were prblO-SFA ratios by a significant factor compared with the
viously mentioned in Ref{38]. In the length gauge, the,  fixed nuclei calculations. The origin of this effect was dis-
channel will be important regardless of the type of orbitalcussed in Sec. Il A’ 1. The point is simply that the inclusion
due to the precense #f(t) in the argument of the momentum of vibrational motion will reduce the rate when the molecule
space wave functiofisee Eq.(15)] and we always find and the molecular ion have different bonding properties and
abrupt decreases of the rate across a channel closing. \Wé@nsitions to many different vibrational states occur.

show the various effects described above in Fig. 2. The
HOMO of N, is a oy (I=0 componentorbital and corre- _
spondingly we find a local minimum in the rate around the C. Op:Xe

channel closings. The highest occupied atomic orbitals of Ar Suppressed ionization of OXe has been observed re-
are the degenerat®| =1) orbitals, and we find local minima peatedly[8,11,12. Theoretically, this was explained in the
in the length gauge rate while the velocity gauge rate inMO-SFA VG by the antibonding character of thg HOMO
creases smoothly near the channel closings. The difference$ O, [1]. Another explanation within the MO-ADK model
between the parallel and perpendicalar geometries,offN  was given in Ref[3] where the interpretation was based on
the two gauges were explained in Rgf]. the asymptotic charge density of thg; HOMO. At some
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FIG. 3. Intensity-dependent ratios between the yields pabd
Ar ions. In both panels the laser wavelength is 800 nm. The thin
lines are calculations with fixed nuclei and the thick lines are the
corresponding calculations including vibrations. In pate| the Intensity (Wem ™)
pulse duration is 100 fs and the experimental data is from[R8&f.
In panel(b), the pulse duration is 200 fs and the experimental data FIG. 4. Intensity-dependent ratios between the yields paad
is from Ref.[10]. Xe ions. In all panels the laser wavelength is 800nm. The thin lines

are calculations with fixed nuclei and the thick lines are the corre-

molecular orientations the electronic density will be prefer-SPonding calculations including vibrations. In pafal, the pulse
entially perpendicular to the polarization axis and the rate ofluration is 30fs and the experimental data is from R&t]. In
ionization will then be very small. Finally, in Ref39], it panel(b), the pulse duration is 100fs and the e_xperlmental data is
was proposed that nuclear dynamics could be responsible f&em Ref' [12]. In panel(c) the pulse duration is 220fs and the
the suppression. In Fig. 4, we show the experimental datgxperlmental data is from Refi].

together with our calculations. Clearly, all experiments and ) . o )
calculations show suppressed ionization of Before satu- and Ar, respectively, we can explain the oscillating behavior
ration effects become important the theoretical MO-SFA VGbY the same channel-closing argumésee Sec. IV A

predicts strongest suppression with the ratio below 0.01 At 1365 nm and in the intensity range of Figlbh we
while the ratio in MO-SFA LG is~0.03. At low intensities, Would expect to be in the tunneling regime. Despite the fact
the experimental ratios are scattered between 0.02 and 0.2#at the tunneling theory should be applicable, the MO-ADK
which again makes a quantitative comparison with theoriegnodel predicts the ratio to be somewhat too large. Finally,
difficult. In the tunneling regime, beyond the intensity of We note that the result of our MO-ADK calculation is ap-
10" W cm2, the MO-ADK model predicts that saturation Proximately an order of magnitude larger than the result
effects are already important and thereby the degree of suftom Ref.[3]. The only differences between these two cal-
pression is masked. Experimentally, saturation sets in gtulations are the coefficien@ - and the time-averaging of
much higher intensities around>2L0* W cm2, in good the static field rate, our Eq20) as compared with Eq10)
agreement with the MO-SFA theories. of Ref. [3].

Signal ratio 0," / Xe* Signal ratio O,* / Xe* Signal ratio O," / Xe*

E. Molecules without companion atoms

D. COKr In Ref. [13] the ion signal ratios of the pairs, e,

The ion signal ratio of CO:Kr was measured in Rdf3] NO:Xe, and SO:Xe were measured. Common to these pairs
and found to be around 1/2. In Figgaband 8b) we show s that the ionization potential of Xe is somewhat higher than
the results at 800 and 1365 nm, respectively. Under the exhe ionization potentials of the molecules. The ratios mea-
perminental conditions at 800 nm, the Keldysh parameter exsured are thus the results of both the structural differences
ceeds unity. Thus we cannot rely on the MO-ADK theory (orientation, electronic wave functiongnd the difference
and in Fig. %a) we show only MO-SFA calculations. Both between the binding energies. The experiments were per-
theories predict the ratio to be slightly larger than one. In thformed at the wavelength 800 nm wigh>1, Fig. 6, and at
MO-SFA VG model, we find that the ratio depends on the1365 nm withy<1, Fig. 7.
intensity in a similar way as the JNAr ratio, and since the The electronic structure of,Ss similar to G, and we
electronic structures of CO and Kr are nearly identical o N should therefore expect the ionization oft8 be suppressed,
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FIG. 5. Intensity-dependent ratios between the yields of COand ~— ]
Kr ions. In panel(a) the laser wavelength is 800 nm and the pulse & 051 T
duration is 100 fs. In panéb) the laser wavelength is 1365 nm and » 0 L L L

the pulse duration is 80 fs. In both panels the experimental data is 1 2 3 4 5x10"
from Ref.[13]. The thin lines are calculations with fixed nuclei and
the thick lines are the corresponding calculations including

vibrations. FIG. 7. Intensity-dependent ratios between the ion yield&pf
S,:Xe, (b) SO:Xe, and(c) NO:Xe. In all panels the laser wave-
length is 1365 nm, the pulse duration is 80 fs, and the experimental
T data is from Ref[13]. The thin lines are calculations with fixed
10 @ Mgg;’:‘\';g A nuclei and the thick lines are the corresponding calculations includ-
Wells et al. (2002) ing vibrations.

Intensity (Wcm’z)

too. Our MO-SFA calculations, shown in Fig(ap, predict
the S:Xe ratio to be much higher than measured. Experi-
mentally, the ratio was determined to be around unity. This
indicates that ionization of Svould indeed be suppressed if
compared with a hypothetical companion ion. In Fig&)6
and Gc) we show the calculations for SO:Xe and NO:Xe and
find a similar disagreement between theory and experiment
for these pairs. The two previous attemfi3sl3] to explain

the ratios in this intensity regime overestimated the ratios by
three to five orders of magnitude. Both calculations were
based on tunneling models—in R¢fl3] a purely atomic
ADK model was used and in Reff3] the MO-ADK model
was applied. Our present MO-SFA calculations including
nuclear motion are significantly closer to the experimental
data but the agreement is still poor.

In Fig. 7 we show calculations and experimental data at
the wavelength of 1365 nm, i.e., in the tunneling regime. The
experiments were performed at such a high intensity that
saturation effects become important in all our calculations
and correspondingly, the ratios are all around unity. These
predictions are in agreement with the experiment foN&,

FIG. 6. Intensity-dependent ratios between the ion yieldgpf Fi9. 7(a), and NO:Xe, Fig. ). From Fig. 7b) we see that
S,: Xe, (b) SO:Xe, and(c) NO:Xe. In all pane|s the laser wave- the SO:Xe ratio is much lower than Unity. This is quite re-
length is 800 nm, the pulse duration is 100 fs, and the experimentdnarkable since all three ratios in Fig. 6 were nearly identical
data is from Ref[13]. The thin lines are calculations with fixed at 800 nm but very different at 1365 nm—such wavelength
nuclei and the thick lines are the corresponding calculations includdependencies are of course impossible to predict by quasi-
ing vibrations. static tunneling theories.

Signal ratio NO* / Xe* Signal ratio SO* / Xe* Signal ratio S,* / Xe*

Intensity (Wcm'z)
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V. CONCLUSIONS the cases BtAr, D,:Ar, and O,:Xe these predictions are

We have made a detailed study of strong-field ionizatiorISC in qualitative agreement with experimental data.
of diatomic molecules and their companion atoms. In par- 1€ most significant differences between the MO-ADK

ticular we have investigated whether the approximate mod@d the MO-SFA LG calculations are the much lower ratios
els, MO-SFA LG, MO-SFA VG and MO-ADK, are able to predicted by the latter theory in the cases Xe and CO:Kr.
correctly predict the presence or absence of suppressed iolfl Poth cases the results of the MO-SFA LG model agreed
ization in certain molecules. Furthermore, we have considP®tter with the experiments. This is interesting in view of
ered how nuclear vibrations can be taken into account withif€cent experiment§40] which reported suppression of
the adiabatic theory and the single-active electron approxistrong-ﬁeld ionization for transition metal atoms relative to
mation. expectations, but only compared with tunneling theory, and

All models did correctly predict the absence of suppresse©t SFA. For the future work it would be interesting to check
ionization for Ny: Ar and the presence of suppressed ionizathe SFA LG mod_el on the transition metals to mvestlga_te if
tion for O,: Xe. Quantitative comparisons were made diffi- € suppression is due to a general breakdown of the single-
cult due to disagreements between different experiments, ariftive electron models or if it is due only to a failure of the
further experiments would therefore be highly desirable. ADK model. _ _ _

We find a rather good overall agreement between the MO- All the models considered here fail to predict the correct
SFA LG theory and experiments on diatomic molecules andatio between molecules and atoms with different ionization
their companion atoms, and we believe that the MO-SFA L@Potentials. This indicates that the dependency on the elec-
model accounts quite well for the structural dependency offonic binding energy is not correctly accounted for and
the strong-field ionization rates. In general we found thePCints to the need for the development of improved models,
length gauge MO-SFA to be in better agreement with eXperimcludmg electron-electron correlations and exact final states.
ments than the velocity gauge MO-SFA—in particular in the

case of B:Ar vyhen_a the MO-S_FA'VG predicted no suppres- ACKNOWLEDGMENTS
sion of ionization in contradication with the experimental
findings and the other theories. We would like to thank A. Saenz for useful discussions.
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