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We present an all-electraab initio study of multiphoton ionizatioiMPI) of diatomic molecules in intense
laser pulses using the example 0$,ND,, and k, and the theoretical approach of time-dependent density-
functional theory with correct long-range potential. The results reveal the importance of the electronic structure
and correlated multielectron responses in the ionization mechanism, and make evident inner valence electron
contributions to the molecular MPI in strong laser fields.
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The single electron ionization of molecules in ultrashort We present in this article a three-dimensional all-electron
intense laser fields is a key process leading to a number afonperturbative investigation of mechanisms of the general
strong-field phenomena, such as above-threshold ionizatiosirong-field ionization behavior, using,NO,, and k as ex-
multiphoton ionization and dissociation, high harmonic gen-amples, and taking into account the detailed electronic struc-
eration, Coulomb explosion, nonsequential multielectrorture and responses of individual electrons. Ground-
ionization, etc. Thus a detailed understanding of the ionizastate = electronic = configurations  of ;N Oy, and b
tion mechanism is a prerequisite for the exploration of moare ~ KK203207lm 305, KK20320(3051m 1mg,  and

lecular physics in strong fields. KK20%ﬁ302177317r3, respectively. We obtain the initial elec-

79 . ) .
The strong-field ionization of rare-gas atoms has beemronlc'state%_)y solving static density-functional the@DfT)
well studied by solving time-dependent Schrédinger equagquations with LB [17,18 potential,

tions with the singl_e active_ electrofSAE) approximation vEBe(r 1) = 4w SPAT 1) + uLSPAT 1)

[1-3]. In the tunneling regimg4], the Ammosov-Delone- 5 s

Krainov (ADK ) model[5] (based on SAE and other approxi- _ Bx(r,H)p,°(r,1)

mationg has also been used to study the single and sequen- 1+ 38x%,(r,t)In{x,(r,t) + [xi(r,t) +1]Y3°

tial multielectron ionization of rare-gas atoms. In the ADK

model, the response of an atom depends only upon the joff!here the first two terms are the LSDA exchange and corre-
ization potential(IP) of the outermost atomic orbital, and lation potentials, and the last term is the gradient correction

LBa  _ ;

details of the electronic structure are not considered. that_tegs%retﬁxw - 1”/ r a?r:_’oo’ an dd ': ero?:ucemsuaccurate

Multiphoton ionization of molecules, however, is consid- gﬁgloze s_alelsga:r:/(\;’eg_%s()lg f?):OIL:jznweS ﬁate' —91316 (z%név,g
erably more complicated and the understanding of its mecha:—0 o1 \C/YVE ljse thgenta_raiizéd pseudospectcly(éPS method
nisms rfrgaztlr?stgnsettlte_:d. Eatrller ?xperllmeptal stuwe_ 58]1 tfor two-center systemgl9], which features nonuniform and
suggested that lonization rates ol molecules are SImiar 1@ a spatial grids and achieves machine accuracy numeri-
nople gas atoms with S|m|Iar_IP, although more recent exqq convergence with the minimum number of grid points
periments dhzfave fqund exce_ptloml—%la).( Theh_llonﬁat[on_ IS [19]. Table | compares the calculated orbital binding energies
suppressed for £in comparison with Xe, while the ioniza- (-e) with measured vertical ionization energies, where inter-
tion of N, and F, are comparable to their comparison atom

. - . .~ _'nuclear distances are fixed at the equilibridRg of the
Ar. Without anab initio study of tme-dependent dynamms ground state of neutral molecules. Calculated and measured
of many-electron molecules, recent theoretical studies of m

lecular ionization behavior have relied upon approximatg\-/alues of 3, 1m, and 2, orbital energies of bl agree
models such as the ADK13], KFR (or Keldysh-Faisal- excellently. Other orbitals have large binding energies and do

Reisg [14,15, or screening[16] models. The screening not participate in the ionization processes we study. After the

model [16] introduces a charge-screening correction to the[emoval of an electron the remaining,ion has two mul-
tunneling theory. The KFR modgl5] predicts that the in- iplets. Differences between the calculated and measured

binding energies of the threH states are within 0.13 eV.

terference between electrons emitted from the vicinity of tWOThe calculated 4, and %, orbital energies of Fagree well
distinct ionic centers can lead to ionization suppression fo(/vith experimentagl valuesu

molecules with antisymmetrjc electronic grounq states. All We further solve a set of time-dependent equations,
three models correctly predict the suppressed ionization of
O,, and the absence of suppression of. IMowever, the

ADK and KFR models also predict the ionization suppres-
sion of F, [13,15, which is in disagreement with recent ex- 102
perimental result§9—12. =[= 2V + Verrollpl; 1 0 1¢h4(r 1),

igzpw(r,t) = H(r, ) g,(r )
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TABLE |. Comparison of calculated binding energies of di- T
atomic molecules and experimental values. 0.808 I~
0.996 [—
Bond Orbital  lon —€ lvert T ooma |-
Molecule length(ay) ionized state (eV) (eV)[23-25 s2 002 -
Ny 2.068 Dy Zzé 33.09 37.3 om |-
[23] 20, %3] 1848 18.6 oss|-
1m, 21, 16.87 16.8 0
3oy %%, 15.49 15.5 T
0, 2.287 b, 3. 2516 27.3 I
[24] s, 2341 24.56 o R
30, %, 18.64 20.30 S
s, 18.56 18.17 N
lm, M, 1756 17.64 i
“IT, 16.82 16.70
lmg 21, 11.93 12.06 e
0
F, 2.665 ¥, %! 3383 1
[25] 30y 3, 21.61 21 L
lm, 21, 18.98 18.98 095 |-
lmy 2y 1570 15.70 o F
Sb ool 7
> |
i=1,2,...N,, (1) sl e
where {¢,} is the set of occupied single-electron orbital i | T T e —
wave functions at time, and e T — w2
Time (Optical cycle)
!
Vst o([p1i ) = vyl 1) + p(r_,t,)dgr, (I (2) FIG. 1. The time-dependen.t electro_n population of individual
' |F -r | spin-orbitals of N atR=2.068a, in 20-optical-cycle, 800- nm, sin
. . . laser pulses. The laser intensities @e10, (b) 3 10*, and(c
wherev,(r,t) is the “external” potential due to the interac- 5><10?4 W/Cne. p ® ©

tion of the electron with the external laser field and the nu-
clei. For a homonuclear molecule in a linearly polarized ex-molecules. We make the molecular axis parallel to the polar-
ternal laser field, we have ization direction of the laser to look at the orbital orientation
effect at one particular angle. In Figs. 1-3 we present such
Z +E() -1 sinot 3) plots for N,, O,, and k, respectively, and the curves are
IRi=r| |Ry—r| ’ labeled by the initial orbitals for Nand F, and by the ion

states for Q.
in whichr is the electronic coordinat&,(t) the electric-field Figure ?demonstrates how,Nonizes when the laser in-

amplitude,R; andR, are the coordinates of the two nuclei, tensity varies from 18 W/cn? (a) to 5% 104 W/cn? (c).
and Z is the nuclear charge. The internuclear separation iSne total ionization probability increases from 0.0285g.
fixed at the equilibrium.v,g,(r,t) is the time-dependent 1(a)] to 0.474[Fig. 1(b)] and 0.825Fig. 1(c)]; the probabil-
exchange-correlatio(xc) potential. _ ity for the photoelectron being a2 electron increases from
We solve Eq(1) by the TDGPS methof20]. The time- 7 494(a) to 29.1%(b), and 48.4%(c). It indicates that around
dependent ionization probability of an electron in theth  the saturation intensity, the photoelectron has a probability
spin-orbital can be calculated accordingRp,=1-N; ,(t),  distribution of electrons of different binding energies; high
whereN;,(t) =(¢,,(0)| i ,(1)) is the time-dependent electron |aser intensities tend to enhance the dipole couplingegf 3
population of thei, oth spin-orbital. The total ionization and 2r, orbitals. The ionization of 4, electrons is not evi-
probability P can be obtained from the suRFZX; ,P; ,. dent when the laser field is parallel to the molecular axis,
A plot of N;,(t) against the time allows us to observe eachalthough the IP of 4, electrons is 2-eV less than that of the
electron’s contribution to the total ionization probability, ion- 2¢,, electrons.
ization rate, and how they relate to one another. We use We apply the same lasers to, QFig. 2). The binding
800-nm, 20-optical-cycle lasers as an example; there are rnenergy of the highest electron is 3.56-eV less than that,pf N
obvious resonances at this frequency. Three intensities aieis an open-shell molecule, and the twarglorbitals can
applied to each molecule to identify the effects of laser in-only couple to the like-spin orbitals. The total ionization
tensity on the ionization mechanism. The nuclei are fixed aprobability of Figs. 2b) and 4c) is smaller than that of Figs.
the equilibrium distances because pulse lengths of the lasetgb) and Xc), respectively; a 4, electron in Fig. Zc) has a
are much shorter than the vibration relaxation time of thesmaller ionization probability than a3 or a 2m, electron in

vext(rut) ==
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Time (Optical cycle) FIG. 3. The time-dependent electron population of individual

FIG. 2. The time-dependent electron population of individual spin-orbitals of i at R=2.665a, in 20-optical-cycle, 800-nm, sin
spin-orbitals of Q at R=2.287a, in 20-optical-cycle, 800-nm, sin  laser pulses. The laser intensities ap10, (b) 3 104 and(c)
pulses. The curves are labeled with the ion state upon the removalx 10" W/cn?.

of an electron. The laser intensities &ap10', (b) 3 1014, and(c)
5% 104 W/cn. 1m, electron get closer, ando3 electrons become the most

ionized electrons. The increasing percentage of thgian-
Fig. 1(c), which proves that the binding energy is not theization from Figs. 8a)-3(c) is due to the enhancement of the
only parameter that determines the ionization probability. Wel7y and 1, coupling with increasing laser intensities.
also notice that the photoelectron generated by the MPLof O We summarize in '_I'able Il the total ionization probabilities
is more likely to be the highest electron. Figure 2 can alsghat correspond to Figs. 1-3. At 3 andk30" W/cn?, the
help to examine the relationship between ionization suppred@tio of the ionization probability of hto F is 1.3, which is
sion of O, and multielectron responses. With the 3 consistent with the experimental data presented in Fig. 2 of
X 104 W/cnm? pulse, the total ionization probability is [11] using 790-nm lasers of a longer pulse duration. Direct

0.482, and 83.1% of the ionization is fromrd electrons. numerical comparisons With Qarg not as informative be-

When’ the laser intensity reaches 30t W/cm§1 as in Fig cause of the differences in the ionization potential. Neverthe-
N L ' _ less, that N, O,, and B have similar total ionization prob-

625(50)1’0/?;‘ ttr?eta}larllci)zna:fiiﬁoig ffgrc:]bggb'_ll'%'e ?:r%g?tﬁ)sn g'rgﬁ;’biﬁndabilities at higher intensities indicates both the ionization

. . suppression for © and the nonsuppression for,.FAt
ity of a 1 electron decreases from 0.2 to 0.175, W_h'c_th14 W/cn, the ionization probability of Blis 19 times that
means that the multielectron responses suppress the ioni

. ) Z8f F,, when the molecular axis is parallel to the polarization
tion of the highest electrons ofOThe MP! of 1, electrons  jrection of the laser. Figure 2 ¢11] indicates nearly iden-

is not significant, which is because,@oes not have as tjca| values when all molecular orientations are taken into
strong a coupling betweenr, and 1, orbitals as that be-  account. The difference is due to the orientation effect that
tween the 3, and 2, orbitals of N.. The 3y ionization is  maximizes the ionization of theo3 electrons of N [21] and
evident because of the orbital orientation. minimizes that of the 4, electrons of k [13] at the parallel

F, is similar to N, as a closed-shell molecule, and the orientation. Our calculations suggest that the anisotropy of
energy separation of therd and 1, orbitals of F, is close  the ionization of N or F, is more significant at less laser
to the energy separation of ther2and 3 orbitals of N; it intensities, where only one type of electrons, the highest
is also similar to Q because it has the same type of molecu-electrons, are most active. Whereas at higher intensities, dif-
lar orbitals. The total ionization probabilities in Figs. ferent inner valence electrons corresponding to different mo-
3(a)—3(c) are 0.00 152, 0.372, and 0.697, respectively. As thdecular orientations ionize significantly and reduce the aniso-
intensity increases, the ionization probabilities ofrgyand a  tropy of the total ionization probability22].
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TABLE II. lonization probabilities of N, O, and F, and the contributions from different
spin-orbitals.
Laser intensity Total
(W/cn?) Molecule ionization probability .4 3oy 1m, 1y
N, 0.0285 0.0021 0.0248 0.0012
10t 0, 0.0601 0.0002 0.0013 0.0004 0.0582
F, 0.00152 0.00007 0.00011 0.00018 0.00116
N, 0.474 0.138 0.318 0.017
3x10% 0, 0.482 0.001 0.069 0.010 0.401
F, 0.372 0.001 0.111 0.052 0.208
N, 0.825 0.375 0.400 0.049
5x 10 0, 0.537 0.002 0.125 0.060 0.349
F, 0.697 0.001 0.310 0.141 0.245

We also tabulate the contributions from different types oftherefore multielectron responses may contribute to the ob-
orbitals. Note that the ionization probability of an individual served ionization suppression of.O'he Ly ionization of
spin-orbital as in Figs. 1-3 is multiplied by the number of F, is not suppressed in a similar manner. To the contrary,
degenerate orbitals to get the total contributions of one typenultielectron responses of, Facilitate the ionization of the
of orbital. These numbers demonstrate that inner valenc8o, electrons whose orbital orientation is parallel to the po-
electrons, such as thergelectrons of M as well as the 8,  larization direction of the laser field. In conclusion, our all-
and the Ir, electrons of @ and F, may contribute substan- electron calculations reveal electron dynamics that simplified
tially to the total ionization. The i O,, and F, have differ-  theories cannot model, and demonstrate the importance of
ent ionization dynamics when the inner valence electrons armultielectron responses originating from the detailed elec-
considered. The inner valence electron ionization is relatetronic structure for multiphoton ionization of molecules and
to the orbital orientation and the enhanced dipole couplingan array of other molecular multiphoton processes.
between molecular orbitals at high laser intensities. Multi- This work is supported by the Chemical Sciences, Geo-
electron responses of a molecule can also enhance or sugeiences, and Biosciences Division of the Office of Basic
press the ionization of individual electrons. Table Il shows inEnergy Sciences, Office of Science, U.S. Department of En-
digits that the ionization of the, electrons of Q is sup-  ergy. We acknowledge the support of thRiGIN 2400super-
pressed as the laser intensity increases from 3 to Bomputer time by the Kansas Center for Advanced Scientific
X 10" W/cm?. MPIs of O, are mainly from 174 electrons, ~Computing.
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