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lonization of N,, O,, and linear carbon clusters in a strong laser pulse
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Multiphoton ionization of linear molecules is studied using the strong-feetdatrix approach. Numerical
calculations for the angular distribution and the energy spectrum of the photoelectron as well as the total
ionization rates and yields in an intense linearly polarized laser pulse are performed. Results are obtained for
molecules aligned along the polarization axis and for ensembles of molecules having a random orientation of
the molecular axis with respect to the polarization direction. Signatures of the molecular geometry and the
orbital symmetry are identified and discussed with reference to molecular imaging and alignment. It is found
that these signatures are clearly marked for the diatomic molecylebl and Q, but are much weaker for
the group of linear carbon clusters due to the polyatomic character as well as to the competing contributions
from different valence shells of these molecules. Finally, predictions of the present theory for the dependence
of the total ionization rates and yields on the orientation of the molecule are compared with other theoretical
models and recent experimental data.
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I. INTRODUCTION In this paper we use the first-order term of e initio
S matrix series to investigate the single electron ionization of
Currently, there is great interest in exploring the responsghe diatomics ¢, N,, O,, and the linear carbon clusters up
of molecules to ultrashort intense laser pulses. A variety ofo C, in an intense laser pulse. This theoretical ansatz has
multiphoton processes have been observed, including multbeen used before to analyze the influence of interferences of
photon ionization, dissociative ionization, multiple ioniza- the electronic wave packets from different atomic centers
tion, fragmentation, Coulomb explosion, and high harmoniowithin a diatomic or polyatomic molecule on the total ion
generation. All these processes are characterized by thgelds [5,6] and the electron energy spectrUifi. For ex-
highly nonlinear interaction between the electrons of theample, it has been shown that the antibonding symniégy
molecule and the external laser field at high intensitftes  of the highest occupied molecular orbitdlOMO) in O,
recent reviews, see e.g., Reff$,2]). Single electron ioniza- gives rise to a destructive interference between the two sub-
tion is perhaps the most fundamental process among themaves, which leads to a suppression of the low-energy part
and occurs often as a precursor of the others. of the above threshold ionizatiokTl) spectrum and, con-
While the dynamical aspects of ionization of atoms in asequently, of the total ion yields. Further signatures of mo-
strong laser field are considered to be well understood nowaecular symmetry have been identified recently in the yields
days, theoretical analysis of the same process in more congf doubly ionized polyatomic molecules and its fragments
plex targets, such as diatomic and polyatomic molecules, is g13], in high harmonic spectra of diatomi¢d4—-16 and
topic of active research. Much progress has been made in thfhg-shaped moleculgd7-19, in high-order ATI spectra of
development ofb initio time-dependent theoretical simula- diatomics[20], as well as in photoelectron angular distribu-
tions by direct solution of the Schiinger equation of the tions[8].
system of interest. Since such calculations require a large The purpose of the present paper is to provide a more
space-time grid and, hence, an enormous computationgbmplete study of the signatures of molecular orbital sym-
power, current investigations are limited to one- and two-metry and molecular orientation in the photoelectron energy
electron molecules, e.g.,;Hand H, (for recent papers, see spectra and angular distributions as well as the total ioniza-
e.g., Refs[3,4]). One way to avoid this obstacle, in order to tion rates and yields for laser-induced ionization of linear
study more complex diatomic or even polyatomic moleculesmolecules. The paper is organized as follows: First, we
is to extend to the molecular case approximation methoddyriefly sketch theS-matrix ansatz, used for the present analy-
which have been successfully used for the atoms before. Rais, as well as the geometrical structure of the molecules
cently, an intense-field many-bo@®matrix ansat{5—-8 and investigated and the symmetries of the different classes of
tunneling ionization modelf9—-11] have been developed for orbitals in a linear molecule. Next, signatures of molecular
this purpose. orbital symmetry are identified in the angular distributions
and the energy spectra of the photoelectron considering the
diatomics G, N,, and Q as examples. Supplementary
*Present address: Max-Planck-Institut Rhysik komplexer Sys- analysis for the group of small linear carbon clusters demon-
teme, Nahnitzer Str. 38, D-01187 Dresden, Germany. Electronicstrates the role of competing contributions from different va-
address: jaron@mpipks-dresden.mpg.de lence orbitals in more complex polyatomic molecules. A
TElectronic address: abecker@mpipks-dresden.mpg.de comparison of the results obtained for ensembles of mol-
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ecules, which are aligned with their internuclear axis along dWN(1,n)
the polarization direction, with those for sets of randomly wiN (] ,ﬁ)zj de'—Q'_ ()
oriented molecules provides information for identification of d
molecular alignment. Fma!ly, we .apply the theory to analyze'I'hetotal ionization rateper molecule is obtained by adding
the dependence of total ionization rates and yields on th¢t=he contribution from all channels
orientation of the molecular axis, and compare the results '
with those of other theoretical approaches and recent experi- % AW (1 7Y
mental data. Ta(,n)= > dQ—r 7 (4)
N=N dQ
ll. THEORY _ ) _
_ Generally speaking, experimental data for the rate of ion-
A. Rates and yields ization per molecule are not available, and hence a compari-

For our analysis we have used an extension of the sg30n of theory and experiment is not practicable as yet at this
called Keldysh-Faisal-Reiss modE21—23, which is ob- basic level. Experimental data are usually obtaitied rela-
tained as the leading-order term of &matrix expansion. It tive scalg in terms of the distributions of ionizatioyieldsin
involves a transition matrix element between the initial-statdh€ interaction volume for the ensemble of molecules in the
wave function of a bound state of the molecyig;), and the laser focus. It is therefore necessary to construct the respec-
product state of the Volkov wave function of the emitted tive distributions of ionization yields theoretically to facili-
electron in the field and the unperturbed final bound-statét® the comparison. Angular and energy distributions for
wave function of the residual molecular iof; ), and is photoelectron as well as ion yields are determined by com-
corrected approximately for the long-ranged Coulomb inter2iNing the fundamental rates, Eqel)—(4), with the rate
action in the final staté24]. The doubly differential rateof ~ €duations governing the respective populations at any point
ionizationper molecule, and per element of solid angle in the laser focus, and adding the contributions from all

from an active orbital withN, equivalent electrons, on ab- points. . .
sorbing N photons from a linearly polarized laser field is Let the normalized population of the neutral molecules at

given by[5,6] a point (1), having the orientatiom, be Py(r,t,n), and
R that of the ions bé>(r,t,n). The populations of the neutral
d\/v(f'i\‘)(l ,n) 5 and the ionized species are then governed by the rate equa-
TZZWNeCCOUIkN(Up_ Nw) tiOﬂS,
2[ e Jp PNENE dPo(r,t,n) . .
XIn| @0k (i, @1 [P} ()|~ —at - Fr(lr),n)Po(r,t,n), )
D .
dP(r,t,n) - -
Ceou=[(21,)¥¥E(]?*V?"» is a Coulomb factor accounting —at el (nb.nPo(r,t,n). (6)

for the interaction of the emitted electron with the residual

ion of charge stat&=1 [25]. E, is the peak field strength of The respective partial yieldg@ngular and energy distribu-
the Iaser and is th_e ionization energy of the molecule. tions) are governed by

Jn(a;b) is a generalized Bessel function of two arguments

(e.g., Refs[23,26)), where ap=l/w is the quiver radius dPo(r,t,n)  dW;(1(r,t),n) )

andU,=1/4w? is the quiver energy of an electron in a laser at = T Po(r,t,n), (7)

field of frequencyw and intensityl. kﬁ,/2=Nw—Up—Ip is

the kinetic energy of an electron on absorptiorNophotons ) A

f he field dP™(r,t,n) S ~ .

rom the field. . . . =W ((r,1),n)Py(r,t,n), ®)
Orientation of the molecular axis in space is determined dt

in Eqg. (1) via the unit vectom. Hence, any distribution of A n
molecular axis in an ensemble of molecules is taken intdVhere Po(r.t,n)=dP(r,t,n;Q)/dQ) stands for the angular

account by averaging the rates over the anglgs ¢;)- distribution; P(r,t,n) is the (discret¢ energy distribution
By summation over the number of photons absorbed frongorresponding to the ATl channels S£N—N,
the field one readily gets from E¢f) the differential ioniza- =0,1,2...). Note that the last two equations determining
tion rate per element of solid anglé(}, the respective partial distributions are consistent with the
equation of the total ionization, as can be readily seen by
dWsi(1,n) o dWAN(I,n) considering the integration over the solid andl@, or the
T:N:ENO a0 (2 summation over the ATl-inde$, and comparing the result

with the equation satisfied by the total ion yield,

where Ny is the minimum (or thresholdl photon number. .
Integration of Eq(1) over the ejection angles only gives the P(r.t ﬁ):J 40 dP(r,t,n;Q) ©
photoelectron angular distribution for a given ATI channel, " dQ
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® TABLE I. lonization potentiald , in eV for the outermost and
= Z PO(r,t,n). (10) inner valence shell orbitals of the diatomi@9] as well as of the
S=0 linear carbon clusteris32].

The above system of rate equations is solved with the initial C, 1w, 20,

conditions Po(r,t=—o,n)=1 and P(r,t=—%,n)=0, as 11.41 15.40

well as Pq(r,t=—=,n)=0 (for all Q) and PO(r,t N, 204

=—o0,n)=0 (for all S). We note that the assumed normal- 125‘58 5 5

. . . ~ ~N . . g 2 K Ty Oqg
ization of populationPy(r,t,n) + P(r,t,n)=1, is satisfied at 12.07 16.10 1817

all space-time pointsr(t) in the laser focus, as can be easily

seen by adding the first two rate equations and using the G 1??20 1420;39 11727“879

respective initial conditions. For the actual computations we c 1' : ' 5 : 1

have used, as usual, a Gaussian pulse prgfilese duration, 5 g Tu %g Tu

7) centered around=0, and a TEMgmode Gaussian 11.006 11.404 11.486 12.651

beam. 7 2, Toy 8oy 1my
We may observe that the rate concept and the use of rate 9.906 10.821 10.829 11.579

equations become useful, when the ionization process is Co 2 100, 90, 2m,

adiabatic. In the case of ionization of atoms the onset of 9.167 10.397 10.397 12.141

adiabaticity has been found to occur for pulse durations as
short as about three cycles of the fi¢&5]. We assume that

this adiabatic rate condition holds for molecules as well.

Therefore, all pulse lengths used in the present calculatio gh;ng;r)cl)fon tﬂe ssgtoef;ggn tiqﬂré(;ncl)gseg(ciss' o?lg(r:t?t;?e
are chosen to exceed the threshold of three cycles. The sig- G, Na, Q 9 :

natures of the molecular orbital symmetry and molecular ori- ¥mmetr|es, nargelwu, Ig ar:jd 7g: Thu”s, bats)lc Zl_gnatures i
entation, presented below, are found to be rather insensitive " VS o, gerade vs ungerade, as well as bonding vs anti-
to variations of the pulse lengths up to 100 fs. bch|ng 'symmetry of. an orbltal can be studied qualitatively
This theory has been used previously to analyze the phé’y'tgm l’;hls glroutp of d'att?]m'cih hand. bel ¢ f
nomenon of suppressed molecular ionization in diatomics arbon clusters, on the other hand, belong 1o a group o
[5,7] and in symmetric hydrocarbof§]. The predictions of molecules mth_a large variety of s'guctural forms. Due to the
the theory for the ion yields and the above-threshold ioniza—bondlng erX|t_)|I|ty of carbon, its ability to form stable smgle_,
tion spectra have been found to be in good agreement WitHOUble’ or triple bonds, carbon clusters appear as chains,

the experimental data for N O,, C,H,, C,H,, and GH, monocyclic or polycyclic rings, cages, bowls, graphitic

but no? for the highly eletz:?lronzeg%tivé rr%leﬁ:ulg E%Zél. sheets, or graphite nanotubes. Already the subgroup of car-

We have therefore restricted our analysis to linear molecule on clusters with less than 10. carbon atoms is divided into
wo sets, namely, molecules with the even number of carbon

of C, N, and O atoms. Patrticularly, the successful applicatio . ; .
to the hydrocarbons lets one to expect that the theory pro"thoms have the shape of the ring while molecules with odd

vides reliable predictions for carbon clusters as well. nhumber of carbon atoms appear as chainlike structures
[30,31. Thus, the group of small linear clusters opens the
opportunity to analyze whether or not the basic signatures of

B. Orbitals and geometrical structure orbital symmetry identified for the diatomics appear for lin-
lonization potentials and internuclear distances for the di€ar polyatomics with a more complex structure as well.
atomics G, N,, and Q have been taken from Ré29]. The We may also note that carbon clusters are important for

structures and equilibrium geometries of the carbon clusterdany diverse branches of science, e.g., astrophysics, chem-
were the subject of a lively discussion in literature since thdStry of carbon stars, combustion processes, and material sci-
development ofb initio chemical programs. Only recently, €nces(30,31. In this context the optical response of carbon
mostly due to increasing computer power, an agreement oflusters has been recently studied as a diagnostic tool for the
the equilibrium geometry was obtaing80,31. We have

made use of recent results for the vertical ionization poten- TABLE Il. Equilibrium internuclear distances in angstroms for
tials [32] and the structure of the carbon chaif80,37. the diatomicg29] and the linear carbon clusters, starting from the
Tables | and Il display the ionization energies of the HOMOoutermost C atom towards the middI&0].

and inner valence shells and the bond lengths of the diatom

ics and linear carbon clusters, used in the present calcula- G 1.2425
tions. We have obtained wave functions for the neutral mol- Ny 1.09768
ecule in the initial state and the molecular ion in the final 0, 1.20152
state using thesAMESS-us program[33] and the geometric Cs 1.2943
structures in Table Il as input data, within the Hartree-Fock Cs 1.2896 1.2819
approximation. c, 1.290 1.286 1.272
The sample of diatomics used in the present analysis al- Co 1.29 1.294 1.275 1.281

lows us to analyze systematically the influence of the orbital
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FIG. 1. Angular distributions for the diatomic molecules C,
(1,=5%10" Wicn?), (b) N, (1,=10*W/cn?), and(c) O, (I,
=10 W/cn?). A comparison is shown between the results ob-
tained for aligned orientatiofisolid lineg and those for random
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C, and Xc) O,, solid lined. This is a consequence of the
symmetry of the molecular ground state and can be under-
stood as followg8]. Molecular orbitals ofr symmetry, like

the HOMOs of G and Q, possess a nodal plane through the
(body-fixed molecular axis leading to a vanishing photo-
electron angular distribution along this axis. In a randomly
oriented ensemble of such linear moleculefs dashed lines

this minimum is washed out by the addition of the contribu-
tions from the overwhelmingly larger number of molecules
that are not oriented along the space-fixed axis. In contrast,
in the case of N molecules the HOMO is o0&~ symmetry,
which does not have a nodal plane along the molecular axis,
and hence the distribution is qualitatively the same in both
cases of orientatiopcf. Fig. 1(b)]. Please note, that for the
diatomics contributions from the inner orbitals are found to
be negligible for all the result@ngular distributions, energy
spectra, total ionization rates, as well as ion yiglesented

in this paper.

The characteristic dependence of the angular distributions
on the molecular orientation for diatomic molecules having
active orbitals ofr symmetry may in turn provide a simple
means to determine the presence of spatial alignment in an

orientation(dashed lines Please note that the results are not shown€nNsemble of molecules. Please note that it has been shown

on the same scale. Other laser parameters800 nm, 7= 10 fs.

previously[8] that the minimum appears as the alignment is
decreased below a cone angle of about 30°. We may also

structure of carbon clustef84,35. Thus, an analysis of the note that our results confirm earlier findings at moderate la-
interaction of carbon clusters with a strong external field mayse" intensities that photoelectron angular distributions pro-
also contribute to the knowledge of their physical and chemiYide a sensitive test of the molecular structure and symmetry

cal properties as well as to the understanding of a large va{Or recent reviews, see, e.g., Reff86,37). This concept is

riety of chemical processes.

Ill. DIFFERENTIAL SPECTRA

also used to investigate excited-state dynamics via femtosec-
ond time-resolved photoelectron spectroscopy in excitation-
ionization experimentg38].

The above interpretation is applicable to photoelectron

In this section we apply the present model to investigateemission from any orbital ofr symmetry in a linear mol-
the angular distributions and the energy spectra of the phaecule. However, signatures such as the characteristic mini-
toelectron. Results obtained for the two limiting cases ofmum along the polarization axis may not show up for every
molecular alignment will be compared, namely, random ori-polyatomic molecule. This is due to the more complex elec-
entation of the molecular axis and its complete alignmentronic structure of polyatomics, in which contributions from

along the polarization direction.

A. Angular distributions

several valence orbitals, which are energetically very close,
can contribute to the total angular distribution. In order to
illustrate this, we present in Fig. 2 angular distributions for
the set of linear odd-numbered carbon clustéas:Cs, (b)

Calculations for the photoelectron angular distributionsCs, (c) C;, and(d) Cq. A comparison is shown between the

have been performed using Ed8), (5), and(7). In Fig. 1
we present the results for the diatomic molecy®sC,, (b)
N,, and(c) O, for a wavelength ok =800 nm and a pulse
duration of r=10 fs; the laser peak intensity wdg=>5
X 10 Wicn? (for C,) andly=10"* W/cn? (for N, and Q)

results of the full calculations, in which all valence shells are
taken into accountpanels on the left-hand sijeand those

for which the electron emission from the HOMO is consid-
ered only(panels on the right-hand sidés expected a node
along the polarization direction appears as a characteristic

respectively. In the figures, the polar angles are measuresignature of complete alignment in the distributions arising

from the laser polarizatior in the laboratory frame. Distri-

from the HOMO of those three carbon clusters having an

butions obtained for random orientation of the molecularoutermost orbital ofr symmetry[cf. Figs. Zb) Cs, 2(c) C;,

axis (dashed linegsare compared with those for molecules
aligned with their axis parallel to the polarization direction
(solid lines.

and 2d) Cq]. But, at the given laser parameters we observe
for C; and G that the minimum turns into a maximum, when
the contributions from the other valence shells are adlded

It is seen from the figure that the angular distributionsleft-hand panels of Figs.(B) and 2d)], due to the dominant

show a minimum along the polarization direction, if mol-
ecules having the HOMO ofr symmetry are assumed to be
completely aligned along the polarization aki$. Figs. Xa)

contributions from the inner valence shellssosymmetry in
these cases. Thus, the signature of alignment manifested as a
minimum along the polarization direction for the diatomics
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FIG. 2. Angular distributions for linear carbon clusters: namely,
(@ Cs3, 1o=5%10"Wicn?; (b) Cs, |o=2% 10" W/cn?; (c) C;,
lo=2X 10" W/cn?; and (d) Cg, |o=10" W/cn?. Panels on the

left-hand side show the results, when contributions from all valence
shells are taken into account, while those on the right-hand side
show the distributions arising from the HOMO only. Please note

that the results are not shown on the same scale. The rest as
Fig. 1.

is not unconditionally applicable in the case of linear poly-
atomic molecules.

During the course of the calculations it has been found
that the angular distributions qualitatively do not change
with the change of the laser wavelength. In order to illustrate

this behavior we present in Fig. 3 results foy @nd G at

1600 nm and 2400 nm. In particular, we note that for the
diatomic G the node along the polarization direction as a
signature of alignment is present at all wavelengths investi-
gated. We may further note that the angular distributions be-
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ATl signal (arb. units)

come narrower around the polarization direction with the FIG. 4. Energy spectra for emission of the electron along the
increase of the wavelength due to the increase of the degreelarization direction and random orientation of the molecular axis:

of nonlinearity of the ionization process with increasing
wavelength.
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FIG. 3. Angular distributions for @and G at two longer wave-
lengths, namely(a) O,, A=1600 nm; (b) O,, A=2400 nm, |,
=10"W/cn?; (c) C,=1600 nm; and(d) C,, A=2400 nm, |
=2x10" W/cn?. Other laser parameter=50 fs.

(@ Cy, 1,=5X108 W/cn?; (b) Ny, 1,=10" Wicn?; (c) O,, Iy
=10 W/en?; (d) Cz, 1,=5X108Wicn?;, (&) Cs, 1,=2
X108 Wien?; () C;, 1,=2%x10"8Wicn?; and (g) Cy, lo
= 10" W/cn?. Other laser parameters:=800 nm, 7=10 fs.

B. Electron energy spectra

The present theoretical model has been applied previously
[7] to analyze the qualitative signatures of the interference
effects induced by the “bonding” vs “antibonding” symme-
try [12] of the molecular ground state on the photoelectron
energy spectrum or ATl spectrum of diatomic molecules. We
may recall that the lowest ATI peaks of a homonuclear di-
atomic having an active orbital of antibonding symmetry,
such as @ (wy symmetry, have been found to be sup-
pressed by a destructive interference effect. This can be
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readily understood from Eq(3), when written more ex- 2 I
plicitly as E 10° F 1
. e I B il
~ “ s 107 | S i
WV (1= 27N Cogy 3 [ AR Up—Ne? R N
° E 10° T
< 0 20 40

xJ2

IS

UP
-k s | F (k)

-
(=)

]
[

sir’(ky-R/2) for antibonding symmetry,
cog(ky-R/2) for bonding symmetry,

[

11)

—_
(=]

ATl signal (arb. units)
=)

0 20 40 60 80
electron energy (eV)
if the diatomic molecular orbital is expressed in the conve-

nient linear combination of atomic orbitals representation: FIG. 5. Energy spectra of Nfor photoelectron emission along

the polarization direction alty=10"* W/cn?, =50 fs, and(a) A
=1600 nm andb) A =2400 nm. Predictions of the present theory
for a set of randomly oriented moleculéslid lineg and for com-
pletely aligned molecule&ashed lingsare compared.

jmaX
P(1iRuRy)= 2, a¢(1,~RID+b;(1.R12), (12
k2 2 n?z2 for antibonding symmetry,

R2(ky-n)2 [ n?m?/4 for bonding symmetry,

where ¢; are the atomic orbitals an® is the internuclear (13

distance F(ky) is a function ofky and of the atomic orbit-
als, and is independent of the molecular symmetry. The in- .
terference effects due to the antibonding vs bonding symmeYith n=1,2,3 ... Theabove values depend on the inter-
try [12] occur in Eq.(11) via the trigonometric factors sin nuclear dlstance as well as on the directions of the eJectron
and coé. emissionky, and of the orientation of the molecular axis,
Figure 4 shows the calculated ATI spectra for the diatom-Thus, the suppression should be most clearly visible for fixed
ics (8)—(c) and the carbon clustefd)—(g) for the ejection of  directions ofRN andn.
the photoelectron along the polarization axis and randomly In order to test this expectation we have performed calcu-
oriented ensembles of molecules. Laser parameters\are lations of the ATl spectra of N(bondingoy symmetry for
=800 nm andr= 10 fs, while the peak intensity differs from emission of the photoelectron along the polarization direc-
molecule to moleculésee figure caption The suppression tion. In Fig. 5 we present a comparison of the results for
of the lowest-order ATI peaks is clearly present in the specaligned(dashed linesand random orientatiosolid lineg of
trum of G, (panelc, antibondingry symmetry as compared the molecule at two different laser wavelengt(#,1600 nm
to those of G (panela, bonding =, symmetry and N, and(b) 2400 nm. As expected, in the case of complete align-
(panel b, bonding oy symmetry where no suppression is ment a deep minimum appears around 31 eV at both laser
seen in accordance with the present theory. wavelengths. In contrast, in the case of random orientation
The energy spectra of the carbon clusters on the othehe energy spectra are relatively smooth and, in particular,
hand do not show any characteristic signature of orbital symthere is no minimum due to the averaging over the molecular
metry[cf. Figs. 4d)—4(g)]. This is due to two reasons: First, orientations with respect to the fixed direction of photoelec-
the bonding vs antibonding symmef{rd2] does not apply for tron emission. Thus, the minimum in the ATI spectra at
the set of carbon clusters, since that symmetry in the presehigher electron energies can be considered as another trace
case is broken by the presence of an unpaired carbon atom @f the interference effects but even more of molecular align-
the middle of the chain. In particular, if the electron prob-ment. Detection of this minimum can be further useful in
ability density in the orbital is strongly localized around the view of molecular imaging, since its position in the energy
center atom interference between the pairs of other atoms &pectrum determines the internuclear distance.
disturbed. Second, the contributions from valence shells of
different symmetry add up to the full energy spectra in the
case of the carbon clusters. Consequently, any signature of
suppression near the threshold of the ATI spectra, even for Most of the experiments on molecular ionization have
those clusters having a HOMO of antibonding symmetrybeen performed with randomly oriented molecules. Only
such as ¢ and G, gets lost. very recently, it has become possible to measure total ion
Equation (11) suggests further that energy spectra ofyields for ensembles of molecules showing a maximum
homonuclear diatomic molecules may be suppressed nailignment either along or perpendicular to the polarization
only near the threshold but also at certain higher-energy valdirection[39]. The experimental data support theoretical pre-
ues given by dictions[9-11,40,4] that the total ionization rates of neutral

IV. TOTAL IONIZATION RATES AND ION YIELDS
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FIG. 6. Total ionization rates &) N, and(b) O, as a function FIG. 7. (a) Ratio of total ion yields for two ensembles of pre-

of the inclination angle between the molecular axis and the polaraligned N molecules as a function of the peak intengige text
ization axis of a linearly polarized laser field)at 800 nm and two  and (b) total ion yields as a function of the inclination angle be-
intensities, 2 10 W/cm? (solid lines and 3.2 10“W/cm?  tween the molecular axis and the polarization axis of a linearly
(dashed lines The results are normalized with respect to the rategpolarized laser pulse. Laser parameters:800 nm, 7=45 fs, |

at 0°. =2x 10" W/cn?.

diatomic molecules depend on the inclination angle between

A\ — ~ P 20— 12
the molecular axis and the field polarization. Fa(07) =B{cos(07) +[0.929siri 6;) 1%} 0.916

In Fig. 6 we present total ionizatiotes[c.f. Eq.(4)] of (maximum alignment perpendicular to the
(@ N, and (b) O, as a function of the angle between the _ o
polarization direction and the molecular axis. Results are ob- field direction,

tained for A=800 nm and two intensities, namely, 2

>_<1013 W/cn? (solid lines and 3. 10t V\_//cr_n2 (dashed  \yhereA and B are normalization coefficients arg}, is the
lines). The comparison shows that fop, lthe ionization rates  angle between the molecular axis and the polarization direc-
decrease monotonically with increasing inclination angletion (the distributions are assumed to be symmetric with re-
while those for @ have a maximum at about 45° and are atgpect to the polar angle about the field directioVe have
minimum for alignment along and perpendicular to the po-performed calculations of the ioyields using Eqs.(4)—(6)
larization axis. together, for both ensembles. The ratio of the yields obtained
Qualitatively, the predictions of the present theory on theror the ensemble, described by the distributfy to those
dependence of the rates on the inclina}ion angle agree Withptained for the second ensemble is shown in Fig) s a
the results from the molecular tunneling theory by Zhaognction of the peak laser intensity. Other laser parameters in
et al.[11]. The results can be simply understood in terms ofipe experimen{39] and in the calculations ane=800 nm
the orientation of the electronic density of the moleculargng =40 fs. The theoretical results show quite generally, in
ground states with respect to the field directidd]. In a agreement with the experimental désalid squarg thatN.
strong linearly polarized laser field the rate of ionization ismglecules aligned along the field direction are easier to ion-
expected to be maximum, if the maximum of the electronici;e than those aligned perpendicular to it. This is further

density is alig_ned along the polarization _direction. This isonfirmed by the results in Fig.(l), where the present pre-
reached for alignment of the molecular axis along the polargictions for the ion yields of Mat | ,=2x 10 W/cn? are
ization direction n the case of N(oy, orbital), and for an  potted as a function of the angle between the molecular axis
angle of about 45° between the molecular axis and the pOsng the polarization direction. It is seen that at these laser
larization direction for @ (w4 orbital), which is in agree- parameters the ionization probability for,Ns 1.67 times
ment with the results in Fig. 6. Photoelectron emission in darger when the molecular axis is aligned along the field
linearly polarized laser field is also expected to become mor@irection than if it is aligned perpendicular to it.
strongly directed along the polarization direction with in- \we have also investigated the orientation dependence of
creasing field intensity. Thus, following the above interpre-the jon yields of the linear carbon clusters as a function of
tation, one may expect that any orientation dependence Ghe peak intensity. It is found that the yields depend rather
the total ionization rates becomes stronger as the field inteRyeakly on the orientation of the molecular axis. To illustrate
sity increases. The results shown in Fig. 6 are consistent witf;g point we present in Fig.(8 for Cs (solid line) and G
this expectation, however, the dependence on the laser intefyashed lingthe ratios of the ion yields assuming alignment
sity is in contradiction to those in ReffL1]. , along the field direction to those for randomly oriented clus-
Next, we analyze_,- recent ex_penmen_tal dat_a on alignmentey g (\=800 nmz=100 fs). For the sake of possible com-
dependent strong-field ionization of,Nn an intense laser harison with future experiments we also present here the ion
pulse obtained by Litvinyulet al.[39]. lon yields have been yie|ds of the set of small linear clusters, obtained with the
measured for two ensembles of molecules with a maximun s me field parameters, in Fig(bg.
alignment along and perpendicular to the field direction. The - gefore discussing them further, we may call the reader’s
distributions of the molecular axis in the two ensembles argsiantion to a rather subtle aspect of these results, i.e., the
determined by 39 change in the slope of the ion yields of @nd G at about
F1(6;) = A{cog(6;) +[ 1.692si16;) ]2}~ Y2~ 0.415 2% 10" W/cn?, which are signatures of pronounceban-
1on n ' n ' nel closings[42]. Channel closings are usually difficult to
(maximum alignment along the field direction detect in ion yields due to the average over the temporal and
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10° o ing or o vs ) are found to be washed out for the carbon

wle 7 clusters. Modulations in the contributions from different va-

15 : g w0 | 2 | lence shellgcf. Fig. 9 are due to the channel closings men-
131 @ - gs 1 2 102 i tioned above. It is worthwhile to recall that unlike in these
g /\/\’_ 8 /o cases, the contributions from the inner shells for the three

Y-S 71 B0 b — ¢ di ; ; ; d ab f d b Il h
187,17/ |= G iatomics investigated above are found to be smaller than
g‘; . 5 100 ] 1% and hence negligible. We may finally also note that for
10" 10" 10° -G Cs, where the three outermost orbitals are energetically very
intensity (Wiem?) 10°° - close togethe(cf. Table |), ionization from the two innetr

10" 10

. orbitals is in fact stronger than the contribution from the
intensity (W/ecm®)

HOMO of = symmetry.

FIG. 8. (a) Ratio of total yields of carbon clusters aligned along
the field direction to those of randomly oriented carbon clusters and
(b) total yields for carbon clusters aligned along the field direction
as functions of the peak intensity. Other laser parametkrs: In this paper we have used the intense-fi&danatrix
=800 nm, 7=100 fs. method to study the ionization of the diatomicg,@,, and

O, as well as of small linear carbon clusters up t9i€ a
spatial intensity profiles. For the diatomic molecules and lin-inearly polarized laser pulse. Predictions for the angular dis-
ear carbon clusters we have found, in the course of oufributions and the energy spectra of the photoelectron as well
analysis, that channel closings are very pronounced for iongs for the total ionization rates and yields are made. In each
ization from o orbitals at low intensities, but not fronr  case the dependence of the distributions on the orientation of
orbitals. Moreover out of the two types of orbitals the  the molecule as well as the influence of ionization from inner
channel closings are found to be strongerdgrorbitals than  valence shells are investigated.
for o, orbitals. Several symmetry-induced signatures are identified in the

The important role of inner valence shells on the total ionpartial distributions for the diatomics. First, the angular dis-
yields of the linear clusters is quantified by the results in Figtribution for diatomics having a HOMO of symmetry ex-

9, where the ratios of the partial yields arising due to ioniza-+ibits a node for the emission of the photoelectron along the
tion from individual orbitals to the total ion yields are plotted polarization direction, when the molecule is aligned along
as a function of the peak intensity. Please note that the conhe field direction, but not if the molecular axis is randomly
tribution from the HOMO is shown by a solid line in each oriented. Second, suppression of the energy spectra at the
case, while the styles of other lines distinguish the symmetryhreshold for ionization from a HOMO of antibonding sym-
of the other contributing orbitalssee figure legendin gen-  metry and at specific higher energies appears due to destruc-
eral it is seen that for each cluster contributions from at leastive interference effects between the subwaves of the elec-
three orbitals are effective. This illustrates why signatures inron from the two atomic centers in the diatomic. While the
the angular distributions and energy spectra due to the symsuppression near the threshold appears for all orientations of
metry of an individual HOMO orbitalbonding vs antibond- the molecular axis, those at higher energies depend on the
inclination angle of the molecular axis, i.e., the angle be-

V. CONCLUSIONS

] (@ G, ] b} G, tween the alignment of the molecular axis and the field po-
08 L 1 o8l ] larization direction. It is discussed how both the characteris-
o06fL _ —~——1 o8}l ] tics, i.e., the node in the angular distribution and the
Boal —~_ ] o4 b suppression of the energy spectra at higher electron energies,
o2f T 4 02r can serve as signatures to identify alignment of an ensemble
?013 10™ 10013 T '1014 of molecules. Furthermore, it is pointed out that the pro-
©c, @c, nounced minima in the energy spectra may be used for im-
1 1 aging of molecular structure, in particular, at the internuclear
o g:g 5 ] g:g i 1 distance attained by the molecule at the moment of ioniza-
T 04 \/—; PO S —— tion. The dependence of the distributions on the pulse dura-
02 L -7T T g P T tion is found to be rather weak for pulse lengths between
?013 = ”“’;614 10013 E— ’1014 three cycles of the field and about 100 fs.

Analysis of the results for the linear carbon clusters re-
veals that the symmetry dependent signatures observed for

FIG. 9. Contributions of partial yields due to the ionization from the diatomics are not unconditionally applicable for larger

individual orbitals to the total ion yields of carbon cluste@,C,, ~ Polyatomic molecules. This is, in particular, due to the com-
(b) Cs, (¢) C;, (d) Co, are shown as a function of the peak intensity. Petition of contributions from the HOMO and the lower mo-

The contribution from the HOMO is always shown by a solid line, lecular orbitals down to three valence shells of different sym-
while the contributions from the inner shells are respectively pre-metries in the carbon clusters. Consequently, any signature of
sented by, orbital (dashed ling o, orbital (dotted ling, =, or- & specific symmetry effect of the HOMO is washed out. In
bital (dot-dashed ling and o orbital (long-dashed line Laser pa- ~ contrast, for the diatomics investigated in this paper, the in-
rametersA =800 nm, 7=100 fs. fluence of ionization from inner shells is found to be negli-

intensity (W/cmz) intensity (W/cmz)
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gible which permits the symmetry of the HOMO to retain its nature of the process, but is in contradiction to an earlier
signatures in the observables of the ionization process.  theoretical result.

To test the present theory for the dependence of the total Pronounced changes of the slope of the ion yields of the
ionization rates and yields on the orientation of the moleculdinear carbon clusters, due to channel closings, are predicted
we have compared its predictions with the observation in gor jonization from¢ orbitals, but not froms orbitals. Fi-
recent experiment. A good agreement is found which conngjly, jon yields as a function of field intensity are also pre-

firms that N molecules which are aligned along the field sented for possible future experimental reference.
direction are easier to ionize than those aligned perpendicu-

lar to it. In contrast, for @the ionization rates become maxi-

mum at an mclmatlon_ angl_e of _about 45" b_etween the mo- ACKNOWLEDGMENT

lecular axis and the field direction. Orientation dependence
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