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Ionization of N2, O2, and linear carbon clusters in a strong laser pulse
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Multiphoton ionization of linear molecules is studied using the strong-fieldS-matrix 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 molecules C2 , N2, and O2, 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

Currently, there is great interest in exploring the respo
of molecules to ultrashort intense laser pulses. A variety
multiphoton processes have been observed, including m
photon ionization, dissociative ionization, multiple ioniz
tion, fragmentation, Coulomb explosion, and high harmo
generation. All these processes are characterized by
highly nonlinear interaction between the electrons of
molecule and the external laser field at high intensities~for
recent reviews, see e.g., Refs.@1,2#!. Single electron ioniza-
tion is perhaps the most fundamental process among t
and occurs often as a precursor of the others.

While the dynamical aspects of ionization of atoms in
strong laser field are considered to be well understood no
days, theoretical analysis of the same process in more c
plex targets, such as diatomic and polyatomic molecules,
topic of active research. Much progress has been made in
development ofab initio time-dependent theoretical simula
tions by direct solution of the Schro¨dinger equation of the
system of interest. Since such calculations require a la
space-time grid and, hence, an enormous computati
power, current investigations are limited to one- and tw
electron molecules, e.g., H2

1 and H2 ~for recent papers, se
e.g., Refs.@3,4#!. One way to avoid this obstacle, in order
study more complex diatomic or even polyatomic molecul
is to extend to the molecular case approximation metho
which have been successfully used for the atoms before.
cently, an intense-field many-bodyS-matrix ansatz@5–8# and
tunneling ionization models@9–11# have been developed fo
this purpose.

*Present address: Max-Planck-Institut fu¨r Physik komplexer Sys-
teme, Nöthnitzer Str. 38, D-01187 Dresden, Germany. Electro
address: jaron@mpipks-dresden.mpg.de
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In this paper we use the first-order term of theab initio
S-matrix series to investigate the single electron ionization
the diatomics C2 , N2 , O2, and the linear carbon clusters u
to C9 in an intense laser pulse. This theoretical ansatz
been used before to analyze the influence of interference
the electronic wave packets from different atomic cent
within a diatomic or polyatomic molecule on the total io
yields @5,6# and the electron energy spectrum@7#. For ex-
ample, it has been shown that the antibonding symmetry@12#
of the highest occupied molecular orbital~HOMO! in O2
gives rise to a destructive interference between the two s
waves, which leads to a suppression of the low-energy
of the above threshold ionization~ATI ! spectrum and, con-
sequently, of the total ion yields. Further signatures of m
lecular symmetry have been identified recently in the yie
of doubly ionized polyatomic molecules and its fragmen
@13#, in high harmonic spectra of diatomics@14–16# and
ring-shaped molecules@17–19#, in high-order ATI spectra of
diatomics@20#, as well as in photoelectron angular distrib
tions @8#.

The purpose of the present paper is to provide a m
complete study of the signatures of molecular orbital sy
metry and molecular orientation in the photoelectron ene
spectra and angular distributions as well as the total ion
tion rates and yields for laser-induced ionization of line
molecules. The paper is organized as follows: First,
briefly sketch theS-matrix ansatz, used for the present ana
sis, as well as the geometrical structure of the molecu
investigated and the symmetries of the different classes
orbitals in a linear molecule. Next, signatures of molecu
orbital symmetry are identified in the angular distributio
and the energy spectra of the photoelectron considering
diatomics C2 , N2, and O2 as examples. Supplementa
analysis for the group of small linear carbon clusters dem
strates the role of competing contributions from different v
lence orbitals in more complex polyatomic molecules.
comparison of the results obtained for ensembles of m

c
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JAROŃ-BECKER, BECKER, AND FAISAL PHYSICAL REVIEW A69, 023410 ~2004!
ecules, which are aligned with their internuclear axis alo
the polarization direction, with those for sets of random
oriented molecules provides information for identification
molecular alignment. Finally, we apply the theory to analy
the dependence of total ionization rates and yields on
orientation of the molecular axis, and compare the res
with those of other theoretical approaches and recent exp
mental data.

II. THEORY

A. Rates and yields

For our analysis we have used an extension of the
called Keldysh-Faisal-Reiss model@21–23#, which is ob-
tained as the leading-order term of anS-matrix expansion. It
involves a transition matrix element between the initial-st
wave function of a bound state of the molecule,uF i&, and the
product state of the Volkov wave function of the emitt
electron in the field and the unperturbed final bound-s
wave function of the residual molecular ion,uF f

1&, and is
corrected approximately for the long-ranged Coulomb int
action in the final state@24#. The doubly differential rateof
ionizationper molecule, and per element of solid angledV,
from an active orbital withNe equivalent electrons, on ab
sorbing N photons from a linearly polarized laser field
given by @5,6#

dWf i
(N)~ I ,n̂!

dV
52pNeCcoulkN~Up2Nv!2

3JN
2 S a0•kN ,

Up

2v D u^fkN
F f

1uF i&~ n̂!u2.

~1!

Ccoul5@(2I p)3/2/E0#2Z/A2I p is a Coulomb factor accountin
for the interaction of the emitted electron with the residu
ion of charge stateZ51 @25#. E0 is the peak field strength o
the laser andI p is the ionization energy of the molecule
JN(a;b) is a generalized Bessel function of two argume
~e.g., Refs.@23,26#!, wherea05AI /v is the quiver radius
andUp5I /4v2 is the quiver energy of an electron in a las
field of frequencyv and intensityI. kN

2 /25Nv2Up2I p is
the kinetic energy of an electron on absorption ofN photons
from the field.

Orientation of the molecular axis in space is determin
in Eq. ~1! via the unit vectorn̂. Hence, any distribution o
molecular axis in an ensemble of molecules is taken i
account by averaging the rates over the angles (u n̂ ,f n̂).

By summation over the number of photons absorbed fr
the field one readily gets from Eq.~1! thedifferential ioniza-
tion rate per element of solid angledV,

dWf i~ I ,n̂!

dV
5 (

N5N0

` dWf i
(N)~ I ,n̂!

dV
, ~2!

where N0 is the minimum ~or threshold! photon number.
Integration of Eq.~1! over the ejection angles only gives th
photoelectron angular distribution for a given ATI channe
02341
g

f
e
e

ts
ri-

o-

e

te

r-

l

s

d

o

Wf i
(N)~ I ,n̂!5E dV

dWf i
(N)~ I ,n̂!

dV
. ~3!

The total ionization rateper molecule is obtained by addin
the contribution from all channels,

G f i~ I ,n̂!5 (
N5N0

` E dV
dWf i

(N)~ I ,n̂!

dV
. ~4!

Generally speaking, experimental data for the rate of i
izationper molecule are not available, and hence a comp
son of theory and experiment is not practicable as yet at
basic level. Experimental data are usually obtained~in a rela-
tive scale! in terms of the distributions of ionizationyieldsin
the interaction volume for the ensemble of molecules in
laser focus. It is therefore necessary to construct the res
tive distributions of ionization yields theoretically to facil
tate the comparison. Angular and energy distributions
photoelectron as well as ion yields are determined by co
bining the fundamental rates, Eqs.~1!–~4!, with the rate
equations governing the respective populations at any p
in the laser focus, and adding the contributions from
points.

Let the normalized population of the neutral molecules
a point (r ,t), having the orientationn̂, be P0(r ,t,n̂), and
that of the ions beP(r ,t,n̂). The populations of the neutra
and the ionized species are then governed by the rate e
tions,

dP0~r ,t,n̂!

dt
52G f i~ I ~r ,t !,n̂!P0~r ,t,n̂!, ~5!

dP~r ,t,n̂!

dt
5G f i~ I ~r ,t !,n̂!P0~r ,t,n̂!. ~6!

The respective partial yields~angular and energy distribu
tions! are governed by

dPV~r,t,n̂!

dt
5

dWf i~ I ~r ,t !,n̂!

dV
P0~r ,t,n̂!, ~7!

dP(S)~r,t,n̂!

dt
5Wf i

(S)~ I ~r ,t !,n̂!P0~r ,t,n̂!, ~8!

where PV(r,t,n̂)[dP(r,t,n̂;V)/dV stands for the angula
distribution; P(S)(r,t,n̂) is the ~discrete! energy distribution
corresponding to the ATI channels (S5N2N0
50,1,2, . . . ). Note that the last two equations determinin
the respective partial distributions are consistent with
equation of the total ionization, as can be readily seen
considering the integration over the solid angledV, or the
summation over the ATI-indexS, and comparing the resul
with the equation satisfied by the total ion yield,

P~r ,t,n̂!5E dV
dP~r,t,n̂;V!

dV
~9!
0-2
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5 (
S50

`

P(S)~r ,t,n̂!. ~10!

The above system of rate equations is solved with the in
conditions P0(r ,t52`,n̂)51 and P(r ,t52`,n̂)50, as
well as PV(r ,t52`,n̂)50 ~for all V) and P(S)(r ,t
52`,n̂)50 ~for all S). We note that the assumed norma
ization of population,P0(r ,t,n̂)1P(r ,t,n̂)51, is satisfied at
all space-time points (r ,t) in the laser focus, as can be eas
seen by adding the first two rate equations and using
respective initial conditions. For the actual computations
have used, as usual, a Gaussian pulse profile~pulse duration,
t) centered aroundt50, and a TEM00-mode Gaussian
beam.

We may observe that the rate concept and the use of
equations become useful, when the ionization proces
adiabatic. In the case of ionization of atoms the onset
adiabaticity has been found to occur for pulse durations
short as about three cycles of the field@25#. We assume tha
this adiabatic rate condition holds for molecules as w
Therefore, all pulse lengths used in the present calculat
are chosen to exceed the threshold of three cycles. The
natures of the molecular orbital symmetry and molecular
entation, presented below, are found to be rather insens
to variations of the pulse lengths up to 100 fs.

This theory has been used previously to analyze the p
nomenon of suppressed molecular ionization in diatom
@5,7# and in symmetric hydrocarbons@6#. The predictions of
the theory for the ion yields and the above-threshold ioni
tion spectra have been found to be in good agreement
the experimental data for N2 , O2 , C2H2 , C2H4, and C6H6,
but not for the highly electronegative molecule F2 @27,28#.
We have therefore restricted our analysis to linear molec
of C, N, and O atoms. Particularly, the successful applica
to the hydrocarbons lets one to expect that the theory
vides reliable predictions for carbon clusters as well.

B. Orbitals and geometrical structure

Ionization potentials and internuclear distances for the
atomics C2 , N2, and O2 have been taken from Ref.@29#. The
structures and equilibrium geometries of the carbon clus
were the subject of a lively discussion in literature since
development ofab initio chemical programs. Only recently
mostly due to increasing computer power, an agreemen
the equilibrium geometry was obtained@30,31#. We have
made use of recent results for the vertical ionization pot
tials @32# and the structure of the carbon chains@30,32#.
Tables I and II display the ionization energies of the HOM
and inner valence shells and the bond lengths of the diat
ics and linear carbon clusters, used in the present calc
tions. We have obtained wave functions for the neutral m
ecule in the initial state and the molecular ion in the fin
state using theGAMESS-USprogram@33# and the geometric
structures in Table II as input data, within the Hartree-Fo
approximation.

The sample of diatomics used in the present analysis
lows us to analyze systematically the influence of the orb
02341
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symmetry on the photoelectron and ion yields, since
HOMOs of C2 , N2, and O2 belong to three classes of orbita
symmetries, namely,pu , sg, andpg . Thus, basic signature
of p vs s, gerade vs ungerade, as well as bonding vs a
bonding symmetry of an orbital can be studied qualitativ
within this group of diatomics.

Carbon clusters, on the other hand, belong to a group
molecules with a large variety of structural forms. Due to t
bonding flexibility of carbon, its ability to form stable single
double, or triple bonds, carbon clusters appear as cha
monocyclic or polycyclic rings, cages, bowls, graphit
sheets, or graphite nanotubes. Already the subgroup of
bon clusters with less than 10 carbon atoms is divided i
two sets, namely, molecules with the even number of car
atoms have the shape of the ring while molecules with o
number of carbon atoms appear as chainlike structu
@30,31#. Thus, the group of small linear clusters opens
opportunity to analyze whether or not the basic signature
orbital symmetry identified for the diatomics appear for li
ear polyatomics with a more complex structure as well.

We may also note that carbon clusters are important
many diverse branches of science, e.g., astrophysics, ch
istry of carbon stars, combustion processes, and material
ences@30,31#. In this context the optical response of carb
clusters has been recently studied as a diagnostic tool fo

TABLE I. Ionization potentialsI p in eV for the outermost and
inner valence shell orbitals of the diatomics@29# as well as of the
linear carbon clusters@32#.

C2 1pu 2su

11.41 15.40
N2 2sg

15.58
O2 2pg 2pu 2sg

12.07 16.10 18.17
C3 3su 4sg 1pu

11.920 12.739 12.879
C5 1pg 5su 6sg 1pu

11.006 11.404 11.486 12.651
C7 2pu 7su 8sg 1pg

9.906 10.821 10.829 11.579
C9 2pg 10sg 9su 2pu

9.167 10.397 10.397 12.141

TABLE II. Equilibrium internuclear distances in angstroms f
the diatomics@29# and the linear carbon clusters, starting from t
outermost C atom towards the middle@30#.

C2 1.2425
N2 1.09768
O2 1.20152
C3 1.2943
C5 1.2896 1.2819
C7 1.290 1.286 1.272
C9 1.29 1.294 1.275 1.281
0-3
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JAROŃ-BECKER, BECKER, AND FAISAL PHYSICAL REVIEW A69, 023410 ~2004!
structure of carbon clusters@34,35#. Thus, an analysis of the
interaction of carbon clusters with a strong external field m
also contribute to the knowledge of their physical and che
cal properties as well as to the understanding of a large
riety of chemical processes.

III. DIFFERENTIAL SPECTRA

In this section we apply the present model to investig
the angular distributions and the energy spectra of the p
toelectron. Results obtained for the two limiting cases
molecular alignment will be compared, namely, random o
entation of the molecular axis and its complete alignm
along the polarization direction.

A. Angular distributions

Calculations for the photoelectron angular distributio
have been performed using Eqs.~2!, ~5!, and ~7!. In Fig. 1
we present the results for the diatomic molecules~a! C2, ~b!
N2, and~c! O2 for a wavelength ofl5800 nm and a pulse
duration of t510 fs; the laser peak intensity wasI 055
31013 W/cm2 ~for C2) andI 051014 W/cm2 ~for N2 and O2)
respectively. In the figures, the polar angles are meas
from the laser polarization« in the laboratory frame. Distri-
butions obtained for random orientation of the molecu
axis ~dashed lines! are compared with those for molecule
aligned with their axis parallel to the polarization directio
~solid lines!.

It is seen from the figure that the angular distributio
show a minimum along the polarization direction, if mo
ecules having the HOMO ofp symmetry are assumed to b
completely aligned along the polarization axis@cf. Figs. 1~a!

FIG. 1. Angular distributions for the diatomic molecules~a! C2

(I 05531013 W/cm2), ~b! N2 (I 051014 W/cm2), and ~c! O2 (I 0

51014 W/cm2). A comparison is shown between the results o
tained for aligned orientation~solid lines! and those for random
orientation~dashed lines!. Please note that the results are not sho
on the same scale. Other laser parameters:l5800 nm,t510 fs.
02341
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C2 and 1~c! O2, solid lines#. This is a consequence of th
symmetry of the molecular ground state and can be un
stood as follows@8#. Molecular orbitals ofp symmetry, like
the HOMOs of C2 and O2, possess a nodal plane through t
~body-fixed! molecular axis leading to a vanishing phot
electron angular distribution along this axis. In a random
oriented ensemble of such linear molecules~cf. dashed lines!
this minimum is washed out by the addition of the contrib
tions from the overwhelmingly larger number of molecul
that are not oriented along the space-fixed axis. In contr
in the case of N2 molecules the HOMO is ofs symmetry,
which does not have a nodal plane along the molecular a
and hence the distribution is qualitatively the same in b
cases of orientation@cf. Fig. 1~b!#. Please note, that for th
diatomics contributions from the inner orbitals are found
be negligible for all the results~angular distributions, energy
spectra, total ionization rates, as well as ion yields! presented
in this paper.

The characteristic dependence of the angular distributi
on the molecular orientation for diatomic molecules havi
active orbitals ofp symmetry may in turn provide a simpl
means to determine the presence of spatial alignment in
ensemble of molecules. Please note that it has been sh
previously@8# that the minimum appears as the alignment
decreased below a cone angle of about 30°. We may
note that our results confirm earlier findings at moderate
ser intensities that photoelectron angular distributions p
vide a sensitive test of the molecular structure and symm
~for recent reviews, see, e.g., Refs.@36,37#!. This concept is
also used to investigate excited-state dynamics via femto
ond time-resolved photoelectron spectroscopy in excitati
ionization experiments@38#.

The above interpretation is applicable to photoelect
emission from any orbital ofp symmetry in a linear mol-
ecule. However, signatures such as the characteristic m
mum along the polarization axis may not show up for eve
polyatomic molecule. This is due to the more complex el
tronic structure of polyatomics, in which contributions fro
several valence orbitals, which are energetically very clo
can contribute to the total angular distribution. In order
illustrate this, we present in Fig. 2 angular distributions
the set of linear odd-numbered carbon clusters:~a! C3, ~b!
C5, ~c! C7, and~d! C9. A comparison is shown between th
results of the full calculations, in which all valence shells a
taken into account~panels on the left-hand side!, and those
for which the electron emission from the HOMO is consi
ered only~panels on the right-hand side!. As expected a node
along the polarization direction appears as a character
signature of complete alignment in the distributions aris
from the HOMO of those three carbon clusters having
outermost orbital ofp symmetry@cf. Figs. 2~b! C5, 2~c! C7,
and 2~d! C9]. But, at the given laser parameters we obse
for C5 and C9 that the minimum turns into a maximum, whe
the contributions from the other valence shells are added@cf.
left-hand panels of Figs. 2~b! and 2~d!#, due to the dominant
contributions from the inner valence shells ofs symmetry in
these cases. Thus, the signature of alignment manifested
minimum along the polarization direction for the diatomi

-

n
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is not unconditionally applicable in the case of linear po
atomic molecules.

During the course of the calculations it has been fou
that the angular distributions qualitatively do not chan
with the change of the laser wavelength. In order to illustr
this behavior we present in Fig. 3 results for O2 and C7 at
1600 nm and 2400 nm. In particular, we note that for
diatomic O2 the node along the polarization direction as
signature of alignment is present at all wavelengths inve
gated. We may further note that the angular distributions
come narrower around the polarization direction with t
increase of the wavelength due to the increase of the de
of nonlinearity of the ionization process with increasi
wavelength.

FIG. 2. Angular distributions for linear carbon clusters: name
~a! C3 , I 05531013 W/cm2; ~b! C5 , I 05231013 W/cm2; ~c! C7 ,
I 05231013 W/cm2; and ~d! C9 , I 051013 W/cm2. Panels on the
left-hand side show the results, when contributions from all vale
shells are taken into account, while those on the right-hand
show the distributions arising from the HOMO only. Please n
that the results are not shown on the same scale. The rest
Fig. 1.

FIG. 3. Angular distributions for O2 and C7 at two longer wave-
lengths, namely~a! O2 , l51600 nm; ~b! O2 , l52400 nm, I 0

51014 W/cm2; ~c! C751600 nm; and~d! C7 , l52400 nm, I 0

5231013 W/cm2. Other laser parameter:t550 fs.
02341
-

d
e
e

e

i-
e-

ee

B. Electron energy spectra

The present theoretical model has been applied previo
@7# to analyze the qualitative signatures of the interferen
effects induced by the ‘‘bonding’’ vs ‘‘antibonding’’ symme
try @12# of the molecular ground state on the photoelectr
energy spectrum or ATI spectrum of diatomic molecules.
may recall that the lowest ATI peaks of a homonuclear
atomic having an active orbital of antibonding symmet
such as O2 (pg symmetry!, have been found to be sup
pressed by a destructive interference effect. This can

,

e
e

e
in

FIG. 4. Energy spectra for emission of the electron along
polarization direction and random orientation of the molecular a
~a! C2 , I 05531013 W/cm2; ~b! N2 , I 051014 W/cm2; ~c! O2 , I 0

51014 W/cm2; ~d! C3 , I 05531013 W/cm2; ~e! C5 , I 052
31013 W/cm2; ~f! C7 , I 05231013 W/cm2; and ~g! C9 , I 0

51013 W/cm2. Other laser parameters:l5800 nm,t510 fs.
0-5
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readily understood from Eq.~3!, when written more ex-
plicitly as

Wf i
(N)~ I ,n̂!52pNeCcoul (

N5N0

` E dk̂NkN~Up2Nv!2

3JN
2 S a0•kN ,

Up

2v DF~kN!

3H sin2~kN•R/2! for antibonding symmetry,

cos2~kN•R/2! for bonding symmetry,

~11!

if the diatomic molecular orbital is expressed in the con
nient linear combination of atomic orbitals representation

F i~r;R1 ,R2!5 (
j 51

j max

ajf j~r,2R/2!1bjf j~r,R/2!, ~12!

where f j are the atomic orbitals andR is the internuclear
distance.F(kN) is a function ofkN and of the atomic orbit-
als, and is independent of the molecular symmetry. The
terference effects due to the antibonding vs bonding sym
try @12# occur in Eq.~11! via the trigonometric factors sin2

and cos2.
Figure 4 shows the calculated ATI spectra for the diato

ics ~a!–~c! and the carbon clusters~d!–~g! for the ejection of
the photoelectron along the polarization axis and rando
oriented ensembles of molecules. Laser parameters al
5800 nm andt510 fs, while the peak intensity differs from
molecule to molecule~see figure caption!. The suppression
of the lowest-order ATI peaks is clearly present in the sp
trum of O2 ~panelc, antibondingpg symmetry! as compared
to those of C2 ~panel a, bonding pu symmetry! and N2
~panel b, bonding sg symmetry! where no suppression i
seen in accordance with the present theory.

The energy spectra of the carbon clusters on the o
hand do not show any characteristic signature of orbital s
metry @cf. Figs. 4~d!–4~g!#. This is due to two reasons: Firs
the bonding vs antibonding symmetry@12# does not apply for
the set of carbon clusters, since that symmetry in the pre
case is broken by the presence of an unpaired carbon ato
the middle of the chain. In particular, if the electron pro
ability density in the orbital is strongly localized around t
center atom interference between the pairs of other atom
disturbed. Second, the contributions from valence shells
different symmetry add up to the full energy spectra in
case of the carbon clusters. Consequently, any signatur
suppression near the threshold of the ATI spectra, even
those clusters having a HOMO of antibonding symme
such as C5 and C9, gets lost.

Equation ~11! suggests further that energy spectra
homonuclear diatomic molecules may be suppressed
only near the threshold but also at certain higher-energy
ues given by
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R2~ k̂N•n̂!2 H n2p2 for antibonding symmetry,

n2p2/4 for bonding symmetry,
~13!

with n51,2,3, . . . . Theabove values depend on the inte
nuclear distance as well as on the directions of the elec
emission,k̂N , and of the orientation of the molecular axis,n̂.
Thus, the suppression should be most clearly visible for fix
directions ofk̂N and n̂.

In order to test this expectation we have performed cal
lations of the ATI spectra of N2 ~bondingsg symmetry! for
emission of the photoelectron along the polarization dir
tion. In Fig. 5 we present a comparison of the results
aligned~dashed lines! and random orientation~solid lines! of
the molecule at two different laser wavelengths,~a! 1600 nm
and~b! 2400 nm. As expected, in the case of complete ali
ment a deep minimum appears around 31 eV at both la
wavelengths. In contrast, in the case of random orienta
the energy spectra are relatively smooth and, in particu
there is no minimum due to the averaging over the molecu
orientations with respect to the fixed direction of photoele
tron emission. Thus, the minimum in the ATI spectra
higher electron energies can be considered as another
of the interference effects but even more of molecular ali
ment. Detection of this minimum can be further useful
view of molecular imaging, since its position in the ener
spectrum determines the internuclear distance.

IV. TOTAL IONIZATION RATES AND ION YIELDS

Most of the experiments on molecular ionization ha
been performed with randomly oriented molecules. O
very recently, it has become possible to measure total
yields for ensembles of molecules showing a maxim
alignment either along or perpendicular to the polarizat
direction@39#. The experimental data support theoretical p
dictions@9–11,40,41# that the total ionization rates of neutra

FIG. 5. Energy spectra of N2 for photoelectron emission alon
the polarization direction atI 051014 W/cm2, t550 fs, and~a! l
51600 nm and~b! l52400 nm. Predictions of the present theo
for a set of randomly oriented molecules~solid lines! and for com-
pletely aligned molecules~dashed lines! are compared.
0-6
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IONIZATION OF N2 , O2, AND LINEAR CARBON . . . PHYSICAL REVIEW A69, 023410 ~2004!
diatomic molecules depend on the inclination angle betw
the molecular axis and the field polarization.

In Fig. 6 we present total ionizationrates@c.f. Eq. ~4!# of
~a! N2 and ~b! O2 as a function of the angle between th
polarization direction and the molecular axis. Results are
tained for l5800 nm and two intensities, namely,
31013 W/cm2 ~solid lines! and 3.231014 W/cm2 ~dashed
lines!. The comparison shows that for N2 the ionization rates
decrease monotonically with increasing inclination ang
while those for O2 have a maximum at about 45° and are
minimum for alignment along and perpendicular to the p
larization axis.

Qualitatively, the predictions of the present theory on
dependence of the rates on the inclination angle agree
the results from the molecular tunneling theory by Zh
et al. @11#. The results can be simply understood in terms
the orientation of the electronic density of the molecu
ground states with respect to the field direction@11#. In a
strong linearly polarized laser field the rate of ionization
expected to be maximum, if the maximum of the electro
density is aligned along the polarization direction. This
reached for alignment of the molecular axis along the po
ization direction in the case of N2 (sg orbital!, and for an
angle of about 45° between the molecular axis and the
larization direction for O2 (pg orbital!, which is in agree-
ment with the results in Fig. 6. Photoelectron emission i
linearly polarized laser field is also expected to become m
strongly directed along the polarization direction with i
creasing field intensity. Thus, following the above interp
tation, one may expect that any orientation dependenc
the total ionization rates becomes stronger as the field in
sity increases. The results shown in Fig. 6 are consistent
this expectation, however, the dependence on the laser in
sity is in contradiction to those in Ref.@11#.

Next, we analyze recent experimental data on alignme
dependent strong-field ionization of N2 in an intense lase
pulse obtained by Litvinyuket al. @39#. Ion yields have been
measured for two ensembles of molecules with a maxim
alignment along and perpendicular to the field direction. T
distributions of the molecular axis in the two ensembles
determined by@39#

F1~u n̂!5A$cos2~u n̂!1@1.692sin~u n̂!#2%21/220.415

~maximum alignment along the field direction!,

FIG. 6. Total ionization rates of~a! N2 and~b! O2 as a function
of the inclination angle between the molecular axis and the po
ization axis of a linearly polarized laser field atl5800 nm and two
intensities, 231013 W/cm2 ~solid lines! and 3.231014 W/cm2

~dashed lines!. The results are normalized with respect to the ra
at 0°.
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F2~u n̂!5B$cos2~u n̂!1@0.929sin~u n̂!#2%21/220.916

~maximum alignment perpendicular to the

field direction!,

whereA and B are normalization coefficients andu n̂ is the
angle between the molecular axis and the polarization di
tion ~the distributions are assumed to be symmetric with
spect to the polar angle about the field direction!. We have
performed calculations of the ionyields, using Eqs.~4!–~6!
together, for both ensembles. The ratio of the yields obtai
for the ensemble, described by the distributionF1, to those
obtained for the second ensemble is shown in Fig. 7~a! as a
function of the peak laser intensity. Other laser parameter
the experiment@39# and in the calculations arel5800 nm
andt540 fs. The theoretical results show quite generally,
agreement with the experimental data~solid square!, thatN2
molecules aligned along the field direction are easier to i
ize than those aligned perpendicular to it. This is furth
confirmed by the results in Fig. 7~b!, where the present pre
dictions for the ion yields of N2 at I 05231014 W/cm2 are
plotted as a function of the angle between the molecular a
and the polarization direction. It is seen that at these la
parameters the ionization probability for N2 is 1.67 times
larger when the molecular axis is aligned along the fi
direction than if it is aligned perpendicular to it.

We have also investigated the orientation dependenc
the ion yields of the linear carbon clusters as a function
the peak intensity. It is found that the yields depend rat
weakly on the orientation of the molecular axis. To illustra
this point we present in Fig. 8~a! for C3 ~solid line! and C7
~dashed line! the ratios of the ion yields assuming alignme
along the field direction to those for randomly oriented clu
ters (l5800 nm,t5100 fs). For the sake of possible com
parison with future experiments we also present here the
yields of the set of small linear clusters, obtained with t
same field parameters, in Fig. 8~b!.

Before discussing them further, we may call the reade
attention to a rather subtle aspect of these results, i.e.,
change in the slope of the ion yields of C3 and C5 at about
231013 W/cm2, which are signatures of pronouncedchan-
nel closings@42#. Channel closings are usually difficult t
detect in ion yields due to the average over the temporal

r-

s

FIG. 7. ~a! Ratio of total ion yields for two ensembles of pre
aligned N2 molecules as a function of the peak intensity~see text!
and ~b! total ion yields as a function of the inclination angle b
tween the molecular axis and the polarization axis of a linea
polarized laser pulse. Laser parameters:l5800 nm, t545 fs, I 0

5231014 W/cm2.
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spatial intensity profiles. For the diatomic molecules and
ear carbon clusters we have found, in the course of
analysis, that channel closings are very pronounced for
ization from s orbitals at low intensities, but not fromp
orbitals. Moreover out of the two types ofs orbitals the
channel closings are found to be stronger forsg orbitals than
for su orbitals.

The important role of inner valence shells on the total
yields of the linear clusters is quantified by the results in F
9, where the ratios of the partial yields arising due to ioni
tion from individual orbitals to the total ion yields are plotte
as a function of the peak intensity. Please note that the c
tribution from the HOMO is shown by a solid line in eac
case, while the styles of other lines distinguish the symme
of the other contributing orbitals~see figure legend!. In gen-
eral it is seen that for each cluster contributions from at le
three orbitals are effective. This illustrates why signatures
the angular distributions and energy spectra due to the s
metry of an individual HOMO orbital~bonding vs antibond-

FIG. 8. ~a! Ratio of total yields of carbon clusters aligned alo
the field direction to those of randomly oriented carbon clusters
~b! total yields for carbon clusters aligned along the field direct
as functions of the peak intensity. Other laser parametersl
5800 nm,t5100 fs.

FIG. 9. Contributions of partial yields due to the ionization fro
individual orbitals to the total ion yields of carbon clusters,~a! C3,
~b! C5, ~c! C7, ~d! C9, are shown as a function of the peak intensi
The contribution from the HOMO is always shown by a solid lin
while the contributions from the inner shells are respectively p
sented bypg orbital ~dashed line!, su orbital ~dotted line!, pu or-
bital ~dot-dashed line!, andsg orbital ~long-dashed line!. Laser pa-
rameters:l5800 nm,t5100 fs.
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ing or s vs p) are found to be washed out for the carb
clusters. Modulations in the contributions from different v
lence shells~cf. Fig. 9! are due to the channel closings me
tioned above. It is worthwhile to recall that unlike in the
cases, the contributions from the inner shells for the th
diatomics investigated above are found to be smaller t
1% and hence negligible. We may finally also note that
C5, where the three outermost orbitals are energetically v
close together~cf. Table I!, ionization from the two inners
orbitals is in fact stronger than the contribution from t
HOMO of p symmetry.

V. CONCLUSIONS

In this paper we have used the intense-fieldS-matrix
method to study the ionization of the diatomics C2 , N2, and
O2 as well as of small linear carbon clusters up to C9 in a
linearly polarized laser pulse. Predictions for the angular d
tributions and the energy spectra of the photoelectron as
as for the total ionization rates and yields are made. In e
case the dependence of the distributions on the orientatio
the molecule as well as the influence of ionization from inn
valence shells are investigated.

Several symmetry-induced signatures are identified in
partial distributions for the diatomics. First, the angular d
tribution for diatomics having a HOMO ofp symmetry ex-
hibits a node for the emission of the photoelectron along
polarization direction, when the molecule is aligned alo
the field direction, but not if the molecular axis is random
oriented. Second, suppression of the energy spectra a
threshold for ionization from a HOMO of antibonding sym
metry and at specific higher energies appears due to des
tive interference effects between the subwaves of the e
tron from the two atomic centers in the diatomic. While t
suppression near the threshold appears for all orientation
the molecular axis, those at higher energies depend on
inclination angle of the molecular axis, i.e., the angle b
tween the alignment of the molecular axis and the field
larization direction. It is discussed how both the characte
tics, i.e., the node in the angular distribution and t
suppression of the energy spectra at higher electron ener
can serve as signatures to identify alignment of an ensem
of molecules. Furthermore, it is pointed out that the p
nounced minima in the energy spectra may be used for
aging of molecular structure, in particular, at the internucl
distance attained by the molecule at the moment of ion
tion. The dependence of the distributions on the pulse du
tion is found to be rather weak for pulse lengths betwe
three cycles of the field and about 100 fs.

Analysis of the results for the linear carbon clusters
veals that the symmetry dependent signatures observed
the diatomics are not unconditionally applicable for larg
polyatomic molecules. This is, in particular, due to the co
petition of contributions from the HOMO and the lower m
lecular orbitals down to three valence shells of different sy
metries in the carbon clusters. Consequently, any signatur
a specific symmetry effect of the HOMO is washed out.
contrast, for the diatomics investigated in this paper, the
fluence of ionization from inner shells is found to be neg
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gible which permits the symmetry of the HOMO to retain
signatures in the observables of the ionization process.

To test the present theory for the dependence of the t
ionization rates and yields on the orientation of the molec
we have compared its predictions with the observation i
recent experiment. A good agreement is found which c
firms that N2 molecules which are aligned along the fie
direction are easier to ionize than those aligned perpend
lar to it. In contrast, for O2 the ionization rates become max
mum at an inclination angle of about 45° between the m
lecular axis and the field direction. Orientation depende
of the rates is predicted to become stronger with increas
field intensity, which is consistent with the highly nonline
. A
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nature of the process, but is in contradiction to an ear
theoretical result.

Pronounced changes of the slope of the ion yields of
linear carbon clusters, due to channel closings, are predi
for ionization froms orbitals, but not fromp orbitals. Fi-
nally, ion yields as a function of field intensity are also pr
sented for possible future experimental reference.
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