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Coulomb explosion of N2 and CO2 using linearly and circularly polarized
femtosecond laser pulses

Ph. Hering and C. Cornaggia
CEA Saclay/Direction des Sciences de la Matie`re, Service des Photons, Atomes et Mole´cules, Baˆtiment 522,

F-91 191 Gif-Sur-Yvette, France
~Received 23 October 1998!

Laser-induced molecular coulomb explosion of N2 and CO2 is studied experimentally using linearly and
circularly polarized laser light in the 1015 W/cm2 intensity range atl5800 nm. The fragmentation kinetic
energy releases are found to be identical in both cases using two different experimental methods. These results
show that the molecular relaxation is independent of the respective directions of the laser electric field and of
the internuclear axis. These results are confirmed by varying the linear laser polarization direction relative to
the explosion direction of N2 and CO2. Moreover, since in the linear case the molecular reorientation occurs
along the laser electric field direction, these results show that inertial effects are not responsible for the possible
elongation of the internuclear distances.@S1050-2947~99!06103-X#

PACS number~s!: 33.80.Rv, 33.80.Eh, 42.50.Vk
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I. INTRODUCTION

Laser-induced multiple ionization of molecules produc
multicharged atomic ions due to the relaxation of the tr
sient multicharged molecular ions@1#. At the beginning of
the 1990s, experiments performed with light molecules s
as N2, O2, CO, and C-C bonds indicate that the kinetic e
ergy releases exhibit only one maximum per fragmenta
channel which is a fraction of Coulomb explosion ener
@2–4#. In addition, this fraction does not depend drastica
on the decay channel, wavelength, and pulse duration. T
studies were extended to molecules built with heavier ato
such as Cl2 @5# or I2 @6# and gave essentially the same co
clusions. One of the possible explanations is that the mole
lar explosion occurs at a larger internuclear distance than
equilibrium distance. Recent theoretical models based on
over-the-barrier ionization@7# and on a full quantum treat
ment @8# explain this behavior by an enhancement of t
molecular ionization at a critical larger internuclear distan
which is poorly dependent on the ionization stage. Althou
these two approaches are quite different, their common
terpretation is based on the nonadiabatic localization of
electronic wave function in the rising well of the lase
molecule potential. In addition, the concept of charge re
nance effects in strong laser fields was introduced in
early 1990s@9# and has been applied to the multiple ioniz
tion of small molecules@10#. In this approach, the enhanc
ment at large internuclear distance is due to charge reson
states that are responsible for very large transition mome
On the other hand, Brewczyket al. have developed a time
dependent Thomas-Fermi model and found that the kin
energy defect is due to screening processes of the depa
electrons@11,12#. According to the authors, this new mod
does not attribute much importance to the enhanced ion
tion at some critical distance.

In all these approaches the laser light is linearly polariz
because there do not exist any data recorded with circul
polarized laser light. Moreover, the calculations are p
formed assuming that the internuclear axis lies along
PRA 591050-2947/99/59~4!/2836~8!/$15.00
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laser electric field direction. In this paper, the relaxation
N2 and CO2 is investigated in the 1015W/cm2 laser intensity
range atl5800 nm in linear and circular polarization in o
der to give more experimental information especially whe
two- and three-dimensional models are required to treat
circularly polarized laser light. In the models involving a
enhancement at large internuclear distances@7–10#, the
stretching processes leading to these large distances hav
been identified. In the case of linear polarization, the lig
molecules such as H2, N2, or CO get aligned along the lase
electric field@13–15# and an inertial effect might increase th
internuclear distance. In the case of circular polarization,
molecular axis cannot follow the rotation of the laser fie
during the laser periodT52.67 fs atl5800 nm. As a con-
sequence, inertial effects are not expected to play any
nificant role. In addition, the molecular axis is no long
aligned along the laser electric field. Concerning t
Thomas-Fermi approach@11,12#, the dynamics of the depart
ing electrons has been investigated only using linear po
ization. Since it is expected to be different in circular pola
ization at first sight, the model will have to be checked in th
case.

This paper is based on the detection of the fragmenta
channels of N2 and CO2 into multicharged atomic fragment
and on the comparison of the experimental results recor
with linear and circular polarization. The paper is organiz
as follows. Section II describes the experimental setup
particular, Sec. II C presents a detailed description of the
experimental methods used for the measurements of the
netic energy releases. The experimental results are prese
in Sec. III and are discussed in Sec. IV.

II. EXPERIMENTAL SETUP

A. Laser setup

The femtosecond laser system is a commercial kilo-He
laser chain based on a titanium-sapphire gain medium
self-mode-locked oscillator pumped by an Ar1 cw laser de-
livers pulses with a wavelength spectrum centered al
2836 ©1999 The American Physical Society
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PRA 59 2837COULOMB EXPLOSION OF N2 AND CO2 USING . . .
5800 nm and pulse durationt527 fs. The amplification is
performed using the chirp pulse amplification technique:
laser pulse from the oscillator is stretched to a pulse dura
t5300 ps, then the amplification takes place in a regen
tive amplifier pumped by a kHz-Nd31:YLF laser. Finally, the
pulse duration is recompressed to typicallyt540 fs using a
two-grating compressor. The laser pulse duration is m
sured using standard optical second-order autocorrela
techniques. The laser system output at 1 kHz is typically 7
mJ atl5800 nm.

B. Ion time-of-flight spectrometer and correlation technique

The laser-induced molecular multifragmentation tak
place in a high vacuum chamber with a residual pressur
3310210Torr. The multicharged atomic and molecular io
are detected using a Wiley-McLaren ion spectrometer@16#,
with a short time-of-flight drift tube~100 mm! in order to
avoid any angular discrimination using a moderate collect
electric field. The spectrometer is operated so that the ti
of-flight differenceT(P)2T(P50) of an ion with initial mo-
mentumP exhibits to a very good approximation a line
dependence of the projectionP cos(q) of P along the spec-
trometer axis:

T~P!2T~P50!5P cos~q!/~ZeFc!, ~1!

whereZ is the ion charge state,e is the elementary charge
andFc is the collection electric field. The ions are detect
by a pair of microchannel plates and the resulting ion sig
is transferred to a digitizing oscilloscope. The gas press
remains very low in the 1029– 1028 Torr range in order to
keep a linear response of the detector as a function of
number of the impinging ions.

The fragmentation channels are established using the
variance mapping technique introduced by Frasinskiet al.
@17#, which allows us to work with more than one event p
laser shot. In the case of diatomic molecules, only
second-order covariance coefficientC2(T1 ,T2) is required to
associate two atomic ions with times of flightT1 andT2 . For
triatomic molecules, the third-order covariance coefficie
C3(T1 ,T2 ,T3) is necessary to identify channels with thr
ions. However, this coefficient is always much smaller th
C2(T1 ,T2) and demands more computation time. As a co
sequence, both coefficients are used and discussed in
paper for CO2.

C. Experimental method

The molecular alignment along the laser electric field w
established previously using linear polarization@13–15#. In
the case of the circular polarization, the multifragmentat
is isotropic in space@18#. In this case, two methods are us
to measure to kinetic energy releases. In the first one, 9
high transparency grids are installed in the spectromete
collect all the ions. Figure 1 represents the covariance m
recorded with the N2 molecule for the identification of the
NZ11NZ81 (Z,Z852,3) channels. The bottom and le
curves represent, respectively, theT1 and T2 time-of-flight
average ion signal and the central map represents
C2(T1 ,T2) coefficient using a five-level gray scale. The io
collection electric field isFc5180 V/cm and the laser linea
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polarization direction is parallel to the spectrometer ax
Since the molecule is aligned along the laser electric fie
the NZ1 ions are ejected along the spectrometer axis
present a highly symmetric double peak structure com
from the backward (Nb

Z1) and the forward (Nf
Z1) initial

emission directions relative to the detector position. Figur

FIG. 1. Covariance map of N2 recorded atl5800 nm, I 54
31015 W/cm2, andp(N2)51.531029 Torr with the laser polariza-
tion direction parallel to the detection axis. The spectromete
equipped with high transparency grids. The collection electric fi
is Fc5180 V/cm. The covariance coefficientC2(T1 ,T2) is repre-
sented using a five-level gray scale as a function of theT1 ~hori-
zontal axis! andT2 ~vertical axis! ion times of flight.

FIG. 2. Covariance map of N2 recorded atl5800 nm, I 54
31015 W/cm2, andp(N2)5231029 Torr with circular laser polar-
ization. The spectrometer is equipped with high transparency g
The collection electric field isFc5180 V/cm. The covariance coef
ficient C2(T1 ,T2) is represented using a five-level gray scale a
function of theT1 ~horizontal axis! andT2 ~vertical axis! ion times
of flight.
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2838 PRA 59PH. HERING AND C. CORNAGGIA
represents a map recorded with the same operating co
tions of the ion spectrometer and is recorded using circ
laser polarization. The N21 and N31 ion peaks in the time-
of-fight spectra exhibit a square shape due to their ini
isotropic emission. Indeed, the ion distributionDP(P) de-
pends only on the modulusP of the vector momentumP.
Assuming that this distribution is a narrow distributio
DP(P)5d(P2P0) centered atP0 , the ion distribution
DT(T) as a function of the time of flightT(P) is a square
centered atT(P50) with a symmetric maximum extensio
at 6P0 /ZeFc . This statement come from theDP(P)dP
5DT(T)dT equality and theP cos(q) dependence ofT(P)
given in Eq.~1!. The NZ1/NZ81(Z,Z852,3) covariance is-
lands are straight lines with constantC2(T1 ,T2) values. The
slopes areZ8/Z because of theP1P850 momentum conser
vation which is equivalent toZT(NZ1)1Z8T(NZ81)
5const following Eq.~1!.

The second method is based on the analysis of the f
mentation along the spectrometer axis. The high transm
sion grid of the ion collection region is replaced by a flat d
with a small hole at the center. In this paper, we pres
results obtained with a 1 mmdiameter hole. Figures 3 and
represent covariance maps recorded with anFc5100 V/cm
collection electric field using, respectively, linear and circ
lar polarization for the same channel identification as in Fi
1 and 2. For the linear polarization~Fig. 3!, the forward and
backward ions pass through the hole since the molecular
is aligned along the spectrometer axis by the laser fi
However, the backward ion peaks are smaller than the
ward ion peaks because of the different trajectories of th
two ion species in the collection electric field. In the case
circular polarization~Fig. 4!, the molecular fragmentation i
detected for molecules with internuclear axis along the sp
trometer axis, otherwise the ions do not pass through

FIG. 3. Covariance map of N2 recorded atl5800 nm, I 53
31015 W/cm2, and p(N2)5431029 Torr with the laser polariza-
tion direction parallel to detection axis. The spectrometer
equipped with a 1 mmpinhole for an on-axis detection. The colle
tion electric field is Fc5100 V/cm. The covariance coefficien
C2(T1 ,T2) is represented using a five-level gray scale as a func
of theT1 ~horizontal axis! andT2 ~vertical axis! ion times of flight.
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hole. The covariance map looks like the map in Fig. 3 w
some differences in the intensities of the covariance pe
which will be explained in the next section.

Both methods give the same important results: the fr
mentation channel kinetic energy releases are identica
linear and circular polarization. The ion kinetic energies a
slightly higher using the on-axis detection~pinhole! than us-
ing the total detection~grids!. The differences lie in the
0–1.5 eV range depending on the fragmentation channel
remain in theDE/E565% relative uncertainty.

III. EXPERIMENTAL RESULTS

A. N2

Table I summarizes the kinetic energy releases for
NZ11NZ81 fragmentation channels of N2 using linearly and

s

n

FIG. 4. Covariance map of N2 recorded atl5800 nm, I 53
31015 W/cm2, andp(N2)5431029 Torr with circular laser polar-
ization. The spectrometer is equipped with a 1 mmpinhole for an
on-axis detection. The collection electric field isFc5100 V/cm.
The covariance coefficientC2(T1 ,T2) is represented using a five
level gray scale as a function of theT1 ~horizontal axis! and T2

~vertical axis! ion times of flight.

TABLE I. Measured kinetic energy releasesEexp of the NZ1

1NZ811Eexp channels from the N2 molecule using linearly and
circularly polarized laser light atl5800 nm, 40 fs pulse duration in
the 1015– 531015 W/cm2 laser intensity range. The relative acc
racy of the measurements isDE/E565%. These results come
from covariance maps recorded using the on-axis detection.
Coulomb repulsion energyECoul is calculated at the N2 equilibrium
internuclear distanceRe51.098 Å.

(Z,Z8)
Experimental kinetic energy release

Eexp ~eV!
Eexp/ECoul

~%!

~1,1! 7.660.5 58
~2,1! 1561 57
~2,2! 2961.5 55
~3,2! 4062 51
~3,3! 5663 47
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PRA 59 2839COULOMB EXPLOSION OF N2 AND CO2 USING . . .
circularly polarized laser light and the on-axis detection. T
experimental valuesEexp reported in Table I are average va
ues over several covariance maps as in Figs. 3 and 4 u
different collection electric fieldsFc from 50 to 200 V/cm.
These quantities are represented with only two signific
digits which are sufficient within the experimental relati
accuracyDE/E565%. The experimental kinetic energy re
leasesEexp are compared to the Coulomb repulsion ene
ECoul. For the different fragmentation channels, the ra
Eexp/ECoul values are around 50%, as was outlined usin
linearly polarized 2 ps laser pulse at 616 nm@4#. The kinetic
energy releases recorded with circularly polarized laser l
do not differ significantly from the results recorded with li
ear polarization and do not require another column in Ta
I since theEexp values are the same in both cases within
experimental accuracy. The two-dimensional spectra w
recorded using the same laser intensity with grids in Figs
and 2 (I 5431015W/cm2! and with the 1 mm pinhole in
Figs. 3 and 4 (I 5331015W/cm2!. However, in each cas
the peak intensities of the N31 ions and of the associate
N31/N31 correlation island are smaller using the circular p
larization. In this last case, the multiple ionization is le
efficient because the laser electric field is& smaller in cir-
cular polarization than in linear polarization for the sam
laser intensity.

B. CO2

Figure 5 represents a third-order covariance map reco
with the C21, C31, O21, and O31 ions using linear polarized
laser light and high transparency grids in the ion spectro

FIG. 5. Third-order covariance map of CO2 recorded atl
5800 nm, I 5431015 W/cm2, p(CO2)51029 Torr, and linear po-
larization with the ion spectrometer equipped with grids. The c
lection electric field isFc5500 V/cm. TheC3(T1 ,T2 ,T3) coeffi-
cient is represented with a fixedT35T3

(0) value which corresponds
to zero-kinetic-energy C31 ions. The islands labeled 18– 98 corre-
spond to a partial autocorrelated signal withT15T2 (18– 58) and
T25T3

(0) (58– 98) and are commented on in the text. The chann
identification is as follows: Island 1; Of

211C311Ob
21; island 2,

Ob
311C311Of

21; island 3, Of
311C311Ob

21; island 4, Of
31

1C311Ob
31.
e
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eter. As usual, the bottom and left curves represent the a
age ion time-of-flight signal. In particular, the backwa
component Ob

31 of the O31 ion lies in the left shoulder of
the C21 ion peak which exhibits a single peak structure~as
the C31 ion peak! because the carbon atom occupies
central position of the CO2 molecule. The third-order coeffi
cient C3(T1 ,T2 ,T3) is represented using a two-dimension
map with a fixedT35T3

(0) time of flight which corresponds
to C31 ions with zero initial momentumP50 along the
spectrometer axis. This situation gives the highest value
theC3 coefficient especially for symmetric channels such
O211C311O21 and O311C311O31. This is the signature
that the three-body multifragmentation of CO2 is a direct
process, otherwise the C31 would have some initial kinetic
energy due to the departure of a daughter CON1 fragment.
The same behavior is observed with the C21 ion, whereT3

(0)

corresponds to the time of flight of C21 ions with initial
momentum P50. As for the C2(T1 ,T2) coefficient, the
C3(T1 ,T2 ,T35T3

(0)) coefficient is symmetric with respect t
T1 andT2 and only the features below the diagonal are co
mented upon. The diagonal islands 18–58 represent the par
tial autocorrelatedC3(T1 ,T25T1 ,T35T3

(0)) coefficient. The
C31 ion peak is correlated with the Of

31, Ob
31, Of

21, and
Ob

21 ions. In particular, island no. 38 is centered around the
Ob

31 ion because the C31 ion cannot be correlated with th
C21 ion. The horizontal islands 68– 98 represent the partia
autocorrelatedC3(T1 ,T25T3

(0) ,T35T3
(0)) coefficient which

gives the same identification as with the diagonal islan
Finally islands no. 1–4 with three distinct times of flight giv
the identification and kinetic energy releases for the OZ1

1C311OZ81 (Z,Z852,3) channels which are reported
Table II.

Figures 6 and 7 represent second-order covariance m
recorded with a 1 mmpinhole in the ion spectrometer using

-

s

TABLE II. Measured kinetic energy releasesEexp of the OZ1

1CZ811OZ911Eexp channels from the CO2 molecule using lin-
early and circularly polarized laser light atl5800 nm, 40 fs pulse
duration in the 1015– 531015 W/cm2 laser intensity range. The rela
tive accuracy of the measurements isDE/E5610%. These results
are average values coming from second-orderC2(T1 ,T2) covari-
ance maps recorded with pinholes and third-orderC3(T1 ,T2 ,T3)
covariance maps recorded with grids as it is explained in the
perimental section. The Coulomb repulsion energyECoul is calcu-
lated at the C-O equilibrium internuclear distance of the CO2 mol-
eculeRe(C-O)51.162 Å.

(Z,Z8,Z9)
Experimental kinetic energy release

Eexp ~eV!
Eexp/ECoul

~%!

~1,1,1! 1862 55
~1,2,1! 3463.5 61
~2,1,1! 2763 54
~2,1,2! 3864 51
~2,2,2! 6867 55
~2,3,2! 9069 52
~3,2,2! 8969 55
~3,3,2! 109610 49
~3,3,3! 143614 51
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2840 PRA 59PH. HERING AND C. CORNAGGIA
respectively, linearly and circularly polarized laser light.
this case, the multifragmentation is detected for molecu
oriented along the ion detection axis. The same island
terns are detected in both cases and are labeled in the fi
captions from 1 to 12. Third-order covariance mapping
more difficult with the pinhole ion discrimination and theC3
signal is very weak compared with theC3 signal obtained
with grids. The equivalence of the kinetic energy release
both polarization states is illustrated here with doubly a
triply charged atomic ions but has been checked also w

FIG. 6. Second-order covariance map of CO2 recorded atl
5800 nm, I 5431015 W/cm2, p(CO2)5431029 Torr, and linear
polarization with the ion spectrometer equipped with a 1 mmpin-
hole for an on-axis detection. The collection electric field isFc

5500 V/cm. Islands 1, 4, 5, and 8 correspond to OZ1/OZ81 corre-

lations and islands 2, 3, and 9–12 correspond to OZ1/OZ81 corre-
lations withZ,Z852,3.

FIG. 7. Second-order covariance map of CO2 recorded atl
5800 nm, I 5431015 W/cm2, p(CO2)5431029 Torr, and circu-
lar polarization with the ion spectrometer equipped with a 1 mm
pinhole for an on-axis detection. The collection electric field isFc

5500 V/cm. The island labels are the same as in Fig. 6.
s
t-

ure
s

in
d
th

singly charged atomic ions. The energies are summarize
Table II and represent average values of several two-o
and three-order covariance maps using the on-axis detec
and the grid configuration of the ion spectrometer. The re
tive accuracyDE/E5610% is larger for CO2 than for N2
because the CO2 experiments~Figs. 5–7! are performed us-
ing a larger collection electric fieldFc5500 V/cm in order to
collect all the ions especially for the triple-correlation expe
ments@DE/E is proportional toFc according to Eq.~1!#. As
in the case of N2, the kinetic energy releases are identical
both polarization states and the correlation islands in Fig
are less intense~circular polarization! than in Fig. 6~linear
polarization! because of the& smaller laser electric field in
circular polarization for the same laser intensity.

IV. DISCUSSION

In the linearly polarized laser light case, the N2 and CO2
molecules are aligned along the laser electric field direct
and undergo multiple ionization and Coulomb explosio
This statement is in good agreement with the recent exp
mental and theoretical study of Posthumuset al. where mol-
ecules built with light atoms such as H2 or N2 show clear
signs of being forced into alignment by the strong laser fi
even with a pulse duration of 50 fs@15#. This effect is due to
the combined effects of the strong polarizability induced
the intense laser field and to the multiple ionization of t
system. If one considers only the neutral molecule pola
ability effects represented by the dipole momentp induced
by a linearly polarized laser fieldE, the field-molecule inter-
action V52(1/2)^p•E& averaged over one optical cycle
given by the following expression as a function of timet and
angleq between the molecular axis and the laser field dir
tion:

V~ t,q!52
I ~ t !

2c
@a i cos2~q!1a' sin2~q!#. ~2!

In Eq. ~2!, I (t), c, a i , and a' are, respectively, the time
dependent laser intensity, the speed of light, and the par
and transverse components of the polarizability tensor. Th
two last physical quantities depend on the laser frequencn.
However, they can be replaced, respectively, by the st
parallel and perpendicular polarizabilities because the pho
energyhn51.55 eV atl5800 nm remains small in compar
son with the energies of the first excited states in N2 and CO2
that can be reached via a one-photon transition. For insta
for CO2 at I 51015W/cm2, V(t,u) presents a maximum wel
depth of 212 meV. Assuming a classical behavior of t
molecular rotation, the evolution equation of the angleQ
52q is given by

d2Q

dt2
1S 2p

Tr
D 2

f ~ t !sin~Q!50, ~3!

where f (t) is the temporal envelope of the laser intens
I (t)5I maxf(t). The time constantTr can be expressed as
function of the inertial momentumJ of the molecule, the
maximum laser intensityI max, and the differenceDa5a i

2a' which represents the anisotropy of the molecular p
larizability:
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Tr52pS cJ

I maxDa D 1/2

. ~4!

Equation~4! gives an order of magnitude of the rotation tim
especially for smallQ angles where sin(Q)'Q. At I max
51015W/cm2, the values ofTr are 160, 422, and 645 fs for
respectively, H2, N2, and CO2. These values are much larg
than the laser periodT52.67 fs atl5800 nm and justify the
average of the field-molecule interactionV52(1/2)p•E
over one optical cycle. In any case, they are much larger t
the laser pulse duration 40 fs and cannot explain the mole
lar alignment if one takes into account only the neutral m
ecule polarizability. In addition, the molecular ion yields as
function of the peak laser intensity do not support the f
that only molecules aligned along the laser electric field
ionized. Figure 8 represents the CO2

1, O1 from the
O11CO114.8 eV and O1 from the O11C11O1118 eV
ion yields. For the CO2

1 ions the saturation laser intensity
around 231014W/cm2. For intensities larger than this valu
the variation of the CO2

1 ion numbers follows the well-
known 3

2 slope in log-log coordinates due to the saturation
the ionization process associated with the extension of
laser focal volume. The same behavior is observed for
O1 ions at laser intensities above 1015W/cm2 and is due to
the saturation of the CO2

1→O11CO11e2 and CO2
1

→O11C11O112e2 ionization channels. For these tw
particular channels, the32 slope above 1015W/cm2 show that
all the precursor CO2

1 ions are ionized whatever their initia
internuclear axis direction. The same behavior was obse
with the N2 molecule. The laser intensity dependence alw
shows the3

2 slope above saturation, which means that all
initial populations leading to the fragmentation channels
ionized.

FIG. 8. Experimental CO2
1 ~d! and O1 ~l,.! average ion

numbers per laser shot for a reference pressureP(CO2)
51029 Torr as a function of the peak laser intensity recorded al
5800 nm and linearly polarized laser light. The spectromete
equipped with grids and all the ions produced in the focal volu
are detected. The O1 ions come from two different channels:~l!
O11CO114.8 eV and~.! O11C11O1118 eV.
n
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t
e

f
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e

ed
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e

Following our present analysis and the analysis of Po
humuset al. @15#, the ionization processes have to be co
sidered in the reorientation of light molecules in addition
the polarizability effects induced by the strong linearly p
larized laser field on the neutral molecule. In Fig. 8, the O1

ions coming from the O11CO114.8 eV channel exhibit a
saturation knee at the same laser intensity aro
1015W/cm2 as the O1 ions coming from the
O11C11O1118 eV channels. These two types of ion
come, respectively, from the removal of two and three el
trons from the molecule. The saturation of the first class
O1 ions at 1015W/cm2 comes from the saturation of the ion
ization of the CO2

1 ions following:

CO2
11 laser→O11CO11e2. ~5!

The second class of O1 ions saturates at the same laser
tensity and as a consequence the corresponding cha
O11C11O1 comes from the ionization of the same CO2

1

precursor ions following a nonsequential two-electron em
sion:

CO2
11laser→O11C11O112e2. ~6!

The nonsequential double ionization of neutral molecules
been studied recently in our laboratory@19# and, to our
knowledge, this is the first report of the nonsequential dou
ionization of a molecular ion. To our knowledge, the dyna
ics of the departing electrons has not been investigated
the molecular multiple ionization. As a consequence, its
fluence on the molecular rotation remains to be studied in
linear polarization case.

In circular polarization, the molecules do not have time
rotate following the laser electric field rotation during th
laser periodT52.67 fs atl5800 nm and no molecular re
orientation processes are expected in this case. Using
on-axis detection described in Sec. II C, the detected fr
mentation channels come only from molecules with their
ternuclear axis initially parallel to the detection axis. T
ionization takes place in the course of the laser electric fi
rotation from 0° to 360° within one optical period. As
consequence, the kinetic energy releases are independe
the respective directions of the laser field and internucl
axis since they remain the same as in linear polarization. O
might argue that the ionization is expected to be larger w
the molecular axis is parallel to the laser field because in
case the escaping electron feels only the attracting field
one nucleus instead of the attracting field of two or mo
nuclei when the molecular axis is perpendicular to the la
field. The situations in linear and circular polarization a
then not very different, since one particular molecular dire
tion in space is favored. However, the ion yield measu
ments in circular polarization exhibit the same3

2 slope in
log-log coordinates as in Fig. 8 above the laser satura
intensity. This means that all the molecules are ionized in
focal volume regardless of their initial orientation. In add
tion, there is no reason for the molecular axis to have exa
the same position in space in linear and circular polarizati

Another way to show the independence of the kinetic
ergy releases as a function of the positions of the laser fi
and molecular axes is illustrated in Fig. 9 for N2. Using the
on-axis detection which fixes the spatial orientation of t
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exploding molecules, the linearly polarized laser field dire
tion is rotated fromqpd5290° to qpd590°, whereqpd is
the angle between the laser field direction and the spectr
eter axis, i.e., the molecular explosion direction. Then
kinetic energy releases are recorded for each angleqpd while
the laser intensityI 53.531015W/cm2 remains constant. In
Fig. 9, no significant variation is noticeable for all the NZ1

1NZ81 (Z,Z851,2,3) channels. The only slight variatio
occurs at anglesuqpdu.45° for N211N21 and uqpdu.25°
for N311N31. This is due to the fact that the correspondi
angular distributions are peaked atqpd50° with a half-width
at half maximum of 15° and 12° for, respectively, th
N211N21 and N311N31 channels with the 1 mm pinhole
The signals atuqpdu.45° for N211N21 and uqpdu.25° for
N311N31 are much weaker than atqpd50° and as a conse
quence the accuracy of the measurements are lower tha
qpd50°. Similar results were obtained with the CO2 mol-
ecule for the channels reported in Table II. As a con
quence, our overall results show that the molecular re
ation is independent of the relative positions of the la
electric field and the internuclear axis.

FIG. 9. Kinetic energy releases of the NZ11NZ81 (Z,Z8
51,2,3) fragmentation channels of N2 recorded atl5800 nm, I
53.531015 W/cm2, and p(N2)51028 Torr, as a function of the
angle qpd between the linear laser polarization direction and
spectrometer axis, i.e., the molecular explosion direction. The s
trometer is equipped with a 1 mmpinhole for an on-axis detection
and the collection electric field isFc5100 V/cm.
nd

o

J.
-

-
e

at

-
x-
r

Double pulse experiments have proven the molecular
orientation of the equivalent CO molecule using a 1 pslaser
pulse@13#. With very short pulses of 50 fs duration, Posth
muset al. have shown that the reorientation is effective f
light molecules such as H2 or N2 @15#. The first group of
models presented in the Introduction predicts an enhan
ment of the multiple ionization at large internuclear distanc
in linear polarization@7–10#. The stretching processes lea
ing to these distances remain unknown and one of the p
sible mechanisms could be inertial forces due to the for
rotation of the molecules. However, our results show t
this is not the case for two reasons. Inertial forces are ab
in the circular polarization case, which gives the same
netic energy releases as in the linear case. Moreover, as
shown above, the kinetic energy releases do not depen
the angle between the laser electric field and the internuc
direction.

V. CONCLUSIONS

In the Introduction of this paper, several theoretical a
proaches were presented in order to give the motivation
this experimental work. In particular, the theories predicti
an enhancement of the multiple ionization at large inter
clear distances@7–10# are not compatible with the Thomas
Fermi approach@11,12# within our present understanding o
multiple ionization of molecules. The experimental resu
presented in this paper and in particular those obtained w
circularly polarized laser light should constitute addition
tests of the models since no data were available in this c
This could be done increasing the computation time since
directions of the laser field and internuclear axes have to
independent in order to predict the dynamics of the ioni
tion as a function of these directions and to be able to
more insight into the nuclear motions in linear and circu
polarization. In addition, the electron departure dynamics
known to be very sensitive to the laser polarization sta
Our results show that the fragmentation dynamics does
seem to be correlated to the electronic emission in str
laser fields since the fragmentation kinetic energy release
not depend on the laser polarization.
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