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Coulomb explosion of N and CO, using linearly and circularly polarized
femtosecond laser pulses
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Laser-induced molecular coulomb explosion of &hd CQ is studied experimentally using linearly and
circularly polarized laser light in the ¥W/cn? intensity range ah=800nm. 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 Nand CQ. 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 distancES1050-294{09)06103-X]

PACS numbg(s): 33.80.Rv, 33.80.Eh, 42.50.Vk

I. INTRODUCTION laser electric field direction. In this paper, the relaxation of
N, and CQ is investigated in the T8W/cn? laser intensity
Laser-induced multiple ionization of molecules producesrange at =800 nm in linear and circular polarization in or-

multicharged atomic ions due to the relaxation of the trander to give more experimental information especially where
sient multicharged molecular ior4]. At the beginning of two- and three-dimensional models are required to treat the
the 1990s, experiments performed with light molecules suclgircularly polarized laser light. In the models involving an
as N, O,, CO, and C-C bonds indicate that the kinetic en-enhancement at large internuclear distanfeés10, the
ergy releases exhibit only one maximum per fragmentatior$trétching processes leading to these large distances have not
channel which is a fraction of Coulomb explosion energybeen identified. In the case of linear polarization, the light

[2—4]. In addition, this fraction does not depend drasticallymolecules such as£iN,, or CO get aligned along the laser

on the decay channel, wavelength, and pulse duration. Thegéectric field(13—-19 and an inertial effect might increase the

studies were extended to molecules built with heavier atom@ternuclear o_Ilstance. In the case of cw_cular polarlzanon_, the
. molecular axis cannot follow the rotation of the laser field
such as Gl [5] or I, [6] and gave essentially the same con-

clusions. One of the possible explanations is that the molec during the laser period =2.67fs at\=800nm. As a con-

) ! . equence, inertial effects are not expected to play any sig-
lar explosion occurs at a larger internuclear distance than t ificant role. In addition, the molecular axis is no longer
equilibrium distance. Recent theoretical models based on th&igned alohg the laser electric field Concerning the

over-the-barrier ion_izati0|ﬁ7] _and on a full quantum treat- Thomas-Fermi approadi1,12, the dynamics of the depart-
ment [8] explain this behavior by an enhancement of thejng electrons has been investigated only using linear polar-
molecular ionization at a critical larger internuclear distancegzation. Since it is expected to be different in circular polar-
which is poorly dependent on the ionization stage. Althoughzation at first sight, the model will have to be checked in this
these two approaches are quite different, their common incase.

terpretation is based on the nonadiabatic localization of the This paper is based on the detection of the fragmentation
electronic wave function in the rising well of the laser- channels of Nand CQ into multicharged atomic fragments
molecule potential. In addition, the concept of charge resoand on the comparison of the experimental results recorded
nance effects in strong laser fields was introduced in theyith linear and circular polarization. The paper is organized
early 1990949] and has been applied to the multiple ioniza- as follows. Section Il describes the experimental setup. In
tion of small molecule$10]. In this approach, the enhance- particular, Sec. Il C presents a detailed description of the two
ment at large internuclear distance is due to charge resonanegperimental methods used for the measurements of the ki-
states that are responsible for very large transition momentsetic energy releases. The experimental results are presented
On the other hand, Brewczydt al. have developed a time- in Sec. Ill and are discussed in Sec. IV.

dependent Thomas-Fermi model and found that the kinetic

energy defect is due to screening processes of the departing

electrong11,12. According to the authors, this new model Il. EXPERIMENTAL SETUP

does not attribute much importance to the enhanced ioniza-
tion at some critical distance.

In all these approaches the laser light is linearly polarized The femtosecond laser system is a commercial kilo-Hertz
because there do not exist any data recorded with circularliaser chain based on a titanium-sapphire gain medium. A
polarized laser light. Moreover, the calculations are perself-mode-locked oscillator pumped by an*Acw laser de-
formed assuming that the internuclear axis lies along thdivers pulses with a wavelength spectrum centered\ at

A. Laser setup
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=800 nm and pulse duration=27 fs. The amplification is @
performed using the chirp pulse amplification technique: the g 5 ' ' ‘ ' ' '
laser pulse from the oscillator is stretched to a pulse duration § 120+ N~
7=300ps, then the amplification takes place in a regenera- g 49!
tive amplifier pumped by a kHz-Nd:YLF laser. Finally, the S
pulse duration is recompressed to typicatty 40 fs using a o 80t N
two-grating compressor. The laser pulse duration is mea- f
sured using standard optical second-order autocorrelation 60+
techniques. The laser system output at 1 kHz is typically 750 £ 401 N3+b
uJ atA =800 nm. bS]
GE) 201 3+
B. lon time-of-flight spectrometer and correlation technique *; N‘ f
(o}
The laser-induced molecular multifragmentation takes 0<|0n86>0
place in a high vacuum chamber with a residual pressure of {),60'
3% 10 ¥Torr. The multicharged atomic and molecular ions 5
are detected using a Wiley-McLaren ion spectromgiéi, v o . i
with a short time-of-flight drift tube(100 mm) in order to 20 40 60 80 100 120
avoid any angular discrimination using a moderate collection lon time of flight T, (2.5 ns / channel)
electric field. The spectrometer is operated so that the time-
of-flight differenceT(P) — T(P=0) of an ion with initial mo- FIG. 1. Covariance map of Nrecorded at\=800nm, |=4

mentumP exhibits to a very good approximation a linear > 10°°W/cn?, andp(Np) =1.5x10"° Torr with the laser polariza-

dependence of the projectidhcos() of P along the spec- tion direction parallel to the detection axis. The spectrometer is
trometer axis: equipped with high transparency grids. The collection electric field

is F.=180V/cm. The covariance coefficieft,(T,,T,) is repre-
T(P)—T(P=0)=P coq 9)/(ZeF,), (1) sented using a five-level gray scale as a function ofTthehori-
zontal axig and T, (vertical axig ion times of flight.
whereZ is the ion charge state is the elementary charge,
andF is the collection electric field. The ions are detectedpolarization direction is parallel to the spectrometer axis.
by a pair of microchannel plates and the resulting ion signalSince the molecule is aligned along the laser electric field,
is transferred to a digitizing oscilloscope. The gas pressureghe N** ions are ejected along the spectrometer axis and
remains very low in the 10°-~10 8 Torr range in order to present a highly symmetric double peak structure coming
keep a linear response of the detector as a function of thigom the backward I§,?") and the forward K;*") initial
number of the impinging ions. emission directions relative to the detector position. Figure 2
The fragmentation channels are established using the co-
variance mapping technique introduced by Frasiretkal.

[17], which allows us to work with more than one event per qg’ 140}
laser shot. In the case of diatomic molecules, only the &
second-order covariance coeffici€@y(T,,T,) is required to S 120 N
associate two atomic ions with times of flight andT,. For 2 100t
triatomic molecules, the third-order covariance coefficient &
C3(T4,T,,T3) is necessary to identify channels with three ™= 80
ions. However, this coefficient is always much smaller than ; 6ol
C,(T,,T,) and demands more computation time. As a con- 2
sequence, both coefficients are used and discussed in this 5 4ol
aper for CQ. o 3

pap Q E 0l N

C. Experimental method .5 .

: - 0 20
The molecular alignment along the laser electric field was <lons> 20}

established previously using linear polarizatid3—15. In ™
the case of the circular polarization, the multifragmentation é 0

is isotropic in spacgl8]. In this case, two methods are used
to measure to kinetic energy releases. In the first one, 90%
high transparency grids are installed in the spectrometer to lon time of flight T, (2.5 ns / channel)
collect all the ions. Figure 1 represents the covariance map
recorded with the Bl molecule for the identification of the

20 40 60 80 100 120 140

FIG. 2. Covariance map of Nrecorded at\=800nm, |=4

e ) nzlt ;- X 10"%W/en?, andp(N,) =2x10"° Torr with circular laser polar-
N“"+N (Z2,2'=2,3) channels. The bottom and left i ation. The spectrometer is equipped with high transparency grids.
curves represent, respectively, tiig and T, time-of-flight  The collection electric field i§,= 180 V/cm. The covariance coef-
average ion signal and the central map represents thgient C,(T;,T,) is represented using a five-level gray scale as a
C,(T,,T,) coefficient using a five-level gray scale. The ion function of theT, (horizontal axi and T, (vertical axig ion times
collection electric field id=.= 180 V/cm and the laser linear of flight.
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lon time of flight T, (2.5 ns / channel) lon time of flight T, (2.5 ns / channel)
FIG. 3. Covariance map of Nrecorded at\ =800 nm, | =3 FIG. 4. Covariance map of Nrecorded at\=800nm, |=3

X 10 Wi/cn?, and p(N,)=4x10"° Torr with the laser polariza-  x 10'*W/cn?, andp(N,)=4x 10~° Torr with circular laser polar-
tion direction parallel to detection axis. The spectrometer isization. The spectrometer is equippediwi 1 mmpinhole for an
equipped wih a 1 mmpinhole for an on-axis detection. The collec- on-axis detection. The collection electric field fs= 100 V/cm.
tion electric field isF,=100V/cm. The covariance coefficient The covariance coefficier@,(T,,T,) is represented using a five-
C,(T,,T,) is represented using a five-level gray scale as a functionevel gray scale as a function of tig (horizontal axi$ and T,
of the T, (horizontal axi$ and T, (vertical axi$ ion times of flight.  (vertical axig ion times of flight.

represents a map recorded with the same operating condiole. The covariance map looks like the map in Fig. 3 with
tions of the ion spectrometer and is recorded using circulagome differences in the intensities of the covariance peaks,
laser polarization. The & and N** ion peaks in the time- which will be explained in the next section.

of-fight spectra exhibit a square shape due to their initial Both methods give the same important results: the frag-
isotropic emission. Indeed, the ion distributi@p(P) de-  mentation channel kinetic energy releases are identical in
pends only on the moduluB of the vector momentun®.  linear and circular polarization. The ion kinetic energies are
Assuming that this distribution is a narrow distribution slightly higher using the on-axis detectigpinhole than us-
Dp(P)=6(P—Pp) centered atPy, the ion distribution ing the total detection(grids). The differences lie in the
D+(T) as a function of the time of flighT(P) is a square 0-1.5 eV range depending on the fragmentation channel and
centered afl (P=0) with a symmetric maximum extension remain in theAE/E=+5% relative uncertainty.

at *Py/ZeF.. This statement come from thBp(P)dP

=D+(T)dT equality and theP cos() dependence of (P) . EXPERIMENTAL RESULTS

given in Eq.(1). The Ne*/N% *(Z,Z' =2,3) covariance is-
lands are straight lines with consta®(T,,T,) values. The
slopes ar&’/Z because of th®+ P’=0 momentum conser- Table | summarizes the kinetic energy releases for the
vation which is equivalent toZT(NZ+)+Z’T(NZ/+) NZ+ 4+ NZ'* fragmentation channels of;Nising linearly and

= const following Eq.(1). L .

The second method is based on the analysis of the frag- 'ABLE |- Measured kinetic energy releases,,, of the N
mentation along the spectrometer axis. The high transmist N° “+ Eex channels from the Nmolecule using linearly and
sion grid of the ion collection region is replaced by a flat diskCWCUl""rsIy polarlzsed laser light at=800 nm, 40 fs pulse duration in
with a small hole at the center. In this paper, we presen[he 10°%-5x 10" wW/cn? laser intensity range. The relative accu-
results obtained wita 1 mmdiameter hole. Figures 3 and 4 racy of the measurements SE/E==*=5%. These results come

represent covariance maps recorded withFas 100 V/cm from covariance maps record.ed using the on-axis de.t.eCF'on' The
. C . . ) . Coulomb repulsion energic,, is calculated at the Nequilibrium
collection electric field using, respectively, linear and circu-

o X e gl [ i =1.098 A.
lar polarization for the same channel identification as in Flgs!nternuc ear distanc® = 1.098

1 and 2. For the linear polarizatigfig. 3), the forward and

A. N,

Experimental kinetic energy release Egyp/Ecoul

backward ions pass through the hole since the molecular axis , o
o . ' (2,2') Eexp (€V) (%)
is aligned along the spectrometer axis by the laser field

However, the backward ion peaks are smaller than the for- (1,1) 7.6+0.5 58
ward ion peaks because of the different trajectories of these (2,1) 15+1 57
two ion species in the collection electric field. In the case of (2,2 29+1.5 55
circular polarization(Fig. 4), the molecular fragmentation is (3,2 40+2 51
detected for molecules with internuclear axis along the spec- (3,3 56+3 47

trometer axis, otherwise the ions do not pass through the
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+C?' "+ 0" + Eg,, channels from the COmolecule using lin-
early and circularly polarized laser light at=800 nm, 40 fs pulse
duration in the 18-5x 10'°W/cn? laser intensity range. The rela-
tive accuracy of the measurementiE/E= *+10%. These results
are average values coming from second-or@ef{T,,T,) covari-
ance maps recorded with pinholes and third-or@g(T,,T,,T3)
covariance maps recorded with grids as it is explained in the ex-
perimental section. The Coulomb repulsion enekgy,, is calcu-
lated at the C-O equilibrium internuclear distance of the, @®@I-
eculeR,(C-0)=1.162 A.

@ —— .@. T TABLE Il. Measured kinetic energy releases,, of the (e
L 1 i

lon time of flight T, (2.5 ns / channel)

Experimental kinetic energy release Eq,,/Ecoy

- (2.2'.2") Eexp (€V) (%)
(22}

kS 0 1,1, 18+2 55

> OF
T T T (1,2, 34+35 61

2

.10 0 -30 40 50 60 70 211 o743 54
lon time of flight T, (2.5 ns / channel) 21,2 38+4 51
FIG. 5. Third-order covariance map of GQecorded atA (2,2, 68i7 55
=800 nm, | =4x10"W/cn?, p(CO,)=10"°Torr, and linear po- (2,32 90+9 52
larization with the ion spectrometer equipped with grids. The col- 322 8919 55
lection electric field isF.=500 Vicm. TheCs(T,,T,,T3) coeffi- (332 109+10 49
cient is represented with a fixét,=T{ value which corresponds (333 143+14 51

to zero-kinetic-energy € ions. The islands labeled’ 19’ corre-
spond to a partial autocorrelated signal with=T, (1'-5") and
T,=T§ (5'-9') and are commented on In the text. The channelseter. As usual, the bottom and left curves represent the aver-
|de3n+t|f|cast|+on s as follows: Islasgd LfJ’CZf_Ob ; |sland3+2, age ion time-of-flight signal. In particular, the backward
?rbc3*++% ;O island 3, QTTHCTAG," island 4, Q component @ of the G ion lies in the left shoulder of
b the C* ion peak which exhibits a single peak structias

) ] ] ) ) the G* ion peal because the carbon atom occupies the
cwculgrly polarized laser light ant_:l the on-axis detection. The.oniral position of the COmolecule. The third-order coeffi-
experimental valueg,,, reported in Table | are average vaI-. cient C5(T,,T,,T5) is represented using a two-dimensional

ues over several covariance maps as in Figs. 3 and 4 usin ; ) _(0) 4 : ;
different collection electric field§ . from 50 to 200 V/cm. Hap \i\"t_h a fixedT;=Tg " time of flight which corresponds
fo C** ions with zero initial momentunP=0 along the

These quantities are represented with only two significan . SR ) .
digits which are sufficient within the experimental relative Spectrometer axis. This situation gives the highest values of

accuracyAE/E= +5%. The experimental kinetic energy re- th2e+C3 c;geff|c2|+ent espeJrr:laIIysior s%/+mmet_r|c_ channels such as
leasesE,,, are compared to the Coulomb repulsion energy®” +C* +0°" and G +C*7+0”". This is the signature
Ecou. FOr the different fragmentation channels, the ratiothat the three-body multifragmentation of €@ a direct
Eexp/ECoul values are around 50%, as was outlined using Process, otherwise the®*€ would have some initial kinetic
linearly polarized 2 ps laser pulse at 616 fdil The kinetic  energy due to the departure of a daughterNCGragment.
energy releases recorded with circularly polarized laser lighThe same behavior is observed with th& @n, whereT{)
do not differ significantly from the results recorded with lin- corresponds to the time of flight of%C ions with initial
ear polarization and do not require another column in TablenomentumP=0. As for the C,(T,,T,) coefficient, the
| since theE,,, values are the same in both cases within thecg(Tl,Tz,T3=T(3°)) coefficient is symmetric with respect to
experimental accuracy. The two-dimensional spectra werg, andT, and only the features below the diagonal are com-
recorded using the same laser intensity with grids in Figs. Inented upon. The diagonal islands-%' represent the par-
and 2 (=4x10°W/cn¥) and with the 1 mm pinhole in tjal autocorrelate@,(T;, T,= Ty, Ts=TY) coefficient. The
Figs. 3 and 4 (=3X10">W/cnr). However, in each case 3+ jon peak is correlated with the®, 0,3*, 02", and
the peak intensities of the N ions and of the associated O 2* jons. In particular, island no.’3s centered around the
N3*/N3* correlation island are smaller using the circular PO-0,3* jon because the T ion cannot be correlated with the
larization. In this last case, the multiple ionization is lesSc2+ jon. The horizontal islands’6-9’ represent the partial
efficient bepau;e the Iager glectrlc flelq/@'smaller in cir- autocorrelateccg(Tl,T2=Tg°) ,T3=T(3°)) coefficient which
cular polarization than in linear polarization for the samegiyes the same identification as with the diagonal islands.
laser intensity. Finally islands no. 1—4 with three distinct times of flight give
the identification and kinetic energy releases for the" O
+C¥+0%'* (2,2’ =2,3) channels which are reported in
Figure 5 represents a third-order covariance map recordetable |lI.
with the G*, C3*, O?*, and G ions using linear polarized Figures 6 and 7 represent second-order covariance maps
laser light and high transparency grids in the ion spectromrecorded wih a 1 mmpinhole in the ion spectrometer using,

B. CO,
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singly charged atomic ions. The energies are summarized in
Table Il and represent average values of several two-order
and three-order covariance maps using the on-axis detection
and the grid configuration of the ion spectrometer. The rela-
tive accuracyAE/E=*10% is larger for C@ than for N,
because the CQexperimentgFigs. 5—7 are performed us-

ing a larger collection electric field .= 500 V/cm in order to
collect all the ions especially for the triple-correlation experi-
ments[AE/E is proportional toF . according to Eq(1)]. As

in the case of B the kinetic energy releases are identical in
both polarization states and the correlation islands in Fig. 7
are less intensécircular polarizatioh than in Fig. 6(linear
polarization because of the2 smaller laser electric field in
circular polarization for the same laser intensity.

lon time of flight T, (2.5 ns / channel)

10 20 30 40 50 60 70 V. DISCUSSION
lon time of flight T, (2.5 ns / channel) In the linearly polarized laser light case, the &hd CQ
molecules are aligned along the laser electric field direction
FIG. 6. Second-order covariance map of L£@corded at\ and undergo multiple ionization and Coulomb explosion.
=800 nm, | =4x 10"*W/cn?, p(CO,)=4x10"°Torr, and linear  This statement is in good agreement with the recent experi-
polarization with the ion spectrometer equippedhat 1 mmpin-  mental and theoretical study of Posthunaisl. where mol-
hole for an on-axis detection. The collection electric fieldFis  ecyles built with light atoms such as,tér N, show clear
=500 V/cm. Islands 1, 4, 5, and 8 correspond t6'@* * corre-  signs of being forced into alignment by the strong laser field
lations and islands 2, 3, and 9-12 correspond f6/0@% * corre-  even with a pulse duration of 50 f45]. This effect is due to
lations withZ,Z2'=2,3. the combined effects of the strong polarizability induced by
the intense laser field and to the multiple ionization of the
respectively, linearly and circularly polarized laser light. In system. If one considers only the neutral molecule polariz-
this case, the multifragmentation is detected for moleculeability effects represented by the dipole momeninduced
oriented along the ion detection axis. The same island paby a linearly polarized laser fiel, the field-molecule inter-
terns are detected in both cases and are labeled in the figuaetion V= —(1/2)(p- E) averaged over one optical cycle is
captions from 1 to 12. Third-order covariance mapping isgiven by the following expression as a function of titend
more difficult with the pinhole ion discrimination and tks ~ angle® between the molecular axis and the laser field direc-
signal is very weak compared with th&; signal obtained tion:
with grids. The equivalence of the kinetic energy releases in
both polarization states is illustrated here with doubly and [(t)

triply charged atomic ions but has been checked also with V(t,9)=— E[a” coZ(9)+a, Sirf(9)]. 2

In Eq. (2), I(t), ¢, o, anda, are, respectively, the time-
dependent laser intensity, the speed of light, and the parallel
and transverse components of the polarizability tensor. These
two last physical quantities depend on the laser frequency
However, they can be replaced, respectively, by the static
parallel and perpendicular polarizabilities because the photon
energyhv=1.55 eV atA =800 nm remains small in compari-
son with the energies of the first excited states jraNd CQ

that can be reached via a one-photon transition. For instance,
for CO, atl=10"W/cn?, V(t,6) presents a maximum well
depth of 212 meV. Assuming a classical behavior of the
molecular rotation, the evolution equation of the an@le
=249 is given by

lon time of flight T, (2.5 ns / channel)

2
f(t)sin(®)=0, (©)

d’e N
dt?

T,

10 20 30 40 50 60 70
lon i fflight T, (2.5 ns/ch | . . .
ontime of fight T, (2.5 ns / channel) where f(t) is the temporal envelope of the laser intensity

FIG. 7. Second-order covariance map of C@corded atn ! (t)=Imad(t). The time constanT, can be expressed as a
=800 nm, | =4x 1085 W/cn?, p(CO,)=4x10°Torr, and circu-  function of the inertial momentund of the molecule, the
lar polarization with the ion spectrometer equippedhwit 1 mm ~ Maximum laser intensity ., and the differencel =«
pinhole for an on-axis detection. The collection electric fieléFis — «, which represents the anisotropy of the molecular po-
=500 V/cm. The island labels are the same as in Fig. 6. larizability:
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R Following our present analysis and the analysis of Post-
¢ C?z . . humuset al. [15], the ionization processes have to be con-
¢+ 0:0+CO +48eV sidered in the reorientation of light molecules in addition to

10%g] * 0":0'+C'+0"+18eV the polarizability effects induced by the strong linearly po-
A P larized laser field on the neutral molecule. In Fig. 8, the O
3 10' / ions coming from the O+CO"+4.8eV channel exhibit a
@ v saturation knee at the same laser intensity around
5 10° f 5 oS W/en? i -
g s f 10~Wic as the O ions coming from the
s & O"+C*+0"+18eV channels. These two types of ions
= 10 0 # H
g s é' come, respectively, from the removal of two and three elec-
5 102 S trons from the molecule. The saturation of the first class of
-g v O" ions at 18°W/cn? comes from the saturation of the ion-
5 40° < .."'v ization of the CQ" ions following:
g : .“ v + + + -
2 40* e CO," +laser~O"+CO" +e". (5)
10° - The second class of Dions saturates at the same laser in-
10" 10" 10" 10" tensity and as a consequence the corresponding channel
. . ) O*+C"+0" comes from the ionization of the same £O
Peak laser intensity (W/cm’) precursor ions following a nonsequential two-electron emis-
sion:

FIG. 8. Experimental Cgy (®) and O (#,¥) average ion
numbers per laser shot for a reference press + T~ + -
= 10’9T0rrpas a function of the peak laser intenSity re‘j:){fr:doezls)i at CO," Flaser» O +C +0O +2e". ©)
=800nm and linearly polarized laser light. The spectrometer isppo nonsequential double ionization of neutral molecules has
equipped with grlds_and all the ions prod_uced in the focal volumebeen studied recently in our laboratofg9] and, to our
grf fggffg:;:i 2}%?3;%'??&3?: gﬁii'gzr\im channels(4) knqwlgdge, this is the firs_t report of the nonsequential double
ionization of a molecular ion. To our knowledge, the dynam-
3\ ics of the departing electrons has not been investigated for
Tr=277( ¢ ) (4) the molecular multiple ionizat?on. As a consequence, it_s in-
| mad @ fluence on the molecular rotation remains to be studied in the
linear polarization case.
Equation(4) gives an order of magnitude of the rotation time | circular polarization, the molecules do not have time to
especially for small® angles where sit)~0©. At | .  rotate following the laser electric field rotation during the
=10"W/cn, the values off, are 160, 422, and 645 fs for, |aser periodT=2.67 fs atA =800nm and no molecular re-
respectively, H, N, and CQ. These values are much larger orientation processes are expected in this case. Using the
than the laser perio@i=2.67 fs at\ =800 nm and justify the  on-axis detection described in Sec. Il C, the detected frag-
average of the field-molecule interaction=—(1/2)p-E  mentation channels come only from molecules with their in-
over one optical cycle. In any case, they are much larger thagernuclear axis initially parallel to the detection axis. The
the laser pulse duration 40 fs and cannot explain the molecuyonization takes place in the course of the laser electric field
lar alignment if one takes into account only the neutral mol-rotation from 0° to 360° within one optical period. As a
ecule polarizability. In addition, the molecular ion yields as aconsequence, the kinetic energy releases are independent of
function of the peak laser intensity do not support the facthe respective directions of the laser field and internuclear
that only molecules aligned along the laser electric field arexxis since they remain the same as in linear polarization. One
ionized. Figure 8 represents the €0 O from the  might argue that the ionization is expected to be larger when
O"+CO"+4.8eV and O from the O'+C"+0O"+18eV  the molecular axis is parallel to the laser field because in this
ion yields. For the C@' ions the saturation laser intensity is case the escaping electron feels only the attracting field of
around 2< 10“*Wi/cn?. For intensities larger than this value, one nucleus instead of the attracting field of two or more
the variation of the C®" ion numbers follows the well- nuclei when the molecular axis is perpendicular to the laser
known £ slope in log-log coordinates due to the saturation offield. The situations in linear and circular polarization are
the ionization process associated with the extension of theéhen not very different, since one particular molecular direc-
laser focal volume. The same behavior is observed for théon in space is favored. However, the ion yield measure-
O™ ions at laser intensities above'#0v/cn? and is due to  ments in circular polarization exhibit the sanieslope in
the saturation of the CO—0O"+CO*+e~ and CQ* log-log coordinates as in Fig. 8 above the laser saturation
—0O"+C"+0"+2e" ionization channels. For these two intensity. This means that all the molecules are ionized in the
particular channels, th& slope above 1§Wi/cn? show that  focal volume regardless of their initial orientation. In addi-
all the precursor CgJ ions are ionized whatever their initial tion, there is no reason for the molecular axis to have exactly
internuclear axis direction. The same behavior was observeithe same position in space in linear and circular polarization.
with the N, molecule. The laser intensity dependence always Another way to show the independence of the kinetic en-
shows thes slope above saturation, which means that all theergy releases as a function of the positions of the laser field
initial populations leading to the fragmentation channels areand molecular axes is illustrated in Fig. 9 fos.NUsing the
ionized. on-axis detection which fixes the spatial orientation of the
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70 Double pulse experiments have proven the molecular re-
NT* + N orientation of the equivalent CO molecule ugia 1 pslaser
60 _ pulse[13]. With very short pulses of 50 fs duration, Posthu-
S \----\_ muset al. have shown that the reorientation is effective for
2 50 light molecules such as Hor N, [15]. The first group of
b N + N2t models presented in the Introduction predicts an enhance-
3 40 - ment of the multiple ionization at large internuclear distances
[ ¢ eage in linear polarization7—10]. The stretching processes lead-
@ 30 N7 + N’ . ing to these distances remain unknown and one of the pos-
] W ““““MN‘\‘A\M sible mechanisms could be inertial forces due to the forced
g 20| 2 . rotation of the molecules. However, our results show that
2 NT+N[ . this is not the case for two reasons. Inertial forces are absent
.E | el in the circular polarization case, which gives the same ki-
10N N o netic energy releases as in the linear case. Moreover, as it is
shown above, the kinetic energy releases do not depend on
0 90 45 0 45 90 g;:eeitringrl]e between the laser electric field and the internuclear

0,4 (degrees)
, V. CONCLUSIONS
FIG. 9. Kinetic energy releases of the?N+N?'* (Z,Z'

=1,2,3) fragmentation channels of, Mecorded at =800 nm, | In the Introduction of this paper, several theoretical ap-
=3.5x10"Wi/cn?, and p(N,)=10"8Torr, as a function of the proaches were presented in order to give the motivations of
angle 9,4 between the linear laser polarization direction and thethis experimental work. In particular, the theories predicting
spectrometer axis, i.e., the molecular explosion direction. The spe@n enhancement of the multiple ionization at large internu-
trometer is equipped wita 1 mmpinhole for an on-axis detection clear distancef7—10] are not compatible with the Thomas-
and the collection electric field .= 100 V/cm. Fermi approachi11,12 within our present understanding of

multiple ionization of molecules. The experimental results
exploding molecules, the linearly polarized laser field direc-Preseénted in this paper and in particular those obtained with
tion is rotated fromdp = —90° t0 ¥,4=90°, whered g is circularly polarized Igser light should constitute _addl_tlonal
the angle between the laser field direction and the spectronf€Sts Of the models since no data were available in this case.
eter axis, i.e., the molecular explosion direction. Then the his could be done increasing the computation time since the
kinetic energy releases are recorded for each afigjevhile ghrchons of t.he laser field arjd mternuclea_r axes haye to be
the laser intensity = 3.5x 10!5W/cm? remains constant. In independent in order to predict the dynamics of the ioniza-

Fig. 9, no significant variation is noticeable for all thé N :Ir?(;]reaisngi fﬁ?‘i:rt]'g‘tﬁé lee;ga‘:”:]gtt'gl‘; Eiinn(ljintgatr)z r?(s)lgirtcoulgit
+NZF (Z,2'=1,2,3) channels. The only slight variation g

R o4 . polarization. In addition, the electron departure dynamics is
?cc;gi ak?fgl?ﬁﬁﬁd'z% fokr] Nfz +Nh z;nd [9pd>25 di known to be very sensitive to the laser polarization states.
or | J:j '.b 1S 1S due tolt< 3 acito?t t_ ﬁ C?]”ﬁSp%nh'ngOur results show that the fragmentation dynamics does not
:Fg#a?‘r n']sat)r('m:ﬁ'r?]nso ??5&81“% '?_Jgo_ forWI:esapec?ti\-/\(lavllyt the S€€M to be correlated to the electronic emission in strong
' ' laser fields since the fragmentation kinetic energy releases do

N2"+N2* and Nt +N3" channels with the 1 mm pinhole. g gy

The signals atd,q>45° for N°* +N?* and | 9,4 >25° for not depend on the [aser polarization.
N3*+N3* are much weaker than at,,=0° and as a conse-
guence the accuracy of the measurements are lower than at
¥pg=0°. Similar results were obtained with the £@ol- The authors are pleased to acknowledge M. Bougeard and
ecule for the channels reported in Table Il. As a conseE. Caprin (CEA/DSM/DRECAM/SPAMN for their skilled
guence, our overall results show that the molecular relaxtechnical assistance, and G. VignerofCEA/DSM/
ation is independent of the relative positions of the laseDRECAM/SCM) for his expertise of the kHz titanium sap-
electric field and the internuclear axis. phire laser system.
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