RAPID COMMUNICATIONS

Experimental observation of non-Coulombic states of transient multicharged
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A direct experimental evidence of non-Coulombic states of Nand G ** transient multicharged ions is
presented using laser-induced Coulomb explosion and kinetic-energy spectra measurements of, respectively,
the NN"+N2* and @' + O?" fragmentation channels. The substructure patterns of the energy spectra provide
an unambiguous identification of several fragmentation channels within the same final charge states of the
fragments. Higher laser intensities favor higher energetic channels. This experimental fadt isittb cal-
culations from the literature indicate that the molecule explodes at an internuclear distance range close to the
equilibrium internuclear distance for these high energetic channels.
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The laser-induced Coulomb explosion of molecules is an D(p)=D(py,py.P,)=F(p,0), (1)
expanding field of research due to the fast progress of
ultrashort-pulse laser technologies and nonperturbative theetue to the cylindrical symmetry around tkz axis. In Eq.
retical approaches of the laser-molecule interactiin The (1), the momentum distribution depends only on the modulus
common feature of the intense laser excitation with othef and angley with the Oz axis of the momentum vectqr: If
types of excitation sources is the multifragmentation of Un-seyeral electronic states of the transient multicharged mo-
detected transient multicharged molecules. In the case of |or?— . Z+2')+ . . L

ecular ionAB contribute to the dissociation channel,

impact-induced fragmentation of moleculgs3], a simple then several local maxi re expected in the distribution
Coulomb explosion model is insufficient to explain the mea- en several local maximg are expecte € distnibutio
F(p, ). In this work, we use a Wiley-McLaren ion time-of-

sured fragmentation energies, for instance igOHor the . .
H*+0%*+0" (Z=1-4) channel§2]. The experimental flight spectrometef11] that allows one to get the ionic frag-
ent momentump, along the spectrometer axi®©Z

data are interpreted in terms of non-Coulombic dissociativjn L
electronic states of the corresponding multicharged molec ollowing:
lar ions. In experiments performed with femtosecond lasers, p,=—qF(t—to) )
the interaction time is of the order of the pulse duration, z ¢ o

several tens of femtoseconds, and is much longer than thgnhereq andF, are, respectively, the charge of the ion and
interaction time in fast-ion-impact or beam-foil experiments, the collection electric field, antandt, are, respectively, the
typically a fraction of one femtosecon®—4]. In conse-  time of flight of the ion and the time of flight of the same ion
quence, the molecule has enough time to stretch out duringith zero momentunp,=0 along the spectrometer axis. If
the laser interaction. In most of the nonpertubative modelshe |aser-electric-field axi®z is equal to the axis of the ion
the weaker than expected kinetic-energy releases from &ectromete®Z= Oz, then the measurement of the time-of-

simple Coulomb explosion are explained by an enhancemegit spectrum is equivalent to the measurement of the dis-
of the multiple ionization process at some critical distanc&yip tion DueadPy):
ea z)*

larger than the equilibrium on¢5-8]. Until now, non-
Coulombic electronic states of multicharged molecular ions
have never been detected using the intense laser excitation DMeas(pz):f f dpdpy A(px,Py) D(Px.Py,.P2) . (3)
for fragmentation channels involving multicharged atomic
fragm_ents. Thls_Rapld Communication is aimed at reportingyhere A(px.py) is the acceptance function of the overall
experimental evidence of the presence of these states for twgstection of the ion spectrometer as a functiopfind Py -
simple molecules Nand Q. These results are of importance Taking advantage of the cylindrical symmetry of the frag-
for Coulomb explosion imaging techniques, since the posimentation in Eq(1) and of the ion spectrometer, the distri-
tion coordinates of the molecular system are deduced fromytion D,,..{p,) can be written as:
the momenta of the fragments. Indeed, a precise knowledge
of the potential repulsion curves is necessary to calculate the 5 [
position coordinates from the momenta measurements DMeas(pz):szfo du A(p,\u) F(p=p,V1+u,
[9,10].

A molecular explosion following a particular channel, for o=tan 1(\u)), (4
instance ABZ+Z)*  AZ* + BZ'* for a diatomic molecule,
gives fragments’ momentum distributioRX(p) that can be ~ where the variable is given byu=(pZ+p3)/pZ. The main
written in the case of a linearly polarized laser field along theconsequence of Eq4) is that the measured momentum
Oz axis as follows: spectrumD yead P,) gives a complicated convolution of the
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initial physical distributior(p, 6) including the angular dis- 1.0 [(a) J.,-‘w,,w\\ Total N*
tribution of the ejected fragments with the aperture function 05F o s '
A(Px,Ppy). The aim of this work is to get a direct measure of ool . e -
the F(p,6=0) at #=0 without any contribution of the total 0 10 20 30
angular distribution using a simple experimental procedure. s 10 [(b) "N N from N e N,
For the sake of clarity, we present kinetic-energy spectra §= 05F / \\-
Svead E;) Normalized to the energlf,= p§/(2m) following 3 00 L Thptereenes
Swviead E7) dE,=Dpead P,) dp,, Wherem is the ion mass. In E 1_00_ 10 . 2 %
what follows, the energy denomination always meansBhe 2 o5 _(C) Fas '/- »\ Total N*,
value, which is measured following E€R). Two types of ) M‘Jl ™ \‘H““*--..
kinetic-energy spectra are used for a particular AT 4, s - = 3
where the subscrigt means the directiod=f (forward) or 101 N from N+ N*
d=b (backward of the emitted fragment relative to the de- G f"/\\' o
tector position. The first comes from the usual time-of-flight 00 —----./'."'/ e ;
spectrum, where all the ion&”" 4 are detected without any 0 10 20 30
identification of their companion ioBZ * 4 within the same fon kinetic energy (eV)
fragmentation channéd?* +BZ *. The second type of en- FIG. 1. Kinetic-energy spectra ofN ; ions of N, recorded at

ergy spectrum is based on the covariance coefficient=4x 10" Wicm* and A\=800 nm. Total(a) and covariancgb)
C2(A2+ s BZ + +) [12,13 and represents the kinetic-energy spectra recorded with the short drift-tube spectrometep(at,)

. ) =1.2x10"° Torr, and totalc) and covariancéd) spectra recorded
Z+ Z+ )
spectrum of ionsA®" 4, which belong to theA™q e long drift-tube spectrometer pfN,)=2.2x10"° Torr. In

+B%" ¢ fragmentation channel, witt’ #d for momentum  each case, the laser electric field is parallel to the spectrometer axis
conservation reasons. Finally, the accuracy of phenea-  and the collection electric field i§.=100 V.

surements following Eq(2) is limited by the initial molecu-

lar Maxwell-Boltzmann velocity distribution. For a fragment allows one to detect only fragments ejected along the spec-
ejected with a mono-kinetic-energy distributiontE in  trometer axis. Figures(¢) and Xd) represent kinetic-energy
the molecular frame of a homonuclear diatomic moleculespectra recorded using exactly the same conditions as in
the kinetic-energy distribution in the laboratory frame is noFigs. Xa and 1b), respectively. The first important result of
longer a mono-kinetic-energy distribution, but presents &igs. Xc) and Xd) is an overall shift of several electron volts
broadening given by/2 IN(2)ELKT for the half width at half toward higher k|net|c_ energies, v_vhen ions are dete_cted along
maximum(HWHM), wherek is the Boltzmann constarit,is the spectrometer axis. The origin of this observation comes

temperature, anBT<Eg. At room temperatur&T=0.026 ggg; tg? fhxgeékrgir_'é?.lﬂr_?eégoi Itt::?:gﬁi?elrn ﬁ?fe) g;ctgetance
eV, the resolution is given bxE= *=0.73 eV for a fragment -t b ' P

with initial energyEg= 15 eV, which is representative of the fu_nc.t|on.A(p\/G) IS & constant and the mga;ure_d momentum
. A distribution, or equivalently the energy distribution, includes
energies reported in this work.

; ) . . nvolution of the angular nden f the initial distri-
The experimental setup involves two Wiley-McLaren |onaco olution of the angular dependence of the initial dist

t ¢ built in th ite directi p bution F(p, #) with all the possible directions of ejection.
spectrometers bullt in the opposite directions o i e Simple mathematical arguments show that this convolution
laser-molecule interaction region limited by two 90%-high-

shifts theD \ead P,) distribution toward smaller values @f,

transparency grids. The parallel grids are separated by 20 comparison with the momentum modulps/alues of the
mm and present a 80-mm-diam aperture fixed on 120-mmg (5 9= 0) distribution. In the case of the long-drift-tube ion

diam thin electrodes. The 40-fs laser pulses are focused bé'pectrometer the acceptance functidép \/G) is a narrow
anF=+75 mm on-axis parabolic mirror. Depending on thetop-hat function, and Eq4) gives

direction of the collection electric fiel&., the ionic frag-

ments can be sent to the fikestclusive—oto the second ion Dead P2) = Ao 77.93 pgp(p: p,,0=0), (5)
spectrometer. The first ion spectrometer has a short 120-mm-

long drift tube, in order to detect all the fragments withoutwhereA, is a constant lower than 1 that takes into account
any angular discrimination taking advantage of the moleculathe ion detection efficiency, anéy is the maximum small
reorientation by the intense laser field. Figurés) hind Xb)  angle of detection. Only, in this case, the measured momen-
represent the kinetic-energy spectra of, respectively, all theum spectrum gives directly the physical momentum distri-
N2* ¢ ions emitted toward the detector in the Coulomb ex-bution F(p=p,,6#=0). In consequence, the results dis-
plosion of N,, and of the N* ¢ ions that belong to the cussed in this Rapid Communication were recorded using
N2* (+N2?* | fragmentation channel. As expected, the ionthis last experimental configuration.

peak at 7 eV in Fig. () is missing in the R* ;+N?* The second important feature of Figdl is the occur-
covariance spectrum of Fig(l), since this peak is due to the rence of several structures at 15, 16, and 19 eV. These
N2* (+N* , fragmentation channel. structures are absent in the total energy spectrum of

The second ion spectrometer is built with a long 780-mm-Fig. 1(c), because in this case all thé \; ions are detected
long drift tube. In this case, a strong angular discriminationindependently of the kinetic energies of the N, N>,
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FIG. 2. Kinetic-energy spectra of 2N ¢ ions of N, from the
N2* .+N2* , channel recorded at different laser intensities using FIG. 3. Kinetic-energy spectra of 0 ions of O, from the
the covariance mapping technique and the strong angular discrim@” ™ 1+0*" , channel recorded at different laser polarization direc-
nation introduced by the long time-of-flight spectrometey:I=4  tions using the covariance mapping technique and the strong angu-

X 108 Wicn?, (b) 1=2x10"% Wicn?, (c) 1=1.2x10" Wicn?, lar discrimination introduced by the long time-of-flight spectrom-
(d) 1=6x 10" W/cn?. eter. The angled,q is the angle between the laser polarization

direction and the spectrometer axis, and is indicated for each energy

) ] _spectrum. The laser intensity=4 X 10*> W/cn? is the same for the
and N+, companion fragments. In this last case, the addijye spectra.

tion of the overlapping kinetic-energy distributions from all
the N* (+N*"}, (Z=1,2,3) fragmentation channels can- other example is illustrated in Fig. 3, which represents dif-
cels the substructures due to a particular channel. Theggrent kinetic-energy spectra of the?Q; ion from the
structures come from several kinetic-energy releases at 3¢+ ,+ 0?* | fragmentation channel at different angles be-
32, and 38 eV for the same?N+N?* fragmentation chan- tween the laser polarization and spectrometer axis directions.
nel. The most Straightforward interpretation of this result iSThese kinetic-energy Spectra are recorded using the $ame
that several non-Coulombic electronic states of the transient 4x 105 W/cnm2 laser intensity. For each spectrum pre-
N,** contribute to the RI" +N** dissociation channel. In- sented in Fig. 3, substructures at 13, 15, and 18 eV are
deed, Safvan and Mathur have calculated two electronigiearly observed. The lack of calculations of O potential
states Of thIS transient molecular ion that dissociate Via. th%urves do not a”ow a Comparison as in th@ dase. When
N> (°P)+N** (“P)+34.9 eV for the °3 state, and the angle between the laser polarization and spectrometer
N* (°P)+N** (°P)+42.5 eV for the®S | state, if the dis- axis directions is increased, the overall substructure pattern
sociation begins at the neutral equilibrium distanRe  remains observable, with a slight decrease of the substructure
=1.098 A[9]. Another calculation performed by Remscheid at 18 eV and an increase of the substructure at 13 eV. This
et al. is in good agreement with the energies of Safvan anaffect is linked to the laser intensity dependence illustrated in
Mathur[3]. The highest energy peaks in Figdl give total  Fig. 2. Indeed, the long-time-of-flight detection allows one to
kinetic-energy releases of 32 and 38 eV that are not too fadetect molecular explosions for molecules aligned along the
from the calculated energies. Figurdg)22(d) represent the spectrometer axis. When the laser polarization is not parallel
dependence of the covariance kinetic-energy spectra with the this detection axis, the signal comes from molecules that
peak laser intensity. For low laser intensities, a shift of thehave been not completely reoriented. These molecules have a
overall spectrum toward smaller kinetic energies is observechigher probability to explode in the rising edge of the laser
However, this shift is not a continuous one, but comes frompulse, and in consequence do not experience the maximum
different contributions of the substructure peaks at differentaser field. Otherwise, they should be reoriented along the
laser intensities. For instance, in FigcpR the substructure at laser electric field, and in consequence should not be de-
19 eV disappears at 2210'® W/cn?, while the peak at 15 tected.
eV remains the strongest one. In Fig.(dg at 6 In conclusion, the detection of substructure patterns in the
X 10%W/cn?, this last peak is dominated by the peak at 13kinetic-energy spectra recorded with, Mnd G is a clear
eV, which appears as a shoulder subpeak at higher laser isignature of non-Coulombic electronic states of the corre-
tensities. sponding multicharged molecular ions. Higher laser intensi-
The presence of substructures is not a specificity of theies favor higher kinetic-energy releases, and indicate that the
N2*+N2* fragmentation channel in ]\l but is also observed molecular explosion occurs at internuclear distances closer to
for other channels in Nand G with identical laser intensity the equilibrium distance. For the?N+ N2+ E,;, channel
dependences. A longer report will be presented later. Aneorresponding to the transientN ion, the highest energies
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energy releaseB;, dominate at lower laser intensities and facility, and M. Bougeard and E. Caprin for their skilled
may be due to enhanced ionization at larger internuclear digechnical assistance. This work is partly supported by
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