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Direct experimental evidence is presented for the production of excited multicharged atomic fragments
in the laser-induced Coulomb explosion of molecules. The comparison of the fluorescence signals of
several atomic and molecular species shows that the excited fragments come from transient excited
multicharged molecules. The atomic fluorescence spectra recorded with NH;, N, and N,O, in the
50-120 nm wavelength range, show that the excitation increases noticeably from NH; to N,O. This
effect is interpreted in terms of the initial electronic configuration, which favors a stronger excitation
when the electronic density is more delocalized on the molecular nuclear structure.

PACS numbers: 33.80.Rv, 33.80.Eh, 42.50.Vk

Laser-induced Coulomb explosion of molecules is cur-
rently studied using ion time-of-flight mass spectrometry,
in order to determine the fragmentation channels and the
associated kinetic energy releases [1]. The experimental
results have shed some light on the molecular muilti-
ionization processes in strong laser fields, and major
advances have appeared during the last few years in the
theoretical understanding of the laser-molecule coupling
[2—6]. However, the degrees of excitation of the detected
multicharged atomic fragments remain largely unknown.
This Letter aims to report the first experimental evi-
dence for excited multicharged fragments for molecules
such as NH3, N,, and N,O using conventional photon
spectroscopy. Similar results were recorded with other
molecules such as O, or CO, and will be reported in a
longer paper with a more detailed analysis.

These results are important for the basic understand-
ing of laser-induced molecular multiple ionization. Until
now, the transient molecular multicharged ions are iden-
tified through the multifragmentation channels, which are
studied measuring the fragments’ charge states and kinetic
energies. However, these types of measurements are not
sufficient in order to know the internal energy of the mul-
ticharged molecule, since the fragmentation kinetic energy
releases allow us to know only the excess energies above
the different dissociation limits. In consequence, the oc-
currence of excited molecular states can be investigated
only using photon spectroscopy. Besides their fundamen-
tal aspects, these processes are of practical importance for
radiation sourcesin the extreme ultraviol et range and might
lead to specific inversion diagrams for light amplification.

The fluorescence photon detection is known to be much
less efficient than the ion detection. In particular, the pho-
ton emission spectra are recorded in the 10~* Torr range,
which is arelatively high pressure in comparison with the
pressure range used for the time-of -flight ion mass spectra.
In consequence, the first issue of these experiments is to
avoid any collective effectsin order to get the unimolecular
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response, without any electron impact excitation or recom-
bination effects. The overall unresolved photon signals are
first recorded at very low pressuresin the 10~°-107> Torr
range. In each pressure range, the linear pressure depen-
dence of the signal ensures a unimolecular response with-
out any collective effects. The second point that will be
addressed concerns the origin of the fragments excited
states. These states might come from the excited states of
the transient multicharged molecule or from a subsequent
laser excitation of atomic fragments following molecular
Coulomb explosion. This point is discussed in relationship
with the measured ion kinetic energies and shows that the
origin of the photon signals has to be searched in excited
molecular states.

The experiments were performed using the Saclay
LUCA laser facility (LUCA for Laser Ultra-Court Ac-
cordable). The pulse duration is 60 fs at A = 800 nm,
and an energy up to 80 mJ was used in the experiments.
The laser beam is focused at F/4 using a fused silica
lens with focal length F = +200 mm, and the spot size
has been measured to be Sy = 2.5 X 107% cm? at the
best focus. The molecular relaxation is studied using two
separate experimental setups. The first oneis a Wiley and
McLaren ion spectrometer with a 780 mm long drift tube
[7]. Figure 1 presentstheion time-of-flight mass spectrum
recorded with the N, molecule. Because of the high laser
intensity, the very low gas pressure p(N,) = 1072 Torr
is sufficient to record the ion signals, and in consequence
theionsH*, H,™, H,O", and O*" (Z = 1,2,3) coming
from the background pressure p = 3 X 107'° Torr are
also clearly identified in the time-of-flight mass spectrum.
Charge states up to Z = 5 for the N** ions were detected
inthe 10'-5 X 10'7 W/cm? intensity range. For charge
states up to Z = 3, the kinetic energy releases are identi-
cal to measurements performed at lower laser intensities
in the 10'> W/cm? intensity range [8]. Moreover, the
fragmentation channels remain identical at larger laser
intensities, and no postdissociative ionization has been

© 2000 The American Physical Society 4565



VOLUME 84, NUMBER 20

PHYSICAL REVIEW LETTERS

15 MAay 2000

500 L I 1T T 1T 1T
H H" > N> | HO"
400 | | N . .
o | : ‘ f
T
5 300 - i
8
s
A 200} * -
®
[ =
= '
w +
e 100 F N T -
5 ;
o M
o A
PR ‘ 1 | ‘ 1 i 1 ; i

0 2 4 6 8 10 12 14 16 18 20
M/Z

FIG. 1. Time-of-flight mass spectrum of N, recorded at I =
2 X 107 W/em?, A = 800 nm, and p(N,) = 10~° Torr. The
laser polarization direction is parallel to the spectrometer axis.
Each N”™ ion peak presents a double peak structure because of
ions gected towards the detector and away from the detector.
The ion peaks coming from the background pressure are also
indicated: the (x) peaks are O** (Z = 1,2,3) ion peaks and
the (+x) peak at M/Z = 15 might be a CH; " ion peak coming
from heavy residua hydrocarbon molecules.

detected for channels up to N3t + N3*, where compari-
sons are possible with experiments performed at lower
laser intensities [8]. Higher peak laser intensities than
in Ref. [8] are used in order to increase the interaction
volume and to get a sufficient photon signal allowing us
to work with low gas pressures.

The photon emission is investigated using two meth-
ods. The first type of experiment is performed in the high
vacuum chamber that contains the ion time-of-flight spec-
trometer. In the opposite direction of the long drift tube,
the photon signals are recorded through three high 90%
transparency grids on a 40 mm effective diameter micro-
channel plate detector, located at 150 mm from the laser
focus. The function of the grids is to detect ions, elec-
trons, or photons. In this last case, high voltages were ap-
plied on the grids to reject any high energy electron signal.
Moreover, the photon signals are simultaneous with the
laser signal detected with afast photodiode. The geometric
efficiency for photon collection is AQ /47 = 4 X 1073,
Figure 2 represents the photon signals as functions of the
gas pressureinthe 10~2-107> Torr pressure range for dif-
ferent atomic and molecular species. For each gas, thelin-
ear dependence of the photon signal shows that the light
emission is a unimolecular process without any collective
effects.

A second experimental setup was used to record the
photon spectra in the 50—150 nm wavelength range.
It includes an interaction chamber, where the laser is
focused using the same optical compounds as for the
ion spectrometer, a photon spectrometer equipped with
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FIG. 2. Pressure dependence of the photon signals for different
atomic and molecular gases. He, Ne, Xe, H,, CHy, CFy, N,
CO,, and CsH,.

a 275 line/mm toroidal grating, and an electron mul-
tiplier built with Cu-Be dynodes to record the signals.
The spectrometer has been calibrated using a helium
lamp. Using 0.25 mm wide dlits, the resolution is given
a AMHela) =584 nm by Ax = 1.2nm. Even with
relatively large dlits, the geometrical collection efficiency
is very low, AQ /47 =8 X 107°, and relatively high
pressures in the 107°-5 X 10~* Torr range were nec-
essary to record the photon spectra. Figure 3 represents
the emission spectra recorded with NH;, N,, and N,O
a p =5 X 10"* Torr. Only the N** (Z = 1,2,3) lines
have been reported in Table | for a comparison between
the different gases' efficiencies. In the case of NH3, no
lines were detected from excited H atoms, and, for N,O,
lines from O* (Z = 1,2, 3) have also been detected and
will be reported in a longer paper. Finally the pressure
dependence of several atomic nitrogen lines is reported
in Fig. 4. The linear dependence in the 10~* Torr range
shows again that the emission lines come from unimolecu-
lar processes without any collective effects’ contributions.

Except for H, in Fig. 2, the fluorescence signals com-
ing from molecules such as CsH,4, N,, or CF,4 are higher
than the fluorescence signals coming from He, Ne, and Xe
atoms. The CH, molecule exhibits the same efficiency as
the Ne atom. These observations rule out any processes
coming from the laser excitation of the fragments follow-
ing the molecular Coulomb explosion. In this last case,
atomic species should also be sensitive to the laser ex-
citation and the corresponding multicharged atomic ions
would be expected to fluoresce as well. The molecular ex-
citation that is responsible for the fragment fluorescence
signals is aso significant in the comparison of severa
molecular responses. For instance, the CF, molecule is
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FIG. 3. Photon emission spectra recorded with NH3, N,, and
N,O a A =800nm, /=2 X 107 W/em?, and p =5 X
10~* Torr. The atomic nitrogen lines No1-No5 are identified
in Table . The atomic oxygen lines of N,O are indicated by
the (*) symbol.

more efficient than the CH,4 molecul e, because the F atoms
and ions contribute to the photon signals more efficiently
than the H atoms. Indeed, no H-Lyman-« or -8 lineswere
detected in the 10~ Torr range. However, the N, and CF,
total efficiencies are comparable in Fig. 2, although N,
and CF, have, respectively, two and five emitting atoms.
The molecular response is reported in more detail for
NH3, N», and N,O in Fig. 3. Five lines coming from ex-
cited N** (Z = 1,2, 3) are detected and are identified in
Table I. Lines No2 and No3 correspond to severa transi-
tions that cannot be resolved due to the spectrometer low

resolution. The N%* ion appears to be the major precursor
for the photon emission. This statement isin good qualita-
tive agreement with the ion time-of-flight mass spectrum
of N, represented in Fig. 1, where the N?>* signal is the
largest one. The same behavior is also observed for NH;
and N,O. In Fig. 3, the vertical units are identica for the
three molecules, and the photon signals are much weaker
for NHj than for N, and N,O. In particular, line No3 is not
detected for NH3, and line No2 is weaker than line Nol
for this molecule, while thisis not the casein N, and N,O.

The line intensities are summarized in Table | for each
gas at the same pressure p = 5 X 10 Torr. These in-
tensities are normalized to the number of nitrogen atoms
within each molecule, since Coulomb explosion produces
only one NZ* jon for NH3, and two NZ* and N%'* ions
for N, and N,O. Table | shows that the photon emission
efficiency increases noticeably from NH3 to N,O. Thisob-
servation is another signature of the molecular origin of the
fluorescence spectra. Indeed, the laser excitation of frag-
ments following Coulomb explosion would be expected to
be equivalent for the three molecules.

The main conclusion of our experimental results shows
that the excited fragments come from excited transient
multicharged molecules, since postdissociative excitations
do not play asignificant role. This statement is established
in relationship to measurements performed with atoms,
with different molecular species, and finally is confirmed
by the absence of postdissociative ionization in Coulomb
explosion experiments performed with femtosecond pulse
duration lasers. The molecular explosion takes a few tens
of femtoseconds and is very fast in comparison with the
atomic fragment excited state lifetimes, which are in the
(sub-)nanosecond range. |n consequence, the photon emis-
sion concerns mainly the fragments, while the transient
molecular ion has very little time to emit a photon. The
second important conclusion concerns the very different
photon emission efficiency depending upon the atomic or
molecular species as can be seen in Fig. 2 and in Table I.
The case of molecules such as CH, or NH5 is much closer
to the atomic Ne case than diatomic or triatomic molecules
built with equivalent C, N, O, or F atoms. For XH,
(X = C,N, O) molecules, the electronic density is local-
ized mainly on the X atom. The very fast departure of

TABLE I. Nitrogen emission lines detected in NH3, N, and N,O. The line numbersrefer to the labels of Fig. 3. Thelineintensities
Int(NHs), Int(N,), and Int(N,O) are normalized to the number of nitrogen atom within each molecule.
Line No lon Transition Int(NH;) Int(N,) Int(N,O)
1 N2+ 252p22P[18.1 eV] — 252('S)2p 2P[0 eV] 12 7.6 374
2 N2+ 252p228[16.3 eV] — 252('S)2p 2P°[0 eV]
N2+ 2p3489[23.2 eV] — 252p24P[7.1 eV] 0.9 10.9 445
N* 25(28)2p3 'D[17.9 eV] — 25%('S)2p2 'D[0 eV]
3 N* 25(28)2p33P[13.5 eV] — 252(15)2p2 3P[0 eV] 0 2.6 25
N3+ 2p23P[21.8 eV] — 2s(25)2p 3P[8.3 eV]
4 N2+ 252p22D[12.5 eV] — 252('S)2p 2P[0 eV] 2.6 10.7 65.4
5 N* 25(28)2p33D[11.4 eV] — 25%(15)2p2 3P[0 eV] 0.4 2.6 25
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FIG. 4. Pressure dependence of several atomic nitrogen lines
recorded at A = 800 nm, I = 10'7 W/cm?. The atomic nitro-
gen lines Nol and No4 are identified in Table I.

the protons following Coulomb explosion does not bring
too much excitation to the remaining X#* ion. On the
contrary, for molecules such as N, and N,O the electronic
density isdelocalized and is shared by the atomswithin the
molecule. The Coulomb explosion of the system produces
much more excitation of the fragments than in the XH,
system. Finally, the excitation in N,O is much more im-
portant than in N,, following the line intensities reported
in Tablel. This experimental fact can be explained by
the fact that the direct Coulomb explosion of a triatomic
molecule into three fragments [8] involves more electrons
than the Coulomb explosion of a diatomic molecule for
the same final fragment charge states. This effect has been
predicted for the linear Hy* triatomic molecular ion in
comparison with H,* in the frame of charge-resonance-
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enhanced ionization [9]. Since N,O is a linear molecule,
the concepts developed in Ref. [9] for H3 ™ might be of
importance for the more complicated N,O molecule.

In conclusion, this Letter reportsthefirst direct observa-
tion of excited states of transient multicharged molecules
based on the experimental observation of excited frag-
ments. The specificity of the molecular excitation is shown
in comparison with similar experiments performed with
rare gas atoms and is discussed as a function of the initial
electronic configuration for NH3, N,, and N,O. These pro-
cesses are not well known and the present experimental re-
sults and future developments are expected to improve our
knowledge of transient multicharged molecules produced
by a strong laser field, as well as their very fast fragmen-
tation dynamics [10].
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