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Naphthalene was ionized with 130 fs pulses of different polarizations at 1.4µm. In contrast to the results of
ionization by 0.8µm pulses, fragmentation was dramatically suppressed and naphthalene molecular ions of
up to 3+ were produced. The use of this simple model of ionization and large electron kinetic energy enabled
us to study the electron-recollision-induced fragmentation and/or double ionization more precisely. The failure
of the theoretical prediction of ion yield for the case of naphthalene prevented us from judging the electron
recollision solely by a comparison with theoretical curves. Therefore, the effects of laser polarization on the
ratios between differently charged states and between molecular and total ions were compared at the same
effective (peak) intensity instead of average intensity. Comparison under the same effective intensity enabled
us to identify the effects of ellipticity clearly. Evidence of the electron recollision was found in the doubly
charged molecular ion formation but not in the fragmentation. The single-electron recollision event was not
sufficient to induce fragmentation because of its low energy transfer efficiency. We concluded that the
fragmentation originated in the unstable nature of the highly charged molecular ion itself and in the Coulomb
explosion in the case of naphthalene.

Introduction

Ionization is the most fundamental of the processes induced
by an intense femtosecond laser.1 Many experiments and
theoretical investigations have been reported in the case of
atomic ionization. In the study of molecular ionization, the origin
of fragmentation is currently one of the central topics.2 Most
large molecules show heavy fragmentation with 0.8µm pulses
even at a low-intensity regime (1013 W cm-2). This makes the
analysis of experimental results highly complicated and prevents
us from comparing the results against theoretical predictions.
An intact molecular ion3 and its highly charged state4 formation
are desirable not only for analytical application but also for
fundamental studies. The fragmentation mechanisms that are
independent of molecules such as the nonlinear increase of the
focal spot area5 and the collecting volume effect6 were recently
investigated. These experimental problems would be avoided,
but there exists the fragmentation originating in the nature of
the molecules. The importance of radical cations in the
postionization fragmentation process has been increasingly
recognized, and controversy as to the arguments about frag-
mentation mechanism is ongoing.7,8,9 Evidently, we can use a
shorter duration pulse10 and/or pulses at a suitable wavelength
that are off-resonant with the molecular cation radicals to avoid
fragmentation.11,12Generally, a longer wavelength is better than
a shorter one. When a longer wavelength laser pulse is used
for ionization, there are several characteristic advantages as
follows: (1) The resonance-induced fragmentation can be
suppressed as mentioned above. (2) The tunneling ionization
regime is reached at lower intensity. The Keldysh parameterγ
defines the border between the multiphoton ionization regime

(γ > 1) and field ionization regime (γ < 1) of atoms.13 For
example,γ is 1 at 2.2× 1013 W cm-2 (1.4 µm) and at 6.8×
1013 W cm-2 (0.8 µm). (3) We can expect the ejected electron
to have a large kinetic energy due to the large ponderomotive
force, which is proportional to the square of the laser wave-
length. In addition, clear presentations of experimental results
have been reported using longer wavelength pulses.14

The recollision-induced15 ionization is considered to be the
main mechanism of the formation of the doubly charged state
in atoms,16 as well as in few-atom molecules below the
sequential-double-ionization regime. As the laser intensity
increases, the rate of sequential double ionization exceeds that
of nonsequential (recollision-induced) double ionization. As a
result, the contribution of recollision-induced double ionization
becomes relatively small in the high-intensity region. On the
other hand, the electron-recollision-induced fragmentation is
expected to occur more efficiently as the laser intensity
increases, because the ejected electron gains sufficient kinetic
energy in the high-intensity region. However, the literature
contains only a few studies on recollision-induced fragmentation
and/or highly charged state formation of large molecules such
as alcohols,17 benzene,18 and C60.19 We considered that the use
of a simple model of ionization (i.e., one without resonance-
induced fragmentation) and large electron kinetic energy would
enable us to study the electron-recollision-induced fragmentation
and/or double ionization more precisely.

In this study, we irradiated naphthalene with a 1.4µm
femtosecond pulse and examined the ellipticity dependencies
of the fragmentation and of the formation of highly charge states.
The effect of electron recollision was examined by changing
the laser polarization from linear to circular. This is because
the orbit of a released electron will be altered by the laser
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electronic field and completely miss the ion in the case of
circularly polarized light. In these examinations, we should take
the effect of laser intensity changes into account. Although we
keep the incident laser power (average intensity) constant, the
effective (peak) intensity for ionization decreases by changing
the polarization from linear to circular. We showed that making
the comparison under the same effective intensity enabled us
to identify the effect of ellipticity very clearly. On the other
hand, the failure of the theoretical prediction of ion yield for
the case of naphthalene prevented us from judging the electron
recollision solely by a comparison with theoretical curves.
Evidence of electron recollision was found in the doubly charged
molecular ion formation. However, the fragmentation was
independent of the ellipticity. The single-electron recollision
event was not sufficient to induce fragmentation because of the
low energy transfer efficiency. We concluded that the fragmen-
tation arose due to both the unstable nature of the highly charged
molecular ion itself and the Coulomb explosion in the high-
intensity region.

Experimental Section

Naphthalene (Nacalai, zone refined) was used without further
purification. Xenon was purchased from Japan Air Gases with
a stated purity of 99.99%. Xenon was introduced effusively by
a leak valve. Naphthalene was heated and introduced effusively
through a 1 mmdiameter aperture located 40 mm above the
laser focus point. The base pressure of the ionization chamber
and that of the time-of-flight chamber were below 5× 10-7

Pa. The sample pressure 20 cm away from the laser focus point
was monitored and kept below 5× 10-5 Pa during the
experiments to avoid a space-charge effect. The pressure in the
time-of-flight mass chamber was kept to 10 times below that
of the ionization chamber by differential pumping.

A 0.5 TW Ti:sapphire laser (Thales laser, alpha 100/XS,<30
fs, 100 Hz,>15 mJ, 800 nm, RMS stability∼1%) was used to
excite an optical parametric amplifier. In this study, a 100 fs
(negatively chirped) pulse of alpha 100/XS was used for
pumping the optical parametric amplifier (Quantronix, TOPAS).
A 1.4 µm pulse was selected by reflecting it with several
dielectric mirrors. The pulse width was measured by a second-
order scanning autocorrelator (APE, PulseCheck). The same
optical elements, such as the ionization chamber window,
focusing lens, and neutral density filter, were placed in front of
the autocorrelator to have the same group velocity dispersion.
A pulse of 130 fs duration was used for the experiments. A
broad-band quarter-wave plate was used to change the laser
polarization, and ellipticity was analyzed by using a broad-band
polarizing cube beam splitter and photodiode.

A reflection-type time-of-flight mass spectrometer (Toyama,
KNTOF-1800, flight length 1.8 m) was used for ion analysis.
An aperture of 1 mm diameter was located on the extraction
plate to collect the ions that were generated in the most tightly
focused point of the laser beam. The output signal from an MCP
was averaged by a digital oscilloscope (LeCroy, Wave Runner
6100, 1 GHz) for 1000 shots. The ion yield was obtained by
integrating over the appropriate peaks in the time-of-flight
spectrum. The resolution (m/∆m, fwhm) was more than 103 at
m/z ) 129.

The direction of laser polarization was orthogonal to the time-
of-flight axis. The laser light was focused into the ionization
chamber with a plano-convex quartz lens with a 200 mm
focusing length. The position of the lens was adjusted to
maximize the intensity of the doubly charged state of xenon.
The laser energy was attenuated by a reflection-type neutral

density filter (Sigma Koki), and the average laser power was
measured by a power meter. The actual laser intensity of the
linear polarization pulse at the focus was determined by
measuring the saturation intensity (Isat) of xenon using the
method of Hankin et al.20 Isatof xenon was 9.3× 1013 W cm-2

(130 fs; the ADK (Ammosov-Delone-Krainov) value was
multiplied by 1.12 for adjusting to the experimental value20).

Results and Discussion

Ionization and Fragmentation of Naphthalene Compared
with the Theoretical Calculations. Figure 1 shows the mass
spectra of naphthalene ionized using 1.4µm pulses. In contrast
to the results of 0.8µm ionization,8 fragmentation was strongly
suppressed. The dominance of molecular ions was explained
well by the nonresonance of the cation radical as in the case of
anthracene:11 the naphthalene cation radical does not have
absorption at 1.4µm but does have absorption at 0.8µm.21 In
addition, the highly charged states of naphthalene molecular
ions were clearly observed up to 3+. It is also noteworthy that
the distribution of fragment ions was different from that of the
electron impact ionization spectrum. No ions were found in the
range ofm/z ) 70-127. This means that the lowest energy
fragmentation processes (H, C2H2, and C4H2 loss channels,
appearance energy close to 16 eV22) were negligible. The
dominant fragment wasm/z ) 51, which was assigned as (M
- C2H2)2+. This assignment was based on the following facts:
(1) The ratio of the intensity of the peak at 51 to the intensity
of the corresponding13C isotope peak appearing atm/z ) 51.5
corresponds to the natural isotope ratio. (2) The small peak at
m/z ) 52 indicated the negligible contribution of C4H3

+ (m/z
) 51).

Figure 2a shows the laser-intensity dependencies of xenon
ions and naphthalene molecular ions and the total number of
naphthalene fragment ions obtained with a linearly polarized
pulse. The theoretical ion yield curves (except for the fragments)
are also shown. The ionization rate was calculated by the ADK
theory.23 In the ADK calculation, we assumed a Gaussian

Figure 1. Mass spectra of naphthalene ionized with 1.4µm pulses,
with effective intensities of (a) 1.5× 1014 W cm-2, (b) 5.0× 1013 W
cm-2, and (c) 2.1× 1013 W cm-2. Mz+ indicates thezth charged
molecular ion. The original signal intensities in (b) and (c) are multiplied
by 2.9 and 18.2, respectively. Asterisks in (a) indicate the fragments
C2H2

+ (m/z ) 26) and (M- C2H2)2+ (m/z ) 51).
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(temporal and spatial) pulse and electron ejection from the
p-orbital. The ion yield calculation was done under an aperture-
limited20 condition instead of an aperture-nonlimited one.24 As
for naphthalene, we used 8.15 and 13.4 eV for the ionization
potential of neutral and singly charged naphthalene.25 The
ionization potential of neutral to triply charged naphthalene has
been reported previously (40( 5 eV), but the experimental
data in this earlier study were not accurate.26 We therefore
estimated the ionization potential of doubly charged naphthalene
as follows. The average ratio of the ionization potentials of a
singly charged rare gas to those of a neutral rare gas is 2.75(
0.01 (average of Ar, Kr, and Xe). This value is similar to the
those in the cases of many organic molecules (2.64 in the case
of naphthalene).25 Therefore, we assumed that the average ratio
of the ionization potentials of a doubly charged rare gas to those
of a neutral rare gas (5.37( 0.02, average of Ar, Kr, and Xe)
could also be applied for the case of naphthalene. The ionization
potential of doubly charged naphthalene was assumed to be 22.3
eV and was used for ADK calculation. Although the ADK
prediction curve of Xe+ fit well with the experimental data,
the ADK predictions of naphthalene molecular ions deviated
from the experimental data. The significant discrepancy between
the experimental results and ADK predictions for naphthalene
was attributed to the suppressed ionization characteristic of the
molecules and also to the clear failure of the ADK prediction
as the ionization potential decreased. These features are a very
important topic in the study of molecular ionization and are
discussed for diatomic molecules and large molecules.27 The
deviation of the experimental data of Xe2+ from those of ADK
curves is understood to be clear evidence of electron-recollision-
induced double ionization. However, the failure of ADK
prediction for the case of naphthalene prevents us from judging

the electron recollision solely by a comparison with ADK
curves.

Comparison under the Effective Intensity Scale: Electron-
Recollision-Induced Double Ionization but Little Fragmenta-
tion Was Found. Recollision-induced15 double ionization is
considered to contribute the formation of doubly charged states
in atoms as well as in few-atom molecules below the sequential-
double-ionization regime. The recollision-induced ionization
mechanism is explained as follows: An electron tunnels through
the potential distorted by a linearly polarized laser field, and
then is driven by the field. The electron returns to the ion when
the laser field reverses its direction. During the process, an
electron gains large kinetic energy (ponderomotive force) from
the laser fields. The collisional ionization is expected to occur
if the impact energy is sufficient. The effect of recollision is
usually examined by changing the laser polarization from linear
to circular. This is because the orbit of a released electron will
be altered by the laser electronic field and completely miss the
ion in the case of circularly polarized light. In these examina-
tions, we should take the effect of laser intensity changes into
account. Suppose we use the laser power measured by a
conventional power meter, the pulse width, and the area of laser
focus to calculate the intensity (we call this the average
intensity); in this case the intensity at the focus should not
depend on the laser polarization. However, if we plot the ion
yield as a function of laser power, the yield is higher by linearly
polarized light than by circularly polarized light, as shown in
Figure 2b. The importance of the electric field magnitude was
pointed out in the ionization of diatomic molecules.28 If we keep
electronic field amplitudes the same, circularly polarized light
results in 2-fold greater intensity than linearly polarized light.
Therefore, if the electronic field amplitude severely affects the
ionization, the average intensity of the circularly polarized pulse
should be multiplied by 0.5 to have the same ion yield. However,
the simple multiplication of average intensity fails to match the
ion yield, indicating the complicated nature of ionization. To
elucidate the problem, Suresh et al. introduced a scaling factor
derived from the ADK calculation under the assumption that
the sequential ionization rate of an atom is independent of the
polarization of the external electric field.29 To have the same
ionization rate for both linearly and circularly polarized pulses,
the average intensity is multiplied by 0.65 in the case of
circularly polarized light. However, the factor that converts the
average to the effective intensity was derived from theoretical
calculations, and it may contain some ambiguity because the
region of sequential ionization is almost flat along with the
intensity. We therefore introduced another way to find the
scaling factor. Assuming the sequential ionization rate is
independent of laser polarization, it is also useful to use an
experimental correction factor: the saturation intensity (Isat) of
a rare gas.Isat is defined as the point at which the ion yield,
extrapolated from the high-intensity linear portion of the curve,
intersects the intensity axis.20 This value was used to determine
the actual intensity at the focus (linearly polarized pulse). The
matching sequential ionization rates correspond to the shift in
the Isat of circularly polarized light to that of linearly polarized
light. Then, from Figure 2b, we obtained a scaling factor of
0.75. TheIsat of naphthalene was calculated to be 5.5× 1013

W cm-2 by comparing theIsatof Xe. The accuracy of this factor
depends on how much we can obtain the linear portion of the
ion yield at a higher intensity regime. Since we measured
the ion yield under the same conditions (except the ellipticity),
the slope, which is dependent on the concentration of neutral
xenon, instrument sensitivity, and beam focusing condi-

Figure 2. (a) Ion yield of naphthalene as a function of the average
laser intensity of linearly polarized light: M+ (b), M2+ (2), M3+ (9),
fragments (0). The results of Xe+ (O) and Xe2+ (4) are also plotted.
The ADK predictions are represented by the full curves for M+, M2+,
M3+, Xe+, and Xe2+. The average intensity is the same as the effective
intensity in the case of the linearly polarized pulse. (b) Ion yield of the
sum of Xez+ (z ) 1, 2) as a function of the laser power for saturation
intensity (Isat) determination: circularly polarized light (O), linearly
polarized light (9). The ion yield of naphthalene ionized by linearly
polarized light is also plotted (2). Solid linear lines are the extrapolation
from the high-intensity linear portion of the plots. The intersection with
the intensity axis givesIsat (saturation intensity).
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tion, of the linear portion is assumed to be the same. Thus, we
obtained a good accuracy even though the linear portion of
the data obtained by circularly polarized light was not suffi-
cient.

Figure 3a shows the ion yield ratios among different charge
states as a function of the effective instead of average laser
intensity, as described above. A clear deviation of the data with
linearly polarized light from those with circularly polarized light
in M2+/M+ was observed below 5× 1013 W cm-2 on the
effective intensity scale. The deviation in Figure 3a provides
clear evidence of electron-recollision-induced double ionization
(M2+ formation). We observed M2+ at 2 × 1013 W cm-2, but
the electron impact energy (11.6 eV) at this intensity was smaller
than the ionization potential of M+ (13.4 eV).25 However,
inelastic-scattering-induced excitation of cation radicals (the
minimum energy for excitation is around 1.75 eV, as derived
from the absorption spectrum of the naphthalene cation)21 is
possible. After the excitation, tunnel ionization of the excited-
state cation may occur over the next few cycles of laser pulses.
In the case of rare gases, it is useful to compare the experimental
data of the doubly charged ion yield with the ADK prediction,
because the deviation of the experimental data from the ADK
curve can be easily recognized and assigned to the electron
recollision (Xe2+ in Figure 2a). However, the failure of ADK
prediction for the case of naphthalene (Figure 2a) prevents us
from judging the electron recollision solely by a comparison
with the ADK curves. On the other hand, a comparison between
the data obtained by linearly polarized light and those obtained
by circularly polarized light under the same effective intensity
scale enables us to distinguish the electron recollision very
clearly (Figure 3a). Numerous studies have suggested the
importance of electric field amplitude, but none have attempted
to compare the ion yields obtained by linearly polarized and
by circularly polarized light under the same effective intensity
scale. We considered that a comparison under the same effective
intensity scale would be highly useful for studying cases of

molecular ionization (especially for the molecules with low
ionization potential).

In contrast to the results of double ionization, the contribution
of molecular ions (M) to the total ions (T) including all charge
states of molecular ions and fragment ions did not differ between
linearly and circularly polarized pulses over the whole intensity
regime, as shown in Figure 3b. Below 7× 1013 W cm-2 (this
value corresponds to the maximum recollision energy of 40.6
eV), there was no fragmentation. Moreover, there was no
difference between the results by linearly and circularly polar-
ized light above 7× 1013 W cm-2. The results of doubly charged
molecular ion formation clearly indicated the existence of
electron recollision. However, these results strongly suggested
that there was no electron-recollision-induced fragmentation
even when the impact energy was sufficiently high. These
differences can be understood as follows. At first, only the
single-electron bombardment is expected, because the possibility
of multiple collisions is small due to the Coulomb focusing and/
or defocusing by the ion core.16 The low efficiency of
fragmentation could be attributed to the slow fragmentation rate
due to the energy distribution over all of the vibrational modes
of the molecules. The dissociation occurred at a statistical rate
in this case. As the molecular size increases, the number of
vibrational modes increases and then the fragmentation rate
decreases. The dissociation rate of naphthalene cation was
evaluated by RRKM theory.22 Both hydrogen loss and acetylene
loss channels exceed 106 s-1 at an internal energy of 10 eV.
The acceleration time in the time-of-flight mass spectrometer
is about 0.3µs (m/z ) 128); therefore, the fragment ion should
be detected at a certainm/z if the reaction rate is higher than 3
× 106 s-1. However, a negligible number of H loss (m/z) 127)
or acethylene loss (m/z ) 102) fragments were observed. In
addition, no fragment appeared at irregularm/z, indicating that
there was no fragmentation in the field-free region. All the
results indicated that the electron bombardment did not transfer
sufficient energy to the naphthalene cation radicals for frag-
mentation. It is concluded that the efficiency of energy transfer
from the electron translational energy to the vibrational energy
of the molecule is low and the molecular ion received energy
lower than 10 eV.

We observed (M- C2H2)2+ and C2H2
+ as major fragment

ions in the high-intensity region, indicating that the fragmenta-
tion occurred at highly charged states (perhaps in M3+). The
fact that the appearance intensity of the fragment ions resembled
that of M3+ supports this hypothesis (Figure 2a). Thus, we
concluded that the fragmentation originated in the unstable
nature of the highly charged molecular ion itself and in the
Coulomb explosion at the high-intensity region. In the case of
C60, up to C60

12+ was observed30 and the electron-recollision-
induced fragmentation was observed only at highly charged
states (C60

3+ and C60
4+).19 In contrast to the case of C60 (in

which C2 emission from C60 required more than 9.5 eV31),
hydrocarbons were not stable at the highly charged states,
because they have many C-H bonds, and the dissociation
energy of the cation radical is smaller than (around 0.33-0.77
times)32 that of a neutral molecule. In addition, there exist
energetically favored dissociation channels such as C2H2

elimination in the case of naphthalene, anthracene, and benzene.
To elucidate the mechanisms of fragmentation, high intensity
at a longer wavelength is necessary. We are now constructing
an OPA system for producing high power and a short pulse at
longer wavelengths to study ionization and Coulomb explosion.

Finally, it is worthwhile to emphasize that a significant level
of fragmentation occurred under the resonant condition of the

Figure 3. (a) Ratio of doubly to singly charged, z) 2 (b, 0) and
triply to doubly charged, z) 3 (O, 9) molecular ions plotted as a
function of the effective laser intensity. Circles and squares indicate
circularly polarized and linearly polarized light, respectively. (b) Ratio
of the sum of molecular ions of all charge states (M) to total ions (T)
including all charge states of molecular ions and fragment ions:
circularly polarized light (O), linearly polarized light (9).
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naphthalene molecular ion (0.8µm).8 In this study, we
performed the ionization under a nonresonant condition (1.4
µm) for both the neutral and cationic naphthalene and found
that electron recollision made only a negligible contribution to
the fragmentation. We can conclude that the resonant-induced
fragmentation7 surpasses the electron-recollision-induced frag-
mentation.
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