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Toluene fragmentation by intense femtosecond laser pulses is experimentally investigated. A strong increase
of the toluene fragmentation appears to correlate with an increase of the focal area due to changes in the focal
geometry and nonlinear small-scale self-focusing. The scenario of Raman modes excitation proposed in an
earlier publicationfA.M. Müller et al., Phys. Rev. Lett.88, 023001s2002dg is ruled out as the dominant effect
for the enhancement.
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The mechanisms leading to the fragmentation of large
molecules irradiated by an intense ultrashort near-infrared
laser pulse are still far from being elucidated. Such pulses
have naturally a large bandwidth and they can, in addition,
induce large ac-Stark shifts, which can help in absorbing the
large amount of the photons required to reach the fragmen-
tation. Moreover, Coulomb explosion can also lead to the
breaking of bonds and the appearance of molecular frag-
ments. There is currently no theoretical approach able to de-
scribe to some degree of accuracy fragmentation of large
polyatomic molecules due to their interaction with intense
laser pulses.

This situation leaves a lot of room for empirical investi-
gations. Recently, for example, the shaping of the pulse field
to optimize a given fragment product through a genetic al-
gorithm has been remarkably successful.1,2 In the case of
methyl-benzene, or toluenesC7H8d, under 800 nm, 80 fs,
1014 W/cm2 pulses, it was suggested3 that the excitation of
active Raman modes of the neutral molecule and/or of the
parent ion can result in a considerable enhancement of frag-
mentation. The excitation of such modes requires that the
incident radiation cover a bandwidth wide enough to contain
the Raman-shifted frequencies. It is well known that self-
phase modulationsSPMd and therefore additional bandwidth
can be induced by the Kerr nonlinearity. Mülleret al.3,4

shereafter referred to as Id observed that a long focal lens
produced more fragmentation than a short focal lens for a
given intensity at the focus and interpreted this fact by the
larger amount of SPM induced in the entrance window of the
interaction chamber. The data supporting this conclusion are
mass spectra taken at various intensities with the long focal
length correlated to the laser spectra after the window show-
ing clearly an increase of the bandwidth and a progressive
overlap with the active Raman mode frequencies.

The goal of this Brief Report is to show that the enhanced
fragmentation rate in the present experiment can be ex-
plained by linear and nonlinear changes of the intensity dis-
tribution in the focal spot area, while the increase of the

pulse bandwidth is not the dominant effect. In order to reach
a conclusion, all the changes in the pulse properties have to
be controlled. In fact, the same Kerr nonlinearity which pro-
duces the changes in the radiation bandwidth also modifies
the actual intensity and the size of the interaction through
self-focusing of the whole beam as well as small-scale self-
focusing. There are clearly multiple possible causes of the
same effect and they have to be properly experimentally dis-
entangled.

As in I, our experiment employs a Ti:sapphire laser. It
delivers 1.8 mJ, 39 fssfull width at half maximumd pulses
with a central wavelength of 800 nm at a repetition rate of 1
kHz. In order to analyze the effects of the self-transformation
of the pulses, we compare results obtained using one long
focal sf =500 mm, CaF2, 5 mm thickd and one short focal
sf =200 mm, BK7 glass, 5 mm thickd focusing lensfFigs.
1sad–1scdg. Further, the distance between the long focal lens
and the entrance window is varied by using an additional
pipe of about 300 mm lengthfFig. 1sbdg. The 6–mm-thick
fused silica input window of the interaction chambersback-
ground pressure 4310−8 Torrd is 15 cmswithout piped and
45 cmswith piped away from the interaction zone. The tolu-
ene gas was leaked in at a pressure of 2310−7 to 5
310−4 Torr. The parent and fragment ions are detected in a
time-of-flight spectrometer.

A measure of the nonlinear self-action effects in the fused
silica window is given by the phase changewnl
=s1/2n0dkn2uEu2Dz across the beam, wherek is the wave
number,n2 the nonlinear indexsn2=3.7310−16 cm2/W for
fused silica6d, E the electric field of the wave, andDz the
propagation distance. We estimatewnl to be about 1.6p for a
700 mJ pulse fcorresponding to a peak intensity ofI
=sc/8pduEu2=1012 W/cm2 on the windowg when using the
long focal lens without pipe. In comparison, the nonlinear
phase change in the focusing lens and in the air path in
between the optical elements is more than an order of mag-
nitude smaller and, hence, negligible. In both of the other
experimental setups, the total phase change is much smaller
and, hence, self-action effects are negligible.
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The changes in the pulse spectrum and in the beam ge-
ometry as well as the methods used to record them are de-
scribed in detail in Ref. 5. When crossing the input window,
the beam undergoes first, indeed, a self-transformation due to
self-phase modulation in the case of the longer focal length.
The spectral broadening is, however, quite small in our case
fFigs. 2sad and 2sbdg: at the 50% level, there is practically no
change of the spectral width. However, we do observe a very
substantial enhancement of the fragmentation rate for the
longer focal lens, as can be seen from the corresponding
mass spectra in Fig. 3. Please note that all spectra are nor-
malized to the same intensity of the parent ion and the spec-
tra in the same row are recorded atsalmostd the same aver-
aged laser intensity.

Most interestingly, for the longer focal lens, the amount of
fragmentation does not change significantly with or without
the pipe. This indicates that the main origin for the enhanced
fragmentation rate for the longer lens results from the change
of the focusing geometry. This is further substantiated by the
results of model calculations for the ratio of the yield of one
fragmentsCH+d to the yield of the parent ion. The parent ion
and fragment yields are determined by solving the set of rate
equations,

dP0srW,td
dt

= − G+
„IsrW,td…P0srW,td,

dPionsrW,td
dt

= G+
„IsrW,td…P0srW,td − GCH+„IsrW,td…PionsrW,td,

dPCH+srW,td

dt
= GCH+„IsrW,td…PionsrW,td.

The equations are solved using the initial conditionP0=1
and Pion=PCH+=0, and integrated over the contributions in
the focus. The rate of single ionization,G+, is calculated
using the first-order intense-fieldS-matrix theory.7 The rate
of fragmentation,GCH+, is determined empirically, such that
the numerical result for the ratioPCH+/Pion equals the experi-
mental value for thef =200 mm lens, assuming an undis-
turbed Gaussian intensity distribution and a detector opening
of 1.2 cm. Using this empirical fragmentation rate, we have
performed calculations for thef =500 mm lens using an un-
disturbed Gaussian distributionsexperimental setup with
piped and the simulated nonlinear intensity distributionfFig.
1sad, experimental setup without pipeg. Modelization of the
intensity distribution has been done using a pulse propaga-
tion model. The numerical results corresponding to the input
energies in the lower row of Fig. 3 are in agreement with the
experimental datasTable Id. Thus, the enhancement of the
fragment yieldssrelative to the parent ion yieldd in our ex-
perimental setup is due to the larger focal spot area in the

FIG. 1. Experimental setups. The length of the focusing lens and
the position of the entrance window with respect to the lens are
changed in order to vary the strength of the self-action effects in the
window. sad f =500 mm, large distance between lens and window
sstrong self-action effectsd, sbd f =500 mm, small distance between
lens and windowssmall self-action effectsd, and scd f =200 mm,
short distance between lens and windowssmall self-action effectsd.

FIG. 2. Pulse spectra at different input energies, obtained using
the f =500 mm lens,sad without pipe. sbd Same, but for thef
=200 mm lens. Note that in panelsbd, the different curves coincide.
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case of the longer focal length. As a result, above saturation
the low-intensity parts, where the parent ions are created,
move quickly outside the effective interaction zonesseen by
the detectord, while the fragments are created at the center of
the interaction zone. As a result, the observed fragmentation
rate seems to increase. This effect is further enhanced when
there is an additional nonlinear increase of the focal spot area
due to small-scale self-focusing effects, as for the 500 mm
lens without pipe. Figure 4sad shows the simulated focal spot
region for the input pulse energy of 50mJ. There is no self-
focusing for this comparatively low energy. At a higher en-
ergy of 600mJ, self-focusing in the chamber window leads
to the distortion and broadening of the focal spot areafFig.
4sbdg.

We finally examine the possible role of the Raman mode
excitation invoked in I. On the one hand, because of its
shorter duration, our pulse spectrum is wide enough to en-
compass the Raman transitions at all energies. On the other
hand, the increase of the spectral density at the Raman fre-
quencies is marginal for pulses with energies in the range
200–500mJ, where the fragmentation rate increases enor-
mously. Note that the simple increase of the spectral density
at the Raman frequencies due to the increase of the pulse
energy is ruled out since the increase in the fragmentation

rate observed with the short focal length is much smaller
than for the long focal length, while the spectral content is
obviously the same.

In summary, we observe a drastic enhancement of the
fragmentation of toluene correlated to linearsfocusing geom-
etryd and nonlinearssmall-scale self-focusingd increase of the
focal spot area. The excitation of the Raman modes proposed
in an earlier publication does not appear to be the dominant
reason.
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FIG. 3. Mass spectra of toluene molecule obtainedsad with f =500 mm lens without pipe,sbd with f =500 mm lens with pipe, andscd with
f =200 mm lens. Spectra in the same row are recorded atsalmostd the same averaged intensity. Note the energy-intensity calibration:sad
4.631013 W/cm2 s112 mJd , 1014 W/cm2 s268 mJd , 231014 W/cm2 s529mJd; sbd 4.631013 W/cm2 s120 mJd , 1014 W/cm2 s200 mJd , 2
31014 W/cm2 s426 mJd; scd 4.631013 W/cm2 s17 mJd , 1014 W/cm2 s35 mJd , 231014 W/cm2 s74 mJd.

TABLE I. Comparison of experimental data and results of nu-
merical simulation for the ratioPCH+/P. The input energies are as
in Fig. 3, lower row.

Focal distance Experiment Simulations

f =200 mm 0.06 0.06

f =500 mm, with pipe
sGaussian distributiond

0.26 0.19

f =500 mm, without pipe
sdistorted distributiond

0.30 0.32

FIG. 4. Results of numerical calculations for the fluence distri-
bution in the focal area using anf =500 mm lensswithout piped at
sad 50 mJ andsbd 600 mJ. The lowest contour value is 0.03 of the
maximum contour value in all panels. The interval between the
contours changes as 2n, wheren is the contour number. Horizontal
scale indicates the diameter 2a50 of the fluence distribution obtained
at 50mJ at the 1/e2 level.
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