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Abstract. We have studied high-order harmonic generation (HHG) from organic molecules irradiated with
near-infrared high intensity laser pulses of 70 fs and 240 fs duration. The molecular systems studied were
the aromatics benzene and naphthalene and the alkanes cyclopropane and cyclohexane (cyclic) and n-
hexane (linear). Harmonic intensities were measured both as a function of laser intensity (in the range
5 × 1013−5 × 1015 W cm−2) and as a function of ellipticity of the laser field polarisation. The results
were compared with those from the xenon atom. For 70 fs pulses, harmonic generation from the organic
systems was similar to that of xenon, revealing an atom-like behaviour for molecules when the laser
pulse duration is shorter than the fragmentation timescale of the molecule. We note significant differences
between molecules with respect to HHG efficiencies and the suppression of HHG in larger species. We
discuss these differences in the context of the molecular properties, electronic structure and behaviour of
ionisation and fragmentation that result in enhancement of field ionisation in larger systems. Study of the
polarisation ellipticity dependence of HHG shows that the harmonic yield in molecules is less sensitive to
the polarisation than for atoms (xenon). This is consistent with the expected behaviour given the larger
recollision cross-section presented by the core in the molecular system compared to the atom. Our results
suggest that study of HHG from molecules exposed to ultra-short pulses is potentially a powerful tool for
understanding the electron dynamics of molecules exposed to an intense field.

PACS. 42.65.Ky Harmonic generation, frequency conversion – 42.50.Hz Strong-field excitation of optical
transitions in quantum systems; multi-photon processes; dynamic Stark shift

1 Introduction

High-order harmonic generation (HHG) from atoms ex-
posed to an intense laser field has been extensively stud-
ied to elucidate the basic mechanism of the process [1,2]
and to develop as a light source the bright, coherent, XUV
radiation that is produced. Recent work has shown how
HHG can be used in novel applications requiring a high
time-resolution and high brightness source of XUV radi-
ation [3]. Considerable progress has been made in under-
standing the basic mechanism of HHG in atomic systems.
A durable and clear picture for the process has been de-
veloped in the strong field limit (I > 1014 W cm−2); where
field ionisation forms electron wavepackets that are driven
in the laser field and re-collide with the atomic core at
intervals of half an optical cycle to generate XUV radia-
tion [4,5]. Since it gives an intuitively simple picture, with
almost classical behaviour of the laser-driven electron, this
model has been called the “Simple-Man’s Model”. The
calculations within this model, however, still must retain
a fully quantum treatment of the electrons to successfully
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predict the harmonic generation observed. This model cor-
rectly predicts the cut-off (highest order harmonic in the
plateau region) to be at a photon energy of IP + 3UP

(where IP is the species ionisation potential and UP is the
ponderomotive energy of the laser field at the saturation
fluence for that species).

HHG has also been observed from a variety of molec-
ular systems [6–9]. Most studies have concentrated on di-
atomic molecules (e.g. H2, N2, O2) [6] and a few other
small species (N2O, CO2, CH4) [7]. Fraser et al. [8] per-
formed the first investigation of HHG in organic molecules.
Lyng̊a et al. [7] studied SF6 and C3H8. The character-
istics of HHG in small molecules have generally been
found to be similar to HHG in atoms. However, Lyng̊a
et al. noted a discrepancy using SF6 and Fraser et al.
observed some influence of the type of molecular bond-
ing upon HHG. Stronger deviations from atom-like be-
haviour were observed in benzene and cyclohexane [9]. In
part, molecular HHG studies are motivated by the objec-
tive of finding molecular systems that can provide har-
monic yields higher than in atomic systems. It is well
known that, for lower-order non-linear optical processes,
certain organic molecules and polymers possess very large
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magnitude non-linear susceptibilities. To what extent, if
any, this large non-linear response survives into the non-
perturbative regime encountered in strong laser fields is
not known.

Due to the additional nuclei and their relative mo-
tions, a more sophisticated theoretical picture, going be-
yond the Simple-Man’s Model for atoms, needs to be de-
veloped to explain fully the nature of HHG in molecules.
In molecules, the electron dynamics will be more compli-
cated than in an isolated atom, with several ionic cores
from which the electrons may originate and with which
they may recollide. Calculations of HHG from molecules
and molecular ions have been reported by a number of au-
thors. These are, however, restricted to simple diatomic
and linear chain systems. Due to its relative simplicity
the hydrogen molecular ion H+

2 has been used as the
molecular system of many of the calculations reported. 1-
dimensional models of H+

2 have been developed that recog-
nise the importance of the charge resonant (CR) states
that give dipole moments much larger than any others in
the molecule and thus permit the calculation of HHG as in
a simple 2-level system [10,11]. Recent extensions of this
work predict that HHG in a series of hydrogen molecu-
lar ions (H+

2 , H+
3 , H2+

3 etc.) will lead to modified plateaus
with cut-offs at IP + 6UP in the single electron case and
IP + 12UP in the 2-electron case [12].

The role of photoionisation and fragmentation in
molecular HHG is very important. It is well known that
the photoionisation rate in a molecule is strongly depen-
dent upon the dimensions of the molecule and the an-
gle between the laser field polarisation and the molecular
axis [13]. Ionisation is significantly enhanced in the case
where the molecular axis and laser field polarisation are
aligned. This is attributable, in part, simply to the ge-
ometry of a typical molecule in a strong static field with
a larger potential difference along the (longer) molecu-
lar axis in the parallel case than across the molecule in
the perpendicular case leading to enhanced field ionisation
rates in the former geometry. In the case of parallel align-
ment, co-operative effects between the distorted double
wells have been seen to lead to a critical distance at which
ionisation is greatly enhanced [14]. If rapid multiple pho-
toionisation has occurred, this can lead to fast fragmen-
tation of the molecule driven by Coulomb explosion [15].
It has recently been reported that some molecules (e.g.
benzene), although showing single and double photoioni-
sation, experience strong Coulomb explosion only at rel-
atively high intensities (> 1015 W cm−2) [16–20]. In the
intensity regime up to 1015 W cm−2, the prospects for ef-
ficient HHG from the molecule and its ions are good.

Since HHG relies on electron dynamics, it is reason-
able to consider the extent to which the properties of the
generated harmonics can be used to study the electron dy-
namics of molecules in an intense field. The experimental
study reported here advances this goal by demonstrating
that for pulses of sufficiently short duration, the harmonic
emission results overwhelmingly from the unfragmented
parent molecule (and parent molecular ion). Furthermore,
we show that the ellipticity dependence in this limit is
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Fig. 1. Experimental setup showing laser, gas jet, interaction
chamber and monochromator.

significantly different in molecular systems compared to
atoms. This ellipticity dependence can be explained at
high ellipticity when the electron recollision is more prob-
able in a molecular system than in an atom due to the
larger size of the ionic core.

This paper is structured as follows. In Section 2, we de-
scribe the experimental apparatus, methodology and the
precautions taken to obtain reliable data. In Section 3,
we report and discuss the observed harmonic spectra ob-
tained from various molecules. This is followed by results
of the scaling of harmonic yield as a function of laser in-
tensity in xenon, benzene and cyclohexane. We show how
this is influenced by molecular dissociation and how, if
the laser pulse duration is sufficiently short, this effect
can be suppressed in most molecules. For naphthalene,
however, the behaviour shows a dramatic clamping of har-
monic yield at higher laser intensities that we tentatively
attribute to the rapid field ionisation of this molecule fol-
lowed by fast and extensive Coulomb explosion. In Sec-
tion 4, we present results and a discussion about the ellip-
ticity dependence of HHG in several molecular systems.
Finally, our results are summarised and we present our
conclusions in Section 5.

2 Experimental

The experimental set-up, shown in Figure 1, was based on
a system used for previous experiments in the butane and
butadiene molecules [8]. The high-order harmonic gener-
ation process was pumped by a Ti:sapphire chirped pulse
amplification (CPA) laser system producing a 10-Hz train
of near infrared laser pulses with energy up to 40 mJ and
full-width at half-maximum duration of either 240 fs or
70 fs. The laser pulses from this system were focused into
a small vacuum chamber containing a gas jet produced by
a pulsed solenoid valve. The generated harmonic radiation
was spectrally resolved by a vacuum ultraviolet (VUV)
spectrometer and detected with an electron multiplier.

Two configurations of our Ti:sapphire CPA laser sys-
tem were used in these experiments. 240 fs, 780 nm pulses
were produced by the configuration described in [21].
The system was then adapted to generate 70 fs, 795 nm
pulses by installing a new oscillator, pulse stretcher and
pulse compressor [22]. In both configurations, the pulse
compressor was optimised to minimise pre-pulse on the
timescale of the main pulse. A Pockels cell/polariser pair
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was configured to attenuate pre-pulses on the nanosec-
ond timescale produced by the regenerative amplification
stage. The pulse energy was measured by a calibrated pho-
todiode. A second order single-shot autocorrelator mea-
sured the pulse duration (assuming a sech2 pulse shape).
After attenuation of the beam, the intensity distribution
in the focal spot was measured using a microscope objec-
tive mounted on a charge-coupled device (CCD) camera.

For 240 fs pulses, the measurements of pulse energy,
pulse duration and focal intensity distribution were used
to calculate the peak intensity in the laser focus. We esti-
mate the error in this measurement to be a factor of 5. We
reduced the error to a factor of 2 for the experiments using
70 fs pulses by deriving the peak intensity from ion spec-
troscopic measurements of the pulse energies required to
multiply ionise several noble gases. By carefully maintain-
ing a fixed experimental arrangement, for a given pulse
duration the relative error in peak intensity between ex-
periments was less than 25%. This was proven by the very
good agreement between the results of identical experi-
ments carried out on successive days.

The intensity in the laser focus was varied by an elec-
tronically controlled λ/2 waveplate combined with a fused
silica cube polariser which attenuated the pulses at the
output of the regenerative amplifier. In this way, the in-
tensity in the focus could be varied over more than two
orders of magnitude. Where a constant intensity was re-
quired for an experiment the digitised, integrated signal
from the diode monitoring the pulse energy at the ex-
periment was passed to the data acquisition computer.
This then accepted the corresponding harmonic signal as
a valid datum or rejected it depending on whether the en-
ergy (intensity) was within a predefined range (typically
±5% of the mean value). This process, termed “energy
binning” was essential because of the often highly non-
linear scaling of harmonic signal with laser energy. Where
the harmonic signal was examined as a function of in-
tensity, the same technique was used except that many
adjacent energy bins (ranges) were defined and the har-
monic signal was allocated to the appropriate bin rather
than discarded. Typically, the bins were evenly spaced on
a logarithmic scale to optimise the signal to noise ratio
over a large range of laser intensities.

To study the dependence of HHG upon ellipticity, a
zero-order quartz waveplate (CVI, QWPO-800-10-4) was
placed in the linearly polarised beam. By rotating the
waveplate, the ellipticity was varied continuously from 0
(linear) to 1 (circular) with polarisation purity >99.5%.

The gas jet was produced by a heated pulsed valve
mounted on top of a small vacuum chamber connected
to a VUV monochromator. The laser pulses were focused
by a quartz lens into the molecular jet 3 mm below the
nozzle throat, providing an interaction length of ∼6 mm.
The plasma emission from the interaction region was im-
aged onto a CCD camera (Pulnix TM500). The heated
pulsed solenoid valve described in [9] was used to gener-
ate gas jets of cyclopropane (C3H6), the room temper-
ature liquids benzene (C6H6), cyclohexane (C6H12) and
n-hexane (C6H14) and the room temperature solid naph-

thalene (C10H8). To compare the efficiencies of the har-
monics in the organic compounds with those generated in
xenon, we ensured that the target gas density in the inter-
action region was the same for all the species studied. A
gas backing pressure of 220 torr of xenon implied a den-
sity of 3× 1017 atoms cm−3 in the laser focus. For all the
species studied, the ratio γ of the specific heat capacity
at constant pressure to that at constant volume is around
1.6 times lower than that of xenon. Therefore, to produce
the same density of molecules in the interaction region,
the backing pressure used for both compounds had to be
3 times greater than xenon, i.e. 660 torr. A sonic expan-
sion into perfect vacuum with an expansion half-angle of
45◦ was assumed for the calculation. The density in the
gas jet was chosen to avoid defocusing of the fundamental
beam in the jet and to minimise the risk of an accidental
release of organic vapour to the atmosphere by keeping the
required valve backing pressure below atmospheric pres-
sure. The backing pressure of naphthalene was limited to
300 torr by the maximum safe operating temperature of
the heated pulsed valve.

The harmonics generated in the laser focus were re-
solved by a 1 m normal incidence VUV monochromator
(GCA McPherson 225) fitted with an aluminium coated
600 lines mm−1 grating. The harmonics were detected us-
ing an electron multiplier tube (EMT, Thorn EMI 143)
operated at 2.5 kV and positioned behind the exit-slit in
the image plane of the monochromator. A stepper-motor
was fitted to the wavelength selection dial to rotate the
grating and select the wavelength. A boxcar gated inte-
grator (Stanford Research SR 250) integrated the signal
output from the electron multiplier and from a laser pulse
energy monitor diode (Thorlabs DET200). The data were
digitised and transferred to a PC via an RS-232 serial
link. Data acquisition software running on the PC was
configured to perform signal averaging and laser energy
binning as required. The data acquisition software also
controlled the monochromator wavelength via a stepper-
motor interface.

3 High harmonic spectra and intensity
dependences

3.1 High harmonic spectra

Harmonic spectra from order q = 7 to 15 were measured
for benzene, cyclohexane, cyclopropane, n-hexane, naph-
thalene and xenon irradiated with 70 fs, 795 nm pulses at
1× 1015 W cm−2. Figure 2 shows the results for all these
species except benzene and cyclohexane, which have been
published previously [23]. A xenon spectrum was recorded
as a reference immediately prior to each of the molecular
spectra so that, for a given harmonic order, direct com-
parisons between the responses of the species could be
made. In the case of naphthalene, the density is a factor
of two below that of xenon, as higher values could only
be achieved by heating the pulsed gas valve to a tempera-
ture well above the limit allowed for the device. The data
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Fig. 2. Harmonic spectra for xenon, n-hexane, cyclopropane
and naphthalene produced by 70 fs, 795 nm laser pulses fo-
cused to a peak intensity of 1× 1015 W cm−2. The density in
the interaction region is ∼ 3× 1017 molecules cm−3 except for
naphthalene where the density is ∼ 1.5× 1017 molecules cm−3.
Harmonics of the 7th to the 15th order are detected. Small
peaks from second-order diffraction of the 13th and 15th har-
monics can also be seen.

are not corrected for the spectral response of the detec-
tion system, so the relative intensities of different order
harmonic peaks can not be compared.

Each spectrum consists of 450 points, with each
recorded point averaged over 25 laser pulses. Only pulses
having energy within ±7% of the chosen energy were per-
mitted to contribute to the mean value. 5-point adjacent
average smoothing was applied to all spectra to reduce the
noise level. The width of the peaks in the recorded spectra
was limited by the instrumental resolution to 1.5 nm.

Peaks corresponding to harmonic order q = 7 to 15 are
labelled in the spectra. Second order diffraction peaks are
also present for q = 13 and 15. In addition, there are sev-
eral peaks present in the molecular spectra from 70 nm to
127 nm which do not correspond to harmonics. We have
assigned the extra peaks to plasma recombination emis-
sion lines from neutral, singly and double charged hydro-
gen and carbon atoms. The intensity of these peaks was
found to increase with the size of the molecule, with max-
imum intensity in the case of naphthalene. We measured
the dependence of the corresponding signal with laser in-
tensity in the range 1–5× 1015 W cm−2 and found that it
follows a cubic dependence.

The 15th harmonic could be detected in xenon and
cyclopropane only. The other molecules only yielded de-
tectable harmonics up to the 13th. The intensities of the
harmonics generated in the organic molecules are compa-
rable to those of xenon atoms. Table 1 gives a summary
of the harmonic intensities relative to the corresponding
xenon harmonic. The 7th harmonic generated in all the or-
ganic molecules of this study was stronger than the corre-
sponding xenon harmonic, with cyclohexane and n-hexane
being the most efficient. Higher orders from the organic
molecules gave lower yields than from xenon.

Table 1. Harmonic intensity of the organic systems relative to
xenon measured at 1×1015 W cm−2. The density in the interac-
tion region is ∼ 3×1017 molecules cm−3 except for naphthalene
where the density is ∼ 1.5× 1017 molecules cm−3.

Harmonic order 7th 9th 11th 13th
nhν (eV) 10.91 14.03 17.15 20.27
xenon 1 1 1 1
cyclopropane 3.3 0.38 0.23 0.20
n-hexane 4.5 0.38 0.12 0.13
cyclohexane 4.2 0.06 0.03 0.07
benzene 2.5 0.24 0.18 0.11

naphthalene(a) 0.66 0.03 0.02 0.07

(a) Quoted values were obtained for naphthalene pressure a
factor of two lower than the one used for the other molecules.
For direct comparison with the other organics and with xenon,
these values have to be multiplied by a factor of 4 to take into
account the quadratic pressure dependence.

3.2 Intensity dependences

We investigated the dependence of HHG in benzene, cyclo-
hexane, n-hexane, naphthalene, cyclopropane and xenon
upon the intensity of the driving laser. This was done
by setting the monochromator to the desired harmonic
wavelength and varying the laser energy. Each intensity
dependence, consisting of data from around 6 000 laser
pulses, was plotted on a log-log graph of harmonic inten-
sity against laser intensity.

As the spectral response of the detection system was
not calibrated, the relative yield of the harmonic orders is
unknown and so their relative position on the harmonic
intensity (vertical) axis is arbitrary. The data of harmonic
intensity versus laser intensity are scaled for each order by
normalising to the maximum harmonic intensity. This fa-
cilitates comparison of intensity dependences without re-
sulting in a loss of information about the relative har-
monic yields, because this information is contained in the
harmonic spectra (see Fig. 2). The observed dependences
were fitted by power laws.

Figure 3 shows intensity dependences for harmonics
q = 7 to 15 in xenon, cyclohexane and benzene using 240 fs
and 70 fs pulses. The behaviour observed for the three sys-
tems using 240 fs pulses (Figs. 3a–3c) is described in [9]
and the comparison with 70 fs pulses is discussed in [23].
The intensity dependences of the xenon harmonics, which
are identical across the observed intensity range, show
an initial steep rise followed by saturation at intensities
greater than∼ 8×1014 W cm−2. This behaviour, typical of
HHG in atoms, is also observed in benzene and cyclohex-
ane at intensities less than ∼ 5× 1014 W cm−2. However,
at intensities above this, the behaviours of the molecules
differ markedly from the atomic case. Notably, for some
harmonic orders, there is no saturation of harmonic inten-
sity at laser intensity up to 5×1015 W cm−2. This anoma-
lous behaviour arises from the ionisation and dissociation
occurring during the laser pulse and dynamic resonances
between electronic molecular states and harmonics.
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Fig. 3. Harmonic intensity as a function of laser intensity for (a) xenon, (b) cyclohexane and (c) benzene using 240 fs, 780 nm
laser pulses in the intensity range 1.5 × 1014–5× 1015 W cm−2 and for (d) xenon, (e) cyclohexane and (f) benzene using 70 fs,
795 nm laser pulses in the intensity range 5× 1013–2× 1015 W cm−2. Harmonic orders q = 7 (�), 9 (•), 11 (◦), 13 (4) and 15 (N)
are shown. Power-law fits are shown as solid lines. The density in the interaction region is ∼ 3 × 1017 molecules cm−3. Each
harmonic has been normalised as described in the text.

Figures 3d–3f depict the normalised dependences of
the harmonic intensity upon laser intensity using 70 fs
pulses for q = 7 to 13. As with 240 fs pulses, the xenon
intensity dependences (Fig. 3d) exhibit behaviour char-
acteristic of monatomic HHG. An initial rapid increase
with laser intensity in the cut-off regime is followed by
a reduced slope as the harmonics enter the plateau and a
further reduced slope as ionisation saturates. Cyclohexane
and benzene (Figs. 3e and 3f) show similar behaviour.

In contrast to the results obtained using 240 fs pulses,
the intensity dependences of benzene and cyclohexane har-

monics resemble those of monatomic species when shorter
pulses are used. The harmonic intensity steadily saturates
as the laser intensity is increased. The additional structure
observed using 240 fs duration pulses is no longer present.
All harmonic orders saturate. The anomalous behaviour
of the molecular systems is no longer observed.

Figure 4 compares the normalised intensity depen-
dences of naphthalene and benzene for harmonic orders
q = 7 to 11 using pulses with a duration of 70 fs. The num-
ber density in the laser focus was ∼ 1× 1017 atoms cm−3

and ∼ 3× 1017 atoms cm−3 for naphthalene and benzene
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Table 2. Properties of the hydrocarbons studied relative to xenon.

IP(a) (eV) α(b) (×1024 cm3) Geometry, L(c) (×10−10 m)
xenon 12.13 4.04 Atom, 1.2

cyclopropane, C3H6 10.55(d) 5.66 Cyclic, 3.5
n-hexane, C6H14 10.13 11.9 Linear, 5.6
cyclohexane, C6H12 9.86 11.0 Cyclic, 4.2
benzene, C6H6 9.24 10.0 Cyclic, 5.0
naphthalene, C10H8 8.14 16.5 Cyclic, 6.4

(a) Data taken from [24]. (b) α is the average electric dipole polarisability for ground state molecules. Data taken from [24]. (c)L
is the estimated largest dimension in the molecule. Lengths of CC and CH bonds taken from [24]. (d) Data taken from [25].
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Fig. 4. Harmonic intensity as a function of laser intensity
for (a) naphthalene and (b) benzene using 70 fs, 795 nm laser
pulses in the intensity range 5 × 1013–2 × 1015 W cm−2. Har-
monic orders q = 7 (�), 9 (•), 11 (◦) and 13 (4) are shown. The
density in the interaction region is ∼ 3× 1017 molecules cm−3

for benzene and ∼ 1.5× 1017 molecules cm−3 for naphthalene.
Each harmonic has been normalised as described in the text.

respectively. The benzene data are the same as those
shown in Figure 3. In contrast to benzene and the other
smaller organic molecules, the onset of saturation of har-
monic intensity with increasing pump intensity is very
sudden in naphthalene. After the onset of saturation, the
intensity of all three harmonic orders is almost indepen-
dent of pump intensity up to 2× 1015 W cm−2.

3.3 Discussion

Differences in efficiencies for harmonic generation between
molecules are observed and these can be related to the
differences in molecular properties, molecular electronic
structure and behaviour regarding ionisation and fragmen-
tation taking place during the interaction with the laser
pulse. Table 2 summarises some of the relevant chemical

physical properties of the organic compounds used in this
study and compares them with the properties of xenon.

Ionisation potential and molecular polarisability are
two important factors which influence the laser-molecule
interaction. However, several authors have found that
they are not the dominant predictors for either ionisa-
tion probability [26] or HHG efficiency [6,7] in molecular
systems. Table 2 also displays an estimation of the size
of the molecules; the values given are in good agreement
with the dimensions of the largest electronic molecular
orbitals [27–31]. From the properties listed in the table,
we note that cyclopropane is the molecular system that
displays the highest similarity to xenon atoms.

The electronic molecular structures of the systems
studied are significantly different. Benzene and naphtha-
lene are aromatic hydrocarbons with highly conjugated
bonding. These give rise to π-π∗ transitions on which
abundant Rydberg transitions overlap. Photon absorp-
tion for these molecules starts at energies above around
5 eV [24,32,33]. The alkanes cyclopropane, cyclohexane
and n-hexane have no conjugated orbitals because the
molecules consist exclusively of strongly localised σ-bonds.
In these molecules, transitions of Rydberg type are greatly
suppressed; valence transitions give account of the absorp-
tion spectrum that starts in the region of photon energies
around 7 eV [34,35]. In previous works [9,23], we have ad-
dressed the effect of resonances between harmonic frequen-
cies and molecular energy states on the efficiency for HHG.
Resonances are possible from the 3rd harmonic of the fun-
damental laser frequency for the aromatics and from the
5th for the alkanes.

Several authors [17–20,26–31,36] have studied the pho-
toionisation and dissociation of organic molecules induced
by intense laser fields. Relative ionisation probability has
been found to increase with the size of the delocalised
π molecular orbitals [16,36]. σ-bonded systems, featuring
strong electron localisation, ionise less efficiently than the
aromatics but present a higher dissociation yield [19,20]
which increases exponentially with the number of atoms
of the molecule [27]. On the other hand, dissociation is
significantly reduced by shortening the duration of the in-
tense laser pulse [19,20].

As discussed in [9], the short wavelength response of
our detection system imposes a limit for the experimental
determination of the cut-off for harmonic generation in
the atom and molecules studied here. This cut-off can be
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calculated through the IP + 3UP rule. However, there is a
maximum laser intensity to which a neutral atom may be
exposed before it ionises. This maximum intensity is set by
the barrier suppression ionisation (BSI) limit [37] which
gives a maximum intensity of 9× 1013 W cm−2 for xenon.
A xenon atom exposed to this intensity will ionise within
a single optical cycle. Harmonics up to q = 17 could be
generated in xenon at this intensity. Below this value, ion-
isation can proceed through multiphoton and tunnelling
ionisation. The laser intensity that saturates the ionisation
in xenon can be calculated considering tunnel ionisation,
modelled by the Ammosov, Delone and Krainov (ADK)
rates [38]. For 70 fs pulses, the saturation intensity for
Xe+ is ∼ 6× 1013 W cm−2. The corresponding cut-off oc-
curs at q = 13. The fact that harmonics up to q = 15 are
observed at peak intensities up to 5× 1015 W cm−2 is due
to emission during the rising edge of the laser pulse before
ionisation has saturated and also from the wings of the
focus where ionisation does not reach saturation [39]. The
highest harmonic observed in cyclopropane is also q = 15.
With the exception of the 7th harmonic, this molecule also
displays a distribution of intensity in the harmonic spectra
similar to xenon. Considering the properties listed in Ta-
ble 1, cyclopropane is, among the organic molecules of this
study, the closest to xenon. This could explain the nearly
atom-like behaviour of HHG observed in this molecule.
DeWitt and Levis [27–31] have developed a model to pre-
dict the transition from multiphoton ionisation to tunnel
ionisation in large polyatomic molecules. They have found
that the transition occurs at much lower laser electric field
strengths for molecules with extended electronic orbitals
than for atoms of similar ionisation potential. According
to this model, saturation of the ionisation in these organic
systems will occur at lower laser intensities than for xenon
and cyclopropane. This explains the fact that the highest
order harmonics observed in the organic systems, other
than cyclopropane, are one harmonic order lower. In ad-
dition, the cut-off occurred in all cases at lower orders
than predicted by the IP + 3UP rule, suggesting that the
molecules were being ionised before the peak of the pulse
was reached.

The generation of high-order harmonics is determined
by both the microscopic (single atom or molecule) and
macroscopic (propagation) properties of the nonlinear
medium. By changing the density of the medium, we
vary the propagation properties without altering the sin-
gle molecule interaction (assuming that the molecules of
the medium are non-interacting). If some property of the
harmonic radiation remains unchanged as the density is
changed, we can conclude that this property is determined
solely by the single molecule interaction.

By varying the backing pressure on the pulsed
valve in the range 100–1000 torr, we selected cyclo-
propane number densities in the laser focus in the range
∼0.5–5× 1017 atoms cm−3. Figures 5a–5c show the de-
pendence of harmonic intensity upon pump intensity for
q = 7 to 13 in cyclopropane for three different number
densities in the laser focus. The intensity dependences in
cyclopropane are similar to those observed in the other

organic molecules using 70 fs pulses. As in the atomic
case, the initially rapid increase in harmonic intensity with
pump intensity saturates as the number of harmonic emit-
ters is depleted by ionisation. The intensity dependences
are the same for all densities, indicating that the intensity
dependences are determined by the microscopic interac-
tion with individual organic molecules and not by propa-
gation of the pump and harmonic radiation through the
nonlinear medium.

Although the dependence of the harmonic intensity
upon the pump intensity is independent of density, the
density affects the absolute intensity of the harmonic radi-
ation because the number of harmonic emitters is propor-
tional to the density. This effect is not observable in Fig-
ures 5a–5c because the intensity data is normalised. The
intensity of the 7th harmonic in cyclopropane is shown
as a function of number density in Figure 5d for constant
pump intensity. A least squares fit finds that the harmonic
intensity is proportional to number density squared, indi-
cating that phase matching is independent of density and
propagation effects can be neglected in our discussion of
intensity dependences.

The intensity dependence as a function of pulse du-
ration reveals a strong qualitative difference between the
cases of 240 fs and 70 fs pulses. Contributions to disper-
sion and susceptibility arising from effects such as molec-
ular resonances were suggested to explain the irregular-
ities in the 240 fs results [9] but these are not strongly
dependent upon pulse duration and therefore can not sat-
isfactorily explain the change in behaviour at 70 fs. The
similarity in the form of the intensity dependence curves
for the molecules and xenon using 70 fs pulses is strong
evidence that any influence of fragmentation and disso-
ciation on the 240 fs molecular data is significantly sup-
pressed for the shorter pulses. This is consistent with the
timescales expected for the dissociation of molecules in
a strong field (providing photoionisation is not so severe
that Coulomb explosion becomes very rapid compared to
the laser pulse duration). Typically, this should be in the
10–200 fs range (depending upon the fragment masses).
We infer that for the 240 fs data, extensive fragmentation
of the parent molecule has occurred during the laser pulse
and a substantial component of the harmonic yield arises
from the molecular fragments. This can lead to the lack
of a clear roll-off and saturation since the appearance of
dissociation products can give rise to a higher yield than
from the parent alone. In contrast, for the 70 fs data there
is insufficient time for significant fragmentation and the
harmonics observed are those arising predominately from
the parent molecule [23].

We regard this as an important finding that supports
the notion that study of HHG from molecules can yield
important information about the electron dynamics in the
parent molecule when it is exposed to a strong field. The
dissociation of the target molecules should not be ignored
and can be very important in some molecular systems or if
longer laser pulses are used. In that case, due to the variety
of species that might be acting as harmonic emitters in the
sample (including the parent molecule, various fragments,
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Fig. 5. Intensity of harmonics generated in cyclopropane using 70 fs, 795 nm laser pulses as a function of laser intensity at
three pulsed valve backing pressures (a) 415 torr, (b) 650 torr and (c) 815 torr and (d) as a function of backing pressure at a
fixed intensity of 1 × 1015 W cm−2. Harmonic orders q = 7 (�), 9 (•), 11 (◦) and 13 (4) are shown. Each harmonic has been
normalised as described in the text.

atoms and ions), the behaviour of the harmonics can pro-
vide no clear information about the electron dynamics in
a single species. By using an ultra-short pulse, however,
the situation where a single species is largely responsible
for all the harmonic emission is ensured, and this will per-
mit unambiguous studies to be carried out (see ellipticity
dependence discussed in Sect. 4).

Naphthalene showed a significantly different behaviour
to the other molecules studied. There is a very strong
clamping of the harmonic yield above intensities of 2 ×
1014 W cm−2, rather than a smooth roll-over to satura-
tion. This is not in contradiction to the hypothesis pre-
sented above (i.e. molecules in sufficiently short pulses
display similar behaviour to xenon) if the fragmentation
time-scale of naphthalene is very fast (<70 fs). It is im-
portant to note that because naphthalene is a relatively
large molecule, the transition to strong tunnelling ioni-
sation is made at intensities significantly below those for
smaller species simply due to the larger potential across
the molecule when it is placed in a strong field. As men-
tioned above, this is invoked to explain the electron spec-
tra results of DeWitt and Levis [16]. We believe that as a
result, naphthalene experiences more extensive photoion-
isation than the smaller molecules studied. The molecule
will become highly ionised with more than one electron
removed (on average) from each atom and so Coulomb
explosion, which will be rapid, will lead to the extensive
fragmentation of the molecule into ions. Under these con-
ditions, further harmonic generation will not occur.

4 Ellipticity dependence

HHG is very sensitive to the polarisation of the pump
laser beam, showing a rapid decrease in efficiency as el-

lipticity increases. This is intuitively understood in the
context of the recollision model where the probability of
rescatter diminishes when the electron wavepacket travels
in a trajectory that does not intercept the ion core. Ex-
perimentally, this has been observed both in atoms [40]
and in molecules [9]. It has been pointed out that due to
the relatively weak dependence of phase-matching on field
polarisation, the ellipticity dependence of HHG is a sen-
sitive probe of the single-atom (molecule) response to the
intense field [40]. In a previous publication [9], we reported
a faster drop for higher order harmonics. Here we intend to
gain further insight into the effect of ellipticity on HHG by
studying its dependence on laser intensity and on the tar-
get species. Since our work with 240 fs pulses [9], we have
reduced the pulse duration to 70 fs and have improved
the signal to noise ratio. We can infer from the results
presented in Section 3 that with 70 fs pulses it is the ellip-
ticity dependence of HHG from the parent molecular ion
(rather than from fragments) that is being studied.

We have investigated the ellipticity dependence of 9th
harmonic generation in xenon, benzene and n-hexane. Ex-
perimentally, this work consisted of recording intensity de-
pendences as described above for a range of ellipticity val-
ues from linear to circular polarisation. The ellipticity of
the laser beam was modified using a λ/4 waveplate placed
in the beam path. As expected, the highest harmonic yield
in xenon is produced with the highest intensity, lowest el-
lipticity laser fields. No striking changes in the ellipticity
dependence were detected over an intensity range from
2.5× 1014 to 2× 1015 W cm−2.

The main question examined was whether different
species show different ellipticity dependences. This was
confirmed in the experiments and can be seen in Figure 6,
where 9th harmonic generation is plotted as a function
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Fig. 6. Dependence of harmonic intensity upon laser polari-
sation ellipticity for benzene, n-hexane and xenon using 70 fs,
795 nm laser pulses. The results are averaged over the intensity
range 6× 1014–9× 1014 W cm−2.

of ellipticity for xenon, benzene and n-hexane. For clarity
of presentation, the 9th harmonic emission signals were
normalised so as to make them unity for linear polarisa-
tion. Each data point in the graph was calculated as the
average of the relative emission for 20 intensities in the
range 5.9 × 1014 to 9.3 × 1014 W cm−2. Figure 6 shows
clearly that both benzene and n-hexane produced a rel-
atively stronger 9th harmonic emission for intermediate
values of ellipticity than the noble gas xenon used as a
reference. The effect is clear from values of the ellipticity
from 0.2 to 0.5 (I⊥/I|| = 0.04 to 0.25), since the signal to
noise ratio becomes unfavourable for higher values. In that
range, the relative emission in the organics approximately
doubles that of xenon.

In contrast, earlier measurements with longer pulses [9]
revealed that the ellipticity dependence for molecules was
similar to atoms, or even that there was less HHG from
molecules at higher ellipticity than in the atomic sys-
tem. The signal to noise ratio of the earlier data was
inferior to the present study. The longer pulse dura-
tion employed meant that significant fragmentation of the
molecule would have taken place, leading to HHG from
significantly smaller (even atomic) size fragments being
important.

The fact that the two organic molecules favour HHG
for relatively high ellipticity when compared to xenon, is
an indication that the effective cross-section for rescat-
tering is larger in molecules. Therefore, we tentatively
suggest that the phenomenon of electron recollision in
molecules is not atom-selective. As we mentioned before,
molecules introduce the possibility of an electron recollid-
ing with an ion core other than its parent. For atoms, the
spreading of the electron wavepacket as it propagates in
the laser field leads to some rescattering probability with
the core (and hence harmonic emission) even if the field
is elliptically polarised. In a molecular system, a similar

degree of wave-packet spreading is anticipated [41]. Thus,
we expect the returning electronic wavepacket to have a
finite probability of interaction both with its parent atom
and with neighbouring atoms even in the case of ellip-
tical polarisation. If the electron recollision with atoms
other than the parent leads to final states of the molecule
indistinguishable from the initial state then there is a con-
tribution to the harmonic emission. Additional pathways
for this to happen can exist in the molecular case, e.g.
the electron may recombine either with its parent ion or
an ionised neighbour. Therefore, in the case of elliptical
polarisation extra channels leading to harmonic emission
exist in the molecular case compared to the atomic case.
Consequently, molecules are expected to show a larger ef-
fective rescattering cross-section and be thus less sensitive
to deviations from linear polarisation. A detailed theo-
retical treatment of this system, however, remains to be
carried out and we hope that our results stimulate further
efforts towards this goal.

Another question concerns the possible anisotropy of
the gas target. The initially randomly oriented molecules
could suffer an alignment effect because of the torque ex-
erted on them by the polarised laser beam. If this occurred
during the laser pulse, we could expect that the orienta-
tional distribution of the harmonic generating molecules
could be different for linear than for circular polarisation.
However, for laser pulses as short as 70 fs, and for rela-
tively heavy molecules, it is generally recognised [42] that
the effect upon rotation within the time duration of the
pulse would be negligible. Therefore, we can consider that
the experiment takes place in a regime where dynamic
alignment does not play a role and where the observed
emissions corresponds to an average for all possible orien-
tations. We anticipate that results revealing more clearly
the dependence of rescatter cross-sections and intensity
dependence would be obtained in an experiment where
the molecules were first aligned with a laser pulse prior to
introducing the pump beam for HHG.

5 Summary and conclusions

We have studied high-order harmonic generation in the
organic molecules cyclopropane, cyclohexane, n-hexane,
benzene and naphthalene pumped by near-infrared laser
pulses of 70 fs and 240 fs duration in the intensity range
5× 1013 W cm−2 to 5× 1015 W cm−2. To investigate the
microscopic interaction between single molecules and the
laser field, we studied the harmonics generated as a func-
tion of the laser pulse duration, laser intensity and elliptic-
ity of the laser polarisation. Varying the molecular number
density in the laser interaction region allowed us to exam-
ine the influence of propagation effects and confirm that
they did not obscure our studies of the single molecule
interaction. All of our investigations were also conducted
using xenon, to provide a reference and a comparison with
harmonic generation in atomic species. Harmonic orders
q = 7–15 were observed.

We found that for 70 fs pulses, the molecules remain es-
sentially intact during the interaction, leading to atom-like
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high-order harmonic generation. With 240 fs pulse dura-
tion, the laser pulse is longer than the dissociation time
of the molecules and so harmonics are additionally pro-
duced by the dissociation products. This is observed to
increase the total harmonic yield at intensities up to
5×1015 W cm−2 by preventing the usual saturation of har-
monic generation as the parent atoms ionise. An exception
to this is the large naphthalene molecule, which undergoes
enhanced field ionisation and subsequent Coulomb explo-
sion that is sufficiently rapid to cause dissociation during
the shorter, 70 fs laser pulse. The harmonic yield from
all of the organic molecules is broadly similar to atomic
xenon under identical conditions. Xenon produces consis-
tently higher yields for the 9th to 15th harmonics but the
7th harmonic is up to four times more intense using the
organic molecules. The dependence of harmonic intensity
upon laser ellipticity using 70 fs pulses showed that the
organic molecules were less sensitive than xenon to de-
viations from linear polarisation. This is consistent with
the electron recollision model of high-order harmonic gen-
eration if the electron is considered to recollide with the
molecule as a whole, which has a larger recollision cross-
section than the atom.
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