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High-order harmonic generation in cyclic organic molecules
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High-order harmonic generation from the interaction of high-intensity femtosecond laser pulses with the
organic molecules benzene and cyclohexane has been observed using laser pulses of 240 and 70 fs duration at
wavelengths around 800 nm. Harmonic intensities were measured as a function of laser intensity in the range
431013– 531015 W cm22, of laser polarization, and of the density of the medium. Harmonics from the 7th to
the 13th order were found to have comparable intensities with those produced by xenon at the same density.
The 7th harmonic from cyclohexane was measured to be four times more intense than that from xenon. No
saturation of this harmonic was observed in cyclohexane up to a peak intensity of 231015 W cm22, in contrast
with xenon, where saturation was seen above 831014 W cm22. These results are related to previous studies of
ionization and fragmentation of these molecules in the same intensity range. The role of resonances between
harmonics and high-lying molecular states is discussed.

PACS number~s!: 42.65.Ky
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I. INTRODUCTION

Understanding of the interaction of intense laser fie
with molecular systems has progressed considerably ove
last few years, owing to the attention paid by many group
complementary aspects of the interaction. Novel phenom
have been observed as a result of this interaction, includ
molecular ionization and fragmentation@1–20#, multiple
electron emission, possibly followed by Coulomb explosi
@4–7,14,15,18#, and extreme ultraviolet~XUV ! generation
by high harmonic generation~HHG! @21–24#. As compared
with atoms, molecules are significantly more complex
their interaction with intense fields due to the presence
additional degrees of freedom involving nuclear motion a
the possibility of dissociation. Moreover, molecules intr
duce the possibility of excitation of additional collectiv
electron effects and of harmonic emission by an elect
recolliding with an atom other than its parent. Ionizatio
fragmentation, and Coulomb explosion have been inve
gated in diatomic@1–5# and triatomic @6,7# systems and
more recently in polyatomic organic molecules@8–20#.

Regarding HHG, in comparison with the abundance
work concerning atomic systems, studies in molecules
scarce due to the additional complexity introduced by
molecular structure and to the practical problems of sam
handling. For atomic systems the semiclassical two-step
scription of the process of HHG predicts the maximum h
monic frequency to be determined by theI p13.2Up law
@25#, whereI p is the ionization potential andUp the pondero-
motive energy. Therefore, although the highest harmon
have been seen in the lightest rare gases with the hig
ionization potentials, the most efficient generation of h
monics has been observed in the heaviest elements with
loosely bound outer electrons and consequently greater
larizabilities. This has helped to motivate the investigation
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molecules as potential targets for HHG, as many molecu
species also have large polarizabilities.

Using a multiphoton-type model, Chin and Golovins
@21# predicted that the intensities of the harmonics for a m
ecule and an atom with the same ionization potential will
strongly dependent on the ratio between their polarizabilit
Experimental results by Lianget al. @22,23# and Lyngået al.
@24# have not confirmed this prediction, however. Lyn˚
et al. @24# studied HHG from several polyatomic molecule
and found that the conversion efficiency is not higher th
that of the rare gases. Organic molecules with delocalisep
electrons are thought to be good targets for the study of H
because of the large nonlinear optical susceptibilities ass
ated with the presence of loosely bound electrons. Inde
good conversion efficiencies for four-wave mixing proces
to generate coherent radiation into the vacuum ultravio
~VUV ! have been reported for a number of doub
conjugated systems@26#.

In a previous study, we investigated HHG in organic m
ecules@27# and showed that the systems studied~butane and
butadiene! have a conversion efficiency one order of mag
tude lower than that of xenon for the same medium dens
At intensities of 2.531013W cm22 harmonics in butadiene
were generated with higher efficiency than in butane; t
effect was attributed to the presence ofp electrons in buta-
diene.

As a continuation of this work and to further investiga
the dependence of HHG processes on molecular proper
such as geometry, size, type of bonding, and the role
electron delocalization, we present here the results of a s
performed on the molecules of benzene (C6H6) and cyclo-
hexane (C6H12). Their harmonic response was compar
with the rare gas xenon, for which HHG processes are w
understood@28–30#. Benzene and cyclohexane have hi
static polarizabilities of 10.3310224 and 11.0310224cm3,
respectively, to be compared with the value of 4.0310224

cm3 of xenon. Both molecules have similar six-carbon-ato
ring structures. Benzene features completep-electron delo-
calization, whereas the outer electrons in the cyclohex
©2000 The American Physical Society10-1
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molecule are ins orbitals. By using laser pulses of 240 fs
780 nm and 70 fs at 795 nm, the 7th to 15th harmonic ord
of the fundamental frequency were generated in the stu
media. Their respective signals have been measured
function of laser intensity, in the range from 431013 to 5
31015W cm22, the laser polarization, and the density of t
medium. The results are discussed taking into account
ionization and fragmentation of the molecules over the sa
intensity range. We consider also the influence of resonan
matching the energy of the generated harmonic radiation

II. EXPERIMENTAL PROCEDURE

The experimental setup, shown in Fig. 1, was based o
system used for previous experiments in the butane and b
diene molecules@27#. For the work reported here, two tera
watt Ti:sapphire laser systems employing the technique
chirped pulse amplification were used and will be describ
below. The first system, at the Blackett Laboratory La
Consortium, produces a 10 Hz train of 240 fs, 780 nm pul
with energy up to 40 mJ. The second laser was the AST
system at the Rutherford Appleton Laboratories, which p
duces shorter pulses, of about 70 fs, at a center wavele
of 795 nm, a maximum energy of 10 mJ, and a repetition r
of 10 Hz. Both systems produced linearly polarized pulse

The laser operating at the Blackett Laboratory has b
described previously@31# and a short overview is presente
here. The Kerr lens mode-locked Ti:sapphire oscillator
pumped by a 5.5 W continuous-wave argon-ion laser~Co-
herent Innova 100! and delivers an 83 MHz train of 90 fs
780 nm, 2 nJ pulses, which are stretched to 250 ps i
single-grating singlet-lens pulse stretcher. These pulses
amplified in a Ti:sapphire regenerative amplifier which s
lects a 10 Hz pulse train from the 83 MHz stretched osci
tor output. The energy of the pulses is amplified by a fac
of 106 to 2 mJ. The crystal is pumped at 10 Hz by 90 m
pulses from a frequency-doubledQ-switched Nd:YAG~yt-
trium aluminum garnet! laser ~Continuum Surelite II!. Fur-
ther amplification of the stretched pulses is achieved i
five-pass, angularly multiplexed amplifier pumped by 4
mJ pulses from a frequency-doubledQ-switched Nd:YAG
laser~BMI 503!. This increases the energy up to 80 mJ b
fore recompression in a grating pulse compressor. An ene
loss of;50% is incurred by passing through the compress
making the maximum final energy of the pulses 40 mJ.

The ASTRA system had a similar configuration to t
laser described above, although the regenerative amp
was replaced by a multipass amplifier. To support sho

FIG. 1. Experimental layout.
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pulses the bandwidth of the ASTRA system was 23 n
almost three times greater than the;8 nm bandwidth of the
Blackett Laboratory system.

The pulse duration at the output of the laser systems
measured to be 240 and 70 fs for the Blackett Laboratory
ASTRA systems, respectively, using a second-order auto
relator and assuming a sech2 pulse shape. The pulse energ
was obtained from a calibrated photodiode.

The laser output was focused into a gas jet of the spe
under study using a 300 mm focal length antireflectio
~AR-! coated fused silica planoconvex lens. Because of
different beam diameters of the two lasers used in this wo
the focusing geometry changed fromf /11 for the Blackett
Laboratory system tof /19 for the ASTRA system. The pea
intensity in the focus was determined by combining me
surements of the pulse energy and duration with a meas
ment of thee22 area of the spatial intensity distribution of a
attenuated beam in the focal plane of the focusing lens.
mJ pulse was found to produce a peak intensity in the fo
of 131014W cm22 for the Blackett Laboratory system an
431013W cm22 for ASTRA. The relative error in peak in
tensity between experiments was less than 25%. This
achieved by carefully maintaining a fixed experimental
rangement and was proven by the extremely good agreem
between the results of identical experiments carried out
different days. However, the error in the absolute peak int
sity was quite large~we estimate a factor of 5!. This was
primarily due to the assumption of a Gaussian transve
intensity distribution, whereas the actual distribution in t
focus has higher intensity in the wings than an ideal Gau
ian.

The intensity in the laser focus was varied by adjust
the pulse energy. This was achieved by using an electr
cally controlledl/2 waveplate combined with a fused silic
cube polarizer, which attenuated the pulses at the outpu
the regenerative amplifier. In this way the intensity in t
focus could be varied over more than two orders of mag
tude. Where a constant intensity was required for an exp
ment the digitized, integrated signal from the diode monit
ing the pulse energy at the experiment was passed to the
acquisition computer. This then accepted the correspond
harmonic signal as a valid datum or rejected it depending
whether the energy~intensity! was within a predefined rang
~typically 65% of the mean value!. This process, termed
‘‘energy binning,’’ was essential because of the often high
nonlinear scaling of harmonic signal with laser energ
Where the harmonic signal was examined as a function
intensity, the same technique was used except that many
jacent energy bins~ranges! were defined and the harmon
signal was allocated to the appropriate bin rather than
carded. Typically, the bins were evenly spaced on a logar
mic scale to optimize the signal-to-noise ratio over a la
range of laser intensities.

The gas jet was produced by a heated pulsed va
mounted on top of a small vacuum chamber with four 4-c
diameter ports in the horizontal plane arranged on two p
pendicular axes. One port was directly connected to a V
monochromator. The laser pulses were focused through
opposite port, which was fitted with an extension tube
0-2
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HIGH-ORDER HARMONIC GENERATION IN CYCLIC . . . PHYSICAL REVIEW A 61 053810
locate the 3-mm-thick fused silica AR-coated entrance w
dow as near as possible to the focusing lens. The two
maining ports were fitted with fused silica windows to allo
inspection of the interaction region perpendicular to the
rection of laser propagation. One of these ports was use
image the plasma emission from the interaction region on
charge-coupled device~CCD! camera~Pulnix TM500!.

A heated pulsed gas valve system, depicted in Fig. 2,
built and used to generate gas jets of benzene and cyclo
ane, which are liquids at room temperature. It consisted o
integrated solenoid pulsed valve~General Valve Corp., Se
ries 9! and a sample reservoir that were temperature c
trolled up to 470 K with a temperature stability of60.1 K.
The vapor pressure created in the reservoir was measure
a heated capacitance manometer; its temperature was m
tored by a type-K thermocouple and maintained slight
higher than the temperature of the rest of the heated valv
ensure that no condensation occurred. This allowed u
directly determine, in a manner independent of the spec
the backing pressure on the pulsed valve.

To compare the efficiencies of the harmonics in the
ganic compounds with those generated in xenon, we ens
that the target gas density in the interaction region was
same for all the species studied. A gas backing pressur
220 Torr of xenon implied a density of 331017atoms cm23

in the laser focus, which was 3.2 mm below the noz
throat, providing an interaction length of;6 mm. The ratio
g of the specific heat capacity at constant pressure to th
constant volume for benzene and cyclohexane is around
times lower than that of xenon. Therefore, to produce
same density of molecules in the interaction region,
backing pressure used for both compounds had to be t
times greater than for xenon, i.e., 660 Torr. A sonic exp
sion into perfect vacuum with an expansion half angle of 4
was assumed for the calculation. To obtain the requi
backing pressure of the organic compounds, the heated p
valve ensemble had to be maintained at 350 K.

The density in the gas jet was chosen to avoid defocus
of the fundamental beam in the jet and to minimize the r

FIG. 2. Temperature-controlled pulsed gas valve with integra
sample reservoir and pressure monitoring.
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of an accidental release of organic vapor to the atmosph
by keeping the required valve backing pressure below at
spheric pressure. We set the position of the laser focus in
gas jet by optimizing the 9th harmonic yield in xenon.

Benzene and cyclohexane samples~Aldrich Ltd.! had a
purity better than 99.9% and were used without further p
rification. Xe ~BOC Ltd.! had a specified purity of 99.993%

The harmonics generated in the laser focus were reso
by a 1 m normal-incidence VUV monochromator~GCA
McPherson 225! fitted with an aluminum-coated 60
lines mm21 grating. The harmonics were detected using
electron multiplier tube~EMT, Thorn EMI 143! operated at
2.5 kV and positioned behind the exit slit in the image pla
of the monochromator. A stepper motor was fitted to t
wavelength selection dial to rotate the grating and select
wavelength. A boxcar-gated integrator~Stanford Research
SR 250! integrated the signal output from the electron m
tiplier and from a laser pulse energy monitor diode af
every laser pulse. These measurements were digitized
transferred to a PC via an RS-232 serial link. Data acqu
tion software running on the PC was configured to perfo
signal averaging and laser energy binning as required.
data acquisition software also controlled the monochroma
wavelength via a stepper-motor interface.

III. RESULTS

Two series of experiments were carried out using 240
70 fs laser pulses delivered by the laser systems describe
the previous section. The first series were obtained in
1.531014– 531015W cm22 intensity range with 240 fs, 780
nm laser pulses. The second series covered the 431013– 5
31014W cm22 intensity range with 70 fs, 795 nm lase
pulses.

A. VUV spectra of harmonic generation

Harmonic spectra were recorded for benzene, cycloh
ane, and xenon. The results obtained with 240 fs pulse
231015W cm22 are shown in Fig. 3. Each spectrum consi
of 1100 points, each recorded point being the average of
signal generated by 20 laser pulses. Only pulses having
energy within67% of the target energy were permitted
contribute to the mean value. Ten-point adjacent aver
smoothing was applied to all spectra in Fig. 3 to reduce
noise level. The width of the peaks in the recorded spe
was limited by the instrumental resolution to 2 nm. The sp
tra have not been corrected for the spectral response o
detection system. This prevented us from comparing the
solute signal strengths of different peaks in the spectra. H
ever, a reference xenon spectrum was recorded immedia
prior to each of the molecular spectra to ensure that abso
comparisons between the responses of each medium f
given harmonic order were possible.

Harmonic ordersq57 to 13 are present in the spectr
The most striking feature of these data is that the strength
the harmonic signals from the organic molecules are com
rable to those from xenon atoms. Xenon is one of the m
efficient HHG media studied to date in this intensity range

d
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is remarkable, therefore, that the 9th and 11th harmonic
the organic compounds are up to 50% as strong as thos
xenon and that the 7th harmonic of cyclohexane is up to f
times stronger. In this case, no harmonics aboveq511 were
measured from either benzene or cyclohexane.

Peaks are also present in the spectra from second-o
diffraction of the 11th and 13th harmonics. Several furth
small peaks appear in the benzene and cyclohexane spe
mainly at wavelengths between the 7th and 9th orders of
laser frequency; these peaks are absent in the xenon sp
Similar features were also observed in the HHG spectra
butane and butadiene@27#. The temporal profile of these
emissions was measured and presented a slow decay wi
effective lifetime of the order of several tens of nanosecon
in contrast with the prompt emission of harmonic photo
We attribute these emissions to recombination of the i
and electrons in the plasma formed as the laser pulse pr
gates through the nonlinear medium. The observed feat
could be identified as emission lines from neutral hydrog
and neutral and singly ionized carbon atoms. This wo
explain the absence of these peaks in the xenon spectra

Harmonics spectra were also recorded using 70 fs,
nm pulses from the ASTRA system. The increased dyna
range of this system allowed the detection of the 13th h
monic from both organic molecules and of the 15th harmo
in xenon. Consistent with the 240 fs pulses results, the
monic spectra of benzene and cyclohexane follow the s
trend, having a higher 7th harmonic yield than xenon a
somewhat lower yields at higher orders. Cyclohexane w
generally less efficient than benzene, but again it had
exceptionally high yield atq57, four times higher than the
xenon yield. The peaks attributed to plasma emission
weaker than those observed with 240 fs, as the lower in
sity and shorter pulse duration reduce ionization.

B. Harmonic-generation dependence on laser intensity

We investigated the dependence of HHG in benzene,
clohexane, and xenon upon the intensity of the driving la

FIG. 3. Harmonic spectra for benzene~ !, cyclohexane
~—!, and xenon~¯! produced by 240 fs, 780 nm laser pulses f
cused to a peak intensity of 231015 W cm22. The density in the
interaction region was;331017 molecules cm23. Harmonics of
the 7th to the 13th order are detected. Small peaks from sec
order diffraction of the 11th and 13th harmonics can also be se
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This was done by setting the monochromator at the des
harmonic wavelength and varying the laser energy. Each
tensity dependence consisted of data from around 6000 l
pulses.

Figure 4 shows the intensity dependences for harmo
q57 – 13 in xenon andq57 – 11 in benzene and cyclohex
ane using 240 fs pulses. A log-log curve of the harmo
signal versus laser intensity is plotted for each harmonic. T
13th harmonic was too weak to be detected in the orga
molecules. Because the harmonic detection system was
calibrated absolutely, the relative yield of the harmonic
ders is unknown and so their relative position on the verti
axis is arbitrary. The curve of harmonic signal versus inte
sity for each order was scaled by a constant factor, so t
overlapped at low intensity where their behavior was iden
cal. This clarifies the divergent behavior that occurs at hig
intensity without resulting in a loss of information about th
relative harmonic yields, because this information is co
tained in the VUV spectra shown in Fig. 3. The observ
dependences were fitted by power laws as shown in Fig

Xenon harmonics yields presented in Fig. 4~c! show the
characteristic behavior with intensity usually observed
HHG @28–30#. There is an initial steep dependence on inte
sity followed by saturation at intensities over
31014W cm22. The intensity dependences of the xenon h
monics were identical across the observed intensity rang

The intensity dependences of benzene harmonics
shown in Fig. 4~a!. As with xenon, all the harmonic signal
first increase with a slope around 2 on a log-log scale, be
beginning to roll over as the intensity approaches
31014W cm22. At this point the intensity dependences
the different harmonics diverge. The rollover is most pr
nounced forq57 and is reduced for higherq. Above 2
31015W cm22 and up to 431015W cm22 this tendency is
reversed, with the lower-order harmonics showing the ste
est intensity dependence.

For cyclohexane@Fig. 4~b!# all harmonics again follow
the same initial intensity dependences, whereas abov
31015W cm22 the curves diverge. The 11th harmonic ro
over to become almost constant with increasing intens
There is no change of slope in the 9th harmonic, and the
harmonic actually exhibits a steeper intensity depende
without signs of saturation. This is in marked contrast w
xenon@Fig. 4~c!#, where all the harmonic orders have sat
rated at this intensity.

Figure 5 depicts the intensity dependences of the h
monic signals generated with 70 fs pulses also scaled b
constant factor as described previously. Although the int
sity range covered in this experiment is smaller, the be
detection dynamic range enabled us to measure the we
13th harmonic of the organic molecules and also to obse
an initial steep intensity dependence of the harmonic sig
Where the intensity ranges of the two experiments over
we can see that the behavior of all the molecules appea
be similar. The intensity dependences follow a quadra
power law in the (2 – 4)31014W cm22 intensity range~with
the exception ofq511 for cyclohexane using 70 fs pulses!.
Therefore in this range shortening the pulse duration did
affect the observed dependences appreciably.

d-
n.
0-4



HIGH-ORDER HARMONIC GENERATION IN CYCLIC . . . PHYSICAL REVIEW A 61 053810
FIG. 4. Harmonic intensity for~a! benzene,~b! cyclohexane, and~c! xenon as a function of laser intensity forq57 – 13 using 240 fs, 780
nm laser pulses in the intensity range 1.531014– 531015 W cm22. The density in the interaction region was;331017 molecules cm23.
Each harmonic has been scaled vertically as described in the text.
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C. High-order harmonic dependence on ellipticity
of laser polarization

We also compared the dependence of harmonic yield
the ellipticity of the laser beam for the organic molecules a
xenon. Figure 6 shows the results for the 7th and 11th h
monics of xenon and benzene at a peak intensity o
31015W cm22. For both species, the ellipticity dependen
is stronger for the higher-order harmonic. The results a
show that the harmonic yield in benzene decreases more
idly with ellipticity than for xenon atoms. The generation
high harmonics is very sensitive to the polarization of t
pump laser@32#. This is intuitively obvious in the recollision
model of HHG; for linear polarization, the electron wav
packet is driven in a one-dimensional trajectory away fr
the parent atom before returning with a high probability
recollision. If the laser is elliptically polarized then there w
be an additional transverse component to the force on
electron wave packet, and the probability of recollision
reduced. According to this model, a greater ellipticity lea
to a smaller recollision probability and to a lower harmon
yield. The results shown here could imply that the collisi
cross section of xenon is larger than that of benzene. Th
reasonable if in benzene HHG arises only from the elect
wave packet recolliding with its parent atom and not with t
molecule as a whole.

D. Harmonic-generation dependence on medium density

The harmonic yield was studied as a function of the d
sity of the nonlinear medium. The density in the gas jet w
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controlled by varying the backing pressure. Sets of data
the 7th harmonic at the intensity of 331015W cm22 from the
species studied in this work were obtained by averaging
signal from 200 laser pulses with a 5% energy bin as a fu
tion of the backing pressure. In a log-log representation
data could be fitted by single straight lines with a slope n
2. The observed dependences are in good agreement wit
quadratic law expected for a phase-matched HHG proc
@28#.

IV. DISCUSSION

The highest harmonic order detected in xenon wasq
513 with the 240 fs laser at 531015W cm22 and q515
with the 70 fs laser at 531014W cm22. These limits were
imposed by the short-wavelength response of the detec
system. Therefore it was not possible to determine exp
mentally the position of the cutoff for xenon. This cutoff ca
be calculated through theI p13.2Up rule. However, there is
a maximum laser intensity to which a neutral atom may
exposed before it ionizes. This maximum intensity is set
the barrier suppression ionization~BSI! limit @33# and for
xenon is 931013W cm22. A xenon atom exposed to thi
intensity will ionize within a single optical cycle. Harmonic
up to q517 could be generated in xenon at this intensi
Below this value ionization can proceed through multiphot
and tunneling ionization. Considering tunneling ionizatio
modeled by the Ammosov, Delone, and Krainov~ADK !
0-5
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FIG. 5. As in Fig. 4 forq59 – 13 using 70 fs, 795 nm laser pulses in the intensity range 431013– 531014 W cm22. The density in the
interaction region was;331017 molecules cm23.
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FIG. 6. Dependence of benzene~circles! and xenon~squares!
7th ~solid symbols! and 11th~open symbols! harmonic yields as a
function of the ellipticity of the pump beam for 240 fs, 780 n
pulses at a laser intensity of 331015 W cm22. Each set of data ha
been normalized to unity.
05381
rates @34#, the saturation intensity for Xe1 is ;6
31013W cm22 for 70 fs pulses and slightly less for 240
pulses. The corresponding cutoff occurs atq513. The fact
that harmonics are observed at peak intensities up t
31015W cm22 is due to emission during the rising edge
the laser pulse before ionization has saturated and also
the wings of the focus where ionization does not reach s
ration @35#.

For both laser pulse durations, the highest-order harm
ics observed in benzene and cyclohexane were one o
lower than those observed from xenon. The cutoff occur
in both cases also at lower orders than predicted by theI p
13.2Up rule, suggesting that the molecules were being io
ized before the peak of the pulse was reached.

Comparison of the laser intensity dependences of harm
ics yields in xenon, benzene, and cyclohexane reveals
role of the macroscopic phase mismatch and the microsc
susceptibility@28,36#. The phase mismatch arises from thr
terms: the focal geometry, the difference in the dispersion
the neutral gas at the fundamental frequency and the
monic frequency, and finally the effect of free electron
During the experiments the same focal geometry was u
throughout; therefore this term is constant for all the stud
media. The dispersion term is small as compared with
other two and can be neglected@23# provided that the har-
monic frequency is far from the vicinity of resonances. Th
0-6
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condition is fulfilled in these experiments for the case
xenon but not for the benzene and cyclohexane syste
which present numerous resonances in the VUV region c
ered by the generated harmonics. Moreover, the molec
excited states could be shifted into harmonic resonance
the ac Stark effect. This point will be elaborated below. T
laser intensity determines to what extent the medium is i
ized; therefore at high laser intensity, when the gas
strongly ionized, the effect of free-electron dispersion will
important and even dominate the phase mismatch. Bec
the gases studied in this experiment have different ioniza
potentials~9.24, 9.86, and 12.13 eV for benzene, cyclohe
ane, and xenon, respectively! the free-electron density cre
ated from the ionization of each species should be differ

The microscopic susceptibility characterizes the respo
of each individual atom or molecule to the radiation fie
Resonances of the generated harmonics with excited stat
the neutral atom or molecule will strongly modify the valu
of the susceptibility. However, although at low laser inte
sity neutral atoms or molecules will be responsible for g
erating high harmonics, increasing the intensity will result
single ionization or multiple ionization of the species, a
dissociation in the case of molecules. Therefore the effect
both neutral depletion and contribution of ions or fragme
to the overall process of HHG have to be taken into acco

The harmonic intensity dependences shown in Figs. 4
5 for xenon consist of three stages, each with a character
slope@30#. In the first stage, at the lowest intensities belo
131014W cm22, the slope is steepest and the depende
can be fitted by an;I 4 law. This regime, which correspond
to harmonics in the cutoff region, could be observed only
the experiments using 70 fs pulses, because the harm
signal was too weak to be distinguished from the noise in
240 fs experiments. As the harmonic moves to the plat
region, a second stage is accessed in which the inten
dependence is reduced. In the range (2 – 8)31014W cm22 all
the harmonics from xenon appear to be in the plateau c
acterized by a quadratic intensity dependence. Above
31014W cm22 the harmonic intensity dependence stead
flattens out until the harmonic signal is almost constant w
intensity at 331015W cm22. This was accompanied by th
observation of plasma emission from the laser focus by
CCD camera that monitors the interaction region, and is
dicative of significant ionization of the medium. Only th
experiments with the 240 fs laser achieved sufficient int
sity to observe this regime. This third stage is brought ab
by ionization of the nonlinear medium, which further d
creases the slope as the neutral harmonic emitters are
pleted and the free electrons have a detrimental effect on
phase matching.

The main effect of ionization is to deplete the number
neutral atoms available for harmonic generation. As the d
sity of atoms is low in the interaction region and the lase
tightly focused in our case, the phase mismatch due to
persion in the focus is dominated by the geometric ph
term and not by the dispersion of the free electrons. Thi
supported by the observed intensity dependences. While
free-electron dispersion is frequency dependent, the beha
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as a function of the intensity remains identical across all
harmonic orders studied in the ionization regime.

Like xenon, benzene exhibits a steep intensity depende
below 1014W cm22 when the harmonics are in the cuto
regime. The low signal levels restricted observation of t
regime to the 70 fs experiments, except perhaps for the
harmonic, where some of the signal detected arou
(1.5– 2)31014W cm22 appears to have the characteris
steep intensity dependence. Again like xenon, above
31014W cm22, the intensity dependence flattens out follow
ing a quadratic law, indicating that the harmonics begin
reach the plateau. The transition to saturation occurs in
non at ;831014W cm22; in benzene the change of slop
occurs at slightly lower intensity, 631014W cm22, above
which the intensity dependences differ considerably fr
those of xenon.

Above 631014W cm22 each harmonic has a different in
tensity dependence, the curves becoming steeper as the
monic order increases. This is opposite to the expected c
sequence of free-electron dispersion, which would be lar
at shorter wavelengths i.e., higher harmonic order. Arou
331015W cm22 the situation reverses, so that the 7th h
monic now has the steepest slope and the 11th become
most constant with intensity. This is in contrast with th
behavior shown by xenon harmonics, which have comple
saturated at this intensity.

The effect of resonances between harmonic frequen
and molecular states has to be considered. The frequenci
the 7th to 11th harmonics are in energy regions correspo
ing to two Rydberg series of the benzene molecule conve
ing to the 11.48 and 16.48 eV limits@37#. The 9th harmonic
is ;2300 cm21 below the start of the series converging
the 16.48 eV limit. When the harmonics are in the region
discrete excited states, the variation of the refractive ind
will become very large in the vicinity of resonances. Th
may lead to a breakdown of the phase-matching condi
and also to reabsorption of the generated light. Additiona
for the high radiation fields present in this work, the ac Sta
effect must be taken into account, as it is strong enough
shift the energy of molecular transitions to be in resona
with the harmonic frequencies. After the resonance is pas
at higher intensity, the phase mismatch by dispersion wo
vanish. These effects result in the appearance of structure
the intensity dependence curve in the vicinity of resonanc
This phenomenon@36,38# has been suggested to contribu
to the behavior observed in some diatomic systems@23# and
could explain the slope change on the intensity depende
curve of the harmonic signal observed in benzene in
range of (1 – 5)31015W cm22. The absence of structure i
the intensity dependences of the harmonics from xeno
due to the low density of atomic states in the energy reg
covered by the generated harmonics.

Ion spectroscopic studies of benzene and cyclohexan
radiated by ultrashort high-intensity pulses can help to de
mine the state of the molecules during the harmon
generation process. For the laser wavelengths, p
duration, and intensities characteristic of this work, ioniz
tion of the neutral benzene and cyclohexane molecules
been reported by several authors@8–14,16,17#. Formation of
0-7
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multiply charged parent ions has also been reported to o
at intensities above 1014W cm22 @14,17#. As the ionization
potential of benzene is lower than that of xenon, we wo
expect ionization to occur at lower intensities in the molec
than in xenon. This is reflected in the intensity dependen
by the lower intensity at which the benzene harmonic sign
deviate from the plateau behavior. Ionization can be de
mental to HHG both through the depletion of the neut
species and by disruption of the phase-matching condition
free-electron dispersion. Depletion of the neutral species
production of ions is generally undesirable. Harmonic g
eration from ions is often assumed to be negligible in co
parison with that from neutral species because the pola
ability of the ion is reduced due to more tightly bound ou
electrons. However, other authors@30,39# have suggested
that molecular ions might be a more efficient source of h
monic conversion than neutrals because of the larger ion
tion potential. In the case of benzene, the formation of io
might have a positive influence on the harmonic yield; fir
because the loss of one electron from the cloud
p-delocalized electrons will have a much smaller effect
the polarizability of the molecule and second, because
ion ionization potential is larger than in the neutral molecu
In experiments where the free-electron dispersion does
dominate phase matching, this could explain the absenc
saturation of high harmonic generation in benzene.

In addition to ionization, benzene may undergo dissoc
tion. The threshold intensity for dissociation has been fou
to be around 1014W cm22 @14,17#. As dissociation of ben-
zene certainly takes place in the interaction, we must ass
that harmonics are generated also in molecular fragm
@24# formed following dissociation of the excited parent io

Cyclohexane also appears to exhibit the three charact
tic stages of intensity dependence. The transition to a
steep intensity dependence characteristic of the pla
seems to occur at;231014W cm22 and from plateau to
ionization at;431014W cm22, though the overlap betwee
the 70 and 240 fs results is not as good as for benzene
xenon. As with benzene, the harmonic-generation proc
does not saturate in cyclohexane as the intensity is increa
and again this may be attributed to harmonic generation f
ions. The dissociation threshold intensity for cyclohexa
has been found to be approximately a factor of 5 lower th
for benzene@16,17#. The resulting ion spectrum in cyclohex
ane is dominated by smaller fragments, in contrast with
benzene spectrum where the parent molecular ion is alw
the most abundant species. Just above 131015W cm22 each
harmonic behaves differently, with a steeper dependenc
the harmonic order decreases. This is opposite to the t
observed in benzene at 631014W cm22, where the slope
increases with increasing harmonic order, but coincides w
the behavior in benzene above 331015W cm22.

Again, the effect of molecular resonances upon the h
monic behavior with laser intensity has to be taken into
count. For the case of cyclohexane, two broad features
present in the absorption spectrum of the molecule. A bro
linewidth structure carrying a very high oscillator strength
10.4 eV has been discussed as one of the rare examples
molecular giant resonance; the second broad feature oc
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at 15.5 eV @40#. Harmonics of 7th and 9th orders are
resonance with the broad absorption bands centered at
and 15.5 eV, respectively. The stronger dependence on
tensity of the 7th harmonic in cyclohexane compared to t
in xenon could be related to the presence of the giant re
nance. This could also explain the exceptionally high yie
of the 7th harmonic which, as described in the previous s
tion, was measured to be four times higher than in xeno

One possible explanation for the intensity dependen
above 331015W cm22 in benzene and 131015W cm22 in
cyclohexane is that further ionization is occurring and t
free-electron dispersion, proportional to the electron dens
is beginning to dominate the phase matching. For a fu
doubly ionized plasma, the free-electron contribution to
phase mismatch is comparable to the geometrical contr
tion. This situation could arise through double ionization
the parent molecular ions or by multiplication of the numb
of ions due to dissociation. The dispersive free electrons
troduce a positive phase mismatch between the harmonic
fundamental fields that increases with frequency, wh
would explain the lower slopes observed for higher-ord
harmonics.

V. SUMMARY AND CONCLUSIONS

We have studied HHG in the organic molecules benz
and cyclohexane using near-infrared 70 and 240 fs dura
laser pulses in the intensity range from 431013 to 5
31015W cm22. Harmonics from the 7th to the 15th orde
were detected using a normal-incidence VUV monoch
mator. The harmonic signals were studied as a function
laser intensity, laser polarization, and density of the non
ear medium. The results were compared with harmonics p
duced by xenon under nominally identical conditions. T
primary result is that the efficiency of harmonic generati
for these orders in the organic molecules is comparable w
harmonic generation in xenon. No attempt was made to
timize the harmonic conversion efficiency of the organ
molecules. We expect that the conversion efficiencies of
of the media would be increased by increasing the densit
the laser focus beyond that used here. Under the condit
of this work, cyclohexane seems to present some degre
selectivity for harmonic generation: the 7th harmonic fro
this molecule was measured to be four times more inte
than that of xenon. This high yield could be possibly relat
to the higher polarizability of the molecule, almost thr
times that of xenon, and to the presence of a giant resona
in its VUV absorption spectrum.

At high intensity, above 531014W cm22, the organic
molecules behave very differently from the monatomic g
The usual saturation of the harmonic signal, which is o
served as the intensity is increased and the medium beco
fully ionized, is strongly modified in both organic molecule
The structures observed in the intensity dependence cu
appear to result from the combination of various effects
the phase mismatch and from the characteristics of
single-particle response. On one hand, molecular st
brought into resonance with the harmonic frequency by
ac Stark effect induce changes in the phase mismatch. On
0-8
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other hand, single and multiple ionization of the medium a
the formation of ionic fragments induce a non-negligib
free-electron dispersion term to the phase mismatch an
the same time modify the characteristics of the nonlin
medium. More work is in progress with the molecules stu
ied in this work and in other hydrocarbons using shorter la
pulses of 50 fs duration and higher intensity to elucidate
contribution of the above-mentioned effects to the HHG p
cesses.
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