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1. INTRODUCTION

An outstanding issue in high-order harmonic gener-
ation (HHG) in gases, one which has attracted attention
in recent years, is the measurement and control of the
frequency spectrum of the harmonic radiation. HHG is
a coherent process, and the frequency characteristics of
the generated radiation are determined by the interplay
of several factors: the frequency spectrum and chirp of
the fundamental pulse, the self-phase modulation of the
fundamental pulse interacting with the nonlinear gas-
eous medium, and the intrinsic chirp phenomenon in
the harmonic-generation process. These phenomena
give rise to a broadening of the harmonic frequency
spectrum as well as to an effective shift in the central
frequency of the harmonics with respect to the integer
multiples of the fundamental frequency.

The assessment of chirp-induced shifts in HHG is
important in many applications in physics and chemis-
try when the radiation produced, preferably narrow-
band and tunable, is being used as a spectroscopic tool.
The chirp process in HHG is found to depend largely on
the specific conditions in the interaction region,
namely, on the intensity and duration of the fundamen-
tal laser pulses, the gas density, and the degree of
plasma formation.

When fs pulses are used in HHG, nonadiabatic sin-
gle-atom effects related to the effective change in the
electric-field amplitude during a laser period play an
important role [1] in shaping the spectral profile of the
harmonic pulses. Such an effect scales with the inverse
of the time duration of the fundamental laser pulse [2];

it is much less pronounced when ns and ps pulses are
used.

Collective effects are related to self-phase modula-
tion (SPM) of the fundamental pulses induced by the
sudden change of the refractive index during the laser–
matter interaction. SPM due to the Kerr effect of neu-
trals gives rise to a frequency 

 

redshift

 

 in the rising edge
and 

 

blueshift

 

 in the falling edge of the pulse. When the
laser intensity is high enough to photoionize the gas, a
plasma is formed and the index of refraction is domi-
nated by free electrons, as described by Yablonovitch
[3]. The increase in the free-electron density that occurs
during the laser pulse induces a frequency blueshift.
When relatively long pulses are used (>few ps), the
plasma dynamics starts to play an important role. Free
electrons can escape the focal region [4] or recombine
with ions, thus leading to a decrease in the electron den-
sity during the laser–plasma interaction and, hence, can
contribute to a frequency redshift.

Recently, harmonic generation in the nonperturba-
tive regime was demonstrated to be feasible at pulse
durations as long as 300 ps [5] using a novel laser sys-
tem developed at the Laser Center of the Vrije Univer-
siteit (Amsterdam) [6]. The same setup is now
employed to quantitatively address chirp-induced shifts
in the ninth harmonic generated in xenon. The rela-
tively long pulse duration (10

 

3

 

–10

 

4

 

 times longer than in
experiments employing fs pulses), the associated nar-
row bandwidth, and the possibility of continuous wave-
length scanning allow for precision metrology studies
of the chirp phenomenon using well-calibrated atomic
resonances as frequency markers in the extreme ultra-
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Abstract

 

—A precise metrology experiment on the ninth harmonic generated in the nonperturbative regime in
xenon is presented. Harmonic generation is performed with a 300-ps 4-GW narrowband tunable laser, and well-
calibrated atomic resonances are used as a frequency markers in the extreme ultraviolet, enabling an absolute
frequency calibration at the 10
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–7

 

 level. A harmonic frequency is observed that deviates from the expected
integer multiple of the fundamental frequency. This frequency shift is found to increase with gas density starting
from negative values, i.e., redshift, at a low gas density. Possible sources of the observed frequency shift are
critically discussed. The increase of the frequency shift toward high gas densities is consistent with self-phase
modulation of the fundamental beam due to the presence of free electrons in the interaction region that are gen-
erated via multiphoton ionization, while the observed redshift toward lower gas densities may be attributable to
plasma-dynamics effects.
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violet. Previously, in studies employing femtosecond
pulses, fractional frequency shifts 

 

∆ν

 

q

 

/

 

ν

 

q

 

 on the order
of a few percent were observed [7]. Under conditions of
longer pulses, the rate of change of the refractive index
is much smaller and, hence, the expected chirp is much
less. However, the unique metrology setup in our labo-
ratory, which involves a continuously tunable high-
power laser source, allows for registration of small frac-
tional frequency shifts within 10

 

–6

 

–10

 

–7

 

. The harmonic
frequency shift is found to be an increasing function of
the gas density, indicating the effect of free electrons
created by multiphoton ionization. At a low gas density,
a redshift is observed and is attributed to plasma-
dynamics effects during the relatively long time
(300 ps) of the fundamental pulse.

2. EXPERIMENTAL APPARATUS

A schematic of the experimental apparatus is shown
in Fig. 1. The output frequency of the combined set of
lasers and amplifiers is determined by that of the con-
tinuous wave Ti:Sa ring laser. It may be scanned mode-
hop-free over a limited range of about 1 cm

 

–1

 

, and it can
be set at wavelengths between 750 nm and 800 nm
without changing the mirror set. The pulsed-dye ampli-
fier (PDA), which runs on LDS-765 (Exciton) dye,
allows for coverage of the wavelength range 750–
795 nm. The three-stage PDA, which is pumped by
compressed pulses (300 ps, 532 nm) from a 1-m-long
Brillouin cell filled with clean water [6], determines the
spectral and temporal properties of the energetic near-
infrared (NIR) laser pulses: they follow the time dura-
tion of the pump pulse and have a nearly Fourier-trans-
form-limited bandwidth (~1.5 GHz). A 1-cm-long
Brewster-cut Ti:Sa crystal with a diameter of 1 cm is
used in the multipass amplifier to yield a maximum
NIR pulse-output energy of 130 mJ. The actual energy
of the pulses used for HHG is controllable by means of

a variable attenuator formed by a half-wave plate and a
thin-film polarizer. The spatial beam quality is investi-
gated using a beam-profile analyser (DataRay, Model:
WinCamD), and a propagation factor of 

 

M

 

2

 

 = 1.2 is
found, indicating that the spatial characteristics of the
energetic near-infrared pulses generated by the laser
system are almost entirely determined by the TEM

 

00

 

 cw
seeding beam. The diameter of the NIR beam at the out-
put of the amplifier is about 6 mm. In order to achieve
the high intensities needed for HHG, a relatively strong
focusing is employed using an anti-reflection-coated
lens with a 15-cm focal length and allowing for a focal-
spot intensity of about 5 

 

×

 

 10

 

13

 

 W/cm

 

2

 

.

Harmonics are produced in a freely expanding
pulsed xenon gas jet at about 0.5 mm downstream from
the orifice of a piezo-electric pulsed valve that was
home-built following the design of [8] with a 1-mm
opening diameter. The laser propagation length through
the gas is about 1 mm. Both the backing pressure for the
valve and the running pressure in the differentially
pumped vacuum chamber were monitored and were
found to be linearly dependent for a backing pressure in
the range (0.7–1.6) bar with a running pressure in the
vacuum chamber in the range (10

 

–6

 

–10

 

–5

 

) mbar. This
corroborates the finding reported in [8], namely, that
the gas flow varies linearly with the gas backing pres-
sure. In view of this, the backing pressure is assumed to
be, in a good approximation, a relative measure for the
density in the focal region. With a voltage of about
230 V on the piezo-electric valve, the gas density in the
interaction region is estimated to be around 10

 

17

 

 cm

 

–3

 

(a local gas pressure of few mbar) for a backing pres-
sure of 1 bar.

The generated harmonics are dispersed with a gold-
coated normal incidence grating and detected with an
electron-multiplier tube. In Fig. 2, the harmonic spec-
trum generated in xenon with an intensity of 

 

I

 

 = 4 

 

×
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 Schematic of the experimental apparatus.
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10

 

13

 

 W/cm

 

2

 

 is shown. The HHG cutoff energy is given
approximately by 

 

I

 

p

 

 + 3

 

U

 

p

 

, where 

 

I

 

p

 

 is the ionization
potential of the atom and 

 

U

 

p

 

 [eV] = 9.33 

 

×

 

 10

 

–14

 

I 

 

[W/cm

 

2

 

]

 

λ

 

2

 

 [

 

µ

 

m] is the ponderomotive energy of the photoelec-
trons. Under the present experimental conditions
(

 

I

 

p

 

(Xe) = 12.1 eV, 

 

λ

 

 = 0.78 

 

µ

 

m), the cutoff order for the
produced harmonics is 12, which is in good agreement
with the experimental findings.

Of crucial importance for the experiments reported
here is the determination of frequencies, both for the
fundamental and the harmonics. For the fundamental
frequency, accurate wavelength determinations were
performed using a wavelength meter (ATOS, Model:
LM-007) equipped with four etalons to measure the

seeding frequency 

 

ν

 

cw

 

 of the cw Ti:Sa laser. In the
course of the investigations, the wavelength meter was
recalibrated several times in measurements on the 

 

I

 

2

 

hyperfine components [9], and each time the calibration
was found within 50 MHz, thus setting an uncertainty
limit on 

 

ν

 

cw

 

.
In a pulse-amplification system using fluorescent

dyes, the central frequency of the output pulses is
known to undergo effective shifts with respect to the
seed frequency. This is a chirp phenomenon originating
from the time-dependent gain in the dye amplifier [10,
11]. The effective net shift between the seeding fre-
quency 

 

ν

 

cw

 

 and the central frequency of the amplifier
output pulses 

 

ν

 

1

 

 can be determined from transmission
profiles of both beams through an etalon and is found to
be less than 100 MHz [12].

With pulses of 300-ps duration, it is not possible to
determine the time-dependent frequency excursions
during the pulse, as was demonstrated for ns pulses in
[13]. Thus, to account for the frequency chirp in the
amplification process, the actual central frequency of
the fundamental pulses used for the HHG experiment is
assumed to be equal to 

 

ν

 

cw

 

, thereby conservatively esti-
mating the uncertainty at 200 MHz.

3. EXPERIMENTAL METHOD AND RESULTS

In order to determine the shifts that result from chirp
in the HHG process, the expected harmonic frequencies

 

q

 

ν

 

cw

 

 will be compared with the actual observed fre-
quencies in the extreme ultraviolet. For this purpose,
absorption spectra of the well-calibrated (3

 

p

 

6

 

 

 

1

 

S

 

0

 

 
3

 

p

 

5

 

3

 

d

 

'[3/2]

 

1

 

) atomic transition in Ar at a frequency

 

ν

 

Ar

 

 = 3458611.8 GHz, or roughly 86.7 nm (

 

λ

 

cw

 

 =
780 nm), were measured. The level energies of the elec-
tronically excited states of argon are all known with
high relative accuracy, and it is only the level energy of
the ground state that introduces uncertainty. Via the
measurement of the (3

 

p

 

6

 

 

 

1

 

S

 

0

 

  3

 

p

 

5

 

4

 

s

 

'[1/2]

 

1

 

) transi-
tion made by Velchev 

 

et al.

 

 [14], the absolute accuracy
of all VUV transitions in Ar [15] is established to be
within 1.5 GHz. In particular, for the presently used
transition in Ar, a lower uncertainty of about 0.3 GHz
can be inferred using the data reported in Table 6 in
[15].

Figure 3 shows an example of a recorded absorption
spectrum in Ar of the ninth harmonic generated in
xenon. The resonances are plotted on a scale of the fre-
quency 9

 

ν

 

cw

 

 – 

 

ν

 

Ar

 

 as derived from the wavelength meter

 

ν

 

cw

 

 and the transition frequency in the absorbing gas

 

ν

 

Ar

 

. The solid line presents the result of a least-squares
fit to the data points with a Gaussian profile; its center
then determines the frequency shift associated with the
HHG process. Note that a redshift in the present graph
represents an actual blueshift of the harmonic fre-
quency and 

 

vice versa

 

. The width of the absorption res-
onances is a combined effect of Doppler broadening in
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 Harmonic yield obtained with a laser intensity of 4 

 

×

 

10

 

13

 

 W/cm
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; 

 

Hq

 

 denotes the harmonic of order 

 

q
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 Frequency metrology on the generated harmonics:
spectral recording of the (3

 

p

 

6

 

 1S0  3p53d '[3/2]1) transi-
tion in Ar at 86.7 nm (λcw = 780 nm) measured by linear
absorption of the ninth harmonic produced in Xe with 1.1-
bar backing pressure and I = 4.3 × 1013 W/cm2.
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the free gas jet and the bandwidth of the harmonic.
However, most absorption profiles are recorded with
about 50% absorption; thus, saturation effects are not
negligible and a systematic investigation of the broad-
ening of the spectral profile has not yet been performed.
For those measurements below saturation, a 15-GHz
width was observed for the argon resonance at the ninth
harmonic. Assuming an effective opening angle for the
free jet expansion of θ = 40° (typical for a solenoid
valve used for the absorbing gas jet) and a gas speed
(v ) of 400 m/s for Ar, the Doppler contribution, which
is given by ∆νD = (v/c)νsinθ, is 3 GHz at the ninth har-
monic.

The absorption spectra of the argon resonances are
recorded using the ninth harmonic generated in xenon
at different values of the gas backing pressure of the
piezo-electric valve. The frequency shift of the har-
monic radiation is determined as ∆ν9 = νAr – 9νcw. In
Fig. 4, the measured shifts of the ninth harmonic gener-
ated in Xe at a peak intensity of 1.3 × 1013 W/cm2 and
4.3 × 1013 W/cm2 are presented along with the statisti-
cal errors resulting from the fitting procedure. The error
in the absolute value of the frequency shifts reported in
Fig. 4 arises from the uncertainty in the transition fre-
quency (0.3 GHz) and in the metrology on the funda-
mental frequency (0.2 GHz) and is estimated at
1.8 GHz.

The ionization in the interaction zone, where the
harmonics are generated, was further characterized as
well. The multiphotoionization saturation intensity for
xenon under our experimental conditions, which was
calculated using the closed-form equation derived in

[16], is (Xe) = 1.1 × 1013 W/cm2. Measurements on
the ion yield versus laser intensity, performed with a
grid placed downstream the gas jet, result in saturation

intensities of (Xe) ≤ 1013 W/cm2, in good agree-
ment with the calculated values. Thus, full ionization is
achieved during the pulse at the laser intensities used in
the experiments.

4. DISCUSSION

The central observations of the present study
(shown in Fig. 4) are the frequency redshift with a mag-
nitude of up to 6 GHz at low gas densities and the
almost linear increase in the frequency shift with gas
density. These phenomena can be ascribed to plasma
formation and dynamics during the fundamental laser
pulse, as will be explained in the following.

Chirp phenomena related to collective or macro-
scopic effects are due to the rate of temporal change of
the refractive index in the nonlinear medium. Based on
this effect of SPM of the incident laser pulse, a chirp is
imposed on all of the harmonics.

High-order harmonic generation is accompanied by
ionization of the medium, resulting in a fully ionized
plasma at the highest intensities. In a plasma, the index

Is
cal

Is
exp

of refraction is governed by the free electrons: nel(ν, z,

t) = [1 – (νp(z, t)/ν)2]1/2, where  = e2Ne(z, t)/4π2me�0

is the time-dependent electronic plasma frequency and
Ne(z, t) is the electron density. Plasma formation causes
a blueshift in the harmonic frequencies, because Ne(z, t)
increases during the HHG process. At electron densities
typical of HHG experiments (Ne � 1021 cm–3), the
plasma frequency is much smaller than the laser fre-
quency, and the blueshift in the harmonic radiation can
be estimated as

(1)

where the integration is over the propagation length in
the medium. Under conditions of saturation of the pho-
toionization process and assuming a homogeneous
medium, the rate ∂Ne(z, t)/∂t can be approximated by
N0/τeff , where N0 is the initial atomic density and τeff is
the effective time for achieving complete ionization for
laser intensities above the saturation intensity. This pre-
dicts a blueshift that is linearly dependent on the gas
density in the focal region:

(2)

Wahlström et al. [7] experimentally observed blueshifts
in harmonics from a 150-fs fundamental pulse that
where consistent with this effect of plasma formation.

An estimate of the blueshift due to the plasma can be
made using Eq. (2) with L = 1 mm, ν1 = 4 × 1014 Hz,
and τeff ~ 100 ps, which leads, for the ninth harmonic
generated in a fully ionized gas of pressure 3 mbar

(N0 ~ 1017 cm–3), to a shift of ∆  ~ 3 GHz. This is of

νp
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∆νq
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Fig. 4. Frequency shifts of the ninth harmonic generated in
Xe at a peak intensity of 1.3 × 1013 W/cm2 and 4.3 ×
1013 W/cm2.
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the same order as the shifts observed experimentally,
thus confirming the presence of plasma-induced chirp
in HHG.

As an increase in the electron density can induce a
blueshift in the generated harmonics, so a decrease in
Ne will result in a frequency redshift, as follows from
Eq. (1). At first glance, recombination seems to be a
good candidate for explaining the origin of electron
losses from the interaction region. In a relatively dense
and cold plasma, as in our case (i.e., an electron temper-
ature Te on the order of 1 eV and Ne of about 1017 cm–3),
the recombination is a three-body process. The time
constant of three-body recombination, assuming that
Ne = Ni , where Ni is the ion density, is given by

(3)

where τrec is in seconds, Te is in eV, Ne is in cm–3, and
K = 1025 (esu) [17]. Although approximated, this for-
mula allows us to implement the main features of three-
body recombination under our experimental condi-
tions. First of all, with Te = 1 eV and Ne = 1017 cm–3, we
obtain τrec = 10–9 s, a value that is noticeably longer than
the laser-pulse duration. Moreover, τrec decreases qua-
dratically with the electron density; thus, recombina-
tion should enhance the redshift at a higher density, in
contrast with the experimental evidence. In addition,
one can expect that the electron temperature does not
maintain its initial value. In fact, due to electron–ion
collisions, the quiver velocity gained by the electrons in
the strong laser field is transformed into random
motion, i.e., electron heating, thus leading to a further
increase in τrec. Hence, recombination can be excluded
as a source of the observed redshift.

It is conceivable that a harmonic redshift can be
associated with plasma dynamics. If the laser pulses
have sufficiently long duration, electrons have time to
escape the focal zone, thus causing nel to grow again. In
the present experiment, the fundamental pulses are
focused on a spot with a radius of about 15 µm; assum-
ing a 1-eV kinetic energy for the generated photoelec-
trons, they can fly out of the interaction region in about
25 ps, which is much less then the pulse duration. When
substantial ionization occurs already before the peak of
the pulse, the electron dynamics can be effective during
the harmonic-generation process involving neutral
atoms. Once electrons begin to be produced by mul-
tiphoton ionization, they expand rapidly until the ion
density is less than the threshold for electron trapping,
i.e., when the field due to ions forces the electrons to
oscillate at the plasma frequency. After total ionization,
the electron oscillations are damped by strong Cou-
lomb collisions with ions. Hence, we can infer that a
partial departure from plasma neutrality can occur in a
short time (tens of ps) compared to the laser pulse dura-
tion (300 ps).

τrec K
Te

9/2

Ne
2

--------,=

An alternative source of a frequency redshift is
related to the Kerr effect of neutral atoms, which pro-
duces a frequency excursion in the fundamental beam
that is given by

(4)

where n2 is the nonlinear refractive index. When the
ionization rate during the pulse is small, SPM due to the
Kerr effect will induce an almost symmetric broaden-
ing in the frequency spectrum. However, if one assumes
that HHG takes place predominantly during the leading
edge of the intense laser pulse, the Kerr effect induces
a redshift in the harmonic radiation that can be approx-
imated by

(5)

An estimate of the expected frequency redshift due to
the Kerr effect can be performed considering the value
of the nonlinear refractive index of gases: n2(Xe) ~ 8 ×
10–23 m2/W at 1 bar (gas density ~3 × 1019 cm–3) [18].
Using Eq. (5) with τ = 300 ps, I0 = 4 × 1013 W/cm2, L =
1 mm, and ν1 = 4 × 1014 Hz, the shift for the ninth har-
monic generated in a jet with a gas pressure of about

10 mbar is |∆ | ~ 12 MHz. This value is two orders of
magnitude smaller than the experimental results; thus,
it can be ruled out as a possible source of the observed
redshift in HHG with 300-ps pulses.

5. CONCLUSIONS AND OUTLOOK
A high-resolution study of chirp effects in HHG was

performed. This was possible thanks to the accurate
metrology on the fundamental laser frequency and the
high spectral purity of the harmonics. Frequency shifts
in the ninth harmonic produced in xenon were mea-
sured with an accuracy on a level of 10–6–10–7, thus
enabling a careful investigation of the chirp phenome-
non in HHG.

At peak laser intensity above the saturation inten-
sity, the distinct effect of plasma formation is demon-
strated by a frequency blueshift that is proportional to
the gas density. A frequency redshift is observed at a
low gas density. Plasma dynamics can induce a fre-
quency redshift that is due to electrons leaving the
interaction region during the 300-ps pulse duration. A
quantitative study of the full plasma dynamics and the
corresponding harmonic generation is at present in
progress. However, from an inspection of possible phe-
nomena responsible for the redshift, it seems likely that
the electron dynamics can be ascribed to the source of
the redshift observed in the harmonic frequency.

The experiments reported show that high-resolution
studies of the high-order-harmonics frequency spec-
trum are possible thanks to the unique characteristics of

∆νK
t( )

ν1n2

c
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∂t
------------ z,d

L

∫–=

∆νq
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cτ
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continuous wavelength scanning and narrow band-
width of the XUV laser source built in our laboratory.
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