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Coherent soft X-rays are produced by high harmonic generation in a capillary filled with argon gas. We

demonstrate that the tuning of the harmonic wavelengths with intensity and chirp arises from changes in the

argon ionization level. Control over the tuning can be achieved either by changing the average intensity of the

laser pulse or by varying the quadratic and cubic spectral phase of the laser pulse. We observe an ionization

dependant blue shift of the fundamental wavelength that is directly imprinted on the harmonic wavelengths.

The harmonic tuning is shown to depend on nonlinear shifts of the frequency of the fundamental laser pulse

due to the plasma created by ionization, rather than directly on any chirp imposed on the fundamental. c©
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OCIS codes: 190.4160, 190.7110, 270.6620, 320.5540.

High harmonic generation (HHG) using high-intensity
ultrafast laser pulses can be used to produce coherent
beams of soft X-rays, opening up new areas of science
in both the X-ray and attosecond regimes. However a
complete understanding of the harmonic generation pro-
cess has still not been achieved. The spectrum of X-
rays produced in an HHG experiment depends on many
parameters, such as the peak laser intensity, the gas
absorption, the propagating geometry, phase matching
and the gas ionization level. In a capillary guide, phase
matching can be affected by variation of the gas pres-
sure within the capillary, choice of the capillary radius
and peak laser intensity.1 Control of the phase profile
of the laser pulse2, 3, 8 can change the X-ray spectrum
considerably. It was shown that the X-ray spectrum can
be shifted, relative amplitudes of harmonics can be al-
tered and particular harmonics optimised. Enhancement
of the harmonic generation has also been demonstrated
through control of the spatial profile of the generating
laser pulse.4 In addition, in gas jets, ionization induced
blue shift effects were observed and used to tune the
harmonic wavelengths.5, 6

In this work we show that the major effect on the
tuning of the harmonic frequencies is a nonlinear fre-
quency shift of the fundamental laser pulse as it propa-
gates along the capillary and creates a plasma by argon
ionization. Changes in the ionization level are achieved
either by changing the average intensity of the laser pulse
or by stretching the pulse by changing the quadratic and
cubic spectral phase of the laser pulse in a precise and
measureable way. The laser pulse is characterised before
and after propagating through the capillary using sec-
ond harmonic generation frequency resolved optical gat-
ing (SHG-FROG). After propagation through the cap-

illary, we observe a blue shift of the fundamental laser
wavelength that is directly imprinted on the measured
high harmonics. The amount of blue shift depends on
the degree of ionization caused by the laser pulse, and
so measured shifts in the harmonics are related to both
pulse length and peak intensity.

The laser system is a 1 kHz Ti:sapphire chirped
pulse amplifier system producing 1 mJ, 30 fs pulses.
An acousto-optic programmable dispersive filter, Daz-
zler from Fastlite,7 is positioned before the stretcher to
vary the quadratic and cubic spectral phase of the pulse.
The laser average power is varied using a half wave plate
and polariser after the amplifier. The amplified pulses
are focused into a hollow glass capillary of 150 µm in-
ternal diameter and 7 cm length with two 300 µm holes
2 cm from the end. The Ar gas from a presure controlled
supply flows through the two holes providing a central re-
gion of constant pressure. The fundamental light leaving
the capillary is blocked by a 200 nm-thick Al filter. The
generated X-rays are dispersed using an X-ray spectrom-
eter and detected with a multi-channel plate and CCD.
A mirror can be inserted into the beam between the cap-
illary and the Al filter in order to send the fundamen-
tal laser pulse, after propagation through the capillary,
to the FROG for characterisation. This mirror is also
used for the alignment of the laser into the fundamental
mode of the capillary. Coupling into the EH11 mode is
achieved by careful alignment and focusing, resulting in
about 70% transmission of the incident beam, with no
need for an aperture in the laser beam1 or a spatial mode
profiler.4

Harmonics up to the 29th order are seen for input
laser pulse energies of 0.6 mJ. The pressure in the cap-
illary is controlled, and the pulse shape is precisely var-
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Fig. 1. X-ray spectrum for Ar pressure of 80 mbar, input
laser pulse of 40 fs, 0.6 mJ.

ied using the Dazzler. Changing the Ar pressure varies
the harmonic output, as has been previously reported,1

and simple models of phase matching can reproduce the
observed variations. Figure 1 shows the output X-ray
spectrum for an Ar pressure of 80 mbar where the high
energy (short wavelength) harmonics are phase matched.
The throughput of the X-ray spectrometer and detector
was calibrated by comparison with the total X-ray signal
from a calibrated X-ray photodiode after the Al filter.
The total conversion efficiency is of the order of 10−6,
comparable to the efficiency in the gas jet geometry.6

The wavelength of each harmonic can be tuned by
changing the quadratic spectral phase and/or the laser
intensity. A set of harmonic spectra, displayed as an in-
tensity map for a range of quadratic phase values, is
shown in figure 2, indicated by the equivalent group de-
lay dispersion that would produce the actual quadratic
spectral phase introduced by the Dazzler. Fig. 2 (a)
shows the spectra for constant pulse energy of 0.6 mJ.
Fig. 2 (b) shows the spectra for constant peak inten-
sity. In order to maintain constant peak intensity of
1014 W/cm−2, pulse energy was adjusted in the range
0.3–0.6 mJ. Enhancement of either the short or long
wavelength region of the spectra can be achieved. There
is a symmetric wavelength shift as the second order dis-
persion is changed around the zero dispersion. For the
constant pulse energy the zero second order dispersion
spectrum shows the harmonics blue shifted relative to
the higher dispersion spectra, both for positive and nega-
tive dispersion. However for the constant peak power the
higher dispersion value spectra are blue shifted, relative
to the zero dispersion one. Figure 3 shows the harmonic
wavelength shift as a function of second order disper-
sion, fig. 3 (a), and as a function of average laser power,
fig. 3 (b). A shift amounting to almost 50% of the adja-
cent harmonic spacing is obtained. Similar behaviour is
also observed when varying third order dispersion.

The characterisation of the post capillary laser pulse
helps to understand the blue shift of the harmonics. Fig-
ure 4 shows the spectra of the laser pulse after the cap-
illary as a function of second order dispersion. There is

Fig. 2. Spectral intensity map for constant pulse energy
of 0.6 mJ (a) and constant peak intensity (1014 W/cm−2)
at the capillary (b), Ar pressure of 60 mbar.

Fig. 3. Wavelength shift as a function of the second order
dispersion (a) and average laser power (b).

a clear increase in bandwidth and a blue shift of the
pulse spectrum for zero dispersion, at the highest pulse
energy. This shift is reproduced on the X-ray harmonic
spectra. Calculated harmonics considering the measured
laser centre wavelength are compared with the measured
harmonic wavelength position in figure 5. There is a very
good agreement for the calculated and measured wave-
length positions for all of the harmonic orders.

For the range of pulse lengths and energies used in
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Fig. 4. Spectral intensity map for the laser pulse after the
capillary. The centre wavelength, λ, and bandwidth are
shown at the top and bottom right graphs, respectively.

this experiment, the degree of ionization on-axis is cal-
culated, using Keldysh theory,10 to vary from 0 to 100%.
Hence both the plasma nonlinearity and phase-matching
due to the plasma index must be taken into account.
The nonlinearity of the plasma has been previously ob-
served to blue-shift and broaden the fundamental laser
pulses,9 and this effect will be largest at the highest ion-
ization levels. For constant pulse energy, maximum ion-
ization occurs at minimum chirp, producing the observed
blue shift of harmonics for minimum chirp. The sign of
the chirp does not affect the measured shifts, as the ef-
fects here are caused by intensity variations, in contrast
to previously-observed effects at low ionization levels.8

Variation of the pulse length at constant peak intensity
requires an increase of pulse energy with width, which
in turn produces more total ionization as the chirp is in-
creased, resulting in a blue shift of harmonics as the chirp
is increased. In this case, the harmonic intensities are
also increased because the overall ionization level starts
off below that necessary for phase matching (∼4%), and
reaches that required for phase matching as the pulse en-
ergy is increased. We note that as the absorption length
of argon gas for the harmonics is a few millimeters, all
the observed X-rays will be generated in the last few mil-
limeters of the gas-filled region of the capillary. Thus the
first few centimeters of the gas-filled region act as a pulse
shaper, and the result of the pulse shaping is reflected in
the harmonic spectrum generated.

In summary, we have observed a blue shift of the fun-
damental and harmonic wavelengths that varies with
the ionization level of the Ar in the capillary. This was
achieved either by changing the average laser intensity
or the spectral phase of the laser pulse using the Dazzler.
The characterisation of the laser pulse before and after
propagating through the capillary permitted the obser-
vation of a blue shift of the fundamental laser wavelength
that is directly imprinted on the high harmonics. The
amount of blue shift is dependent on the argon ioniza-
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Fig. 5. Measured (crosses) and calculated (solid line) har-
monic wavelength peak position as a function of second
order dispersion. The measured peak positions are from
the data in fig. 2 (a).

tion level in the capillary. The intensities of particular
harmonics are enhanced by variations of the ionization
levels which produce phase matching. The dependence
of harmonic frequency on ionization level in this way
provides improved insight into the generation process in
capillaries, and provides the ability to modify the X-
ray spectrum to produce frequency-agile X-ray tunable
sources.

This work was supported by the UK Research Councils
through the Basic Technology Programme.
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