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Tunable coherent soft X-ray source based on the generation
of high-order harmonic of femtosecond laser radiation

in gas-filled capillaries

Yu.A. Malkov, D.A. Yashunin, A.M. Kiselev, N.E. Andreev, A.N. Stepanov

Abstract. We have carried out experimental and theoretical inves-
tigations of a tunable coherent soft X-ray radiation source in the
30-52 nm wavelength range based on the generation of high-order
harmonics of femtosecond laser radiation propagating in a dielec-
tric xenon-filled capillary. The long path of laser pulse propagation
through the capillary permits tuning the generated harmonic wave-
lengths to almost completely span the range under consideration.

Keywords: high-order harmonic generation, femtosecond laser radia-
tion, gas-filled capillary.

1. Introduction

In the interaction of femtosecond laser radiation of intensity
~10"* W cm™? with gases there occurs generation of high-
order harmonics [1], i.e. of coherent radiation in the vacuum
ultraviolet and soft X-ray wavelength ranges. The resultant
pulsed harmonic radiation is of femtosecond duration and is
spatially coherent, which permits its use in many applications
like diffractometry [2], time-domain spectroscopy [3], inter-
ferometry [4] and seeding of free-electron lasers [5—7].
High-order harmonic generation is traditionally described
by a three-stage model [1]: electron detachment from an atom
under the action of the laser field, the oscillatory motion of
electrons, and their subsequent interaction with the parent
ion. The electron—ion interaction gives rise to bursts of high-
frequency radiation. Among the main factors which limit the
efficiency of high-order harmonic generation is the relatively
short harmonics—laser radiation phase-matching length, which
is due to anomalous plasma and normal gas dispersions as
well as tthe Gouy phase shift [8,9]. The feasibility of attaining
the phase matching condition with the use of a gas-filled cap-
illary was demonstrated in Ref. [10]. Varying the pressure in
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the capillary and its related gas-induced dispersion permitted
cancelling out the dispersion caused by the plasma and the
existence of the capillary.

Another harmonic radiation parameter important from
the standpoint of applications is the spectrum width. To
obtain a broad spectrum, which is convenient for spectro-
scopic applications, short-pulse femtosecond lasers can be
used [11]. However, even with relatively long pulses (50—100
fs in duration) it is possible to tune the harmonic wavelengths
over a broad range due to a significant broadening of the
spectrum of femtosecond laser pulses towards shorter wave-
lengths, which occurs in the propagation of laser radiation
through a gas-filled capillary under ionisation [12], as well as
due to a nonadiabatic spectrum shift [13] observed for very
short pulses. The spectrum tuning due to the ionisation-
induced shift of the laser pulse spectrum in a capillary was
experimentally studied in Ref. [14], where the harmonic spec-
trum was tuned by varying the chirp of a 30-fs long laser
pulse. However, the tuning range was limited in that work
and the pressure dependences of harmonic parameters
remained unexplored. Recently Butcher et al. [15] demon-
strated an increase in harmonic yield and a spectrum broad-
ening due to a nonlinear ionisation-induced self-compression
during the radiation propagation in a capillary. Steingrube et
al. [16] demonstrated the production of a supercontinuum in
the 30—50 nm wavelength range due to a temporal pulse com-
pression in high gas pressure filamentation. In this case, the
strong absorption of harmonic radiation in the gas generates
a need for a very sharp filament termination for observing the
harmonics.

In the present work we carried out an experimental and
theoretical investigation of the generation of high-order har-
monics of the femtosecond laser radiation propagating through
a gas-filled dielectric capillary. We demonstrated the feasibility
of making a coherent radiation source continuously tunable
in the 30—52 nm wavelength range by varying the gas pres-
sure in the capillary and the intensity of laser radiation. We
also investigated the dependences of the amplitudes, positions
and spectral widths of the harmonics on the gas pressure and
the intensity of laser radiation. The shift of harmonic wave-
lengths was shown to arise from the ionisation-induced short-
wavelength shift of laser pulse spectrum, which makes it pos-
sible to achieve a substantial tuning of the X-ray radiation
spectrum for a large capillary length.

2. Experimental setup

In the experiment we used a Ti:sapphire laser generating
pulses of duration ~70 fs and energy W = 0.5-5 mJ with a
pulse repetition rate of 10 Hz and a centre radiation wave-
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length 4, = 795 nm. The laser beam was focused by a spherical
mirror with a focal length £ = 50 cm onto the input of a 3-cm
long dielectric capillary with an inner diameter of 100 pum,
which was placed in a vacuum chamber with a residual pressure
of less than 1073 Torr (Fig. 1). The gas (xenon) was admitted
into the capillary through two openings in the wall spaced at
approximately 2.5 mm from its ends. The gas pressure in the
capillary ranged from 0.1 to 60 Torr. The at-focus diameter of
the laser beam was controlled with an aperture stop, which
changed the initial beam diameter, and was so selected that
only the fundamental capillary mode EH|; was excited. The
intensity 7 of laser radiation at the capillary input lay in the
range (3—30)x10'* W cm™2. We note that no apparent damage
to the capillary was observed in the experiments conducted.
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—

Figure 2. Angular harmonic intensity distribution at the capillary out-
put. The dark mesh is produced by the support structure of aluminium
filters, which serve to reject optical radiation.
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Figure 1. Scheme of the experiment.

The spectrum of high-order harmonics generated in the
laser radiation—gas interaction in the capillary was diagnosed
using a McPherson 248/310G spectrometer with a 600 line mm™!
grating and an Andor DO434-BN backside CCD for record-
ing the X-ray radiation. The spectrometer was located at a
distance L ~ 100 cm from the capillary output. Two 0.2-um
thick aluminium filters were placed in front of the spectrometer
to protect from the optical laser radiation. In our experiment
we measured the harmonic spectrum in the 30—52 nm range.
The spatial distribution of the harmonics of laser radiation
was measured using the same Andor CCD camera, which was
accommodated in place of the spectrometer in this case.

Spectrum modifications of the laser pulses transmitted
through the capillary were also investigated. To this end, the
transverse laser intensity distribution at the capillary output
attenuated by reflection from two glass plates was imaged
with a lens onto the entrance slit of a calibrated digital spec-
trometer (S150 model, Solar LS). The spectrometer entrance
slit width was substantially smaller than the image size, and
therefore the spectrum was in fact measured in the paraxial
part of the laser beam.

3. Results

When laser radiation with an intensity 7 > 10'* W cm™ was
focused onto the input of a xenon-filled capillary, we observed
at its output an X-ray beam directed along the capillary axis.
The angular beam divergence lowered with increasing pres-
sure to become equal to several milliradians for a pressure of
15-30 Torr for a capillary 75 um in diameter (Fig. 2).

Figure 3 shows typical harmonic spectra obtained for dif-
ferent gas pressures and laser radiation intensities at the
capillary input. It is pertinent to note that the pressure depen-
dences of the amplitudes of several harmonics are complex

2z T000F| -~ Torr, 5101 W em™
5 6000 L| == 3 Torr, 1.4x10"5 W em™
g —— 5 Torr, 5x10'* W cm™
E 5000 | —--=10 Torr, 5x10"* W cm™2
7 I I 14 -2
§ 4000 | 40 Torr, 5x10"* W cm
R=

3000

3

& 2000

1000

Wavelength/nm

Figure 3. High-order harmonic spectrum for different gas pressures and
laser radiation intensities.

and nonmonotonic. The second important feature consists in
appreciable wavelength shifts of individual harmonics; in the
context of our experiment it allowed spanning almost com-
pletely the 30—52 nm wavelength range. This circumstance is
of major significance for spectroscopic investigations.

The energies and relative spectral shifts A,,/4, (where A, =
Ao/n) for harmonics with numbers n = 15-25 generated in the
capillary are plotted in Figs 4 and 5 as functions of laser radi-
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Figure 4. Intensity dependences of harmonic energies for a pressure of
3 Torr.
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Figure 5. Intensity dependence of the relative harmonic spectral shifts
for a pressure of 3 Torr.
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Figure 7. Relative harmonic spectral shifts as functions of gas pressure
for an intensity of 101 W ¢m=.

ation intensity at the capillary input for a 3-Torr gas pressure
in the capillary. At moderate intensities the lower-order har-
monics exhibited a rapid growth of harmonic signals, which was
subsequently replaced with saturation. Higher-order harmonics
(beginning with the 19th) show a slow increase in harmonic
amplitudes with increasing laser radiation intensity. We also
observed the increase in the shift of the harmonic spectrum
with increasing intensity. We note that the spectrum shifts of
all harmonics measured in our experiment exhibited similar
intensity dependences.

The dependence of individual harmonic parameters on
the xenon pressure in the capillary was also measured in the
experiment. Figure 6 shows the pressure dependences of har-
monic energies, which exhibit a nonmonotonic behaviour.
A sharp energy growth is observed at low pressures. In the
3-5 Torr region the harmonic signals attain their maxima,
which shift towards higher pressures with lowering the har-
monic number 7. A secondary intensity growth is observed at
higher pressures for harmonics with » = 15 and 17, while the
high-order harmonics with n > 19 vanish.

The centre-of-mass positions of the spectra of radiated
harmonics appreciably and simultaneously shift towards shorter
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Figure 6. Harmonic energies as functions of gas pressure for an intensity
of 105 W cm™2.

wavelengths with increasing pressure (Fig. 7); the spectrum
shift saturates at pressures above 10 Torr.

4. Discussion and numerical simulations

The dependence of harmonic energies on the intensity of laser
radiation (Fig. 4) may be interpreted as follows. At a low
intensity (below 3x10'* W cm™2), when the degree of gas ioni-
sation is small and the resultant plasma has only a slight effect
on the propagation of laser radiation, the lower-order har-
monics exhibit a rapid growth due to a sharp intensity depen-
dence of the ionisation probability. At higher intensities, the
capillary plasma lowers the capillary’s transmittance to the laser
radiation, which leads to a significant moderation of the growth
of harmonic amplitudes or the complete saturation of the
dependences. The increase in harmonic spectral shifts with
increasing laser intensity (Fig. 5) is quite consistent with the
model of short-wavelength modification of the spectrum of a
laser pulse, which becomes stronger with increasing intensity.

A qualitative model of harmonic generation was developed
earlier in Refs [10, 17]; it takes into account the phase match-
ing between the laser radiation and its harmonics, ionisation,
absorption of laser radiation in the gas and plasma, and the
existence of a limiting harmonic number, so that no X-ray
harmonics with higher numbers are generated. Proceeding
from this model we calculated the dependences of harmonic
characteristics on the gas pressure in the capillary. It showed
that the maxima of harmonic amplitudes are indeed observed
in the 1-10 Torr range and are similar to those displayed in
Fig. 6. The inclusion of the dispersion of X-ray radiation in
the gas permits explaining the pressure shifts of the different
harmonics maxima towards higher pressures with a decrease
in harmonic number. We note that the qualitative agreement
between the shape of the pressure dependences of harmonic
amplitudes and our experimental data was reached assuming
a high degree of gas ionisation in the capillary, which resulted
in a strong plasma influence on the dispersion. This statement
is consistent with an estimate of xenon ionisation under the
laser intensities employed in the experiment and with the
results of numerical simulations outlined below.

As is well known, in the propagation of femtosecond laser
pulses through an extended path under ionisation conditions
there occurs a significant short-wavelength broadening of the
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Figure 8. Spectra of laser pulses for different pressures for an intensity
of 510" W cm™2.

spectrum of the laser pulses [12]. This stems from the frequency
variation occurring in the radiation propagation through a
transient medium with the refractive index decreasing in time.
This effect was also observed experimentally in the present
work (Fig. 8). With increasing gas pressure in the capillary the
spectrum of laser pulses is broadened down to 700 nm. Figure
9 shows the pressure dependence of the centre-of-mass posi-
tion of the pulse spectrum obtained by processing the data of
Fig. 8. One can see that there occurs a sharp shortening of the
average wavelength followed by its saturation as the pressure
is increased to 10 Torr.
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Figure 9. Shift of laser radiation spectrum as a function of pressure.

When propagating through the capillary, a laser pulse con-
tinuously generates high-order harmonics. However, because
of the high X-ray absorption coefficient in the gas at a pres-
sure higher than several Torrs, the harmonics are efficiently
produced only in the capillary portion closest to the capillary
end, where the laser radiation spectrum is blue-shifted, in
accordance with the data depicted in Fig. 9. This gives rise to
the corresponding shift of the harmonic spectrum towards
shorter wavelengths.

A comparison of Figs 7 and 9 suggests that the pressure
dependence of the shift of laser radiation spectrum virtually
reproduces the pressure dependence of individual harmonic

wavelengths: at low pressures the spectrum shifts to shorter
wavelengths and at pressures above 10 Torr there occurs satu-
ration. This allows a conclusion that the observed short-
wavelength shift of harmonic spectra is caused by precisely the
ionisation-induced ‘blue’ shift of the spectrum of the driving
laser pulse.

It is significant that the experimentally measured capillary
transmittance to the laser radiation decreases considerably
with increasing pressure (Fig. 10). This is caused by the radia-
tion loss for ionisation and the radiation scattering to higher-
order higher-loss capillary modes [18, 19] from plasma density
nonuniformities. The lowering of transmittance results in a
decrease in laser intensity at the capillary output and, in par-
ticular, leads to a suppression of the high-order harmonic
generation observed in Fig. 6. The latter is attributable to the
fact that the highest harmonic photon energy, according to
the three-stage harmonic generation model [1], does not exceed
a value I, + 3.17U,, where I2p is the ionisation potential of the
atom (ion); U, =e’E 2/(4m.w?) is the electron oscillatory energy;
e and m, are the electron charge and mass; and E and w are
the amplitude and frequency of the laser field. The lowering
of laser radiation intensity with gas pressure also results in a
lowering of gas ionisation rate and the consequential satura-
tion of the ‘blue’ shift observed in Fig. 9.
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Figure 10. Experimental (m) and theoretical (8) dependences of capillary
transmittance to laser radiation on the pressure.

To analyse our experimental data, we performed numeri-
cal simulations of the propagation of laser pulses through a
gas-filled capillary in an axially-symmetric geometry with the
inclusion of ionisation. The dynamics of field-ionised plasma
production by a short high-intensity laser pulse was described
by the system of kinetic equations of sequential ionisation of
the atoms (ions). The tunnel ionisation probability corresponded
to the Ammosov—Delone—Krainov model. The propagation
of laser radiation through the nonlinear transient medium
was described using a wave equation, which included the optical
field ionisation of the gas by laser pulses and the temporal
laser pulse dispersion as well as the relativistic and pondero-
motive nonlinearities of the plasma produced by the high-
intensity radiation [20-23].

Our numerical simulations yielded the transmittance as
well as the temporal shape and spectrum of laser pulses at the
capillary output. The calculated data for integral capillary
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transmittance to the laser radiation and the corresponding
experimental data are given in Fig. 10, which shows their
excellent agreement.

The spectral characteristics of output laser radiation
depend heavily on the details of the temporal structure and
spectrum of the initial laser pulse. The spectrum of the laser
pulse measured in the absence of gas in the capillary (Fig. 8)
shows a clearly defined long-wavelength wing, which also
manifests itself in the spectrum of the pulse transmitted
through the gas-filled capillary (the solid curve in Fig. 11). In
our simulations the pulse at the capillary input was assumed
to be Gaussian-shaped and, consequently, had a symmetric
spectrum with a half-amplitude width corresponding to the
spectral width of the initial measured pulse. The simulated
spectrum of the pulse transmitted through the gas-filled capil-
lary is shown in Fig. 11 for a gas pressure of 10 Torr. The
transmitted radiation spectrum obtained in the simulations
reproduces rather well the formation of the ‘blue’ wing of the
spectrum, which is caused primarily by the gas ionisation in
the capillary.
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Figure 11. Experimental (solid curve) and theoretical (dashed curve)
spectra at the capillary output at a pressure of 10 Torr.

5. Conclusions

We have performed experimental and theoretical investiga-
tions of a coherent soft X-ray radiation source in the 30—52 nm
wavelength range, which is based on the generation of har-
monics of titanium-sapphire femtosecond laser radiation prop-
agating through a xenon-filled dielectric capillary. Despite
the relatively long duration of the laser pulse, by varying its
energy and the gas pressure it has been possible to obtain a
soft X-ray radiation source tunable almost continuously in
the wavelength range under consideration. The tuning of the
harmonic spectrum is determined by the ionisation-induced
shift of the spectrum of laser radiation due to a relatively long
capillary length, which is borne out by experimental measure-
ments as well as by our numerical simulations of the high-
intensity laser pulse propagation through the capillary.
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