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Abstract: Gas jets used as sources for high harmonic generation (HHG)
have a complex three-dimensional density and velocity profile. This paper
describes how the profile influences the generation of extreme-UV light. As
the position of the laser focus is varied along the jet flow axis, we show that
the intensity of the output radiation varies by approximately three times,
with the highest flux being observed when the laser is focused into the
Mach disc. The work demonstrated here will aid in the optimization of
HHG flux from gas jet sources. The flux increase is attributed to a density
increase within the structure of the jet, which is confirmed by simultaneous
imaging of atom and ion fluorescence from the jet.
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1. Introduction

Intense spatially coherent ultrashort soft-X-ray pulses are desired for biological and crystalline
imaging at nm length scales [1-3]. Such radiation can be produced via high harmonic
generation (HHG) [4,5], commonly achieved by focusing a high energy ultrashort laser pulse
into a gas-filled capillary [6], gas cell [7] or gas jet [8]. The efficiency of generating
harmonics is typically limited by a phase mismatch between the fundamental and generated
harmonics, and the density of nonlinear material present — both of which are critically
dependent on the gas source geometry.

In the case of a gas jet, as discussed in this paper, the phase matching is generally a
balance between the Gouy phase, atomic phase, neutral gas and plasma dispersion. The strong
dependence of the high harmonic intensity and generation efficiency on the positioning of the
pump laser focus with respect to the gas jet along the direction of laser propagation
(perpendicular to the jet flow axis) is well known [9,10]. We show that the efficiency of HHG
is also strongly dependent on the position of the laser focus along the supersonic free jet flow
axis arising from strong gas density variation within the jet structure. Side imaging of
fluorescence from the jet during HHG illustrates the density variation within the jet and
allows the accurate positioning of the laser focus to the highest density region of the jet, the
Mach disc.

2. Experimental setup

In this experiment, a Ti:sapphire chirped pulse amplifier (CPA) system operating at 1 kHz
repetition rate produced 1 mJ laser pulses with a duration of 40 fs. The beam was focused
using a 50 cm lens to produce a spot size of 55 pm with a peak intensity of 4.8 x 10** W cm™
and a confocal parameter of ~13 mm in a vacuum chamber that has a 500 um inner diameter
tapered glass nozzle suspended inside. Ar gas was passed through the nozzle to create the free
jet, and the relative height of jet to the laser focus could be altered. The position of the jet
along the laser axis was accurately placed at the centre of the laser focus using side
fluorescence imaging and was maintained in this position for all experiments to maintain
similar phase matching conditions throughout. A 200 nm thick aluminium foil filter was used
to separate the extreme-UV (XUV) and the fundamental laser so that harmonic emission
between 20 and 60 nm could be observed using an XUV spectrometer with a microchannel
plate (MCP) fluorescent screen and charged-coupled device (CCD) camera. Fluorescence
emission from excited Ar species within the jet was imaged using a lens and CCD camera
combination set at right angles to the laser and jet propagation axes. Particular emission lines
were selected using a filter and were monitored simultaneously to XUV emission.

3. Results

Figure 1 shows a 420 nm fluorescence image of the jet with a backing pressure of 100 mbar.
Here the axis of the jet flow is vertically downward and the laser is propagating from left to
right, with the focus set at 1 mm below the nozzle aperture that is centred along the laser axis.
This fluorescence image is produced by emission from highly excited Ar atoms and ions in
Rydberg states created in the ionization and recombination process. The dominant emission in
this instance is at 420 nm from excited Ar atoms, with a lifetime of ~1 ps. Excited atoms
created within the laser beam volume will fluoresce after moving within the jet and so the
fluorescence image is a convolution of the gas density, atom velocity, fluorescence lifetime
and the rate constant for decay from excited ion to excited atom.

As gas leaves a jet nozzle at higher pressure than the background, it forms a cylindrical
region of high pressure, slow moving gas known as the barrel shock that encompasses a
region of fast moving, less dense over-expanded gas known as the zone of silence. Beyond the
zone of silence is the Mach disc, where the gas slows down and recompresses, thus
significantly increasing in density. This density increase can be clearly seen in Fig. 1 at a
height of ~2.7 mm below the jet nozzle. The lifetime of the fluorescence is not long enough to
see the full extent of the Mach disc in Fig. 1. From fluorescence images taken when focusing
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the laser at other jet nozzle-laser distances, it is evident that the Mach disc extends further
down the jet, peaking in density at ~3 mm. Beyond this is a further low pressure region
formed by re-expansion [11]. The regions of stagnant gas either side of the jet show high
fluorescence levels — however, this does not reflect the actual gas density in the stagnant
region. Fluorescence is high in these regions and extends above 1 mm because the gas is not
in the jet flow but diffusing within the vacuum chamber and moving much more slowly than
gas in either the zone of silence or the Mach disc. The fluorescence signal is therefore not
dispersed spatially as it is in these other regions of relatively fast moving gas. This is
confirmed by observations of the fast emission from excited Ar ions at 488 nm.

The length scale of the structure is dependent on the jet nozzle diameter and the ratio of
the backing pressure behind the jet to the background pressure in the region into which the jet
is expanding [12]. The position of the Mach disc, xy, is given by,

P 1/2
x,, =0.67d (—‘)j 1)

R

where d is the nozzle diameter, Py is the backing pressure behind the jet and Py, is the pressure
in the region into which the jet is expanding [12]. For the parameters used in this experiment,
Xwm is calculated using Eqg. (1) to be ~3 mm at Py = 100 mbar, reducing to ~2 mm at Py = 50
mbar.
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Fig. 1. Image of fluorescence at 420 nm formed predominantly from excited Ar atoms in the
jet, viewed side on at 100 mbar jet backing pressure, with the four heights of probing marked.
Inset - schematic of free jet expansion from a nozzle.

The four positions of the laser along the jet flow axis used in this experiment are shown by
the dashed horizontal lines in Fig. 1. At a backing pressure of 100 mbar (corresponding to the
image in Fig. 1), the focused laser passes through the zone of silence for jet nozzle-laser
separations of 1 mm and 2 mm, which is a region where gas atoms have high velocities (Mach
number >> 1) and low density. When the nozzle is placed at a height of 3 mm above the laser
axis, the laser focus passes through the Mach disc (which is a region of low velocities, Mach
no. < 1) and at 4 mm, the laser is passing through the re-expansion region in which the
particles have velocities of around Mach no. > 1. The pressure in the Mach disc is estimated
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from the fluorescence intensity to be 25 mbar, which is approximately twice the pressure in
the barrel shock and expansion region, and over four times greater than that in the zone of
silence.
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Fig. 2. Spectrum of XUV emission at 100 mbar jet backing pressure for jet nozzle-laser
separations 1, 2, 3 and 4 mm, showing increase in yield at 3 mm across the XUV spectrum.

Figure 2 shows the different XUV spectra obtained with a backing pressure of 100 mbar
when the laser focus is translated down the axis of the jet to the positions shown in Fig. 1. The
generated XUV flux varies significantly, with highest intensities being achieved when the
laser is focused 3 mm below the nozzle exit, at the position of the Mach disc. From these
spectra, it is apparent that as the laser focus is brought into the Mach disc, the intensity of all
the harmonics shows a significant increase, with the greatest difference being for the 17th
harmonic (~46 nm) where a tenfold increase in flux is obtained.

The highest overall intensity attained for all laser positions is for the 19th harmonic (~41
nm). The yield for this harmonic is plotted in Fig. 3 as a function of pressure for all four jet
nozzle-laser separations probed by the laser. For positions of 1 mm, 2 mm and 4 mm, away
from the Mach disc, the variation of output with pressure is quadratic. A quadratic fit to the
variation is shown on the figure for all four heights — the same fit parameters are shown on
each graph. At heights of 2 mm and 3 mm there are deviations from this quadratic behaviour
at pressures of 50 mbar and ~100 mbar respectively. In particular, the large increase in
harmonic output signal at a jet nozzle-laser separation of 3 mm at pressures around 100 mbar
is clearly seen. This corresponds to the laser passing through the Mach disc formed at a
backing pressure of 100 mbar, as illustrated by Fig. 1.

Both theoretical calculations and side fluorescence images indicate that the Mach disc
moves towards the jet nozzle as the backing pressure is lowered. At 50 mbar, the Mach disc is
2 mm from the nozzle, and at 100 mbar, the Mach disc is 3 mm from the nozzle. Because of
the square-root dependence of position on pressure, a Mach disc position of 4 mm is never
reached in our experiment. The background pressures are such that at a backing pressure low
enough to give a Mach disc position of 1 mm, supersonic flow is not established and the jet is
mostly effusive, with no distinct Mach disc [13].
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Fig. 3. Intensity of the 19th harmonic as a function of pressure at different jet nozzle-laser
separations, showing deviation from quadratic variation at heights of 2 mm (at 50 mbar) and 3
mm (around 100 mbar).

The intensity of harmonic output of the gth harmonic can be written generally as [14]:

|

2(1+e72" —2e * cos AKL @

a’ +Ak?
where N is the number density of atoms, X(q)eﬁ is the effective nonlinear polarization, E, is the
input field, s is the effective order of the nonlinearity (~5), a is the absorption coefficient and
Ak is the wavevector mismatch. The final bracketed term describes the contribution of phase
matching to the final harmonic output intensity in the presence of absorption and reduces to
the familiar sinc®(AkL/2) term if « is small. Contributions to the spatially-varying wavevector
mismatch Ak arise from the Gouy shift, the atomic phase contribution due to the delay in
emission depending on electron trajectory, the refractive indices of the gas at pump and
harmonic wavelength, and the refractive index of the plasma created by ionization. In this
experiment, the peak intensity of the laser will cause significant ionization of the gas, both
reducing the effective number density and increasing the plasma contribution to the refractive
index at the centre of the focus.

Evaluation of Eqg. (2) through the focus shows that when the jet is placed axially at the
centre of the laser focus, almost all the generation is from the short trajectory atomic phase
component. Although harmonics generated from the long trajectory atomic phase component
generally have long coherence lengths at the laser focus [10], in this work, generation from
the centre of the beam does not contribute to the final output at the harmonic wavelengths due
to the high level of ionization. All of the generated harmonic intensity comes from radii
towards the edge of the beam, in a region extending from where ionization drops off, to the
region where the laser intensity drops below cut-off. For the 19th harmonic, this region
extends from 25 — 35 um from the beam centre. In this region, the coherence length is > 1mm,
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even for the highest gas densities used in this experiment. Hence for a 500 pum jet width, the
buildup of harmonic in this region is not limited by the phase matching term in Eq. (2). This is
confirmed by the overall quadratic dependence of harmonic output with pressure in regions
where the jet’s spatial structure does not change rapidly with pressure — either close to the
nozzle or beyond the Mach disc.

The actual gas density at the heights at which XUV is generated depends directly on the
spatial structure of the jet. Once the jet is established, at a distance of typically five times the
nozzle diameter, the flow of gas is roughly cylindrical and so density is dependent on the gas
velocity. When the laser intersects the zone of silence, there are contributions to generation
from the dense but thin barrel shock region and from the less dense zone of silence region, but
the total number of gas atoms contributing to HHG is small. When the laser intersects the
Mach disc, the density is increased across the whole jet, and the number of atoms contributing
the HHG increases significantly, as demonstrated by the increase in high harmonic signal
shown in Fig. 3. The background quadratic increase in signal level with pressure is seen to be
approximately the same at 1 mm, 2 mm, and 4 mm levels. This is a consequence of the similar
gas velocities and densities within the cylindrical jet in these regions.

Such behavior should also be observed with pulsed gas jets under the same experimental
conditions, as long as the laser pulse interacts with the jet at a time after the gas behind the
nozzle has accelerated, expanded and then equilibrated, since by this time, the jet structure
will be the same as that of a continuous gas jet. As an example, for a 500 um Ar jet at 267
mbar backing pressure, establishment of the jet structure takes ~10 us [15].

4. Conclusion

In summary, we have demonstrated the variation in high harmonic output from an Ar gas jet
arising from the complex spatial structure of the jet itself, and by comparison with
fluorescence imaging and analysis of the phase matching in this experimental geometry, we
have shown that the increase in density at the Mach disc produces a significant increase in
high harmonic signal. As a result, not only is the relative position of a gas jet along the laser
axis critical to HHG efficiency, but so is the position of the laser focus along the jet flow axis.
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