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We develop and implement an experimental strategy for the generation of high-energy high-order

harmonics (HHG) in gases for studies of nonlinear processes in the soft x-ray region. We generate

high-order harmonics by focusing a high energy Ti:Sapphire laser into a gas cell filled with argon

or neon. The energy per pulse is optimized by an automated control of the multiple parameters that

influence the generation process. This optimization procedure allows us to obtain energies per pulse

and harmonic order as high as 200 nJ in argon and 20 nJ in neon, with good spatial properties,

using a loose focusing geometry (f# ≈ 400) and a 20 mm long medium. We also theoretically ex-

amine the macroscopic conditions for absorption-limited conversion efficiency and optimization of

the HHG pulse energy for high-energy laser systems. © 2013 Author(s). All article content, except

where otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported License.

[http://dx.doi.org/10.1063/1.4812266]

I. INTRODUCTION

High-order harmonics generated by the nonlinear inter-

action of an intense ultrashort laser pulse with atoms or

molecules are now used in many fields of physics. The in-

terest in the generated radiation results from unique features

like tunability over the extreme ultraviolet (XUV) and soft

x-ray (SXR) spectral regions (reaching several keV1, 2), ex-

cellent beam quality,3 and ultrashort pulse duration down

to the attosecond range.4 High-order harmonic generation

(HHG) sources are well established in many research areas

such as attosecond science5 or femtosecond spectroscopy6

and have become interesting for high-resolution imaging,7, 8

free-electron-laser seeding,9 and nonlinear optics in the XUV

range.10, 11

Most applications of HHG sources benefit from har-

monic pulses with high pulse energy. This requirement is

difficult to achieve due to the low conversion efficiency of

the generation process. Since the discovery of the HHG pro-

cess over two decades ago,12, 13 its conversion efficiency has

been progressively improved by optimizing the macroscopic

phase-matching conditions and the microscopic single atom

response. High-order harmonic generation has been carried

out in different conditions, such as high-pressure jets,14 gas

cells,15 semi-infinite media, and capillaries.16 Phase-matching

optimization using loosely focused (possibly self-guided)

fundamental fields has led to conversion efficiencies of ∼10−7

in neon,15
∼10−5 in argon,17 and slightly below 10−4 in

xenon.18, 19 By modifying the generation field, e.g., by com-

bining the fundamental field with one or more of its harmon-

ics, the microscopic single atom response has been controlled

on the subcycle level leading to enhanced HHG signals and/or

generation of even-order harmonics.20–22

In this article, we describe a high-flux HHG source

operating in the photon energy range up to 100 eV. The HHG

a)Electronic mail: piotr.rudawski@fysik.lth.se

setup is designed to work in a loose focusing geometry (up to

5 m focal length) and is driven by a high energy femtosecond

laser system delivering up to 100 mJ per pulse. The optimiza-

tion of the signal is performed using an automated scan of

the main parameters that contribute to phase-matching (e.g.,

driving pulse intensity, gas pressure, etc.). Using this tech-

nique we have obtained a total energy per pulse in argon of a

microjoule and a few hundred nJ in neon, in a geometry with

an f-number f# = f/D ≈ 400 and f# ≈ 133, respectively,

and a 20 mm long gas cell. Beam profiles were measured

using an XUV-camera and the coherence properties were

estimated in a Young’s double-slit experiment. The article is

organized as follows. Section II presents theoretical con-

siderations for HHG under loose focusing. The HHG setup

together with the methods for characterization and opti-

mization are described in Sec. III. Results obtained with the

high-energy, ultrashort laser system at the Lund Laser Centre

are presented in Sec. IV. Section V presents a summary of

the work and a discussion about scaling to extremely long

focal lengths.

II. MODEL FOR LOOSE FOCUSING HHG

High-order harmonic generation with high conversion

efficiency requires optimization of both the microscopic

and macroscopic properties of the process. The microscopic

response is well described by a semi-classical three-step

model.23, 24 In every half-cycle of the driving wave, electrons

can tunnel through the distorted atomic potential barrier, be-

ing then accelerated in the intense laser field. Depending on

the release time into the continuum, the electrons may return

to the parent ion and recombine, emitting an XUV photon.

The trajectories of these electrons can be divided into two

groups called short and long, depending on the excursion time

in the continuum. HHG requires laser intensities in the range

of 1014 W/cm2–1015 W/cm2 depending on the selected gas.

0034-6748/2013/84(7)/073103/7 © Author(s) 201384, 073103-1
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Macroscopically, the total HHG signal is a coherent sum

of the photons emitted from different atoms in the medium.

For a given harmonic order q, constructive addition occurs

along the propagation direction over the so-called coherence

length Lcoh = π /�k. Here, �k = qk1 − kq is the wave-vector

mismatch along the propagation direction between the gener-

ated field and the laser-induced polarization at frequency qω.

In order to maximize the coherence length, the wave-vector

mismatch must be minimized. In a non-guiding focus geom-

etry this can be done through the interplay between the four

sources of wave-vector mismatch,

�k = �kg
︸︷︷︸

<0

+ �kn
︸︷︷︸

>0

+ �kp
︸︷︷︸

<0

+ �kd
︸︷︷︸

< 0 for z < 0
> 0 for z > 0

. (1)

The negative contribution �kg originates from the

Gaussian beam phase gradient along the propagation direc-

tion (z). �kn and �kp describe the neutral and free-electron

dispersion which have opposite sign and are proportional to

the gas pressure. To explicitly outline this linear dependence,

we write �kn, p = p ∂(�kn, p)/∂p, where the partial derivative

is now pressure independent in the following. �kd is the

gradient of the so-called dipole phase which is proportional

to the intensity gradient and is small for the short trajectories

but large for the long ones.25

Under our experimental conditions, the short trajectories

dominate the HHG process. If only these trajectories are con-

sidered in Eq. (1), the dipole phase contribution can be ne-

glected and the wave-vector mismatch can be minimized by

canceling the plasma dispersion and Gaussian beam phase

gradient with the neutral dispersion. For a fixed generation ge-

ometry, the degree of ionization in the medium determines the

pressure, pmatch, for which the system is phase matched.26, 27

For each harmonic order, pmatch is defined as

pmatch = −
�kg

∂(�kn)
∂p

+
∂(�kp)

∂p

. (2)

For a given medium, harmonic order, and focal length,

the only variable parameter is the free-electron contribution

which is proportional to the degree of ionization (∂�kp/∂p

∝ rion), and consequently can be adjusted by changing the

laser intensity. The equation requires the intensity to be low

enough so that the contribution due to neutral dispersion dom-

inates over the free-electron dispersion. This defines a maxi-

mum ionization degree (rmax
ion ), typically a few percent, above

which phase-matched generation is not possible.

Figure 1 shows the variation of pmatch in argon as a func-

tion of the degree of ionization for three harmonic orders and

two different focusing geometries. pmatch tends towards infin-

ity when rion reaches rmax
ion . At low degree of ionization, the

phase-matching pressure varies little both with pressure and

with harmonic order. Considering that the dipole response is

highest at the highest intensity, one could assume that the

most efficient generation is possible at high pressures and

at intensities that support an ionization degree around rmax
ion .

High intensities, however, lead to steep gradients of rion in

the longitudinal and radial directions within the generation

volume, confining phase-matched generation to a small vol-

ume and leading to transient phase-matching.27 In spite of a

FIG. 1. Phase matching pressure in Ar as a function of ionization degree for

different harmonic orders, q, and different focus geometries f# = 100, blue,

and f# = 400, red. The central wavelength is 800 nm and the generation cell

is placed at the focus of the fundamental beam.

higher single atom response at high intensity, those effects

can reduce the overall efficiency. An optimum ionization de-

gree should assure phase-matched HHG over a broad band-

width and a large volume. The ionization level should be such

that the phase-matching pressure is approximately constant

for a broad range of high-order harmonics, potentially leading

to short and intense attosecond pulses. This phase-matching

bandwidth increases with decreasing ionization degree yet at

the same time the single atom response as well as the con-

version efficiency decrease. As a rule of thumb, the optimum

value for the ionization degree can be taken as ∼rmax
ion /2 for

the highest harmonic in the considered HHG bandwidth. Un-

der the conditions of Figure 1, this corresponds to ∼2% ion-

ization and a laser intensity of ∼1.1 × 1014 W/cm2.

When the coherence length, Lcoh, is maximized, the har-

monic emission is limited by re-absorption in the generation

gas. The absorption length, Labs, is defined by

Labs(p) =
kT

pσion

, (3)

where k is the Boltzmann constant, T the temperature,

and σ ion the ionization cross-section. Following the ar-

gumentation of Constant et al.,28 the harmonic yield is

then maximized when the medium length, Lmed, is at least

three times the absorption length. This allows to define an

optimum medium length under phase-matched conditions,

L
opt
med = 3Labs(pmatch). For example for the 21st harmonic in

Ar, and f# = 400, T = 300 K, σ ion = 2 × 10−21 m2, pmatch

≈ 5 mbar, and consequently L
opt
med should be chosen to be at

least 12 mm.

For high-energy laser systems, an increase of the

absorption-limited HHG intensity can be achieved by scal-

ing up the f#, i.e., by increasing the focal length for a certain

initial beam diameter. The conversion efficiency can be held

constant when changing the focal length if the laser pulse en-

ergy, the gas pressure, and the medium length are scaled ap-

propriately. Using Gaussian optics and Eqs. (2) and (3), we

derive the following scaling relations: Ef (laser energy) ∝ f 2

in order to keep the same intensity at focus, pmatch ∝ 1/f 2 since

�kg ∝ 1/f 2, and Lmed ∝ f 2. This ensures constant conversion
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FIG. 2. Scaling of the phase matching pressure and the required laser pulse

energy with focal length (or f#) for different ionization levels in argon. The

corresponding minimum laser pulse energy required is shown in red. For the

simulations, the following parameters were used: beam diameter before fo-

cusing: D = 10 mm, gas cell position: at the focus, central wavelength of

800 nm, harmonic order q = 21. The required pulse energy was calculated

assuming a peak intensity of 1.5 × 1014 W/cm2 and a pulse length of 45 fs.

efficiency, independent of the focusing geometry,27 and the

harmonic energy Eh ∝ f 2.

Figure 2 illustrates these scaling relations in the case of

argon, with the following parameters: 800 nm wavelength, a

45 fs pulse duration, an intensity of 1.5 × 1014 W/cm2 at fo-

cus, and an initial beam diameter of 10 mm. A laser pulse

energy of 10 mJ requires a focal length of approximately 5 m

and a generation pressure of a few mbar to efficiently generate

harmonics.

III. HIGH-ORDER HARMONIC EXPERIMENTAL SETUP

Our HHG setup consists of three sections: generation, di-

agnostics, and application (see Figure 3). The sections are

connected by vacuum tubes with a diameter φ = 40 mm.

The generation section is mounted on stiffly connected op-

tical tables. The diagnostics section together with the applica-

tion chamber are mounted on a rail system. This allows us to

adjust the distance between the vacuum chambers depending

on the focusing geometry in order to avoid damage of optical

elements placed after the generation by the fundamental laser

field. It also provides vibration isolation and high stability.

High-order harmonics are generated by loosely focusing

a high energy laser beam into a noble gas. The fundamen-

tal laser beam is apertured down by a variable diameter iris

(I), typically between 9 and 30 mm and focused by a lens

(L). Control of the beam size allows for re-adjustments of

the focusing geometry (f#) as well as laser energy and in-

tensity distribution at focus. Thus it allows us to optimize

phase-matching in a simple way. Directly after the focusing

optics, the beam enters the generation chamber. The entrance

UV fused silica window is mounted at a small angle to avoid

back propagation of the reflected light to the laser system.

The beam propagates inside a 100 mm diameter vacuum tube

and is folded by mirrors (M) mounted on small breadboards

placed in 6-way crosses. Alternatively, the laser beam can be

focused by a mirror at near-normal incidence placed in one

of the vacuum crosses. The focused beam interacts with the

noble gas confined in a cell (PGC). The cylindrical cell has

a diameter of typically 0.5 mm and a length between 3 mm

and 20 mm. The gas is released at the repetition rate of the

laser by a valve29 driven by a piezo-electric actuator and syn-

chronized with the laser pulse. The opening and closing times

are optimized for maximum harmonic signal. Simulating the

gas distribution in the cell, we found a small pressure gradient

from the middle of the cell, where the gas is injected, towards

the ends of the cell, where the pressure abruptly drops. The

cell is mounted on an XY motorized stage. Additionally, two

motorized actuators control the tilt of the cell with respect

to the incoming beam. In order to optimize the position of

the cell relative to the laser focus the gas cell is additionally

placed on a 6 cm long-range translation stage moving along

the propagation direction (Z).

The generation chamber is designed to work simultane-

ously with up to two gas cells. The cells can be mounted

in parallel or in series. The parallel configuration allows

for the generation of two independent harmonic beams30

while the serial configuration can be used for the enhancement

of the HHG process using low-order harmonics generated in

the first cell.22 In both configurations, the generated harmonic

beam propagates collinearly with the fundamental radiation in

vacuum (10−6 mbar) to the diagnostics chamber. Elimination

FIG. 3. HHG setup in the 4 m focusing configuration; L - focusing lens, I - iris, M - folding mirrors, PGC - pulsed gas cell, F - aluminum filters, RM - rotating

mirror, XS - XUV spectrometer, VS - VUV spectrometer, and XCCD - XUV CCD camera.
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FIG. 4. High-order harmonic spectra in argon (a) and neon (b) gas. The pulse energy per individual harmonics, shown as dots, was obtained by combining total

energy measurements with the spectral response from the XUV spectrometer.

of the fundamental is achieved by using 200 nm thick alu-

minum filters (F). The filters are mounted on a manual trans-

lation stage placed at the entrance of the diagnostics chamber,

and controlled from the outside of the vacuum chamber.

The alignment of the setup is based on the beam position

at the entrance iris and a reference point inside the diagnostics

chamber. The precise alignment of the gas cell with respect

to the laser beam is done by motorized control of the cell’s

four axes (XY and two tilts). The reference point and gas cell

are monitored by cameras equipped with variable focal length

objectives.

At the center of the diagnostics chamber, a gold-coated

flat mirror (RM) mounted on a rotation stage is used to send

the XUV beam to the different instruments or, when the mir-

ror is removed, towards the application chamber (Fig. 3).

The HHG spectra are measured by a flat-field grating spec-

trometer (XS, Jobin-Yvon PGM-PGS 200). The spectrome-

ter detects spectrally-resolved far-field spatial profiles of in-

dividual high-order harmonics in the XUV spectral range.

Low-order harmonics are detected using a vacuum ultravio-

let monochromator (VS, McPherson 234/302). The vacuum

ultraviolet spectrometer is equipped with an MCP detector

coated with CsI allowing HHG diagnostics in a range from 50

to 250 nm. Additionally, spatial profiles and energy measure-

ments are carried out using a back-illuminated XUV-CCD

(Andor iKon-L) camera (XCCD). To attenuate the HHG beam

for these measurements we use one or two 200 nm thick alu-

minum filters.

IV. RESULTS

This section presents measurements of high-order har-

monics generated in argon and neon. The driving laser sys-

tem is a high-power Ti:Sapphire chirped-pulse-amplification-

based laser system delivering 45 fs pulses with up to 100 mJ

energy at 10 Hz repetition rate. Before compression, the laser

beam is spatially filtered with a conical pinhole mounted in a

vacuum chamber. The pinhole waist, approximately 500 μm,

is placed in a focal plane of a 1.7 m focal length lens. The

laser beam diameter is 30 mm at the entrance to the har-

monic setup. The laser beam position and angle are actively

stabilized.

Figure 4 presents typical integrated harmonic spectra for

(a) argon and (b) neon, recorded by the XUV spectrometer.

The driving laser beam, with 20 mJ energy in case of argon

and 24 mJ in case of neon, was focused by a 4 m lens in a

20 mm long cell. The HHG cut-off energy is 45 eV (29th

harmonic) in argon whereas in neon it reaches 91.5 eV

(59th harmonic). Under these conditions the total measured

harmonic energy per laser shot is 1.15 μJ for argon and

0.23 μJ for neon. These values correspond to conversion ef-

ficiencies of 5 × 10−5 for argon and 8 × 10−6 for neon. Due

to the high sensitivity of the XUV camera to the infrared radi-

ation, the harmonic beam energy is measured within the alu-

minum filter’s transmission window, i.e., between 14 eV and

71 eV, corresponding to harmonic orders between 11 and 45.

The measurement procedure, similar to the one described by

Erny et al.,31 is based on XUV-CCD recorded background-

subtracted images. The images are integrated to obtain the

total number of counts. The total number of photons is es-

timated based on a calibration curve from the manufacturer.

The individual harmonic energy is obtained by multiplying

the total HHG beam energy with the relative intensity of each

harmonic measured by the spectrometer. The spectrum is cor-

rected for the folding mirror reflection (based on data from

Henke et al.32), the grating efficiency, and the measured alu-

minum filter transmission. The estimated pulse energy per

harmonic is shown as dots in Figure 4. The most promi-

nent harmonic, both in argon and neon is the 21st harmonic

(32.5 eV). Its energy is 250 nJ in argon and 30 nJ in neon.

These values are comparable to previous results obtained by

Takahashi et al.15, 17

To find the optimum high-order harmonic energies an au-

tomated optimization procedure was carried out. This proce-

dure is briefly summarized here. The important parameters to

control are: fundamental beam energy and diameter (before

focusing), gas pressure, and gas cell position relative to the

laser focus. The energy of the fundamental beam is varied by

an attenuator consisting of a half-wave plate mounted on a

motorized rotation stage and a polarizer. We use a motorized
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FIG. 5. Intensity of the 21st harmonic generated in argon as a function of driving laser energy and generation gas pressure. The measurements were carried out

for a gas cell placed at the laser focus for three iris sizes: (a) φ = 22 mm, (b) φ = 24 mm, and (c) φ = 32 mm. The values of a harmonic intensity between the

measured points, shown as black dots, were interpolated.

variable iris to change the diameter of the fundamental beam

before focusing. The distance between the center of the cell

and the fundamental beam waist is varied by moving the cell.

Finally, the gas pressure in the cell is adjusted by controlling

a voltage applied to the cell nozzle’s piezoelectric disks. We

record a set of harmonic spectra while varying these four pa-

rameters in an automated way. Either the total HHG energy

or the energy of a single harmonic can be optimized. Our op-

timization procedure allows us to routinely obtain HHG ener-

gies at the level of several hundred nJ in argon and a few tens

of nJ in neon.

An example of the automated optimization is presented

in Figure 5, where we investigated the dependence of the in-

tensity of the 21st harmonic generated in argon as a func-

tion of the laser energy and gas pressure for three iris diam-

eters. The signal is normalized to the maximum obtained for

21st harmonic. The recorded data show that for increasing iris

size (decreasing f#), the required laser energy decreases and

the phase matching pressure increases in agreement with our

model prediction (see Fig. 1). Similar optimization in neon

shows, as expected, a higher pmatch. The optimum iris diam-

eter corresponds to the longest Rayleigh range (the highest

f#) for which the phase-matching conditions can be achieved,

while keeping a high enough intensity at focus. It assures the

highest HHG beam energy as is shown in Sec. II.

Figure 6(a) shows the spatial profile of high-order har-

monics generated in argon and transmitted through an alu-

minum filter. The corresponding orders are between 11 and

45. The back-panel shows that the intensity distribution is al-

most perfectly Gaussian. Similar high quality Gaussian beams

were generated in neon. The high spatial quality of the gen-

erated beams is due partly to the spatial quality of the driving

beam, and partly to optimized phase-matching along the prop-

agation axis. In our conditions, IR and XUV beams distortion

due to nonlinear and plasma effects are negligible.

The generated beams divergence carries information

about the contribution from the electronic trajectories. The

divergence of the “short trajectory” harmonic beam is usu-

ally much smaller than for the “long trajectory” harmonics.

For the 21st harmonic generated in argon, the divergence of

the beam resulting from the long trajectory is 14 times higher

than that from the short trajectory.36 The different divergence

is a consequence of a larger accumulated phase on the long

trajectories. The analysis of the harmonic beam divergence

shows that the main contribution to HHG in our conditions

comes from the short trajectories. The contribution from the

long trajectories is visible on the analyzed CCD images as a

weak background.30

To estimate the spatial coherence of the HH beam, we

performed a double-slit experiment. The degree of coherence

of the HHG beam can be estimated from the fringe contrast in

the diffraction pattern.33, 34 The slits used in this experiment

had a width of 40 μm, a slit separation of 400 μm, and were

located 1.5 m from the source. Figure 6(b) shows a cross-

section of the double-slit diffraction pattern obtained with a

single shot exposure. The experimental data were fitted with

FIG. 6. (a) Spatial profile of the harmonic beam generated in Ar by focusing fundamental radiation with 2 m focal length lens into a 10 mm long cell, recorded

with an x-ray CCD camera. The back-panel shows the cross-section of the beam (gray, dotted line), and a fitted intensity distribution (blue, dashed line),

(b) Diffraction pattern created in a double-slit experiment, experimental data (blue, solid line), and fitted intensity distribution (red, dashed line).
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a theoretical intensity function formed by the sum of diffrac-

tion patterns of the different harmonic wavelengths within the

transmission window of the filter. The best fit was found with

a degree of coherence of 0.8, in good agreement with previous

measurements.35

V. SUMMARY AND OUTLOOK

We have developed a high-energy HHG setup, working in

a loose focusing geometry, generating a total energy per laser

pulse of a microjoule in argon and a few hundred nJ in neon.

The source is designed for future studies of nonlinear pro-

cesses in the XUV spectral range. The high harmonic pulse

energies together with their high spatial coherence allow us

to reach high peak intensities. For example, an intensity of 2

× 1014 W/cm2 per harmonic pulse could be reached by fo-

cusing the HHG beam generated in argon using a broadband

grazing-incident mirror, assuming a 3 μm focal spot size, 20

fs duration, and 30% transmission after reflection and filtering

by an Al filter.

Our theoretical analysis of phase-matching in the

absorption-limited case provides a simple guide for scaling

HHG properties to high laser energies. For example we esti-

mate that with Ef = 1 J, f = 50 m, p = 0.01 mbar, and Lmed

= 6 m, harmonic pulses with energy as high as 70 μJ could

be reached.

Further increase in energy could be achieved by mod-

ifying the single atom response, e.g., using a double-cell

scheme.22 Our current beam line includes the option to drive

the HHG process with two cells or to use an interferometric

setup in order to combine the fundamental with itself, its sec-

ond or third harmonic (ω/ω, ω/2ω, and ω/3ω), thus providing

a large range of options for modifying the driving field.

Our experimental results combined with the above con-

siderations show that HHG has the potential to provide in-

tense ultrashort pulses reaching the intensity levels required

for nonlinear experiments in the XUV spectral range.
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