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We characterize and control the harmonic emission in the spectral and spatial domains in order to define in
which conditions the harmonic radiation can be a high-quality seed for soft x-ray and x-ray free-electron lasers.
The length of the gas cell, where harmonics are generated, was optimized and the energy per pulse was
determined in absolute value with a calibrated x-ray photodiode. The beam spatial profile was measured and,
in some conditions, a very collimated beam with a half-angle divergence below 1 mrad could be obtained. We
also show that increasing the intensity of the fundamental laser field leads to a considerable broadening of the
bandwidth of the harmonic radiation, allowing us to cover a large spectral range. This effect is due to funda-
mental reshaping leading to an efficient phase matching of both short- and long-trajectory contributions.

DOI: 10.1103/PhysRevA.79.063829 PACS number�s�: 42.65.Ky, 32.80.Rm, 32.80.Qk

I. INTRODUCTION

A lot of effort is devoted world wide to the development
of coherent light sources in the extreme ultraviolet �xuv�
range with laserlike properties. Different paths are being ex-
plored, from x-ray free-electron lasers �XFELs�, based on the
self-amplification of the synchrotron radiation emitted by
relativistic electron bunches �1� to soft x-ray lasers �SXRLs�,
relying on the realization of a population inversion in highly
charged ions obtained in a hot dense plasma �2�. These two
approaches lead to high-energy xuv pulses with, in general,
poor coherence properties compared to conventional lasers
since the xuv beams result from the direct amplification of
the spontaneous emission emitted at one extremity of the
medium. High-order harmonics emitted during the nonlinear
interaction between an intense ultrashort laser and a gas �3,4�
inherit most of the desirable properties of the driving laser in
terms of the spatial and temporal coherence but suffer from
low conversion efficiencies, resulting in pulse energies typi-
cally in the nJ range �5�. A straightforward idea explored in
several laboratories around the world �6–8� is to use har-
monic radiation to seed the first mentioned sources, thus
combining the coherence and flexibility of the harmonics
with the high output energy of XFELs or SXRLs.

Seeding requires well-characterized and optimized har-
monics. The spatial wave front and spectral content should
be of high quality and the energy per unit of bandwidth as
high as possible to overcome the spontaneous emission in the
amplifier. Many studies have been devoted to characterize
the harmonic spectra �9,10� or the spatial profile �11,12� of

high-order harmonics, however, often separately. In addition,
the harmonic frequency should be matched to a given x-ray
plasma spectral line. Previous work uses a high-intensity
frequency-chirped fundamental field to spectrally modulate
and, to some extent, tune the high-energy part of the high-
order harmonic generation spectrum �13,14�. An adaptive
spectral filter �DAZZLER� has also been used to provide
some tunability of the high-harmonic spectrum �15�.

In the present paper, we discuss the characteristics of the
harmonic radiation generated in argon around 30 nm by a
rather high-energy laser driver with about 100 mJ per pulse
in 40 fs at 800 nm wavelength. The spectrum, spatial profile,
and energy per pulse are determined and optimized for dif-
ferent focusing geometries and medium lengths. We also
show that the spectral bandwidth is considerably increased
by simply using a higher laser intensity. We concentrate on
the wavelength range between 20 and 40 nm, which can be
reached using Ar as generating gas. In Sec. II, we describe
the main physics of harmonic generation useful for this
work. In Sec. III, we present the experimental method and
results.

II. BRIEF SUMMARY OF THE PHYSICS OF HIGH-
ORDER HARMONIC GENERATION

A. Single-atom response

The physical origin of harmonic generation can be easily
understood by a simple semiclassical picture �16,17�. When
an atom is exposed to an intense infrared laser field, the
atomic potential is considerably distorted by the strong elec-
tric field. An electron from the outer shell may tunnel
through the Coulomb barrier and ionize. This electron is then
accelerated by the laser field, driven back to the parent ion
when the direction of the electric field changes sign, and may
recombine to the ground state, thereby emitting a high-
energy photon. This energy is equal to the atomic ionization
energy �Ip� plus the energy acquired during the acceleration.
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This process occurs every half cycle of the driving laser, so
that the emitted radiation is periodic with a periodicity equal
to 1.3 fs, for a 800 nm fundamental laser field. The spectrum
consists of harmonic peaks at odd multiples of the incident
frequency. The kinetic energy �Ec� acquired during the elec-
tron excursion in the continuum can be calculated using a
simple classical calculation, which provides to the experi-
mentalist a useful guide to estimate the available spectral
range �W� according to the formula W= Ip+Ec. Results of
such calculations are presented in Fig. 1�a�. The kinetic en-
ergy gained is plotted in units of the ponderomotive energy
Up related to the laser field amplitude �E� by Up
=e2E2 /4m�2 where e and m are the charge and mass of
electron and � laser frequencies. Up �expressed in eV� can
also been written as 9.34�2I where the laser wavelength � is
in �m and the laser intensity I is in 1014 W /cm2 units. For
example, for �=0.8 �m, I=2�1014 W /cm2, the maximum
kinetic energy is 38 eV, and the maximum photon energy
generated in Ar is about 54 eV. The abscissa in Fig. 1�a�
indicates the return time of the electron in units of the laser
cycle �2.7 fs�. This figure shows that there are two possible
electron trajectories leading to the same return energy below
the maximum energy. The trajectory with the longer excur-
sion time is called the long trajectory, while that with the
shorter excursion time is called short.

The phase accumulated by the electron on these trajecto-
ries is transferred to the emitted radiation field. The phase of
the harmonic light is therefore not simply related to the
phase of the driving laser but also includes an intrinsic phase

component that can vary rapidly with laser intensity. This
intrinsic phase, which is weakly dependent on the process
order, has consequences for both spatial and spectral emis-
sion characteristics, and we indicate in Fig. 1�b� its variation
with the intensity for the 19th harmonic generated in Ar cal-
culated using the strong-field approximation �18,19�. The
two branches refer to the short �red� and long �blue� trajec-
tories. For I�1014 W /cm2, in the so-called plateau region,
the intrinsic phase can be approximated by � j�r , t�
=� jI�r , t�, where j refers to the trajectory �short or long�. The
harmonic field is the coherent sum of two contributions,

Eh�r,t� = �
s,l

Ahj�r,t�ei�ht−i�jI�r,t�, �1�

where Ahj denotes the amplitude of the contribution of the
trajectory j to the harmonic field with frequency �h. We also
indicate in Table I the values of these � coefficients for the
short and long trajectories, for a few harmonics discussed in
the present work �19�. Assuming a Gaussian distribution for
the fundamental and harmonic fields, both in space and time,
we can estimate the divergence and spectral bandwidth of the
harmonic field according to

� j =
�h

	wh
�1 + 4� j

2I0
2wh

4

wf
4 , �2�

and


� j =
�h

2

	c�h
�1 + 4� j

2I0
2�h

4

� f
4 . �3�

�h, wh, and �h denote the wavelength, beam waist, and pulse
width of the harmonic field and wf, � f, and I0 are the beam
waist, pulse width, and peak intensity of the fundamental
field. If the second terms in the roots are negligible, the har-
monic field is Fourier transform limited in the time domain
and diffraction limited in space. In general, phase effects lead
to the deviation from the Fourier limit, especially for high
intensities and long trajectories. Upper values for � j�j=s , l�
and 
� j are given in Table I using wf =150 �m, � f =40 fs,
and I0=1.5�1014 W /cm2, representing typical experimental
values and assuming wh /wf =�h /� f =1. In reality, these ratios
are slightly below one and decrease with the process order
since high-order harmonics require higher laser intensity to
be generated and are emitted over a smaller diameter and
shorter pulse duration. The values indicated in Table I might
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FIG. 1. �Color online� �a� Classical calculation of the kinetic
energy of the electron as a function of the return time. �b� Calcula-
tion of the intensity dependence of the 19th harmonic phase for the
short and long trajectories using the strong-field approximation
�19�.

TABLE I. Useful parameters for the 19th to the 31st harmonics in Ar. The intensity of the laser field used
for the calculation is 1.5�1014 W /cm2 and the unit for � is 10−14 W−1 cm2.

Order 19 21 23 25 27 29 31

�h �nm� 42.1 38.1 34.8 32.0 29.6 27.6 25.8

�s −1.0 −1.8 −2.7 −3.8 −5.1 −6.9 −9.8

�l −22.9 −22.2 −21.5 −20.5 −19.2 −17.5 −14.8

�s �mrad� 0.3 0.4 0.6 0.8 1.0 1.2 1.6

�l �mrad� 6.1 5.4 4.8 4.2 3.6 3.1 2.4


�s �nm� 0.2 0.2 0.2 0.3 0.4 0.5 0.5


�l �nm� 3.2 2.6 2.1 1.7 1.4 1.0 0.8
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be used as a guide to estimate upper values for the spatial
and spectral widths of the HHG radiation.

B. Propagation

The optimization of the harmonic emission requires not
only a strong single-atom response but also that all of the
atoms in the medium emitted in phase. For the sake of sim-
plicity, we here give a simple description of propagation us-
ing a one-dimensional approximation, along the propagation
axis �z�. More advanced calculations accounting also for off-
axis effects will be presented in Sec. III. Phase matching is
realized when the variation in the difference between the
phase of the qth harmonic field generated in the medium and
that of the polarization driving it, equal to

��q�z,t� =� 
kq�z�,t�dz� + q arctan�z/zR� + � jI�z,t� ,

�4�

is minimized over the medium length �20�. In the right-hand
side of Eq. �4�, the first term denotes the influence of disper-
sion, which includes two opposite contributions, from the
neutral medium and the free electrons. The second term in-
dicates the influence of focusing �zR denoting the Rayleigh
length of the fundamental beam�. Finally, the third term is
the single-atom phase described above, which strongly de-
pends on the trajectory. For loose focusing geometries, in
general, the contribution of dispersion effects is stronger than
the geometrical and single-atom phase variations, both for a
neutral medium and for a strongly ionized medium. The first
condition to achieve phase matching is to �approximately�
cancel the neutral atom and free-electron dispersion, which is
achieved for a degree of ionization of the medium of ap-
proximately 7% in argon. The phase variation due to the
geometrical phase and to the single-atom phase �especially in
the case of the long trajectory� needs to be included for a
correct description of phase matching �21,22�. In addition,
the absorption in general limits the conversion efficiency
�23�.

Figure 2 shows the results of calculations performed for
the 21st harmonic in argon using a one-dimensional model
described in �24�, including all of the phase terms in Eq. �4�,

and consisting in summing all of the microscopic contribu-
tions over a certain length. The red and blue curves refer to
the contribution of the short and long trajectories considered
separately in the calculation, with the same single-atom re-
sponse amplitude. The oscillations observed for short length
media indicate that phase matching is not realized and that
the field generated at some location in the medium is can-
celed by that generated in another location. The quadratic
increase from L=12 mm is characteristic of phase matching.
The harmonic yield saturates and eventually decreases when
the absorption limit is reached. The phase variation for the
long-trajectory contribution leads to a shift in the optimal
medium length. The curves shown in Fig. 2 depend only
weakly on the process order; for example, the short trajectory
contribution of the 15th �respectively, 25th� harmonic is
maximized for L=16 mm �respectively, L=20 mm�. These
results obtained with a one-dimensional model might change
a little when generalizing to three dimensions, when consid-
ering other laser intensities and gas pressures. Our aim here
was to illustrate the physics of phase matching of high-order
harmonics rather than simulate a realistic experimental situ-
ation.

The conclusion of our model is that efficient, absorption-
limited, and phase matching of high-order harmonics may be
achieved by using sufficiently long media. Another way
would be to have a cell with a length corresponding to the
absorption length �or equal to a few times the absorption
length� and to locate it at the position where the intensity is
such that phase matching can be achieved. Experimentally,
the first solution is much easier. Other effects, such as a
spatiotemporal modification of the fundamental field �25�,
leading in particular to defocusing, could also favor phase
matching of high-order harmonic generation in long media
�26� �see also the discussion below�.

III. EXPERIMENTAL METHOD AND RESULTS

A. Measurement of spatial and spectral profiles

Our experimental setup is shown in Fig. 3. The laser is an
amplified Ti:sapphire 10 Hz system delivering 40 fs pulses
around 800 nm with an energy up to 1 J. The results pre-
sented below are obtained with only a fraction of this energy
less than 100 mJ. Furthermore, the 50-mm-diameter beam is
apertured down by an iris with variable diameter �with a
diameter typically between 11 and 16 mm�, so that only
about a few mJ infrared energy is actually sent into our ex-
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perimental setup. The beam is focused by a lens with 2 m
focal length into a gas cell with 1 mm transverse diameter
and variable length �from 3 to 20 mm�. The harmonic spectra
are detected by a flat-field xuv spectrometer, with a 100 �m
entrance slit, located at approximately 2 m from the gas jet.
An xuv microchannel plate �MCP� combined with a charge-
coupled device camera is used to capture the final image. In
contrast to many previous measurements �11,12�, we do not
image the harmonic source but a slice of its profile at a
relatively long distance �2 m� from the source, which gives
us the possibility to measure the spatial profile in the far field
�and therefore the divergence� of the beam �27,28�. Our
spectral resolution is estimated to be 0.2 nm.

A typical experimental spectrum is shown in Fig. 4. Har-
monics are shown from the 19th to the 33rd, corresponding
to a spectral range of 42–24 nm or in energy 29–51 eV.
Spatial profiles are shown in the horizontal direction, while
the vertical one shows spectra. Figure 4�b� shows some spa-
tial profiles, while the spatially-integrated spectrum is pre-
sented in �c�. These measurements show evidence for contri-
butions from the short trajectory, leading to a narrow
collimated beam and also from the �weaker� long trajectory,
with much higher divergence. In the cut-off region, both con-
tributions merge together.

In order to avoid any influence of the spectrometer col-
lecting optics on the harmonic spatial profile, we have mea-
sured it directly by taking an image with the MCP at about 2
m from the gas cell. The fundamental field and the low-order
harmonics �up to the 11th� were removed by an absorption in
a 200-nm-thin Al filter. A typical result is shown in Fig. 5. A
relatively narrow peak is superposed on a broad pedestal,
which can be attributed to the main two quantum paths re-
sponsible for harmonic generation. The harmonic beam di-
ameter could be measured by comparing with the diameter of
the aperture on which the filter was mounted and which
could be observed on the MCP. The full width at half maxi-
mum is 1.4 mm and the corresponding beam divergence is
0.7 mrad. This agrees with the predictions presented above

�Table I� for the �dominant� short trajectory and for the
strong 23rd–25th harmonics. The ratio between the short-
and long-trajectory contributions is affected by the position
of the focus of the infrared beam in the gas cell. In agree-
ment with previous work �21�, we find that the short trajec-
tory is enhanced compared to the long one when the focus
position is before the gas cell.

B. Measurement of the harmonic pulse energy

The pulse energy of the high-order harmonic radiation
was measured by using a calibrated xuv photodiode, with
good sensitivity from 1 eV to 6 keV. The diode could be
moved under vacuum before the flat-field xuv spectrometer,
so that we could measure the energy and the corresponding
spectrum within the same series of measurements. Two 200
nm Al filters were needed to block the fundamental beam.
The number of the electrons Ne generated from the photodi-
ode is the integral of the measured current. The number of
the photons at each harmonic frequency is obtained through
the equation

Ne = �
q


qtqNq, �5�

where Nq denotes the number of photons generated at the qth
harmonic frequency, tq is the transmission by the Al filters
and 
q is the quantum efficiency of the photodiode for the
qth harmonic. The absorption from the Al filters can be esti-
mated by calculating the transmission function of Al, ac-
counting for the effect of a thin layer of oxide, which unfor-
tunately reduces the transmission and introduces an
uncertainty in the energy determination. Figure 6 shows the
transmission of 200 nm Al �blue line�, as well as that of 200
nm Al, plus 20 nm oxide �10 nm on each side�, which is a
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rough estimation of the oxide layer on the filters used in this
experiment �29�. From the relative ratios between the gener-
ated harmonics obtained from spectral measurements, the
number of photons per harmonic, the pulse energy, as well as
the conversion efficiency can be deduced. Results of mea-
surements performed in optimized conditions �with a 19-
mm-length gas cell �see below�� are presented in Table II.

C. Optimization of the output energy by varying the cell
length

Figure 7�a� shows the variation in the harmonic energy as
a function of cell length for a few harmonics. The focus was
located at the center of the cell. The saturation effect ob-
served is attributed to absorption, which is more important
for the low-order harmonics than for the high-order ones.
Figure 7�b� shows the 23rd harmonic spatial profile obtained
at �2�1014 W /cm2, with gas cells of different lengths and
an aperture before the lens equal to 13 mm. The central part
of the angular profile, which reflects the contribution from
the short trajectory, is approximately constant with order and
with cell length, on the order of 1 mrad.

Increasing the cell length results in an increased harmonic
energy as well as the appearance of the long-trajectory con-
tribution, with higher divergence. The predictions of our
model �see Fig. 2� agree quite well with the experimental
observation, showing a saturation for medium lengths of 20
mm and an increase in the contribution of the long trajectory
as the length increases. The latter effect is of interest for
seeding applications since the contribution of the long trajec-
tory can be made spectrally broader at high laser intensity,
thus, providing increased possibility to match the gain profile
of an amplifier, as explained below.

D. Increasing the spectral range between consecutive
harmonics

Spectra obtained from two different fundamental energies
by changing iris diameters are shown in Fig. 8. The harmonic
spectra get broadened as the input energy increases more
than the prediction of Eq. �3� for a single trajectory. In addi-
tion, interference structures appear. This complicated struc-
ture appears in connection with an ionization-induced spa-
tiotemporal reshaping of the laser beam, which improves the
phase matching conditions for the long trajectory. The short
trajectory is well phase matched both before and after the
reshaping, and we therefore see spectral interference between
the contributions from both trajectories �30�. Similar struc-
tures have been observed in previous work �27,28� and inter-
preted in terms of interference between the contribution of
the two �short and long� trajectories, without—however—
explaining the reason for both contributions to be of the
same strength.

Our interpretation is supported by theoretical calculations
including both the microscopic and macroscopic responses
of the argon gas to the intense laser pulse. The results were
calculated via the coupled nonadiabatic solutions of the time-
dependent Schrödinger equation, within the strong-field ap-
proximation �17�, and the Maxwell wave equation. Our ap-
proach is described in detail in �20�. As initial conditions for
the calculation, we use similar parameters as the experiment,
in terms of peak intensity, duration, and focusing conditions
for the laser beam, and density and length of the argon cell.
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TABLE II. Optimized high-order harmonic energy and conversion efficiency.

Harmonic order 17 19 21 23 25 27

Transmission 0.12 0.13 0.15 0.16 0.19 0.21

Photon number ��1010� 3.03 2.98 3.10 2.63 1.60 1.41

Energy ��J� 0.13 0.14 0.16 0.15 0.10 0.09

Efficiency ��10−6� 6.8 7.5 8.6 8.0 5.3 5.0

Spatial distribution (pixel)
100 200 300 400

50

100

150

200

250

300

350

400

8 10 12 14 16 18
0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

H
ar

m
on

ic
E

ne
rg

y
(µ

J)

Length of the gas cell (mm)

(a) (b)
9mm

11mm

15mm

19mm

FIG. 7. �Color online� �a� Harmonic energy as a function of cell
length for the 13th �line with plus�, 17th �line with x mark�, 21st
�line with triangle�, 23rd �line with star�, and 27th �line with circle�
order. �b� Spatial distribution of 23rd harmonic for different gas cell
lengths.

SPATIAL AND SPECTRAL PROPERTIES OF THE HIGH-… PHYSICAL REVIEW A 79, 063829 �2009�

063829-5



The calculated far-field spatiospectral profiles of harmon-
ics 17–21 are shown in Figs. 9�a� and 9�b�. At low intensity,
the very loose focusing conditions strongly favor phase
matching of the short trajectory, and the resulting harmonics
are spectrally narrow and well behaved. The contribution
from the long trajectory in these conditions can barely be
seen in Fig. 9�a� as a faint halo around the 19th harmonic,

most prominent on the low-frequency side and at diver-
gences above 0.6 mrad. At high intensity, the harmonic spec-
tra are much broader, exhibit interference fringes, and are
blueshifted relative to the low-intensity case. As mentioned
above, the interference is the result of both short- and long-
trajectory contributions being well phase matched by the
strongly reshaped laser beam. Figures 9�c� and 9�d� show the
spatiotemporal profile of the laser beam in the near field, at
the end of the argon medium. The high-intensity beam has
undergone violent spatiotemporal reshaping which results in
defocusing, strong blueshifting on axis, and the overall
change in shape where the laser envelope reaches its maxi-
mum at different times for different radii. The reshaping hap-
pens after a few mm of propagation and then does not
change much through the remainder of the medium. In the
calculations, we see a strong increase in the long-trajectory
contribution around the propagation distances where the re-
shaping sets in, with a significant component on axis. The
short- and long-trajectory contributions thus interfere in the
far field, leading to the two or three horizontal stripes ob-
served in Figs. 9�b� and 8�b�.

This effect provides an easy way for covering a larger
spectral range, which is very important for seeding x-ray
laser plasmas. For example, the 25th harmonic �32 nm� is
close to the x-ray lasing lines of 31.2 nm �Ne-like Sc�, 32.6
nm �Ne-like Ti�, and 32.8 nm �Ni-like Kr� and can be broad-
ened to reach these lines simply by increasing the laser in-
tensity. It has been suggested previously �13,14� that har-
monics could be tuned by changing the chirp of the
fundamental field. In such an experiment, several parameters
are varied at the same time: chirp, pulse duration, and laser
intensity. We believe that the main effect is due to the varia-
tion in the laser intensity. In addition, the fundamental chirp
may induce additional or reduced spectral broadening de-
pending on the sign of the chirp.

IV. CONCLUSION

In this work, we have studied the spectral and spatial
properties of high-order harmonics generated in argon gas.
The absolute value of the energy emitted per harmonic pulse
was estimated in optimized conditions. We found that the use
of long gas cells �20 mm� led to higher energies and more
collimated xuv beams. Large spectral bandwidths, close to
the interval between consecutive harmonics, could be
achieved by increasing the intensity of the infrared beam in
the gas cell leading to an improved phase matching of the
long trajectory.

ACKNOWLEDGMENTS

This research was supported by the European Union
project NEST-ADVENTURE under Grant No. 012843-2
TUIXS, the Marie Curie actions EST MAXLAS, IIF OHIO,
and EIF Attotech, the Knut and Alice Wallenberg Founda-
tion, the Swedish Science Council, and the U.S. National
Science Foundation through Grant No. PHY-044923. We
thank B. Schütte, T. Eberle, J. Klemmer, F. Geier, and E.
Pourtal, for their help in some early stage of this experiment.

H
ar

m
on

ic
or

de
r

Divergence (pixel)
0 200 400 0 200 400

17

19

21

23

25

27

29

31

(a) (b)

FIG. 8. �Color online� Harmonic spectra at two different inten-
sities measured to be �a� 2�1014 W /cm2 and �b� �5
�1014 W /cm2. A 21 mm gas cell was used and the focus point of
the infrared beam was in the middle of the cell. Note the significant
blue shift of the spectral distribution at high intensity.
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FIG. 9. �Color online� Calculated far-field spatial profile of dif-
ferent harmonic for two different peak intensities �a� 1
�1014 W /cm2 and �b� 3.3�1014 W /cm2. Spatiotemporal distri-
bution of corresponding fundamental beam at the exit of the me-
dium �c� and �d�.
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