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We study high-order harmonic generation (HHG) with an annularly shaped high-power, high-
repetition rate laser. We investigate how the spatial separation (or divergence) of the incident laser
and the generated high-order harmonics depends on the gas pressure when the laser intensity is in
the overdriven regime. It is shown that, when the cone size of the incident annular beam is relatively
large, the resulting harmonics are highly collimated along the propagation axis and are spatially
separated from the incident beam. Under the overdriven condition, dynamic phase-matching favors
HHG emissions from short-trajectory electrons that are efficiently built up in the second half of the
gas medium. We verify that using an annular beam is a simple and effective method for separating

the intense incident infrared laser from the generated high harmonics.

Such high flux and low

divergence light pulses are expected to be powerful sources in the laboratory for ultrafast probe of

electron dynamics.

I. INTRODUCTION

High-order harmonic generation (HHG) due to the
nonlinear interaction between an intense femtosecond
laser and gas medium has become an important tool for
providing attosecond light sources from the extreme ul-
traviolet (XUV) to water window soft X-rays [IH5] and
keV region [6] for laboratory applications. With such
lights, a number of research topics and applications have
been triggered, including attosecond science [7], HHG
spectroscopy [8], nanoscale structure imaging [9], assisted
free-electron lasers [10], just name a few. To become a
useful light source, good beam quality of the harmonics
is essential, which requires high photon flux and low di-
vergence. Traditionally, the former can be accomplished
either by improving phase-matching conditions in a non-
linear gas medium [T}, 12], or by synthesizing the multi-
color waveforms to enhance the harmonic yields from sin-
gle emitter [I3HI6]. For the low divergence, one may ad-
just the macroscopic conditions in a gas-filled waveguide
[17]. This issue has received some attention very recently
[18]. It can be resolved by using a spatially chirped beam
[19], or by using a two-color orthogonally polarized laser
pulse [20]. In addition, low divergence can be measured
with various techniques [I9], for example, the spectral
wavefront optical reconstruction by diffraction [21].

An alternative approach to obtain high photon flux
of HHG is to use high power, high-repetition rate lasers
[22], such as fiber [23], slab [24] and thin-disk lasers [25].
These lasers could deliver pulse energy of several hun-
dreds of pJ and the repetition rate of 10 - 100 kHz, with
average power exceeding 1 kW. Such pulses are expected
to greatly enhance photon flux of high-order harmonics
compared to the traditional Ti:sapphire lasers. On the
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other hand, for applications harmonic beam generated in
the gas medium has to be spatially separated from the
co-propagating infrared (IR) driving lasers. For a low-
average power driving laser, a common method to block
the residual IR pulse is to employ a thin metallic filter
(hundreds of nanometers in thickness) [26-28], which can
effectively transmit the XUV radiation. However, this
approach cannot be applied to high-average power lasers
where the generated heat can damage the filters.

To isolate high-order harmonics using high-power driv-
ing lasers, several optical techniques have been incorpo-
rated into the HHG setups [29], for instance, by using
diffraction gratings [30], grazing incidence plates [31],
micro-channel plates [32], or by employing a non-collinear
generation scheme [33][34]. All of these methods have cer-
tain limitations. Alternatively, one simple, efficient and
intrinsically stable method is to adopt an annular beam.
This method was originally proposed by Peatross et al. in
1994 [35], and has been applied in HHG experiments re-
cently by Klas et al. [36] and by Gaumnitz et al. [37]. In
their experiments, using an annularly shaped beam, Klas
et al. [36] reported that the HHG conversion efficiency
is reduced only by 27 % when compared with that from
a Gaussian beam under identical conditions. Meanwhile,
Gaumnitz et al. [37] measured the spatially resolved har-
monic spectra reaching the cutoff energy of 90 eV with
a few-cycle annular beam when the laser intensity is rel-
atively low (~ 5 x 10'* W/cm?). They showed that di-
vergence angles of harmonics are reduced compared with
the full Gaussian beam.

From these experimental studies, it reveals the poten-
tial of using annular beams for the generation of high
flux harmonics with high-power driving lasers. However,
there are a number of questions remaining unresolved:
(i) Does the cone size of an annular beam affect the spa-
tial separation between the few-cycle IR laser and the
HHG beam? (ii) Could such separation still be possible if
the harmonic generation is optimized (for emission yield,
cutoff energy and divergence) in the overdriven intensity



regime? (iii) What is the mechanism for the buildup of
HHG by using an annular beam? and (iv) How to com-
pare the efficiency of harmonic generation of an annular
beam with that of a Gaussian beam?

Our main goal in this work is to answer these questions
through simulations. We will systematically study the
spatial separation of IR laser and high-harmonic beam
by increasing gas pressure and changing the cone size
of the annular beam. The phase-matching mechanism
of obtaining high-flux and well-collimated HHG with an
annular beam will be carefully analyzed. We will also
check the spatial separation of longer-wavelength laser
and HHG in the extended spectral region.

II. TYPICAL SETUP FOR GENERATING AN
ANNULAR BEAM AND DETAILS OF
SIMULATION
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FIG. 1: (a) Schematic setup for producing an annular beam
for generating high-order harmonics. The focusing mirror has
a diameter d and a focal length f. The diameter of an optical
block (or a hole in the mirror) is defined as pd. The distance
between the block and focusing mirror is h. The input Gaus-
sian beam has a beam waist wo = d/2, and the gas jet is put at
the laser focus. When p is properly chosen, the driving laser
and high-harmonic field can be spatially separated in the far
field. Laser intensity distribution along the axial direction (7
= 0) (b) and along the radial direction at the focal plane (z =
0) (c) for different p. The ratio of pulse energy for the input
Gaussian beam is set as 1, 1.24, 2.46 when p = 0, 0.3 and 0.6,
respectively, such that the pulse energies going through the
focusing mirror are the same. Laser wavelength is 800 nm.

An annular laser beam whose center part is blank, can
be created either by inserting a block before focusing [35],
or by using a perforated mirror with a central hole [36-
38], as sketched in Fig. a). In this work, the focusing
mirror is set with a diameter of d = 9 mm and a focal
length of f = 500 mm. The size (or diameter) of the
laser block, defined with respect to the diameter of the
focusing mirror, is pd, where p < 1. A Gaussian beam is

incident into the laser block; its electric field is E(p) =
Egexp[—(p/wo)?], where Ej is the on-axis peak electric
field, and p is the radial coordinate. The beam waist is
set at wy = 4.5 mm, and the distance between the laser
block and the focusing mirror is A = 500 mm. For a
monochromatic Gaussian beam, one can obtain a pure
annular beam in the far field if p # 0, as displayed in
Fig. a). If a gas jet is placed at the focus and the
divergence of the generated HHG is small, then it can be
well separated from the driving laser beam. Note that in
this scheme the input laser energy is not fully used, but
the pulse energy and the spectral range of the harmonics
can be efficiently preserved.

For a fair comparison of HHG driven by different an-
nular beams (1 # 0) or a Gaussian beam (y = 0), we
assume that the pulse energies going through the focus-
ing mirror are the same. That means the pulse energies
of input Gaussian beams are varied. Note that a similar
comparison between an annular Bessel-Gauss beam and
a Gaussian beam has been demonstrated in a pioneer-
ing work by Altucci et al. [39]. We use neon gas as the
generating medium. With the goal of generating high-
est harmonic yields, the focusing laser intensity is chosen
beyond the over-barrier intensity (~ 8 x 10% W/cm?)
[40]. Following the diffraction theory under the paraxial
approximation, the electric field of the laser beam around
the focus is [41]

B g [, 500[55]
xexp{—zkm 2;‘(4()) }pdp, (1)

where k = 2w /), and g is the central wavelength. For
the optical system in Fig. l(a the ABCD ray matrix
elements in Eq. . are

A(z) = =2/,

B(z) =z+f—=zh/f,

C=-1/f,

D=1-h/f. 2)

Note that Eq. is expressed in a reference frame mov-
ing at the speed of light, and element C' is used only
when B = 0 in Eq. [41]. For two annular beams and
one Gaussian beam, the intensity distribution along the
propagation axis is shown in Fig. l(b Meanwhile, Fig.
I(c) presents the intensity distribution along the radlal
direction at the focal plane. Here, we use the laser wave-
length of 800 nm. The small outer peaks for = 0 in
Fig. [1{b) are due to the truncation of tail of the input
Gaussian beam. The Bessel-like beams can be identified
for two annular beams with 1 # 0. The peak laser inten-
sity is varied from 12.3 to 8.2 x 10'* W/cm? when p is
increased from 0 to 0.6.

To simulate theoretical high-order harmonics that can
be compared to experiment, one needs to take into ac-
count of single-atom response due to the interaction be-



tween an atom and the driving laser, and the macro-
scopic propagation of the fundamental laser and the high-
harmonic field in the gaseous medium. The latter is ob-
tained by solving three-dimensional Maxwell’s equations,
see Ref. [42]. The single-atom response is computed by
using the quantitative rescattering (QRS) model [43H45].
The propagation of the driving laser and high-harmonic
fields from the exit plane of the gas medium (near field)
to a plane far away (far field) in the vacuum can be for-
mulated in terms of Hankel transformation [42] [46] 47],
which takes the same equation as Eq. . In the sim-
ulation, we use a five-cycle laser pulse with the central
wavelength of 800 nm (or 1200 nm). The pulse energy
after the focusing mirror is about 480 pJ for the 800-nm
laser. A 1-mm long gas jet with uniform distribution is
placed at the laser focus.

III. HIGH HARMONICS GENERATED BY
800-NM LASERS

A. Gas pressure dependence of harmonic spectra

To optimize harmonic yields in the overdriven regime,
the gas pressure is varied. We show the simulated macro-
scopic HHG spectra of Ne atoms driven by 800-nm lasers
for gas pressure from 50 to 500 Torr in Fig. The
harmonic yields are collected in the whole exit plane of
the gas medium. For the three beams, one can see that
with the increase of gas pressure the harmonic yields in
the plateau are progressively increased and the harmonic
cutoff energy is gradually decreased. The best balance
between the harmonic yield and plateau spectral range
is reached at about 300 Torr, which is considered to be
the optimal pressure. For u varying from 0 to 0.6, at
the optimal pressure, the cutoff energy constantly ap-
pears at 110 eV, indicating that the driving lasers are
saturated. The calculated conversion efficiency of high
harmonics (integrated from 30 to 180 eV) is decreased
from 1.9 x 1075, 1.3 x 1075 t0 6.2 x 107°. Note that in
our previous study [48] using a standard Gaussian beam
with the focusing intensity of about 10 x 10* W /cm?,
we also found that the optimal pressure is 300 Torr. In
Gaumnitz et al.’s experiment [37], the reported harmonic
cutoff energy is very close to 110 eV when the full beam
is used. One can see that harmonic yields in Fig. [2] (c)
grow with harmonic order at all pressures, while in Figs.
(a) and (b) the harmonic yields are flat at low pres-
sure, but grow at high pressure. Since for p = 0 and p
= 0.3, the laser intensities are higher, larger ionization
in the higher pressure regime incurs large plasma disper-
sion, rendering peak intensity not reached as the laser
propagates in the gas.
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FIG. 2: Simulated HHG spectra generated with high-intensity
800-nm laser pulses versus gas pressure for different beam
truncations defined by p. The harmonic yields are integrated
over the radial direction in the near field. Harmonic spectra
are smoothed by using Bezier curves for easy visualization.
Optimal pressure for the best harmonic yields and best spec-
tral region is found at 300 Torr for the three setups with
different values of p. See text for additional laser parameters.

B. Spatial separation of the driving laser and
high-harmonic beam

Next, we analyze the spatial separation of the driving
laser and the high harmonics at the optimal pressure of
300 Torr. The spectral intensity distributions of the driv-
ing lasers versus the divergence angle are shown in Figs.
Ba), (c) and (e) after interacting with the Ne gas. For
the driving laser the broad spectral distribution is due
to the use of few-cycle pulses and the nonlinear plasma
broadening in the medium. The lineouts of the funda-
mental 800-nm wavelength are shown in Fig. a). For
1 = 0, the maximum intensity is on the axis. The max-
imum moves to off-axis position when g is increased to
0.3, but there is still considerable portion of intensity on
the axis. When p is further increased to 0.6, the on-axis
portion is greatly suppressed while the off-axis portion
is enhanced. The normalization factors of the peak in-
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FIG. 3: Intensity distributions of the fundamental infrared
laser and the generated high harmonics in the far field for
different input beams. Top row: p = 0; middle row: p =
0.3; bottom row: g = 0.6. In (a), (c) and (e), the laser
intensities are normalized with respect to the maximum value
(the normalization factors are labeled in the figures). wo is the
fundamental laser frequency. In (b), (d) and (f), the harmonic
intensities are normalized at each photon energy. Full spatial
separation of the IR laser and high-harmonic field is clearly
demonstrated in (e) and (f). Gas pressure is 300 Torr.

T 0' T '(b)—
p=0 —
1=0.3 60 eV
u=0.6 -
)
c
= *
g ! v«sﬁ[\"ﬂm/\ S
o 4 8 12
> T T =
3 G
8 100 eV |
£

x . 0 -': |V-J\w!'\u(‘r\ v,
8

8 12 0 4
Divergence (mrad)

1,1

0

0
12

FIG. 4: Lineouts of intensity distributions of IR laser and
high harmonics vs divergence in Fig. [3| for the fundamental
laser (a) and for selected high harmonics [(b)-(d)].

tensity distributions for the three frames are indicated in
Figs. Bl(a), (c) and (e). These results illustrate the shift
of the driving laser to larger divergence of an annular
beam.

The intensities of harmonic emissions in the far field
versus the divergence and photon energy are presented
in Figs. Blb), (d) and (f). To examine the divergence
properties of harmonics over such a broad spectral range,
the intensity vs divergence for each photon energy is
normalized independently. It is clearly seen that as u
is increased, the harmonics intensity moves toward the
propagation axis, i.e., toward small divergence. This can
be seen in Figs. [3b), (d) and (f), or from the lineouts
in Figs. [|(b)-(d). The small residual pulse energy of
the IR laser near the axis for p = 0.6 can be easily re-
moved by adding a thin filter. It can also be eliminated
by further increasing the size of the beam block (or ).
These results demonstrate that spatial separation of the
IR driving laser and the generated high-order harmonics
can be made possible by using an annular beam with a
larger hole in the center while the divergence of HHG
maintains low. Note that similar spatial separation of
harmonics and driving IR laser can also be achieved with
other pulse energies by a proper macroscopic scaling [49-
52].

C. Phase matching of efficient generation of
collimated high harmonics

To understand the occurrence of spatial separation of
the driving laser and the generated harmonics demon-
strated in Fig. [3] we examine the phase matching by fol-
lowing the spatiotemporal evolution of the driving laser
in the reference frame at three selected positions, one at
the entrance, one at the middle and one at the exit of
the gas jet, as shown in Fig. [f] At the entrance, be-
fore interacting with gas, the laser intensities have Gaus-
sian profiles in time and Gaussian-like distributions in
radial direction, similar to those in Fig. [I[c). With
the increase of propagation distance, the peak intensities
decrease gradually. The spatiotemporal intensity distri-
butions are greatly reshaped mostly due to plasma de-
focusing caused by excessive free electrons at the high
ionization level. One can clearly see effective wavefront
rotations [53] 54] because the weaker intensity at larger
radial distance remains the same while the higher inten-
sity at smaller radial distance is reduced by the plasma
defocusing, which is also accompanied by a blue shift
in time mostly in the trailing edge of the beam. These
effects become more prominent with higher input peak
intensities, see Figs. [p[b), (c), (e) and (f). On the other
hand, the intensity distributions are more spread when p
= 0.6 even though the pulse energy through the focusing
mirror is kept the same. Thus, the input peak intensity is
smaller compared to u = 0 and 0.3, see Fig. g), and less
severe reshaping of the laser beam is displayed, see Figs.
[Bh) and (i). The complicated evolution of spatiotempo-
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FIG. 5: Spatiotemporal laser intensity distributions of 800-nm lasers at the entrance [(a), (d) and (g)], the middle [(b), (e)
and (h)] and the exit [(c), (f) and (i)] of the gas medium for different input beams. From top to bottom, g = 0, 0.3 and
0.6, respectively. Laser intensities in each figure are normalized with respect to the maximum one (as labeled in units of 10
W/ch). o.c. means the optical cycle of the 800-nm laser. Gas pressure is 300 Torr. Dashed lines are to guide the eye to see

wavefront rotation of the laser pulses.

ral laser pulse inside a gas medium is responsible for the
divergence behavior of high harmonics.

We next look at the time-frequency analysis of the re-
sulting high harmonics exiting from the gas medium in
Fig. [6] At small radial distances, only short-trajectory
emissions are present. They are positive chirped for dif-
ferent p. These emissions lead to small divergence of
harmonics in the far field. At large radial distances, both
short- and long-trajectory emissions appear due to wave-
front rotations when p = 0 and 0.3. The long-trajectory
emissions cause larger divergence in high harmonics in
the far field, as seen in Figs. [(b) and (d). For pu =
0.6, short-trajectory emissions are still dominant at large
radial distances, see Fig. @(f) This explains why small-
divergence harmonics over a broad spectral range can be
generated in Fig. f).

To further observe the effect of reshaping of the driv-
ing laser pulses on the harmonic generation process, we
follow how harmonic fields are built up inside the gas
medium. In Fig. [7] we can see the evolution of selected
harmonics along z is oscillatory, at both small and large
radial distances, for = 0 and 0.3. Therefore, the coher-
ence lengths for these harmonics are much smaller than

the length of the gas medium, and the phase-matching
is poor. For p = 0.6, at » = 10 or 20 pm, the yields of
harmonics are not efficiently accumulated in the first half
of the gas medium (i.e., z is from -0.5 to 0 mm), but they
increase monotonically in the second half, see Figs. El(e)
and (f). The coherence length of harmonics (the length
between the positions of the minimum and the maximum
yields) is about 0.5 mm (close to the half length of gas
medium). This also shows that good phase-matching has
been achieved for high harmonics over a broad spectral
region in the second half of the gas medium.

Coherence length (or phase mismatch) can be calcu-
lated as in [55] 56] if the driving laser pulse is not shaped.
This is not the case for overdriven laser intensities here.
Instead, coherence length of high harmonic can be ob-
tained by calculating the phase mismatch [48]:

Ak ~ [(q — 1)(4}0At — aiAI]/Az, (3)

where ¢ is the harmonic order, and At and Al are
the shift of the peak electric field in time and intensity
variation over a propagation distance Az, respectively.
For short-trajectory harmonics in the plateau, a; ~ 1x
10~ rad-cm?/W, and this value is about 13.7 x 10714
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FIG. 6: Time-frequency analysis of harmonic emissions (nor-
malized) for selected radial distances (as labeled in the figures)
at the exit plane for different input beams. The size of the
optical block changes from p = 0 to 0.3 and 0.6, from top row
to bottom. Gas pressure is 300 Torr. The optical cycle (o.c.)
is defined with respect to the fundamental 800-nm laser.
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FIG. 7: Evolution of selected harmonics at different radial dis-
tances (labeled in the figures) with the propagation distance
z, for three input beams and harmonic orders as indicated.
Gas pressure is 300 Torr.

rad-cm? /W for cutoff harmonics. For 4 = 0.6, the elec-
tric waveforms of laser pulse at different z are plotted to-
gether in Fig. B From this figure, one can compare the
field strength of z = 0 mm with that of z = 0.5 mm near
the peak at -1.5 optical cycle (o.c.) if r = 10 pm or at -1.0
o.c. if r = 20 um. Then AT over a propagation distance
Az = 0.5 mm can be obtained. In the meanwhile, At can
be extracted from the shift of the peak field position. Us-
ing Eq. , the values of calculated coherence length are
shown in Table[] One can see that the coherence length
at r = 10 pym is a bit larger than that at » = 20 pm.
Both values of coherence length and their changes at dif-
ferent radial positions are in agreement with the results
in Figs. [7[e) and (f). Such phase-matching mechanism
is the same as what we have identified in Ref. [48] by
using a Gaussian beam. To obtain well collimated har-
monics in the far field, dynamic phase-matching due to
reshaping of the driving laser pulse is desired [as shown
in Figs. [T[e)-(f)], also see Refs. [57, 58]. These condi-
tions can be reached only by setting input laser intensity
in the overdriven regime, see Figs. [f(g)-(i).

T T
-0.5mm —

0.1 |@) —
L .” 0Omm = -
o/ 0.5 mm
’a |7
= - r=10 um
S .04 |- \
Q w
5 -2 15 -1
8 01 ) ‘ ‘ ‘ g
= - r=20 um
L
\
- \‘ / i
01} \\w-‘- | i

FIG. 8: The electric field of an 800-nm driving laser at dif-
ferent propagation distances for 1 = 0.6. Gas pressure is 300
Torr.

TABLE I: Harmonic coherence length at two radial positions
for p = 0.6. At and AI between z = 0 to 0.5 mm are read
from Fig. Io = 10 W/ch. Coefficient «; in Eq. is
chosen as 1 x 107'* rad-cm?/W if 7 = 10 ym or 13.7 x 10~ **
rad-cm? /W if r = 20 pm for selected high harmonics.

Leon = w/Ak (mm)

r (pm At (as Al (I
(i) (8s) Uo) —He1 T mor | w3
10 -20 -0.204 0.60 0.54 0.50
20 -22 0.092 0.36 0.34 0.32
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FIG. 9: Same as Fig. [3except that the wavelength is 1200 nm
and the gas pressure is 500 Torr. wp and o.c. are both defined
with respect to the 1200-nm laser. Note that laser intensities
in (a), (c) and (e) are plotted in linear scale, while harmonic
intensities in (b), (d) and (f) are drawn in logarithmic scale.

IV. SPATIAL SEPARATION WITH 1200-NM
ANNULAR LASER BEAMS

In this section we take a look at how the driving laser
and the generated harmonics are spatially separated us-
ing annular beams with wavelength at 1200 nm. For
this wavelength, our prior experience in Ref. [48] indi-
cated that the pressure is 500 Torr for optimal harmonic
yields. To maintain the same input laser intensities as
in the 800-nm lasers, thus keeping the same overdriven
conditions, the input pulse energy through the focusing
mirror is taken at 1,600 uJ.

The intensity distributions of the driving laser and the
harmonics in the far field are shown in Fig. [0} For the
mid-IR lasers, the longer wavelength makes the beams
move away from the axis with larger divergence angles,
as clearly seen in Fig. @(e) for the case of u = 0.6. With
the longer wavelength, the generated harmonic spectra
extend to higher energy of 200 eV. The divergence of the
harmonics, as shown in Fig. El(f), is located very close to
the axis. Thus at p = 0.6, the mid-IR and the harmonics
are well separated spatially. On the other hand, for u
= 0.3 and the Gaussian beam, as shown in the upper
two rows in Fig. [9] the mid-IR lasers and the harmonics

cannot be spatially separated.

In Fig. we show the spatiotemporal distributions
of the driving laser intensities for the 1200-nm lasers at
three positions (entrance, middle and exit) of the gas
jet. Comparing them with Fig. [5| for the case of 800-nm
lasers, the laser fields along the radial direction are more
spread out, but laser reshaping and wavefront rotation
are identical to those seen in Fig. This indicates that
same dynamic phase-matching works for the generation
of extremely well collimated high harmonics in Fig. |§|(f)

V. CONCLUSIONS

In this work, we have demonstrated that spatial sepa-
ration of the driving laser and the generated harmonics
in the far field can be achieved with an annular beam.
Such beam is created by inserting an optical block into
the beam line before a focusing mirror. By using high
pulse energy, the focused laser intensity can reach the
overdriven regime. We showed that the resulted high
harmonics at the optimal pressure have small divergence.
Substantial separation of the generated harmonics from
the driving laser occurs only when the size of optical
block is big enough. We have analyzed the spatiotem-
poral laser field and the buildup of harmonic field along
the propagation distance, and the time-frequency emis-
sion of the HHG at the exit plane of the gas medium.
Such analysis reveals that dynamic phase-matching is at
work and harmonics emissions occur via recombination
of short-trajectory electrons in the second half of the gas
medium because of the slight reshaping and wavefront
rotation of the driving laser. For the same pulse en-
ergy, using a Gaussian beam or an annular beam with
a smaller optical block would be unable to achieve con-
siderable spatial separation and would result in large di-
vergence of both infrared lasers and generated harmonics.
These numerically illustrated results have validated the
essential nature of good phase matching for such over-
driven pulses. We have shown that the same mechanism
works for both 800- and 1200-nm annular beams. Other
spatial beams, such as super-Gaussian or flat-top beam,
may also be employed to generate high harmonics in this
context.

With the development of laser technology, high power
and high-repetition rate lasers are becoming available
even for longer-wavelength mid-IR lasers [5, 59H62]. Such
lasers are likely to become new workhorses for generat-
ing high flux, high energy photons that can be used for
spectroscopy, or as attosecond pulses for probing dynam-
ics of electrons in atoms, molecules and materials. With
an annular beam it is possible to separate the incident
beam from the generated harmonics. We expect that this
study will help guiding experimentalists for the realiza-
tion of useful tabletop light sources from the XUV to X
rays.
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