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Abstract: The beam transport of single high-order harmonics in a
monochromator arrangement is studied. A toroidal grating combines
spectral filtering and focusing in order to produce a small individual spot for
each harmonic. Here, the effect of small deviations from perfect alignment
is investigated. Experimentally, a Hartmann sensor monitors the EUV
wavefront while the grating is subjected to an online alignment procedure.
The obtained results are confirmed by a simple theoretical description
employing optical matrix methods.
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1. Introduction

The high-harmonic generation (HHG) process converts electromagnetic radiation into integer
multiples of the fundamental frequency reaching EUV and soft x-ray wavelengths [1,2]. All in-
dividually quasi-monochromatic harmonics propagate collinearly with the incident laser beam.
In order to prepare a beam which contains only a few or even single harmonics, multilayer mir-
rors with a wavelength-selective reflectivity are commonly used [3, 4]. Similarly, a reflection
grating acts on the HHG beam by separating the harmonics into different diffraction angles [5].
Both techniques can be combined with curved surfaces to refocus the divergent HHG radiation
to a probe position. However, such devices are highly sensitive to slight misalignments of, e.g.,
the angle of incidence. As a result, aberrations lead to an increased focal spot diameter and a
reduced intensity. Moreover, the phase distribution becomes distorted, which limits the applica-
bility of the EUV radiation in phase retrieval applications such as coherent diffractive imaging.
This creates the need for a highly precise alignment of the involved optical elements.

Hartmann type sensors are known to be versatile tools for optics alignment in the visible and
UV spectral range [6, 7]. The wavefront distribution is derived from single exposures in terms
of a composition of specific aberrations. This allows for an online wavefront monitoring and
thus for an adjustment of the related optics in the beam path. Recently, similar applications have
been successfully demonstrated in the EUV range, too, where an ellipsoidal focusing optic is
aligned with an unprecedented precision [8, 9].

In this work, the propagation of single harmonics is studied after passing a toroidal grating
that combines spectral filtering and focusing. A Hartmann sensor captures the EUV wavefront
while the angle of incidence of the harmonic on the grating is varied. Here, already tiny varia-
tions lead to a significant impact, especially influencing the astigmatic aberration. Beyond the
experimental characterization, the observed effect is described theoretically by matrix methods.
Both methods agree well to each other and an optimum angle of incidence is found, at which
aberrations are minimized.

2. Experimental

The setup of the investigated HHG source is schematically depicted in figure 1. A titanium
sapphire laser generates ultra-short pulses of near-infrared radiation which are focused into
an argon filled capillary (pulse energy 0.5mJ, pulse length 40fs, center wavelength 800nm,
repetition rate 1kHz). In the noble gas, the highly non-linear HHG process results in odd har-
monics, measured up to the 51st order. After the conversion, the fundamental beam is absorbed
by a mesh-less aluminum filter of 200nm thickness, whereas radiation in the wavelength range
17nm . λ . 80nm is transmitted [10]. A toroidal grating generates a row of individual foci
for each harmonic (sagittal radius Rs = 104.9mm, tangential radius Rt = 1000mm, constant
groove density g = 550mm−1, focal length in 0. order ftor = 160mm, manufactured by Jobin
Yvon Inc.). In the −1. diffraction order, a slit allows for propagation of single harmonics while
all others are blocked. Within the scope of the present study, the 25th harmonic is selected,
corresponding to a wavelength of λ = 32nm.
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Fig. 1. Setup of HHG source with a single toroidal grating acting as monochromator. ~n
denotes the normal vector of the toroidal surface.

The Hartmann sensor is a combination of a CCD chip (1392× 1040 square pixels, size
6.5 µm, dynamic range 14bit) with a pinhole array in a distance of 95mm to the chip (pinhole
diameter 75 µm, pinhole pitch 250 µm). The detector is placed 1000mm behind the expected
focal position of the HHG beam. In order to accumulate a sufficient signal, an exposure time of
40s is selected.

The EUV beam is divided by the pinhole array into many small sub-beams, which then
individually propagate in the direction of the local Poynting vector, each producing a spot on
the CCD chip. The wavefront is then reconstructed by a comparison between the resulting
spot distribution and a reference distribution corresponding to a plane wave illumination with
Gaussian spots separated by 250 µm in the horizontal and vertical direction. Generally, this
pattern is approximated by an elementary wave as resulting from a small pinhole [8]. Here, due
to the low HHG intensity, the reference distribution had to be generated synthetically.

In case of coherent radiation, the information obtained by the Hartmann sensor allows for the
calculation of beam propagation parameters, e.g., the horizontal and vertical waist positions [8].
In the following, the distance between both positions ∆z, i.e. the waist difference, will be used as
a measure for the astigmatic aberration. A detailed description of the principle of the employed
sensor is found in [9, 11].

During online monitoring of the wavefront, the angle of incidence α between the HHG beam
and the normal of the toroid is increased in steps of ∆α = 0.05◦. The deflection angle β changes
according to the grating equation [12]

sinβ − sinα = mgλ , (1)

with the diffraction order m and groove density g. In the course of this alignment procedure,
the effective radius of the optic decreases in the tangential direction, and it increases in the
sagittal direction [13]. As a consequence, the beam experiences a stronger horizontal focusing
and a weaker vertical focusing. For a certain angle α0, both focal distances are equal to each
other and the foci coincide. A selection of three wavefronts captured at different angles α is
depicted in Figure 2.

Apparently, already small variations of the angle of incidence lead to a significant change of
the astigmatic aberration. The curvature of the wavefront indicates that at an angle of incidence
of α = 72.20◦, the beam is horizontally divergent and vertically convergent. At α = 72.95◦ the
situation appears reversed. Thereby, the astigmatic waist difference ∆z changes its value from
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Fig. 2. HHG wavefront of the 25th harmonic, measured at different angles of incidence α .
Tilt and defocus terms are subtracted, ∆z denotes the astigmatic waist difference.

27mm to −22mm. In between, at α = 72.65◦ the focusing of the optic is well balanced, and
∆z vanishes.

Obviously, the optimized wavefront is not entirely flat due to remaining higher order aber-
rations. A corresponding Zernike analysis reveals that the strongest contribution is given by
the coma aberration. In principle, this can be reduced by the use of apertures or schemes of
aberration-corrected setups [14,15] which involve several optical components. With both strate-
gies, the achievable flux reduces significantly. In contrast, there also exist aberration corrected
toroidal gratings which, for a certain wavelength, compensate also the coma aberration [16].

3. Theoretical description

In the following, the astigmatic waist difference ∆z(α) is theoretically estimated by matrix
methods and then compared to the experimental results.

The fundamental laser beam is taken to be Gaussian with a local diameter of 8mm before
being focused by the lens into the argon filled capillary (focal length 200mm). Thus, the diver-
gence is≈ 8/200= 40mrad and with M2 = 1, the focus diameter is derived to d0 = 25 µm [17].
The 25th harmonic is assumed to exhibit the same source diameter and a divergence which is
25 times smaller than that of the incident laser beam:

d0 = 25 µm
θ = 1.6mrad.

While a diffraction limited beam (M2 = 1) is a reasonable assumption for the fundamental,
this does not necessarily apply to the generated harmonics. In fact, the beam properties may
vary for different harmonic orders, depending, e.g., on the phase matching conditions [18].
Thus, the beam quality factor might be larger which would mainly lead to an increased waist
diameter after passing the toroid. However, for the following estimations of the waist difference
this plays a minor role and can therefore be neglected.

With the given beam properties, the HHG beam matrix

M0 =


〈
x2
〉
〈xy〉 〈xu〉 〈xv〉

〈xy〉
〈
y2
〉
〈yu〉 〈yv〉

〈xu〉 〈yu〉
〈
u2
〉
〈uv〉

〈xv〉 〈yv〉 〈uv〉
〈
v2
〉
 (2)

is derived at the source position, where all mixed moments vanish [19]. Now, ray transfor-
mation matrices as given in the appendix are applied to the beam matrix M0 corresponding
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Fig. 3. Astigmatic waist difference plotted as a function of the angle of incidence. The
theoretical curve ∆z(α) (solid blue line) lies slightly above the experimental values (blue
dots). With a shift of ∆α = −0.1◦, best agreement is obtained (dashed blue line). The
achievable irradiance Imax(α) is derived with respect to that coordinate shift.

to the experimental situation. First, M0 is propagated to the optic by Sprop(320mm). Then,
the toroidal grating Stg(α) acts on the beam and a subsequent propagation by Sprop(z) finally
yields the system matrix S (z,α) that transforms a beam M0 from the source position to a
distance z behind the optic:

S (z,α) = Sprop(z) ·Stg(α) ·Sprop(320mm)

M (z,α) = S (z,α) ·M0 ·S (z,α)T . (3)

Here, the beam matrix is propagated to the detector position z = 1320mm. With
M (1320mm,α) the waist positions z0,x(α) = −〈xu〉/〈u2〉 and z0,y(α) = −〈yv〉/〈v2〉 are de-
rived, and the astigmatic waist difference ∆z(α) = z0,x(α)− z0,y(α) is computed. The resulting
function ∆z(α) is depicted in figure 3 as a solid blue line together with the values resulting from
the measured wavefronts.

The theoretical waist difference ∆z(α) appears slightly above the experimental values. Al-
though the relative angle of incidence is adjusted very precisely, its absolute value might con-
tain a small error. A least squares fit routine results a deviation of ∆α = −0.1◦. The resulting
shifted function ∆z(α −∆α) is plotted in figure 3 in dashed style revealing good agreement
with the measurement. The angle of incidence for a vanishing waist difference is derived to
α0 = 72.69◦. It is expected that for this angle the beam is focused into the smallest beam area.
In the following, the achievable intensity depending on the angle of incidence is estimated in
arbitrary units.

From matrix M (z,α), the local beam diameters dx(z,α) and dy(z,α) are derived. Approxi-
mating the beam area A(z,α) = π

4 dx(z,α)dy(z,α) by an ellipse, the mean irradiance at position
z is I(z,α) = P0/A(z,α) with an arbitrary beam power P0. For a specific angle of incidence α ,
the position zmax is derived which yields the maximum value of I(z,α). This achievable irradi-
ance Imax(α) is depicted together with the astigmatic waist difference in figure 3 including the
coordinate shift ∆α .

As expected, the highest photon flux is obtained for an angle of incidence of α0 = 72.69◦,
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where the astigmatic aberration disappears. It is evident that already a small misalignment of
0.5◦ reduces the achievable intensity by 50% which renders this alignment relevant for imag-
ing applications. Furthermore, phase distortions of the illumination function are minimized.
With respect to coherent diffractive imaging experiments, this is mandatory: a successful re-
construction of phase objects can only be achieved if the phase distortions of the probe beam
are negligible with respect to the sample.

4. Conclusion

With a Hartmann type wavefront sensor, the EUV beam transport is investigated at an HHG
setup, where a toroidal grating achieves both spectral filtering and focusing. In an online
adjustment, it is demonstrated that already small misalignments of the angle of incidence
between EUV beam and toroidal grating lead to significant aberrations and a corresponding
loss of intensity. A theoretical approach corroborates the results. For future phase retrieval
experiments, this procedure is crucial in order to achieve a flat phase distribution at the sample
position, effectively reducing reconstruction errors.

Appendix

The following ray propagation matrices are employed in this work [19, 20]:

Sprop(z) =


1 0 z 0
0 1 0 z
0 0 1 0
0 0 0 1

 ; Stg =


cosβ

cosα
0 0 0

0 1 0 0
− 2

R′t
0 cosα

cosβ
0

0 − 2
R′s

0 1

 (4)

where, z is a propagation distance, α and β are incidence and deflection angle relative to the
gratings normal vector, and R′t and R′s are the effective tangential and sagittal radius, which are
defined as

R′t =
2cosα cosβ

cosα + cosβ
Rt ; R′s =

2
cosα + cosβ

Rs (5)

with the tangential and sagittal radius Rt and Rs.
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