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Abstract: A new monochromator with high spectral resolution in the extreme ultraviolet (XUV)
has been developed for high-order laser harmonics selection. The system has three optical
elements—a cylindrical (or spherical) focusing mirror, a uniform-line-spaced plane grating, and
a plane mirror. The last element is required to maintain the focus on a fixed vertical slit when
the grating subtended angle is changed in order to minimize the spectral defocusing aberration.
The parameters of the focusing mirror are determined to introduce a coma that compensates for the
coma given by the grating. The possibility of using two interchangeable gratings made the set-up
optimized for a broad energy range of 12–50 eV. As a design test case, the set-up has been applied to
a selection of the discrete spectral lines emitted by a gas-discharge lamp as the XUV source, obtaining
a resolving power E/∆E > 3000.

Keywords: high-order harmonic generation; ultrafast pulses; extreme ultraviolet; high resolution;
monochromators

1. Introduction

The recent upgrade of high-harmonic (HH) generation in gases towards repetition rates of
50–100 kHz (10–200 µJ pulse energy), obtained with conventional Ti:Sapphire fs laser amplifiers,
allowed a reduction of the single-pulse photon flux with the benefit of reduced experimental
data acquisition time, and mitigates undesired phenomena such as photoelectron space-charge
effects revealed during time-resolved pump–probe experiments on solid samples [1–3]. Moreover,
a recently used solution adopted an amplified Yb-doped fiber laser system operating at MHz
repetition rates to seed an fs enhancement cavity, able to emit almost monochromatic pulses
[4–6]. Although the obtained intrinsic narrow-bandwidth allows time-resolved angle-resolved
photo-emission spectroscopy (TR-ARPES) studies of transition metals and other materials with small
lattice constants (such as graphene), a bandwidth as low as few tens of meV is required to discern
the electronic structure. This property can be achieved by means of synchrotron beamline setups
[7] or plasma lamps [8] and can be extended to HHs generation with high-repetition laser drivers.
The tunability requirement among different harmonics in a broad spectral range, i.e., from 10 to 100 eV
can be satisfied with a grating monochromator as the output coupler at generation side.

For these purposes, a grating monochromator with high energy resolution, i.e., below 20 meV
bandwidth, has been realized using an innovative cost-effective design. Different from low-resolution
monochromators for HHs [9], in addition to the exit slit, an entrance slit is provided in order to have a
reliable energy calibration almost independent from the source alignment [10,11].
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Spherical-grating monochromators (SGM) made up of a single optical element are widely adopted
for third-generation synchrotron sources, achieving resolving powers greater than 104 [12,13]. In the
SGM configuration, the grating-to-exit-slit distance can be varied to achieve focus and the grating
subtended angle is fixed, constantly maintaining the efficiency behavior of the system. Microscopy
applications need to achieve focus at fixed entrance and exit arms, therefore SGM are made up of a
preliminary plane mirror before the spherical grating between the entrance and exit slit in order to
change the subtended angle and avoid defocusing [14]. The configuration presents some limitations
given by the fact that optimum efficiency is reached at one wavelength for each grating, and as for the
standard SGM it has the problems of a limited tuning range per grating.

Plane grating monochromators (PGM) require a more complex optical design, i.e., the use of
one or more additional mirrors [15,16]. The resolving power decreases in a slower way with the
increasing energy with respect to the SGM, that is proportional to E1/2. Moreover, the subtended
angle falls rapidly as the photon energy decreases, which is a required condition for maximizing the
efficiency and obtaining a wide tuning of the subtended angles. Different solutions have been adopted
from the original SX700 system proposed by Petersen which performs subtended-angle control and
exit-slit focusing by means of, respectively, a plane mirror placed before and a focusing mirror (ideally
elliptical) placed after a constant line-space (CLS) plane grating [17]. Some of them are—a CLS grating
plus a rotating concave (spherical) mirror [18], a variable line-space (VLS) grating plus a fixed concave
mirror [19], and a VLS grating plus a rotating–translating plane mirror [20]. The requirement of VLS
gratings or elliptical mirrors, for which parameters have to be specifically conceived for the application,
make these layouts unfeasible with standard optics.

In this paper, we demonstrate the use of an optical configuration which originates from the
variable-line-spaced (VLS) grating monochromator, that uses a plane VLS grating illuminated by the
light converging from a concave focusing mirror and diffracts the radiation toward the exit slit. Even
if only two optical elements are required, it uses a VLS grating—for which parameters have to be
specifically designed to keep the spatial and spectral focus fixed on the slit plane and to perform
high-order aberrations correction at a specific wavelength—therefore, it is a very expensive component.
In order to obtain a cost-effective design, the configuration has been modified for use with standard
plane gratings, i.e., a plane grating is illuminated by the light converging from a focusing mirror. Here,
similar to PGM, the spectral focus is kept on the exit slit plane by changing the grating subtended
angle, by means of an additional plane mirror. Once the spectral focusing has been achieved, the main
aberration introduced by the grating is the coma. In the present design, the geometrical parameters of
the focusing mirror are chosen to have the coma from the grating compensated by the opposite coma
given by the focusing mirror, which is specially used in a very asymmetrical configuration [21].

Minimization of aberrations, resolution, and throughput performances of the realized
three-elements configuration are presented, demonstrating the good performance of the
monochromator despite of the use of simple optical components, which are available on the market
with high optical quality, although at modest prices.

2. Monochromator Design and Realization

2.1. Optical Design

The monochromator covers a broad spectral range through the selection of one among two
or more interchangeable plane gratings (PGs), illuminated along the direction perpendicular to the
grooves by the converging rays coming from a focusing cylindrical mirror (CM). The diffracted light is
then reflected by a plane mirror (PM) toward a vertical exit slit acting as the filtering element. The PM
optic can translate and rotate—this is required to maintain the spectral focus at the same position of
the slit plane when the grating subtended angle is changed. A schematic layout of the design is shown
in Figure 1. The realized configuration only cares for the tangential focus (i.e., on the plane of the
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spectral dispersion) provided by the CM. In the sagittal direction (i.e., perpendicular to the tangential
one) the rays are assumed to be collimated by a preliminary mirror, as explained in Section 4.

Plane grating 

αM

Cylindrical mirror

Exit slit 

Mirror focus
Grating virtual source 

k λ

k = αG - βG 

αG > 0
βG < 0

Entrance slit 

Plane mirror

βGαG
αP

qG = q1 + q2 
qM = D + pG 

pM D 
q1

 

q2 

pG 

Figure 1. Tangential layout of the monochromator referred to the dispersion (spectral plane).
The cylindrical mirror focus is placed after the grating. In order to maintain the final focal point
at the same position, a variation of the grating subtended angle and the related translation and rotation
of the plane mirror are required.

For each wavelength of interest, tangential aberrations on the focal plane must be minimized to
obtain a high resolution. The condition to have the spectral focus on the slit plane is

cosαG
cosβG

= const., (1)

where αG and βG are the grating incidence and diffraction angles, respectively. This condition must be
fulfilled for each wavelength within the spectral interval of operation and can be expressed in terms of
the grating subtended angle k = αG − βG as
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where σ is the groove density, m is the internal diffraction order (m ≥ 0), and pG and qG are, respectively,
the entrance and exit arms of the PG, as reported in Figure 1.

From Equation (2), the subtended angle k is calculated for each wavelength of interest and changed
by translating the PM along an axis parallel to the beam output direction and rotating it around an
axis passing through its center, as reported in Figure 2b. The variation of the length of qG due to the
translation of the plane mirror, i.e., the variation of the distance between the grating and the exit slit is
almost negligible at grazing incidence.

(a) (b)

Focusing mirror

Plane gratings

Plane mirror

Figure 2. (a) External and (b) internal view of the three-elements monochromator vacuum chamber.

Tangential coma is the second main undesired aberration once the spectral defocusing has been
corrected. This specific design allowed us to select the entrance arm pM of the CM to have the coma
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given by the grating compensated by the coma that is specifically introduced by the mirror. Reference
[21] shows that the condition for coma compensation at the specific wavelength λC is given by

pM =

(
qG

cos2 αG,λC

cos2 βG,λC

+ D

)1 + AλC

(
qG

cos2 αG,λC

cos2 βG,λC

+ D

)−1
− 1

2

, (3)

where D is the mirror-to-grating distance, and αG,λC and βG,λC are the grating incidence and diffraction
angles at the wavelength λC, respectively. The coefficient AλC is given by

AλC = 2qG
1

tan αM

cos3αG,λC

cos4βG,λC

(
sinβG,λC + sinαG,λC

cos2 βG,λC

cos2 αG,λC

)
. (4)

The output bandwidth at full-width-at-half-maximum (FWHM) is defined as

∆λFWHM =
cos βG
mσqG

WOUT , (5)

where WOUT is the exit slit aperture. The optimal condition for no loss of flux is obtained by the
following relation between the entrance and exit slits apertures

WOUT = WIN

(
qM
pM

)(
qG
pG

)(
cos αG
cos βG

)
, (6)

where the three multiplication factors which give the projection of the entrance slit to the exit slit plane
are, respectively: The mirror magnification (qM/pM), the grating magnification (qG/pG), and the
grating anamorphic factor (cos αG/ cos βG).

2.2. Parameter Selection

The design has been demonstrated in the 12–50 eV region. Two gold-coated gratings manufactured
by Newport-Richardson GratingsTM were used, respectively, with 600 gr/mm (G1) and 1200 gr/mm
(G2), both of them with 5.2◦ nominal blaze angle. The coma-correction energies EC = hc/λC were 20.6
eV (60 nm) and 41.3 eV (30 nm), respectively, for G1 and G2. The subtended angle at EC was selected
equal to 156◦.

Further parameters, such as the grating output arm qG, the mirror-to-grating distance D, and the
CM incidence angle αM were selected to satisfy both spectral bandwidth (Section 3.3) and compact
realization requirements. Monochromator parameters are reported in Table 1.

Table 1. Parameters of the monochromator.

Entrance Slit Dimensions 35 µm × 1 mm
Focusing Mirror Gratings G1−G2 Plane Mirror
pM 675 mm pG 363 mm q1 range 60–200 mm
qM 478 mm qG 2070 mm q2 range 1870–2010 mm
αM 87◦ k range 149◦–158◦ αP 77.5◦–82◦

RM (tang. radius) 10,700 mm G1 groove density 600 gr/mm
G1 energy range 12–25 eV

G2 groove density 1200 gr/mm
G2 energy range 25–50 eV

D 115 mm

Once the geometrical design was defined, the subtended angles (reported in Figure 3) and the
FWHM energy bandwidth ∆EFWHM = E∆λFWHM/λ were calculated, from Equations (2) and (6),
respectively, for the entire spectral range of the two gratings.

The entrance slit width was set to about 35 ± 3 µm, which is the typical width of a HHs source,
with the laser focused tightly to reach sufficient intensity to ionize the gas [22].



Appl. Sci. 2019, 9, 2502 5 of 11

10 15 20 25 30 35 40 45 50

140

145

150

155

160
EC= 20.6 eV EC= 41.3 eV

Energy (eV)

Su
bt

en
de

d
an

gl
e

k
(d

eg
re

es
)

Focusing G1

Max. efficiency G1

Focusing G2

Max. efficiency G2

Figure 3. Comparison between the subtended angles for focusing condition and maximum efficiency.

3. Characterization Results

3.1. Spectral Characterization

The spectral characterization of the monochromator was performed using the discrete emission
lines in the 12.4–50 eV energy range of a gas-discharge lamp (filled with different noble gases—He,
Ne, and Ar). A vacuum level of 9× 10−6 mbar was maintained inside the monochromator chamber,
even when the gas-discharge lamp was turned on. All the measurements were performed using a
cooled CCD camera detector (Princeton Instruments PIXIS) with low read-out noise (3e− rms), placed
in the image plane, i.e., with the exit slit completely open, in a spectrometer fashion. The CCD format
was 1340× 1300 pixels, with 20 µm × 20 µm pixel size, determining the resolution of the detection.
The evaluation of the tangential defocusing aberration was performed by a Gaussian interpolation of
the acquired CCD spectral image, before and after a variation of k from its nominal position (associated
to a specific photon energy) of 0.2◦ and 0.4◦. In Figures 4 and 5, the emission lines of He I (1s2 → 1s2p)
at 21.22 eV and He II (1s→ 2p) at 40.82 eV are shown.
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Figure 4. Line profile for k variation of 0.2◦ and 0.4◦ at 21.22 eV, G1 grating.
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Figure 5. Line profile for k variation of 0.2◦ and 0.4◦ at 40.82 eV, G2 grating.

By applying Equation (6), we calculate an image width of 58 µm with a 35 µm entrance slit
in the entire spectral range. The expression accounts for only the entrance slit magnification and
not for residual aberrations. The typical width of the spectral lines at the optimum angle is in the
range 60–65 µm, confirming the correction of defocusing and coma given by the design. The residual
mismatch between theoretical and measured values is mainly due to the uncertainty on the width of
the entrance slit.

3.2. Comparison with Simulations

A comparison between the obtained CCD image widths in the tangential direction and the
ray-tracing simulation results [23], performed with a source placed immediately before the entrance
slit (assuming an angular half-divergence of 2.5 mrad × 2.5 mrad), has been performed. From
Equation (5), this configuration allows for maintaining a constant value Mt = 1.67 for the entrance
slit magnification on the image plane within the entire spectral range. Therefore, only aberrations are
responsible of a change in the image width when changing the energy. When we are not selecting EC,
we have no defocusing, therefore the main aberration to consider is the tangential coma.

As represented in Figure 6, at the two edge energies of G1 some coma appears, as can be seen from
the slightly asymmetrical images at 12 eV and 25 eV, although the width at FWHM is almost constant.
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Figure 6. Ray-tracing results of the entrance slit projected to the output for the values given in Table 1
(G1 grating). (a) Image shape for three different energies and (b) width in the tangential direction.
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In Figure 7, the CCD acquired images at 13.48 eV (Ar II), and 21.22 eV (He I) emission lines are
reported for the same grating. Coma aberration is not evident.
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Figure 7. Acquired CCD images at the image plane of two emission lines selected by the G1 grating.
(a) 13.48 eV; and (b) 21.22 eV.

3.3. Resolution of the Instrument

The output bandwidth ∆EFWHM of a monochromator depends on both the widths of the entrance
and exit slit. As the exit slit width is decreased, the effective bandwidth will generally decrease. If the
exit slit is narrower than the projection of the entrance slit, the exit-slit-width will not reduce the
bandwidth appreciably. This situation is undesirable in that diffracted energy is lost (the peak relative
intensity is low) since the exit slit is too narrow to collect all of the diffracted light at once. The opposite
situation is also undesirable, since the FWHM is excessively large (or, similarly, an excessively wide
band of wavelengths is accepted by the wide slit). Therefore, the situation is optimal when the exit slit
width matches the width of the spectral image, the relative intensity is maximized while the FWHM
is minimized.

The measured spectral widths are reported in Table 2 and Figure 8 for the discrete spectral lines
emitted by the source. The resulting spectral bandwidth is below 10 meV, with a ∼60 µm wide
projection of the entrance slit. The measured values are best fitted assuming a 37 µm wide input slit,
which is well within the uncertainty of the slit mounting.
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Figure 8. Full-width-at-half-maximum (FWHM) bandwidth measured on the exit slit plane (dot-points)
and theoretical best-fit assuming a 37 µm entrance slit (solid lines).
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Table 2. Widths of the spectral lines measured on the exit slit plane.

Energy (eV) Grating Type WOUT (µm) ∆E (meV)

13.48 G1 60 2.5
16.67 G1 70 4.0
21.22 G1 60 5.0
26.91 G2 65 5.4
40.82 G2 60 9.5

3.4. Overall Efficiency

The efficiencies of the optical elements of the configuration (i.e., focusing mirror, plane grating,
and plane mirror) were measured in the 12–62 eV region at the Circular Polarization (CiPo) beamline at
ELETTRA Synchrotron [24]. The total efficiency of the instrument, defined as the product of the grating
diffraction efficiency and the mirrors reflectivity was measured. As shown in Figure 9, the efficiency
of the monochromator for s-polarized light is in the 8–15% (in percentage) range. The efficiency of
gratings is between 13–27%. The theoretical efficiency for p-polarized light was obtained by combining
simulations with s-polarization experimental results. During the measurements, for each photon
energy, the two gratings performed the spectral selection at the subtended angle k for which the
tangential defocusing is corrected. In order to retrieve the efficiency, the optics were positioned on an
X-ray reflectometer [25] which was installed at the output of the beamline.

Given that the grating was used at a variable subtended angle, the loss of efficiency due to the
introduction of the additional plane mirror was almost recovered because it was maintained close to
the blaze condition of maximum efficiency during the full wavelength scan (as represented in Figure 3).
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Figure 9. Experimental total efficiency of the monochromator for s-polarized light (dashed) and
theoretical for p-polarized light (solid). For each measurement, the subtended angle has been selected
to satisfy the tangential focus condition.

4. Application to HHs Selection

As schematized in Figure 10, the high vacuum chamber containing the entire monochromator
set-up, made up of three optical elements, can be used for high-resolution applications dedicated
to pump-probe IR-XUV experiments. After HHs gneration, a preliminary toroidal mirror TM1 with
equal entrance and exit arms (1:1 configuration) in order to minimize aberrations, was used for the
XUV-beam focusing on the entrance slit in the tangential (dispersion) direction. Similarly, after the
monochromator exit slit, the toroidal mirror TM2 in the XUV-IR recombination chamber acts as a
focusing mirror to the experimental apparatus. The output arm has to be long enough to accommodate
such a chamber. In addition, this mirror is operated in the 1:1 configuration. The total length of the
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high-resolution monochromator set-up (between entrance and exit slit) is about 3 m. The focus in the
plane parallel to the slits, i.e., the sagittal plane, is assured by a suitable choice of the sagittal radii of
the two toroidal mirrors—the first mirror TM1 collimates the source beam in the vertical direction and
the second mirror TM2 focuses it. These mirrors are assumed to be operated at incidence angles grater
than 86◦ in order to have high reflectivity and high insensitivity to the polarization of the incoming
light. The arms are chosen typically equal to 700 mm for both mirrors, in order to avoid a degradation
of TM1 caused by a high XUV flux.

 20-50 fs pulse duration
   50-100 kHz rep. rate
 20-100 μJ pulse energy

BS

Gas jet

HHs generation
      chamber Entrance

    slit 

 Ti:Sapphire
 Laser driver 

Exit 
 slit 

Tangential focusing
        chamber

High-resolution monochromator set-up

XUV-IR recombination
           chamber 

Experimental
   apparatus

TM1

CM

PG1, PG2

PM

TM2

FL

FL

RM

Tangential plane

Delay line 

Figure 10. Top-view schematic representing the insertion of the high-resolution monochromator
within a high-repetition rate beamline dedicated to pump–probe experiments. The system includes a
laser system and optics, the XUV beamline, and the IR delay-line. BS, beam splitter; FL, piano-convex
focusing lens; TM1, tangential focusing and sagittal collimating toroidal mirror; CM, tangential focusing
cylindrical mirror; PG1-PG2, interchangeable rotating plane gratings; PM, rotating–translating plane
mirror; TM2, tangential focusing and sagittal focusing toroidal mirror; RM, IR recombination mirror.

5. Conclusions

The performance of a three-elements grazing-incidence monochromator designed for high spectral
resolution HHs experiments are presented. The optical configuration uses a plane grating illuminated
by the light converging from a concave focusing mirror. The set-up maintains the spectral focus in a
fixed position on the output-slit-plane by changing the subtended angle on the grating. The realized
monochromator works in the 12–50 eV region. An output bandwidth lower than 10 meV has been
achieved in the whole region of operation. When compared with synchrotron PGMs, for which the
working range is between 60–410 eV, comparable performances in terms of resolution (5000–20,000)
and efficiency have been obtained. The peculiarity of this design is related to the cost-to-benefit ratio.
Since all the optical components used in the monochromator are available on the market with high
optical quality and modest prices, the configuration can be useful for cost-effective instrumentation,
both on synchrotron beamlines and on novel laboratory-based applications using HHs sources at
high-repetition rates.
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