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The MAC end-station at the ELI Beamlines facility is a multipurpose user’s station for atomic, molec-
ular, and optical sciences and coherent diffractive imaging. The technical design of the station, the
available instruments, and an overview of the whole beamline have been published in Eur. Phys. J.
Spec. Top. 230, 4183 (2021). Here, we address ongoing upgrades of the MAC end-station that will pro-
vide users with advanced capabilities for beam manipulation and electron/ion detection. The upgrades
include (i) the installation of a beam preparation chamber in front of the MAC chamber, (ii) a magnetic
bottle electron spectrometer with high collection and detection efficiency and high energy resolution,
and (iii) an event-driven TPX3CAM detector for velocity map imaging spectrometer, which provides
both spatial and temporal information for each pixel. We present results from the first commissioning
measurements with these instruments, confirming their performance for state-of-the-art experiments in
atomic, molecular, and optical sciences.
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1. Introduction

High harmonic generation (HHG) is a well-
established technique to produce coherent extreme
ultraviolet (XUV) radiation with excellent proper-
ties, such as high temporal and spatial coherence,
femtosecond pulse duration, high intensity, synchro-
nization with other laser beams, and the possibil-
ity to select a single harmonic by a monochroma-
tor [1–4]. The applications of femtosecond high har-
monics include time-resolved studies of chemical
processes [5–7], tracking and controlling ultrafast
electron dynamics in atoms [8, 9], probing chiral
molecules in the gas phase [10], or investigations
of transient phenomena in nanoscale quantum sys-
tems [11–15].

The HHG beamline at ELI Beamlines facility
near Prague, Czech Republic [4, 14], is primarily
driven by an in-house L1 laser (central wavelength
830 nm, pulse duration 15 fs, energy per pulse up
to 100 mJ, repetition rate 1 kHz [16]) and pro-
vides XUV pulses in the photon energy range of
20–100 eV for user experiments in different research
areas. We address the user end-station MAC at
the HHG beamline — a multipurpose station for
atomic, molecular, and optical sciences (AMO) and
coherent diffractive imaging (CDI) [17]. At MAC,

the HHG beam synchronized with an auxiliary laser
beam is used to unveil ultrafast electron and ion dy-
namics in low-density targets, such as atoms [9, 18],
molecules, helium nanodroplets [14, 15], or nanopar-
ticles [19]. Moreover, CDI studies on solid targets
are possible at MAC [20]. The technical design of
the MAC station, available beams, sample delivery
systems, and diagnostics have been described in de-
tail in [17].

To advance experiments at the MAC end-station
and provide the user community with additional ca-
pabilities, several upgrades are currently underway.
First, a new beam preparation chamber (so-called
B4MAC) will be installed to offer more complex
options for the manipulation and focusing of the
beams. A magnetic bottle electron spectrometer
(MBES), currently being commissioned, will pro-
vide high collection and detection efficiency of ions
and electrons, high energy resolution, and an op-
tion for coincidence electron–ion detection. Finally,
the current velocity map imaging (VMI) spectrom-
eter has been upgraded with a TPX3CAM detec-
tor to enable fast and efficient spatial and temporal
signal acquisition. In this contribution, we describe
these upgrades, show the results of the first mea-
surements, and discuss the user-access policies at
the ELI Beamlines facility.
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2. MAC end-station upgrades

An overview of the MAC end-station with dif-
ferent diagnostics instruments is shown in Fig. 1.
The large rectangular chamber on the left is the
B4MAC chamber for focusing and manipulation
of multiple beams. The diagnostic instruments on
MAC are MBES, VMI, and XUV spectrometers.
Apparatuses for sample delivery (molecular beam
or cluster source) are not shown; they are normally
installed in a horizontal orientation. The setup is
modular and can be adjusted for a specific user
experiment.

2.1. Beam preparation chamber B4MAC

For time-resolved experiments at the MAC end-
station, an XUV beam is overlapped with a syn-
chronized auxiliary beam in MAC. The auxiliary
beam can be the fundamental with a wavelength
of around 800 nm or its second or third harmonic.
In the current setup, XUV beam forward-focusing
with an ellipsoidal mirror [9] and XUV beam
back-focusing with a spherical mirror [14] have
both been implemented. Pump–probe experiments
have been performed with the forward-focusing
setup. CDI has been performed inside the MAC
chamber.

To offer more options and more space for beam
manipulation and focusing, a B4MAC beam prepa-
ration chamber with a decoupled optical bread-
board will be installed (Fig. 2). Focusing geometries
possible with B4MAC include:

1. XUV forward-focusing with ellipsoidal mir-
ror, typically after the beam passes the
monochromator. XUV focal spot size is
around 35 × 50 µm full width at half max-
imum. Auxiliary beam(s) can be coupled
collinearly or at a small angle with the XUV
beam.

2. XUV back-focusing with off-axis parabola; fo-
cal spot size of a few micrometers. This geom-
etry is foreseen to be utilized mainly for CDI
on solid targets in the B4MAC chamber, pro-
viding enough space for CDI setup with diag-
nostics.

3. Two XUV beam experiments (anticipated in
the future).

4. XUV back-focusing with a spherical mirror in
MAC (not shown in Fig. 2). Focal spot size
can be as small as ∼ 1 µm. In this case, the
multilayer spherical mirror is placed inside the
MAC chamber. Different coatings can be used
depending on the users’ needs.

Moreover, thanks to many useful ports on the
B4MAC chamber and a large optical breadboard
decoupled from the vacuum system, custom user-
specific geometries can be implemented there.

2.2. Magnetic bottle electron spectrometer

To offer high electron energy resolution and high
collection efficiency, an MBES for the MAC end-
station is now being commissioned. It has been de-
veloped and commissioned in collaboration with the
group of Raimund Feifel, University of Gothenburg,
Sweden, and is based on the design presented in [21].
The main components of the MBES are a strong
permanent magnet placed close to the interaction
region, followed by a flight tube and a microchan-
nel plate (MCP) detector (Fig. 3). The permanent
magnet creates a strong magnetic field that collects
basically all electrons emitted in the 4π solid angle.

The electron flight tube is surrounded by a
solenoid to guide electrons on their way to the MCP
detector. The length of the flight tube of 2 m ensures
a high spectral resolution. An optional electrostatic
lens assembly can be attached to the flight tube
for high-resolution ion detection. The MCP detec-
tor (Hamamatsu, model F9892-31) has an open area
ratio of more than 90%, leading to a large detection
efficiency.

An example photoelectron spectrum from the
commissioning experiments in Gothenburg is shown
in Fig. 4. In this measurement, atomic Xe was ion-
ized by a laser with a photon energy of 4.8 eV
(4th harmonic of 1030 nm laser), 160 fs pulse dura-
tion, and a repetition rate of 3 kHz. The two pho-
toelectron lines originate in 3-photon ionization of
the Xe atom from its 5p1/2 and 5p3/2 states, re-
spectively. The measured spacing between the lines
corresponds to the spin–orbit splitting of the Xe
5p shell. From the full width at half maximum of
the 5p3/2 line, one can infer a spectral resolution
of about E/∆E = 60 in this photoelectron energy
range.

Fig. 1. Schematic view of the MAC end-station
with different diagnostics instruments. Sample de-
livery systems are not shown.
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Fig. 2. Schematics of the B4MAC and MAC chambers with the XUV and auxiliary beams. For a description
of different geometries (1–3), see the text.

Fig. 3. A schematic drawing of the magnetic bot-
tle electron spectrometer in the electron-only con-
figuration. Electrons are confined by the combined
magnetic field of the permanent magnet and the
solenoid and fly through the flight tube to the MCP
detector.

MBES can be operated in two primary configura-
tions, namely electron detection only, or electron–
ion coincidence. In the latter setup, electrodes for
ions and an ion detector are added to the instru-
ment [22]. Pulsed voltages are used to extract ions
after the electrons leave the interaction region (i.e.,
around 100 ns after ionization). Xe ions detected
in coincidence with electrons are shown in the inset
of Fig. 4. Six Xe isotopes are resolved. The seventh
Xe isotope with a mass of 130 amu with an abun-
dance of 4% is in the tail of 129 amu isotope. The
MBES will be installed on the MAC chamber in a
vertical orientation and will provide an efficient tool
for electron spectroscopy and simultaneous electron
and ion detection.

2.3. VMI spectrometer with TPX3CAM

The VMI spectrometer at the MAC end-station
(Eppink and Parker design [23], manufactured
by Photek) has been originally equipped with a
CMOS camera (IDS, 166 frames per second). While

Fig. 4. Photoelectron spectrum measured with
magnetic bottle electron spectrometer. Xe atoms
were ionized with an intense laser (photon energy
4.8 eV, repetition rate 3 kHz, pulse duration 160 fs).
Photoelectrons created by 3-photon ionization of Xe
5p1/2 and 5p3/2 states are indicated. Inset shows
Xe+ ion mass spectrum detected in coincidence
with electrons. Individual Xe isotopes are indicated.

providing high collection efficiency and good en-
ergy and angular resolution, the data acquisition
speed is limited by the camera readout, and gating
is needed to detect specific ion species. An upgrade
of the VMI consists of replacing the CMOS camera
with an event-driven TPX3CAM detector (Amster-
dam Scientific Instruments) [24, 25]. TPX3CAM is
based on Timepix3 chip technology, where each hy-
brid pixel of the detector records both the intensity
(related to time-over-threshold (ToT)) and time-of-
arrival (ToA) of each event.

Employing TPX3CAM, one can simultaneously
detect the time-of-flight spectrum (mass spec-
trum) and a velocity map image of each ion
species. Thus, images of all ion species can be
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Fig. 5. Example of TPX3CAM pixel data. Elec-
trons emitted from background gas in the MAC
chamber ionized with an intense NIR beam at
a 1 kHz repetition rate were detected. (a) Zoom
on a ∼ 40 ms measurement displaying the ToT of
each pixel. (b) Same image as in (a) but showing
ToA. Times of arrivals of several hits are indicated
next to them.

recorded simultaneously, allowing for coincidence
or covariance analysis to give complete informa-
tion on the fragmentation pathways of the sys-
tem under study [26, 27]. The ToA time bin
of 1.56 ns is sufficiently small to resolve ion time-
of-flight well, but becomes limiting for 3D electron
detection.

An example measurement with TPX3CAM is
shown in Fig. 5. Background gas in the MAC cham-
ber was ionized by an intense near-infrared (NIR)
laser beam at a 1 kHz repetition rate, and elec-
trons were detected by the VMI spectrometer with
TPX3CAM. TPX3CAM readout is event-based, so
only hits arriving at the detector are registered, re-
sulting in efficient data storage. For each event, both
the ToT (proportional to the intensity, Fig. 5a) and
ToA (Fig. 5b) are registered. One can see that the
arrivals of different hits are spaced by 1 ms, cor-
responding to electrons created by different laser
shots at the 1 kHz repetition rate. This measure-
ment confirms the operation of TPX3CAM with

the VMI spectrometer, detecting both spatial and
temporal information and offering fast and efficient
data acquisition.

3. User access

The MAC end-station is a part of the ELI Beam-
lines facility [28], operated within the Extreme
Light Infrastructure ERIC [29]. The ELI Beamlines
facility is a user center providing access to high-
power, high-repetition-rate laser systems and sec-
ondary sources. Access to the ELI Beamlines facil-
ity is free, competitive, and open to the interna-
tional user community. Proposals are evaluated by
international peer-review panels composed of inde-
pendent peer reviewers. To find more information
and apply for beamtime, visit the ELI ERIC user
portal [29].

4. Conclusions

The MAC end-station is a multipurpose, mod-
ular instrument for a wide user community in
the field of AMO sciences and CDI. It is op-
erational and open for user access. Several ex-
periments at MAC have already revealed intri-
cate fast processes in atoms [9, 18], molecules, he-
lium nanodroplets [14, 15], and nanoparticles [19].
We have presented ongoing upgrades of the MAC
end-station, i.e., a B4MAC chamber for complex
beam manipulation, an MBES for efficient and well-
resolved electron detection, and a TPX3CAM on
VMI spectrometer for simultaneous time and posi-
tion data acquisition. The presented results demon-
strate the functionality of these instruments, offer-
ing state-of-the-art technology for complex investi-
gations.
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