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Abstract: We present a highly flexible and portable instrument to perform pump-probe spectroscopy
with an optical and an X-ray pulse in the gas phase. The so-called URSA-PQ (German for ‘Ultraschnelle
Röntgenspektroskopie zur Abfrage der Photoenergiekonversion an Quantensystemen’, Engl. ‘ultrafast
X-ray spectroscopy for probing photoenergy conversion in quantum systems’) instrument is equipped
with a magnetic bottle electron spectrometer (MBES) and tools to characterize the spatial and temporal
overlap of optical and X-ray laser pulses. Its adherence to the CAMP instrument dimensions allows for
a wide range of sample sources as well as other spectrometers to be included in the setup. We present
the main design and technical features of the instrument. The MBES performance was evaluated
using Kr M4,5 NN Auger lines using backfilled Kr gas, with an energy resolution ∆E/E  1/40 in the
integrating operative mode. The time resolution of the setup at FLASH 2 FL 24 has been characterized
with the help of an experiment on 2-thiouracil that is inserted via the instruments’ capillary oven.
We find a time resolution of 190 fs using the molecular 2p photoline shift and attribute this to different
origins in the UV-pump—the X-ray probe setup.
Keywords: X-ray probe; molecular dynamics; gas phase electron spectroscopy

1. Introduction
Photoexcited molecules channel the energy of light into different energetic degrees of freedom,
such as vibrational energy, charge transfer and rearrangement of chemical bonds. This process is
fast and complex, and often happens in a way that cannot be described within the framework of
the Born-Oppenheimer approximation (BOA) [1–4]. In fact, many relevant photoinduced molecular
changes, such as retinal isomerization in vision [5], bacterial light harvesting, as well as nucleobase
photoprotection [6–9] happen on an ultrafast timescale as non-BOA processes. In order to better
understand the molecular dynamics, a close comparison of simulations and experiments is extremely
fruitful. Using small and isolated chromophores is advantageous for quantitative comparisons
of experiments to simulations, the latter can be performed using the highest level of electronic
structure methods under these constraints. Moreover, in the gas phase, experiments can use rather
powerful spectroscopic methods for charged particles including highly differential coincidence
experiments [10,11]. In addition, quantum manipulation such as molecular nonadiabatic, field-free
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alignment [12,13] and quantum state-selection [14] to prepare specific molecular target states are
possible in the gas phase.
X-ray probing of molecular dynamics offers substantial new opportunities complementary to
well-established optical pump-probe methods. The X-ray-matter-interaction is element selective
due to large differences of the inner shell binding energies between different elements and has been
demonstrated to be site selective [15]. We have used these advantages in past time resolved UV
pump—X-ray probe studies, to investigate the dynamics of isolated nucleobases. The molecular
internal conversion from and to nπ* states leads to a strong pre-edge feature in the X-ray absorption
spectrum of the element at which the n lone-pair orbital is localized [16]. Since both the core-level as
well as the lone pair level of one particular atom are having a large overlap, the dipole matrix element
and thus the absorption cross section is larger than cross sections involving delocalized molecular
orbitals. The method is therefore ideally suited for detection of any nπ* states via the spectroscopy at
the corresponding heteroatom [17]. Changes in the bond distance manifest themselves as shifts in
the Auger kinetic energy of one of the atoms in this bond [18]. This is due to the strongly repulsive,
Coulomb-repulsion shape of the final, dicationic states in the Auger decay. In addition, time-resolved
Auger probing can also be used to detect the dissociation into a neutral and charged fragment in a time
resolved way [19].
In this work, we describe the design and first tests of a new user instrument at the free-electron laser
(FEL) facility FLASH (Free Electron Laser in Hamburg), called URSA-PQ (German for ‘Ultraschnelle
Röntgenspektroskopie zur Abfrage der Photoenergiekonversion an Quantensystemen’, Engl. ‘ultrafast
X-ray spectroscopy for probing photoenergy conversion in quantum systems’), for pump-probe
experiments primarily on gas-phase targets.
The new instrument is equipped with a ‘magnetic bottle’ electron spectrometer (MBES) [20],
a molecular source, as well as several tools for finding the spatial and temporal overlap of the optical
and X-ray laser pulses. The MBES is characterized by a high solid angle collection, ideal for dilute
targets. In addition, it is able to measure a large range of kinetic energies, and the resolution at a
particular range can be optimized by an electrostatic retardation system. We, furthermore, equipped
the present system with a capillary resistively heated oven source for the evaporation of condensed
molecular samples [21]. This system works well for fairly small molecules like nucleobases, which can
reach an appreciable vapor pressure around 10−4 mbar, as for the example of thymine [22], without
undergoing pyrolysis or tautomerization. The capillary confines the molecular sample to a beam of
small divergence fitted to a narrowly defined interaction region. Tools for spatial and temporal overlap
include a cerium doped YAG (Yttrium Aluminium Garnet) screen viewed with magnifying optics
as well as diodes for coarse timing, allowing a temporal synchronization of optical and X-ray pulses
within about 100 ps.
We present a system that includes all these parts and in addition has a high degree of flexibility.
Due to adherence to the flange and distance dimensions set by the so-called CAMP chamber [23],
multiple, already existing molecular sources and spectrometers can be integrated with the setup
described in this paper.
In what follows, the instrument design and measurement procedures will be described. We will
then focus on the energy calibration of the MBES as well as the time resolution in our optical-pump
X-ray-probe measurements by using the example of 2-thiouracil.
2. Materials and Methods
2.1. Overview and Vacuum System
Figure 1 shows an overview of the URSA-PQ instrument and its functionalities. In the current
version, the sample is introduced by either backfilling the vacuum vessel or using a capillary oven.
In this paper, the former is used to characterize the MBES, and the latter is used with 2-thiouracil to
evaluate the time resolution. The interaction region is defined by the crossing point of the optical
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Figure 1.
Diagrammatic representation of the URSA-PQ (German for ‘Ultraschnelle
Figure 1. Diagrammatic representation of the URSA-PQ (German for ‘Ultraschnelle
Röntgenspektroskopie zur Abfrage der Photoenergiekonversion an Quantensystemen’, Engl. ‘ultrafast
Röntgenspektroskopie zur Abfrage der Photoenergiekonversion an Quantensystemen’, Engl.
X-ray spectroscopy for probing photoenergy conversion in quantum systems’) instrument with its
‘ultrafast X-ray spectroscopy for probing photoenergy conversion in quantum systems’) instrument
functionalities. The molecular sample is evaporated and guided into the interaction region by a capillary
with its functionalities. The molecular sample is evaporated and guided into the interaction region by
oven. An optical laser pulse excites the sample before a delayed X-ray pulse from the FLASH FEL,
a capillary oven. An optical laser pulse excites the sample before a delayed X-ray pulse from the
focused by a Kirkpatrick-Baez (KB) mirror set, probes the excited molecular ensemble. Photo- and
FLASH FEL, focused
Kirkpatrick-Baez
(KB) mirror
set, probes
excitedfield
molecular
ensemble.
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An overview of the instrument is shown in Figure 2. A central cross serves as the light-matter
interaction chamber. A manipulator is mounted vertically (z-direction), holding the capillary oven
molecular source and diagnostics tools on top of that source. Either one two of the devices (oven or
diagnostics tools) can be brought into the center and thus the interaction region of the instrument.
Shown in the positive y-direction is the MBES spectrometer flight tube with the MCP detector at the
end. The manipulator holding a permanent magnet in the negative y-direction provides the up to
1 Tesla strong B-field of the MBES. The optical and X-ray beams travel in the x-direction, entering by
the center flange, through the interaction region in the center of the cross to the center flange at the end.
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this way, the frame can be easily aligned to the path of the FEL beam. The motors of the frame, and
the capillary oven magnet manipulators are controlled by a programmable logic controller (PLC).
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The focus position of the X-rays can be manipulated within the chamber by using the KB degrees
of freedom. We chose to have the focus beyond the interaction region, as we did want to maximize the
number of X-ray photons on target without introducing X-ray nonlinearities. At about 90 cm in front
of the interaction region, after the KB optics, the UV beam is coupled in by a 45 degree high reflectivity
plane mirror for 266 nm wavelength. This mirror has a central hole for the X-ray beam to pass through.
The optical beam is reflected from a position below the center hole, and steered up so that the two
beams cross in the interaction region of the MBES.
The control and monitoring of the setup’s hardware, such as motor position, oven temperature
and chamber pressure is handled by an industrial PLC system working in tandem with a UNIX
server. All safety and/or time-sensitive tasks, such as vacuum valves control or high voltage interlocks,
are managed by the PLC in a closed loop in order to ensure real-time responsivity. The UNIX server
offers a server-client interface that allows multiple operators to monitor and control the system status
from different terminals through the use of a purpose-built graphical user interface that connects to the
server through a Python API (application program interface).
Integration with the DESY DOOCS (distributed object oriented control system) framework is
seamlessly handled by the UNIX server. Experiment parameters such as chamber pressure and MCP
voltages are constantly pushed to DOOCS for storage, allowing for later correlation of the chamber
parameters with the experimental data. Moreover, the raw experimental data is retrieved from DOOCS
and processed in real time. The data is sliced into single-shot traces, separating UV-pumped from
non-pumped shots and averaged over a controllable time window. It is then made available to users for
visualization (through a purpose built utility) or online analysis (through the python API). A real time
calibrated time-of-flight to electron kinetic energy conversion of the measured traces is also provided
through the API. After the experiment, all recorded data are available to the user group for offline
analysis as hdf5 data files through the standard DESY channels.
2.3. Diagnostics and Oven
We have implemented a diagnostic paddle that is located on top of the oven on the same
manipulator (see Figure 2), allowing for precise positioning inside the interaction region of the
MBES spectrometer. The diagnostic paddle hosts a number of tools used for spatial as well as
temporal characterization.
The spatial diagnostics serve to spatially overlap the UV and X-ray beams in the interaction region,
as well as estimating the beam size. We use a 0.2 mm thick, 25 mm diameter YAG screen, possessing a
matte, sandblasted surface. The screen is externally viewed through a vacuum window with the aid of
a long working distance lens.
For timing diagnostics, we use a fast AXUV-type diode on a subminiature version A (SMA)
connector that is not directly illuminated, but by a highly-attenuated beam created using solid filters
which are moved in and out. The beam hits the mounting rim of the diode and only scattered light hits
the active area in our case. We illuminate it separately with the optical and X-ray pulses. These signals
are viewed on a 13 GHz bandwidth oscilloscope. The X-ray induced trace is saved as reference on the
scope and the delay of the optical pulse is manipulated by a delay stage such that the rising edges of
the two signals overlap. This strategy allows us to temporally overlap the optical and X-ray pulses
with a sub 100 ps accuracy. Temporal overlap on the femtosecond scale is achieved using photo or
Auger electrons of atoms or molecules shown later in this paper.
We use a resistively-heated capillary oven that we developed some years ago and successfully
used before as a sample source at the linac coherent light source (LCLS) [16,18,21,25,26] as well as with
high harmonic vacuum ultraviolet sources [27,28]. The oven consists of a body, a cap that is screwed
on after filling the main body with a solid molecular sample, and a capillary tip. All components
are made from aluminum. The three parts are separately heated using thin-film sheet heaters.
The temperatures of the three sections are monitored using thermocouples and we control the heating
current using a proportional-integral-derivative PID feedback circuit implemented on the control
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computer. The sample density has been once tested with the nucleobase thymine and can reach up
to 1012 molecules/cm3 [21]. The capillary reduces the angular width of the beam compared to usual
effusive sources and we have measured the full width at half maximum (FWHM) of 10 degrees when
operating in the 1011 molecules/cm3 density regime [21].
2.4. Magnetic Bottle Electron Spectrometer
The magnetic bottle time-of-flight electron spectrometer (MBES) has a high collection efficiency,
covering up to the full 4π solid angle [26]. Thus, a large number of electrons can be efficiently detected,
which is especially important in experiments with dilute samples. The magnetic bottle spectrometer is
characterized by a strong and inhomogeneous magnetic field of about 1 Tesla at the interaction region,
which joins onto a much weaker (~1 mT), homogeneous magnetic field created by a solenoid around
the flight tube. Electrons ejected in the interaction region into any direction are thus confined into
the flight tube. The time-of-flight (TOF) of the electrons from the interaction region to detection is
determined and subsequently transformed into kinetic energy.
Our specific design is illustrated in Figure 3. A vacuum tube with DN160 flanges houses the flight
tube, which is protected from external magnetic fields by a µ-metal shield. Wound onto the flight
tube, a solenoid is generating the weak homogeneous field along the electron flight path. The coil
has 1450 windings and is fed by a current of 400 mA producing a magnetic field of around 0.4 mT.
Winding the coil directly on the flight tube has the advantage that the solenoid can be brought close to
the interaction region. In addition, the design allows that the whole instrument can be taken out of
the main chamber by unbolting a single DN 250 flange at the central cross. Close to the interaction
region, right at the entrance of the flight tube, a stack of electrostatic lenses can be used to retard/repel
the electrons. A permanent magnet with a soft iron pole tip generates the strong, inhomogeneous
field in the interaction region. The space available at the beamline is used efficiently to maximize the
instruments resolution, resulting in an optimal flight tube length of 1.7 m.
The transition from the inhomogeneous to homogeneous field occurs over a short distance of about
10 cm. The lens stack is placed inside the front of the flight tube, at the beginning of the homogeneous
part of the magnetic field. At this point, the momentum in direction of the center axis of the flight tube
is approximately equal for electrons of equal kinetic energy.
The permanent magnet of the instrument is mounted in a temperature-controlled holder on a
manipulator. By this construction, the magnet can be brought close to the interaction region as well
as retracted if other equipment is brought into the interaction region, such as a diode or a Ce-YAG
screen. Elevated temperatures of 60 ◦ C generally prevent sample building up on the magnet tip and
introducing electrostatic inconsistencies.
The detector assembly (purchased from Roentdek Handels GmbH) consists of a grid, followed
by a chevron MCP stack with an 80 mm diameter and an anode. The grid is held at the potential of
the flight tube (i.e., the retardation potential). The electrons are then accelerated towards the front
MCP by a +300 V potential change over 3 mm. Subsequently, the electrons are multiplied by the MCP
arrangement using a potential on the MCP backside of 1950 V. The anode, used for picking up the
signal is held at 2300 V. The signal is picked up by a high-pass filter and sent to a 12 bit analog-digital
converter, which we use at a sample rate of 2Gs. A single electron pulse has a width of 10 ns. The data
we present in this paper has been accumulated in the integration mode, i.e., all individual TOF traces
have been added. Alternatively, for lower electron yield, individual electron hits can be identified by
using a (software) constant fraction discriminator and then added individually to a TOF array.
We transform spectra taken in the TOF domain to the kinetic energy domain by the following
procedure. The distance from the interaction region to the detector is divided into three parts.
The electric potential in these parts is treated as a step function and the lengths are taken from the CAD
drawing of the spectrometer but refined in the calibration by fitting to Auger electron features. In the
first part, the electrons are traveling with their original kinetic energy for a distance of 90 mm from
the interaction region to the flight tube entrance. In the second part through the flight tube, which is
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Figure 3. Cut-down scheme of the magnetic bottle time of flight spectrometer, with the magnified
Figure 3. Cut-down scheme of the magnetic bottle time of flight spectrometer, with the magnified
area around the interaction region. The interaction region is defined by the overlap of the optical and
area around the interaction region. The interaction region is defined by the overlap of the optical and
X-ray pulse with the region of highest sensitivity of the MBES. The magnetic field in the interaction
X-ray pulse with the region of highest sensitivity of the MBES. The magnetic field in the interaction
region is dominated by the permanent magnet having a tapered soft-iron pole piece on top. The strong,
region is dominated by the permanent magnet having a tapered soft-iron pole piece on top. The
inhomogeneous magnetic field drops quickly to a weak, homogeneous solenoid field surrounding the
strong, inhomogeneous magnetic field drops quickly to a weak, homogeneous solenoid field
flight tube, thus guiding the electrons from the interaction region towards the detector. A µ-metal
surrounding the flight tube, thus guiding the electrons from the interaction region towards the
tube (orange) around the flight-tube and solenoid assembly (blue) shields the long flight region from
detector. A µ-metal tube (orange) around the flight-tube and solenoid assembly (blue) shields the
external magnetic fields. At the entrance of the flight tube, an electrostatic lens stack can be used
long flight region from external magnetic fields. At the entrance of the flight tube, an electrostatic lens
to retard the electrons to optimally utilize the energy resolution at a mean kinetic energy of choice.
stack can be used to retard the electrons to optimally utilize the energy resolution at a mean kinetic
The micro-channel-plate (MCP) detector assembly contains a grid at the front to accelerate electrons
towards the first plate. The grid and lens stack are equipotential so that the electrons travel through the
flight tube with constant velocity.

3. Results and Discussion
3.1. MBES Energy Resolution
The spectrometer has been calibrated with the Kr M4,5 NN Auger lines, appearing in the kinetic
energy range shown in Figure 4. The background pressure in the interaction region was 2 × 10−7 mbar
before filling in Kr, although much lower pressures in the 10−9 mbar range have been reached
by pumping for longer times and baking. We backfilled the chamber with Kr gas at a pressure of
5.5 × 10−7 mbar for calibration purposes.
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the FEL pulse energy or the Kr pressure; in the following experimental runs for 2-thiouracil, we had
adjusted pressure as well as FEL pulse energy accordingly.
A single electron pulse coupled out at the detector-anode has a width of 10 ns and is completely
symmetric, i.e., the rising edge is not shorter than the falling edge. As mentioned above, we used
the system in ‘integration-mode’ by adding up individual traces from the detector. The 10 ns pulse
width in TOF corresponds to 0.5 eV of energy resolution in the kinetic energy range around 20 eV.
The experimental energy resolution of 1/40 corresponds to a 10 ns time-interval at a TOF of 300 ns
(kinetic energy of 101 eV).
A possibility to improve the time resolution would be the reduction of the number of electrons
hitting the detector. This would reduce the detector saturation and therefore accumulated background
in the different groups. Another important advantage would be the possibility to identify individual
electrons hitting the detector. This will allow for edge detection, for instance via a constant fraction
discriminator. In this case, the resolution is fundamentally limited by the sample interval of the
analog-to-digital converter (ADC), which is 500 ps in our case. In analogy to the resolution limit of
10 ns, the 500 ps would correspond to an energy resolution of 0.03 eV in the energy range of 20 eV.
However, there is also the turn-around time of the electrons emitted initially away from the detector,
which will also limits the resolution [20].
3.2. Temporal Resolution
We now investigate the temporal resolution in the optical pump—these are X-ray probe
experiments. As mentioned above, we initially determined the coarse temporal overlap by monitoring
a fast-diode response, induced by UV and X-ray pulses, on an oscilloscope. The setup had an accuracy
in the sub-100 ps domain. As 100 ps resolution is not sufficient for the experiments, more accurate
information on the temporal overlap, as well as the temporal resolution achievable by this setup,
we performed measurements of photoelectron signals of molecules using the URSA instrument.
We used the molecule 2-thiouracil (C4 H4 N2 OS), as this has been the molecule of interest for our first
beamtime utilizing this instrument. Thionucleobases are interesting as they show an efficient relaxation
to long-lasting triplet states after UV excitation, thereby showing different behavior compared to
canonical nucleobases, which relax relatively quickly to the ground state [31].
Figure 5a shows a core level photoelectron spectrum of 2-thiouracil illuminated by X-ray photons
of 272 eV mean-photon-energy. The pulses have less than 1% mean- photon-energy-jitter and a relative
bandwidth of 1–1.5%. Shown in this particular part of the spectrum is the 2p-photoline of sulfur at
103.5 eV kinetic energy. This line should be spin-orbit split resulting in the j = 3/2 and 1/2 components
with an energy spacing of 1.2 eV [32], however already the photon energy resolution is not sufficient
to resolve that splitting. The small shoulder visible on the lower kinetic energy side at 95–97 eV is a
satellite structure that accompanies the main 2p photoline (as, for instance, previously documented for
sulfur on surfaces [33]).
Upon UV excitation, the main photoline shifts towards lower kinetic energies, due to the molecular
dynamics setting in immediately. The molecular origin for this observation will be discussed in
detail in a separate paper. Here, we use this feature to determine the temporal overlap with sub-ps
precision, and the overall time resolution of the experiment itself. We take here the difference spectrum
(not shown), calculate its absolute value |UVon − UVoff | as a measure for the UV induced change in the
spectrum. This observable as a function of relative delay between UV-pump and X-ray-probe pulse is
shown by the blue dots in Figure 5b, together with a theoretical fit shown by the orange line. The fit
function includes a Gaussian describing the time-resolution, convoluted with two exponential decays
(see for instance Equation (3) in Reference [34]). The second exponential decay is longer than 100 ps
and has limited influence on the data in the delay window shown. The faster exponential decay of
(230 ± 30) fs describes some molecular dynamics. Most interesting in the context here is the Gaussian
time-resolution function. We actually determined the relative time-overlap by the maximum of this
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Gaussian, which can be done with a sub-10 fs accuracy. The Gaussian time resolution when correcting
data using the beam arrival monitor [35] has a FWHM of σTR = (190 ± 10) fs.
There are different contributions to the origin of the time-resolution known
in the literature which sum up geometrically to the final time resolution
q
σTR = σUVL 2 + σFEL 2 + σFELtrain 2 + σUVLtrain 2 + σFEL−UVLjitter 2 , where σUVL is the UV pulse
length, σFEL the X-ray pulse length, σFELtrain the intra-train jitter of the X-ray pulses within the
macro-bunch, σUVLtrain the intra-train jitter of the UV pulses within the macrobunch and σFEL−UVLjitter
the relative timing jitter of X-ray and UV laser pulses [36]. The UV pulse duration has been determined
to be σUVL = 80 fs by a frequency resolved optical gating (FROG) measurement [37]. Subtracting the UV
pulse duration geometrically yields 170 fs Gaussian FWHM total for all other components. The other
components have been estimated with σFELtrain = σUVLtrain = 30–40 fs and σFEL−UVLjitter = 70 fs [38,39].
Subtracting all these components out delivers a remaining X-ray pulse duration in the experiment
in the region of about 150 fs. Taking all these components into account results in a remaining X-ray
pulse duration in the experiment on the order of 150 fs. However, we would expect a sub-100 fs X-ray
pulse duration for this bunch charge. The discrepancy could possibly be attributed to a higher jitter
compared
to past
experiments
and longer term drifts.
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4. Conclusions
We presented the new URSA-PQ instrument which is now available for general users at the
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