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Abstract: We report on the design and capabilities of a reaction microscope (REMI) end-station at the
Shanghai Soft X-ray Free-Electron Laser Facility (SXFEL). This apparatus allows high-resolution and
4π solid-angle coincidence detection of ions and electrons. The components of REMI, including a
supersonic gas injection system, spectrometer, detectors and data acquisition system, are described
in detail. By measuring the time of flight and the impact positions of ions and electrons on the
corresponding detectors, three-dimensional momentum vectors can be reconstructed to study specific
reaction processes. Momentum resolutions of ions and electrons with 0.11 a.u. are achieved, which
have been measured from a single ionization experiment of oxygen molecules in an infrared (IR),
femtosecond laser field, under vacuum at 1.2× 10−10 torr, in a reaction chamber. As a demonstration,
a Coulomb explosion experiment of oxygen molecules in the IR field is presented. These results
demonstrate the performance of this setup, which provides a basic tool for the study of atomic and
molecular reactions at SXFEL.

Keywords: reaction microscope; free-electron laser; Coulomb explosion

1. Introduction

A reaction microscope (REMI), or cold-target recoil-ion momentum spectroscopy
(COLTRIMS), is/uses a device designed to measure the momenta of charged reaction
fragments in coincidence [1–4]. In 1987, the first system of spectrometers to detect recoil
ions using static gas as a target, at room temperature, was built by J. Ullrich et al. [5].
A uniform magnetic field generated by a pair of Helmholtz coils, having been introduced a
few years later, measures electrons with a 4π solid angle [6,7]. Since then, kinematically
complete experiments have become possible and the continuous development of supersonic
gas jet technology [8–10] and detector technology, based on a micro-channel plate and delay-
line anode, has greatly improved momentum resolution [11–14]. After development of
more than three decades, this technology has become mature and is presently widespread.
By measuring the energies and emission angles of charged products with high precision,
detailed information can be obtained for deeper investigation of atomic and molecular
reactions with ions, electrons or photons.

In the past 10 years, REMI/COLTRIMS has been employed for a tremendous amount
of studies in synchrotron radiation. On the other hand, with the rapid innovation of laser
technology, especially chirped pulse amplification technology [15], ultra-short laser pulses
at high intensities have provided extraordinary experimental conditions for the study
of atomic, molecular and optical (AMO) physics. Through the combination of reaction
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microscopes and laser devices [16–18], many physical phenomena of the reactions of gas
targets with photons have been explored, such as multi-photon ionization, above-threshold
ionization, tunneling ionization, high harmonic generation (HHG) and so on. As a new
generation of coherent light source, X-ray free-electron lasers (FEL) have the characteristics
of high power, a wide and continuously tunable wavelength, short pulses and good coher-
ence, serving a number of applications in various areas of science [19,20]. In AMO science,
the most far-reaching applications are manifested in the topics of nonlinearity induced by
single- or many-photon absorption, and the ultrafast molecular dynamics and structural
imaging of a single molecule in the regime of UV-to-hard-X-ray photons [21–25]. Few-
photon induced atomic and molecular dynamics [26–30] and isomerization [31,32] have
been studied in detail. Some exotic physical phenomena, such as the “hollow atoms” [33]
and the “molecular black hole” [34] have been observed recently. The former is formed by
quickly ejecting a few inner-shell electrons, resulting in the phenomenon of “transparency”
to X-rays [35]. In the latter case, the X-ray pulse first strips the number of electrons from
a heavy atom, due to its huge cross section, and then a highly positive resulting charge
traps electrons from neighboring atoms within the molecule. X-ray lasers can also ion-
ize a number of electrons from one heavy atom within a large biomolecule, which leads
to the rapid redistribution of electrical charge in a tiny time window and provides rich
information for analyzing biomolecules using X-ray lasers. Further, some basic physical
processes of atoms and molecules have been reached using X-ray lasers with the control of
wavelength, phase and intensity [36,37]. Moreover, the circularly polarized light generated
in free-electron lasers is used to study the circular dichroism of atoms, linear molecules
and chiral molecules [38–40]. More recently, experimental studies were extended to the
photoelectron diffraction imaging in a molecular breakup frame using an X-ray FEL [41].

The construction of the Shanghai Soft X-ray Free-Electron Laser Facility (SXFEL) began
in 2014. Two beamlines, including the seeded line and SASE line, together with five end
stations, including cell imaging, AMO, ultrafast physics and surface chemistry, are expected
to be put into user operation in 2022 [42]. Its focused free-electron laser beam with high
pulse intensity (>1014 W/cm3) and high single-photon energy (100–600 eV) brings a new
opportunity for the research of AMO physics. The reaction microscope introduced, here,
is installed at the south branch of the seeded FEL line currently and all the endstations
are movable in principle, thus, experiments at the SASE beamline are also possible. Multi-
particle coincidence detection can be realized by REMI for both ions and electrons, featuring
a high collection rate, wide energy detection range and high resolution. These advantages
make the instrument ideal for coincident experiments on atoms and molecules. Limited
by the low repetition of SXFEL, at present, REMI may be proper for measurements of
molecules with heavy atoms. Here we introduce is principles, design, structure and test
results, using an infrared femtosecond laser.

2. Apparatus Setup
2.1. Overview

The setup we present here is mainly composed of a vacuum system, a supersonic gas
jet system, a spectrometer system and the data acquisition system. Atoms or molecules are
collimated and cooled to form a supersonic target and react with the focused laser. Then,
the ions and electrons are accelerated and guided onto opposing detectors by electric and
magnetic fields. The three-dimensional momentum vector of each particle is accurately
reconstructed from the particle’s arrival position (X,Y) and TOF at the detector.

To get a good resolution, a cold supersonic gas beam is essential to decrease the
thermal momentum spread. The gas from the high-pressure gas bottle is forced into the low
pressure vacuum chamber. Through two skimmers and two pairs of slits perpendicular
to each other, a thin gas target is formed in the intersection chamber (science chamber).
A multistage vacuum system is used to maintain a typical vacuum of 1.2× 10−10 torr in the
science chamber. The schematic picture is shown in Figure 1. A uniform electric field from
the spectrometer, along with the uniform magnetic field generated by a pair of Helmholtz
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coils (orange) are applied to guide the recoil ions and electrons to the bilateral detectors.
The details of key components of this apparatus are introduced in the following section.

Figure 1. Overview of the REMI at SXFEL. A mutually perpendicular gas jet line (green arrow)
and FEL line (purple arrow) meet in the intersection chamber, which contains the spectrometer and
detectors. A pair of coils (orange) is used to constrain the electron trajectory.

2.2. Supersonic Gas Jet

At room temperature, the thermal motion of atoms and molecules in a gas target would
bring a great error to the measurement of momentum. Therefore, the formation of a well-
localized and internally cold gas target is one of the key factors to ensure high-resolution
measurement. In addition, it is desirable to ionize less than one molecule per laser pulse in
experiments, in order to make accurate ion–electron coincidence measurements, so, a thin
target is required, considering the high power of SXFEL.

The composition of the supersonic gas jet system is depicted in Figure 2. A 50 µm noz-
zle is installed on a three-dimensional adjustable manipulator. The high-pressure (1–5 bar)
gas froma conventional gas cylinder passes into the low-pressure vacuum chamber through
the nozzle. The gas in the low-pressure region expands quasistatically and adiabatically so
that the enthalpy of the gas is converted into directional kinetic energy. A conical skimmer
of 0.2 mm inner diameter is placed at 15-mm downstream of the nozzle to extract the
centerline gas beam from the so-called zone of silence. The length of zone of silence during
the experiments is estimated to be 30 mm by equation [43]

L =
2
3

√
p0

pb
dnozzle, (1)

where p0 is the initial gas pressure and pb is the background pressure in the first stage.
Subsequently, a skimmer of 0.4 mm in diameter and mounted parallel to the first skimmer
selects particles with a small momentum spread in the x and z planes. After that, two
pairs of adjustable slits are arranged to tune the size of the gas beam in the direction
perpendicular to the jet’s propagation direction. An internally cold supersonic gas target
is then obtained and the remaining gas is collected in the dumping chamber, which is an
independent residual gas extraction system (not shown here). The distance between the
nozzle and reaction center is about 1045 mm.

As is shown in Table 1, the whole supersonic gas jet system has six vacuum stages.
The low vacuum pressurein the source chamber is gradually transitioned to ultra-high
vacuum conditions when reaching the intersection chamber via several differential pump-
ing stages. At the intersection region, the maximum diameter of the gas jet(uncollimated)
in the x and z directions is around 4.0 mm, and the size adjustment accuracy is 0.02 mm,
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which is determined by the adjustment accuracy of the slits. The density of gas target
is estimated to be about 108/cm3. From the speed ratio, S, of 38.7 in the experiment of
the single ionization of He, which is the mean jet velocity divided by the thermal spread
in velocities, it is estimated that the gas jet is eventually cooled to 0.5 K [44]. Ultra-high
vacuum conditions and a thin gas-jet target make the coincidence measurement of ions and
electrons in the strong field of free electron laser feasible.

skimmers

nozzle
gas jet

slit

laser

Ion-detector

spectrometer

Ele-detector

y

x
z

123456

slit

Figure 2. Schematic diagram of supersonic gas-jet system structure. The green arrow represents
the propagation direction of the gas jet passing through six chambers from the nozzle to the dump-
ing chamber. After passing through two skimmers and two pairs of slits, the jet collides with
the laser (pink) in the center zone of the interaction chamber (purple dot) and is collected in the
dumping chamber.

Table 1. Typical pressures of different chambers before and after gas injection. Numbers one through
six represent the source, first differential, second differential, third differential, intersection and
dumping chambers, respectively. The pressures are given in torr.

Chamber 1 2 3 4 5 6

before injection 1.5× 10−9 4.4× 10−9 1.3× 10−9 9.2× 10−10 1.2× 10−10 7.2× 10−11

after injection 2.7× 10−3 1.3× 10−8 6.2× 10−9 1.0× 10−9 1.2× 10−10 9.8× 10−11

2.3. Spectrometer

Both the reaction between the supersonic gas jet and the laser and the collection of
the reaction particles occur in the intersection chamber. The spectrometer, providing a
uniform electric field to accelerate ions and electrons, is schematically shown in Figure 3. It
consists of 23 pieces of 1-mm-thick stainless steel-ring electrodes of 120 mm inner diameter
and 200 mm outer diameter. The rings are separated by an 11-mm distance between each
other by insulating ceramics and electrically connected by a cascade of 30-kΩ resistors.
Thus, the voltages on each ring electrode are uniformly distributed simply by applying
two voltages to the ends of the spectrometer. The length of ion-flight region is 100 mm,
while that of electron is 184 mm. The shorter length of ion-acceleration region makes the
ion detector more suitable for particles with higher energies, such as recoil ions from the
Coulomb explosion of molecules. Two meshes are mounted at both ends of spectrometer to
eliminate the influence of the high voltage from the MCPs and to ensure the uniformity
of the electric field. The stainless steel grids (wire diameter: 25 µm; mesh size: 292 µm)
provide a transmittance of 85%.

For the same momentum, the electron and ion velocities differ by a large mass ratio.
Thus, for increasing electron energies, the detection efficiency decreases. Increasing the
electric field would reduce the electron-momentum resolution. In order to achieve a
4π solid-angle measurement for high-energetic electrons, a pair of Helmholtz coils is
necessary to generate a uniform magnetic field along the spectrometer axis, constraining
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the trajectories of the electrons. In this way, electrons will fly in spiral tracks before reaching
the detector. Helmholtz coils are a pair of parallel coils with the same radius, number of
turns and resistance. The distance between the two coils and the radius of the coils are both
87.5 cm. According to the test, the coils can stably generate a maximum magnetic field of
17 Gs with no air cooling or water cooling.

120 12080

96 180

Ion extraction field Electron extraction field
Z

X

Y

Ion detector Intersection center Electron detector

Figure 3. Schematics of REMI including the geometric dimensions (unit: mm) of the REMI. Trajecto-
ries of ions and electrons with different emission angles are shown as colored lines.

The effect of the electric and magnetic fields on particle trajectories can be seen in
Figure 3. For electrons with an energy of 15 eV and oxygen ions with an energy of 0.2 eV,
charged particles towards different directions are all collected by the detector with an
electric field of 4 V/cm and a magnetic field of 6 Gs. Then, the three-dimensional momenta
of ions and electrons can be reconstructed from the TOF, achieving the detection position
of each event.

2.4. Data Acquisition System

To detect the fragment ions and electrons in coincidence, a fast data acquisition system
is required. Two MCP detectors equipped with delay-line anodes are employed to measure
the arrival time and impact position of the charged fragments [45]. For ion detection,
to have a high collection efficiency for Coulomb explosion studies, a pair of larger MCPs
(120 mm diameter) is employed with a square delay-line anode (DLD 120, Roentdek). For
electron detection, as a result of the small time-of-flight differences, a hexagonal anode is of
significant importance in reducing the dead time and increasing detection efficiency [14].
The effective detection area is limited by the diameters of the MCPs and anode about 80 mm
(Hex75, Roentdek). It should be noted that a mesh with the same parameter described
before is placed in front of each detector to generate a post-acceleration voltage so as to
increase the MCP detection efficiency.

The delay-line readout relies on a fast and precise timing measurement. The data-
acquisition system combines the data collected from each detector into complete events,
which are stored for offline analysis. The positive signals from the MCPs are inverted
and then amplified by fast-timing amplifiers (ORTEC FTA820) along with signals from
the delay-line anodes. The amplified signals (gain 200) are inputs to the constant-fraction
discriminator (ORTEC QUAD935) with a minimum pulse–pair dead-time of 15 ns to
discriminate the signal and convert it into a signal in NIM format, which can minimize
the influence of changes in the size and shape of the analog signal on signal processing.
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A time-to-digital conversion module (Roentdek TDC8HPi) containing two cards is used
to convert the input NIM signal into a digital signal. Each card contains eight, high-
precision acquisition channels and each channel can perform multi-hit response with a
high time resolution of 35 ps RMS with 25 ps LSB (Least Significant Bit). Taking the
trigger signal as the time-zero point, all time signals belonging to the same event are stored
in the data packet as a whole. The data stored in event-by-event mode can reconstruct
complete information of the particle momentum in the offline analysis. The analysis code is
embedded in the Go4 (GSI Object Oriented On-line Off-line system) analysis environment
(GSI, 2018) based on CERN’s ROOT (CERN, 2018). Besides, in the testing phase, we also use
the software package CoboldPC (Computer Based Online-offline List-mode Data analyzer
for PC) supported by RoentDek to realize the data acquisition and data analysis. The timing
resolution achieved is about 1 ns and the position resolution of these detectors is typically
about 0.1 mm, which can be improved a bit via careful calibration.

3. Result and Discussion

The test experiments have been performed with an infrared femtosecond laser, which
had a wavelength of 800 nm, a pulse width of 35 fs, a focal length of 25 cm and a repetition
rate of 1 kHz. Through the single ionization experiment of O2, the momentum resolution
of the ion and electron detectors and the detection range of electron momenta are given.
The result of the Coulomb explosion experiment of O2 demonstrates the performance for
multi-particle coincidence detection and the large ion-momentum detection range. Through
data analysis, several oxygen Coulomb explosion channels are clearly found and detailed
information on their explosion pattern is obtained.

3.1. Single Ionization Experiment of Oxygen Molecules

The 2.3× 1014 W/cm2-intensity laser interacted with the oxygen molecules, and pho-
toelectrons and O+

2 ions were generated in the ionization process. During the experiment,
the extraction electric field was set to 1.5 V/cm and the coil current was set to 4.0 A, which
produced a magnetic field around 7 Gauss.

Figure 4a shows that most of the ions are O+
2 from the gas jet. It can be seen in Figure 4b

that electrons and O+
2 ions had a clear correlation in TOF, which represents the momentum

conservation between those two particles in the z direction. After selecting the events
within the coincidence line and calculating the corresponding momenta, a one-dimensional
spectrum was generated by summing the electron momentum and the ion momentum in
Figure 4c, and a Gaussian-like distribution was obtained. By fitting the spectrum, as is
shown with the red curve, a good agreement with the experimental data was achieved.
The full-width-at-half-maximum (FWHM) of the momentum sum spectrum was 0.11 a.u.,
and this represents the convoluted momentum resolution of the two detectors. Thus 0.11
a.u. was the upper limit of momentum resolution for both electrons and ions in this test.
With the position resolution of 0.1 mm, the resolution in the x and y directions could be
thus estimated to be 0.13 a.u.

An electron–TOF-radius correlation is presented in Figure 4d, where the radius is the
distance between electron impact position and the origin position on the detection plane.
The period of the electron cyclotron motion was 49 ns and the corresponding magnetic field
was 7.2 Gs. Taking into account the detection area of the electron detector with a diameter
of 80 mm, the electron-momentum detection range could be calculated to be within 1.13 a.u.
In subsequent tests, it was measured that the device could provide a stable magnetic field
of 17 Gs, which corresponds to a momentum detection range of 2.81 a.u. and an energy
detection range of 108 eV for electrons.
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Figure 4. (a) TOF spectrum of a photo-ion for single ionization of oxygen; (b) TOF correlation
spectrum of electron and O+

2 ion ; (c) sum of momentum of electron and O+
2 ion; (d) radius as a

function of TOF for electrons.

3.2. Coulomb Explosion Experiment of Oxygen Moleculse

In the oxygen Coulomb explosion experiment, a femtosecond laser with
1.0× 1015 W/cm2-intensity and a polarization direction along the y axis interacted with
the oxygen molecules. Due to the larger momentum from the Coulomb explosion, the ac-
celerating electric field was set at 15 V/cm to ensure that all ions could be detected by
the detector.

The ion fragments produced from both supersonic jet and the background gas were
detected and the TOF spectra are shown in Figure 5, which shows that the composition
of background gas was mainly water and hydrogen molecules. In contrast to the peaks of
H2O+, H+

2 and H+ originating from the background, the O+
2 peak is obviously sharper

due to the different thermal properties between the warm residual gas and the cold jet. The
O2+ peak is wider than O+

2 peak, which indicates that a Coulomb explosion resulting in a
larger kinetic energy occurred. At the TOF position, corresponding to a charge/mass ratio
of 16 a.m.u./e, a narrow peak and a wide peak, which correspond to the O2+

2 ions from the
ionization processes and the O+ ions from the Coulomb explosion processes, respectively,
are overlapped.
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Figure 5. TOF spectrum of recoil ions.

Figure 6a presents the TOF correlation between the first ion and the second ion and
five bright curves correspond to five different Coulomb explosion channels coming from
two-to-five-fold charged oxygen ions. It can be seen from Figure 6b that most of the
reaction products were within the range of the detector, and several distinctly separated
rings appeared as a fingerprint of the Coulomb explosion, occurring in the polarization
direction mostly. By calculating the momentum of all kinds of ions and sifting through
the momentum conservation conditions, five Coulomb explosion channels were obtained
including (1,1), (1,2), (1,3), (2,2) and (2,3).

Figure 6. (a) Photoion–photoion coincidence (PIPICO) spectrum. The curve (m,n) represents the

Coulomb explosion channels O(m+n)+
2 → Om+ + On+. (b) TOF versus ion position in the y direction

(the direction of the laser’s polarization).

After the ion matching and data selection, more information on specific channel
could be further analyzed. The released momenta were converted to their released kinetic
energies. Figure 7 presents the peak distributions of kinetic energy releases for the four
most distinct channels of (1,1), (1,2), (2,2) and (2,3), the peak positions of which were
11.3 eV, 20.5 eV, 35.1 eV and 49.6 eV, respectively. Compared with the previous results listed
in Table 2, the measured KERs were generally smaller than those from electron and ion
impact experiments, due to the stretched molecular bond length in the laser field, which is
also consistent with other laser-induced fragmentation experiments [46,47]. On the other
hand, Wu et al. found that the KERs become larger with increasing laser intensity [47].
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The larger KER values indicated a higher laser intensity in our experiment. For example,
the measured KER of 11.3 eV from the channel (1,1) was relatively larger compared with
most KER peaks obtained in the 8-fs laser experiment [48] and smaller compared with the
results from the electron impact experiment using Doppler-free spectroscopy [49].

Figure 7. Kinetic energy releases of recoil ions in various channels.

Table 2. Kinetic energy release for the coulomb explosion of Ox+
2 (x = 3–5) in the present experiment,

together with previously reported results.

Channel Present KER (eV) Previous KER (eV) Reference

(1,1) 11.3 7.4, 8.9, 9.6, 11.8 photon [48]
11.2, 12.3, 12.7 electron [49]

(1,2) 20.5 13.5, 17.0 photon [50]
15.9, 19.8, 31.2 ion [51]

(2,2) 35.1 24.8 photon [50]
26, 30, 36 photon [52]

(2,3) 49.6 75 ion [53]

For the Coulomb explosion process of O2+
2 , extensive studies have been performed, both

theoretically and experimentally [46,54]. Explosions of the parent dications are generally
considered to occur near the equilibrium internuclear distance of the neutral molecule [50].
Assuming that the oxygen atomic ions are in the ground state (O+(4S) + O+(4S)), it can be
inferred unambiguously by the KER and the potential energy curves of O2+

2 [49] that the
electronic state of O2+

2 is B 3Πg, which is an excited state. The electronic states of other
parent ions cannot be identified directly, due to the non-vertical ionizing transition process,
which leads to an energy defect. For multi-charged molecular ions Ox+

2 , the repulsion
of the charges drove the dissociation process, so the classic Coulomb explosion model
was used to estimate the internuclear distances, R, where the explosion occurred [55].
They were calculated to be 1.40 Å, 1.64 Å and 1.74 Å from the corresponding KERs for
channels (1,2), (2,2) and (2,3). This result showed that the O–O bonds, prior to the Coulomb
explosion, were elongated and the internuclear distances before the explosion increased
with increasing charge state, which is consistent with previous results [47,56].

4. Conclusions

In this work, a new multi-particle reaction microscope, constructed for studies of
AMO science at the SXFEL, has been explored The supersonic gas jet, the design of its
spectrometer and the data acquisition system containing the detectors have been described
in detail. A cold gas target with a density of 108 atoms/cm2 has been shown capable of
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reacting with light at the center of the science chamber, where the vacuum is maintained
at better than 1.2× 10−10 torr. To test the performance of the device, a single ionization
experiment and Coulomb explosion experiment of O2 have been performed with a strong
laser field at 1014 to 1015 W/cm2 intensities. The momentum resolution is shown better
than 0.11 a.u. for both ion and electron detection, and the experimental results from the
Coulomb explosion processes are consistent with previous studies. It has been shown
that the instrument can perform multi-particle coincidence measurements at a wide range
of energies and detect the momenta of ions and electrons at full-solid angles. From the
kinetic energy releases of the explosion channels, the electronic state of O2+

2 and the
internuclear distances of multi-charged ions Ox+

2 (x = 3–5) before the explosion have been
deduced. The high resolution and good operation of the instrument provide us with a solid
foundation for future atomic and molecular experiments at the Shanghai SXFEL facility.

5. Future Plan

In the near future, we plan to further improve the vacuum condition. Due to the strong
light intensity of soft X-rays, a higher-vacuum environment is favorable for coincidence
measurements. A pumping system with non-evaporate getter pumps is being prepared
and is expected to increase the current vacuum by an order of magnitude. Additionally, we
plan to design a new spectrometer that can switch between REMI mode and VMI mode in
order to adapt to different experimental conditions. In addition, a fast analog-to-digital
converter (fADC) system for data acquisition has been designed to improve the detection
efficiency at a higher counting rate and retain the original data information completely,
including the pulse heights and shapes of detector signals.
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