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A new ion-ion coincidence imaging spectrometer based on a pixelated complementary metal-oxide-
semiconductor detector has been developed for the investigation of molecular ionization and frag-
mentation processes in strong laser fields. Used as a part of a velocity map imaging spectrometer,
the detection system is comprised of a set of microchannel plates and a Timepix detector. A fast
time-to-digital converter (TDC) is used to enhance the ion time-of-flight resolution by correlating
timestamps registered separately by the Timepix detector and the TDC. In addition, sub-pixel spatial
resolution (<6 µm) is achieved by the use of a center-of-mass centroiding algorithm. This performance
is achieved while retaining a high event rate (104 per s). The spectrometer was characterized and used
in a proof-of-principle experiment on strong field dissociative double ionization of carbon dioxide
molecules (CO2), using a 400 kHz repetition rate laser system. The experimental results demonstrate
that the spectrometer can detect multiple ions in coincidence, making it a valuable tool for study-
ing the fragmentation dynamics of molecules in strong laser fields. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4981126]

I. INTRODUCTION

The ionization and fragmentation of molecules by intense
laser fields have been the subject of intensive research during
the last three decades. Over the years, several experimen-
tal techniques have been developed to record the momentum
distribution of charged particles that are produced by strong
field ionization. Among them, two techniques are widely used,
namely, velocity map imaging (VMI),1,2 based on recording
2D projections of the momentum distributions of charged par-
ticles (electrons or ions), and 3D coincidence imaging,3 in
which the 3D momenta of individual electrons and ions are
measured in coincidence.

In a typical velocity map imaging (VMI) experiment,
the momentum distribution of a single, positively or nega-
tively charged particle is recorded. This is done by using a
set of three electrodes that act as an electrostatic lens, in
combination with a detection system. The electrostatic field
accelerates the ions or electrons towards a field-free flight
tube and the particles are usually detected by a microchan-
nel plate (MCP) + phosphor screen assembly that is observed
by a charge-coupled device (CCD) or a complementary metal-
oxide-semiconductor (CMOS) camera.4–8 Selection of the ion
mass-to-charge ratio is possible by the application of a high
voltage gate on the MCP(s). An advantage of the velocity
map imaging lens geometry is that the position of impact
on the detector is (nearly) independent of the position of
ionization and is determined almost entirely by the initial

a)Jingming.Long@mbi-berlin.de
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transverse velocity of the particles (i.e., the velocity paral-
lel to the detection plane). The measurement therefore yields
the 2D momentum distribution in the plane of the detector for
the mass-selected fragment. The initial 3D momentum dis-
tribution can be retrieved from this measured 2D momentum
distribution using algorithms incorporating an Abel inversion
procedure. It is also possible to measure slices of the 3D
momentum distribution directly, without the need of an Abel
inversion, by stretching the Newton sphere (using a special
electrode design) and using the gating of the MCP(s) to restrict
the detection to a subset of the ions that are produced for a
particular fragment mass.9 Alternatively, gating of the camera
system can be also used to achieve slice imaging.7,10 Veloc-
ity map imaging spectrometers permit experiments with large
count rates and therefore are generally used in combination
with low repetition rate laser sources.

Since a single velocity-map image only measures elec-
trons or ions, and—in the latter case—typically only a single
mass-to-charge fragment, it offers only a partial view of the
process under investigation. More complete information can
be retrieved when the momentum vectors of all fragments
are measured in coincidence. Such kinematically complete
experiments can be performed by using a reaction microscope
(REMI)3 or cold target recoil ion momentum spectrometer
(COLTRIMS).11 In such a setup, positively and negatively
charged particles (i.e., ions and electrons) are mapped onto
two position- and time-sensitive detectors that are mounted at
opposite ends of the flight tube. By applying momentum con-
servation, one can identify electrons and ions that emerge from
the same atom or molecule in the interaction region and one
can obtain the 3D momenta of all fragments. 3D coincidence
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momentum imaging (CMI) becomes exceedingly difficult if
more than a few events occur per laser shot.12 Since the ratio
of false to real coincidences scales very unfavourably with
the number of events per laser shot, coincidence experiments
favour the use of a high repetition rate laser system, so that
the event rate can be kept well below one event per laser
shot, without ending up with excessively long data acquisition
times.

In a typical 3D coincidence experiment, the position- and
time-sensitive detector is composed of two or three MCPs in
combination with either a wedge-and-strip or delay-line anode.
The latter is most common and in the simplest case consists of
two orthogonal wound wires that are connected to two analog-
to-digital converters (ADCs). The particle position is obtained
from the difference of the timing signals that are measured for
each wire pair. Commercially available detector setups allow a
spatial resolution down to 100 µm, whereas the particle arrival
time information is extracted directly from the MCPs and can
reach a sub-50 ps resolution.

Recently there have been several examples in which pix-
elated detectors such as CCD and CMOS cameras were used
in velocity map imaging and coincidence momentum imag-
ing.7,8,13,14 In the latter context, Lee et al. recently used a
fast 128 × 128 pixel CMOS camera (1 kHz) in combina-
tion with a high speed digitizer.15 A spatial resolution of
∼500 µm and a time resolution of ∼200 ps were achieved.
To correlate the spatial and temporal measurements of a given
particle, the amplitude signal from a single anode photomul-
tiplier tube (PMT) was recorded by the high speed digitizer
and was correlated with the particle intensity on the cam-
era. Due to the use of a 1 kHz laser, the data acquisition
was very time-consuming.15 The use of a higher repetition
rate laser could improve the situation, although the detection
of multiple ions with similar intensities in the same frame

introduces difficulties in the correlation of the temporal and
spatial information.

Following our previous application of an in-vacuum
Medipix and Timepix detector for performing VMI mea-
surements,7,8 and the development of a high repetition rate
(400 kHz) laser system,16,17 we present a new ion veloc-
ity map imaging spectrometer based on a quad-chip (512
× 512 pixels) Timepix detector and illustrate its use as an
alternative to a traditional delay-line detector. The new spec-
trometer is characterized by detecting intense field, two-
body dissociation following the double ionization of car-
bon dioxide (CO2). The spectrometer combines superb spa-
tial and temporal resolution with a 1 kHz frame rate.
Accordingly, when combined with a high repetition rate
laser system, the spectrometer holds great promise for time-
resolved pump-probe experiments using ion-ion coincidence
imaging.

II. EXPERIMENTAL SETUP

The complete setup is schematically displayed in Fig. 1.
Experiments are performed using a home-built 400 kHz Opti-
cal Parametric Chirped Pulse Amplifier (OPCPA)17 delivering
10 µJ few-cycle pulses (τ= 7 fs) at 790 nm. The output of
the laser is tightly focused inside the velocity map imag-
ing spectrometer (see Fig. 2) using a zero-degree concave
mirror with f = 75 mm onto a continuous molecular beam
obtained by expanding a gas maintained at a constant pres-
sure (2 bars) through a custom-made nozzle (Ø = 20 µm).
Two skimmers (Ø = 100 µm and Ø = 1 mm) located down-
stream of the nozzle at distances of 10 and 280 mm are used
in order to create a cooled molecular beam and to achieve dif-
ferential pumping. Under typical experimental conditions the
peak laser intensity at the focus is 1.2 × 1015 W/cm2, and the

FIG. 1. Ion-ion coincidence imaging setup using an MCP + Timepix detector combination. The setup consists of two main parts that are connected by an
ultra-high vacuum (UHV) gate valve. The spectrometer shown on the left includes a reaction chamber and a detection chamber, in which the electrostatic lenses
and the 3D detector are installed, respectively. To prevent outgassing of the printed circuit board (PCB) of the pixel detector into the reaction chamber, a 14 cm
long, 20 mm diameter pipe is mounted in the field-free TOF tube, which allows ions with a kinetic energy below 10 eV to pass through and drift towards the
detector. The MCP + Timepix detector combination is located underneath the top flange of the detection chamber and is connected by multi-pin feedthrough
cables to two interface boards located outside the vacuum. The right side of the apparatus contains the molecular beam source. The sample gas exits from a
custom-made nozzle located in the source chamber. After the first skimmer, a cooled supersonic molecular beam is formed and further collimated by a second
skimmer located in the buffer chamber.



013919-3 Long et al. J. Chem. Phys. 147, 013919 (2017)

FIG. 2. Schematic diagram of the ion-ion coincidence measurement. The
electrostatic lenses follow the design of Eppink and Parker1,2 and are designed
and configured for velocity map imaging (VMI). The propagation direction
of the laser beam (along the x-axis) is perpendicular to the molecular beam
(propagating along the y-axis), while the linear polarization of the laser beam
is along the y-axis and thus parallel to the detection plane of the MCP +
Timepix detector. The TOF axis is defined as the z-axis. Ions generated at the
crossing point of the laser and the molecular beam (interaction region) are
independently detected by the MCP + TDC combination and by the Timepix
detector. The former provides precise TOF information limited by the 25 ps
TDC time bin, while the particle position and a rough timestamp (10 ns time
bin) are recorded by the Timepix detector. Both data are finally correlated
by global frame timestamps. The correlation procedure is described in more
detail in the text. Preamp: preamplifier; CFD: constant fraction discriminator;
TDC: time-to-digital converter.

diameter of the focal region is around 10 µm. The molecu-
lar density is estimated to be below 108/cm3, meaning that
only one or a few molecules are present in the region where
the laser reaches an intensity that is high enough to ionize the
molecule.

The velocity map imaging spectrometer is composed of
three electrodes following the standard design described by
Eppink and Parker1,2 (typically operated with Vrepeller = 16 kV,
Vextractor = 11.48 kV, and Vground = 0 V). Charged particles pro-
duced by ionization by the few-cycle pulses are accelerated
towards a 3D detector placed at the end of the 30 cm long
field-free flight tube. The 3D detector consists of a chevron-
paired MCP combination placed 1.2 mm in front of a Timepix
detector. A mesh held at ground potential and located 5 mm
in front of the 3D detector is used to decrease the effect of
the MCP front surface voltage on the charged particle motion
in the field-free drift tube. Due to the length of the free
flight tube, the voltages applied and the size of the detec-
tor, charged particles up to 10 eV kinetic energy can be
detected.

The reaction chamber and the detection chamber are sep-
arated by a narrow (L = 14 cm, D = 20 mm) tube in order to
suppress outgassing of the Timepix detector printed circuit
boards (PCBs) into the reaction chamber, where the strong
field ionization experiment needs to be carried out under ultra-
high vacuum (UHV) conditions. Without the injection of gas,
the background pressure in the reaction chamber is 10�10 mbar
and the pressure in the detection chamber is 10�9 mbar.

A. 3D detector

The 3D detector is composed of a set of chevron-paired
MCPs (pore size 12 µm, pitch size 15 µm, diameter 40 mm)
mounted in front of a quad-chip Timepix detector (see Fig. 2).
A similar detector combination was previously used by our
team for VMI and sliced VMI.7,8 The Timepix detector is based
on CMOS technology and corresponds to the successor of the
Medipix2 detector that was developed by the Medipix collab-
oration coordinated by the European Organization for Nuclear
Research (CERN).14 A standard Timepix chip has 256 × 256
pixels with a pitch of 55 µm and is bump-bonded to a read-
out chip. Our quad-chip Timepix detector has four chips in a 2
× 2 arrangement with a gap of 180 µm between adjacent chips,
thus providing 262 144 individual pixels on an active area of
28 × 28 mm2. Each pixel of the detector contains a pream-
plifier, a discriminator with a 4-bit adjustable threshold, and a
14-bit pseudorandom counter with a counting depth of 11 810
counts. Each pixel has three different operation modes18 and
can be addressed independently: (1) Medipix/counting mode,
where the on-board counter registers the number of times
the incoming signal exceeds a specified threshold; (2) time-
over-threshold (TOT) mode, where the on-board counter is
continuously increased as long as the signal exceeds a speci-
fied threshold; (3) Timepix/time-of-flight (TOF) mode, where
the arrival time of one impinging particle is measured with
respect to an externally triggered shutter signal. After the shut-
ter opens, the on-board counter starts running at the moment
the incoming signal first exceeds a specified threshold and
stops when the shutter closes. The shutter open and close sig-
nals determine the start and end times of acquisition of a frame.
In the experiment, the Timepix detector is operated in the TOF
mode, i.e., the impact position and the TOF of incoming par-
ticles with respect to an external trigger are recorded. The
Timepix detector allows for a maximum time resolution of 10
ns (given by the ≤100 MHz clock rate of the Timepix chip)
and has a dynamic range up to 100 µs (limited by the dynamic
range of the 14-bit counter). We will see later that to achieve a
better temporal resolution, the TOF data from the Timepix
detector can be combined with an analog signal extracted
from the MCPs and recorded using a time-to-digital converter
(TDC).

B. Readout system (data transfer and storage)

The readout system for the quad-chip Timepix detector
was developed at the Space Sciences Laboratory at the Uni-
versity of California at Berkeley19,20 and achieves a readout
of 1000 frames/s using a parallel readout technique based on
several field programming gate arrays (FPGAs). As shown in
Fig. 1, the digital signal from each pixel of the Timepix detec-
tor is read out by two, 96-pin feedthrough cables connected to
two FPGA interface boards (Xilinx Spartan 3) located outside
the detection chamber and running in parallel. A larger FPGA
board (Xilinx Virtex 5), the so-called Roach board, is config-
ured in order to generate a single 512 × 512 image, which is
then transferred to an acquisition computer using a 10 Gb/s
Ethernet interface. At 1 kHz readout rate, the readout system
has a 286 µs dead time for each frame,19–21 which is the min-
imum time required to transfer all data from the chips to the
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interface boards. After this time interval, the chips are ready
to collect new events for the next frame by opening the shutter
of the Timepix detector. In the TOF mode, the image data of
the Timepix detector are sent to an acquisition computer by the
Roach board and is processed online to generate a list of pixels
that were illuminated during the opening of the shutter. Each
illuminated pixel is associated with a position, specified by x
and y, and an arrival time t. A global time is then associated to
the frame for its later identification.

C. Time-to-digital converter and synchronization
with Timepix

When using the highest possible clock rate (100 MHz),
the Timepix detector provides TOF information with a 10 ns
time resolution, which permits distinguishing ions that have
different masses but does not give sufficiently accurate time
information to draw detailed conclusions about the velocity of
the ions along the electric field direction. To retrieve this veloc-
ity from the recorded TOF, a time resolution in the picosecond
range is required. This is accomplished by comparing the TOF
signal from the Timepix detector to the TOF signal extracted
from the MCP current. Using a decoupling box, the AC signal
from the rear MCP following an ion hit is extracted and pre-
amplified, before being preprocessed by a constant fraction
discriminator (CFD), and finally fed into a fast time-to-digital
converter (TDC). The TDC (TDC8HP, RoentDek) has 8 NIM-
compatible input channels with a 25 ps bin size (the least
significant bit, LSB 25 ps) and a dead time of less than 5 ns
for a maximum measurement range up to 419 µs. The TDC is
controlled by the CoboldPC software from RoentDek, which
also saves the experimental data in the acquisition computer
for a later off-line analysis.

In the current implementation, the spectrometer is
designed for working with a high repetition rate laser system
(400 kHz), and all fragments and parent ions arrive in less than
2.5 µs. In order to synchronize the TOF measurements from
the MCP and the Timepix detector, a 400 kHz photodiode sig-
nal synchronized with the pulses from the OPCPA is divided
and converted to a 1 kHz transistor-transistor logic (TTL) sig-
nal using a frequency divider. The original photodiode signal is
fed into one of the TDC channels, whereas the 1 kHz TTL sig-
nal is used to trigger the opening of the Timepix sensor shutter.
The Timepix is set to record data during a 50 µs interval, and
the “shutter closed” signal from the Timepix is used to trigger
the TDC, thus permitting the capture with high time resolu-
tion of all ion events during the 50 µs time interval while the
Timepix shutter is open (see Fig. 3(a)). In other words, during
the 50 µs interval when the Timepix shutter is open, ions gen-
erated by the 20 laser pulses that occur during this interval are
both recorded by the Timepix detector (and turned into an (x,
y, t) entry in the Timepix data list) and, separately, by the TDC.
Both the frame from the Timepix detector and the TDC data
are assigned a global timestamp. Based on these timestamps,
one can correlate the position and the (rough) time informa-
tion from the Timepix detector with precise TOF data recorded
from the TDC.

In Fig. 3(b), a typical distribution of the number of cor-
related events per frame is shown as well as the distribution
of events recorded by the TDC and Timepix detector. In our
chosen experimental conditions, we observed an average of
9-10 events/frame with the Timepix detector (i.e., about 0.5
event/laser shot), whereas an average of 6-7 events/frame is
detected with the TDC. The lower detection efficiency of
the TDC is due to the relatively high threshold used in the

FIG. 3. (a) Timing diagram of the data acquisition. The Timepix detector is triggered by 1 kHz TTL pulses from a frequency divider that divides a diode signal
derived from the laser (400 kHz) to the maximum frame readout rate of the Timepix (1 kHz). A typical measurement time window is 50 µs, during which 20
laser pulses are fired onto the molecular beam. The TDC is triggered by the “shutter closed” edge of the Timepix detector and registers all events that occur on its
channels relative to this edge. The laser signal from the diode and the pick-off signal from the MCPs are fed into two of the TDC channels in order to retrieve the
TOF. (b) Distribution of the number of events per frame in our test experiment. Top: distribution of correlated (i.e., Timepix + TDC) events. Middle: distribution
of events measured with the TDC. Bottom: distribution of events measured by the Timepix detector. The ratio of the number of correlated events to the number
of TDC and Timepix events allows us to determine that the efficiency of the Timepix detection is 86% and that of the TDC detection is 57% (see text for details).
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constant fraction discriminator (CFD) in order to suppress
false events caused by the ringing of the MCP pick-up circuit,
thereby however filtering out some true events where the MCP
gain is small. While such events may remain below the CFD
threshold, they are nevertheless likely to be recorded by the
Timepix detector. We note as well that due to the 5 ns dead time
of the TDC, pairs of ions with a very similar TOF, for instance,
two atomic O+ ions that are ejected parallel to the detection
plane, are registered as a single particle by the TDC. However,
the position of both ions is still recorded in the Timepix image
and is distinguishable. Overall, we can conclude from the num-
ber of correlated events, the number of Timepix-only events,
and the number of TDC-only events that an average detec-
tion efficiency of 86% is achieved with the Timepix detector,
whereas the average detection efficiency is about 57% for the
TDC. N.B. These numbers do not depend on the MCP detec-
tion efficiency but describe the probability that an ion signal
that is amplified by the MCPs will be detected by the Timepix
and the TDC, respectively.

III. METHOD
A. Centroiding

Information about the ion momentum distribution in the
detector plane can be directly obtained from the position of
the pixels that record an ion hit. However, an individual ion
event will be recorded on a number of adjacent pixels, mainly
due to the spreading of the electron cloud from the MCPs that
is projected onto the Timepix detector. The number of illu-
minated pixels is governed by the MCP gain, which depends
on the voltage applied to the MCP, as well as on the voltage
between the rear MCP and the Timepix chip.7,8 Saturation of
the Timepix detection efficiency was observed when a voltage
of 1.7 kV was applied across the MCPs (�2.7 kV on the front
face and �1 kV at the back), and using a voltage of 1.0 kV
between the rear MCP and the Timepix detector. Under these
conditions, a cluster size of around 8 × 8 pixels was observed
for each detected ion.

As previously described, the counter of each pixel begins
to count in the TOF mode as soon as the input charge exceeds a
preset threshold and continues until the shutter closes. Within
a cluster, a larger number of electrons from the MCPs will tend
to hit the central pixels than the surrounding ones; therefore,
the central pixels go over the threshold earlier and register ear-
lier TOFs than the surrounding pixels. So the recorded TOFs
of pixels in a cluster reflect the spatial distribution of the elec-
tron cloud that impacts on the Timepix detector, which can
be exploited in an off-line centroiding analysis. The center
of the ion hit can thus be determined with sub-pixel spatial
resolution.7,22

The equations for center-of-mass centroiding for a peri-
odic pixel detector with pixel coordinates (xi, yi) and TOFs T i

are given as

xc =

N∑
i=1

xi∆Ti

N∑
i=1
∆Ti

, (1)

yc =

N∑
i=1

yi∆Ti

N∑
i=1
∆Ti

, (2)

where ∆T i is the time difference between the arrival time T i

recorded at the ith pixel and the pixel with the earliest arrival
time in the cluster. N is the total number of pixels where the
ion count has led to a response. (xc, yc) represents the centroid
of the detected ion event.

To determinate the spatial resolution of the MCP
+ Timepix detector, a home-made mask was placed 5 mm
in front of the MCP + Timepix detector. Five groups of lines
with widths and gaps between the lines ranging from 20 to
60 µm were fabricated by laser machining. The transmission
through the mask was recorded on the Timepix detector and the
centroiding procedure described above was used. The result is
shown in Fig. 4(a). Remarkably, the transmitted distribution
contains a pattern of dots, indicating that the spatial resolu-
tion resulting from the centroiding procedure allows one to
recognize from which channels of the MCP the electron cloud
emerged.

Signal intensity distributions as a function of the horizon-
tal image coordinate, i.e., F(x), were obtained by integrating
the measured images over the vertical (y) coordinate. The final
resolution of the detector was then estimated by fitting the
resulting functions to the following equations:23

F(x) = M

(
2 + Erf

(
x − x1
√

2σ

)
− Erf

(
x − x2
√

2σ

))
+ C, (3)

Erf (x) =
2
π

∫ x

0
exp(−t2)dt, (4)

where M is a normalization factor, x1 and x2 are the posi-
tions of the rising and falling edge in the transmitted pattern,
and σ quantifies the spatial resolution. In this expression, the
same amplitude is assumed to be constant between the rising
and falling edges. The result of the fitting procedure is given
in Fig. 4(b) for the 60 µm set of lines. A spatial resolution
of σ = 5.7 ± 0.3 µm is determined in this manner, represent-
ing an upper limit to the actual spatial resolution, given the
finite quality of the laser-machined masks. As noted previ-
ously, after centroiding the MCP pores can be clearly resolved
in Fig. 4(a). The integrated signal, F(x), along a line connecting
the individual pores of the MCP pattern is given in Fig. 4(c).
From this curve the pitch of the MCP can be estimated to
be 14.6 µm, in good agreement with the specification of the
MCPs.

We note that there exists a trade-off between the ion
detection efficiency on the Timepix detector and the abil-
ity to apply center-of-mass centroiding on the one hand, and
the maximum number of ion events that can be recorded in
one frame (i.e., within 1 ms) without overlap between dif-
ferent ion counts on the other hand. Both aspects depend
on the electron cloud size on the detector. Therefore, a
better spatial resolution than the resolution quoted above
may be achievable at the expense of the permissible count
rate.
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FIG. 4. (a) 2D image of ions transmitted through a resolution mask placed 5 mm before the MCP + Timepix detector, after centroiding. The mask contains five
different groups of lines characterized by different slit widths produced by laser machining. The slits are separated by an un-machined area that has a width
equal the slit width. (b) Integrated intensity distributions for the mask line 5. The data are acquired in the TOF mode of the Timepix detector. Fitting of the ion
transmission through all slits suggests that the spatial resolution is σ = 5.7 ± 0.3 µm. (c) Spatial distribution obtained by integrating the intensity within the red
rectangle in Fig. 4(a) along the pitch direction. The resulting distribution was fitted by a superposition of Gaussian functions and the separation between these
Gaussian functions was used to determine the pitch of the MCPs.

B. Determination of 3D momentum distribution

Once the precise spatial coordinates and the TOF of a
specific ion have been measured, the 3D momentum can be
calculated. In accordance with Fig. 2, we define the laser prop-
agation direction as the x-axis, the opposite direction of the
molecular beam propagation as the y-axis, and the TOF axis as
the z-axis. The x- and y-components of the initial 3D momen-
tum, p = (px, py, pz), of an individual ion can be retrieved from
its recorded displacement from the center of the detector plane
(∆x, ∆y) and its TOF T, according to24

Px = α
m∆x

T
, (5)

Py = α
m∆y

T
, (6)

whereas the momentum component along the electric field pz

is given by

Pz = β
(Ur − Ue)q

d
(T0 − T ). (7)

In these equations m and q are the mass and the charge of the
ion,∆x and∆y are the displacements of the ion from the center
of the detector (i.e., from the location on the detector where
an ion with px = py = 0 will hit), T is the ion time-of-flight, T0

is the time-of-flight if pz is equal to zero, d is the distance
between the repeller and extractor electrodes, and Ur and Ue

are the voltages applied to the repeller and accelerator plate
electrodes, respectively. The coefficients α and β account for
the effects of the finite time interval during which the ions are
accelerated, as well as the magnification effect resulting from
the inhomogeneity of the electric field in the extraction region.
The coefficient α has been calibrated as 0.78 ± 0.03 by fit-
ting the electron spectrum recorded following above threshold
ionization (ATI) of krypton atoms. To calibrate the coefficient
β, O+ ions were measured that resulted from the dissociative

double ionization of CO2, exploiting the fact that, due to cylin-
drical symmetry, the momentum distributions in the (x, y) plane
and in the (y, z) plane are identical. The β value was determined
as 1.12 ± 0.05 and was confirmed by trajectory simulations
using the SIMION program (version 8.0).25

IV. PROOF-OF-PRINCIPLE EXPERIMENT

As a proof-of-principle experiment, dissociative double
ionization of carbon dioxide (CO2) by an intense femtosecond
laser field was investigated. For this experiment, the laser field
polarization was set parallel to the detection plane. All the other
experimental parameters were identical to those described
in Section II. Typical position and arrival time information
recorded by the Timepix detector are shown in Fig. 5. The
2D image in Fig. 5(a) is a projection of all ions produced in
the experiment after applying the center-of-mass centroiding
described previously. In the image, both the mesh at the end
of the field-free flight tube with 34 µm wire diameter and the
180 µm gap between the adjacent Timepix chips are clearly
seen, in agreement with the previously determined sub-6 µm
spatial resolution. As expected, the TOF histogram displayed
in Fig. 5(b) shows that the 50 µs measurement time window
contains 20 laser pulses separated by a 2.5 µs interval. The
assignment of the ion peaks in the TOF spectra is shown
in the inset of Fig. 5(b). The extensive production of CO2

+

parent molecular ions results in a pronounced detection loss
in the central part of the detector, as indicated by the green
dashed line in Fig. 5(b), which shows that after the first few
laser pulses and, correspondingly, detection of the first CO2

+

parent ion, the detection of further CO2
+ within the same

camera frame is compromised. The reason is that in the TOF
mode, each pixel of the Timepix detector can register at most
one event in a single frame (1 ms). Therefore, all ion events
following the first hit of a given pixel are discarded during
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FIG. 5. (a) Raw 2D spatial image after centroiding representing the projection of all ions produced in the proof-of-principle experiment on the strong field
(dissociative) ionization of CO2. The mesh in front of the 3D detector that serves to decrease the effect of the MCP voltages on the ion trajectories in the field-free
drift tube is clearly visible, as are the 180 µm gaps between the individual Timepix chips. The white double-sided arrow indicates the direction of the laser
polarization. The Timepix chips are rotated by 9◦ with respect to the laser polarization. (b) TOF distributions obtained directly from the Timepix detector, after
accumulating 1 × 106 frames. There are 20 laser pulses within each frame, so that the TOF spectrum is replicated 20 times. Two of the TOF distributions are
shown in the inset. The peaks are assigned to specific ions. A green dashed line is plotted to draw attention to the intensity decrease of the parent ion CO2

+ signal
as a function of the measurement time within the frame. This is due to pile-up of parent ions on the central part of the detector.

the shutter opening time (50 µs). In contrast, the peak inten-
sities of the O+ and CO+ ion peak decrease only slightly. This
is a direct consequence of the fact that these fragment ions
have a finite kinetic energy release. Therefore there is a low
probability that within one frame ions will land multiple times
at the same location on the detector.26 One can estimate that the
probability of overlapping electron clouds created by different
fragment ions within one frame increases to 100% when the
ionization rate is higher than 3 events/laser shot. In what fol-
lows, we disregard the parent ion detection in the central part
of the Timepix detector, which anyway does not contribute to
coincident events.

In the experiment, the ionization rate depends on the laser
intensity, the focal volume, and the density of the molecular
beam in the interaction region. In the experiment shown in
Fig. 5, the ion event rate is around 0.5 counts/laser shot. We
note that a rate of 0.5 events/laser shot is near the upper limit
that one can afford in a coincidence experiment to avoid false
coincidences. Combining the high repetition rate laser sys-
tem and the fast MCP + Timepix detector, a usable total ion
event rate of 104 per s is available in the ion-ion coincidence
measurements.

Compared to the rough timing signal of the fragment ions
obtained from the Timepix, a TOF spectrum with higher time
resolution (limited only by the arrival time distribution of the
ions and the 25 ps bin time of the TDC) is obtained from
the TDC acquisition. This can potentially enhance the TOF
time resolution about 400-fold. Indeed, in a mass spectrum
recorded for Xe (not shown), the mass resolution of the spec-
trometer was determined to be better than M/∆M = 2700 and
the width of individual mass peaks was below 1 ns. A mass
spectrum acquired using the TDC data is shown on both a
linear and a logarithmic scale in Fig. 6. Fragments resulting
from dissociative ionization and Coulomb explosion of CO2,
including dominant contributions from C+, O+, and CO+ and
smaller amounts of C2+ and O2+ ions, can be readily observed.

Due to the very high mass resolution, different isotopes are
clearly separated in the mass spectrum. Among the many ions
in the mass spectrum, a contribution corresponding to the
detection of the metastable CO2

2+ ion is also observed. In
what follows, two-body dissociation of the CO2

2+ ion will be
discussed to demonstrate the utility of our spectrometer for
ion-ion coincidence imaging.

A. Two-body dissociation of CO2
2+

Dissociative double ionization of CO2 has been studied
by using electron impact, synchrotron light, and intense fem-
tosecond laser pulses.26–29 Typical dissociation channels of
CO2

2+ are (i) C+ + O+ + O, (ii) C + O+ + O+, and (iii) CO+

+ O+. Here, we will focus in particular on the latter channel,
i.e., the production of CO+ + O+. There are two mechanisms

FIG. 6. High resolution mass spectrum for the ionization of CO2 in a strong
laser field, obtained using the timing information from the TDC, for the laser
conditions given in Section IV. The left axis is plotted on a linear scale and
refers to the curve plotted in red, while the right axis is plotted on a logarithmic
scale and refers to the curve plotted in black, which permits the observation
of weaker signals.
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FIG. 7. (a) Ion-ion coincidence image
on the basis of TOF data retrieved from
the TDC. As elaborated in the text, the
formation of the ion pair (CO+, O+)
occurs by two different fragmentation
mechanisms (leading to regions I and
II). The ion-pair (C+, O2

+) is observed
within the red rectangle and shown on a
larger scale in (b). The anti-correlation
between C+ and O2

+ flight-times is a
result of momentum matching of the two
fragments in the break-up of CO2

2+.

for the formation of this channel, accompanied by different
time scales for the production of the ion-pair.26,28 One contri-
bution is the dissociation of the metastable parent ion CO2

2+

that occurs with a lifetime of approximately 3.1 µs.28 In our
experiments, a part of this dissociation happens during the
extraction of the ions in the velocity map imaging spectrom-
eter. This can be seen in the mass spectrum shown in Fig. 6,
where the O+ and CO+ flight-times are not at all sharp and sit
on the top of long pedestals that extend towards the flight time
of CO2

2+. The reason for this behavior becomes more trans-
parent when plotting an ion-ion coincidence map as shown
in Fig. 7(a). In this plot the correlation is shown between the
times-of-flight of any two ions that together form a coinci-
dent ion pair. Coincident O+ and CO+ ions that are formed
shortly after the laser excitation are observed at the times-
of-flight expected for m/z = 16 (TOF =∼760 ns) and m/z = 28
(TOF =∼1030 ns), whereas O+ and CO+ ions that are formed
when the acceleration in the extraction region has been com-
pleted are measured near the time-of-flight of parent CO2

2+

ions (m/z = 22, TOF =∼900 ns). O+ and CO+ ions that are
formed in between these two times are detected on the line
(labeled as region I in Fig. 7(a)) connecting the point corre-
sponding to prompt coincident O+ + CO+ detection and the
point in the coincidence map where both ion 1 and ion 2 have

the time-of-flight of CO2
2+. We note that since these ions are

formed from a metastable CO2
2+ ion that has a lifetime that

is significantly longer than the rotational period of 42.7 ps of
CO2, these O+ and CO+ fragment ions have a nearly isotropic
angular distribution.

The region II in Fig. 7(a) shows a significant enhance-
ment in the O+ + CO+ contribution near the expected flight
times for O+ and CO+. This shows that in addition to the
slow fragmentation process discussed above, there also exists
an “ultrafast” fragmentation process according to a different
dissociation mechanism, e.g., a prompt Coulomb explosion.
Indeed, when the 2D momentum distribution (in the plane of
the detector) of O+ and CO+ ions is plotted that result from
this ultrafast fragmentation process (see Fig. 8), a pronounced
anisotropy is observed in the angular distribution, where the
O+ and CO+ angular distributions peak along the laser polar-
ization axis. Previously, the “ultrafast” dissociation of CO2

2+

was estimated to happen on femtosecond time scales, i.e., on a
time scale much shorter than the rotational period.26 The total
kinetic energy release for the prompt O+ and CO+ channels
shown in Fig. 9 exhibits a 2 eV broad peak centered around
5.5 eV and agrees with previous work.26,30

In addition to the two O+ + CO+ pathways, the ion-ion
coincidence map reveals a number of additional pathways.

FIG. 8. Momentum distributions of CO+ (a) and O+ ions (b) in the break-up of CO2
2+ into CO+ + O+. The CO+ and O+ ion events are extracted from region II in

Fig. 7(a). The white double-arrow line indicates the laser polarization direction. (c) Normalized angular distribution for the channel (CO+, O+) in region II. The
angle that is plotted gives the direction of the O+ ejection with respect to the laser polarization direction. N.B. The angular distribution shows a modest up-down
asymmetry that is not caused by an asymmetry in the dissociative ionization process, but which is likely due to a slight misalignment of the time-of-flight tube
at the time that the experiments were performed.
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FIG. 9. Normalized kinetic energy release (KER) distribution for the channel
(CO+, O+).

One of these is the coincident detection of C+ (m/z = 12,
TOF =∼640 ns) and O+, pointing at the participation of the
afore-mentioned C+ + O+ + O and C + O+ + O+ pathways. Other
contributions result from false coincidences, e.g., coincidences
between the detection of H2O+ (m/z = 18, TOF =∼810 ns)
and C+/O+, and coincidences between the detection of CO2

2+

(m/z = 22, TOF =∼900 ns) and C+/O+/H2O+. These false coin-
cidences, which clearly show up in the current measurements
because of the very high dynamic range of the experiment
(spanning about 5 orders of magnitude), underscore the impor-
tance of performing coincidence experiments at very low event
rates (�1 event/laser shot). In addition to these false coin-
cidences, however, Fig. 7(a) also clearly reveals a further
fragmentation pathway for the CO2 molecule, namely, the for-
mation of C+ and O2

+ ion-pairs. This contribution is shown
within the red rectangle in Fig. 7(a) and replotted on a larger
scale in Fig. 7(b). The same finding was recently reported by
Larimian et al.30 on the basis of COLTRIMS measurements.
However, in contrast with the results presented there, our data
do not show any evidence for a slow dissociation pathway into
C+ + O2

+ ion analogous to the previously discussed dissocia-
tion into O+ + CO+ (see Figs. 7(a) and 7(b)), even though the
dynamic range in our measurement exceeds the dynamic range
in the results presented by Larimian by at least one order of
magnitude. The ion-ion coincidence map shown in Fig. 7(a)
suggests that in our experiment the fragmentation of CO2

2+

into C+ + O2
+ occurs on an “ultrafast” time scale and suggests

that the fragmentation of the metastable CO2
2+ ion does not

contribute to O2
+ ion formation. To investigate the fragmenta-

tion process leading to the formation of C+ + O2
+ further, and

to resolve the discrepancy between our and Larimian’s result, a
time-resolved ion-ion coincidence imaging experiment using
a pump-probe technique is needed. This will be the subject of
future work.

V. CONCLUSION

A new compact ion-ion coincidence spectrometer has
been developed for strong field ionization and fragmentation
studies. The spectrometer uses the combination of an MCP

+ Timepix detector in a UHV detection chamber. The time
resolution of the Timepix detector is significantly improved
by correlating the timestamp provided by the Timepix detec-
tor with a precise timestamp obtained from a fast TDC that
is fed with a capacitively decoupled MCP signal. In addition,
center-of-mass centroiding significantly improves the spatial
resolution of the detector. To illustrate the utility of the detec-
tor, a high repetition rate laser system was employed to dis-
sociatively ionize the CO2 molecule. An ion-ion coincidence
map revealed the evidence of both a fast and a slow pathway
for the dissociation of CO2

2+ into CO+ and O+. In addition, the
prompt formation of C+ and O2

+ ion-pairs was observed. The
new spectrometer paves the way to performing time-resolved
pump-probe experiments with coincident ion-ion detection in
the near future.
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