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We present a photoelectron-photoion coincidence �PEPICO� spectrometer named DELICIOUS II
which combines a velocity map imaging apparatus with a Wiley–McLaren time of flight analyzer for
the study of gas phase samples in interaction with the synchrotron radiation �SR�. This versatile
system is capable of providing photoelectron images on mass-selected compounds with kinetic
energy resolutions of �E /E=5% and a 17 eV bandwidth, as well as threshold photoelectron spectra
with a measured resolution of 0.8 meV, as demonstrated on the 3p−1 ionization of argon. This
instrument is also employed for threshold PEPICO experiments, allowing the selection of the parent
ion’s internal state with sub-meV resolution for light masses ��40 amu� and with typically 2 meV
resolution for a mass of 100 amu and with a mass resolving power above 200. The continuous
operation of the extraction fields and the independence from the electron’s time of flight are well
adapted to the quasicontinuous multibunch mode of the SR. This, together with the high
transmission of both the electron and ion detection, allows a high coincidence counting rate and
facilitates the subtraction of false coincidences. We illustrate the spectrometer’s coincidence
principle of operation with examples from the valence photoionization of an Ar+Xe mixture and of
CF4. © 2009 American Institute of Physics. �DOI: 10.1063/1.3079331�

I. INTRODUCTION AND EXPRESSION OF THE NEEDS

Gas phase photoionization is a basic photon-matter
process widely encountered in nature �interstellar medium,
planetary ionosphere�, whose study in the laboratory by
photoelectron spectroscopy �PES� has made considerable
progresses with the availability during the past decades of
intense short wavelength light sources such as vacuum ultra-
violet �vuv� lasers and synchrotron radiation �SR�.1 PES can
either be performed at fixed photon energies with a disper-
sive analyzer �electrostatic or by time of flight �TOF��, or
when a tunable light source is employed, by collecting
threshold electrons �also referred to as zero electron kinetic
energy �ZEKE�� as a function of the ionizing photon energy.
The latter directly provides, by energy conservation, the
spectroscopy of the cation electronic structure, and defines
the principle of threshold photoelectron spectroscopy
�TPES�. TPES has a usually very high collection efficiency
and a potentially high resolution but lacks any angular reso-
lution and is not adapted to the study of resonant features
such as the decay of autoionizing states. Therefore the use of
conventional PES versus TPES depends on the scientific
needs.

Because of energy �and momentum� conservation, single
photoionization of atoms can be fully characterized by PES
alone. The molecular case is more complex, since in addition
to the internal degrees of freedom in which the energy of the

incoming photon can be stored, such as electronic and/or
rovibrational excitation of the resulting ion, part of the en-
ergy can also be transferred into translational energy of the
cation fragments produced in photodissociation events. In
order to fully characterize the energy �and momentum� shar-
ing between the electron and the different ionic fragments,
several photoelectron/photoion coincidence �PEPICO�
schemes have been developed taking simultaneous advan-
tage of PES, ion momentum, and/or mass spectrometry
�MS�, sometimes involving the detection of several electron
and/or several ions in the case of multiple ionization and
core ionization �nPEmPICO�.2

In the case of valence-shell vuv photoionization, on
which we are focusing as from now, dissociative ionization
has been studied in terms of spectroscopy, energetics, and
thermochemistry via threshold photoelectron photoion coin-
cidence �TPEPICO� experiments, providing dissociation lim-
its and appearance energies, kinetic energy releases �KERs�
from state-selected ion, heats of formation, fragmentation
breakdown diagrams of state-selected parent ions,3–5 as well
as ionization energies of radicals.6 Note that the TPEPICO
method can also be used in the context of bimolecular state-
selected ion-neutral reactivity.7 Dissociative ionization has
also been studied in terms of molecular photoionization and
fragmentation dynamics by the study of angle-resolved mo-
mentum electron/ion correlations.8

On the other hand, imaging techniques, initially intro-
duced by the laser community,9 in which the original three-
dimensional �3D� electron or ion velocity distribution is pro-
jected onto a two-dimensional �2D� position sensitive
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detector �PSD� allowing a multiplex and simultaneous mea-
surement of both the radial and angular distributions, have
become a widely used and powerful tool in the general field
of molecular dynamics.10 This has been especially the case
since the introduction of the velocity map imaging �VMI�
concept by Eppink and Parker11 in which the presence of
inhomogeneous electric fields producing a lensing effect
gives rise to a spectacular deblurring of the images and hence
to a considerable improvement in energy resolution. Note
that the VMI technique, by its ability to provide crisp images
quite regardless of the size of the source volume, is espe-
cially well suited for SR-based studies often associated with
large source volumes, so that several of these instruments,
either used for electron or ion imaging, are being used
throughout SR centers.12–14

The combination of these imaging techniques with
electron/ion coincidence schemes appears therefore as a
powerful tool for the study of molecular photoionization,15

and it has been applied, for instance, to the study of vectorial
correlations in dissociative ionization.16,17

In this paper, we wish to present a versatile and universal
electron/ion coincidence imaging spectrometer, called
DELICIOUS II, able to perform both TPEPICO and angle-
resolved PEPICO �AR-PEPICO�. Such a spectrometer has
been conceived to be inserted into the SAPHIRS molecular
beam �MB� chamber, a permanent end station of the DESIRS
vuv beamline18 of the French third generation synchrotron
center SOLEIL. DESIRS is an undulator-based beamline
covering the 5–40 eV range with variable polarization and a
very high spectral resolution. Its scientific case is manifold
including the study of unimolecular reactions such as mo-
lecular cation fragmentation as well the dynamics of photo-
ionization of atomic and molecular samples.

The need for versatility of DELICIOUS II is twofold:
first, by having a single apparatus to perform most of the
scientific case with the SAPHIRS chamber, one saves the
time invested in the switching, aligning, and testing of dif-
ferent setups in between two users’ beam time; second, it
allows to perform, on the very same sample, different and
complementary types of spectroscopy �for instance, TPES
followed by AR-PEPICO�.

In practice, DELICIOUS II is aimed at replacing the
former TPEPICO spectrometer19 of SAPHIRS in which the
selection of threshold electrons was done by both a steradi-
ancy aperture as well as by the measurement of electron TOF
with respect to the SR light pulse. The drawback of such an
approach is the limited resolution �due to uncertainty in the
TOF measurement� in the 5–10 meV range, and the need for
the “time-structure” operation of the SR ring, a mode of
operation which is not very often scheduled on third genera-
tion storage rings, and which suffers from a severe flux re-
duction with respect to the multibunch mode, typically a fac-
tor of 5–10, because of the limited electron current that can
be stored in a single or in a few electron bunches.

DELICIOUS II will also be an upgrade of DELICIOUS,
a SR-optimized VMI spectrometer,13 in the sense that DELI-
CIOUS II allows the operation of a VMI on electron �ion� in
coincidences with ions �electrons�. Note that a VMI �ion� has
already been implemented in coincidence with electrons �not

analyzed�,14,20,21 and that photoelectron velocity mapped im-
ages have also been recorded previously in coincidence with
VMI ions,17 although the obtained ion mass resolution is not
sufficient to fulfill the beamline’s scientific case.

DELICIOUS II consists of combining, in a tandem ge-
ometry, an electron �or ion� VMI �DELICIOUS� with a
Wiley–McLaren TOF �WM-TOF� spectrometer.22 Its specifi-
cations are the following:

�a� Operate in a fully continuous �cw� operation, i.e., with
an optimal duty cycle matching the natural SR opera-
tion in the multibunch mode as well as with the cw MB
of SAPHIRS. In particular, avoid any pulsed electric
field for both noise issues on the detector and to avoid
the cumbersome subtraction of random coincidences.23

�b� Keep all the performances in both the electron and the
ion modes achieved by the VMI DELICIOUS alone:
ion imaging that we mostly use as a very fine probe of
the nozzle-to-skimmer 3D positioning;24 electron imag-
ing with an optimized resolving power of 6% �Ref. 13�
and with a 4� collection efficiency up to 17 eV that has
been mainly applied, so far, to the study of photoelec-
tron circular dichroism on pure enantiomers of gas
phase chiral molecules.24,25

�c� Perform TPES with the highest possible spectral reso-
lution, at least sub-meV, taking advantage of the broad
and easy tunability of SR and of the very high spectral
resolution achieved by the DESIRS beamline, provid-
ing on a large spectral range the spectroscopy of the
ion states with rovibrational resolution.

�d� Perform TPEPICO by collecting and mass analyzing
the coincident ion �the so-called mass analyzed thresh-
old ion� in order, on one hand, to study the fragmenta-
tion of energy-selected cations and derive the thermo-
chemical associated data �appearance energy, heats of
formation, etc.� and, on the other hand, to be able to
perform TPES on mass selected parent ions. This is
extremely useful when one deals with a nonpure MB,
which is commonly the case of radicals produced by
pyrolysis26 or photolysis,27 leading sometimes to a
mixture of the radical to be studied and of its precursor.

�e� Perform AR-PEPICO with high resolution on the elec-
tron side �5% in relative kinetic energy� and a mass
resolution above 100 �i.e., �M /M �100�, and with a
high counting rate �typically above 10 000 events/sec�
in order to acquire high quality images and to take
advantage of the high flux of the beamline. This would
allow, for instance, to perform AR-PES on mass se-
lected clusters, and also it would strongly enhance,
even in the case of monomers, the performances of the
VMI in electron mode by suppressing any unwanted
contribution to the electron image. By a simple filtering
with the coincident ion peak in the mass spectrum, one
could remove any electron contribution from scattered
light, background gas, carrier gas of the jet, nonpure jet
of radicals, etc. Note that by considering all the elec-
trons regardless of their momentum, one simply gets
the mass spectrum of the molecules present in the jet,
which is a very fine probe of contamination or thermal
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decomposition in the case of a heated sample. Note
also that coincidence spectrometers based on the direct
full 3D measurement of electron and ion momenta by a
dual imaging and TOF technique28,29 are capable of
covering a broader scientific program than the present
AR-PEPICO apparatus �in particular, they can extract
molecular frame photoelectron angular distributions�
but would not fulfill our requirements because of their
limited electron energy resolution,30 especially for fast
electrons, and/or their need for a pulsed light source:
SR in the time-structure mode or pulsed laser.

�f� Perform mass-resolved ion imaging for the study of
cluster fragmentation, for example, by operating the
VMI in the ion mode and using the coincident electron
�detected on the TOF side� as a start for the MS
analysis.

In Sec. II, we will describe the DELICIOUS II spec-
trometer and its environment �SAPHIRS MB chamber, SR
beamline DESIRS�. Then the TPES mode of operation, fol-
lowed by one of the WM-TOF, will be presented from the
conception to the performances. In Sec. V, the coincidence
modes PEPICO and TPEPICO will be exposed, illustrated,
and discussed. Future prospects will be given in Sec. VI.

II. EXPERIMENTAL SETUP

A VMI spectrometer reconstructs the original Newton’s
sphere without the need of the time coordinate.31 While this
is advantageous for continuous light sources, one of the in-
conveniences is that the reconstruction must be performed
a posteriori, since the method needs a complete image to
work. Thus, contrary to an imaging spectrometer,9 one can-
not determine the particles’ velocity vector by examining a
single impact on the detector.

The above statement removes some of the interests of
building a coincidence setup where two VMI are coupled
together, since only coincidences with particles correspond-
ing to the largest radius would be possible.17 A more suitable
and versatile alternative is to couple a VMI with a spectrom-
eter capable of resolving a single event so that a filtering of
the events on an image can be done prior to its inversion.
One of the simplest options fulfilling our scientific interests
is a WM-TOF spectrometer.22

A 2D schematic of the apparatus presented in this article
is shown in Fig. 1. The VMI part has already been described
in detail in a previous article,13 the only difference being the
aperture plus grid on the repeller plate to sweep the ions
through. The WM-TOF consists of two acceleration regions
to obtain the space focusing condition for any voltage ap-
plied on the extraction plates. The WM-TOF energy focusing
condition depends solely on the turn-around time of the ions,
which is inversely proportional to the magnitude of the ex-
traction field. Therefore, for TPEPICO experiments involv-
ing high �and closely spaced� fragment masses, a compro-
mise must be reached between mass resolution and fast
electron discrimination, as we will see in Sec. III.

The combination of imaging techniques with coinci-
dence schemes imposes severe constraints into the type of
PSD to be used, since each single event should be recorded

and read one by one. In our case, where the ion TOF can be
as low as a few microseconds depending on the extraction
voltages, the electron detector should be able to record
events at a frequency superior to 100 kHz in order to take
advantage of the possible high counting rates reachable with
a high flux beamline. This prevents the use of low-repetition
rate reading detector, such as the widely used charge coupled
device-based camera detector, which would limit the acqui-
sition rate to a few tens of hertz routinely, and, in the best
case, to 1 kHz. The PSD mounted on the present VMI has
been the subject of a publication.32 Briefly, it is based on a
delay-line anode capable of obtaining absolute spatial reso-
lutions better than 50 �m over the 40 mm diameter of the
microchannel plates �MCPs� with a dead time below 160 ns
�6.25 MHz�.

The electron/ion coincidence electronic scheme is shown
in Fig. 2. The much faster electron arrives a few tens of
nanoseconds after being produced and triggers the internal
clock of a CTNM4 multistop time to digital converter �TDC�
designed at the Institut de Physique Nucléaire �Orsay,
France�. The electron arrival also opens a hardware window
during which further starts are inhibited. All the stops, four
for the electron position and one for the ion TOF, are re-
corded with a time resolution of 250 ps. The inhibition win-
dow width is chosen according to the maximum expected ion
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TOF, typically in the 4–64 �s. After the window closes, the
TDC will accept another start and the process will be re-
peated. The TDC is interfaced to a personal computer which
examines the raw data to generate the electron detector co-
ordinates from the delay anode time signals, and the ion TOF
from the WM-TOF detector, for each coincidence event.

There exists also the possibility of performing mass-
selected ion imaging where the extraction directions of the
electrons and ions are exchanged, much as has been already
done by Rolles et al.20 In this case, both the ion TOF and ion
position come from the VMI while the WM-TOF only gives
the start signal to the TDC. However this mode would be
detrimental to the mass resolution since the space focusing is
lost. Higher mass resolutions have been achieved in ion ve-
locity mapping albeit at the expense of a complicated setup
involving the addition of a reflectron.33

The DELICIOUS II spectrometer is magnetically
shielded by two layers of �-metal and installed vertically
inside the SAPHIRS MB chamber.34 As compared to the
original design, this chamber has been recently upgraded
with a new frame allowing a precise positioning of the cham-
ber’s geometrical center with respect to the photon axis. In
addition a new motor-controlled XYZ translation stage has
been implemented so that a very accurate tuning of the
nozzle position with respect to the skimmer can be achieved.
Such a critical adjustment is performed in the ion imaging
mode24 to optimize the cold-to-thermal contribution in the jet
and ensure an optimum transverse alignment of the nozzle
with respect to the skimmer and to the VMI main axis.

The photon source is provided by the vuv synchrotron
beamline called DESIRS,18 located at the French synchrotron
facility SOLEIL. This undulator35 based beamline provides
easy tunability and variable polarization of the photons in the
5–40 eV range. With a high photon flux on the sample in the
1012 ph /s range for a 0.1% bandwidth and a measured re-
solving power of up to 2.5�105 at 13 eV and 1.2�105 at 21
eV, owing to a 6.65 m normal incidence monochromator,36

the beamline is ideally suited for TPES and TPEPICO/
PEPICO studies. This includes AR-PES and AR-PEPICO
studies which can benefit from the quick and easy change in
polarization �for instance, from linear vertical to horizontal,
or to circular� avoiding the need for a cumbersome rotation
of the spectrometer around the photon axis. Furthermore,
DESIRS offers a high spectral purity due to the upstream
presence of a windowless gas filter, which attenuates undu-
lator high harmonics photons, that can be transmitted by the
grating’s higher order by a factor of up to 200 000.37 The
latter is of paramount importance for photoionization studies
occurring at relatively low energies, since higher order pho-
tons would produce a fast electron background on the images
plus spurious ion fragmentation that would strongly impair
the reliability of the data.

The skimmed MB is crossed with the photon beam at
right angles defining the ionization volume in the center of
the VMI installed in the ionization chamber. The distance
between the skimmer and the VMI axis is 5 cm. We estimate
the MB length at this level to be in the 3–5 mm range de-
pending on the skimmer used, defining the ionization source
dimension along the SR axis. Because of the low emittance
of SOLEIL, the SR beam transverse dimensions at the focal
point are quite small, typically 300 �m�horizontal�
�100 �m�vertical�. These values set the transverse size of
the ionization source volume. Note that if very high flux is
needed for the study of extremely diluted targets, we would
open the monochromator exit slit by up to 300 �m, in which
case the slit aperture dominates and gives the vertical size of
the focal point �up to 300 �m�.

III. TPES MODE OF OPERATION

Despite the large variety of applications of classical PES,
limitations of this technique appear when high electron res-
olution is required, since in general typical resolutions asso-
ciated with PES lie in the 10 meV range, sometimes down to
a few meV. Furthermore, the collection efficiency of elec-
trons with electrostatic analyzers is often poor in PES, which
may lead to difficulties in obtaining spectra with acceptable
signal-to-noise ratios, as well as preclude efficient experi-
ments performed in coincidence with the corresponding ions
because of the high level of false coincidences. To overcome
these problems, the TPES approach was introduced a few
decades ago, especially for valence-shell single ionization
studies. TPES consists of the selection and detection of only
electrons having kinetic energies close to zero, the spectros-
copy of the ion state being obtained by scanning the photon
energy.

In this context, different experimental approaches have
been developed, the most commonly employed for SR
studies being the TPE detection based on TOF
discrimination,19,38 the penetrating field,39 and pulsed-field
ionization �PFI�.40 These methods have enabled to achieve
resolutions of 5,34 3,41 and 0.6 �Ref. 4� meV, respectively.
Note that by combining the PFI and the TOF discrimination,
Jarvis et al.42obtained a TPES resolution down to 0.25 meV
on Ar. Improvement of these methods is still possible, since
in theory, detection of TPES can be performed with a spec-
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tral resolution limited only by the bandwidth of the ioniza-
tion radiation. Nevertheless, detection based on TOF requires
light pulses separated with large time intervals, considerably
reducing its application in third-generation synchrotron
sources, mostly operating in multibunch mode. PFI-TPES in
its most refined mode—coupled with ion detection for
TPEPICO �Ref. 4�—requires the use of either the few bunch
modes or a hybrid mode with a long dark period, which is
not available on many SR centers and is performed to the
detriment of mass resolution and with an increased complex-
ity.

In 2003, Sztaray and Baer5 introduced an original con-
cept of TPE selection in which velocity focusing optics are
used to suppress hot electrons. More precisely, the detector
mounted on their spectrometer employed two discrete an-
odes: a central one to collect the slowest electrons arriving in
the middle of the detector, together with a background of fast
electrons, and an outer ring to collect only the fast electrons.
The TPE contribution is then derived by a subtraction/
renormalization of one signal versus the other. This method
has the great advantage of operating in a fully continuous
mode, well adapted to cw light sources and for which coin-
cidence �TPEPICO� treatment is straightforward.

The TPE selection principle introduced in the present
paper represents a major improvement upon the setup of Sz-
taray and Baer.5 It consists of replacing the central and ring
anodes by a PSD providing the full imaging capabilities as-
sociated with VMI techniques.11 Due to the electrostatic lens
created in the VMI extraction region, photoelectrons pro-
duced during the ionization process impact the PSD at posi-
tions which vary according only to their velocities. Slow
electrons are focused on the center of the image whereas
faster electrons are spread onto a much larger area around the
central spot. The maximum radius R of the impact pattern of
photoelectrons with a kinetic energy E is related to the volt-
age applied on the repeller electrode Vrep according to

R = C� E

�q�Vrep
, �1�

where C is a coefficient dependant on the geometry of the
VMI and q is the electron’s charge.11,13 This relation shows
that photoelectrons are more spread when a low repeller volt-
age is applied. Consequently, to discriminate fast electrons
from ZEKE, and thus increase the energy resolution, the
setup should be operated with the lowest possible repeller
voltage. In practice, however, the smallest repeller value will
be limited by stray magnetic and electric fields and possible
electrostatic aberrations, as shown further down in this
section.

Threshold electrons are obtained with the same method
proposed by Sztaray and Baer,5 except that the discrete an-
odes are now replaced with virtual image regions, meaning
that the position and area of these circular regions can be
chosen a posteriori. This approach is illustrated in Fig. 3�a�,
where a close up of a photoelectron image of Ar integrated in
the photon energy range 15.925–15.94 eV is shown. At this
energy nearly all the electrons correspond to the 2P1/2 thresh-
old since the 2P3/2 level would give 184 meV electrons
which are strongly discriminated by the low repeller voltage.

The central region marked in Fig. 3�a� corresponds to a di-
ameter of 1.8 mm over the total 40 mm diameter of the
detector, while the outer ring or crown is fixed to the central
region and has an external diameter of 4.6 mm. The signal
obtained from the crown provides an evaluation of the hot
electron contribution. Assuming a constant contribution of
the hot electrons to the crown and center, a simple renormal-
ization by the area of the two regions and a subtraction pro-
vides therefore a pure threshold photoelectron signal. How-
ever when the kinetic energy of the hot electrons is close to
the radial position of the crown, as obtained from Eq. �1�, the
contribution of the energetic electrons to the crown and cen-
ter is no longer constant and has to be taken into account by
an empirical factor f . The subtraction then takes the shape

TPES =
Center

Acenter
− f

Crown

Acrown
, �2�

where A represents the area of either the central or the crown
zones on the PSD. Since the factor f depends on the form of
the TPES and on the angular distribution of the hot
electrons,5 the normalization factor will vary for each studied
system and with the photon energy for very large scans. In
practice, an optimum factor can be automatically found as
the highest value for which the baseline is positive. Experi-
mentally this optimum factor varies between 0.5 and 0.8.
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FIG. 3. Illustration of the method described in this work to select threshold
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crown from the center after normalization with an appropriate factor �0.8 in
this case� leads finally to the TPES represented by solid line.
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The TPES of the 2P1/2 Ar threshold obtained in the
15.925–15.94 eV energy region is given as an illustration of
the subtraction method in Fig. 3�b�. The center and crown
raw spectra obtained by selecting the regions of Fig. 3�a� are
plotted along with the subtracted result. The center spectrum
shows a tail due to the hot electron contribution to the central
region. To reduce this hot-electron tail, the signal corre-
sponding to the crown region is subtracted with a correction
factor of 0.8. The resulting TPES is then free of almost all
hot electron contributions, as can be seen in Fig. 3�b�.

In order to show the high energy resolution capability of
the method as well as the long-term signal-to-noise ratio and
stability, we present in Fig. 4 the TPES obtained for the two
first ionization thresholds of argon in the 15.75–15.94 eV
energy range with 0.2 meV steps and using a repeller voltage
of 5 V and center and crown diameters of 1.4 and 2.7, mm
respectively. The measured energy resolution �full width at
half maximum� reached is of 0.8 meV for both thresholds.
This spectrum was taken with the 2400 gr/mm monochro-
mator grating and �20 �m slits corresponding to a photon
resolving power of �60 000. Each point was accumulated
during 2.5 s. Note that this resolution of 0.8 meV is obtained
in the full TPEPICO mode, i.e., by detecting in coincidence
the TPE with the corresponding mass-selected ion.

The corresponding total ion yield spectrum recorded si-
multaneously shows the ns� and nd� Rydberg autoionizing
series converging toward the 2P1/2 limit with slit-limited res-
olution �0.28 meV�. These resonances decaying via autoion-
ization and producing fast electrons are totally suppressed in
the TPES spectrum, which only shows the two 3p−1 ionic
states of Ar, except for a tiny contribution from the excep-
tionally intense 11s� Rydberg state around 15.76 eV. On the
resonances, the total electron count rate exceeded 20 000 cps
�counts per second�, while count rates within the central and
crown regions reached up to 200 and 500 cps, respectively. It
should be noted that when performing TPES with a VMI

spectrometer, attention has to be paid to detector saturation
since threshold electrons arrive within a small area of the
detector. At the moment of writing, the MCPs mounted on
the detector have 32 �m pore separation and 1.5 mm thick-
ness. Because each channel within the MCP has a dead time
of a few tens of milliseconds43 and, in the example shown in
Fig. 4, the central region encircles only 50 channels, the
maximum count rate in the center will be limited to a few
thousands cps. However, we expect the dead time to decrease
with the density of channels so that a future improvement in
maximum count rate will be achieved by installing thinner
MCPs with a shorter pore to pore distance and lower resis-
tance.

The performance of the VMI spectrometer in the thresh-
old mode is more generally characterized in Fig. 5, where the
dependence of the energy resolution with the repeller voltage
and the central and crown region size is described. As al-
ready discussed earlier, the resolution is improved for lower
repeller voltages because the fast electrons are more effi-
ciently dispersed. For instance, for a fixed size of center
�4.6 mm� and crown �1.8 mm� diameters, the resolution de-
grades from 1.3 to 8.5 meV when increasing the repeller
from 5 to 50 V. This result, however, disagrees with the
theoretical predictions since the energy resolution should be
proportional to the repeller. This can be explained by the
importance of stray fields at very low repellers. From the
curves, we can state that the resolution is indeed proportional
to the repeller when its value is above 10 V. Repeller volt-
ages under this value will begin to saturate the resolution.

Ray tracing simulations predict a dependence on R2 for
the threshold electron energy resolution and for a fixed
crown region of the form

�E = a + bR2, �3�

where a is an offset limiting the lowest possible resolution
due to the finite size of the source and b depends linearly on
the repeller voltage. The experimental curves plotted in Fig.
5 follow the theoretical trend although the absolute values
differ slightly, as noted in Table I, where the theoretical val-
ues are written alongside the experimental results.

C
ou

nt
s

(a
.u

.)

15.9415.9215.9015.8815.8615.8415.8215.8015.7815.76
Photon energy (eV)

2
P3/2

2
P1/2

(a)
C

ou
nt

s
(a

.u
.)

15.9415.9215.9015.8815.8615.8415.8215.8015.7815.76
Photon energy (eV)

(b)

FIG. 4. �a� TPES of argon and �b� corresponding simultaneously recorded-
total ion yield spectrum in the 15.75–15.94 eV energy range obtained with a
repeller of �5 V and a photon bandwidth of 0.28 meV. To obtain this
spectrum, center and crown region diameters of 1.4 and 2.7 mm were used.

13.0x10
-3

12.0

11.0

10.0

9.0

8.0

7.0

6.0

5.0

4.0

3.0

2.0

1.0

E
ne

rg
y

re
so

lu
tio

n
(e

V
)

9876543210
Center radius (mm)

Repeller voltage:
- 5 V
-10 V
- 25 V
- 50 V

Crown radius (mm):
0.5
0.9
1.4
1.8
2.3
4.6
9.1

FIG. 5. Variation in the measured energy resolution �in eV� of the Ar 2P1/2
TPES signal �in the 15.93 eV energy region� as a function of the size of the
center region diameter �in millimeters� for different voltages applied to the
repeller electrode ��5, �10, �25, and �50 V� and different sizes of the
crown region diameter �from 0.9 to 18.2 mm�.

023102-6 Garcia, Soldi-Lose, and Nahon Rev. Sci. Instrum. 80, 023102 �2009�



By looking at the table we can conclude that the agree-
ment is worst for the small repeller values and central re-
gions, which can be explained by penetrating and stray
fields, mechanical defects producing electrostatic aberra-
tions, or an interaction region larger than expected.

Due to its simplicity, the TPES method presented here
can be applied straightforwardly to any VMI spectrometer
with a PSD detector. The resolution has been improved with
respect to the original experimental setup of Sztaray and
Baer5 partly because the imaging capabilities allow a greater
flexibility on the selection of the central and crown regions,
which means that we can adjust the position and size to find
the optimum subtraction. This is of critical importance when
applying very low values on the repeller, where the center of
the image can move due to stray fields or mechanical mis-
alignments. Furthermore, by decreasing the size of the cen-
tral area, it is possible to keep a reasonably high electron
resolution while having high extraction fields, and therefore
a high mass resolution �see Sec. IV�. In this sense, the PSD
provides a great versatility in the optimization of the com-
promise between electron energy resolution and mass reso-
lution of the corresponding ion in the context of TPEPICO
experiments. In addition, this flexibility allows for a given
repeller voltage to tune the trade off between electron reso-
lution and the signal level.

In comparison with the PFI-TPEPICO setup as devel-
oped at the Advanced Light Source,4 our system is able to
reach a similar ultimate electron energy resolution, with a
fully continuous and simple system, without the need for
complex pulse shaping electronics necessary to optimize the
PFI process and without the trouble of treating false coinci-
dence in a pulsed regime. In addition, as already pointed out
by Sztaray and Baer,5 the focusing optic TPE selection is
compatible with the presence of high extraction fields which
may be necessary for optimum mass resolution on the ion
side �to the detriment of electron energy resolution�, a com-
promise that cannot be found with the PFI-TPEPICO method
in which the average extraction field is rather low to ensure a
correct PFI process.

IV. PERFORMANCE OF THE WM-TOF

The performances of the WM spectrometer are already
well described analytically.22 In our case, the light source
dimension along the spectrometer’s axis defines the incerti-
tude on the ion’s creation dimension �s around the point

source s0, where s0 is the distance from the ionization source
to the repeller plate. This dimension depends on the aperture
of the monochromator’s exit slit and typically varies between
100 and 300 �m. Assuming the largest aperture, the mass
resolution obtained for ions with no initial kinetic energy
under the space focusing condition �dTOF /ds�s0

=0 is M�s

=2859 amu.
For particles having an initial kinetic energy E0, includ-

ing thermal energy, the mass resolution depends on the time
it takes for an ion ejected opposite to the detector’s direction
to double back,

M�E � � 1
�tr

	 ,

tr =
4E0s0

qVrep�1 − 	�
, �4�

where 	=Vext /Vrep and Vext �Vrep� is the voltage applied to
the extractor �repeller� electrode. The expression illustrates
the natural compromise between the electron and mass reso-
lutions when operating in coincidence mode with threshold
electrons �see Sec. III�.

The analytical expectations need to be compared to our
actual design. Indeed, due to the gridless design of the ex-
tractor plate, the electric field is not homogeneous and varies
along the spectrometer’s axis, as well as on the plane per-
pendicular to this direction. Owing to the MB diameter at the
ionization region, the cigar-shaped volume source presents
the largest dimension along the SR direction. Ions created
along this direction will be submitted to different focusing
conditions, which will translate in an asymmetry on the TOF
peak shape. Electrostatic simulations demonstrate that the
electric field can decrease by a few percent along the SR
axis, which causes a tail toward longer TOFs to appear. This
effect is illustrated in Fig. 6, where a mass spectrum of Xe
recorded for Vrep=−100 V is presented. The top graph
shows the ion TOF obtained under VMI conditions while in
the bottom one the extractor voltage has been lowered to
diminish the lens effect at the ionization point. Clearly the
asymmetric shape observed in Fig. 6�a� is related to the in-
homogeneous electric field created by the gridless design.

Furthermore the electric field is globally increased in the
direction of the spectrometer’s axis due to the potential
isocurves “leaking” through the gridless electrodes. There-
fore, to compensate for this effect, the expected ratio be-
tween the first and second acceleration regions of the WM
has to be increased by a factor of �1.2.

The mass resolution calculated by applying the WM ex-
pressions to the conditions stated in Fig. 6 is MR=107 amu.
This value is derived assuming the velocity distribution
found in a MB cooled at 40 K and represents the maximum
mass for which we should resolve MR and MR+1. By study-
ing Fig. 6�a�, we can conclude that the inhomogeneous field
does not degrade significantly the mass resolution, even if
the TOF peaks are distorted, since all the Xe isotopes around
m /z=132 are clearly separated from adjacent masses. We
can also express the resolution in terms of mass or time

TABLE I. Electron energy resolution in the TPES/TPEPICO modes: experi-
mental values along with the �bracketed� theoretical predictions for several
repeller voltages and central region diameters. The numbers are given in
meV for a fixed crown diameter of 3.6 mm and a normalization factor f of
0.5.

Repeller
�V�

Central region diameter

0.9 mm 4.6 mm 9.1 mm

5 0.8�0.2� 1.0�0.4� 1.1�1.0�
10 1.1�0.2� 1.1�0.6� 1.5�1.7�
25 1.5�0.2� 2.0�1.1� 4.2�4.1�
50 2.0�0.3� 3.0�2.0� 9.0�7.9�
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resolving power, and for the case described in Fig. 6�a�, un-
der VMI conditions, we obtain M /MFWHM= tM /2tFWHM

=265 for the peak at 132 amu.
This example illustrates the ability of our spectrometer

to reach satisfactory mass resolutions even for a relatively
low repeller voltage, whereas, as seen in Sec. III, keeping an
electron resolution of a few meV. The narrower transverse
speed distribution obtained in the MB due to the cooling
process contributes to increase further the mass separation of
the parent ions. If one is only interested in purely mass spec-
troscopic studies without the need for selecting the electron’s
energy, the ratio 	 could be diminished to eliminate the
asymmetric TOF shape and increase the mass resolution.

Another important aspect of the WM-TOF, which also
imposes a lower limit on Vrep in coincidence mode, is the ion
transmission. Since the MB is propagating perpendicular to
the spectrometer’s axis, the ions need to be accelerated
enough perpendicularly to their initial momentum to cross
through the electrodes and reach the PSD. Geometrical con-
straints on the SAPHIRS chamber prevented us from in-
creasing the electrode internal radii so that, even with the
addition of deflectors, we are limited to the detection of light
masses at low repeller voltages. With our current geometry
the lower limit for the ion masses to achieve 100% collection
of the ions can be expressed, via the basic application of
dynamics laws, as a function of the repeller using the expres-
sion

�m/z�limit = 5.41 � 106Vrep

vjet
2 , �5�

where the mass is given in amu, the repeller in volts, and vjet

is the MB velocity in m/sec. For instance, lowering the re-

peller voltage to �10 V will limit our detection to masses
under 27 amu when using a supersonic Ar seeded beam
cooled at 40 K due to the high speed ��1400 m /s� along the
MB direction. The use of �50 V on the repeller would raise
the mass limit up to 135 amu, which is enough for most of
our applications, and corresponds to a typical electron energy
resolution of 2 meV, very satisfactory in the case of large
organic molecules.

V. COINCIDENCE PERFORMANCES

A. The AR-PEPICO mode of operation

There are two main approaches when performing coin-
cidences with DELICIOUS II. The first one consists of re-
cording photoelectron images of a given ion mass �PEPICO�.
This is illustrated in Fig. 7 where the photoelectron image
shown corresponds to the photoionization of a mixture of Ar
and Xe at a photon energy of 16.0 eV. This energy is above
the first 3p−1 and 5p−1 ionization potentials of Ar and Xe,
respectively. Four rings can be discerned, two for each atom
corresponding to the 2P3/2 and 2P3/2 states of the ion. Figure
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7�b� also shows the ion TOF obtained in coincidence with
the electron image, where two groups of peaks correspond-
ing to the Ar and Xe masses can be observed, including the
different Xe isotopes. The electron image and the ion TOF
have been acquired during less than 10 min with a respective
counting rate of 13 and 7.1 kHz. Out of the 13 000 events per
second read by the TDC, only 22% was accepted as true
coincidences while the rest was rejected due to electron po-
sition or ion missing from the event. By selecting the ioniza-
tion events corresponding to a given mass range, we can
obtain photoelectron images for the individual species
present in the MB, as demonstrated in Figs. 8 and 9 for the
Ar and Xe peaks, respectively. The photoelectron images are
subsequently treated by applying the pBasex algorithm44 to
extract a slice of the original 3D sphere. After the image
inversion, the generation of the PES and angular parameters
is straightforward. As it can be seen in Figs. 8�b� and 9�b�,
the ion filtering of the electron images leads to clean PES
without any background coming from scattered light or from
residual gases.

As stated in our previous work,13 the relative kinetic

energy resolution depends on the ratio between initial kinetic
energy and the repeller voltage. For this particular example,
the resolution varies between 25% at the lowest ratio
�Ar 2P1/2� and 5.3% at the highest ratio �Xe 2P3/2�. This fig-
ure could probably be even lowered ��5%� by slightly low-
ering the repeller voltage so that the corresponding outer ring
would approach the edge of the PSD. The energy resolution
has been perceptively improved with respect to the previous
publication13 probably due to the smaller beam size provided
by the DESIRS beamline. The resolution achieved with DE-
LICIOUS II shows its clear advantage over imaging detec-
tors whose electron energy resolution depends on the TOF,
and which is typically limited to few tens of percent as soon
as the kinetic energy of the electron is above 1 eV or so.
Although recent advances in timing electronics have allowed
3D imaging analyzers to attain resolutions of a few percent,29

they are still limited to relatively slow electrons and need to
pulse the extraction field to elongate the electron’s TOF. In
addition they require a pulsed light source with a very short
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pulse duration which cannot be achieved on third generation
SR sources, where pulse durations even in the time-structure
mode are in general of the order of 40–80 ps.

For one-photon direct ionization with linearly polarized
light, the angular distribution of electrons ejected from a ran-
domly oriented sample is fully characterized in the labora-
tory frame by the well-known � parameter. The measured
angular parameters for the four orbitals probed �Figs. 8�b�
and 9�b�� are in good agreement with previous experimental
results on rare gases,45 showing that DELICIOUS II is well
suited for AR-PES on mass-selected samples.

B. The TPEPICO mode of operation

The second approach consists of performing coinci-
dences with threshold electrons to select the ion’s internal
state. Scanning the photon energy while fixing the kinetic
energy of the electron to zero permits the study of the ener-
getics and fragmentation pathways as a function of the ion’s
internal energy.

As an example, we have recorded TPEPICO spectra of
the CF4 molecule over a range of energies going from the
first IP up to 23.5 eV. We chose this system because it has
been already studied extensively by different groups46–48 and
therefore can be used in the context of an instrumental paper
as a performance benchmark. The molecule has the particu-
larity to fragment directly in all of its ionic states, leading
mostly to the formation of the CF3

+ ion. Thus, the CF4
+ ion is

never observed. The first threshold onset corresponding to
the ground ionic state is shown in Fig. 10�a�. The data were

recorded on a supersonically cooled beam of 99.9% pure CF4

obtained from Aldrich using the 200 gr/mm monochromator
grating of DESIRS with the slits set to obtain a photon res-
olution of 15 meV. The threshold electrons were selected
with a resolution of 15 meV leading to an overall 21 meV of
the TPEPICO spectra. By fitting an exponential curve on the

experimental data we can estimate the first IP to be IP��̃�
=15.65
0.01 eV, although this measure is unlikely to rep-
resent the adiabatic value. Velocity map ion imaging experi-
ments looking at the dissociation of CF4

+ have shown a Jahn–
Teller effect which breaks the symmetry of the images,
pointing to a change in geometry that would disfavor an
adiabatic transition.48 Assuming a perfect MB expansion
where the internal energy of CF4 can be neglected, we can
estimate the adiabatic IP as the first point that deviates from
the background by a value larger than its error bar to obtain

IPad��̃�=15.45
0.02 eV. This value is 0.1 eV higher than
the one previously published by Creasey et al.46 and in ac-
cordance with He I experiments ��15.35�.49 This discrep-
ancy cannot be explained solely by the temperature differ-
ence between our MB and their effusive jet. However it
should be noted that no error bars were included by these
groups, while ours are taking into account data statistics and
the absolute precision of the 200 gr/mm monochromator’s
grating, which is estimated at �5 meV �note that the other
gratings of the monochromator provide an absolute accuracy
of 1 meV�. The �0.2 eV slow onset in the TPEPICO curve
from the estimated IPad until reaching the expected exponen-
tial behavior might signify that vertical, more energetic tran-
sitions are more probable.

Also of interest is the C̃ ionic state illustrated in Fig.
10�b�. The TPEPICO spectrum of this state, recorded with
the same 21 meV overall resolution, has already been ob-
tained by Creasey et al.46 but with a significantly lower res-
olution �80 meV�. We measure an adiabatic ionization poten-

tial of IP�C̃�=21.68
0.01 eV from the CF3
+ fragment curve,

in good agreement with the previously published value46 of
21.67
0.03 eV. Owing to our high resolution, we can very
clearly observe the long vibrational progression of the �1

symmetric stretching mode, peaking at �1=4, with a fre-
quency of 721
6 cm−1 �0.0895
0.0008 eV�, while a
value of 702
40 cm−1 has been published by Creasey
et al.46 Note that our value is in very close agreement with

the value of 729
1 cm−1 obtained by high resolution D̃

− C̃ emission spectrum.50

In addition to the production of CF3
+, a competing frag-

mentation pathway is made available in this ionic state,
leading to the formation of the CF2

+ fragment. Since the
CF2

+ signal is significantly weaker than that of CF3
+, we have

chosen to degrade the electron resolution to 20 meV in order
to increase the signal-to-noise ratio, leading to an overall
resolution of 25 meV. In these conditions, we can determine
the appearance potential of the CF2

+ fragment, which coin-
cides with the n=2 vibrational band, i.e., AP�CF2

+�
=21.86
0.02 eV. This difference of 0.18 eV between the
onset of the CF3

+ and CF2
+ pathways has already been dis-

cussed by Creasey et al.46 and indicates an energy depen-

dence of the two competing channels on the C̃ ionic state
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FIG. 10. CF4 TPEPICO spectra recorded with a photon resolution set to 15
meV, while the threshold electrons were selected with 15 meV resolution by
applying a repeller voltage of 50 V, i.e., an overall resolution of 21 meV. �a�
CF4 TPEPICO showing the photoionization to the ionic ground state X̃. The
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sents an exponential fit. �b� TPEPICO curves for the C̃ ionic state showing
the two fragmentation channels CF3
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breathing vibrational progression is also depicted at the top of the graph. For
CF2

+, the threshold electron resolution has been degraded to 20 meV
�25 meV overall resolution� to improve the data quality.
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potential energy surface, CF3
+ being produced by dissociation

in the X̃ and Ã states after radiative decay from the C̃ state,
while CF2

+ would be produced by direct fragmentation from

the C̃ state.

C. Considerations on false coincidences

Up to now we have not introduced the treatment of false
coincidences. Contrary to the VMI single mode where the
count rate is only restricted to the dead time of the detector
�6.5 MHz�, the coincidence mode needs to operate with
lower count rates in order to limit false coincidences. In fact,
the limitation arises from the timing window �see Sec. II�
opened by the arrival of the electrons, during which only the
ion arrival is recorded and no further electron signals are
allowed. Thus, to minimize false coincidences, the electron
counting rate is kept under the window’s maximum fre-
quency �1/period�. For instance in the Ar+Xe example, the
maximum TOF allowed is 8 �s, limiting the maximum
count rate to 125 kHz. The actual recording rate for this
image was 13 kHz due to data flow limitations on the TDC.
This ratio of �10 between the actual counting rate and the
maximum possible counting rate insures a very low level of
false coincidences, as it can be seen on the TOF spectrum of
Fig. 7�b� on which no background can be seen. Note that for
heavier masses or lower repeller voltages where the maxi-
mum allowed TOF will be longer, the count rate will have to
be decreased.

The occurrence of false coincidences has been mini-
mized in the present design due to the 4� collection on both
the electron and ion spectrometers, which is not the case
when one uses electrostatic analyzers, for instance. The only
discrimination here stems from the presence of additional
grids on the ion side, which reduces the ion count by a factor
of �2 with respect to the electrons.

Even in the coincidence mode, DELICIOUS II operates
continuously without needing to pulse the extraction plates.
This presents a major advantage when dealing with false
coincidences because they will be spread evenly along the
TOF spectrum giving a flat background. Subtraction of this
background is then straightforward, as opposed to a pulsed
mode where complicated treatment schemes have to be
devised.23 Contrary to other spectrometers which need the
pulsed mode to ensure a good electron time resolution,29,30

we would use such a pulsed mode only when doing very
high resolution TPEPICO studies on heavy molecules.

VI. CONCLUSION

We have presented a coincidence spectrometer capable
of recording mass-selected velocity mapped images of pho-
toelectrons maintaining an excellent compromise between
fast and threshold electron energy resolution and ion mass
resolution. The apparatus is extremely versatile, capable of
analyzing and detecting at high counting rates electrons with
kinetic energies in a very large range from 0 to 17 eV, with
sub-meV resolution from threshold electrons and close to 5%
for fast electrons. This large versatility meets the needs of the
broad scientific program we wish to cover with the DESIRS
beamline at SOLEIL. The threshold electron resolution is

comparable to that obtained using pulsed field ionization co-
incidence �PFI-PEPICO� techniques4 but without the need
for complicated pulsed shapes or the synchrotron’s time
structure.

On the ion side we can reach mass resolutions of 130
amu even for very low repeller voltages. This mass reso-
lution ameliorates with the square root of the repeller for
experiments demanding higher resolutions so that MS stud-
ies where the electron energy resolution is not an important
issue could be performed with mass resolutions above 1000
amu. However, due to the asymmetric peak shapes produced
by the VMI focusing conditions, the extraction of KER in-
formation by modeling the fragment TOF shape is not pos-
sible in combination with high threshold energy resolution.

The spectrometer is well adapted to SR and benefits
from its time structure, low density photon pulse so that at
most one event is produced per pulse, which limits false
coincidences while keeping a very high repetition rate ensur-
ing high data statistics.

Furthermore, DELICIOUS II does not employ any elec-
tron TOF measurement and, hence, is operated in a pure
continuous mode without the dependence that other spec-
trometers may have on the time structure of the light source.
This point is especially important for synchrotron facilities
where the few-bunch mode of operation is less and less
available due to the associated severe reduction in flux. The
continuous mode also facilitates dramatically the treatment
of false coincidences. The position sensitive detection system
has been chosen by its very low dead time to allow electron/
ion correlation in an event per event basis.

DELICIOUS clearly surpasses the former TPEPICO
�Ref. 34� spectrometer of SAPHIRS by its versatility �possi-
bility to also perform AR-PEPICO�, its electron resolution,
improved by a factor of 5–10, and its ability to work in a
pure continuous mode in the multibunch mode of operation.

Finally, as in the design proposed by Rolles et al.,20 the
spectrometer can also be employed for mass-selected ion
VMI. Indeed, by inversing the electrodes’ polarity and de-
tecting the electrons with the WM-TOF, ion images can be
recorded along with their TOF, on the VMI side, in a pure
continuous mode.

Future improvements to DELICIOUS II are already
scheduled. Regarding the electronics, a new TDC will re-
place the CTNM4 TDC so that the counting rate will be only
limited by the detector’s dead time, which we plan to also
improve with shorter pore to pore distances. In addition, we
plan to add a diverging lens on the VMI spectrometer, as the
one commonly used in photoionization microscopy imaging
experiments.51 Such a lens would further help to discriminate
fast electrons so that the TPES resolution would be nearly
photon bandwidth limited. In the TPEPICO mode of opera-
tion, this improved electron resolution would also allow us to
apply higher voltages on the extraction plates, removing the
need for compromising between mass resolution and geo-
metrical ion transmission and electron resolution.
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