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ABSTRACT
We present a novel high-repetition-rate photoelectron imaging (PEI) apparatus for exploring electronic structures of metal cluster anions. A
continuous beam of mass-selected metal cluster anions, generated by a magnetron-sputtering cluster-ion source coupled with a quadrupole
mass filter, is chopped into sub-megahertz ion bunches using a high-voltage pulser. The quasi-continuous anion beam is introduced into
a PEI spectrometer, where the anions are photodetached using a 404 nm (3.07 eV) continuous-wave laser diode. As a demonstration, we
acquire photoelectron images for size-selected Ag cluster anions, AgN

− (N = 3, 7, 14), and show that each image can be obtained in a short
accumulation time (50 s) with a kinetic energy resolution (ΔE/E) of 4% at E = 1.77 eV. The quasi-continuous PEI technique enables high-
count-rate, space-charge-free acquisition of photoelectron spectra and angular distributions not only from size-selected metal cluster anions
but also from anions prepared by other continuous ion sources, such as electrospray ionization.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0097968

I. INTRODUCTION
Among various experimental techniques developed since the

1980s for exploring the size-dependent electronic structures of metal
cluster anions, photoelectron spectroscopy (PES) is the gold stan-
dard. Leopold et al.1 reported a pioneering PES study on metal
cluster anions, in which a continuous beam of Cu cluster anions,
CuN

− (1 ≤ N ≤ 10), was produced through a flowing afterglow ion
source, mass-selected with a quadrupole mass filter (QMF) and pho-
todetached with a continuous-wave (CW) Ar+-ion laser. Using a
hemispherical electron energy analyzer, they successfully measured
high-resolution (<10 meV) photodetachment spectra for CuN

−. The
combination of a CW light source and a hemispherical analyzer,
referred to as “the CW mode,” was originally employed in ear-
lier anion PES studies.2–6 Although photoelectrons are continuously
generated, the acquisition of photodetachment spectra is generally
time consuming because of the low electron collection efficiencies
of hemispherical analyzers and because the photoelectron kinetic
energy (PKE) is scanned.

Cheshnovsky et al.7 presented another pioneering PES study
based on a “pulsed mode,” where they combined a laser vaporiza-
tion cluster source (LVCS)8–10 and a magnetic-bottle time-of-flight
(MBTOF) photoelectron spectrometer.11 Because MBTOF provides

an electron collection efficiency near unity, it is indispensable for
PES studies on dilute samples. In fact, it has also been implemented
with other metal cluster sources, such as a pulsed arc cluster ion
source (PACIS).12 In this mode, mass selection of metal cluster
anions is performed by a time-of-flight (TOF) mass spectrometer;
the cluster source and mass selection are synchronized with pho-
todetachment laser pulses. With the increasing availability of intense
pulsed light sources in the visible, ultraviolet (UV), and vacuum-
UV regions, numerous pulsed PES studies have been conducted not
only on single-element metal clusters but also on bimetallic ones
produced by dual LVCS.13,14 Although MBTOF enables the highly
efficient acquisition of photodetachment spectra, it is not suitable
for obtaining angular distributions of detached photoelectrons.

Highly efficient, simultaneous measurements of photoelectron
spectra and photoelectron angular distributions (PADs) can be per-
formed by the photoelectron imaging (PEI) technique,15 which
has also been coupled with LVCS by many groups. For instance,
León et al.16 performed PES on vibrationally cold Au2

− using PEI
electrodes with a novel design. They further took advantage of
the slow electron velocity mapping technique17 and achieved sub-
millielectron volt resolution. Melko and Castleman18 also used PEI
to explore the electronic structures of AlN− (3 ≤ N ≤ 6) clusters
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produced from LVCS. Instead of LVCS or PACIS, Bartels et al.19

used a gas-aggregation cluster source20 and an ion trap to prepare
cooled NaN

− (N = 19, 40, 55, 58, 147) clusters in a pulsed manner
and successfully probed the angular momentum characteristics of
their valence electrons. Verlet et al.21 demonstrated time-resolved
PEI for metal cluster anions by investigating the electronic relaxation
dynamics of HgN

− produced from a heated pulsed valve.
Most MBTOF-PES and PEI experiments in these pulsed modes

are conducted at a repetition rate of tens of hertz because operating
LVCS, PACIS, ion traps, and heated pulsed valves at high repeti-
tion rates (>1 kHz) is generally difficult. This difficulty implies that
the duty cycle for the data acquisition is low (<10−4): photoelectron
TOFs are much shorter (typically 1–10 and ≪1 μs for MBTOF-
PES and PEI, respectively) than the interval of photodetachment
laser pulses (∼100 ms). For such low-repetition-rate experiments,
the photoelectron counts per laser shot (count rate) should be kept
sufficiently low to avoid a space-charge effect, especially for slow
photoelectrons. Notably, because PEI can also work for CW or
quasi-CW light sources, a continuous or quasi-continuous beam of
mass-selected metal cluster anions is preferable for PEI in terms of
the duty cycle for data acquisition and the space-charge problem.

Here, we present a PEI apparatus operated in a “quasi-
continuous mode.” We generate a sub-megahertz beam of size-
selected metal cluster anions using a magnetron-sputtering cluster
ion source,22 a QMF, and a potential switch (PS) originally devel-
oped for a pulsed PES for molecular anions23 to perform PEI using
a convenient CW laser diode (LD) with an emission wavelength of
404 nm (3.07 eV). In the following, we briefly outline the design con-
siderations of the present PEI setup, describe its details, and demon-
strate its performance using a Ag anion, Ag−, and size-selected silver
cluster anions, AgN

− (N = 3, 7, 14).

II. DESIGN CONSIDERATIONS
Most PEI spectrometers use the velocity-map imaging (VMI)

configuration developed by Eppink and Parker,24 where photoelec-
trons generated in a static electric field are accelerated toward a
two-dimensional (2D) detector, such as a dual/triple microchannel
plate (MCP) coupled with a phosphor screen. If the acceleration
direction for photoelectrons is along the z-axis, two PEI spectrom-
eter configurations are possible: an incident beam of clusters travels
either parallel or perpendicular to the z-axis. In the former con-
figuration, the 2D detector can be seriously damaged because the
clusters are likely to become deposited on the detector surface. Con-
sequently, the configuration with a beam perpendicular to the z-axis
is the better choice. In our setup described in Sec. III, we use a
QMF for mass selection, where the kinetic energies of the beam
components in the laboratory frame after they exit the QMF are
several to tens of electron volts. The beam components must there-
fore be accelerated such that their trajectories are not substantially
deflected when they pass through the static electric field region (typi-
cally tens to hundreds of volts per centimeter) of the VMI electrodes.
However, the acceleration of continuous anion beams is not straight-
forward because the electric potentials for each component after the
QMF (e.g., einzel lens, ion deflectors, geomagnetic shielding, and
VMI electrodes) must be referenced (floated) with respect to the
electric potential used for anion acceleration. Although this refer-
encing is possible, manipulating the anion beam and VMI operation

is not feasible. We, therefore, developed a scheme to convert the con-
tinuous beam to a quasi-continuous one using a PS, as described
in Sec. III.

III. EXPERIMENTAL SETUP
Figure 1 shows a schematic of the overall experimental setup

used by our group. The major components are (a) a magnetron-
sputtering cluster ion source, (b) a QMF, (c) a quadrupole ion trap,
(d) a reflectron TOF mass spectrometer, and (e) a PEI spectrom-
eter that has been developed for the present study. Components
(a)–(d) have already been constructed to explore the chemical reac-
tions between size-selected metal cluster ions and small molecules
in the gas phase.25,26 In the present study, we have used the compo-
nents (a), (b), and (e). We first briefly describe components (a) and
(b) and then focus on the PEI spectrometer.

A Ag target (99.99%, Kojundo Chemical Laboratory) is sput-
tered by Ar+ ions, followed by clustering facilitated by a He buffer
gas in a gas-aggregation cell cooled by liquid N2. The Ag cluster
anions thus produced as a continuous beam are then introduced
into a He buffer gas cell also cooled by liquid N2, where the anions
are guided by an octopole ion guide (OP1) driven by a custom-
made radio-frequency (rf ) generator operated at a frequency of
∼1 MHz. After exiting OP1, the cooled cluster anions are bent
by a quadrupole deflector (QD1) and mass-selected by a QMF
(MAX-4000, Extrel CMS). To optimize the AgN

− abundance after
the mass selection, the diameter of a variable iris aperture posi-
tioned at the exit of the gas-aggregation cell and the flow rates of the
Ar and He gases are adjusted; a typical direct current (DC) is 1–2 nA
for Ag3

−. The mass-selected cluster anions are further guided by
octopole ion guides (OP2 and OP3) and introduced into the PEI
spectrometer through QD2.

Figure 2 shows a cross-sectional view of the PEI apparatus
that we built for the present study. The continuous beam of mass-
selected AgN

− delivered through QD2 first enters a PS adjusted to
+0.6 kV. The high voltage is then switched off while the acceler-
ated anions travel inside the 25 mm-long PS, which produces anions
with a 0.6 keV kinetic energy with respect to the ground potential

FIG. 1. Schematic of the experimental setup used in this study.
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FIG. 2. Cross-sectional view of the PEI apparatus.

(0 V) when they exit the PS. On the other hand, the continuous
AgN

− beam is interrupted while the PS potential is grounded. Con-
sequently, the PS, driven by a high-voltage pulser (PVX-4140, DEI),
transforms the continuous anion beam into a quasi-continuous one
with a maximum repetition rate of 0.4 MHz.

Here, we note that because a CW light source is used for pho-
todetachment, the duty cycle of the quasi-continuous anion beam
needs to be maximized. However, its duty cycle is limited to 50%
because, after the anion beam is interrupted, the operator must
wait for all the accelerated anions to leave the PS before allowing
subsequent anions to enter the PS by switching on the high volt-
age; this operation divides the anion beam into ion bunches and
intervals, whose lengths are equal to those of the PS. Practically,
however, at most 5% of the anions can be delivered from the PS to
the photodetachment region shown in Fig. 2, as described below.

The quasi-continuous anion beam thus prepared is introduced
to an assembly of VMI electrodes, which has been designed by refer-
ring to the novel PEI spectrometer developed by Horke et al.27 Their
design is intended to minimize the electrostatic interaction between
the extraction field for photoelectrons and the incident anion beam
by setting the electric field in the laser–anion interaction region as
low as possible (<5 V/cm). Consequently, the deflection of the anion
beam can be minimized, which enables its current to be measured
with a Faraday cup (not shown in Fig. 2) while photoelectron images
are recorded. Horke et al.27 also pointed out a potential application
of the low-extraction-field VMI electrodes to CW anion beams.

The repeller, the extractor, and the front electrode of a dual
MCP backed with a P43 phosphor screen (40 mm effective dia-
meter, PHOTONIS) are made of aluminum coated with conductive

graphite. The extractor and the front electrode have an orifice
(44 mm in diameter) that allows photoelectrons to pass through and
create an ideal electric field for VMI. In addition, the orifice of the
extractor has a sharp edge, which is inspired by the design by Wrede
et al. for high-resolution VMI.28 The repeller and the extractor have
radial shields, which are electrically insulated with synthetic ruby
balls (3 mm in diameter) so that the repeller voltage (∼−10 V) can
be adjusted to fine-tune the VMI condition. The repeller–extractor
assembly has four 16 × 16 mm2 square holes for the anion and pho-
todetachment laser beams to pass through and interact with each
other inside the assembly; the former and the latter propagate along
the y- and x-axes, respectively (Fig. 2).

Following the original design by Horke et al.,27 we first used
a resistive glass tube with Ni-coated surfaces at both end faces
(63.50 mm outer diameter, 48.26 mm inner diameter, and 43.9 mm
length, PHOTONIS), which was sandwiched between the extrac-
tor and the front electrode, to create a constant electric field
inside the glass tube and accelerate the photoelectrons toward the
MCP detector. Although this design worked well, special care had
to be taken to properly position the glass tube to obtain undis-
torted photoelectron images; even a slight displacement of the tube
caused noticeable image distortion. We, therefore, replaced it with
a stack of machined electrodes (Fig. 2). Ten electrodes, also made of
aluminum coated with conductive graphite having an orifice (44 mm
in diameter), were stacked with synthetic ruby balls (3 mm in
diameter) in between for electrical insulation. These electrodes were
connected by a chain of 10 MΩ resistors (not shown in Fig. 2) to
create a constant electric field between the extractor (−10 V) and the
front electrode (110 V); the potential of the latter is common to that
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of the first (lower) plate of the MCP. The DC voltages applied to
the second (upper) plate of the MCP and the phosphor screen were
typically set to ∼1.5 and ∼4.0 kV, respectively. The VMI electrodes
were suspended using polyether ether ketone (PEEK) rods, and the
whole assembly was surrounded with a double-layered geomagnetic
shield (permalloy).

As a photodetachment light source, a CW LD with an emission
wavelength of 404 nm (3.07 eV) and a maximum output of 1000 mW
(MDL-III, CNI Optoelectronics Technology) was used. The laser
beam was introduced through an antireflection-coated fused sil-
ica window to the VMI electrodes, where it intersected with the
quasi-continuous anion beam. The detached photoelectrons were
accelerated toward the MCP, and a projected image of their three-
dimensional (3D) distribution on the phosphor screen was captured
using a complementary metal–oxide–semiconductor (CMOS) cam-
era (CS165MU1/M, 1440 × 1080 pixels, Thorlabs). The 2D projec-
tion thus obtained was reconstructed to the original 3D distribution
using the polar-onion-peeling (POP) algorithm29 to obtain the pho-
toelectron spectrum and PAD. The PKE was calibrated using the
electron affinity of the Ag atom (1.302 eV).30

In actual measurements, we observed that the quasi-continuous
AgN

− beam substantially diverged after leaving QD2, which made
focusing all the anions onto the photodetachment region difficult.
This divergence resulted in a large reduction of the anion beam
intensity, for which only ∼5% of the anions in the continuous
beam were delivered to the VMI electrodes. Although this problem
remains to be solved, photoelectron images for AgN

− were suc-
cessfully acquired, as demonstrated in Sec. IV. Notably, because
some of the anions impinged on the inner wall(s) of the repeller
and/or extractor, the quasi-continuous anion beam itself created a
large number of low-energy electrons, which were the background
during acquisition of the laser-ON images. We, therefore, max-
imized the contrast of a laser-ON image to the background by
carefully adjusting the pulse width and the repetition rate for the
+0.6 kV pulse applied to the PS, which also functioned as an ion
lens, and the DC voltages applied to the deflectors and the einzel
lenses.

IV. RESULTS AND DISCUSSION

The performance of the present apparatus was tested using Ag
anions, Ag−, and their cluster anions, AgN

−. First, we examined the
PKE resolution, which can be evaluated using a photoelectron image
observed for Ag− with the electronic configuration of [Kr]4d105s2.
Figures 3(a) and 4(a) show the obtained photoelectron image and
the photoelectron spectra, respectively, for Ag−, where an excess
5s electron is detached via a single-photon process induced by the
404 nm CW LD. The PAD characteristic of photodetachment from
an s-orbital is clearly visualized in Fig. 3(a): a p-wave is expected
to be a dominant partial wave because of the dipole selection rule,
Δl = ±1, where l denotes the orbital angular-momentum quantum
number.31 The photoelectron anisotropy parameter, β, was found to
be 2.00 ± 0.12, which is consistent with the aforementioned expec-
tation as well as with the experimental value of 2 ± 0.06 reported by
Sobhy and Castleman.32 The error in our value is the standard devia-
tion obtained by analyzing each quadrant image of Fig. 3(a). A single

FIG. 3. Photoelectron images (2D projections) observed for (a) Ag−, (b) Ag3
−,

(c) Ag7
−, and (d) Ag14

−. The laser-OFF background was subtracted from each
image. The direction of the polarization vector, ε, is indicated by a double arrow.

peak with a full-width at half-maximum of 0.07 eV is identified in
Fig. 4(a), from which the energy resolution (ΔE/E) is estimated to be
4% at E = 1.77 eV. This energy resolution is similar to that reported
in Ref. 27.

FIG. 4. Photoelectron spectra of (a) Ag−, (b) Ag3
−, (c) Ag7

−, and (d) Ag14
−. The

intensity is in arbitrary units.
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Figures 3(b)–3(d) show 2D projections of photoelectrons
detached from Ag3

−, Ag7
−, and Ag14

−, respectively. A laser-OFF
background image recorded for the same accumulation time was
subtracted from each image. The output of the 404 nm CW laser was
300 mW. The ion currents of the clusters were ∼50, 20, and 10 pA for
Ag3

−, Ag7
−, and Ag14

−, respectively, as monitored by the Faraday
cup positioned downstream of the VMI setup. The images clearly
demonstrate that the present apparatus can visualize photoelectron
angular anisotropies for size-selected metal cluster anions.

Figures 4(b)–4(d) present the photoelectron spectra obtained
from the images in Figs. 3(b)–3(d), respectively. The vertical detach-
ment energies (VDEs) for Ag3

−, Ag7
−, and Ag14

− are estimated to
be 2.40 ± 0.01, 2.56 ± 0.03, and 2.09 ± 0.03 eV, respectively. These
values are in good agreement with those reported previously: 2.43
± 0.01 (Ref. 30), 2.55 ± 0.1 (Ref. 30)/2.60 (Ref. 33), and 2.12 eV
(Ref. 33) for Ag3

−, Ag7
−, and Ag14

−, respectively. More details
on the photoelectron spectra and PADs obtained for these cluster
anions will be presented elsewhere. In the following, we discuss an
advantage of our setup in terms of photoelectron signal count rates.

We highlight that the accumulation time (i.e., the total expo-
sure time of the CMOS camera) for obtaining each image shown in
Figures 3(b)–3(d) is only 50 s. This short accumulation time is due
to the high repetition rate of the measurement, which is the princi-
pal advantage of the quasi-continuous operation of the present PEI
spectrometer. For a quantitative discussion, we estimated the emis-
sion rate of photoelectrons, Ne, from Ag7

−. We approximated Ne as
σnlF, where σ, n, l, and F denote the photodetachment cross section
of Ag7

−, its number density, the interaction length, and the inci-
dent photon flux of the 404 nm CW laser, respectively. The number
density, n, is evaluated to be ∼5 × 102 cm−3 using the relationship
n = Ic/evπ(d/2)2, where Ic, e, v, and d are the ion current measured
at the Faraday cup, the elementary charge, the translational speed
of the 0.6 keV beam, and the beam diameter (∼0.5 cm), respec-
tively. The cross section, σ, is represented by the photodestruction
cross section measured for Ag7

− (∼5 × 10−16 cm2)34 at 404 nm. We
postulate l to be the diameter of the quasi-continuous anion beam.

Figure 5 shows the calculated values of Ne as a function of the
power output of the 404 nm CW laser. Note that the present laser
power of 300 mW yields an Ne as high as ∼8 × 104 s−1. Because
PEI provides a collection efficiency of unity, the accumulation time
of 50 s enables the collection of ∼4 × 106 photoelectrons, which is
sufficient to obtain a high-quality image (see Fig. 3 in Ref. 29 as an
example). Furthermore, because the quasi-continuous anion beam
of Ag7

− clusters is delivered at a repetition rate of 100 kHz (105 s−1),
only “one” photoelectron is ejected at most from each ion bunch
on average, as illustrated in the inset of Fig. 5. This ejection of a
single electron is important in that it ensures space-charge-free mea-
surements. The space-charge-free condition might be valid for laser
powers as high as 1000 mW, where ∼2.5 photoelectrons are esti-
mated to be produced per ion bunch. The signal count rate can thus
be further improved by increasing the laser power.

As for a fully CW mode, Lineberger and co-workers employed
an intracavity Ar+-ion laser with a circulating power of over 100 W,
which yields ∼3 × 107 s−1 for the calculated value of Ne assuming
a collection efficiency of unity and the same values for σ, n, and
l as mentioned above. However, their hemispherical analyzer only
sampled 0.2% of detached electrons to achieve a high energy resolu-
tion (<1%),35 which means that an effective value of Ne is reduced to

FIG. 5. The photoelectron emission rate, Ne, estimated for Ag7
− clusters as a

function of the 404 nm CW laser power. The number density and beam dia-
meter for the clusters are ∼5 × 102 cm−3 and ∼0.5 cm, respectively. The inset
schematically shows that only one photoelectron is emitted per ion bunch, ensuring
space-charge-free measurements.

∼6 × 104 s−1. This value is comparable to that achieved in our setup
with a CW light source of 0.3 W average power (∼8 × 104 s−1). Thus,
a high-power CW laser is not necessary in the quasi-continuous PEI,
if a moderate energy resolution (∼4%) is acceptable.

V. SUMMARY AND PERSPECTIVE
In the present study, we developed a novel PEI apparatus ded-

icated to continuous anion sources. The advantage of the present
technique was demonstrated for metal cluster anions generated by
magnetron sputtering, where a photoelectron image was acquired
within a short accumulation time under space-charge-free condi-
tions by operating the PEI apparatus in a quasi-continuous mode.
We also note that the quasi-continuous PEI method can be applied
to other continuous anion sources, such as electrospray ionization.

Here, we employed a CW LD as a photodetachment light
source because various convenient LDs are now commercially avail-
able at reasonable prices. Although their very small (palm-sized)
footprints are advantageous in flexible layouts for constructing a PEI
setup, the shortest wavelength of commercial LDs is, to the best of
our knowledge, currently 375 nm (3.31 eV). CW LDs with much
shorter wavelengths are strongly desired for probing electrons with
higher binding energies.

An alternative is to use a quasi-CW (QCW) light source syn-
chronized with a quasi-continuous anion beam. For instance, a
regenerative amplifier (RGA) based on ytterbium-doped potassium-
gadolinium tungstate (Yb:KGW) crystals is one of the available
options. It delivers ∼1030 nm pulses at repetition rates as high
as a couple of megahertz, where the fifth harmonic (∼206 nm or
∼6.01 eV) is usually sufficiently high for anion photodetachment.
A further advantage of Yb:KGW RGAs is that they can provide
sub-picosecond ultrashort pulses, enabling time-resolved photoelec-
tron imaging (TRPEI) with the present setup, where photoelectron
images will be obtained with an unprecedented signal-to-noise ratio
in a short accumulation time. Negative-to-neutral-to-positive ion
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(NeNePo) pump–probe spectroscopy developed by Wolf et al.36

inspires us to visualize nuclear dynamics of clusters by TRPEI. For
example, photodetachment from linear-shaped Ag3

− by a pump
pulse creates a vibrational wave packet on the ground electronic state
of neutral Ag3, which propagates on the potential-energy surface
toward its triangular equilibrium geometry. Nuclear motion can be
observed in time-resolved photoelectron images acquired by pho-
toionization with a time-delayed probe pulse. Such an experiment is
in progress in our group.
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