CHINESE JOURNAL OF CHEMICAL PHYSICS

VOLUME 23, NUMBER 4

AUGUST 27, 2010

ARTICLE

Collinear Velocity-map Photoelectron Imaging Spectrometer for Cluster
Anions
Xia Wu, Zheng-bo Qin, Hua Xie, Xiao-hu Wu, Ran Cong, Zi-chao Tang ∗
State Key Laboratory of Molecular Reaction Dynamics, Dalian Institute of Chemical Physics, Chinese
Academy of Sciences, Dalian 116023, China
(Dated: Received on April 13, 2010; Accepted on June 1, 2010)

We describe a collinear velocity-map photoelectron imaging spectrometer, which combines
a Wiley-McLaren time-of-flight mass analyzer with a dual-valve laser vaporization source
for investigating size-selected cluster and reaction intermediate anions. To generate the
reaction anions conveniently, two pulsed valves and a reaction channel are employed instead
of premixing carrier gas. The collinear photoelectron imaging spectrometer adopts modified
velocity-map electrostatic lens, and provides kinetic energy resolution better than 3%. The
performance of the instrument is demonstrated on the photodetachment of Si4 − at 532
and 355 nm, and Si3 C− at 532 nm, respectively. In both cases, photoelectron spectra and
anisotropy parameters are obtained from the images. For Si4 − , the spectra show two wellresolved vibrational progressions which correspond to the ground state and the first excited
state of the neutral Si4 with peak spacing of 330 and 312 cm−1 , respectively. Preliminary
results suggest that the apparatus is a powerful tool for characterizing the electronic structure
and photodetachment dynamics of cluster anions.
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vaporization source is its great generality. Any metal
or mixture of metals and even the refractory solid materials can be vaporized by pulsed lasers. The generated clusters can be employed in a variety of experiments. The laser vaporization source combined laser
vaporization with the pulsed supersonic nozzle which
was reported earlier by Smalley and co-works [6, 9]. The
source can successfully generate cold cluster ion beams–
both positive and negative. Much effort has been expended on modification of the original Smalley source
to improve overall cluster yield and to produce more
stable cluster beams [10−13]. In general, reaction anions are produced by laser vaporization of metal target
and then expanding with a carrier gas pulse containing
small concentrations of the reaction molecule [14, 15].
However, optimizing the carrier gas mixture to reducing strong shot-to-shot intensity fluctuations remains a
major challenge to traditional sources. We introduce a
designed dual-valve laser vaporization source to generate stable reaction cluster anions, by employing double
pulsed valves [12, 15, 16], and basing on the Smalley
source concept.
The original application of the image technique to
gas-phase dynamics studies was developed in 1987 by
Chandler and Houston [17]. In 1997, a new version of
imaging technique with significant improved resolution,
velocity mapping introduced by Eppink and Parker revolutionaries the field by decreasing imaging blurring
[18]. Recently, the perpendicular velocity-map photoelectron imaging spectrometer has been described and

I. INTRODUCTION

Atomic and molecular clusters often have strikingly
different chemical and physical properties than their
bulk counterparts because of quantum confinement and
boundary effects, and also they have numerous practical applications from catalysis to the quest for clusterassembled materials [1]. Negative clusters is most directly involved in the processes of radiation absorption
in stellar [2]. In practice, cluster anions are appealing
experimentally [3, 4]. Many techniques are available
for the studies of cluster anions nowadays, for example, the photoelectron methods for anion photodetachment. The photoelectrons that we concerned are best
expressed in the context of exploring chemical properties at a molecular orbital (MO) level. Thus the detection of the photoelectrons from photodetachment of
cluster anions is a particular area of recent interest [3,
5]. To study the photodetachment of cluster anions experimentally, the source and the techniques of detection
are crucial.
The typical sources employing supersonic expansions
to generate cluster anions include laser vaporization
sources [6], pulsed arc discharge sources [7], and the
electrospray sources [8]. An appealing aspect of laser
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FIG. 1 Schematic diagram of our experimental apparatus. The apparatus mainly consists of a dual-valve laser vaporization
source, a time-of-flight mass spectrometer (TOF-MS), and a collinear velocity-map photoelectron imaging analyzer.

employed by many groups [19], while only the Neumark group employs collinear velocity-map photoelectron imaging spectrometer [20]. This and other developments [21, 22] make this technique more versatile
and powerful in the studies of gas-phase species. In
contrast to photoelectron spectroscopy (PES) [23], the
advantage of photoelectron imaging lies at its high detection efficiency especially at low electron kinetics energies (eKE), and yielding the photoelectron spectrum
and the information of the photoelectron angular distribution (PAD) simultaneously. Generally the photoelectron spectrum reflects energy eigenvalues of the parent
atomic or molecular system, while the photoelectron
angular distributions reveal characteristics of the corresponding wavefunctions [24]. Therefore, the photoelectron imaging of negative ions provides new insights to
the studies of electronic structure and dynamics.
In this work, we study the details and performances of
the new designed apparatus, which combine a collinear
velocity-map photoelectron imaging spectrometer with
a dual-valve laser vaporization source. The innovative
dual-valve laser vaporization source can generate strong
and stable cluster anion beam, and specifically be designed for generating reaction cluster anions, which employed two pulse valves and a reaction channel. Reaction anions can be generated without premixing the carrier gas, and we employed a Si target and CO carrier gas
to test the source. The collinear photoelectron imaging
employs modified velocity-map electrostatic lens system, and provides kinetic energy resolution better than
3%. Here we report experimental results for the photoelectron images of Si4 − using 532 nm (2.33 eV) and
355 nm (3.49 eV) photons, which are used as model systems to test our instrument. In addition, preliminary
DOI:10.1088/1674-0068/23/04/373-380

results of Si3 C− at 532 nm are reported.
II. NEW APPARATUS

An overview of the experimental apparatus is illustrated in Fig.1. The apparatus mainly consists of
a dual-valve laser vaporization cluster source, a high
resolution time-of-flight mass spectrometer (TOF-MS),
and a collinear velocity-map photoelectron imaging analyzer. It has facilities for the study of cluster anions.
Three delay pulse generators (DG535, Stanford Research) operating at 10 Hz controlled the timing sequence of the system (including valve opening, laser
shooting, pulse acceleration and spectrum recording).
All of the apparatus is differentially pumped with turbomolecular pumps backed by scroll pumps, and the
corresponding operating pressures of the source chamber, the flight tube, and the photoelectron imaging region are 133.3, 13.3, and 1.3 µPa, respectively.
A. Cluster source

To obtain stable cluster beams, three major technical
details of the laser vaporization source are important:
(i) the rotating of the target to get fresh ablation surface
for laser pulses and prevent damages from the target;
(ii) the geometry of the source cavity; (iii) the pulsed
gas assembly [11]. Here we give details concerning our
new design. The cross-sectional view of the source is
depicted schematically in Fig.2, which is a modified version of the one described previously [6, 11, 25]. Since we
employed two commercial pulsed solenoid valves (General Valve, Series 9) and designed a reaction channel
c
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FIG. 2 Schematic cross-sectional view of the dual-valve laser
vaporization cluster source, showing the target, the reaction
channel, the expansion nozzle, the primary valve (pulsed
valve I) and entrainment valve (pulsed valve II).

as a reactor, the source can generate species not only
homogeneous clusters but also reaction anions.
The primary valve (pulsed valve I) is used to deliver
a short and intense inert buffer gas pulse (such as He
and Ar), and defines the axes of the source. A target is
located approximately 10 mm from the nozzle of the primary valve. The vaporization laser beam (532 nm output of a pulsed Nd:YAG laser, about 5−10 mJ/pulse)
is focused by a lens with 75 mm focal length down to
a 1 mm in diameter spot on the target disk to produce plasma plume. The target is continuously rotated
with a stepper motor that is mounted external to the
source. The resulting ablation plasma plume crossed
and carried downstream by expanding 0.5−1.01 MPa
of a helium gas packer from the primary valve’s 1 mm
in diameter nozzle. The gas package mixes with and
cools the laser-induced plasma including both neutral
and charged species to produce clusters. The cluster/He
mixture confined in the extender, which was 16 mm in
length and 3 mm in diameter, then went into the reaction channel.
The entrainment valve (pulsed valve II in Fig.2) with
0.5 mm in diameter nozzle of the same model mounted
perpendicularly to the reaction channel approximately
20 mm downstream from the laser spot. The entrainment valve can be either closed (mode A), or open
(mode B) which introduces reaction gas (such as carbon
monoxide), or mixture gas to generate pure target material clusters or reaction clusters, respectively. The primary valve was always opened to introduced inert buffer
gas pulse. To generate homogeneous cluster anions, the
source operated in mode A, similarly to the traditional
laser vaporization source, the primary valve is opened,
while the entrainment valve is closed. In mode B, double pulsed valves are open to generate reaction cluster
anions. The entrainment valve injected and delivered
pulses of the reaction gas of interest through a 5 mm
long channel with 1.5 mm in diameter. The pulses of the
reaction gas collided with bare cluster to form and cool
DOI:10.1088/1674-0068/23/04/373-380

FIG. 3 The typical mass spectrum of the cluster anions
generated by our source directly from the reactions between
Si/CO of RTTOF. Reaction anions such as oxides or carbides of the target material Si are separately labeled. The
unlabeled peaks with low intensity are impurities.

positively and negatively charged clusters and reaction
species in the reaction channel (17 mm long with 4 mm
in diameter). After the reaction channel, the expansion
was directed into a conical expansion nozzle with an
angle of 8◦ and an input nozzle of 2 mm. All products
expanded, then were skimmed into the accelerating area
and analyzed by TOF-MS.
Each valve is driven by a home-built power supply
that can change the duration of the gas pulse in order
to optimize the performance of the source. The valves
are operated independently from each other, both in
terms of open time and gas pulse duration. Careful adjustment of the source conditions makes it possible to
observe optimal distribution of the cluster ions, especially the width of the entrainment valve. Adjustment
of the width of the entrainment valve is equal to optimize carrier gas mixture. In addition, optimization of
the geometry of the expansion nozzle is important to
the cluster distribution.
Introducing reaction carrier gas by the entrainment
valve can conveniently generate reaction anions for the
example of employing a silicon target and CO carrier
gas. The silicon target was prepared as a tablet of
8.5 mm in diameter and 4 mm in thickness, suitable
mounted. High pressure noble gas (Helium, 404 kPa,
99.9%) was introduced by the primary valve, and the
reaction carrier gas CO (151 kPa, 99.9%) was introduced by the entrainment valve. The source generated
reaction species such as oxides or carbides of the target
material Si. A typical cluster anion mass spectrum observed is shown in Fig.3. It is clear that the peaks of
reaction cluster anions such as oxides or carbides of the
target material Si: Sin Cm − and Sin Om − were observed.
B. Time-of-flight mass spectrometer

The central part of the negative clusters enters the
extraction region from the source through a skimmer of
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FIG. 4 Mass spectrum of Au2 − and Au2 H− clusters in RTTOF to illustrate the resolution. In both cases, the mass
resolution is better than 2800.

5 mm diameter. The skimmer defines the size of the extraction region. Then the anions are extracted perpendicularly from the beam by a high voltage pulse (about
−1.2 kV) and subjected to a time-of-flight (TOF) mass
analysis. The TOF mass analysis can employ a linear Wiley-McLaren (linear TOF) [10, 26] arrangement,
but also can be operated in reflection mode (RTTOF)
for better resolution [27]. The accelerated ion beam is
steered and focused by one set of vertical electrostatic
deflectors and focused using three cylindrical Einzel lens
(see Fig.1). The voltage applied on the vertical electrostatic deflectors is from ±20 V to ±50 V depending on
the mass of the cluster of interest. The reflection assembly is tilted at 5◦ with respect to primary TOF axis
(the incoming beam velocity vector), deflecting the ions
by 170◦ relative to primary TOF axis. The mass spectrum signals of RTTOF are detected by an off-axis microchannel plate (MCP) detector mounted at the spatial focus of the reflectron, then collected by a multiscaler (P7888, FAST Comtec) after it is amplified with
a preamplifier (SR445A, Stanford Research). The total
length of the flight tubes of linear TOF and RTTOF
are about 1.9 and 2.2 m, with a mass resolution better
than 400 and 2800, respectively. We show expanded
view of the mass spectrum of Au2 − and Au2 H− cluster
acquired with RTTOF (Fig.4). In this case, the mass
resolution of the RTTOF is better than 2800.
C. Ion optics and detector

The photoelectron imaging analyzer located at the
end of the linear Wiley-McLaren TOF tube. During
the photodetachment imaging experiment, the voltage
of the third Einzel lens is altered so the anions of interest were focused into the photodetachment region. The
mass resolution at the photodetachment zone is better
than 400 in excess of what is necessary for the cluster
anions currently under study. A schematic of our photoelectron imaging analyzer is presented schematically
in Fig.5, which consists of a µ-metal shielding tube,
DOI:10.1088/1674-0068/23/04/373-380

Phosphor screen

FIG. 5 Schematic of the collinear velocity-map photoelectron imaging system consists of a µ-metal shielding tube, a
modified velocity-map electrostatic lens system: four electrodes, and position sensitive detector. The detachment
zone is located in the middle of the repeller (U1 ) and extractor plate (U2 ), and 367 mm TOF tube from laser detachment
to detector.

a modified electrostatic lens system based on velocitymap imaging (VMI) lens [18], and position sensitive
detector. Magnetic fields are avoided by shielding the
entire detachment and detection region by a concentric µ-metal tube. The anions were introduced into
the laser-ion interaction volume between the electrodes
of the repeller and extractor plate and interacted with
the laser. Photodetachment of the electrons was accomplished with 532 or 355 nm radiation of a Nd:YAG
(Spectra Physics, Inc., model Lab 130-50) laser. The
laser radiation is polarized linearly, always parallel to
the plane of the imaging detector.
The photodetachment electrons in the laser-ion interaction volume are extracted collinearly with respect to
the parent ion beam by a modified velocity-map imaging lens system, based on the original design of Eppink
and Parker [18]. The lens system consists of four electrodes: a grid electrode and a typical VMI lens system:
three electrodes. The typical VMI lens system consists
of three 6 cm diameter copper plates: three open lens
electrodes: repeller (U1 ), extracter (U2 ), and ground,
which are 0.5 mm thick and spaced 1.7 cm apart. The
extracter and ground plates have hole in the center with
a 25 mm in diameter for the transmission of photoelectrons, while the repeller plate has a small hole with
8 mm in diameter for the transmission of cluster anions.
To introduce anions and avoid destroying ion beam, a
grid electrode is designed in front of the typical VMI
lens system. It is great important in our design that
both of the grid electrode voltage and the repeller voltage are the same (U1 ). When the anion of interest enters
the ion-selected zone between the grid electrode and the
repeller plate, the pulse voltages (U1 and U2 ) are applied. To deliver the cluster anion, the hole (8 mm) in
the repeller plate is bigger than 1−3 mm in diameter
adopted by other groups [18, 28]. The bigger hole deteriorates the energy resolution. To solve this problem,
a high transmission grid (90%, 45 lines/inch) cover an
area of 10 mm in diameter and are spot welded onto
the added grid electrode. The characteristics of modified lens systems with an open electrode or a grid elecc
°2010
Chinese Physical Society

Chin. J. Chem. Phys., Vol. 23, No. 4

Collinear Velocity-map Photoelectron Imaging Spectrometer

Y
Z

U

U

1

-1402
(a)

2

-1402

U

3

-1003

Ground
0

Open lens and VMI lens

Y
Z

-1402
(b)

-1402

-1006

0

Grid lens and VMI lens

FIG. 6 Simulated electron trajectories and equipotential
surfaces of the electrostatic lens for this illustration. (a)
The open lens electrode caused equipotential surfaces distorted. (b) The grid electrode almost has no effect on the
equipotential surfaces of the detachment zone, the optimal
ratio of the extractor and the repeller voltage (U2 /U1 ) is
0.718.

trode are simulated using a 3D ion trajectory simulation package (Simion 8.0) [29]. The simulated photoelectrons trajectories and equipotential surfaces of the
electrostatic lens are displayed in Fig.6. The open lens
electrode shown in Fig.6(a) make equipotential surfaces
of the ion-selected zone and detachment zone distorted,
while the grid electrode shown in Fig.6(b) almost has
no effect on the equipotential surfaces. The modified
lens system combined grid electrode with typical VMI
lens gives better performance. In theory the optimal
ratio of the extractor and the repeller voltage (U2 /U1 )
is about 0.718. In practice the focus condition can be
adjusted by varying the ratio of the U2 /U1 . The typical photoelectron projection voltages, U1 and U2 (variable amplitudes, 3 µs square pulses) from experiment
(−1.402 and 0.993 kV) and calculations (−1.402 and
−1.006 kV) agree well. This ratio is maintained, while
U1 and U2 are varied in a coupled fashion in the range
U1 =1.5−0.8 kV, depending on the velocities of photoelectrons to efficient use of the imaging detector area.
We adopt a 367 mm field-free drift region, from the center of the photodetachment zone to the surface of the
detector (see Fig.5). After passing through a field-free
drift region, the photoelectrons are mapped onto a detector consisting of a 40 mm in diameter microchannel
plates (MCP) assembly and phosphor screen. By applying a timed voltage pulse with a high-voltage switch
the gain of the front MCP can be gated to select time
DOI:10.1088/1674-0068/23/04/373-380
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to yield photoelectron images. The 2D images on the
phosphor screen are recorded by a charge coupled device (CCD) camera (Andor Luca, 658X496 pixels) and
transferred to a PC for analysis.
The collinear imaging configuration offers the significant advantage because its energy resolution is independent of the spread in ion beam energy induced by
the time-of-flight mass spectrometer compared to the
perpendicular arrangement. In contrast, the major difficulty is eliminating ion signal. We have adopted the
time gate on the detector and a simple mass selection to
insure that only the photoelectrons from photondetachment are detected. The time gate on the detector is similar to those of Neumark [20] and Sanov [30]. The MCPs
are operated in a pulsed-bias mode, whereas the total
bias across the two plates, normally kept at 1.0−1.1 kV,
is pulsed up to 1.8−1.9 kV for a ∼700 ns window timed
to coincide with the arrival of the photoelectrons. The
typical switching voltage pulses of the MCP is about
−2 kV with a duration of ∼700 ns. The time gate
on the detector collects the detachment signals within
about 700 ns to reduces the background and eliminate
ion signal collection. To eliminate ion signal arriving at
the MCP within 700 ns, a simple horizontal deflector is
used as a simple mass gate [27], located 1.3 m in front
of the detachment zone, as shown in Fig.1. A voltage
pulse (from −10 V to −50 V, width ∼2 µs) is applied to
one plate, with the other one grounded. This voltage is
enough to deflect ions, so that no ions could be detect
by MCP stack. The image is obtained within 1 µs time
window.

D. Performance and calibration

The photoelectron images of Au− at 355 nm
(3.49 eV) presented in Fig.7 are used to calibrate the
imaging analyzer. The photoelectron imaging results of
Au− show the raw (top in the left) and reconstructed
images (bottom in the left) of the Au− with a fixed repeller potential of 1.402 kV. The double arrow indicates
the directions of the laser polarization. Since the laser
polarization is parallel to the surface of the detector,
all the photoelectron images were reconstructed using
the basis set expansion (BASEX) inverse Abel transform method [22]. From a reconstructed image, the
corresponding photoelectron energy spectrum and photoelectron angular distribution (PAD) can be obtained.
The PAD obtained using linearly polarized light is generally described by the following relation [31]:
I(θ) ∝ 1 + βP2 (cos θ)
1
P2 (cos θ) = (3 cos2 θ − 1)
2

(1)
(2)

where θ is the angle between the electric field vector
of the laser and the velocity vector of the ejected electron, I(θ) is the intensity at angle θ, and P2 (cos θ) is the
c
°2010
Chinese Physical Society

378

Chin. J. Chem. Phys., Vol. 23, No. 4

Xia Wu et al.

FIG. 7 Photoelectron spectrum calculated from the reconstructed image of Au− taken at 355 nm (3.49 eV). The left
side shows the raw image (top on the left) and the reconstructed (bottom on the left) photoelectron images after inverse Abel transformation. The double arrow shows the
directions of the laser polarization. The numbers in spectrum show the vertical detachment energy (VDE), the peak
widths (FWHM), and the value of β.

second Legendre polynomial. The anisotropy parameter β characterized the PAD, and determined by fitting
the experimental distribution with Eq.(1). The value
of the anisotropy parameter varies from −1 to 2, with
negative and positive values corresponding to that the
electron velocity direction is perpendicular to the laser
polarization and that the electron velocity direction is
parallel to the laser polarization. The photoelectron
spectrum of Au− (right in Fig.7) shows two components, which correspond to the transitions from the anion electronic ground state 1 S0 into the neutral ground
state 2 S1/2 and the excited state 2 D2/5 of the neutral
Au atom, with binding energies of 2.309 and 3.443 eV,
respectively [32]. The energy resolution found for the
2
S1/2 state is about 3%, and the angular parameter is
1.9, corresponding to parallel transition. Each image
reported here represents 2×104 −5×104 shots without
subtraction of the background signal. The experimental uncertainty of the absolute electron kinetic energy
is within 50 meV.
III. PRELIMINARY RESULTS

As an illustration, we show an example of experimental results obtained with the photoelectron imaging
spectrum in detachment of Si4 − at 532 nm (2.33 eV),
and 355 nm (3.49 eV), respectively. Figure 8(a) shows
the raw (top on the left) and reconstructed photoelectron images (bottom on the left) of Si4 − cluster anions collected at 532 nm (2.33 eV). The photoelectron
spectrum calculated from the reconstructed image at
532 nm (Fig.8(a)) shows one band X. The band in a
photoelectron spectrum corresponds to electron ejection
by the population of specific energy level of the residual neutral. The valence orbital occupation for Si4 −
is . . .(b3u )2 (ag )2 (b1u )2 (b2g )1 [33]. The band X of Si4 −
DOI:10.1088/1674-0068/23/04/373-380

FIG. 8 Photoelectron images and spectra of Si4 − (a) taken
at 532 nm (2.33 eV) and (b) taken at 355 nm (3.49 eV). The
solid lines indicate the experimental data, and the dashed
lines shows data from Lorentz fit. The left sides in (a) and
(b) show the raw (top on the left) and reconstructed (bottom
on the left) photoelectron images. The double arrow shows
the directions of the laser polarization.

photoelectron spectrum is assigned to the removal of an
electron from this b2g orbital yielding the ground state
of Si4 . The band X shows partially resolved vibrational
structure with peak spacing of 350 cm−1 , assigned to a
progression in the ν2 totally symmetric bending mode
of Si4 [33]. The images and the photoelectron spectrum
of Si4 − at 355 nm are shown in Fig.8(b). Band X in
Fig.8(a) displays higher energy resolution than that in
Fig.8(b) due to the lower electron kinetic energies. The
experimental electron affinity (EA) was measured to be
2.10 eV which is in accordance with previous results of
2.13 eV [34]. The value of the vertical detachment energy (VDE) is 2.15 eV in excellent agreement with the
value of 2.15 eV reported by the group of Nakajima [35].
The little difference between VDE and EA suggests the
small change in geometry between the neutral and the
anion. In fact, both of Si4 and its anion display D2h
symmetry, the maximum of the angle change is only
1.7◦ [33, 36]. A new band A at higher binding energy
was observed at 355 nm (Fig.8(b)). Band A shows a
progression of up to 11 peaks which corresponds to the
resolved vibrational structure. The peaks had to be
shifted along the x-axis by averaged 38 meV in order
to fully align the PES progressions. The average peak
spacing is 308 cm−1 , in good agreement with the ZEKE
spectrum which yielded a frequency of 312 cm−1 [37].
The vibrational mode is assigned to a progression in the
c
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FIG. 9 Photoelectron images and spectrum of Si3 C− taken
at 532 nm (2.33 eV). The left side shows the raw (top on the
left) and reconstructed (bottom on the left) photoelectron
images. The double arrow shows the directions of the laser
polarization.

−1

ν2 totally symmetric distortion mode (306 cm ) of Si4
[33].
Here we focus on the anisotropy parameters obtained
from the imaging experiment. The PAD of band X at
532 nm is roughly isotropic, whereas the 355 nm PAD is
the perpendicular transition. The anisotropy parameter
β of the band A at 355 nm is about −0.72, while the
value is 0.5 at 266 nm [34]. The results demonstrate
that the out going eKEs have a profound effect on their
angular distributions.
As a reaction anion, preliminary experiment was carried out for photoelectron imaging of Si3 C− at 532 nm
(2.33 eV). The photoelectron images and the photoelectron spectrum are illustrated in Fig.9. The observed
band X is assigned to the transition X̃ 1 A1 ←X̃ 2 A2 for
Si3 C− based on the theoritical calculations [38]. The
photoelectrons of the X band are preferentially ejected
perpendicularly to the electric vector of the linear light,
corresponding to β=−0.91. The vertical detachment
energy is 1.60 eV, which is 0.05 eV higher than the
value reported by Nakajima et al. [39].

IV. CONCLUSION

We have developed an apparatus using collinear
velocity-map photoelectron imaging with a dual-valve
laser vaporization source to cluster anions. The source
can produce stable abundantly homogeneous cluster anions and reaction anions conveniently. Reaction anions
can be generated without premixing the carrier gas,
for example, employing a Si target and CO carrier gas
can get reaction products such as oxides or carbides
of the target material (Si). Experimental mass spectrum result of Si/CO displayed advantage in production reaction anions of the source. Collinear velocitymap photoelectron imaging employs a modified electrostatic lens system and yields excellent energy resolution better than 3% without decelerating the cluster anion, and provides photoelectron angular distriDOI:10.1088/1674-0068/23/04/373-380
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butions. The performance of the apparatus is tested
on the photodetachment of Si4 − at 532 and 355 nm,
and Si3 C− at 532 nm, respectively. We observe two
electronic states with two well-resolved vibrational progressions of Si4 − , which correspond to the ground state
and the first excited state of the neutral Si4 with peak
spacing of 330 and 312 cm−1 , respectively. In addition,
the ground state transition X̃ 1 A1 ←X̃ 2 A2 corresponding to β=−0.91 of Si3 C− at 532 nm is observed, and
the VDE is 1.60 eV. All of the results show that this instrument is a powerful tool to study the cluster anions,
especially reaction anions.
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