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A Velocity Map Imaging (VMI) spectrometer has been designed and integrated with an electrostatic ion
beam trap to study delayed electron emission from trapped polyatomic anions upon photodetachment.
The VMI spectrometer is small in size and can record a wide range of photoelectron energies, with
variable magnification. Delayed electron emission can be recorded in our experimental setup for any
time duration after the photoexcitation of the polyatomic anions. Experiments were carried out with
trapped O☞ and C−5 ions to demonstrate the capability of the spectrometer. Delayed electron emissions
from C−5 as well as prompt photoelectrons from O☞ were detected by the VMI spectrometer upon
photoexcitation. The design and performance of the spectrometer are presented in detail. Published
by AIP Publishing. [http://dx.doi.org/10.1063/1.4982034]
I. INTRODUCTION

Photoelectron spectroscopy has proved to be an essential
tool in understanding the structure and dynamics of atomic
and polyatomic systems.1–4 It has been particularly effective in
determining the binding energies of atoms and electron affinities as well as the vibrational frequencies of polyatomic systems.5–7 In photoelectron spectroscopy experiments, atoms,
ions, or molecules are irradiated with photons of specific
energy to eject bound electrons and the kinetic energy of
the ejected electrons is measured. There is a wide variety
of electron spectrometers that employ different techniques to
ascertain the kinetic energy of electrons.8,9 Knowledge of the
kinetic energy of ejected electrons yields important insight into
the system under study.
The study of polyatomic anions has greatly benefitted
from photoelectron spectroscopy.10 Although there have been
many studies, they have mostly concentrated on prompt electron emission;11,12 very few have addressed delayed electron
emission.13 In polyatomic anions, the electronic energy gained
by the system upon photoexcitation is statistically distributed
among its vibrational degrees of freedom due to non-adiabatic
coupling.14 Electrons are emitted from such a system when
vibrational energy is reconverted into electronic energy, a phenomenon known as vibrational autodetachment.15 Electron
emission by this process is usually delayed with respect to
photoexcitation and can take up to milliseconds depending on
the structure as well as the internal energy of the polyatomic
system. In a recent work,13 Concina et al. reported on an instrument able to measure the energy of delayed electrons that are
emitted on nanosecond time scales after the laser excitation
of C−60 and C2−
84 .
a) K. Saha and A. Prabhakaran contributed equally to this work.
b) Electronic mail: koushik.saha@weizmann.ac.il
c) Current address: Pacific Northwest National Laboratory, Richland, Wash-

ington 99352, USA.

d) Current address: Indian Institute of Science, Bangalore 560012, India.

0034-6748/2017/88(5)/053101/8/$30.00

Here we report on an experimental setup capable of
recording delayed electron emission on any time scale after
photoexcitation of polyatomic anions. It consists of a Velocity Map Imaging (VMI) spectrometer that has been developed
and integrated with an Electrostatic Ion Beam Trap (EIBT)16 to
study photon-induced electron emission from trapped anions.
Anions trapped in the EIBT oscillate back and forth within
the trap. Different experimental techniques were employed to
perform electron spectroscopy of anions in oscillatory motion
passing through the VMI spectrometer. Energy analysis of
prompt photoelectrons was accomplished by bunching the
anions within the trap while delayed electron emission was
recorded by electron-neutral coincidence experiments. Experiments were carried out with trapped O☞ and C−5 ions to calibrate
and test the performance of the spectrometer. Detailed descriptions of the design, experimental techniques followed, and
performance of the spectrometer are presented in this paper.
II. EXPERIMENTAL SETUP

The motivation behind our experimental setup is recording
of delayed electron emission as a function of time for any duration after the photoexcitation of anionic species. To accomplish
this, photoelectron spectroscopy of anions stored in an ion trap
is necessary. The anions must either be held within the electron
spectrometer or pass through it periodically, for sufficient time
such that, after photon interaction, delayed electron emission
can be tracked. The latter is accomplished by our experimental
setup, where the anions are trapped in an EIBT and photoelectron spectroscopy upon laser excitation of the trapped anions
is performed by a VMI electron spectrometer.
Figure 1 shows the schematic of the experimental setup.
The detailed description of the EIBT is presented elsewhere.16–18 Anions used for the study are produced by a cesium
sputter source. A continuous ion beam of 4.2 keV kinetic
energy is obtained from the source, which is chopped by an
electrostatic chopper into small bunches (about 50 µs long)
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FIG. 1. Schematic of the experimental setup. Some components of the EIBT
that are not used for the present experiment are not shown in the figure. Anions
are trapped either along the straight section or bent section in the EIBT, as
shown by blue dashed lines. The dashed arrows show the laser beam direction,
which is always orthogonal to the VMI axis but can either be perpendicular
to or coaxial with the axis of the straight section of the EIBT.

FIG. 2. (a) The complete VMI setup. The red region is the µ-metal cover
to shield the spectrometer from external magnetic fields. (b) Vertical cross
section through the VMI spectrometer.

and then mass selected by a 90◦ bending magnet. After mass
selection, the ion bunch is steered into the EIBT by electrostatic deflectors and an electrostatic quadrupole triplet. Ions
are trapped in a field-free region inside the EIBT by keeping them oscillating between two sets of identical electrodes
(the entrance and exit mirrors in Fig. 1) upon application of
appropriate DC voltages. The EIBT in our experimental setup
has one entrance mirror and two exit mirrors. One of the exit
mirrors is coaxial with the entrance mirror, hence permitting
ion trapping in the straight section of the EIBT. The other exit
mirror is at an angle of 33◦ with respect to the entrance mirror
axis. By applying proper DC voltages to the electrodes of a
spherical electrostatic deflector at the center of the trap (not
shown in Fig. 1), ions are deflected towards this exit mirror
and are thus trapped in the bent section. While trapping ions
in the straight section of the EIBT, the spherical deflector is
grounded. There are a number of microchannel plate (MCP)
detectors inside as well as outside the trap which are operated
as per experimental requirements. For this study, the only trap
detector that was used is the MCP with a central hole at the
end of the straight section exit mirror (see Fig. 1). Neutrals,
produced either by residual gas collision or by photodetachment, that fly out from the exit mirror side are detected by this
MCP. By measuring the number of neutrals detected by the
MCP as a function of trapping time, the lifetime of the ion
beam in the trap can be obtained. The lifetime of ions within
the trap is mainly governed by collisions with residual gas
and hence depends on the vacuum conditions. For measurements reported here, the pressure inside the EIBT was about
2 × 10☞ 10 Torr, which yielded an ion lifetime of about 1 s.
The VMI spectrometer is installed near the entrance mirror of the EIBT such that the VMI spectrometer axis is perpendicular to the trap axis. With this configuration, electron
spectroscopy of anions is possible irrespective of whether
they are trapped in the straight or bent section of the EIBT.
The schematic of the spectrometer is shown in Fig. 2. The
basic structure of the VMI spectrometer is similar to the
design introduced by Eppink and Parker 19 with some modifications to suit our experimental requirements. The spectrometer is very compact: The total height of the spectrometer
(excluding detector) is 56 mm and its diameter is 60 mm.
It consists of a repeller, a corrector, an extractor, an einzel
lens, a fine mesh grid, and a microchannel plate with resistive anode encoder (MCP-RAE) position-sensitive detector

(Quantar Technology, Model: 3394A) that is mounted on top
of the spectrometer. The entire spectrometer is surrounded
with a µ-metal cylinder to shield it from external magnetic
fields. The µ-metal cylinder has two pairs of coaxial diametrically opposite holes. One pair of holes is coaxial with the
axis of the straight section of the trap, thus allowing trapped
ions to pass through the VMI spectrometer as well as admitting a laser beam orthogonally to the VMI spectrometer axis
through the central hole of the trap MCP. A merged beam configuration between the laser beam and trapped ion beam is thus
achieved. The other pair of holes in the µ-metal shield allows a
laser beam to be admitted such that it is orthogonal to both the
VMI spectrometer and the EIBT axis and passes through their
intersection. This configuration allows a crossed beam geometry between the laser beam and trapped ion beam. The laser
employed is a Nd-YAG laser pumped optical parametric oscillator (OPO) (Ekspla NT342 B-SH) having a pulse duration of
about 5 ns, which emits photons having linear polarization.
The interaction region inside the VMI spectrometer, where
the laser beam overlaps with the trapped ions, is equidistant
from the repeller and extractor electrodes of the spectrometer.
Prompt or delayed electrons emerging from this interaction
region are extracted towards the MCP-RAE detector by electrostatic fields due to DC voltages applied to the spectrometer
electrodes. The repeller electrode, which is a ring of outer
diameter (OD) = 34 mm and inner diameter (ID) = 25 mm, is
kept at ☞20 V. The extractor electrode, which is also a ring with
OD = 46 mm and ID = 25 mm, is kept at ground potential. The
field generated due to these two electrodes draws the electrons
towards the detector. An einzel lens, comprising three identical ring electrodes of OD = 46 mm and ID = 35 mm, focuses
the electrons onto the detector. For the current experiment,
the middle electrode was set to +20 V while the two outer
electrodes were kept at +30 V. A fine mesh grid with positive
voltage, placed in front of the MCP-RAE detector, prevents
the electric field lines generated by the detector voltages to
enter the spectrometer. Depending on the voltage set on the
grid, the electrons experience a constant electric field gradient
as they come out of the einzel lens; the gradient determines
the magnification of the electron image produced on the detector. The higher the voltage applied to the grid, the smaller the
image. At the same time, the einzel lens voltages have to be
adjusted to get an optimum focus. The grid voltage was kept
at +80 V for the present experiment. The MCP-RAE detector,
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which comprises two circular MCPs in a chevron configuration, has an active area of 40 mm diameter. The MCP front was
kept at +400 V while the RAE was biased with +2 kV. Electrons produced in the interaction region fly through the VMI
spectrometer and hit the MCP-RAE detector to form a circular electron image, as the three-dimensional Newton sphere
is projected onto the two-dimensional detector surface. Electrons having different kinetic energies (hence velocities) hit
the detector at different radii; thus, the energy of the emitted
electrons can be determined as a function of radius. Angular
distribution of electrons with respect to the laser polarization
direction can also be obtained from this electron image.
The trapped anion beam passes through the VMI spectrometer while oscillating inside the EIBT. To compensate for
the distortion to the anion beam trajectory due to the electric
fields from the repeller and extractor electrodes of the VMI
spectrometer, so that trapping conditions are not affected, the
spectrometer includes an additional “corrector” electrode. This
corrector electrode is a ring with ID = 37 mm and OD = 46
mm. It is concentric and flush with the repeller electrode. The
corrector electrode is biased with +30 V, which adjusts the
trajectory of the anions as they pass through the VMI spectrometer in order to maintain trapping. A similar design has
been employed by Johnson et al.20
Simulations of electron trajectories through the VMI spectrometer were carried out using SIMION 8.0.21 Simulations
were done for electrons with energy varying from 0.001 eV
to 15 eV. For the higher energy electrons, the repeller voltage
had to be increased. For any voltage configuration, the electron images obtained from the simulation depend on the size
of the interaction region. Figure 3(a) depicts the trajectories of
0.5 eV electrons through the spectrometer emitted from interaction regions of different sizes. The black trajectories are
when electrons are emitted isotropically from an interaction region that is an ideal point source located on the VMI
spectrometer axis. In actual experiments, however, the interaction region has a finite width. The trajectories for electrons
emanating isotropically from an interaction region, that is, a
solid cylinder of length 3 mm and diameter 3 mm, are shown
in red. This interaction region is more realistic and closer to
the one that we have when the laser beam is orthogonal to
the trapped ion beam. The resultant circular electron images
produced on the detector by these simulations are shown in
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Figs. 3(b) and 3(c). Figure 3(b) depicts the electron image
for a point-source interaction region and Fig. 3(c) shows the
image for the cylindrical interaction region. The circumference
of the circular image is better defined for the point source case
than for the cylindrical interaction region where it is affected
by the size of the interaction region. Nevertheless, we could
obtain well separated circular images having different radii for
various simulated electron energies.
III. OPERATIONAL ASPECTS
A. Kinematic shift of electron image

Velocity map imaging of electrons emanating from anions
trapped in an EIBT is different from conventional methods as
the target anions are in oscillatory motion inside the trap. Upon
laser interaction, electrons are emitted from the anions with an
additional velocity component along the motion of the anions.
Since the velocity of the anions in our setup is orthogonal
to the VMI spectrometer axis, this additional component of
velocity does not affect the size of the image produced on the
detector. Rather, it shifts the circular image in the direction of
the ion motion. Thus, electrons of a particular energy produce
a circular image of certain radius on the detector but there is a
kinematic shift to the image. The extent of the shift depends on
the velocity of the anions, which is well known. Further, as the
trapped anions oscillate back and forth along the trap axis, the
electrons are emitted with additional velocity components in
both directions that produce two circular electron images that
are shifted with respect to the VMI spectrometer axis. Such
an image is presented in Fig. 4(a) when trapped O☞ ions were
irradiated with a 600 nm wavelength laser beam in a crossed
beam configuration.
It is difficult to analyze such a double electron image;
hence, the generation of a single electron image is necessary.
To accomplish this, the ion beam is bunched within the trap
by applying a radio frequency (RF) potential to one of the
electrodes of the EIBT exit mirror. Ions oscillate inside the
trap but as a bunch such that all the ions move in the same
direction during interaction with the laser beam.20,22 Electrons are now emitted from anions having the same additional
component of velocity and thus a single electron image is
observed on the detector, albeit with a shift. An electron image
from trapped O☞ ion bunches upon interaction with a 600 nm

FIG. 3. (a) Simulated trajectories of 0.5 eV electrons
through the VMI spectrometer which are emitted isotropically from an ideal point source (black) and a cylindrical
interaction region (red). (b) The circular electron image
produced on the detector by electrons originating from
a point source. (c) The circular electron image produced
on the detector by electrons emanating from a cylindrical
interaction region. Electron images in (b) and (c) were
obtained by considering 10 000 electron trajectories each
(not shown in (a)). The false color bar in (b) and (c)
represents normalized counts.
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FIG. 4. VMI spectrometer electron images from trapped O☞ . (a) Two circular images shifted with respect to the center, i.e., the VMI spectrometer axis, due to
kinematic shift along the two directions of ion oscillation. (b) A single circular image from bunched anions but shifted due to kinematic shift. The black arrow
represents the trapped ion beam direction and the red arrow shows the laser beam direction. Orthogonal to these directions and passing through their intersection
is the VMI spectrometer axis. The false color bar represents the normalized counts.

wavelength laser beam in a crossed beam configuration is presented in Fig. 4(b). Lesser number of electron counts along the
ion beam direction is due to anisotropy in the angular distribution of emitted electrons with respect to the laser polarization
axis which is the same as the ion beam direction. A single electron image can also be generated by doing an electron-neutral
coincidence measurement, where the neutrals are detected in
the EIBT MCP. This technique proved to be effective in the
detection of delayed electron emissions and is discussed in
detail in Sec. III B.
B. Data acquisition

The neutrals produced upon emission of electrons from
trapped anions that are detected by the EIBT MCP are recorded
as a function of trapping time. This is done by accumulating
the neutral hit signals from the MCP in the multiscalar mode of
a National Instrument 6602 timer/counter card in a computer
with a 20 MHz clock (50 ns time resolution). The timer/counter
card also controls the trapping start and duration of trapping.
The timer/counter card in turn is triggered by the Q-switch
signal of the laser. This synchronization enables us to record
the neutral counts as a function of trapping time. The neutral
counts are monitored in real time by a LabVIEW23 program
that is also capable of storing the data in a list mode file.
For recording the electron image, different approaches
were followed for prompt electron and delayed electron emissions. For prompt electrons, as mentioned earlier, the trapped
anions are bunched and a pulsed laser beam is introduced in a
crossed beam configuration. The RF generator employed for
bunching the anions is triggered by a signal from the National
Instrument 6602 timer/counter card to synchronize the ion
bunch with the laser. The laser is fired so that it interacts
with the ion bunch when it is at the center of the VMI spectrometer and is moving towards the exit mirror. The resultant
prompt photoelectron signals from the MCP-RAE detector of
the VMI spectrometer are amplified and converted into bipolar pulses (rise time ∼0.6 µs, total signal duration ∼2 µs) by
a charge-sensitive preamplifier/shaper module (Quantar Technology, Model: 24012). The electron image is generated by
a Quantar Technology position analyzer unit (Model: 2401B)
by the analysis of these bipolar signals.
A different procedure was followed for the detection of
delayed electron emissions. For delayed electrons, bunching

will not yield a single electron image as in the case of prompt
electrons. Delayed electron emissions can occur up to several
microseconds, even milliseconds after the photoexcitation of
trapped anions. Within this time, the anion bunch will make
several oscillations within the EIBT. As explained earlier, due
to the back and forth motion of the anions, emitted electrons
will have additional velocity components in both directions.
Hence, a double electron image will be produced by delayed
electrons. To overcome this, an electron-neutral coincidence
measurement was made. The neutrals produced upon electron
emission are detected by the EIBT MCP. Since only neutrals
which are produced from anions having velocity towards the
exit mirror reach this detector, the corresponding electrons that
were ejected from the anions that produced these neutrals will
also have only one additional velocity component, towards
the exit mirror. Thus, a single electron image will be generated from the coincidence data. The coincidence technique is
schematically shown in Fig. 5. Since the anions oscillating
between the trap mirrors have a well-defined kinetic energy
(4.2 keV) and hence a fixed velocity, the neutrals produced
within the VMI spectrometer have a well-defined time-offlight to reach the EIBT MCP detector. The time difference
between the signal generated by electron detection by the
MCP-RAE detector and the detection of the corresponding

FIG. 5. (a) Scheme showing the relative time frame of various signals.
(b) Scheme showing electron-neutral coincidence. Dashed lines represent
prompt events. Solid lines (except the laser signal) represent delayed events.
Dotted lines represent the signals which were delayed to attain electron-neutral
coincidence. Refer to text for details.
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neutral is constant. To achieve a coincidence, the electron signal, which, because of its small mass compared to that of the
anion, appears much earlier than the neutral signal, is delayed
so that it coincides with the neutral signal. The width of the
electron signal that is delayed with respect to the original
one is set to about 1 µs, which determines the time window
within which the neutral signals will be accepted for the
coincidence measurement. To acquire data only from photoninduced events, the laser signal (generated by its Q-switch) is
delayed such that it coincides with the delayed electron-neutral
coincidence signal. The width of the delayed laser signal is
set to about 2 ms, which dictates the data acquisition time
window within which the electron-neutral coincidence signals
are accepted for the measurement. The neutral signal, delayed
electron signal, and delayed laser signal are put into a coincidence unit and the coincidence signal is used as a trigger
for a digitizer (CAEN, Model: VT1720). The digitizer digitizes the amplified MCP-RAE signals whenever there is a
trigger by the coincidence signal and sends them to a computer via a VME bridge (CAEN, Model: V2718). Since the
electron signals arrive much earlier than the coincidence trigger signal, a data recording time window of 16 µs is set in
the digitizer within which the electron signals and trigger signal should arrive to be registered as a valid event. The time
difference between the electron signals and the trigger signal
mainly depends on the time-of-flight of the neutrals from the
VMI spectrometer to the EIBT MCP. The electron image is
generated by a home-made LabVIEW program that computes
the position and timing information from the digitized raw
signals in real time and stores the data in a list mode file.24
IV. PERFORMANCE OF THE SPECTROMETER
A. Calibration

The VMI spectrometer was calibrated by recording photoelectrons emitted from trapped O☞ upon interaction with
laser photons in the 500 nm–675 nm (2.48 eV–1.84 eV)
wavelength range. Laser photodetachment microscopy studies have established the electron affinity of this species to be
1.461 113 5(12) eV,25,26 so the wavelength range selected is
adequate for photon-induced prompt electron emission. O☞
anions were trapped in the straight section of the EIBT for
70 ms and RF bunched. The laser beam was introduced in
a crossed beam configuration with the trapped ion beam.
The electron images produced with photons of various wavelengths are given in Fig. 6. The images to the left are the
raw images and the ones to the right are the corresponding
images after inverse Abel-transformation using the BASEX
code.27 The images are presented so that the laser polarization direction is along the vertical axis of the images. Less
counts along the vertical axis is due to the anisotropy in the
angular distribution of the emitted electrons with respect to the
laser polarization axis. The first electronic excited state of a
neutral oxygen atom cannot be accessed with the available
photon energy.28,29 Hence, the kinetic energy of the emitted photoelectrons is obtained by subtracting the electron
affinity from the photon energy. As evident from Fig. 6, the
radius of the electron image increases with the kinetic energy
of the photoelectrons. Electron image radii were computed

FIG. 6. Photoelectron images produced upon ionization of trapped and
bunched O☞ by photons of wavelengths (a) 675 nm, (b) 650 nm, (c) 600 nm,
(d) 550 nm, and (e) 500 nm. The images to the left are raw electron images
while those on the right are corresponding inverse Abel-transformed images.
Laser polarization direction is along the vertical axis of the images. The false
color bar represents normalized counts.

from the inverse Abel-transformed images. The photoelectron
kinetic energy varies with the square of this radius. Figure 7
shows the kinetic energy-to-radius calibration of the VMI
spectrometer.
The asymmetry parameter ( β) for the angular distribution of photoelectrons30,31 was also calculated from the inverse
Abel-transformed images. Table I lists the kinetic energy, corresponding radius value of the electron image, and the β value
for photoelectrons emitted at various wavelengths. The β value
is in agreement with the high resolution measurement reported
by Cavanagh et al.32 The energy resolution of the VMI spectrometer is dependent on how accurately the radius of the
electron image can be measured. Thus, the full width at half
maximum (FWHM) of the radial distribution of the inverse
Abel-transformed image gives the resolution of the spectrometer. For photoelectrons emitted at 600 nm laser wavelength,
the energy resolution was found to be 0.017 eV, i.e., 2.8% at
0.606 eV.
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FIG. 7. Kinetic energy to radius calibration of the VMI spectrometer. The
red line is a square function showing the dependence of kinetic energy on the
square of the radius. The error bars are the standard deviation of the measured
radius.

FIG. 8. Neutralized C−5 counts detected by the EIBT MCP as a function of
trapping time upon laser-induced autodetachment. Delayed neutrals produced
by a laser pulse fired 50 ms after trapping are clearly seen. The inset shows
neutrals measured during the whole trapping cycle. After 65 ms, the trapping
was stopped and the process was repeated.

B. Delayed electron emission

interaction (i.e., after 50 ms of trapping) can be clearly seen in
the figure. Neutrals produced during the whole trapping cycle
are shown in the inset in Fig. 8. Apart from the peak at 50 ms,
which is due to photon-induced autodetachment, neutrals are
produced by spontaneous autodetachment during the first few
milliseconds after the start of trapping and the rest are due to
residual gas collisions. The counts observed after trapping is
stopped at 65 ms are due to dark counts of the detector.
Photon-induced delayed electron emission was measured
by the acquisition scheme explained earlier. Delayed electron counts measured within the acquisition time window are
shown in Fig. 9. The inset of Fig. 9 shows the same, but
only for the first ∼170 µs after acquisition starts. As these are
electron-neutral coincidence events, data are collected when
the anions travel towards the EIBT MCP. Since the anions
are trapped in the bent section of the EIBT, only half of the

The delayed electron emission studies were conducted by
the photoexcitation of trapped C−5 ions. The electron affinity of C5 was reported as 2.839(0.008) eV by Arnold et al.33
In a more recent study on cold negative ions, Hock et al.34
reported the electron affinity of C5 to be 23 018(2) cm☞ 1 , i.e.,
∼2.853 87(0.000 25) eV. To observe photon-induced delayed
electron emissions from vibrationally and rotationally hot clusters, as produced in the present case by the sputter ion source,
the photon energy should be close to, but less than, the electron
affinity of the cluster. Our studies were performed using laser
photons of wavelength 470 nm (∼2.64 eV), which is below
the electron affinity of C5 but is sufficient to trigger delayed
electron emissions from vibrationally and rotationally hot C−5 .
The laser beam was introduced along the EIBT axis through
the hole in the EIBT MCP to achieve a merged beam configuration with the trapped ion beam. This maximized the overlap
of the laser with the trapped C−5 ions. The anions were trapped
in the bent section of the EIBT and the laser was shot after
50 ms of trapping time. Ions were not bunched within the trap
for delayed electron emission measurements. Trapping was
stopped after 65 ms and the procedure was repeated. Neutrals
produced upon autodetachment after laser interaction are measured in the EIBT MCP and are presented in Fig. 8 as a function of trapping time. Delayed neutrals produced after laser
TABLE I. Kinetic energy, corresponding radius from the electron image, and
the asymmetry parameter (β) for the angular distribution of photoelectrons
emitted upon ionization of O☞ by photons of various wavelengths.
Wavelength
(nm)
675
650
600
550
500

Kinetic energy
(eV)

Radius
(arbitrary units)

β
parameter

0.376
0.447
0.606
0.793
1.019

27.62 ± 1.18
30.22 ± 0.94
34.54 ± 0.75
40.01 ± 1.22
45.37 ± 2.36

−0.773 ± 0.070
−0.779 ± 0.071
−0.842 ± 0.061
−0.844 ± 0.074
−0.876 ± 0.092

FIG. 9. Delayed electron counts from C−5 upon laser-induced autodetachment
within the acquisition time window. The inset shows delayed electrons for the
first ∼170 µs after acquisition starts. The electron counts at the beginning
are prompt events and the rest are delayed events. Each peak in the inset
corresponds to a single data point in the main figure.
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anions within the trap can be photoexcited by the laser beam.
Anions in the exit mirror half are not photoexcited and do
not contribute to delayed electron emission. The anions have
a precise time-period of oscillation within the trap, thus, the
delayed electrons are detected with this periodicity, which
are seen as peaks in the data that are acquired by electronneutral coincidence (see the inset of Fig. 9). A few prompt
electron events are also recorded in the beginning, which are
due to the timing of acquisition start. This can be eliminated
by delaying the acquisition start timing by a few microseconds. Nevertheless, as we have the timing information of the
delayed electrons, the events due to prompt electron emission were rejected during the analysis of the data. As is evident, delayed electrons can be recorded in our setup without
any limit on the time scale after the photoexcitation of the
anions.
The electron-neutral coincidence events recorded within
the digitizer data recording time window of 16 µs for each
event are presented in Fig. 10. As the neutrals produced from
C−5 ions within the VMI spectrometer have a certain timeof-flight to the EIBT MCP, the electron-neutral coincidence
trigger signal is always generated at a constant time after
electron signals are recorded by the digitizer. Thus all electron
signals fall in a narrow time window with respect to the trigger
and produce a peak as seen in Fig. 10. For C−5 ions, the electron
signals arrive at about 6 µs while the trigger arrives at about
14.5 µs after the digitizer starts recording data. The time-offlight of the neutrals is, therefore, about 8.5 µs. The small peaks
to the left of the electron signal peak are due to electronic noise
that is related to the laser’s Q-switch. Since this noise can be
discriminated in time, it does not affect our analysis. The electron signal peak is zoomed and shown with a finer binning
in the inset of Fig. 10. The width of the peak corresponds
to delayed electron emission along the trap axis within the
VMI spectrometer. A neutral produced upon electron emission
from an anion located at one edge of the VMI spectrometer will have a slightly different time-of-flight to the EIBT

MCP than that produced on the other edge. This minor time
difference is responsible for the peak width, which in our
case is about 300 ns. An electron image produced by delayed
electron emission, considering all events within the peak, is
presented in Fig. 11(a). We observe an elongated electron
image along the trap axis which lies along the vertical axis
of the image. The elongated image, like the peak width seen
in Fig. 10, is due to different positions of electron emission
along the trap axis. To reduce the influence of ion position
on the electron image, only events that lie within ± 21 FWHM
of the centroid of the electron signal peak were considered.
The centroid of the peak corresponds to electrons produced at
the center of the VMI spectrometer. The electron image thus
generated is presented in Figure 11(b).
As is evident from Fig. 11(b), the delayed electrons are
emitted with much less kinetic energy thus producing a small
electron image. There also seems to be no angular distribution anisotropy of delayed electrons with respect to the laser
polarization axis. To know the kinetic energy of the delayed
electrons, a comparison of the radial distribution in the electron
image is done with the image produced by photoelectrons from
O☞ of various known kinetic energies. Figure 12 depicts the

FIG. 10. Data recording time window of the digitizer for each coincidence
event. The electron signals produce a peak at about 6 µs while the trigger is
at about 14.5 µs. The inset shows the electron signal peak only, with finer
binning.

FIG. 12. Radial distributions of electron counts obtained from electron
images of delayed electrons from C−5 excited with 470 nm photons and from
electron images produced by photoelectrons emitted from O☞ upon interaction
with photons of various wavelengths (open symbols). The numbers above the
horizontal bar at the top give the energies of electrons in eV corresponding to
the peaks in the radial distributions.

FIG. 11. (a) Electron image produced by delayed electrons emitted along
the trap axis within the VMI spectrometer. (b) Electron image produced by
delayed electron emissions considering events within centroid ± 21 FWHM of
the electron signal peak. The laser polarization axis is along the horizontal
axis of the images. The false color bar represents normalized counts.
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radial distributions of electron images of O☞ photoelectrons of
various kinetic energies as well as those of delayed electrons
from C−5 . The peak in the radial distribution corresponds to
the circumference of the circular electron image where most
of the counts lie, and this radius is unique to electrons of
a particular energy. As the kinetic energy of photoelectrons
from O☞ is known from previous measurements, the radial
distribution can be calibrated with respect to kinetic energy.
From this calibration, the energy of the delayed electrons from
C−5 is found to be 0.0015(0.0001) eV for photoexcitation by
470 nm photons. It is worth mentioning that the kinetic energy
of the delayed electrons depends on the internal energy of
the system at the time of laser interaction. Changing the time
after which the laser is allowed to interact with the trapped
anions might yield delayed electrons with completely different
kinetic energies. A systematic study of delayed electron emissions of this kind can yield greater understanding about the
cooling dynamics of polyatomic systems. Further experiments
with laser photons of various wavelengths and measuring the
energy of delayed electrons as function of time can lead to
great insights into the dynamics involved in autodetachment
processes.
V. SUMMARY AND OUTLOOK

An experimental setup capable of recording delayed electron emission upon photoexcitation of polyatomic anions is
presented in this paper. The uniqueness of the setup lies in its
ability to record delayed electrons with no restriction on the
time scale after which they are emitted from anions upon photoexcitation. The setup consists of a VMI spectrometer that
is integrated into an EIBT. Electron spectroscopy of anions
trapped in the EIBT is performed by the VMI spectrometer.
The design, operational aspects, and performance of the experimental setup are presented in detail. Calibration of the VMI
spectrometer is done with photoelectrons emitted from trapped
O☞ ions upon irradiation with laser photons of various wavelengths. Delayed electron emission studies were performed by
the photoexcitation of trapped C−5 ions. The kinetic energy of
delayed electrons emitted from C−5 upon photoexcitation at
470 nm laser photon wavelength after 50 ms of trapping time
is found to be around 0.0015 eV.
Knowledge about the kinematics of delayed electron
emission is essential in providing important insights about
the dynamics of photoexcited polyatomic systems. With our
experimental setup, a systematic study at various photon wavelengths and different laser interaction times after trapping can
be done to gain crucial information about such systems. In particular, measuring the kinetic energy of delayed electrons as a
function of time can enhance our understanding about delayed
detachment dynamics. These studies are capable of revealing the underlying dynamics involved in processes such as
radiative electron attachment and radiative and non-radiative
cooling of polyatomic systems that may find application in
many areas of physics.
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and C. Bordas, Rev. Sci. Instrum. 87, 033103 (2016).
14 M. Bixon and J. Jortner, J. Chem. Phys. 48, 715 (1968).
15 C. Adams, H. Schneider, and J. Weber, J. Phys. Chem. A 114, 4017 (2010).
16 D. Zajfman, O. Heber, L. Vejby-Christensen, I. Ben-Itzhak, M. Rappaport,
R. Fishman, and M. Dahan, Phys. Rev. A 55, R1577 (1997).
17 M. Dahan, R. Fishman, O. Heber, M. Rappaport, N. Altstein, D. Zajfman,
and W. J. Van Der Zande, Rev. Sci. Instrum. 69, 76 (1998).
18 O. Aviv, Y. Toker, M. Errit, K. Bhushan, H. B. Pedersen, M. Rappaport,
O. Heber, D. Schwalm, and D. Zajfman, Rev. Sci. Instrum. 79, 083110
(2008).
19 D. Parker and A. Eppink, J. Chem. Phys. 107, 2357 (1997).
20 C. J. Johnson, B. B. Shen, B. L. J. Poad, and R. E. Continetti, Rev. Sci.
Instrum. 82, 105105 (2011).
21 D. A. Dahl, Int. J. Mass Spectrom. 200, 3 (2000).
22 L. H. Andersen, O. Heber, and D. Zajfman, J. Phys. B: At., Mol. Opt. Phys.
37, R57 (2004).
23 C. Elliott, V. Vijayakumar, W. Zink, and R. Hansen, J. Assoc. Lab. Autom.
12, 17 (2007).
24 K. Saha, R. Benmaimon, A. Prabhakaran, M. Rappaport, O. Heber,
D. Schwalm, and D. Zajfman, J. Instrum. 11, T07006 (2016).
25 T. Andersen, Phys. Rep. 394, 157 (2004).
26 C. Blondel, W. Chaibi, C. Delsart, C. Drag, F. Goldfarb, and S. Kröger, Eur.
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