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We describe an apparatus to investigate the excited-state dissociation dynamics of mass-selected ion-molecule clusters
by mass-resolving and detecting photofragment-ions and neutrals in coincidence with high repetition rates. The ap-
paratus comprises a source to generate ion-molecule clusters, a time-of-flight (TOF) spectrometer and a mass filter to
select the desired anions, and a linear-plus-quadratic reflectron mass spectrometer to discriminate the fragment anions
after the femtosecond laser excites the clusters. The fragment neutrals and anions are then captured by two channel-
tron detectors. The apparatus performance is tested by measuring the photofragments: 1=, CF3I~ and neutrals from
photoexcitation of the ion-molecule cluster CF31-1™ using femtosecond UV laser pulses with a wavelength of 266 nm.
The experimental results are compared with our ground state and excited state electronic structure calculations and
the existing results and calculations, with particular attention to the generation mechanism of the anion fragments and
dissociation channels of the ion-molecule cluster CF;1-1™ in the charge-transfer excited state.

I. INTRODUCTION

Cluster research provides a way to use molecular clus-
ters to model the microscopic behavior of chemical reactions
masked out by the averaging effect of the bulk!. Clusters
have been used as a means of preparing intermediate reac-
tants like I7-CHj3I of the classic Sy2 reaction I™+CHsl in
the gas phase’. Based on this unique role, clusters com-
bined with photoelectron imaging have been used to explore
charge transfer reactions”© and the effects of solvation on the
energetics and dynamics of chemical reactions’. The detec-
tion of photofragments including fragment-ions and neutrals
is equally important for understanding the dissociation dy-
namics of ion-molecule clusters after excitation triggered by a
pulsed laser®.

The investigation of dissociation dynamics in ion-molecule
clusters, involving the detection of fragment ions and neutrals
following photoexcitation, has been facilitated by the work of
Lineberger, Johnson, and their colleagues®'3. The apparatus
used for such studies typically consists of the source for the
generation of the ion-molecule clusters, time of flight (TOF)
mass spectrometer'# for acceleration and separation of clus-
ters, a deflector-style mass filter, linear reflectron mass spec-
trometer for discrimination of fragment ions after photoexci-
tation, and time-sensitive detectors like multichannel plates
(MCP). Later, the velocity map imaging (VMI) introduced by
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Eppink and Parker'® was added to a similar apparatus by Neu-
mark and colleagues'®!® | replacing the linear reflectron mass
spectrometer. This configuration enabled the investigation of
time-resolved dissociation dynamics in ion-molecule clusters
by photoelectron detection!. Furthermore, an ion imaging
apparatus has been developed?’, which is capable of measur-
ing the velocity and angular distributions of fast fragment ions
produced after the photodissociation of ion-molecule clus-
ters. The electronic state information of the ion-molecule
cluster, carried by photoelectrons in terms of their kinetic en-
ergy and angular distribution, when combined with the disso-
ciation channel information carried by the fragment ions and
neutrals, can collectively provide a relatively comprehensive
picture of the dissociation dynamics within the photoexcited
ion-molecule cluster.

In this article we describe an experimental instrument de-
signed to investigate the excited-state dissociation dynam-
ics of mass-selected ion-molecule clusters by mass-resolving
and detecting photofragment-ions and neutrals in coincidence.
Compared to similar instruments that use the tandem mass
spectrometer and can detect fragment ions and neutrals®!3,
the main improvements of the present apparatus are: i) the
high repetition rate provided by a continuous electron beam
and pulsed nozzle with capability up to 500 Hz (currently lim-
ited to 200 Hz due to the pumping speed of the setup), and ii)
the compact footprint offered by the short TOF mass spec-
trometer, three-electrode mass filter?!, linear-plus-quadratic
reflectron (LPQR) mass spectrometerzz, and two channel elec-
tron multipliers (CEM). The combination enables future mea-
surements of anions and neutral fragments in coincidence and
compatibility with a wide variety of light sources thanks to
the compact size that makes it easy to transport. While the
three-electrode mass filter and the LPQR have been demon-



strated previously, we believe this is the first time they are
implemented in an apparatus that can detect ions and neutrals
in coincidence. In addition, two diagnostics are introduced
to our instrument: a CMOS camera for measuring the source
size and a pair of knife edges combined with a CEM to mea-
sure the 3D beam profile and speed of the anion packets. The
measured parameters are used as input for accurate simulation
of the anion’s trajectories and flight times using SIMION?3.

To demonstrate the apparatus’s performance, we have car-
ried out experiments on the CF31-I"™ ion-molecule cluster pho-
toexcited with 266 nm UV femtosecond laser pulses, where
we detected anion fragments and total yield of neutrals. The
anion fragments are identified with the aid of SIMION simula-
tions. We compare the experimental results with ground state
and excited state electronic structure calculations and exist-
ing results and calculations, and propose a mechanism for the
generation of anion fragments and the dissociation channels
for the ion-molecule cluster CF31-I™ in the charge-transfer ex-
cited state. These results provide information that could be
applied to understand similar dissociation processes.

Il. APPARATUS

The ion-molecule clusters are generated by electron attach-
ment in a gas jet, followed by TOF mass selection. The se-
lected ion-molecule cluster is photoexcited by a laser pulse
and the resulting neutral and ionic fragments are analyzed
by mass. The apparatus consists of three modules (Fig. 1):
a source chamber where a gas mixture is expanded into ul-
trahigh vacuum and irradiated with electrons to create anion
clusters; a TOF chamber for acceleration of the anion clusters,
and mass-selection to isolate a specific cluster; and a detection
chamber for neutral fragment detection and mass-analysis of
anion fragments. The source chamber houses an electron gun
and a pulsed supersonic expansion gas jet for the generation
of ion-molecule clusters. The TOF chamber contains a spec-
trometer and ion optics used to guide, focus, and separate the
clusters into mass-specific pulses as well as a mass filter to
select the target ion-molecule cluster. The detection cham-
ber contains the interaction volume of the laser and the ion-
molecule cluster, a reflectron TOF mass spectrometer, and de-
tectors to capture neutral fragments and mass-resolved ions.
A timing system was built to synchronize the laser and anion
pulses.

A. Source chamber: ion-molecule cluster generation

Ions and ion clusters are generated by irradiating a gas mix-
ture containing the target molecule with an ionizing electron
beam. Fig. 2 shows a photograph of the source chamber where
a pulsed gas jet is crossed by the continuous electron beam in
the center. The main components inside the source chamber
are also displayed: home-made electron gun, dual Faraday
cup, Even-Lavie pulsed valve?*, cooling and steering assem-
bly for the pulsed valve, copper skimmer and ion optics used
to guide ions to the next chamber, which are also shown in

Fig. 1. Attached to the source chamber is a gas manifold sys-
tem used to prepare the gas mixture, and the ultrahigh vacuum
pump system used to pump down source chamber (not shown
here).

A homemade electron gun is employed to deliver a focused
electron beam that ionizes the gas mixture near the exit of the
pulsed valve nozzle. The electron gun uses the Pierce design
where a tungsten filament is held at the same potential as a
conical cathode?. An anode with a 1 mm aperture confines
the size of the electron beam after thermionic emission from
the filament. A three-element einzel lens, along with horizon-
tal and vertical deflectors, is used to focus and guide the beam
to the ionization region, at ~1 mm from the exit of the pulsed
valve. This design produces a continuous well-focused elec-
tron beam with a current of 400 pA. The energy of the electron
beam is set to 800 eV, which maximizes the ion yields within
the constraints of the experimental geometry. The interface
between the electron gun and the source chamber is a cylin-
drical aluminum shield with a 6 mm hole as the exit of electron
beam, so that it is isolated from the source chamber. The elec-
tron gun is pumped by a dedicated turbopump to increase the
operating lifetime of the tungsten filament. A sheet of u-metal
is wrapped around the cylindrical shield to decrease ambient
magnetic fields inside the electron gun. A dual Faraday cup is
used to monitor and stop the electron beam. It consists of two
coaxial cups with diameters of 4 mm and 20 mm, insulated
by Kapton film. We used the dual Faraday cup to estimate the
size of electron beam based on the currents measured from
the two cups. Additionally, we use a camera to image the op-
tical emission from the ionization volume. When combined,
these measurements provide an accurate measurement of the
electron beam size.

A gas mixture of 100 psi (6.8 atm) is delivered to a nozzle
with an opening of 100 um by a gas manifold system. The
gas manifold system consists of a reservoir of high-pressure
gas mixture (1.3% CF3l and 98.7% Ar), a 2-stage pressure
regulator and a pulsed valve. The pressure regulator stabilizes
and maintains the stagnation pressure of 100 psi (6.8 atm) be-
hind the nozzle within 0.025%. The pulsed valve is mounted
on a stainless-steel bellow with tip-tilt and linear translation
controls, such that the orientation of the pulsed valve, and the
distance between the pulsed valve and the electron beam are
adjustable. The pulsed valve is tightly wrapped with a copper
belt that is connected to a cold finger by copper braids. The
cold finger can be cooled by liquid nitrogen in an attached
reservoir. A thermocouple attached to the valve is used to
monitor the valve temperature.

After supersonic expansion through the pulsed valve noz-
zle, an intense pulsed gas jet is generated and crossed by the
focused electron beam coming perpendicularly. The process
involves electron-impact ionization?® and low-energy electron
attachment?’, and generates cations and anions including the
ion-molecule cluster CF3I-I™ and the iodide ion I~. The ion-
ization region is imaged onto a CMOS camera to monitor the
overlap and the size of the electron and gas beams. We opti-
mize the overlap of the gas jet and the e-beam by steering the
electron beam with the electrostatic optics inside the electron
gun and the orientation of the pulsed valve with the bellow
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FIG. 1. Overview of the main components of the apparatus, consisting of the source chamber, TOF chamber and detection chamber. The gas
manifold system, pump system and electronic control system are not shown here.

while monitoring the optical emission at the camera in real
time. The size of the overlap region is calculated by fitting a
two-dimensional Gaussian to the image of the plasma fluores-
cence (insert of Fig. 2): typically, 2.43 mmx3.23 mm at full
width of half maximum (FWHM).

The generated ions pass through a flared-conical (trumpet-
like) copper skimmer with an entrance diameter of 3 mm
which collimates the beam and allows for differential pump-
ing of the source and TOF chambers. The 3 mm entrance size
of the skimmer was selected based on the measurement of the
size of the overlap region. Planar horizontal and vertical de-
flectors and an einzel lens are used to transport and focus the
ions at the entrance to the TOF mass spectrometer. The typ-
ical flight time for the ion-molecule cluster CF3I-I~ is 0.47
ms from the ionization region of the source chamber to the
extraction region of the TOF assembly. The skimmer and ion
optics are mounted on a cylindrical aluminum tube which sep-
arates the source chamber from the TOF chamber. With the
pulsed valve running at 200 Hz and 100 psi (6.8 atm) stag-
nation pressure, the pressures inside the source chamber and
electron gun are 1 —2 x 107> Torr (1.3 —2.7 x 1073 Pa) and
2 —3x 107° Torr (2.7 — 4.0 x 10~% Pa), respectively.

B. TOF chamber: separation and selection of ion-molecule
cluster

The ions formed in the source chamber are transported
through a 6 mm aperture, and focused at the entrance of the
Wiley-McLaren style TOF mass spectrometer'# in the TOF
chamber (H in Fig. 1). The TOF chamber accommodates the
TOF mass spectrometer, a second einzel lens, a second set of
planar deflectors, and a mass filter. The TOF mass spectrom-
eter is used to extract and accelerate the ion pulses, dispersing
ions of different mass in time. The TOF mass spectrometer
can run in two modes, anions or cations, depending on the
polarity of the potentials applied to the electrodes of the spec-
trometer. The einzel lens and deflectors focus the ion beam
transversely and direct the beam to the laser interaction region
in the detection chamber. The mass filter is deployed near the
temporal focal position of the TOF mass spectrometer to se-
lect the ion-molecule cluster of interest, presently CF;I-17,
while rejecting other ions.

The TOF mass spectrometer consists of three flat ring elec-
trodes: repelling, extraction, and ground, which define an ex-
traction region with a length of 25.4 mm and an acceleration



FIG. 2. Top view of the source chamber. Red solid line and yel-
low triangle indicate electron beam and gas jet, respectively, and the
dashed orange arrow represents the ion pulses generated by ioniza-
tion. Insert shows a typical CMOS camera image of fluorescence
emitted from the gas excited by the electron beam.

region with a length of 15 mm. Each of the three electrodes is
machined from 316 stainless steel, with 114 mm outer diame-
ter and 3.175 mm thickness. The repelling electrode is a solid
piece while the other two have an inner aperture with a diam-
eter of 25 mm. The inner aperture is covered with 79 % high-
transparency stainless steel meshes to mitigate the lensing ef-
fect of the aperture?®. High voltage pulses with a duration of
4 ps and voltages of -3000 V and -2535 V are applied to the
repelling and the extraction electrodes, respectively. The TOF
mass spectrometer accelerates the ions in a direction perpen-
dicular to their incoming velocity. The high voltage pulse ap-
plied to the extraction electrode is delayed by 174 ns relative
to that of the repelling electrode. This delay eliminates most
of the energy spread introduced by the initial energy of ions
and reduces the duration of the ion pulses from 400 ns to 80
ns (FWHM). A constant potential of -1525 V is applied to the
middle element of the einzel lens to focus anion pulses trans-
versely. In addition, a pair of parallel plate deflectors is used
to steer the beam and compensate for the small initial trans-
verse velocity component of the ions. Each anion species in
the resulting anion beam is focused both transversely and lon-
gitudinally at the laser interaction point, 67 cm downstream
from the center of the extraction region, with a time of arrival
that depends on the mass. The operating pressure of the TOF
chamber is typically 5 x 10~7 Torr (6.7 x 107 Pa).

The arrival time of the ion pulses is recorded using a CEM
detector CEM1 placed at the end of the detection chamber
(Fig. 1), which provides the TOF measurement. Fig. 3(a)
shows a typical TOF spectrum of anions generated using
a mixture of Ar and CFzl. The most prominent peaks are
identified as I~ and CFsI-I", in addition to small traces of
I7-(CH3CN),,, with n> 1. Fig. 3(b) shows the TOF spectrum
of the cations generated when CO, with 50 psi (3.4 atm) stag-
nation pressure is used as source, and the TOF mass spectrom-
eter is in cation mode by reversing the polarity of the voltages.
(COy);" cluster signals are recorded from n=1 to n=8 within

the temporal range of the TOF spectrum, which is limited to
20 us in this measurement. The mass resolution (m/Am) of the
TOF mass spectrometer is calculated to have an average of 75,
and have a mass resolution of 102 for mass 88 based on the
spectrum of the CO; cation clusters shown in Fig. 3(b). The
mass resolution is comparable to similar setups!'® and is lim-
ited by the compact size of the spectrometer and by the initial
size of the anion clusters, which undergo a significant spread
from the nozzle to the TOF extraction region. A much higher
mass resolution can be achieved using photoionization since
the laser focus produces an initial size of a few micrometers??,
but this method is not suitable to produce anion clusters.

A three-electrode mass filter?! is employed to select the tar-
get ion-molecule cluster and reject all others before they reach
the interaction region. The mass filter comprises three stain-
less steel ring electrodes with 60 mm outer diameter, 16 mm
inner diameter and 1.6 mm thickness. A high-transparency
conductive mesh is inserted to cover the aperture at the cen-
ter of each electrode. A floating voltage of -3000 V is ap-
plied to the middle electrode to repel the ion clusters with
two outer electrodes grounded. As the target ion-molecule
cluster arrives at the entrance of the mass filter, the floating
voltage of -3000 V abruptly changes to 0 V within tens of ns
and holds 0 V for 1 ps while the target ion-molecule cluster
passes through. The voltage changes back to -3000 V to re-
pel the coming ion clusters as the target ion-molecule cluster
exits the mass filter completely. Thus, only the target ion-
molecule is permitted to enter the interaction region. A cylin-
drical aluminum tube enclosing the mass filter electrodes is
used to shield the detection chamber and CEM circuits from
the pulsed electric fields inside the mass filter. The total length
of the mass filter must be smaller than the spatial separation
between the selected ion and neighboring ions, or they will
not be effectively separated. The mass filter is placed as close
as possible to the interaction region to achieve the highest pos-
sible mass resolution.

The high voltage pulse to the mass filter is carefully timed
such that the TOF spectrum and the temporal shape of the ion
pulses are not distorted. We have found a delay of 16.590 s
to be optimal for selecting CF3I-I™ clusters. Fig. 3(c) shows
the selected target CF3I-I” in the TOF spectrum with the
mass filter on, from which we estimate 90% transmission of
CF;I-I". The cation cluster selection of (CO,); is also shown
in Fig. 3(d) using a time delay of 8.600 ps to select (COZ);
No counts above the noise floor are detected at the position
of the rejected peaks, suggesting a rejection close to 100%.
Compared to the pulsed deflector-style mass filter that uses
two parallel plate electrodes'!!?, the pulsed three-electrode
mass filter blocks the transmission of all anions except the se-
lected one into the detection chamber, thus reducing the noise
in the detector.

C. Detection chamber: photoexcitation of the ion-molecule
cluster

As shown in Fig. 4, the mass-selected ion-molecule clus-
ter pulse is excited by an ultraviolet (UV) femtosecond laser
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FIG. 3. TOF spectrum for (a) anions created from a gas mixture of Ar and CF3I, without the mass filter, and (b) TOF spectrum of cations
generated when CO; is used as a source, without the mass filter. Blue dashed vertical lines indicate the (CO,)," cation clusters from n=1 to
n=_8. (c) Same conditions as (a), but with the mass filter selecting the anion-molecule cluster CF3I-1". (d) Same conditions as (b), but with the

mass filter selecting the cation cluster (COZ); .

pulse which propagates in a direction perpendicular to the ion
beam. The pulses overlap at the interaction region (position O
in Fig. 4). The detection chamber contains a copper pinhole
(L in Fig. 1) for aligning the anion and laser beams and a pair
of knife edges mounted on translation stages for measuring
the transverse profile of the anion beam. The anion fragments
produced after the laser excitation are mass-resolved using a
reflectron mass spectrometer and captured using a CEM de-
tector (CEM2). The neutral fragments pass through the re-
flectron and are captured by a CEM detector (CEM1) (see
Fig. 4). The operating pressure of the detection chamber is
2 1077 Torr (2.7 x 107> Pa). The design details of each part
here are discussed as follows.

The spatial overlap of the laser and anion beams is set us-
ing a 3 mm by 4.2 mm elliptical copper pinhole that is ori-
ented at 45° relative to the direction of both beams. The laser
beam size on the pinhole is adjusted to maximize the signal

of neutrals on CEM1 while minimizing the background of
low-energy photoelectrons generated by the UV light. A pair
of movable knife edges with CEM1 (N in Fig. 1) is used to
measure the cluster beam size in the transverse plane. The
12.7 mm-long knife edges, placed 9 mm downstream after
pinhole, are mounted on two linear feedthroughs which are
perpendicular to each other (see Fig. 4). The counts of the
cluster beam passing through are recorded by CEM1 while
the knife edges are scanned until fully blocking the cluster
beam. An error function is used to fit the counts of the cluster
beam as a function of the position of the knife edge, and the
size of the cluster beam is calculated to be 2.90 mm x3.28 mm
(FWHM) in the transverse plane.

A reflectron mass spectrometer, linear reflectron!® or
LPQR?2, is normally used to mass-resolve the anion frag-
ments and the parent anion after photoexcitation. The anion
fragments and parent anion have the same speed but different
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mass, thus different momentum. According to the impulse-
momentum theorem, the anions with higher momentum spend
more time inside the reflectron and the anions with lower mo-
mentum spend less time, given the same electric filed. The
anion fragments and parents can be mass resolved according
to their different arrival times on the detector using the reflec-
tron mass spectrometer (see Fig. 4).

Before discussing the advantage of the LPQR over the lin-
ear reflectron, we first derive the focus equation by calculating
the TOF of an anion from the focus of the TOF mass spec-
trometer (O in Fig. 4) to the detector CEM2. Here we follow
the derivations given before?”> and ignore the effects of the
LPQR’s small (~ 8°) rotation relative to the anion beam di-
rection. The potential inside the LPQR V(x) has linear and
quadratic components V (x) = c1x + cyx?, where x is the dis-
tance from the entrance of the LPQR. The length of the re-
flectron is d,, and we define V; = ¢d,, and V, = czdrz. The
maximum potential V has the form (on the last electrode of
the reflectron): V = V; + V5. Thus, the TOF for an anion with
a kinetic energy of U, mass m and charge q from position O
to a fixed position d5 in front of the LPQR becomes:*?

di +d> 2m [n

1
7= 2172 I B S
«/ZU/mJr ges | 2 - («/1+4C2U/q012>]’
1

where d; is the distance from position O to the LPQR’s en-
trance. The condition d7/dU = 0 is used to find the focus
equation:
d\ +dy _ 4U >V1
dy g2+ 4V,

Here (U) is the average kinetic energy of the anions of mass

2

m and charge q, and d; (position of the detector CEM2 in
experiments) is the focal distance from the LPQR’s entrance
for anion with energy (U).

Compared to the linear reflectron mass spectrometer, the
LPQR has the advantage that the focus position, for an anion
at a given kinetic energy, does not change as the voltage on
the reflectron is varied over a limited range. Thus, we can
do a voltage scan to increase the detection range of the an-
ion fragments while keeping the temporal focus at the detec-
tor position. In the case of the linear reflectron, where V; is
0 in Eq. 2, the focal distance dy changes with V;, the maxi-
mum value of the potential. In the case of the LPQR, V; is a
quadratic function of V; according to Eq. 2, and we can make
a linear approximation to get V» = kV| when V; varies within
a small range. Thus, as the maximum voltage V changes in
a small range, the focal distance dy can be considered as a
constant.

In our LPQR, dy, dy and d, are set to be 65 mm, 12 mm
and 64 mm, respectively. For the parent anion CFzI-I™ with
a kinetic energy of 2737 eV in current experiment, Eq. 2
gives V, = —9 x 1075V;2 4 0.83V;. Starting from this equa-
tion, V(d) = 2737, and V = V| +V,, we can easily derive
the depth d the parent anion can penetrate inside the reflec-
tron as a function of the maximum potential V, which is
shown in Fig. 5. Here, we make an approximation to get
V2 =0.83V1(k =0.83), and ¢; = 77¢;. So the potential inside
the LPQR is V(x) = 1.11 x 1074V (77x +x?). If the potentials
applied to electrodes of the LPQR follow this relation, the fo-
cus equation is valid and the focus position remains constant
for the ions with a kinetic energy of 2737 eV while the volt-
ages on the LPQR vary. And a home-made DC voltage divider
is used to apply the prescribed voltages to the electrodes. The
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FIG. 5. The depth that the parent anion with a kinetic energy of
2737 eV can penetrate inside the reflectron when the maximum po-
tential V varies.

maximum voltage -4500 V on the last electrode is chosen to
increase the detection range of the fragment-ions as well as
to keep the parent anion cluster fully detected. Thus, volt-
ages applied to the electrodes are -4500 V, -3288 V, -2226 V,
-1329 'V, -586 V (see Fig. 4).

The LPQR is mounted such that the angle between the re-
flectron and the incoming anion beam can be adjusted using
a rotary feedthrough and a stepper motor. The angle is set
to 8° to accommodate the detector (CEM2) 12 mm in front
of the reflectron. The LPQR consists of 6 stainless steel pla-
nar ring electrodes with 110 mm outer diameter, 50 mm in-
ner diameter, and 1.6 mm thickness, and with fixed spacing
of 11 mm between the electrodes. The reflectron is enclosed
by a cylindrical tube to confine the electrostatic field. High-
transparency (79%) conductive meshes cover the apertures of
the first and last electrodes as well as the shielding tube. The
length of the LPQR is 64 mm as mentioned previously. Un-
der these operating conditions, the typical temporal length of
the parent anion cluster is 100 ns (FWHM) on CEM2. We
normally attain a fragment resolution of m/Am~16, by con-
sidering the width of the detected ion peak corresponding to
anion mass 127 (I7) atomic mass units (amu) created by laser
excitation of the CF3I-1™ (323 amu) cluster.

D. Anion pulse-laser pulse synchronization and detectors

A timing system is set up to synchronize the arrival of the
anions and laser pulses at the interaction point. This requires
precise timing of the nozzle opening and the high voltage
pulses in the TOF mass spectrometer and mass filter. All time
delays are set with respect to the laser trigger signal. Detectors
CEMI1 and CEM2 are used to monitor fragments after pho-
toexcitation to optimize the temporal overlap. In this section,
we will discuss the detectors and describe the timing system
(see Fig. 6).

N trigger (N+1)™ trigger

i /R o Laser ________

E 12R Anion__|_____ i

i TOF o i :
| | v v
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FIG. 6. Overview of the synchronization system. TO is the trigger
for the TOF mass spectrometer. And it is also the start signal for the
TimeTagger TDC and thus the origin of time axis for all TOF spec-
trum. T1 and T2 are triggers for Even-Lavie pulsed valve and mass
filter respectively. Adjustable laser-valve delay is used to control the
arrival time of the anion pulse relative to the laser pulse and overlap
the anion pulse with the laser pulse. R is the repetition rate of the
laser and set to be 100 Hz in the experiments.

Detectors CEM1 and CEM2 are used to record neutral and
anion fragment signals, respectively. CEM1 (KBL 10RS/90-
EDR, Dr.Sjuts Optotechnik GmbH) is a single CEM with a
circular opening of 10 mm in diameter. It is used to de-
tect neutral signals when the reflectron is active, or ion sig-
nals when the reflectron is inactive. The TOF spectrum from
CEM1, shown in Fig. 3, is acquired when the reflectron is in-
active. CEM2 is an array of two CEMs, each with a rectangu-
lar opening of size 5 mmx 15 mm (KBL 1505-EDR, Dr.Sjuts
Optotechnik GmbH), with a total detection area of 5 mm x30
mm. CEM2 is particularly useful for detecting fragment ions
distributed over a large area at the detector. Small poten-
tials -60 V and -15 V are applied to the inputs of CEM1 and
CEM2 respectively to discriminate against a low-energy elec-
tron background generated from nearby surfaces by the UV
laser and, to a lesser extent, collisions between ions and the
wires comprising each mesh. Constant potentials of +2900 V
and +2400 V are applied to the anodes of CEM1 and CEM2
respectively to amplify and extract electron pulses, which re-
quires a capacitive coupling of signals to the pulse process-
ing electronics. The extracted signals are amplified by a 4-
channel preamplifier (SR240A, Stanford Research Systems)
and discriminated by a 4-channel constant-fraction discrimi-
nator (21X4141,Lawrence Berkeley Laboratory). The result-
ing digitized signals, one from CEM1, and two from CEM2
(see Fig. 4), are sent to the first three stop channels of the
TimeTagger (RoentDek TDC4HM-Ir1) time-to-digital (TDC)
converter . The TDC converter has a temporal resolution of
0.5 ns with no dead time. The temporal range, acquisition
time and bin size of each TOF spectrum are adjustable and
controlled by a computer. The computer also reads data from
the TDC, displays it in TOF spectrum and stores the data on
a disk which can be extracted for further analysis. The last
stop channel of the TDC is used for recording the output sig-
nal from a fast photodiode (SMOSPD2A, Thorlabs, Inc) that
records the time of arrival of the UV laser pulse.



The anion and laser pulses are synchronized using the tim-
ing system shown in Fig. 6. The trigger signal from the laser
is used as the master and all delays are set with respect to
this signal. The repetition rate of the master is doubled to
200 Hz by a delay/pulse generator (SRS DG535, Stanford Re-
search Systems), and the output is used as the trigger T1 for
the Even-Lavie valve generating anion pulses. Thus, the pe-
riod (1/R) of the laser pulse is twice than that of the anion
pulse (1/2R) in Fig. 6, where R is the repetition rate of the
laser pulse. The time difference between T1 and N trigger
in Fig. 6 is the insertion delay of the delay/pulse generator.
TO is used as the trigger for the TOF mass spectrometer to
extract and accelerate the ions, and as the start signal for the
TDC. Thus, TO is the temporal origin of the TOF spectrum
shown previously in Fig. 3. TO can be delayed relative to T1,
and the delay is set to select the ions which transport from
the ionization region to the extraction region of the TOF mass
spectrometer. The optimized delay corresponds to the maxi-
mum output of the target anion and varies within 1 ms (0.47
ms for CF;I-17). T2 can be delayed relative to TO, and the
delayed T2 is used as the trigger for the mass filter to select
the target ion-molecule cluster. This delay varies from a few
us to a few tens of us to select the target clusters after the
TOF mass spectrometer (16.590 ps for CFzI-I7). In the ex-
periments, the UV laser pulse arrives at the optical window
2.67 us after the master (N™ trigger in Fig. 6) measured by
the photodiode, much earlier than the anion pulse without any
delays. Thus, we need to delay the arrival of the anion pulse
to overlap it with next laser pulse after (N+1)" trigger. The
laser-valve delay in Fig. 6 can be adjusted to temporally over-
lap the anion pulse with the laser pulse, and it is achieved by
adding a delay between the N trigger and T1 trigger. This
delay can be calculated as 1/R+2.67us —TO—TOF —1/2R.
Varying the laser-valve delay changes the timing of the trigger
for the Even-Lavie pulsed valve, and thus controls the arrival
time of anion pulse relative to the laser pulse.

The detector CEM2 is placed at position O (see Fig. 4) to
measure the time of flight for the parent anion before the pho-
toexcitation experiment. The arrival time of the parent anion
from the detector CEM2 and the arrival time of the laser pulse
from the photodiode are processed by TDC and displayed
as TOF spectrum. The optimized laser-valve delay is found
when signals from the UV laser pulse and the parent anion
pulse are overlapping on the TOF spectrum. The neutral sig-
nals from photofragments are very sensitive to the change of
laser-valve delay, and thus they act as an effective indicator
for the overlap between laser and anion pulses.

I1l.  DATA ANALYSIS AND RESULTS

We test the performance of the apparatus by measuring
the photofragments after photoexcitation of the ion-molecule
cluster CF;I.I7. We excite the cluster CF31-I™ using the UV
laser pulses with a wavelength of 266 nm. The intraclus-
ter charge transfer process after the photoexcitation is inves-
tigated by detecting all the possible photofragments: anion
fragments and neutrals. The UV laser pulse with energy

TABLE 1. TOF (in ps) data of parent anions, anion fragments and
neutrals at different position A and B starting from position O in the
experiment and SIMION simulation.

Molecule T@A(expt.) T@B(expt.) T@B(sim.)
CF3I-1™ 4.350 5.815 5.90
I~ (source) 2.655 3.602 3.70
[~ (fragment) NA? [3.6 4.0] 3.82
CF;1~ NA® [4.54.9] 4.65
Neutral [4.14.5] NAP NAP

4 There is no anion fragment signal on CEM1 at position A when the
reflectron is on.

b Neutrals are not reflected by the reflectron and will not hit CEM2 at
position B.

of 110 uJ is generated by the 3rd harmonic conversion of a
Ti:sapphire laser with central wavelength of 800 nm, tempo-
ral length of 50 fs and 100 Hz repetition rate. As discussed
previously, the repetition rate of the anion cluster beam is
200 Hz while the laser master trigger runs at 100 Hz, which
is around one order of magnitude higher than prior similar
instruments'?.  Photofragment data is acquired at different
laser-valve delays with a step of 40 ns which corresponds to
half of the duration of the CF3I-I™ pulses at position O (shown
in Fig. 4). Alternating parent cluster pulses are photoexcited
by the UV laser pulse, and thus a real-time CF;I-I™ cluster
background (parent anion without laser crossing) is recorded.
The laser background is recorded separately for the same ac-
quisition time of 1000 s with the pulsed valve switched off.
The parent anion and laser backgrounds are subtracted from
the raw fragment signal. The fragment signals are normalized
to the parent anion signals for each laser-valve delay. The
anion signal is captured by CEM2 at position B, while the
neutral fragment signal is captured by CEMI at position A
(position A and B shown in Fig. 4).

In the next two sections, we discuss how we identify the
photofragments using SIMION simulations, interpret our re-
sults with the aid of electronic structure calculations, and com-
pare our results to prior results, and discuss the dynamics of
photodissociation of anion cluster CF31-1~ after excitation.

A. Photofragments of CF3l-17: anion and neutral fragments

The well-known relation that mass is a quadratic function
of flight time is normally used to fit the experimental data to
search and identify the fragment peaks in TOF mass-resolving
experiments. However, this relation is not valid in LPQR
measurements due to the quadratic term in the potential (see
Eq. 1). Thus, we search and identify the anion fragment sig-
nals by comparing the experimental data to SIMION?? calcu-
lations.

Table I lists the TOFs from position O to A and O to B for
CF3I-I™ and I™ generated in source chamber, possible anion
fragments I and CF3I™, and neutrals produced by photoex-
citation. TOFs of parent anions CF3I-1~ and [~ (generated in
source chamber) at position O can be measured using CEM2



with the mass filter off, at position A using CEM1 with the re-
flectron and mass filter both off and at position B using CEM2
with the mass filter off and reflectron on. The distance be-
tween positions O and A is 175.55 mm, and the speed of the
parent anion CF3I-I™ is calculated to be 40.4 mm/ps. Possible
anion fragments I~ and CF3I™ have the same speed and size as
the parent anion at position O where photoinduced fragmen-
tation occurs. Given the initial conditions measured experi-
mentally, the trajectories for possible anion fragments I~ and
CF3I™ from position O to B with the reflectron on can be sim-
ulated accurately using SIMION. The extracted TOFs from
the simulation for possible anion fragments I~ and CF31~ are
3.82 us and 4.65 ps respectively. The SIMION simulations ac-
curately describe the data, with deviations smaller than 100 ns.

We used the simulated flight time to search and identify the
possible anion fragments generated in the photofragmentation
of CF3I-1". Based on the simulated TOF of 3.82 us from po-
sition O to position B, a TOF range of [3.6 ps 4.0 ps] (TOF of
parent anion at position O included) is used as the integration
range for the fragment I recorded by CEM2. The I™ signal
is normalized to the counts of the parent anion CF3I-I™ to ac-
count for variations in the incoming anion beam current, and
shown in Fig. 7(a). The I™ signal reaches its peak at laser-
valve delay of 4ms531us110 ns. For the CF3I™ fragment,
counts are integrated in the interval [4.5 ps, 4.9 ps]. The nor-
malized signal is shown in Fig. 7(b) which reaches maximum
at the same laser-valve delay as the I~ signal. The accompa-
nying neutral fragments have the same arrival time at position
A as the parent anion cluster CF3I-I™ measured to be 4.350
us. The integration interval for the neutral fragments is [4.1
us, 4.5 ps]. The corresponding normalized signal is shown in
Fig. 7(c). The maximum signal for neutral fragments corre-
sponds to the same delay as that for anion fragments I~ and
CFs;1™, which verifies that both neutrals and anion fragment
I™ and CF31™ are generated during the photoexcitation of par-
ent anion CF;1-I". The measured ratio of the yields of neutral,
I™ and CF31™ after photodissociation is 1:0.24:0.04. Based on
previous measurements, we assume similar efficiency of de-
tection for neutrals as for anions at the CEM3%3! The neutrals
travel through 3 meshes, with a total transmission of 49%,
while the anions travel through 2 meshes, with a total trans-
mission of 62%.

B. Comparison with calculations and discussion

We have carried out quantum chemical electronic structure
calculations with the General Atomic and Molecular Elec-
tronic Structure System (GAMESS) software package’? to aid
the interpretation of our experimental results. Second-order
Mgiller-Plesset perturbation theory (MP2)333* methods3 -8
are used for molecules in their electronic ground states (ei-
ther closed shell or open shell wave functions). The com-
pletely renormalized equation-of-motion coupled-cluster sin-
gles, doubles and noniterative triples (CR-EOM-CCSD(T))
method**—*! is used to calculate excited state wave functions
and energies. The Sapporo non-relativistic basis sets*>~43
are used in the MP2 and CR-EOM-CCSD(T) calculations.
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FIG. 7. (a), (b) and (c) show the ratio at different delays of photofrag-
ments: I~, CF31™ and neutrals respectively. Ratio here is defined as
fragment signal divided by parent anion CF3I-I™ signal. Photofrag-
ments shown here are generated after photoexcitation of parent ion-
molecule cluster CF31-1™ crossed by 266 nm UV pulse. Delay step in
the data is 40 ns and optimized laser-valve delay is 4ms531us110ns
which is set to be 0 as reference timing in figure (a), (b) and (c).

Here, SPK-ADZP denotes the augmented polarizable double
zeta set, SPK-ATZP denotes the augmented polarizable triple
zeta set, and SPK-AQZP denotes the augmented polarizable
quadruple zeta set.



The photoexcitation of CF3I-I~ was recently studied by
photoelectron spectroscopy and density functional theory®®.
The two direct photodetachment thresholds of CF;I.I™ are 4.0
eV and 4.9 eV, the difference of which corresponds to the
spin-obit splitting of the iodine atom. The difference between
the lowest vertical detachment energy (VDE) of the cluster
and the electron affinity of iodide ion is known as the stabiliza-
tion energy*’. Considering that the electron affinity of iodine
is 3.059 eV*, the stabilization energy of the CF3I.I~ anion
cluster is around 0.9 eV which is much higher than many other
anion clusters: 0.36 eV for [--CH31l7, 0.46 eV for I~-H,0’,
0.47 eV for I"-CH3CN’, 0.1 eV for I7-CO* and 0.172 eV for
I7-CO,*". The relatively high stabilization energy of CF31-1~
implies that there is a strong interaction between the molecule
and I~ in the cluster. The electronic structure calculation at
MP2/SPK-ATZP level of theory for CF31-1~ shows that in the
electronic ground state of CF3I-17, the I™ ion directly binds
to the I atom, which has a ¢-hole thus positively charged!.
In CF;I-1™ the I-I distance is calculated to be 3.314 A, which
is similar to the calculated 3.230 A in I,~. These results are
similar to those reported earlier*®. The binding energy of 1~
to CFI calculated at the MP2/SPK-AQZP//MP2/SPK-ATZP
level of theory is 0.742 eV.

Johnson et al.>*832 conducted a detailed investigation
of anion cluster I™-CH3I using photoelectron spectroscopy,
photofragmentation action spectroscopy and translational
spectroscopy which showed that a charge-transfer excited
state exists just below the VDE. Photofragmentation accom-
panies excitation to the charge-transfer excited state, and the
photon energy-dependent photofragment (I” and I,) yields
peak at a photon energy of 3.42 eV, which is 0.014 eV be-
low the direct detachment threshold for I~-CH3I*. Later Scar-
ton et al. conducted a photoexcitation experiment using 260
nm (4.77 eV) and 318 nm (3.90 eV) laser pulses to excite the
cluster CF31-I™ below each of the two direct photodetachment
thresholds, and the fragments CF;1™ and I~ were detected un-
der both wavelengths>3.

In the present experiments, we use 266 nm (4.66 eV)
femtosecond UV pulses to initiate the photofragmentation of
CF3I-17, and directly detect the photofragments I~, CF3I~,
and total yield of neutrals, as shown in Fig. 7. The fragments
we detected are consistent with Scarton’s results. However,
Scarton’s interpretation of the generation of I~ assumes that
the I™ in the parent anion cluster is initially on the C side
of the CFzI, namely I™-CF31. Our calculation, and a previous
calculation by the Verlet group*® show that the I™ is on the I
side of the cluster in the ground state, i.e., it forms CF;I™ 1.
This explains the relatively high stabilization energy (0.9 eV)
of this cluster compared to other ion-molecule clusters. Here
we propose a new mechanism for the generation of the I~ and
CFsl™.

Fig. 7 shows that the dominant anion product is I, which
we will discuss after considering the second most abundant
anion product, CF3I~. The detection of the anion fragment
CF3;I™ and neutrals, resulted from UV photoexcitation of
CF3I-17, implies that electronic excited states of CF3I-I™ are
accessed in the present experiment with a fixed photon en-
ergy of 4.66 eV. Excited state electronic structure calcula-
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tion performed at CR-EOM-CCSD(T)/SPK-ADZP level of
theory suggests that there are several charge-transfer singlet
excited states in (CF3I---1)7: an electron in one of the two
p orbitals of the anion I~ can transfer to the s and p or-
bitals of the I atom in CF3I upon photoexcitation. There-
fore, the molecular anion in these excited states can be de-
noted as CF31™ 1. The excitation energies are calculated to be
4.18 (degeneracy=2), 4.38, 4.73 (degeneracy=2), 4.85 eV. The
higher excited states are short-lived states so only the first ex-
cited state (4.18 eV, the degenerate S1 state here) are chem-
ically meaningful when fragmentation is considered. CR-
EOM-CCSD(T)/SPK-ADZP single point energy calculations
performed at various I-I distances (from 3.314 A t0 6.0 A)
for CF3;I™ I clearly show that, on the S1 excited state poten-
tial energy surface, this molecular anion is not stable and will
dissociate into CF3I™ and I. The energy lowering in this dis-
sociation process (from 3.314 A t06.0 A) is calculated to be
0.812eV.

After CF3;1™ -1 dissociates into CF3I~ and I, the CF31~ anion
can further dissociate into CF3 and I, with a relatively low
energy barrier of 0.324 eV (as calculated at the MP2/SPK-
AQZP//MP2/SPK-ATZP level of theory). This barrier can be
easily overcome when CF31™ is produced from the fragmen-
tation of CF3I™ -1, which releases at least 0.812 eV energy in
forms of translational kinetic energy of both CFzI™ and I, ro-
tational kinetic energy of CF31~, and internal vibrational ex-
citation in CF31~. While a detailed theoretical analysis on the
fragmentation energy distribution cannot be easily performed,
there is a high probability that the internal vibrational energy
attained by CF3;I~ exceeds 0.324 eV. Therefore, the molec-
ular anion is metastable with respect to dissociation by C-I
bond break, producing a detectable I~ ion in the present ex-
periment, as shown in Fig. 6(a). There appears to be a lower
probability that CF31™ attains an internal vibration energy less
than 0.324 eV, and cannot dissociate, remaining as detectable
CF3I- anions, as shown in Fig. 6(b). So not all CF;I™ anions
generated from photofragmentation of CF3I™ -1 can dissociate
into CF3 and I~. We note dissociative electron attachment
(DEA) experiments>*>> on CFs], have reported no detectable
CF;17, i.e., all CF3I™ anions dissociate into CF3 and I~ fol-
lowing resonant attachment of free electrons with energies as
low as 0.5 meV. This is due to the energy of the ground state
of CF;I being above both the CF3 + I~ dissociation limit of
the CF3;I™ anion, and any barriers to dissociation.

Therefore, the atomic I~ anions detected in the current
work are from CF;I™ fragmentation. They are not from the di-
rect dissociation of the 4.66 eV photon excited parent CF31™ -1
anions, in accordance with the photoelectron spectroscopic
experiments on CF3I.17%. In addition, they are not from
the fragmentation of the unexcited parent CF;I.I™ anions. As
discussed above, the binding energy between CFzI and I™ in
CF3I-1™ is calculated to be 0.742 eV, which is high enough to
suppress the dissociation.



IV. SUMMARY

In summary, we describe the design and implementation of
an apparatus to investigate the excited-state dissociation dy-
namics of mass-selected ion-molecule clusters. The appara-
tus includes the generation of the ion-molecule clusters in a
source chamber, separation and selection of the parent ion-
molecule cluster using a TOF mass spectrometer and detec-
tion of photofragments after laser excitation of ion-molecule
clusters. In our apparatus, a three-electrode mass filter is em-
ployed to select a specific parent anion cluster for laser excita-
tion. In addition, the LPQR is used to mass-resolve the anion
photofragments. The performance of the apparatus has been
shown in experiments of the ion-molecule cluster CF3I-I™
photoexcited by UV laser pulses with a wavelength of 266
nm UV. Anion fragments I~ and CFz;I™ are detected along
with neutral fragments. The detection of CF31™, supported by
quantum chemical electronic structure calculations, suggests
that charge transfer excited states are accessed in CF3I-1™
cluster by 4.66 eV photons. CF3I™-I in the charge transfer
excited state is not stable and dissociates to produce CF3I™
and I. The energy released from this dissociation process can
be partially attained by CF31™ as internal vibration energy, en-
abling a majority of the CF3I™ anions to further dissociate into
CF;and 1.
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