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Photodetachment photoelectron spectroscopy of multiply charged anions
using electrospray ionization
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A magnetic-bottle time-of-flight~TOF! photoelectron spectrometer, coupled with an electrospray
ionization source, has been developed for the investigation of multiply charged anions in the gas
phase. Anions formed in the electrospray source are guided by a radio-frequency quadrupole ion
guide into a quadrupole ion trap, where the ions are accumulated. A unique feature of this apparatus
involves the coupling of a TOF mass spectrometer to the ion trap with perpendicular ion extraction.
The ion trap significantly improves the duty cycle of the experiments and allows photodetachment
experiments to be performed with low repetition-rate lasers~10–20 Hz!. This novel combination
makes the photodetachment photoelectron spectroscopy studies of multiply charged anions possible
for the first time. Furthermore, the perpendicular extraction of ions, pulsed out of the ion trap, to the
TOF mass spectrometer allows the ion energies to be conveniently referenced to ground, simplifying
the configuration of the TOF mass spectrometer and the subsequent magnetic-bottle TOF
photoelectron spectrometer. The mass resolution (M /DM ) achieved is about 800 for smaller ions.
The magnetic-bottle photoelectron spectrometer resolution is about 11 meV full width at half
maximum for 0.5 eV photoelectrons with an overall resolution ofDE/E;2%. The detailed design,
construction, and operation of the new apparatus are presented. ©1999 American Institute of
Physics.@S0034-6748~99!00804-7#
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I. INTRODUCTION

Photoelectron spectroscopy~PES! is a powerful experi-
mental technique to probe the electronic structure
matter.1,2 It has been widely used to study singly charg
anions,3–10 providing electron affinities and informatio
about low-lying excited electronic states for a vast numbe
neutral species and clusters. In this article, we describ
newly developed PES instrument designed to investig
multiply charged anions. Multiply charged anions are ub
uitous in nature and play prominent roles in chemistry, bi
ogy, and environmental and materials sciences. During
past three decades, although singly charge anions have
extensively studied,3–14 few studies have been carried out o
multiply charged anions in the gas phase and very limi
knowledge exists about them.14–16 This is partly due to the
fact that many multiply charged anions are unstable in
gas phase, whereas they are stabilized in the conde
phase through solvation and electrostatic interaction w
counterions. In the gas phase, these stabilizing factors
absent and the large Coulomb repulsion between two
more excess negative charges makes multiply charged an
very fragile to electron loss or fragmentation. Thus, the f
mation and characterization of multiply charged anions h
been challenging both experimentally and theoretically.

a!Electronic mail: ls.wang@pnl.gov
1950034-6748/99/70(4)/1957/10/$15.00
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Even if a multiply charged anion is stable in the g
phase, the Coulomb repulsion between the excess cha
makes its formation through sequential electron attachm
very difficult.16 Recently, the electrospray ionization~ESI!
technique,17–19 which is widely used in biological mas
spectrometry,20 has been demonstrated to be a powerful te
nique to produce isolated multiply charged anions in the
phase.21–25Doubly charged anions were first observed us
mass spectrometry in large organic molecules where the
cess charges are well separated reducing the Coul
repulsion.26–30 Recently, doubly charged anions have be
observed for small carbon clusters,31,32 fullerenes,33–39 and
anion–solvent complexes.21–25 Theoretical search of stabl
multiply charged anions has been very active lately, with
number of multiply charged anions predicted to be stable
the gas phase.15,40–45

PES, in which photoemitted electrons from an anion
species by a fixed energy photon are measured, is an i
technique to investigate the intrinsic properties of multip
charged anions in the gas phase. PES provides direct m
surements of the excess electron binding energies in mult
charged anions, thus allowing information about their sta
ity and intramolecular Coulomb repulsion to be obtained.

Our new PES instrument couples a magnetic-bottle tim
of-flight ~TOF! photoelectron analyzer and an ESI sourc
featuring a quadruple ion trap to accumulate anion num
7 © 1999 American Institute of Physics
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densities and a TOF mass spectrometer~TOFMS!. The novel
design of the apparatus involves a low-energy unloading
the stored ions from the ion trap and a subsequent per
dicular extraction of the ions for TOF mass analyses. T
perpendicular ion extraction decouples the ion trap and
TOFMS operation. This decoupling allows the ion-beam
ergies to be conveniently referenced to ground and at
same time allows reasonable mass resolution to be achi
in a simple linear TOFMS design. A radio-frequency~RF!
quadrupole ion guide is used to enhance the ion transmis
from the ESI source to the ion trap and is also essential
the successful operation of the new apparatus.

The detailed design, construction, and operation of
apparatus are reported in the current article, which is or
nized as follows. In Sec. II, we discuss the general consid
ations of our design and choices of techniques. The detai
the apparatus are described in Sec. III, followed by a pres
tation of the experimental procedures and performance
Sec. IV. Finally, a discussion and perspective is given.

II. GENERAL CONSIDERATIONS

A. Electrospray as an ion source for free multiply
charged anions

The challenge in performing PES experiments on mu
ply charged anions is to find a general ion source tha
capable of producing a stable beam~either pulsed or continu
ous! of a given anion species. That has been a difficult t
because even if a multiply charged anion is stable in
isolated form, the Coulomb repulsion between the exc
charges makes it very difficult for its formation in the g
phase through sequential electron attachment. For exam
both C60

22 and Cr2O7
22 are known to be stable~long lived! in

the isolated form.22,34,35We have produced and studied th
singly charged versions of these species using a laser va
ization cluster source.6,46 However, their doubly charged an
ions have not been successfully produced with the laser
porization technique despite repeated attempts.
experimental techniques used to produce multiply char
anions have been previously reviewed.16 Recently, it has
been shown that the ESI technique can produce mult
charged anions easily from a solution sample.21–25In the ESI
source,17–19a liquid solution containing the desired anions
sprayed through a small needle under high voltage~the po-
larity of the bias determines the signs of the charged spe
produced!, generating highly charged fine liquid droplet
The breakup of these charged droplets and the subseq
desolvation produce singly or multiply charged species t
exist in the solution. The ESI technique has been used
produce a number of multiply charged ions in the g
phase.21–25 Therefore, ESI appeared to be the most prom
ing technique to produce multiply charged anions in the
phase for our interested PES experiments.

B. Choice of the magnetic-bottle TOFPES technique

The ESI source is intrinsically continuous, so the natu
choice for the photoelectron spectrometer would appear t
the hemispherical analyzer, which has been used very
cessfully in anion PES experiments.4,5,7 However, there are
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two potential drawbacks. First, the hemispherical analy
scans the kinetic energy and is quite time consuming to m
sure a PES spectrum. It requires an intense and very st
ion source in order to collect a spectrum within a reasona
amount of time. Second, and more importantly, cw la
sources are limited, in particular in the ultraviolet~UV! and
vacuum ultraviolet~VUV ! energy ranges, putting seriou
limitations on the possible experiments. On the other ha
TOFPES techniques are more convenient and have se
advantages. First, they are more compatible with the av
able pulsed laser sources, particularly in the UV and VU
energy ranges. Second, in TOF techniques the whole
spectrum is taken at each laser shot, thus putting less s
gent requirements on the ion-beam stability. Third, t
magnetic-bottle TOFPES technique can be employed, wh
gives nearly 100% electron collection efficiency. The hi
efficiency of this angle-integrated technique allows ev
weakly populated anion species to be studied.

The magnetic-bottle photoelectron analyzer was first
scribed in detail by Kriut and Reed as a high collecting e
ciency photoelectron spectrometer and photoelectron-im
magnifier.47 They demonstrated the performance of this d
vise using multiphoton ionization of xenon in a 1 T homo-
geneous magnetic field. In this configuration, they were a
to collect electrons from 2p sr ~50% collecting efficiency!.
The magnetic-bottle analyzer was later reconfigured to st
size-selected anions with pulsed cluster beams by
groups,9,48 who performed photodetachment in a divergi
magnetic field such that electrons from nearly 4p sr could be
collected. However, these early designs gave rather poor
ergy resolutions. The resolution of the 4p configuration was
latter improved significantly for studies of size-select
clusters.6,49,50The key improvements in our previous desig
were to fully decelerate the anions prior to photodetachm
using a momentum decelerator and to replace the elec
magnet~solenoid! with a permanent magnet machined to
special shape.6,50 It has thus become a highly versatile an
efficient technique for the studies of size-selected anions
is our natural choice for the multiply charged anion expe
ments.

C. Continuous-to-pulsed operation: Quadrupole
storage TOF mass spectrometry with perpendicular
ion extraction

The ESI source is inherently continuous whereas b
the TOFMS and TOFPES are pulsed operations. Sev
groups have already designed ESI sources coupled with T
mass spectrometry for biomolecular mass analyses.51–55

Other continuous sources have also been coupled
TOFMS, taking advantage of the fast data acquisition sp
of the TOF operation.56,57 In all these designs, a high repet
tion rate ranging from one to several kHz was used to
hance the experimental duty cycle. Typically, a few ions p
pulse were counted, but a high total count rate was achie
due to the high repetition rates. Although this mode of o
eration is perfectly suitable for mass spectrometric exp
ments, it is not particularly ideal for PES experiments. Lo
repetition rate operation is more advantageous for PES
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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FIG. 1. Schematic diagram of the electrospray ionization source for multiply charged anions:~1! heated desolvation capillary assembly;~2! the first skimmer
~1.5 mm diam!; ~3! radio-frequency quadrupole ion guide;~4! the first stainless-steel tube shielding~biased at110 V!; ~5! the second stainless-steel tub
shielding~biased at150 V!; ~6! the second skimmer~1.5 mm diam!; ~7! gate valve;~8! ion trap entrance lens assembly~a 90% open area grid is mounte
on the first electrode, which is biased at180 V!; ~9! quadrupole ion trap;~10! stainless-steel tube lens~8 mm i.d.!; ~11! adjustable cap controlling the
conductance and pressure of the ion trap region;~12! time-of-flight mass spectrometer extraction stack; and~13! horizontal ion-beam deflector.
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periments for two reasons:~1! low repetition rate lasers ar
more readily available; and~2! the mass selection and io
deceleration could be more conveniently accomplished
this mode. However, in this mode the duty cycle is extrem
low. For example, assuming the repetition rate of the deta
ment laser is at 100 Hz and an effective ion collecting du
tion of 10 ms, we would still only obtain a duty cycle o
1023.

A convenient solution to this problem is to use stora
mass spectrometry.58 A quadrupole ion trap can be inserte
in the beam path to accumulate ions. The ions can be st
for a specified period of time and then pulsed out as an
packet for subsequent TOF mass analyses. Quadruple
traps have been gaining popularity as a sensitive mass s
trometric technique.58 Several groups have already used t
quadruple ion traps coupled with TOFMS for biomolecu
mass spectrometry59–61 and for trace element analyses.62,63

However, in all the previous designs of ion storage/TOFM
the ions are extracted from the ion traps at high voltages
the TOFMS is collinear with the ion trap. The advantage
this mode is that the ions are extracted from the trap a
well-defined ion packet, conducive to the subsequent T
analyses. However, upon exiting the trap the ions are fur
accelerated to high kinetic energies and cannot be refere
to ground, i.e., the TOF path has to be floated at a h
potential. This in turn makes subsequent manipulation of
ion beam difficult. Therefore, in our new apparatus, we u
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load the stored ion packet at low kinetic energy and u
perpendicular ion extraction for the subsequent TOFM
analyses. This mode essentially decouples the ion trap op
tion and the TOFMS, allowing us to reference the ion be
to ground potential by using pulsed ion extraction for t
TOFMS and simplifying the mass selection, decelerati
and PES operation. As will be described below, a special
lens is needed to focus and guide the low-energy ion be
exiting the ion trap for the successful operation of this mo

III. APPARATUS DESCRIPTION

Figure 1 shows the details of the ESI source and TOF
extraction region and Fig. 2 shows a schematic diagram
the whole experimental apparatus. The apparatus can b
vided into three major sections:~I! ion source;~II ! TOF mass
spectrometer; and~III ! magnetic-bottle PES analyze
Charged liquid droplets from a syringe needle enter the d
olvation capillary~1!. Molecular ions exiting the desolvatio
capillary are guided into the quadrupole ion trap~9! through
a RF-only quadrupole ion guide~3! and an entrance focusin
lens system~8!. Ions pulsed out of the ion trap are guide
and focused by a tube lens~10! into the extraction zone~12!
of the TOF mass spectrometer, where ions are extracted
pendicularly. The extracted ions in the TOFMS flight tu
are focused by two Einzel lens systems~14 and 19!, mass
selected, and decelerated~23! before entering the detachme
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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FIG. 2. Schematic diagram of the electrospray ionization–time-of-flight magnetic-bottle photoelectron spectroscopy facility.~I! Electrospray ionization source
~see Fig. 1!. ~II ! Time-of-flight mass spectrometer:~12! time-of-flight mass spectrometer~TOFMS! extraction stack~see Fig. 1!; ~13! horizontal ion-beam
deflector~see Fig. 1!; ~14! the first TOFMS Einzel lens assembly;~15! the first TOFMS aperture~38 mm i.d.!; ~16! the second TOFMS aperture~25 mm!; ~17!
vertical ion-beam deflector;~18! gate valve;~19! the second TOFMS Einzel lens assembly;~20! the third TOFMS aperture~13 mm i.d.!; ~21! gate valve;~22!
20 cm i.d. large vacuum chamber;~23! three-grid mass gate and momentum decelerator assembly;~24! permanent magnet~NdFeB ceramic magnet!; ~25! 40
mm i.d. dual microchannel plate~MCP! in-line ion detector;~26! baking heaters;~27! heat insulation;~28! low-field solenoid;~29! double layerm-metal
shielding; and~30! 18 mmz-stack fast MCP photoelectron detector.
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zone of the magnetic-bottle PES analyzer. A fixed wa
length laser beam~perpendicular to the figure! is crossed
with the ion beam in the detachment zone. Photoelectr
emitted in all 4p solid angles are collected by the magne
bottle, formed by a permanent magnet~24! and a low-field
solenoid~28!, which guides the electrons to the detector~30!.
Details are described in the following.

A. Electrospray and desolvation capillary

A quartz syringe with a stainless-steel needle is used
the electrospray. The sample solution is actually sprayed
the ambient atmosphere through a 4 cmlong fused silica
needle~0.01–0.001 mm diam!, which is connected at the en
of the stainless-steel syringe needle. The stainless-s
needle is biased at21.9 to 22.5 kV for the formation of
negatively charged liquid droplets. A microprocess
controlled syringe pump~World Precision Instrumen
SP100i! is used to deliver the solution. The highly charg
liquid droplets formed from the quartz needle are fed into
heated desolvation capillary assembly~1!, consisting of a 0.8
mm i.d. stainless-steel tube~20 cm long! tightly fit into a
copper block~20 cm long, 3.4 cm o.d.!. The copper block is
heated by two heaters inserted through two drilled holes~7.5
cm deep, 0.7 cm diam!. The heated copper block is in tur
Downloaded 23 Nov 2002 to 128.220.30.183. Redistribution subject to A
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inserted into a thermally insulating shroud, which
mounded and sealed to the end flange. The temperatur
the desolvation capillary, ranging from 50 to 100 °C, is me
sured by a thermal couple and controlled by a transform
The end flange is attached to a bellow so that the wh
desolvation assembly can be positioned in thex–y–z direc-
tions. The first vacuum chamber defined by the bellows
pumped by a 10 l/s mechanical pump to a pressure of
proximately 1.5 Torr during experiments with the 0.8 m
i.d. capillary.

B. RF-only quadrupole ion guide

The charged liquid droplets are broken down and des
vated in the heated desolvation capillary~1!, converting the
ionic species present in the solution sample into the
phase.64 The mechanisms of the ion formation have be
discussed previously.20 The ionic species emerging from th
desolvation capillary pass through a 1.5 mm diam skimm
~2! at thermal energies and enter the second differenti
pumped chamber, evacuated by a 180 l/s blower pump
about 80–100 mTorr. The distance between the heated
olvation capillary and the skimmer is kept at about 3 m
typically, and is adjustable through the bellows.

At the low vacuum of the second chamber~80–100
mTorr!, the mean-free paths of ions are less than the dim
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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sions of the vacuum chamber. Hence, electrostatic ion op
are no longer effective to focus and transmit the ions beca
of collisions with the background gases. RF-only quadrup
is a powerful ion transmission technique in the low
vacuum regime, typically, from 1 to 100 mTorr. It has be
reported that the ion transmission efficiency of a RF-only
guide could be as high as 90% due to a collisional focus
effect.65

A RF-only quadrupole ion guide is used in our appara
as an ion focus and transmission device~3!. Our system was
made of four 10 cm long and 2.5 cm diam stainless-s
rods ~3!. We have two RF power supplies with output fr
quencies centered around 1.6 and 1.0 MHz, correspondin
two mass ranges (M /Z): approximately 50–1000 and 70
2500, respectively. The mass range can be increased b
ing a set of smaller quadrupole rods. Two stainless-steel c
~4 and 5! are used to shield the high-frequency RF field a
can be biased to optimize the transmission efficiency, wh
is typically 60% in our case.

C. Quadrupole ion trap

The guided ion beam passes through a second skim
~6, 1.5 mm diam! into a third vacuum region, containing th
quadrupole ion trap~9! and the ion entrance optics~8!. This
vacuum region is not separately pumped and the vacuu
controlled to about 0.2 mTorr by controlling the conductan
~11! to the main ion extraction chamber, which is evacua
by a 2000 l/s diffusion pump~DP! to about 231025 Torr.
There is a flat vacuum gate valve~7! between the second an
third chamber, isolating the high vacuum region.

The ion trap is a commercial device from the R. M
Jordan Company~Grass Valley, CA!. There is a 3 mmdiam
hole on each of the two end caps, allowing ions to enter
exit the trap. The principles of the quadrupole ion trap ha
been well documented.58 Its operation requires a backgroun
gas of about 1024– 1025 Torr, so that ions can be confined
the center of the trap through collisional focusing. Helium
typically used as the background gas. Since we do not ha
separate vacuum pump currently for the ion trap region,
background gases mainly consist of air and solvent m
ecules. With the current geometry and RF power supply~5
kV RF amplitude and 1 MHz frequency!, the upper mass
range (M /Z) of our ion trap is about 5000.

Since the ions exiting the second skimmer~6! are diver-
gent and have low kinetic energies~;1 eV!, we use an en-
trance lens system~8! to focus the ion beam into the trap
The first plate of this lens system is made of a 90% open a
grid and biased at 80 V to extract the ions from the skimm
The bias voltages at the second and third plates of this
system are, typically, at 2 and 7 V, respectively, giving
entrance kinetic energy of about 4 eV for the ions. Und
these conditions, we can achieve a total transmission
about 10% from the exit of the first skimmer to the entran
of the ion trap. Typical total ion current at the exit of the fir
skimmer is about 500 pA, resulting in about 50 pA to
current at the entrance of the ion trap.
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D. Unloading the ion trap and ion refocusing

One of the novel features of the current apparatus is
perpendicular coupling of the TOFMS to the ion trap, allo
ing decoupling of the operation of the ion trap and t
TOFMS. The accumulated anions in the trap are gen
pushed out at low kinetic energies. Since the ions are
tracted perpendicularly for the subsequent TOF mass an
ses, it is essential to unload the ions from the trap at as
kinetic energies as possible. However, the ion beam wo
diverge too much on its way to the TOFMS ion extracti
region ~12!. We found a simple solution to the ion-bea
divergence problem by simply adding a tube lens right a
the trap~10!. ThroughSIMION simulations, we found that the
low-energy ion beam can be refocused into the TOFMS
traction zone by applying appropriate potentials to the t
end caps and the tube lens. ASIMION simulation of the ion
trajectory is shown in Fig. 3 with the optimum voltages. T
tube lens was made of a 1.3 cm long and 8 mm i.d. stainle
steel tube and is biased at 60 V. Under these conditions,
kinetic energy of the anions exiting the trap is only about
eV, suitable for the perpendicular ion extraction. Howev
we did find that an ion deflector is needed to correct
ion-beam trajectory in the TOFMS flight tube and that t
kinetic energies of the ions exiting the trap have a signific
effect on the TOFMS resolution, as will be described belo

E. TOF mass spectrometer

As shown in Fig. 1, our TOFMS uses a modified Wiley
McLaren arrangement,66 which was first described by d
Heer and Milani.67 The major modification involves an ad
dition of a short free-flight zone in between the two acc
eration stages of the original Wiley–McLaren design. Th
modification allows high mass resolution with a large extra
tion zone. We have previously described such a design w
our laser vaporization cluster source.6,50 Even though the ion
beam exiting the ion trap is focused by the tube lens, it c
still exhibit a considerable spread in the direction of t
beam path~perpendicular to the TOF extraction direction!.
Therefore, a large extraction zone is still required.

The anions are extracted perpendicularly with a hig
voltage pulse~21.25 kV!. A horizontal deflector~13! is used
to correct for the 10 eV transverse ion energy. An Einzel le
focuses the ion beam through the first differential pump
aperture~15!. The ion extraction chamber is evacuated by

FIG. 3. Trajectory simulation for the low-energy unloading of stored io
from the ion trap usingSIMION 3D. An 8 mm stainless-steel tube lens
placed just after the exit end cap and biased to focus and guide ions t
ion acceleration region of the TOFMS~see Fig. 1!. The optimized potential
for each electrode is shown, giving an average kinetic energy of;10 eV for
anions exiting the trap.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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1962 Rev. Sci. Instrum., Vol. 70, No. 4, April 1999 Wang et al.
2000 l/s DP to a base pressure of 531027 Torr. The ion
beam passes through the second TOFMS differential pu
ing chamber ~base pressure, 231028 Torr), which is
pumped by a 1200 l/s DP. After passing a second aper
~16!, the ion beam is refocused by a second Einzel lens~19!
onto a set of in-line microchannel plate~MCP! detectors~24!
in the electron detachment chamber. The ion beam can
steered by a vertical deflector~17! before entering the secon
Einzel lens. A third aperture~20! defines the third differen-
tial pumping zone, evacuated by a 200 l/s turbo molecu
pump to a base pressure of 2310210Torr. The total flight
path of the TOFMS is 2.5 m long. A large vacuum chamb
with a set of view ports~22! is attached to the detachme
chamber to make room for future photofragmentation exp
ments. The detachment chamber is pumped by a cryop
~CTI Cryo-Torr 8, 4000 l/s! to a base pressure of
310211Torr. The pressures in all the four differential pum
ing regions of the TOFMS increase by about two orders
magnitude during the experiments.

F. Magnetic-bottle PES analyzer

There are several ways to design the magnetic bo
One can use either a solenoid or a permanent magne
produce the strong magnetic field. Theoretically, both
magnetic-field intensity and the shape of the magnet af
the electron energy resolution. According to our previo
experience,50 a permanent magnet with a 60° or 90° taper
angle and a sharp tip could give about 20 meV@full width at
half maximum~FWHM!# energy resolution for 0.8 eV elec
trons.

As shown in Fig. 2, the configuration of our ne
magnetic-bottle TOFPES is similar to our previous desi
The key to improving the resolution was to decelerate
anions to very low kinetic energies in order to eliminate t
Doppler broadening. We used a momentum decelera
technique, which can effectively decelerate the anions
very low energies and at the same time reduce the in
beam energy spread. The three-grid mass gate and the
mentum decelerator used in our new apparatus~23! is similar
to our previous design.6,50 Several modifications have bee
made to further improve the energy resolution in our n
apparatus. To minimize the effect of residual electric fiel
we installed a stainless-steel shroud~not shown in Fig. 2! to
shield the photodetachment zone and the magnetic-b
area. The permanent magnet~24! is now mounted on a trans
lation stage so that the position for the best resolution can
easily found. Furthermore, the position of the new mag
now can be adjusted to minimize the photoelectron noise
high photon energies. The total field-free electron flight tu
is 4 m long. The whole detachment chamber and the T
tube can be bakedin situ up to 100 °C to ultrahigh vacuum
(5310211Torr). The heaters~26!, thermal shielding~27!,
low-field solenoid ~28!, and m-metal shielding ~29! are
shown in Fig. 2. The electron detector~30! is a fastz stack
consisting of a set of three MCPs.
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IV. PERFORMANCE

A. Experimental procedure and timing sequence

Our experiments start from the electrospray, where
microprocessor-controlled syringe pump~World Precision
Instruments SP100i! is used to deliver the liquid sample
which contain the desired anions through a 0.01 mm
fused silica capillary directly to the ambient atmosphere
room temperature. The capillary is biased at21.9 to 22.5
kV through a stainless-steel needle to which the fused si
capillary is connected. The solution delivery rate is, ty
cally, 50 ml/h. The concentration of the solution used is u
ally ;1024 M and the solvent is a mixture of 98% methan
and 2% water for producing isolated multiply charged a
ions. The solvent,pH, and solution concentration can all b
changed to optimize the abundance of a given anion spe
The desolvation capillary is heated to 50–100 °C depend
on the anions desired—bare anions require a higher deso
tion temperature whereas a lower temperature is desirable
making solvated species. The desolvation capillary~1! and
the first skimmer~2! are grounded at all time. The RF vol
age is adjusted to optimize the transmission of a given m
range. The second skimmer~6! is biased at 1–4 V for all
anions.

The ion beam is focused by a set of lenses~8! into the
ion trap through a 3 mmdiam hole on the entrance end ca
During the period of ion accumulation, both end caps
held at ground potential while a RF potential is applied to
central ring electrode. The RF frequency~1.0 MHz! is fixed
and the RF voltage~0–5 kV! is varied to optimize a given
mass range. After a predetermined trapping period~deter-
mined by the experimental repetition rate, usually 0.1 s at
Hz repetition rate!, the RF voltage is turned off for a perio
of about 100ms for the unloading of the stored ions. Th
timing sequence of the experiment is generated by three d
tal delay generators~DG535, Stanford Research System!
and controlled by a PC. The schematic timing diagram of
experimental cycle is shown in Fig. 4.T1 corresponds to the
trapping time~0.1 s! relative to the start of the experiment
cycle. A delay period (T2) of about 1.5ms is necessary to
allow the RF to damp to near-ground potential before app
ing potentials to the end caps for the unloading. This de
period cannot be too long because otherwise the trapped
ions will begin to diffuse from the center of the trap, decrea
ing the unloading efficiency. The 1.5ms delay time is care-
fully chosen according to experimental measurements. A
this delay period, a250 V pulse is applied to the entranc
end cap and a120 V pulse is applied simultaneously to th
exit end cap for 20ms to gently push the trapped ions to th
extraction region of the TOFMS~12!.

After another delay period (T3), a 21.25 kV high-
voltage pulse is applied to the ion acceleration plates
about 100ms to extract the ions perpendicularly into th
TOFMS flight tube.T3 is varied to optimize a given mas
range because the ion beam exiting the trap tends to sp
out along the beam axis. The anion beam is deflected,
cused, and collimated down the 2.5 m long field-free flig
tube. Mass spectra are taken by digitizing the MCP outpu
the in-line detector~25! using a transient digitizer~model
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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TD500, Stanford Research Systems!, which is interfaced to
the PC and a display oscilloscope.

For PES experiments, the mass gate and momentum
celerator are switched on. The middle electrode of the th
grid mass gate is biased at21300 V. Just before the arriva
of the anions of interest, the mass gate high voltage is pu
to ground potential, allowing the anions of interest to pa
unaffected while stopping all other ions. The timing of t
mass gate switch is referenced to the repeller pulse and
delay time (T4) depends on the mass of the anions. Exiti
the mass gate, the mass-selected anions enter the mome
decelerator. After a short delay (T5), a 13000 V high-
voltage pulse is applied across the deceleration region
sisting of a series of 11 electrodes. The pulse width is de
mined by the mass of the anions and the amount
deceleration desired. The key of the momentum decelera

FIG. 4. Experimental timing sequence:~1! starting pulse of a whole experi
mental cycle;~2! ion trapping period~RF on,T1;0.1 s) and ion unloading
period~RF off, ;100 ms!; ~3! unloading potential~150 V! for the ion trap
entrance end cap (T2 , delay from ion trap RF off,;1.5 ms!; ~4! unloading
potential ~220 V! for the ion trap exit end cap;~5! perpendicular ion ex-
traction pulse for TOFMS~21.25 kV! (T3 , delay relative to ion trap un-
loading pulse!; ~6! mass gate switch pulse (T4 , delay relative to ion extrac-
tion pulse!; ~7! momentum deceleration pulse (T5 , delay relative to mass
gate pulse; and~8! photodetachment laser on pulse (T6 , delay relative to
anion deceleration pulse!. A photodiode signal from the detachment las
beam is the starting pulse for data acquisition of photoelectron time of fli
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is to let the anions enter and exit the deceleration zone
field-free condition such that all the ions experience the sa
deceleration field for exactly the same period of time. Wh
the decelerated anions arrive in front of the permanent m
net tip ~after a delay time,T6), they are crossed with a de
tachment laser beam. The photoelectrons are collected b
magnetic bottle at nearly 100% efficiency down to the 4
long electron flight tube, where a 10 G homogeneous m
netic field guides the electrons to the fastz-stack detector. A
photodiode signal from the detachment laser pulse trigge
transient digitizer, which digitizes about 20ms after receiv-
ing the photodiode trigger. The registered events per la
shot are transferred to the PC where a predetermined num
of laser shots are averaged.

B. TOF mass spectroscopy

Figure 5 shows two mass spectra of doubly charged
ions and cations, respectively. The top panel is from elec
spray of a 1024 M EDTA sodium salt solution atpH;10,

t.

FIG. 5. Top panel: time-of-flight mass spectrum of doubly charged ani
of EDTA ~ethylenediaminetetraacetate! from electrospray of a 1024 M
EDTA sodium salt solution in a methanol/water~98/2! mixed solvent at
pH;10. The strongest peak is an ester due to reactions between EDTA
methanol. The mass resolution of about 700 is indicated. Bottom pa
time-of-flight mass spectrum of doubly charged cations from electrospra
a 1024 M CaCl2 solution in a methanol/water~98/2! mixed solvent at about
neutralpH. The strongest peak is Ca12~CH3OH)6 . Other Ca12–methanol
and Ca12–methanol/water mixed complexes were also observed. The n
bers indicate theM /Z of the identified peaks.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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showing dianions of EDTA with two protons, one proton a
a methyl group, one proton and one sodium ion, and a w
water-solvated EDTA with two protons. As indicated in Fi
5, the mass resolution (M /DM ) was about 700, which wa
sufficient to resolve the13C isotopes with the expected ha
M /Z separations. The broad feature in front of each stro
peak is an artifact due to secondary electrons from a
right in front of the mass detector. This artifact is unique
detecting anions when a grid is used in front of the MC
detector. It does not exist in the positive ion mode~lower
panel, Fig. 5!, where any secondary electrons from the g
will be repelled away from the detector. Our observed re
lution was consistent with ourSIMION simulations. There are
two key factors affecting the mass resolution. The first is
kinetic energy of the ions exiting the ion trap, i.e., the tra
verse kinetic energy in the TOFMS. The smaller this ene
the better the resolution—ions with a smaller transverse
ergy can maintain more straight trajectories and do not n
to be deflected much. In fact, our TOF extraction stack
mounted slightly off center~Fig. 1! to give room for the
transverse motion of the ions. The second factor is the siz
the ion beam in the extraction zone. The smaller the siz
the perpendicular direction to the ion extraction the better
resolution. The ion packet in the trap has a dimension
about 3 mm, which will spread out in the beam directi
along the way to the TOF extraction zone due to the ini
ion energy spread. With our current parameters, the nom
kinetic energy is about 10 eV with a spread of at least 3
eV, giving a spread of the beam size slightly less than 2
in the extraction zone. Therefore, the 10 cm aperture of
TOF extraction stack is not the limiting factor on the ma
resolution.

The bottom panel of Fig. 5 shows the doubly charg
cations from electrospray of a 1024 M CaCl2 solution in a
methanol/water~98/2 ratio! solution at roughly neutralpH.
The spectrum shows two main series of doubly charged
ions consisting of Ca12–CH3OH complexes and
Ca12–CH3OH–H2O mixed complexes at a mass resoluti
of about 700. The complexes containing more than nine H2O
molecules were surprising, considering the low concentra
of H2O in the solvent. However, the latter result was not
confirmed. In any case, this experiment demonstrated tha
can produce multiply charged cations as readily as the an
simply by reversing the polarities of all the electrodes in o
apparatus.

The best resolution we have observed was about 800
a low-mass singly charged anion. The resolution could
improved to about 2000 without using a reflectron either
reducing the energy and energy spread of the unloaded
beams from the trap or by installing a smaller aperture in
TOFMS extraction stack to limit the size of the ion beam
By placing a laser-ablation target at the entrance of
TOFMS extraction stack, we have obtained a resolution
about 1500 for Cu1 from ablation of a copper target.

However, we have observed that our mass resolu
deteriorates significantly at high masses. We tested the m
resolution by spraying a protein sample, insulin chain A~IA !
that has a molecular weight of 2531.6 amu. We obser
three main mass peaks atM /Z;1266, 844, and 633, corre
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sponding to IA22, IA23, and IA24, respectively. However,
the mass resolution was only about 200. This mass resolu
deterioration was caused by collision effects due to the h
working pressure (231025 Torr) in the TOFMS extraction
chamber. It has been shown that for large molecules eve
pressure of 231026 Torr could still give a considerable col
lisional broadening due to the high collision cross sections
these species.55 We have briefly tested and confirmed th
collisional broadening effects. Using better different
pumping and smaller skimmers in the ion source sect
should improve the performance of the TOFMS at hi
masses.

C. Magnetic-bottle photoelectron spectroscopy

Extensive tests of the new magnetic-bottle photoelect
analyzer have been carried out. Figure 6 shows the P
spectra ofI 2 at three photon energies, demonstrating
resolution of the apparatus. TheI 2 PES spectra are routinel
used to calibrate the spectrometer energy scale. The res
tion of the magnetic-bottle device is strongly dependent
the initial kinetic energies of the anions, which give rise to
Doppler broadening. With the momentum decelerator,

FIG. 6. Photoelectron spectra ofI 2 at three photon energies: 355~3.496
eV!, 266 ~4.661 eV!, and 193 nm~6.424 eV!, showing the electron energy
resolution of the new magnetic-bottle photoelectron facility and its kine
energy dependence. The overall electron energy resolution is aboutDE/E
52%.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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can decelerate the anions down to very low kinetic energ
so that the Doppler broadening is no longer the limiting fa
tor. The resolution of the current apparatus is limited by
magnetic-field strength~500–800 G! in the detachment zon
due to the simple bottle design with a single permanent m
net. We found that with our current configuration the ene
resolution~FWHM! is approximately linearly proportional to
the kinetic energy withDE/E;2%. At 193 nm~ArF eximer
laser!, the bandwidth of the 193 nm lasing line~60.4 nm,
;30 meV FWHM! becomes a significant broadening facto

Figure 7 shows our first PES spectra of a doubly char
anion, that of citrate dianion at 355~3.49 eV! and 266 nm
~4.66 eV!. The 355 nm spectrum revealed one partially
brationally resolved band~X!. An extra band~A! was also
observed in the 266 nm spectrum whereas it was absent
the 355 nm spectrum even though the photon energy
higher than the binding energies of theA band. Experiments
were also performed at 532 nm~2.33 eV!, but no photoelec-
tron signals were observed even though this photon en
was higher than the binding energies of theX band. These
experiments were the first to directly reveal the repuls
Coulomb barriers that bind excess electrons in multi
charged anions.68 We have also performed a series of expe
ments on dicarboxyate dianions, where the separation o
two excess charges can be systematically varied.69 Those
data allowed us to determine how the excess electron bin
energies and the repulsive Coulomb barriers depend on
charge separations. We have also conducted a prelimi
study on water-solvated doubly charged anions to unders
how solvents stabilize the excess charges.70

V. DISCUSSION AND PERSPECTIVE

We have developed a unique and versatile experime
facility to investigate the chemistry and physics of multip

FIG. 7. Photoelectron spectra of citrate acid dianion~structure as shown! at
~a! 355 nm~3.496 eV! and ~b! 266 nm~4.661 eV!. The additional feature
observed at 266 nm is shown more clearly in~c!, where two copies of the
355 nm spectrum are overlaid onto the 266 nm spectrum~see Ref. 68 for
details!.
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charged anions in the gas phase. This facility will provi
new research opportunities to investigate not only multi
charged anions, but also many other novel solution ph
species~organic, inorganic, and biomolecular species! in the
gas phase. Several improvements could still be made to
ther increase the performance of the apparatus. First,
mass resolution for heavy species, of major interest for b
molecules, can be increased with better vacuum in
TOFMS ion extraction zone. More importantly, the ion tra
performance can be further improved. At the current co
figuration, no differential pumping is provided for the io
trap. Therefore, the dependence of the trapping efficie
and temperature on the background gas cannot be inv
gated in detail. A differential pumping system is being add
to the ion trap, and will allow us not only to investigate the
effects, but also to further find ways to cool the trapped io
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