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A magnetic-bottle time-of-flighf 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 lag&fs-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 resolutddhAM) 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 resolutiod &/ E~2%. The detailed design,
construction, and operation of the new apparatus are presented99@ American Institute of
Physics[S0034-67489)00804-7

I. INTRODUCTION Even if a multiply charged anion is stable in the gas
phase, the Coulomb repulsion between the excess charges
{nakes its formation through sequential electron attachment
very difficult!® Recently, the electrospray ionizatig&Sl)
anions’ techniquet’~® which is widely used in biological mass

about low-lying excited electronic states for a vast number Oﬁpectrometr)?f) hasf been demor_lstrated to be a_powgrful tech-
neutral species and clusters. In this article, we describe 3'94€ 10 Zpéroduce isolated multiply charged anions in the gas
newly developed PES instrument designed to investigat@hasez- ~“>Doubly charged anions were first observed using
multiply charged anions. Multiply charged anions are ubig-Mass spectrometry in large organic molecules where the ex-
uitous in nature and play prominent roles in chemistry, biol-cess charges are well separated reducing the Coulomb
ogy, and environmental and materials sciences. During theepulsion?®~° Recently, doubly charged anions have been
past three decades, although singly charge anions have beebserved for small carbon clustéfs’? fullerenes®*° and
extensively studied; *few studies have been carried out on anion—solvent complexés-*® Theoretical search of stable
multiply charged anions in the gas phase and very limitednultiply charged anions has been very active lately, with a
knowledge exists about thetfi-'® This is partly due to the number of multiply charged anions predicted to be stable in
fact that many multiply charged anions are unstable in thehe gas phase:*°~4°

gas phase, whereas they are stabilized in the condensed PES, in which photoemitted electrons from an anionic
phase through solvation and electrostatic interaction wittspecies by a fixed energy photon are measured, is an ideal
counterions. In the gas phase, these stabilizing factors atechnique to investigate the intrinsic properties of multiply
absent and the large Coulomb repulsion between two ogharged anions in the gas phase. PES provides direct mea-
more excess negative charges makes multiply charged anioggrements of the excess electron binding energies in multiply
very fragile to electron loss or fragmentation. Thus, the for-charged anions, thus allowing information about their stabil-
mation and characterization of multiply charged anions havgy, and intramolecular Coulomb repulsion to be obtained.

Photoelectron spectroscoglPES is a powerful experi-
mental technique to probe the electronic structure o
matter’? It has been widely used to study singly charged
3-19 providing electron affinities and information

been challenging both experimentally and theoretically. Our new PES instrument couples a magnetic-bottle time-
of-flight (TOF) photoelectron analyzer and an ESI source,

3Electronic mail: Is.wang@pnl.gov featuring a quadruple ion trap to accumulate anion number

0034-6748/99/70(4)/1957/10/$15.00 1957 © 1999 American Institute of Physics

Downloaded 23 Nov 2002 to 128.220.30.183. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp



1958 Rev. Sci. Instrum., Vol. 70, No. 4, April 1999 Wang et al.

densities and a TOF mass spectromé€f@FMS). The novel two potential drawbacks. First, the hemispherical analyzer
design of the apparatus involves a low-energy unloading ofcans the kinetic energy and is quite time consuming to mea-
the stored ions from the ion trap and a subsequent perpesure a PES spectrum. It requires an intense and very stable
dicular extraction of the ions for TOF mass analyses. Thaon source in order to collect a spectrum within a reasonable
perpendicular ion extraction decouples the ion trap and thamount of time. Second, and more importantly, cw laser
TOFMS operation. This decoupling allows the ion-beam ensources are limited, in particular in the ultraviolétV) and
ergies to be conveniently referenced to ground and at theacuum ultraviolet(VUV) energy ranges, putting serious
same time allows reasonable mass resolution to be achievédichitations on the possible experiments. On the other hand,
in a simple linear TOFMS design. A radio-frequendyF)  TOFPES techniques are more convenient and have several
guadrupole ion guide is used to enhance the ion transmissicadvantages. First, they are more compatible with the avail-
from the ESI source to the ion trap and is also essential foable pulsed laser sources, particularly in the UV and VUV
the successful operation of the new apparatus. energy ranges. Second, in TOF technigues the whole PES

The detailed design, construction, and operation of thespectrum is taken at each laser shot, thus putting less strin-
apparatus are reported in the current article, which is orgagent requirements on the ion-beam stability. Third, the
nized as follows. In Sec. Il, we discuss the general considemagnetic-bottle TOFPES technique can be employed, which
ations of our design and choices of techniques. The details afives nearly 100% electron collection efficiency. The high
the apparatus are described in Sec. lll, followed by a preserefficiency of this angle-integrated technique allows even
tation of the experimental procedures and performance imeakly populated anion species to be studied.

Sec. IV. Finally, a discussion and perspective is given. The magnetic-bottle photoelectron analyzer was first de-
scribed in detail by Kriut and Reed as a high collecting effi-
Il. GENERAL CONSIDERATIONS ciency photoelectron spectrometer and photoelectron-image

magnifier’’ They demonstrated the performance of this de-
vise using multiphoton ionization of xenon & 1 Thomo-
geneous magnetic field. In this configuration, they were able
The challenge in performing PES experiments on multig collect electrons from 2 sr (50% collecting efficiency

ply charged anions is to find a general ion source that ishe magnetic-bottle analyzer was later reconfigured to study
capable of producing a stable beéeither pulsed or continu- - sjze-selected anions with pulsed cluster beams by two
ous of a given anion species. That has been a difficult taslyroups?*® who performed photodetachment in a diverging
because even if a multiply charged anion is stable in thenagnetic field such that electrons from nearty % could be
isolated form, the Coulomb repulsion between the excesgo|lected. However, these early designs gave rather poor en-
charges makes it very difficult for its formation in the gas ergy resolutions. The resolution of ther&onfiguration was
phase through sequential electron attachment. For examplgyter improved significantly for studies of size-selected
both G and CO; * are known to be stablgong lived) in  clusters$4959The key improvements in our previous design
the isolated forni”3***We have produced and studied the were to fully decelerate the anions prior to photodetachment
singly charged versions of these species using a laser vapQising a momentum decelerator and to replace the electro-
ization cluster SourC%fm HOWeVer, their doubly Charged an- magnet(solenoid with a permanent magnet machined to a
ions have not been SUCCGSSfU”y produced with the laser V%’pecia' Shapg_so It has thus become a h|gh|y Versat”e and
porization technique despite repeated attempts. Thefficient technique for the studies of size-selected anions and

experimental techniques used to produce multiply chargegs our natural choice for the multiply charged anion experi-
anions have been previously reviewddRecently, it has ments.

been shown that the ESI technique can produce multiply
charged anions easily from a solution sanff&®In the ESI
source}’~*a liquid solution containing the desired anions is c. Continuous-to-pulsed operation: Quadrupole
sprayed through a small needle under high voltébe po-  storage TOF mass spectrometry with perpendicular
larity of the bias determines the signs of the charged speciden extraction

produced, generating highly charged fine liquid droplets.
The breakup of these charged droplets and the subsequ
desolvation produce singly or multiply charged species tha

exist in the solution. The ESI technique has been used t ass spectrometry for biomolecular mass analfses,

pLodlézcﬁngEum?er oésrlnultlply cgatrgid t'ﬁns n tthe 93850ther continuous sources have also been coupled with
phase. = Therelore, appearec 1o be the€ mos promls"I'OFMS, taking advantage of the fast data acquisition speed
ing technique to produce multiply charged anions in the ga

) . df the TOF operatiofi®® In all these designs, a high repeti-
phase for our interested PES experiments. tion rate ranging from one to several kHz was used to en-
hance the experimental duty cycle. Typically, a few ions per
pulse were counted, but a high total count rate was achieved

The ESI source is intrinsically continuous, so the naturaldue to the high repetition rates. Although this mode of op-
choice for the photoelectron spectrometer would appear to beration is perfectly suitable for mass spectrometric experi-
the hemispherical analyzer, which has been used very sueents, it is not particularly ideal for PES experiments. Low
cessfully in anion PES experimerit3’ However, there are repetition rate operation is more advantageous for PES ex-

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

The ESI source is inherently continuous whereas both
Hte TOFMS and TOFPES are pulsed operations. Several
roups have already designed ESI sources coupled with TOF

B. Choice of the magnetic-bottle TOFPES technique
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FIG. 1. Schematic diagram of the electrospray ionization source for multiply charged afiijphsated desolvation capillary assemh); the first skimmer
(1.5 mm diam; (3) radio-frequency quadrupole ion guide) the first stainless-steel tube shieldifiased at+10 V); (5) the second stainless-steel tube
shielding(biased at+50 V); (6) the second skimmeil.5 mm diam; (7) gate valve;(8) ion trap entrance lens assemliy 90% open area grid is mounted
on the first electrode, which is biased 480 V); (9) quadrupole ion trap(10) stainless-steel tube lef8 mm i.d); (11) adjustable cap controlling the
conductance and pressure of the ion trap reg(@8) time-of-flight mass spectrometer extraction stack; &} horizontal ion-beam deflector.

periments for two reasongl) low repetition rate lasers are load the stored ion packet at low kinetic energy and use
more readily available; an(2) the mass selection and ion perpendicular ion extraction for the subsequent TOFMS
deceleration could be more conveniently accomplished iranalyses. This mode essentially decouples the ion trap opera-
this mode. However, in this mode the duty cycle is extremelytion and the TOFMS, allowing us to reference the ion beam
low. For example, assuming the repetition rate of the detachto ground potential by using pulsed ion extraction for the
ment laser is at 100 Hz and an effective ion collecting duraTOFMS and simplifying the mass selection, deceleration,
tion of 10 us, we would still only obtain a duty cycle of and PES operation. As will be described below, a special ion
103, lens is needed to focus and guide the low-energy ion beams
A convenient solution to this problem is to use storageexiting the ion trap for the successful operation of this mode.
mass spectrometr?. A quadrupole ion trap can be inserted
in the beam path to accumulate ions. The ions can be storqﬂ APPARATUS DESCRIPTION
for a specified period of time and then pulsed out as an ion
packet for subsequent TOF mass analyses. Quadruple ion Figure 1 shows the details of the ESI source and TOFMS
traps have been gaining popularity as a sensitive mass speextraction region and Fig. 2 shows a schematic diagram of
trometric techniqué® Several groups have already used thethe whole experimental apparatus. The apparatus can be di-
quadruple ion traps coupled with TOFMS for biomolecularvided into three major sectiond) ion source{ll) TOF mass
mass spectrometty ! and for trace element analysé®3®  spectrometer; and(lll) magnetic-bottle PES analyzer.
However, in all the previous designs of ion storage/TOFMS Charged liquid droplets from a syringe needle enter the des-
the ions are extracted from the ion traps at high voltages andlvation capillary(1). Molecular ions exiting the desolvation
the TOFMS is collinear with the ion trap. The advantage incapillary are guided into the quadrupole ion ti@p through
this mode is that the ions are extracted from the trap as a RF-only quadrupole ion guid®) and an entrance focusing
well-defined ion packet, conducive to the subsequent TORens system(8). lons pulsed out of the ion trap are guided
analyses. However, upon exiting the trap the ions are furthesind focused by a tube lefi$0) into the extraction zonél?2)
accelerated to high kinetic energies and cannot be referenced the TOF mass spectrometer, where ions are extracted per-
to ground, i.e., the TOF path has to be floated at a higlpendicularly. The extracted ions in the TOFMS flight tube
potential. This in turn makes subsequent manipulation of thare focused by two Einzel lens systeifigt and 19, mass
ion beam difficult. Therefore, in our new apparatus, we unselected, and deceleratéZB) before entering the detachment
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FIG. 2. Schematic diagram of the electrospray ionization—time-of-flight magnetic-bottle photoelectron spectroscopy|feEliigtrospray ionization source
(see Fig. 1 (Il) Time-of-flight mass spectrometgt2) time-of-flight mass spectrometéfOFMS) extraction stacKsee Fig. J; (13) horizontal ion-beam
deflector(see Fig. 1 (14) the first TOFMS Einzel lens assemblit5) the first TOFMS aperturé88 mm i.d); (16) the second TOFMS apertu(@5 mm); (17)
vertical ion-beam deflectof18) gate valve 19) the second TOFMS Einzel lens assemif) the third TOFMS aperturél3 mm i.d); (21) gate valvef22)
20 cm i.d. large vacuum chambé®3) three-grid mass gate and momentum decelerator asse(@8lypermanent magnéNdFeB ceramic magngt(25) 40
mm i.d. dual microchannel plat@CP) in-line ion detector;(26) baking heaters{27) heat insulation{28) low-field solenoid;(29) double layeru-metal
shielding; and30) 18 mmz-stack fast MCP photoelectron detector.

zone of the magnetic-bottle PES analyzer. A fixed waveinserted into a thermally insulating shroud, which is
length laser beantperpendicular to the figuyeis crossed mounded and sealed to the end flange. The temperature of
with the ion beam in the detachment zone. Photoelectronthe desolvation capillary, ranging from 50 to 100 °C, is mea-
emitted in all 47 solid angles are collected by the magneticsured by a thermal couple and controlled by a transformer.
bottle, formed by a permanent magrig#) and a low-field The end flange is attached to a bellow so that the whole
solenoid(28), which guides the electrons to the dete¢®9).  desolvation assembly can be positioned inxhe—z direc-
Details are described in the following. tions. The first vacuum chamber defined by the bellows is
pumped by a 10 I/s mechanical pump to a pressure of ap-
_ ) proximately 1.5 Torr during experiments with the 0.8 mm
A. Electrospray and desolvation capillary i.d. capillary.
A quartz syringe with a stainless-steel needle is used fo
the electrospray. The sample solution is actually sprayed int
the ambient atmosphere thrdug 4 cmlong fused silica The charged liquid droplets are broken down and desol-
needle(0.01-0.001 mm diajnwhich is connected at the end vated in the heated desolvation capilldfy, converting the
of the stainless-steel syringe needle. The stainless-stemnic species present in the solution sample into the gas
needle is biased at1.9 to —2.5 kV for the formation of phasé* The mechanisms of the ion formation have been
negatively charged liquid droplets. A microprocessor-discussed previousRP. The ionic species emerging from the
controlled syringe pump(World Precision Instrument desolvation capillary pass through a 1.5 mm diam skimmer
SP100j is used to deliver the solution. The highly charged(2) at thermal energies and enter the second differentially
liquid droplets formed from the quartz needle are fed into thgpumped chamber, evacuated by a 180 I/s blower pump to
heated desolvation capillary assembly, consisting of a 0.8 about 80—100 mTorr. The distance between the heated des-
mm i.d. stainless-steel tub@0 cm long tightly fit into a  olvation capillary and the skimmer is kept at about 3 mm,
copper block(20 cm long, 3.4 cm o.d. The copper block is typically, and is adjustable through the bellows.
heated by two heaters inserted through two drilled h6les At the low vacuum of the second chambg0-100
cm deep, 0.7 cm digmThe heated copper block is in turn mTorr), the mean-free paths of ions are less than the dimen-

. RF-only quadrupole ion guide
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sions of the vacuum chamber. Hence, electrostatic ion optics
are no longer effective to focus and transmit the ions because
of collisions with the background gases. RF-only quadrupole
is a powerful ion transmission technique in the lower
vacuum regime, typically, from 1 to 100 mTorr. It has been
reported that the ion transmission efficiency of a RF-only ion
guide could be as high as 90% due to a collisional focusing

effect” IG. 3. Traject imulation for the | loadi f stored i
) . S . . 3. Trajectory simulation for the low-energy unloading of stored ions
A RF-only quadrupole ion guide is used in our apparatu rom the ion trap usingsiMioN 3D. An 8 mm stainless-steel tube lens is

as an ion focus and transmission devi8g Our system was placed just after the exit end cap and biased to focus and guide ions to the
made of four 10 cm long and 2.5 cm diam stainless-steeabn acceleration region of the TOFMSee Fig. 1 The optimized potential
rods (3). We have two RF power supplies with output fre- for each electrode is shown, giving an average kinetic energyldfeV for

. . i iting the trap.
guencies centered around 1.6 and 1.0 MHz, corresponding fgons exting the frap
two mass rangesM/Z): approximately 50—-1000 and 70—

2500, respectively. The mass range can be increased by us- Unloading the ion trap and ion refocusing

ing a set of smaller quadrupole rods. Two stainless-steel cups  One of the novel features of the current apparatus is the
(4 and 9 are used to shield the high-frequency RF field andperpendicular coupling of the TOFMS to the ion trap, allow-
can be biased to optimize the transmission efficiency, whicl',»ng decoupling of the operation of the ion trap and the
is typically 60% in our case. TOFMS. The accumulated anions in the trap are gently
pushed out at low kinetic energies. Since the ions are ex-
tracted perpendicularly for the subsequent TOF mass analy-
ses, it is essential to unload the ions from the trap at as low
kinetic energies as possible. However, the ion beam would
diverge too much on its way to the TOFMS ion extraction
The guided ion beam passes through a second skimmeegion (12). We found a simple solution to the ion-beam
(6, 1.5 mm diaminto a third vacuum region, containing the divergence problem by simply adding a tube lens right after
guadrupole ion trag9) and the ion entrance opti¢8). This  the trap(10). ThroughsimiON simulations, we found that the
vacuum region is not separately pumped and the vacuum isw-energy ion beam can be refocused into the TOFMS ex-
controlled to about 0.2 mTorr by controlling the conductancetraction zone by applying appropriate potentials to the two
(12) to the main ion extraction chamber, which is evacuatedend caps and the tube lens.sMmioN simulation of the ion
by a 2000 I/s diffusion pumgDP) to about 2< 10" ° Torr. trajectory is shown in Fig. 3 with the optimum voltages. The
There is a flat vacuum gate valy@ between the second and tube lens was made of a 1.3 cm long and 8 mm i.d. stainless-
third chamber, isolating the high vacuum region. steel tube and is biased at 60 V. Under these conditions, the
The ion trap is a commercial device from the R. M. kinetic energy of the anions exiting the trap is only about 10
Jordan CompanyGrass Valley, CA There § a 3 mmdiam eV, suitable for the perpendicular ion extraction. However,
hole on each of the two end caps, allowing ions to enter aneve did find that an ion deflector is needed to correct the
exit the trap. The principles of the quadrupole ion trap havdon-beam trajectory in the TOFMS flight tube and that the
been well documentedf.Its operation requires a background kinetic energies of the ions exiting the trap have a significant
gas of about 10°—10"° Torr, so that ions can be confined to effect on the TOFMS resolution, as will be described below.
the center of the trap through collisional focusing. Helium is
typically used as the background gas. Since we do not have
separate vacuum pump currently for the ion trap region, ou
background gases mainly consist of air and solvent mol-  As shown in Fig. 1, our TOFMS uses a modified Wiley—
ecules. With the current geometry and RF power sugply McLaren arrangemefif, which was first described by de
kV RF amplitude and 1 MHz frequengythe upper mass Heer and Milanf’ The major modification involves an ad-
range (M/Z) of our ion trap is about 5000. dition of a short free-flight zone in between the two accel-
Since the ions exiting the second skimn(@r are diver-  eration stages of the original Wiley—McLaren design. This
gent and have low kinetic energiés 1 eV), we use an en- modification allows high mass resolution with a large extrac-
trance lens systerB) to focus the ion beam into the trap. tion zone. We have previously described such a design with
The first plate of this lens system is made of a 90% open areaur laser vaporization cluster sout®.Even though the ion
grid and biased at 80 V to extract the ions from the skimmerbeam exiting the ion trap is focused by the tube lens, it can
The bias voltages at the second and third plates of this lenstill exhibit a considerable spread in the direction of the
system are, typically, at 2 and 7 V, respectively, giving anbeam path(perpendicular to the TOF extraction direction
entrance kinetic energy of about 4 eV for the ions. UndefTherefore, a large extraction zone is still required.
these conditions, we can achieve a total transmission of The anions are extracted perpendicularly with a high-
about 10% from the exit of the first skimmer to the entrancevoltage pulsé—1.25 kV). A horizontal deflectof13) is used
of the ion trap. Typical total ion current at the exit of the first to correct for the 10 eV transverse ion energy. An Einzel lens
skimmer is about 500 pA, resulting in about 50 pA total focuses the ion beam through the first differential pumping
current at the entrance of the ion trap. aperture(15). The ion extraction chamber is evacuated by a

+50V 20V

C. Quadrupole ion trap

?. TOF mass spectrometer
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2000 I/s DP to a base pressure ok %0 ' Torr. The ion V. PERFORMANCE

ing chamber (base pressure, X210 8 Torr), which is )

pumped by a 1200 l/s DP. After passing a second aperture  OUr €xperiments start from the electrospray, where a
(16), the ion beam is refocused by a second Einzel (@85 m|cr0pr0cessor-con_t_rolled syringe: pumiWor!d _PreC|S|on
onto a set of in-line microchannel plaelCP) detectorg24) Ins_truments _SPlOI)us L_Jsed to_ deliver the liquid sample_s
in the electron detachment chamber. The ion beam can BEhich contain the desired anions through a 0.01 mm i.d.
steered by a vertical deflectt¥7) before entering the second fused silica capillary dlrectly to the a_mblent atmosphere at
Einzel lens. A third apertur€20) defines the third differen- room temperature. The capillary is biased#1.9 t0 —2.5

tial pumping zone, evacuated by a 200 I/s turbo molecula}<V t_nroug_h a stalnlttesg—s_triel necladtl_e todWP'Ch thetfus_edtsm_ca
pump to a base pressure ok40 °Torr. The total flight capiiiary 1S connected. 1he solution defivery rate 1s, typl-

path of the TOFMS is 2.5 m long. A large vacuum chamberca"y’ 50 ml/h. The concentration of the solution used is usu-

~10 4 i i 0
with a set of view portg22) is attached to the detachment all}é 201/0 '\:I ar;d the sdolvgnt IS al T')éture I?'f ?8 A)hmeth(;anol
chamber to make room for future photofragmentation experi?in o water for producing isofated mulliply charged an-
ns. The solventpH, and solution concentration can all be

ments. The detachment chamber is pumped by a cryopun{(ﬁ]anged to optimize the abundance of a given anion species.

(;:I(;*S?/grr-l.— (}rgesﬁreizﬂcr)eslfisn ta(\)ll tie?‘?i?di[f)ffrsesnutirsl p?me?)— The deso!vation gapillary Is heqted 0 50._ 100 O.C depending
ing regions of the TOFMS increase by about two orders o the anions desired—bare anions require a hlgher_desolva-
magnitude during the experiments, tion Femperature Whergas a lower tempe_rature is desirable for
making solvated species. The desolvation capilidyand

the first skimmen(2) are grounded at all time. The RF volt-
age is adjusted to optimize the transmission of a given mass
range. The second skimméB) is biased at 1-4 V for all
anions.

The ion beam is focused by a set of leng@sinto the

There are several ways to design the magnetic bottleion trap throup a 3 mmdiam hole on the entrance end cap.
One can use either a solenoid or a permanent magnet Puring the period of ion accumulation, both end caps are
produce the strong magnetic field. Theoretically, both theheld at ground potential while a RF potential is applied to the
magnetic-field intensity and the shape of the magnet affectentral ring electrode. The RF frequendy0 MH2) is fixed
the electron energy resolution. According to our previousand the RF voltag€0—5 kV) is varied to optimize a given
experiencé? a permanent magnet with a 60° or 90° taperedmass range. After a predetermined trapping pefideter-
angle and a sharp tip could give about 20 njéyl width at  mined by the experimental repetition rate, usually 0.1 s at 10
half maximum(FWHM)] energy resolution for 0.8 eV elec- Hz repetition ratg the RF voltage is turned off for a period
trons. of about 100us for the unloading of the stored ions. The

As shown in Fig. 2, the configuration of our new timing sequence of the experiment is generated by three digi-
magnetic-bottle TOFPES is similar to our previous designtal delay generator$DG535, Stanford Research Systéms
The key to improving the resolution was to decelerate theand controlled by a PC. The schematic timing diagram of the
anions to very low kinetic energies in order to eliminate theexperimental cycle is shown in Fig. #; corresponds to the
Doppler broadening. We used a momentum deceleratiotrapping time(0.1 9 relative to the start of the experimental
technique, which can effectively decelerate the anions taycle. A delay period T,) of about 1.5us is necessary to
very low energies and at the same time reduce the initiahllow the RF to damp to near-ground potential before apply-
beam energy spread. The three-grid mass gate and the miag potentials to the end caps for the unloading. This delay
mentum decelerator used in our new apparé8sis similar  period cannot be too long because otherwise the trapped an-
to our previous desigh®® Several modifications have been ions will begin to diffuse from the center of the trap, decreas-
made to further improve the energy resolution in our newing the unloading efficiency. The 1/&s delay time is care-
apparatus. To minimize the effect of residual electric fieldsfully chosen according to experimental measurements. After
we installed a stainless-steel shromdt shown in Fig. 2to  this delay period, a-50 V pulse is applied to the entrance
shield the photodetachment zone and the magnetic-bottlend cap and a20 V pulse is applied simultaneously to the
area. The permanent magr24) is now mounted on a trans- exit end cap for 2Qus to gently push the trapped ions to the
lation stage so that the position for the best resolution can bextraction region of the TOFM$L2).
easily found. Furthermore, the position of the new magnet After another delay periodT;), a —1.25 kV high-
now can be adjusted to minimize the photoelectron noises afoltage pulse is applied to the ion acceleration plates for
high photon energies. The total field-free electron flight tubeabout 100us to extract the ions perpendicularly into the
is 4 m long. The whole detachment chamber and the TOROFMS flight tube.T; is varied to optimize a given mass
tube can be bakenh situ up to 100 °C to ultrahigh vacuum range because the ion beam exiting the trap tends to spread
(5x107 ' Torr). The heater$26), thermal shielding(27),  out along the beam axis. The anion beam is deflected, fo-
low-field solenoid (28), and u-metal shielding(29) are cused, and collimated down the 2.5 m long field-free flight
shown in Fig. 2. The electron detect@®0) is a fastz stack  tube. Mass spectra are taken by digitizing the MCP output of
consisting of a set of three MCPs. the in-line detectorn25) using a transient digitizetmodel

F. Magnetic-bottle PES analyzer
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: J-l FIG. 5. Top panel: time-of-flight mass spectrum of doubly charged anions
8. 20 Hz of EDTA (ethylenediaminetetraacetatérom electrospray of a I0'M

EDTA sodium salt solution in a methanol/waté8/2) mixed solvent at
pH~10. The strongest peak is an ester due to reactions between EDTA and
FIG. 4. Experimental timing sequendd) starting pulse of a whole experi-  methanol. The mass resolution of about 700 is indicated. Bottom panel:
mental cycle|(2) ion trapping periodRF on,T;~0.1s) and ion unloading  time-of-flight mass spectrum of doubly charged cations from electrospray of
period (RF off, ~100 us); (3) unloading potentia(+50 V) for the iontrap 5 10-% M CaCl, solution in a methanol/waté®8/2) mixed solvent at about
entrance end caplg, delay from ion trap RF off~1.5 us); (4) unloading  npeutralpH. The strongest peak is CACH;OH);. Other C&2—methanol
potential (—20 V) for the ion trap exit end cap(5) perpendicular ion ex-  and Cd2—methanol/water mixed complexes were also observed. The num-
traction pulse for TOFMS—1.25 kV) (T3, delay relative to ion trap un-  pers indicate thél/Z of the identified peaks.
loading pulsg (6) mass gate switch pulsd{, delay relative to ion extrac-
tion pulsg; (7) momentum deceleration puls&4, delay relative to mass
gate pulse; and8) photodetachment laser on pulsgs( delay relative to IS t0 let the anions enter and exit the deceleration zone in a

anion deceleration pulseA photodiode signal from the detachment laser field-free condition such that all the ions experience the same
beam is the starting pulse for data acquisition of photoelectron time of ﬂightdeceleration field for exactly the same period of time. When
the decelerated anions arrive in front of the permanent mag-
TD500, Stanford Research Systgmghich is interfaced to et tip (after a delay timeTg), they are crossed with a de-
the PC and a display oscilloscope. tachment laser beam. The photoelectrons are collected by the
For PES experiments, the mass gate and momentum dgsagnetic bottle at nearly 100% efficiency down to the 4 m
celerator are switched on. The middle electrode of the threqbng electron flight tube, where a 10 G homogeneous mag-
grid mass gate is biased at1300 V. Just before the arrival petic field guides the electrons to the fasttack detector. A
of the anions of interest, the mass gate high voltage is pulseghotodiode signal from the detachment laser pulse triggers a
to ground potential, allowing the anions of interest to passransient digitizer, which digitizes about 26 after receiv-
unaffected while stopping all other ions. The timing of theing the photodiode trigger. The registered events per laser

mass gate switch is referenced to the repeller pulse and thghot are transferred to the PC where a predetermined number
delay time (T4) depends on the mass of the anions. Exitingof |aser shots are averaged.

the mass gate, the mass-selected anions enter the momentum
decelerator. After a short delayl{), a +3000 V high-
voltage pulse is applied across the deceleration region co
sisting of a series of 11 electrodes. The pulse width is deter- Figure 5 shows two mass spectra of doubly charged an-
mined by the mass of the anions and the amount ofons and cations, respectively. The top panel is from electro-
deceleration desired. The key of the momentum deceleratiospray of a 10*M EDTA sodium salt solution apH~ 10,

[B- TOF mass spectroscopy
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showing dianions of EDTA with two protons, one proton and 2P30
a methyl group, one proton and one sodium ion, and a weak
water-solvated EDTA with two protons. As indicated in Fig.
5, the mass resolutionM/AM) was about 700, which was
sufficient to resolve théC isotopes with the expected half
M/Z separations. The broad feature in front of each strong
peak is an artifact due to secondary electrons from a grid
right in front of the mass detector. This artifact is unique to
detecting anions when a grid is used in front of the MCP
detector. It does not exist in the positive ion modiewer
panel, Fig. 3, where any secondary electrons from the grid
will be repelled away from the detector. Our observed reso-
lution was consistent with ow8IMION simulations. There are
two key factors affecting the mass resolution. The first is the
kinetic energy of the ions exiting the ion trap, i.e., the trans-
verse kinetic energy in the TOFMS. The smaller this energy
the better the resolution—ions with a smaller transverse en-
ergy can maintain more straight trajectories and do not need
to be deflected much. In fact, our TOF extraction stack is
mounted slightly off centefFig. 1) to give room for the
transverse motion of the ions. The second factor is the size of
the ion beam in the extraction zone. The smaller the size in
the perpendicular direction to the ion extraction the better the

80 meV—| | --—

resolution. The ion packet in the trap has a dimension of

about 3 mm, which will spread out in the beam direction
60 meV—| |a—
3.5 4.0

11 meV —»|-a—

355 nm

LONLENE N B L I

2P0

29 meV —»|| --—

14 meV —»-||-—

266 nm

LINL I B S N B B R St It R B B BN B B S BN B B N |

Relative Electron Intensity

along the way to the TOF extraction zone due to the initial
ion energy spread. With our current parameters, the nominal 193 nm
kinetic energy is about 10 eV with a spread of at least 3—6 '
eV, giving a spread of the beam size slightly less than 2 cm
in the extraction zone. Therefore, the 10 cm aperture of our
TOF extraction stack is not the limiting factor on the massgiG. 6. Photoelectron spectra bf at three photon energies: 358.496
resolution. eV), 266 (4.661 eV}, and 193 nm(6.424 eV}, showing the electron energy
The bottom panel of Fig. 5 shows the doubly Chargedesolution of the new magnetic-bottle photoelectron facili;y gnd its kinetic
cations from electrospray of a 16M CaCl, solution in a tinzeor/gy dependence. The overall electron energy resolution is alietk
methanol/watef98/2 ratig solution at roughly neutrgbH. o
The spectrum shows two main series of doubly charged cat-
ions  consisting of C#-CHOH complexes and sponding to IA2 IA~3 and IA™*, respectively. However,
Ca"?>-~CH;OH-H,0 mixed complexes at a mass resolutionthe mass resolution was only about 200. This mass resolution
of about 700. The complexes containing more than nig@ H deterioration was caused by collision effects due to the high
molecules were surprising, considering the low concentratiomvorking pressure (210 °Torr) in the TOFMS extraction
of H,0 in the solvent. However, the latter result was not yetchamber. It has been shown that for large molecules even a
confirmed. In any case, this experiment demonstrated that weressure of X 10™° Torr could still give a considerable col-
can produce multiply charged cations as readily as the aniorlisional broadening due to the high collision cross sections of
simply by reversing the polarities of all the electrodes in ourthese specie¥. We have briefly tested and confirmed the
apparatus. collisional broadening effects. Using better differential
The best resolution we have observed was about 800 fgumping and smaller skimmers in the ion source section
a low-mass singly charged anion. The resolution could bghould improve the performance of the TOFMS at high
improved to about 2000 without using a reflectron either bymasses.
reducing the energy and energy spread of the unloaded ion
beams from the trap or by installing a smaller aperture in th% M ic-bottle ph |
TOFMS extraction stack to limit the size of the ion beams.™ agnetic-bottle photoelectron spectroscopy
By placing a laser-ablation target at the entrance of the Extensive tests of the new magnetic-bottle photoelectron
TOFMS extraction stack, we have obtained a resolution ofinalyzer have been carried out. Figure 6 shows the PES
about 1500 for Cii from ablation of a copper target. spectra ofl — at three photon energies, demonstrating the
However, we have observed that our mass resolutiomesolution of the apparatus. The PES spectra are routinely
deteriorates significantly at high masses. We tested the massed to calibrate the spectrometer energy scale. The resolu-
resolution by spraying a protein sample, insulin chaifi#)  tion of the magnetic-bottle device is strongly dependent on
that has a molecular weight of 2531.6 amu. We observethe initial kinetic energies of the anions, which give rise to a
three main mass peaks st/ Z~ 1266, 844, and 633, corre- Doppler broadening. With the momentum decelerator, we

e
45 50

R L
20 25 30 . .
Binding Energy (eV)
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charged anions in the gas phase. This facility will provide

new research opportunities to investigate not only multiply
charged anions, but also many other novel solution phase

specieqorganic, inorganic, and biomolecular spetgigsthe

gas phase. Several improvements could still be made to fur-

ther increase the performance of the apparatus. First, the
" x mass resolution for heavy species, of major interest for bio-
266nm A molecules, can be increased with better vacuum in the
TOFMS ion extraction zone. More importantly, the ion trap
performance can be further improved. At the current con-
figuration, no differential pumping is provided for the ion
trap. Therefore, the dependence of the trapping efficiency
and temperature on the background gas cannot be investi-
gated in detail. A differential pumping system is being added
to the ion trap, and will allow us not only to investigate these
effects, but also to further find ways to cool the trapped ions.

(a)
355nm

Relative Electron Intensity
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