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An electrostatic deflector has been designed and constructed that can be used in a reflecting time-of-flight
mass spectrometer for either single-deflector or dual-deflector velocity selection in post-source decay
measurements. The deflector consists of an interleaved set of parallel deflection electrodes as in a Loeb/
Cravath/Bradbury device, but thin metal ribbon instead of wire is used for the deflection electrodes. The
time for reversing the electric field, which depends on various factors such as the electronics for pulsing the
voltage and the time constant of a particular electrode geometry, is about 19 ns for the deflectors used in this
study. By properly timing the reversal of the electric field, the time-window for ion transmission can be
made substantially less than the switching time of each individual deflector. In conjunction with matrix-
assisted laser desorption/ionization, the single-deflector’s resolving power and transmission are robust with
respect to laser fluence, i.e. they remain high even when the fluence is raised well above threshold. By
contrast the operational features of the dual-deflector gate offer more versatility in locating and sizing the
selection window. Operating the ion selector in a single-deflector mode, we have achieved a resolving power
of ~710 full width at half maximum (FWHM) for different isotopes of protonated, sodiated, and potassiated
substance-P in/z 1348.6, 1370.6 and 1386.6 respectively; 10.073 keV). Operating it in the dual-deflector
mode under two different sets of conditions, we have succeeded in obtaining resolving powers~e1100
(FWHM) for protonated substance-P (m/z1348.6; 10.8 keV) anad~5200 (FWHM) for an isotopomer of PEG
6000 (~m/z6000; 10.04 keV). This accomplishment implies that high-resolution ion selection can be coupled
to post-source decay analyseg) 1998 John Wiley & Sons, Ltd.
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Since the advent of matrix-assisted laser desorption/pick out a precursor ion and the ion-mirror as MS2 to
ionization (MALDI) mass spectrometry (MS) a decade separate the precursor's metastable fragments. This is the
ago? interest in improving the performance and capabil- technique used in PSD MALDI analyses. By triggering the
ities of time-of-flight (TOF) instrumentation has increased deflector to turn off and then quickly back on at a precise
steadily. Attempts to develop tandem (MS/MS) TOF time following ion extraction from the source, it acts as a
instruments have been particularly keen. The post-sourcegate through which only ions in a narrow velocity range are
decay (PSD) method introduced by Kaufmann and co- allowed to pass. For anion that arrives at the deflector intact
workers has become the most widely used approach to from the ion source, the gate functions as a mass filter
MALDI tandem TOF-MS. Although the technique suffers because the ion’s velocity is inversely proportional to the
from many drawbacks, it has made it possible to select square root of its mass. For an ion or neutral that arrives at
peptides from mixtures and partially sequence them usingthe detector as the product of a metastable or induced
relatively simple, inexpensive instruments. Perhaps mostdecomposition, passing through the gate is equivalent to
importantly for the long term, PSD analysis has provided having selected its precursor ion because the velocity of the
much incentive to develop more general and more powerful latter is conserved to the first order in each of its dissociation
approaches to tandem TOF-MS. products (charged or neutral).

The simplest way to make MS/MS TOF measurements is  To date, either a conventional set of deflection pratts
to locate a single ion-deflector in the first field-free drift or a single set of interleaved wire-contbs-*has been used
region of a reflector-TOF instrument and use it as MS1 to in tandem TOF instruments as the MS1 unit. The latter

structure was first proposed by Ld¥€band subsequently
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from 2 to 20 atoms® Vlas& et al. achieveda resdving

powe of ~170in isolating diphenymethare molecularions
(m/z167,650eV), andtheyestimatedhataresdving power
greaer than 300 should be possble by optimizing their
device® Theseresdving powes are amag the highest
obtanedwith singledeflectors Whenkinetic enegiesequal
or exceal 10keV, which is typically the casein MAL DI

analses,the massselectiviies of singe-defector unitsare
subsantially poorer than those obtaned in thee two

studes. Judgng from published mas specta®*? or com-
merts !’ resdving powas for selectionof PSD preaursor-
ions nearm/z1000lie betwea 25 and 125. Limited MS1
mass selectivity of this sortseveely restrics theapplcation
of tandemTOF mas spectranetersconfiguredwith singe-

deflecors.

The resdving powea of MS1 can be increasedto unit
mas resdution or better at massesand kinetic enegies
encouneredin MALDI analysesif a refledor-TOF mass
anayzer'®*#2% or a doubke-focusingsecbr massanaly-
zer'~?%is usedfor the first MS stage.Regretably, these
geonetries have low sensilvity becausemog metasable
decaytakesplace in the first field-free region of MS1 so
very few preaursor ions survive to the collision cell;
moreover, the gas cell interfereswith the timing of the
MS2 TOF analyzer, thus, further compronising perfor-
marce.

PSD’s simpler approachwould clearly be betterif the
resdving power of the velocity selection could be
subsantially increagd. Cotter has suggestd that such
improvemer is animpossbility becasethe mas seleciv-
ity of anion-defection gateplacedin thefirst drift region,
no matterhow well-desigred, would alwaysbe limited by
the circumstancesthat (i) mas dispersionis low at this
location and(ii) optimum space/timdocusis only achieved
in the seconddrift region on the exit-dde of an ion
reflector® To usea gateto selecta bandof ions having a
singe massrom abandchamacterizel by aslightly different
mas, the dispersionin time betweenthe two bandsat the
gatés entrane mug be greaterthanthe width of the ions’
distribution in time within a band. Cotter's assessment
overlooks the possiblity that, despitethe fact that mass
dispersion cannotbe increasedbetwea ion bandsat the
point of velocity selecton, the time distribution can be
subsantiaILy deceasedyy taking advantageof delayedion
extracton®® to createa space-focalplane exacty at the
entrane of the velocity selectorand,furthernore, that this
focd plane can also be made to coincide with the ion
reflector’s object plane.

With regad to improving the designof a gating system
Hakerlandetal.?” andStoerner etal.“® haveindependetly
pointedout that (i) the time resolutian of a singe-defledor
gateis seveely limited becawse a short duration voltage
pulse havingleadingandtrailing edgesthat are both shap
mug be usedto actuae the gate’sshutering function and
(i) this restricion can be circunvented by sharing the
openhg and closing actions of the gate betwea two
sepaate ion deflecors. Haberbnd and co-woikers con-
strucedanion sekctorfor atandemTOF instrumentout of
two setsof convertional deflection plates but determired
that the massselectiviy of their devicewaslimited by its
size and the relatively slow rise andfall times (30 ns) of
their voltagepulsers’’ Stoerner etal. built agatefrom two
wire-comb deflectos arrangedin tancem and driven with
15ns switches®® At 10keV, this device performed at
resdving powe's of 280in isolating isotoponersof Cs;Br, "
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HIGH RESOLUTION PRECURSORSELECTIONFOR PSD

(m/z~560)andmore than400 in separatingsotopomes of

Hg," (m/z~400) — valuesthat are higher than generaly

obtainedwith sinde wire-comb deflectos. Stoemer and
co-workersstatedhatgainsin mass sekctivity beyondwhat

they achieved by mourting two ion-defectorsin tancem

were probally only possilte by (i) reducingthe fringing

fields that extend outside the physiccal bounds of the

deflectos, (ii) usingyet fasterswitches or (iii) decreasing
ion velocity.

Implicit in the view that the resolving power of a
deflectian gateis ultimately limited by the rate at which it
canbe openedor shutis the conceptthation selectionis a
static processin which the electric field strengh betwea
the deflection electodesis strictly zeroduring the interval
selectedfor ion transmision. It is possible,however to
operatea single-defector gate or duatdeflecta gatein a
dynamic phasemodulted mode that removesthe short
switching time limitation on resolvingpower. At the recent
ASMS CorferenceonMassSpectromety andAllied Topics
in Orlando,Florida, Vestd andco-investgatorsshowedhat
MS1 resdving powersof the orderof 1000are possibk by
usingdelayedon extractbnin combinationwith two ses of
deflectin platesoperate in a dynamic mode®® Indepen-
dently, we have devised an ion deflecta that conmbines
geometrcal features taken from both converional plates
andinterleavedwire-conbs andhaveusedit to expeiment
with the dynanic ion-selecion processin both single-
deflectoranddualdeflector modes. Compaedto any other
ion-gating device we are aware of, our assenbly has
superioroperationaland analyticd characeristics. In this
report, we descrile its constructio, dynamic operating
mechanismand performancein our initial tests.

EXPERIMENT AL
Samplepreparation

Substancd® (Sigma) wasdissolvedin distilled watev0.1%
TFA to a concentrationof about10~° M. Smallamauntsof
NaCl and KCI were addedto this solution to geneate
[M +Na]™ and [M + K] ™ signals of apprimately the
samestrengh asthe [M + H]* signal. PEG 6000 (Kebo
Lab) was dissolved in distilled water0.1% TFA to a
concentation of about10~3 wm.

Solutions of 20 g/L of a-cyano-4-hydoxycinnanic acid
(CHCA, Acros Organts) in aceticacid and of 20 g/L of
CHCA in 70% acetonirile were used as the MALDI
matrices Analyte wasappliedto the probeby deposiing 3—
4uL of the acett acid matrix solution, allowing it to dry,
and then depositing4 uL of a 1:1 (v/v) mixture of the
analyteandtheacetonirile matrix soluion. Thesamplewas
thenleft to dry undera gentlestreamof air.

Instrumental

All expeiments were carried out on a MALDI time-of-
flight massspectraneterhomebuilt in Uppsala(Fig. 1). The
spectromteris equippedwith adelayedextracton (DE) ion
source’3! a singe stage electostatic mirror (300mm
long), and two dual micro channé plate detectors.One
detectoris located behind the mirror, and the other is
mountedn front of theion sourcein amamerthatallowsiit
to be moved betweena postion that create a spectraneter
with a shortflight tubeandonethat detectsreflected ions
The ion-selecbr conskts of two deflectos mourted in
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Figure 1. Diagramof the UppsalaDE MALDI-TOF massspectrometerThe moveabledetectorcanbe placed
in position (s) for operatingin a shortflight tube modeor in position (r) for operatingin a reflectedmode.
Valuesfor thedistancesndicatedin thediagran areasfollows: a=11.5mm,b=9.5mm,c (L, in Egns(5) and
(6))=200mm (for substance-Pexperiments)and 900mm (for PEG 6000 experiments),d; = 739mm,
d, =440mm and d,, = 300mm. The effective distancefrom the centerof the ion-selectorassemblyto the

moveabledetector(L, in Eqn (6)) &~ 2100mm.

tancem. Each deflecor is madeof 20 pardlel lengthsof
nickel-chromum ribbon (0.09mm thick x 1.27mm
wide x 15mm long) spacedl mm apat (centerto center)
to form avenetian blind structure(Fig. 2(a)).In thefinished
assenbly (Fig. 2(b)), the two deflectos are separatedy a
distan@ of 10mm (certer to cener). Thesedimensons
were chose to maximize transnission through the ion
selecor in accordane with SIMION-simultedion trajec-
tories The ion sekctor was locatad (¢ in Fig. 1) 200mm
awayfrom theexit grid of theion souree for theexperimens
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Figure 2. Constructionof the dual ion-deflectorassemblyshowing
polaritiesof the potentialsappliedto the interleaveddeflectionstrips:
(a) stereographiwiew of a singledeflectorand(b) top view of adual
deflector. The dimensionsindicatedin the diagramare as follows: |

(strip length)=15.0mm, strip thickness=0.09mm, w (strip
width) = 1.27mm, d (distancebetweenstrip centers 1.0mm, andg
(distancebetweendeflectorcenters)= 10.0mm.
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with substane-P and 900mm away for the expeiments
with PEG6000. The distan@ betwee the ion selectorand
the ion mirror (d; in Fig. 1) wassetso the mirror’s object
plare would coincide with theion selecbr’s entrane plane.

To deflections, postive andnegatiwe potentiat of equal
magitudewereappliedto altematedeflection electodesas
shownin Fig. 2. Thesevoltagesvereswitchedon or off with
fasthighvoltageswitches(HVS, BehlkeHTS 30) controled
by theelectroniccircuits shownschematally in Fig. 3. The
circuit in Fig. 3(a) wasusedto operde theion selecbr in a
singe-defectormode andthemaodified circuitsin Fig. 3(b)
were usedto driveit in aduatdeflector mode Thefrontend
of the circuit, which is commonto both of the configura-
tions, allowstheswitchingphassto besynchronzed;thisis
essatial becage small variatiors ammg the electronic
componentandthegeometiesof theinterleaveddeflection
strips would othewise introduce slight differences in
propajation times. A digital delay geneator (Stanfod
Research Institute Model 535) was used to time the
triggering pulsesfor both delayedion extracton andion
sekction.

In operdion, the ion-extaction potentials and timing
delay were adjustel to make the DE spacefocusingplane
coincide with the entrane planeof the gates first deflector
and,thus alsowith theion mirror’s object plane. Themirror
potential wassetat12.77kV and10.678kV respectivéy for
the substane-Pandthe PEG 6000 measuremats.

RESULTS AND DISCUSSION

As a rule, a set of converional deflection plates is
chaacterizel by a relatively high capaditance and by a
relatvely high elecrostatic deflecion sensitvity, which
indicatesthe angulardivergenceinducedpervolt appliedto
the electrodes and is determired by the geomety of
constuction and placementand by the kinetic enegy of
the ions. Consequetly, passingions receivea subséantial
lateral impulse from the deflecion plates but the rise and

Rapid CommunMassSpectrom12, 1655-16641998)
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Figure 3. Schematidiagramsf theswitchingcircuitsfor driving theion deflectorsandthe correspondingoltage
switching patternsthey generate(a) configurationfor single-deflectorscanningmodeand (b) configurationfor
dual-deflectoiscanningnode. Thecircuitsaretriggeredwith TTL pulsesoriginatingfrom a programnabledigital

delaygeneratoi(Fig. 1). The positiveandnegativevoltages(=+ V) appliedto the inputsof a high voltageswitch
(HVS) areproducedby a variable,dual-voltage(0-600V) powersupply. The NAND gate(IC1) invertsthe TTL

triggerpulseandthe secondNAND gate(IC2) convertsheinvertedoutputof IC1 backinto apositive TTL pulse.
ThevariableresisteR1 providesfine controloverthepropagatiordelayof the TTL pulsebetweerlC1andIC2. A

SchmitttriggeredNAND gateis usedfor IC2 to minimize distortionin the TTL pulsedeliveredto theinput of an
HVS. The connectionbetweenan HVS and a deflectorwaskept as shortas possiblein orderto minimize the
system’scapacitanceThe deflectorgeometryandelectroniccircuitry usedin this study producedswitchingrise
andfall times(Atg) of 19ns.Thedelaysin switchingtimesbetweerthe two deflectors(Aty) wereestimatedrom

the mechanicapropertiesof the analytesin accordancevith Eqn (3).

fall times of voltage pulsesappliedto them are severey
limited.Justthe opposites the casefor aninterleavedwire-
comb deflector Our deflectoris built in the sameway asan
interleavredwire-comb,but thin metal-ribloninsteal of wire
is used for the deflecion electodes. This constru¢ion
combinesthedesrablefeatuiesof bothdeflection platesand
interleaved wire-combs. The venetian blind geonetry
imparts greater lateral impulse to transiting ions while
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Figure 4. Mechanicalanaloguedor different modesof operatingion
deflectorsi(a—c)singledoor— hinged,(d—f) singledoor— revolving,
and(g—j) dual door— tandemrevolving.

N
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—
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preservingor themog partthelow capadtanceand,hence,
the rapid switching of the wire-conb constuction.

The simplestway of selectinga particular ion, the one
presentlyemployal in MALDI PSD analyse§7 3lis by
meansof a singe-deflectoroperding asillustrated in Fig.
4(a)—(c).In this mode the gateswingsopen,like a hinged
door, just before the ion bandto be sekctedarrives and
closegustafterit haspassé. Thegatés resdution depend
for themostparton how rapidly its doorcanbe openedand
closedin succeasion.This is accompishedin pradice with
anion deflectorby switching the electricfield betwea the
electrodef anelectrostdt deflectoroff andthenbackon
in its origind direction In generalit is difficult to perform
thesetwo switching operatimsin rapid succesionbecause
this requres creating a voltage pulse at the deflecion
electrodeswith both sharprising and falling edges.With
present-day electronics, staic switching of wire-conmb
deflectos under MALDI condmons for PSD typically
resultsin resolvirg powe's under100>

It is possibleto gredly improve theresdution of asingle-
deflectorgateby operding it in the mannerdepictal in Fig.
4(d)—(f). This revolving door acton, which has been
describedin the pastasa means for choppng connnuous
ion beamsinto tempoally compaction packes>3?3 s
achievedwith an ion deflector by quickly reversingthe
direction of the electic field betwee the electrodesin a
single switching operation(Fig. 3(a)). As the ion bandof
interestapprachesthe gate,its door beginsto pivot about
its center.The slightly lighter ions arrive at the doorbefore
it hasrotatedvery much so they are deflectedfrom their
original directionof flight (Fig. 4(d)). If the rate of rotation

© 1998JohnWiley & Sons,Ltd.
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is suchthatthe doorjust becomesgparallelto the flight axis
atpreciselythemomenttheion bandto beisolatedarrivesat
its center(Fig. 4(e)), that band can passthrough the gate
undefected. The door continues revolving past this open
statesothatwithin a very shorttimeit beginsto deflectthe
slightly heaver ions trailing after the sekectedband (Fig.
4(f)). Theduration of the gate’stransnissionwindow in this
dynamic modeis determired principaly by the rate of its
door’s rotationrelaive to the speedof theions.

Therevolvingdooractioncanalso besharedetwea two
doorsarrangedn tandemasillustratedin Fig. 4(g)-(j)- Asin
the casewith onedoor, the entrane door begins to rotate
justastheionsto besekctedareaboutto impingeonit (Fig.
4(g)). Whenthis door reachests openposition however, it
locks there so that both the ions of interest and those
following closely behind can passinto the spacebetwea
the two doors(Fig. 4(i)). The seconddoor, which hasbeen
heldin the openpositionup to this point, is timed to begn
its closingrotationpreciselyatthemomentthe desiredband
of ions passby its axis of rotation (as a kind of delayed
coninuationof the first door’'s motion) sothatthe doorcan
startdeflectingthetrailing groupsof heaverions(Fig. 4(j)).
Whenthe time betwea openingdoor 1 andclosingdoor 2
(Atqin Fig. 3(b), is long conparedto thetimesit takesfor a
doorto changeits stateandfor theionsto transitthelength
of the assenbly, the size of the transnission window is
deterninedprimarily by Atg, andby the speedf theions—
the doors ratesof rotation only play a secomlaryrole. The
ion sekctivities repotted by Haberland et al.?” and quite
recenty by Stoemer et al.?® are characterist of dual-
deflecbr gatesoperatingin this static shutering mode
WhenAty approachsthetranst time of a given ion packe,
the mechaném for ion sekection shifts from a staticinto a
dynanic, phasemodulatedmodein which the transnission
window is deteminedmainly by thedoors ratesof rotation
andthetiming betwea their changs of statein relationto
the speedof the ions.

The medanics of disperson under phase-rodulated
condtionscanbeformally examnedby consderingthe net
impulse, p,(m), delivered to anion of massm asit passs
throuch a seriesof deflectos. By definition thisis given by

texit(mM) texit(mM)
B(m) = / F()dt = g Eguel)dt (1)
t

enlry( m) temry( m)

where terry(m) is the time anion effectivey entes the ion
selecbr and te,i(M) is the time it effectivdy exits. This
expressionwill be evaluatednitially for the dualdeflector
configuration; it will be shown subsguentlythatthe single
deflecor canbetreaedasa simplelimiting caseof the dual
deflecbr. Corsider the three, origindly axial ions repre-
sentedn Fig. 5(a) nearthe entranceto a dualdeflector Just
prior to reachiry this postion, deflector 1 was closedand
deflecbr 2 was open. The situatin depictedin Fig. 5(a)
occussjustatthetime (t = t;) thepotentialacrossheplatesis
triggeredto switch off (Fig. 5(d)). Up to this moment,only
the lightest ion has experierted an apprecialé field,
—2V4add. If the deflectofs field collapesin less time,
Atg, thanit takes for theionsto passthroughit, the avemlage
field strengh experiencedby the ions during their transit
betwea the first set of plates will vary from roughly
—2Vyaidd for the lightest (Am < 0) to almostzerofor the
heaviest(Am> 0). Consequetly, the three ions will be
anguhbrly dispersedasdepictedin Fig. 5(b).

Substtuting the definition of Egy,(t) given in Fig. 5(d)

© 1998JohnWiley & Sons,Ltd.
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Figure 5. Principle of dispersingions in a dual deflector: ion
trajectoriesof ions with massesn— Am, m, and m+ Am when (a)
deflectorl is triggeredto switchoff, (b) theelectricfield in deflectorl
hasfallen to approximatelyhalf its initial strengthand(c) theelectric
field in deflector2 hasrisento nearlyits full strengthTheelectricfield
shownin panel(d) for the dual deflectoris given by the following
function of time: Egua(t) = {—2Vgadd, tenmry <t <ty (—2Vgad
At + Ats— /AL, t<t<ti+Ats 0, t+Ats<t<t+ Aty
(F2Vgad )[(t — t; — Atg)/Atd, t+ Aty <t <t + Atg+ Aty +2Vgad
d, ti+ Aty + Ats <t < texi¢ Whered is the distanceseparatingthe
deflectionstrips.

into Eqn (1) and evaluaing the resuling integralsreadly
yields the netimpulserecaved by min this case:
2
Px(m) = qugate{ [tentry(M) — ]+
[texit(m) - tt - Atd - Ats]} (2)

where t; is the time at which deflecor 1 is triggered to
switch off, Aty is the switching time for the deflectos (Fig.
3(b)), Aty is the delaytime betwea the trigger pulsesthat
switch deflector 1 off and deflecor 2 on (Fig. 3(b)), and
Vgate 1S the magnitude of the potential applied to the
deflection electrodes. In order for m to emerge from
deflector 2 moving parallel to the instrument’s axis of
flight, it must receive an impulse from deflector 2 that
exacty cancelgheimpulseit receival from deflectorl (this
zeranet-impulse condition can also be appied to an ion
originally traveling at an angle with resgect to the flight
axis).>? Imposing this conditon on m unanbiguousy
detemines the triggering time for the ion sekctor’s first

Rapid CommunMassSpectrom12, 1655-16641998)
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deflecor as a function of m. Subsituting teniy(m) = to(m)
- %ttransit(m) and texit(m):to(m)+ %ttransit(m) into Eqn(Z)
seting p,(m)=0, andrearranging yields

Aty + Atg
— 7 @

where to(m) = (L1 + 3 acwal)/v(m)is m's flight time from the
ion soure to the halfway point betweenthe endsof theion
sekctor, tyansiM) = lesectivdvAm) is m's flight time through
the effectivelengthof theion selecor, v,(m) = (2qVacce/M)?
is the ion’s speedthrough the selector;lqfrective= lactual +
ltringe IS the effectivelengthof theion selector;lacal is the
physical length of the ion-sekctor; lyinge ~ d is the length
addedto theion selecor dueto fringing fields; andd is the
sepaation between deflecion electodes. For the gate
assenbly usedin this study, lgfective & 12.3mm (Fig. 2)
andAts = 19ns (Fig. 3). It canbereadly seenfrom Fig. 3
that

tt—quai(M) = to(m)

Esingle—gate(t) - Altidmo Edual—gate(t)~

It immediately follows, therefore, that the triggering
requirenentfor a sinde deflectorto selectmis given by

ttfsingle(m) = tO(m) - % (4)

Equations (3) and (4) clearly refled the symmery of
Esingidt) and Egua(t) seenin Fig. 3. Although m's final
transvesevelocity will bezerowheneitherEqn(3) or (4) is
safsfied, its flight path after exiting will be laterally
dispacedrelative to its flight path along the instrument’s
axis before enteing the ion selector.

An ion lighteror heaver thanm by an amountAm will
passthroughthe ion selectorslightly out of phaseif the
deflecors are switchedin accordane with Eqgn (3) or Egn
(4). Suchanion will experisncea netdownward (Am < 0)
or a netupwad (Am > 0) impulse. Therdore, ions lighter
and heaver thanm will be anguhrly disperged whenthey
emeagefromtheion selectorthisis depictedin Fig. 5(c) for
a dual-deflestor arrangenant (ions would emergesimilarly
from a sinde deflecto). If their lateral dispacemnent from
the flight axis, XgetectokM+ Am), is equalor greaterthan
1Dactive Whentheyarrive atthe detecor plane, theywill not
be detected. An estimateof m/Am correspading to this
resdution conditioncanbe derivedfrom Eqn (3) assunmg
() all ions are nearly axid and have negligible angular
spread so that Defrective = Dactive @nd (ii) zerotime spread
within the ion bands. When an ion of mass m+ Am
apprachesthe ion selecbr, the time by which the ion’s
entry into deflector 1 is advaned (Am < 0) or retarced
(Am> 0) with respectto that of m is tenm(m+ Am)=
tentrn(M) + AtgispersiokAM) whereto the first order Atgisper-
sion (AM) = (Am/Mtgigne ~ A(Am/m[La/v{m)] andL, is the
distan@ from theion source’sexit grid to theion selecbr’'s
entry plane.If theion’sflight time throughtheion selector
is < Li/v,(m), its exit time canbe closely appraimatedby
texit(rnJr Am) ~ texit(m)Jr Atdispersior(Am)- SUbSHUting
thee quantties into Egn (3) and,whensimplifying, taking
into account the fact that p,(m)= 0 yields

A_mEZquate
m d v, (m)
(5)

If L, is thedistan@ from the centerof theion selectorto the
detector, XgetectofM + Am) is the transvesedisgdacemenbf

Px(M-+ Am) = ?Vgateﬁtdispemior(m) ~
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the deflectedion at the detectorplane,andp,(m) = my(m),
then tand = py(m+ Am)/p(m)= p(m+ Am)/m,(m)= Xge.
tector(m+ amyL2 Whered is the half-angle subendedat the
centerof the deflection assemblyby the ion path to the
detector. Settirg Xdetecto(m + Am) = %Dactive ~ %Deffective
substituing for p(m+ Am) from Eqgn (5), andrearrangng
yields the following approxima¢ expression for the
resolving powe of either a single-deflector gate or dual-
deflector gate ion sekctor operded by dynamcally
reversingits electricfield:

m o Lile Voae
Am 0DefrectiveVaccel

(6)

Sincethis equation doesnot taketime spreadwithin anion
bandinto accountjt predictsanupperlimit for theresolving
power.

Operatirg a sinde deflecor in a field-reversel modeis
convenieh becase its switching acion permits the
selection window to be postioned anywtere along the
massto chargescaleby changhg only one paraneter,viz.
ti-singi(M). The mas rangeAm of the sekectionwindow can
bevariedoveralimitedrangein accodancewith Eqn(6) by
varying Vyaie Both of theseoperatims can be performed
while viewing a spectrun in real time on an oscillosope
screenor a compute monitor. The spectraof subsance-P
(m/z=1348.6)shownin Fig. 6 illustrate thes operdional
featuresof the singe deflectorandgive anindication of the
resolvingpowerthat canbe attainedwith this devicein the
field-reversedmode.The massspectrunshownin Fig. 6(a)
wasrecadedfrom 7 laserpulseswith theion selectorturned
off. To isolateanisotopic envelopeasshown in Fig. 6(b)—
6(d), Vgate Wassetat thelow value of 100V, andto shift the
window from one group of isotopic peaksto anotter,
trsingi(M) was simply increagd or decrease by amaunts
correspading to the shorttimes sepaating the envelopes
viz. 50ns for [M +H]T < [M + Na]* and 40ns for
[M +Na]" < [M +K]". Increasng Vgaee to 250V was
sufficient underthe MAL DI conditionsusedto zoom the
selectiorwindow downto anindividualisotopomemvithina
given isotopc envelope(Fig. 6(e)-6(g)). Signds from the
immediaely adjacentisotopeions (m+ 1) were reducedo
lessthat 33% of the selectedion’s sigmal in all cases.A
smalllevel of unre®lvedsignal,whichtypically variesfrom
onespectrum to the next(Fig. 6(e)—6(9), is obsevedin the
vicinity of the m+ 3 andm+ 4 isotoponers.\We havenot
yet discoveed what causest. Assuning triangular peaks
and superimpomg triangula transmision curves on the
threepeaksin Fig. 6(e)—6(g givesanaveagem/Am of 710
(FWHM). Assuming triangular peaksand supeimposing
triangula transmissioncurveson the spectrain Fig. 6(e)—
6(g) gives an average m/Am of apprximately 710
(FWHM). In order to achievethis resolvhg powe it is
paramout that the exit plane of the ion sour@ and the
entranceplare of the ion selectorbe aligned as perpendi-
cular to the flight axis as possibe. Once properly aligned
operationof theion sekctorin the singe-defector modeis
very robug with resgectto laser fluence.The latter canbe
increasedwvell abovethresholdwithoutincreasingVyaee to
maintain ion transmission This feature could be of
consideableadvantagen PSDexpefments.

As in the caseof the singe deflector massselectionand
massresolvingpowe can be independetly varied with a
dual deflector For any given Aty the postion of the
selectionwindow along the massto chargescale can be
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Figure 6. Single-deflectormassspectra(7—8 Iaserpulsesper spectrum)of the salt-ladensampleof

substance-Bhowingthe m/zregionspanningM + H]
off (electrodes grounded). (b) Isolated [M 4 K] ™"

M + Na tt sm
Ee) Isol]ated [ SCM +K]*:

[M + NaJt and[M + K] . (a) Both deflectors

: tt _single= - 130p.S Vgate=100V. (c) Isolated
7. 090us Vgate=100V. (d) Isolated[M +H]*:
te-single=7- 131 S,
ti.single= 7.091uS, Vgate= 250V (9) Isolated[ CM + H]*:

tesingle= 7-040S, Vgae= 100V.
Vgae=250V.  (f) Isolated [13CM + Na]*:
ti.single= 7.040us, Vgae= 250V. Delayed

extractionconditions:pulse= 2.066kV, 2™ acceleratlorstagez 8.007kV, delay=2.4ps.

selecedby varyingthetrigger time t._q,a(m) exactlyasit is
done with a sinde deflector By contras, the dual
deflecbr's resdving power is change by varying Aty
insteal of Vyae Increasng Aty from a minimum value
apprximately equalto the ion’s transt time betweenthe
deflecbr centersi.e. g/v,(m), seaméssly zoomsthe mass
range of the dual deflecbr's sekction window from
apprximately onemassunit to essentidy anysize desired
In thisrespect,the dualdeflectoris moreversatie to operate
in the field-reveral mode than the singe deflecor. Both
postioning and sizing the selecton window can be
monitoredin real time with an oscilloscopeor a compute.
In orderto achievehighresdution with thedualdeflector
we foundit necessarto adjust the laserfluenceascloseas
possibeto thethresholdfor ion desorptionWith ourcurrent
configuration, we obseve lossesin ion transnission of

© 1998JohnWiley & Sons,Ltd.

about20%.We attribute mostof this decreas¢o divergence
of the ions within the beam Becaug the aspectratio
(deflector width:deflector separaibn) of the wire stripswe
useaselectrodesin ourion deflectos is greder thanl, the
device’sion transmisionwill deceaseasthe cosineof the
angk of incidence(defined with respectto the deflecbr’s
normal). It might be possibleto increasethe ion selecor’s
trarsmission by focusing the ions into a pardlel beam
normally incidert on the gatestructure however any gain
from doing this would have to be weighted against
conconitant lossesin resolutian.

The massspectraof subsance-Pshownin Figs 7 and 8
reflect the operatingfeatures and performancecharacer-
istics of ourion sekctorin the dual-defector mode.Figure
7(a) shows the massspectrun of subsance-Pwith the ion
sekectorturnedoff. With Aty = 300ns,changingthe settings

Rapid CommunMassSpectrom12, 1655-16641998)
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Figure 7. Dual-deflectomassspectrg10laserpulsesperspectrum)pf
the salt-ladensampleof substance-Bhowingthe m/zregionspanning
[M +H]*, [M+Na]" and [M +K]". (a) Both deflectorsoff. (b)
Isolated [M + K] *: ti.quai= 6.975us, Atg=300ns, Vgae= 425V. (C)
Isolated[M + NaJ": t.qua = 6.935pus, Aty = 300ns, Vgae=425V. (d)
Isolated [M + H]*: t.quai=6.875ps, Atg=300nS, Vgawe=425V.
Delayed extraction conditions: pulse=2.8kV, 2" acceleration
stage= 8.0kV, delay=2.8ps.

of t.qua(m) to the values indicated in the figure caption
shifted the ion selecbr's masswindow from one isotopic

envebpe to another as seen in Fig. 7(b)-7Ad); the
differencesbhetweenthe t_q,(mM) values correspad to the
time intervals sepaatingtheion envelopesastheyarrive at
the sekctor. Figure 8(a) shows a spectrun of the[M + H]*

ions of substane-P in which the isotopic peaksare fully

resdved at the baselhe. Recording high resolution mass
spectraunderthe conditionsindicated in the figure caption
washindeed by interferenceseitherfrom the gatés fringe
fields or strayfields from sone, asyet unidentifiedsource.
Therefore the spectrashownin Fig. 8 were produed from

sinde laser pulses; this is reflected by variaton in the
isotopc patten of each spectrumfrom the theoretical
distribution for subséince-PThe spectrashownin Fig. 8 are
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Figure 8. Dual-deflectormassspectra(1 laserpulseper spectrum)of

the salt-ladensampleof substance-Bhowingthe m/zregionin the

vicinity of [M 4+ H]". (a) Expandedview showing baseline res-
olution: ti.gua = 6.875us, Aty=300ns, Vyae=425V. (b) Isolated

[**CM + H]™; tquai= 6.875uS, Atg=280NS, Vgae=425V. (C) Iso-

lated [BCM 4+ H]™: tyqua=6.878us, Aty=280NS, Vyue=425V.

Delayed extraction conditions: pulse=2.8kV, 2" acceleration
stage=8.0kV, delay=2.8pus. The peak at m/z 1355 in panels(b)

and(c) is a noisespike.

typical of those recaded with this compound. Leaving
t.aual(M) fixed at 6.875us but changingAty from 300nsto
280ns zoomedthe selecta’s time window in on the *2C
ions of the protonatedmolecue (Fig. 8(b)). Signd from the
3C.isotore ionsis still obsewed, butits strengthrelativeto
the **C-isotopeionsis only 33% of whatit wasin Fig. 8(a).
The selectionwindow was shifted to the first **C isotope
(Fig. 8(c)) by keeping Aty set at 280ns but increasng
teaua(m) by 3ns, which agrees reasonaly with the
calculaed time (1.9 ns) separang the *°C and **C ions at
the entrane to theion selector.The heights of the first and
third peaksn theisotopic groupareapproxinately 13%and
20% respectivey of height of the large middle peak.
Superinposingatriangula curveon thethreepeaksin Fig.
8(c) gives a window for ion transnission of about1.2 u
(~2.2 ns) (FWHM), which correspads to an m/Am of
approximagly 1100 (FWHM).

The massspectraof PEG 6000 shownin Fig. 9(a) and
9(b) were producedby increasinglL 1, the distane betwea
the ion sourceandthe gate(c in Fig. 1), from 200mm to
900mm, changingthe DE-focusing decreasig Vacce from
10.8kV to 10.04kV, and increasingVyae from 425V to
450V. Thesechangesenabledus to isolate the molecuar
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Figure 9. Dual-deflectomassspectrg10laserpulseperspectrumpf

PEG 6000 showingregionin the vicinity of m/z6,000.(a) Isolated
M +H]™: tequa=48.158us, Atq=834ns, Vgae=425V; delayed
extractionconditions;pulse= 1.04kV, 2" acceleratiorstage= 9.0kV,

delay=1.25ps.(b) Expandedsiew of isolatedM + H]™ showingnear
baselineresolution;the peaksarelabeledrelativeto the **C-numbem

of the base peak. (c) Isolated base peak [**C,M + H]": tiqual=

48.158us, Aty = 832ns, Vyae= 450V, delayedextractionconditions:
pulse= 1.04kV, 2" acceleratiorstage= 9.0kV, delay=1.75ps.

ion of one of the polymelic componerg in the vicinity of

m/z6000with our dual deflector(Fig. 9(a)). The increagd

distan@ betwea the ion sourceand gatealso redued the
interferencesdueto fringe or strayfields and,conseuently,
enabledus to recad ions produed from 10 laser pulses
without losing appresiable resdution (Fig. 9(b)). By

changng the delay for ion extracton from 1.25us to

1.75ps, increasng Vgae from 425V to 450V, andreducing
Aty by 2 ns, we succededin improving the ion selectors
resdution enoughto isolaie a single isotopomerat ~ m/z
6000 (Fig. 9(c)). The calculated time betwea adjacent
isotoponersof PEG6000at the entranceof theion sekector
is 4.2nsunderthe condtionsindicatedin Fig. 9. Assuming
a triangular transgr function through the ion selector(as
wasdonefor substane-Pspectrain Figs 6(e)-(g) and8(c),

the spectum shown in Fig. 9(c) correspondsto a
transnission window of about 1.14 u (~4.8 ns), which

convets to an m/Am of about5200.

Substtuting the valuesfor the resdving powe's obtainel
in the variousmodesof operatia into the left side of Egn
(6) and solving for the effective diameterof the detector
yields Defrectiver 32 MM (~1.3 Dactive), 33 MM (1.3 Dagtive),
and 34mm (1.4 Daguive) for singe-defector substane-P,
duatdeflecta substane-P, and dualdeflecta PEG 6000
resgectively. Thesevalues are remakably consisént. In

© 1998JohnWiley & Sons,Ltd.

relaton to the active diameterof the detector(25mm), a
rangeof 32—34mm for Degecriveimpliesthathalf or moreof
theionsreachimg the detecto arewithin across-gctionless
thanor equalto 10mm (i.e. < 0.4 Dggive). Unlesstheactual
beam size is substantily less than indicated by this
rea®ning, which is difficult to imagine, the resdving
powe's implicit in Figs 6(e)—(g) 8(c) and 9(c) should be
closeto theupperlimitspredicedin eachcaseby Eqn(6). If
thisis so,thetime spreadvithin anion bandenteing theion
sekctor shoutl be close to the zero limit, i.e. <«
AtgispersiokAm). Regardess of whether this is in fact the
caseor not, using a dynamcally operatel ion selector
togeher with delayed ion extracton to achieve mass
resdving powersof 710 (single deflecto) and 1100 (dual
deflector)at ~ m/z1350(in a mere200mm of flight) and
5200 (dual deflecto) at ~ m/z6000 (in 900mm of flight)
suggessthatmasdlispersionattheentraneto anion gating
sysem doesnot imposethe limitation on mass selectivity
that Cotter*® predicted.

In summay, we havecreateda new designanddynanic
modeof operdion for acombinedsingle-anddual-defletor
ion gate.The assenbly is simple to constru¢. Care mug be
taken to align it as perpendicula to the flight axis of the
instrumert aspossble. In conjunctionwith MALDI-MS, the
sinde deflectofs resdving power and transmission are
robug with respectto laser fluence i.e. they reman high
evenwhen the fluenceis raisedwell abovethreshold.This
operdional featureshoutl be particulaly advanageousn
PSD expeiments. Operatirg the ion selectorin the dual-
deflectormodeoffers more versatilty in locating andsizing
the selectiorwindow, butin orderto achievehighresdving
powe in thismodewhenperforming MALDI-MS, thelaser
fluence must be kept near threshod. During the initial
expeiments with our prototype device, we succededin
isolating singleisotoponersof 10keV ions up to m/z6000
in the dual-defector mode A high resolution ion selection
capalility of this sort shoull increag both the numberof
PSDMALDI expeimentsthatare possibleandthe amount
of information thatis obtainalbe from anygivenexperiment
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