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A dipolar ac signal applied to the split outer electrode of an Orbitrap mass spectrometer at the axial resonance
frequency causes excitation of ion axial motion and either eventual ion ejection from the trap, if applied in
phase with ion motion, or de-excitation, if applied 1&ut of phase. Both de-excitation and excitation may

be achieved mass-selectively. The extent of ion axial de-excitation depends on the ac amplitude and on the
number of cycles applied; sufficient de-excitation can be accomplished such that the ion signal cannot be
observed above baseline noise. After de-excitation, the ions remain trapped and in rapid orbital (but not
axial) motion, which allows them to be re-excited coherently by application of a second ac waveform allowing
the signal again to be observed. Both broad-band and narrow-band waveforms have been used to de-excite
and to re-excite ion motion. Using narrow-band waveforms, selective de-excitation and re-excitation can be

performed with unit mass selection, leaving an adjaé&htsotopic peak unaffected. The origin and potential
applications of these new capabilities is delineated.

Introduction independent expressibn

The Orbitrap, a new mass analyzer based on the Kingdon 12
trap}! consists of two specially shaped electrodes: a spindle- w = [k(g/m)] (2)
like inner electrode and a barrel-like outer electrode. A high dc
voltage is applied between the inner and outer electrodes, The frequency is measured by broad-band ion image current
creating an electric field separable imtandz (radial and axial) ~ detection, followed by use of a fast Fourier transform (FFT)

coordinates, so that the potential distributiofr, ) is given algorithn? to convert the recorded time-domain signal into a
by mass/charge spectrumThe outer electrode is split at the

“equator” of the Orbitrapd= 0 plane), forming two electrodes
K . K r that detect the ion image current induced by axial motion. As
U(r,z)=—(22——z) —i——(Rm)zln[—] +C 1) Makarov has previously shown, the ion image current is
2 2 2 R proportional to the number of ions| (at a given mass/charge
ratio), as well as\z, the axial amplitude of the ion motion, as
whereC is a constantk is proportional to the axial restoring  given by the following expression,
force constant, an®,, is the characteristic radius. Stable ion
trajectories involve both orbiting motioaround the central 7 .
electrode , ¢-motion, wherey is the angular coordinate) and It = —GNw== sint) @)
simultaneousoscillations in thez-direction. Orbital (radial)

trapping is essential for confining the ions and it takes place yhere) is a factor to account for the geometry of the Orbitrap
for ion trajectories witlt < Rm but does not do so far= Rp. electrode€.When more than one mass-to-charge ratio is present
Axial motion is the basis for mass analysis in this instrument. i, ihe Orbitrap, the ion current becomes a sum of expressions
As is evident from eq 1, the specially shaped electrodes produceg,ch a5 eq 3 for each mass/charge ratio. Although the radial
an electrostatic potential containing no cross termsamdz. and angular frequencies are also mass-dependent, the axial
Thus, the potential in thedirection is exclusively quadratic.  frequency is used because it alone is (to first order) completely
lon motion along thez-axis may be described as a harmonic jndependent of ion kinetic energy and of the spatial spread of
oscillator and it is completely independentrofy motion. The  tne jons. High performance mass analysis, in terms of mass
product of the parametdr (eq 1) times the ion chargég, is  resplution and mass accuracy, can be achieved in the Orbitrap
the force constant for the harmonic restoring force in the axial 555 analyzer because of this energy independence.
d|rect|on. The value ok is determined _by the exact shape of The Orbitrap provides high mass resolution (up to 150 000),
the Orbltrap_electrodes and the applled pote_nt|al. _(Here, We |arge space charge capacity, high mass accurae$ (lpm)®
denote the ion charge by, to avoid confusion with the 5 mass/charge ratio range of at least 6000 and a linear dynamic
z-coordinate.) _The |on_mass/charge ratl_qu, is related to _the range of more than 3 orders of magnitdthough a powerful
frequency of ion motion along the-axis by the velocity- 355 analyzer, better understanding of the fundamentals in this
" - device, including the complexities of ion motion, are sought
E_maciﬁrrfnsoﬁ’%dm%ug”;zﬁr' Tel: 765-494-5265. Fax: 765-494-9421. pocause such understanding offers the possibility to improve
t Purdue Unﬁlersity: ' performance and to de_ve_lop tandem mass spectrometry capabili-
*Thermo Electron (Bremen). ties. These characteristics are necessary in meeting the chal-
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lenges of modern analytical chemistry in such areas as genomicsfield along thez-axis. Thus, ion axial motion may be modeled
proteomics, and metabolomics. as a forced, undamped, harmonic oscillator, where the forcing
Comparisons of the Orbitrap and the quadrupole ion trap (3-D function is proportional to the ac axial electric field. We note
Paul trap) show many similarities. Although both electric that none of the experiments cause significant changes in the
potential distributions contain a dominant quadrupolar compo- radial motion; the ions remain trapped radially and that is all
nent, this somewhat superficial observation ignores an importantthat is sought.
distinction between the two devices, namely, the quadrupole ~Consequently, excitation of an ion’s axial motion can occur
ion trap is a radio frequency (RF) device whereas the Orbitrap if the ac electric field is resonant (or nearly resonant) with the
operates with electrostatic fields (ignoring the initial electro- ion’s characteristic axial frequency as given by eq 2; sufficient
dynamic squeezing used when introducing ions into the trap). excitation will cause the ion to eject from the trap. On the other
Nonetheless, ion axial motion in the quadrupole ion trap can hand, if the time-varying electric field opposes ion motion, de-
be reasonably well-approximated as an harmonic oscillator for €xcitation of the axial motion will occur. In this case, the ion
Mathieu parametei) values< 0.4 with axial secular frequency ~ c¢an thus be brought to rest at= 0, with no motion in the z
(w2) by neglecting higher frequency ion micromotibhThus, direction. Althoughnot ejected from the trap, the ion has been
the real similarity is that ion motion in the axial direction is bProught to a “dark” state, as the ion signal is only generated by
harmonic for both devices; this conclusion is useful in the ions with nonzeroz-axis amplitude (see eq 3). This result,
research described here. Furthermore, ion motion control detailed below, is not a peculiarity of the Orbitrap, but a general
experiments previously carried out on the quadrupole ion trap result for a forced undamped harmonic oscillator.
will serve as an important guide to controlling ion motion within ~ In this paper, we report on experiments involving ion axial
the Orbitrap. excitation and de-excitation and examine the effects of the
lon motion control and diagnostic experiments on the excitgtion Waveforlm’s (viz. time-varying axial .electrilc field’g)
quadrupole ion trap include resonant ac dipolar excitdtign ~ @mplitude, bandwidth, and phase relative to ion axial motion,
and short duration dc pulse excitations applied to the endcapan_d the gblhty to control ion s_lgnals_ in a mass-selective fas_hlon
electrodes?*3Resonant dipolar excitation is performed in the Y>"9 tailored-waveforms. Sl_muslatlons (SIMION 3D, Version
quadrupole ion trap for the purposes of resonant ejeétién, /. and ITSIM, research versiéh*) of the effects of resonant
selective ejection for ion isolatiof;16 and collision-induced ~ diPolar ac excitation in the Orbitrap are used to provide
dissociation (CID) by exciting ion translational kinetic en- SUpPorting information. _ o o
ergyl718Selective, broad-band excitation of ions in the ion trap . Such capability to control ion aX|aI_ motion in the Orbitrap is
has also been performed in experiments in which ions of a wide ImPortant for at least two reasons: (i) to perform tandem mass
range of mass/charge ratios are exci®¥®.Short symmetrical  SPectrometry (MS/MS) within the Orbitrap and (ii) to study and
(potential applied to both end caps) or asymmetrical (potential CONtrol ion packet axial extent and thereby improve Orbitrap
applied to one end cap) axial dc pulses have been used tgPerformance. Inthe_ﬂrst case, ion activation me_thods, especially
activate trapped ions to cause their ejectian force theminto ~ Such s blackbody-induced radiative dissociation (BIRD), col-
coherent motion with characteristic secular frequenes. lision-induced dissociation (CID), and surface-induced dissocia-

Tomoaraphy investigations. such as the pulse-pum /Iaser-tion (SID) will create fragment ion populations with random

robe eg eﬁirr%eﬁ%z“ ing which’ hotodissocia?ion Ii?aldspare axial phase relative to each other. Rephasing of these ions to
Fnonitoredpas a function of ion F(;Ioud axial positior): in the ion obtain phase-coherent ion populations is absolutely necessary
trap, have been used in earlier work from this lab to establish for the second stage mass spectrum to be acquired by ion image

. . S - : detection.
the positions, yeloc_:mes,_ Kinetic energies _and freque_nmes of In the second case, ac excitation and de-excitation will also
resonantly eXCIIEd. lons in the quadrupo!e fon trap. Stil cher be important in preparing ion packets in known states of axial
tomography experiments have used_asmgle short-gluraﬂon dCexcitation and, in conjunction with variation of injection
Svlgsﬁé?e'nt\éit'ggt%slss F;Zcffo{h?;(agézgtmlgggusﬂg?T::gér parameters that affect initial ion packet axial width, will be
: . . important in ing ion k hasing pr in th
magnitude-have also been used to destabilize ion orbits, either portant in studying ion packet dephasing processes in the

radially or axially, to effect surface-induced dissociation (SID) Orbitrap. Such studies will be important in first understanding
yora Y, K . . .—7ion packet dynamics in the Orbitrap and subsequently devising
upon collisions of ions with the electrodes in quadrupole ion

trapsi32s ion repha;ing mgthods fqr im_proving Orbitrap pgrformance,
- . . . . ) especially increasing transient time and thus resolution and mass
The rich diversity of experiments in the quadrupole ion trap accuracy. We also believe that these methods, especially de-
suggests that a similar variety of analogous ion manipulation gycitation followed by re-excitation, may be valuable in

experiments could be carried out in the Orbitrap. These include jyproving resolution and ion dynamic range within the Orbitrap.
studying the effects of resonant ac dipolar excitation and dc

pulse activation using both symmetrical and asymmetrical Experimental Section

pulses. dc pulse activation is of considerable interest, as typically  Orbitrap Mass Spectrometer. The Orbitrap instrument was
this mode of excitation is very rapid, e.g., in causing trapped puilt by Thermo Masslab Ltd. (Manchester, U.K.). Readers
ion orbits to become unstable, either radially or axially. Also ynfamiliar with this type of mass spectrometer are encouraged

of interest, dipolar ac excitatioif; 28 impulsive excitatiort? or to refer to detailed descriptions provided elsewér& A
broad-band SWIFT excitatio?fsmay be useful in the Orbitrap  simple summary of the instrumentation and its operation follows.
to force product ions into coherent motion. lons are generated by an electrospray ionization (ESI) source

This paper reports on a series of experiments performed onand then proceed through an RF-only guide quadrug@dert
ions confined in the Orbitrap. These experiments demonstrate= 2.75 mm, 2.5 MHz, 0.£1 kVp,). After passing through a
that ion motion in the-direction can be controlled by applying  second RF-only transmission quadrupd®,(ro = 2.22 mm,
ac waveforms to the two outer electrodes of the Orbitrap. These 920 kHz, 300 V), the ions are trapped in the storage quadrupole
ac voltages applied are sma#20 V) compared to the harmonic ~ (Q, linear RF-only trapyo = 2.75 mm, 3.45 MHz, 41006
axial potential well (500 V) but do create a time-varying electric 4400 Vjp).
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igure 1. Schematic depiction showing storage quadrupole, lenses 1 80-110
and 2, ion transfer lenses, and the Orbitrap mass analyzer. The Orbitrap time (ms) —»

is seen end-on in this view. The dotted trace shows the ion path, startingFigure 2. Timing diagram used in resonant ac de-excitation/re-
from the storage quadrupole, through the lenses, the ion entrance slofexcitation experiments. The accumulation, ion energizing (storage quad
and the deflector of the Orbitrap, and to the adoption of a stable orbit offset) and central electrode timing pulses were the same as in the
inside the Orbitrap. Not drawn to scale. normal Orbitrap experiment. The drive waveform was applied after
the initial delay and before detection. All times in units of milliseconds.
For each scan, the storage quadrupole accumulates ions foDDG is digital delay generator.

70—-200 ms and then ejects them as a single packet of ions,
which arrives at the entrance to the Orbitrap with a small few millimeters long. For each mass/charge population, this
temporal (108-200 ns) and spatial spread (few millimetei%}* corresponds to a spread of flight times of only a few hundred
The storage quadrupole is required to couple the continuousnanoseconds for mass/charge ratios of a few hundred Daltons/
electrospray ion source with the Orbitrap, which operates in a charge. Such durations are considerably shorter than a half-
pulsed fashion. (We note that the storage device before theperiod of axial ion oscillation in the trap. When ions are injected
Orbitrap and the mechanism of injection differ from the now- into the Orbitrap at a position offset from its equator, these
commercially available Orbitrap instrument.) Bunching is ac- packets start coherent axial oscillations without the need for
complished by adding a ring electrode around the exit end of any additional excitation.
the storage quadrupole rods and providing a dc-bias to thisring. The deflector/compensator electrode at the Orbitrap is
The electric field from the dc-biased ring penetrates into the switched from 80 V during ion injection to 500 V during signal
storage quadrupole, creating a small axial well at the exit end detection whereas the central electrode voltage is seBab0
of the storage quadrupole. After ions are accumulated for the V. The signal is recorded as an image current and is typically
desired time period, the dc offset of the storage quadrupole isacquired for up to 800 ms after an initial delay of ca. 110 ms
raised. This energizing process is described in more detail below.and at a sampling rate of 5000 kHz. The total number of data
The storage quadrupole, transfer lenses, and Orbitrap arepoints collected is typically 22 or 4 Mpoints. The transient is
schematically depicted in Figure 1. Fourier transformed using the MIDAS data analysis program
The depth of the potential well in the storage quadrupole is into a mass spectrum, with no zero filling and no apodization.
approximately 1% of the potential difference between the ring Signal intensities in this work refer to peak heights in the mass
electrode and the dc offset of the storage quadrupole (so, forspectrum.
this study, ca. 5 V). Due to the loss of ion kinetic energy in Timing of ac Dipolar Excitation/De-excitation Waveforms.
collisions with the bath gas~10* mbar), ions slow and  Axial dipolar de-excitation and re-excitation were performed
accumulate in the axial well. Variation of the axial distribution after an initial delay (6680 ms) relative to ion injection. The
of the trapped ion cloud in the Orbitrap can be achieved by initial delay is needed foradial and angulardephasing of the
prior adjustment of the depth of the potential well in the storage ion packetg. lon image current detection was started 110 ms
quadrupole, which can be done by altering the voltage on the after ion injection. Delay of the ac waveform was controlled
ring electrode. A stand-alone secondary electron multiplier, by a digital delay generator (DDG, Stanford Research Systems
located behind the Orbitrap and in line with the ion beam, can Model DG535). Figure 2 provides the timing diagram used in
be used for detecting ion bunches when the potentials on thethis experiment. The accumulation, ion energizing and central
deflector/compensator, normally used to bend ions into the electrode timing pulses were the same as those described
Orbitrap, and that on the Orbitrap central electrode, are switchedpreviously for normal scan experimest$he exit gate timing
off. pulse, which was utilized to open the gate to inject ions from
After accumulation, the ions are energized by bringing the the storage quadrupole into the Orbitrap, was used to trigger
dc offset of the storage quadrupole from near ground up to the DDG.
approximately 1300 V. This provides the ions with the necessary A waveform generator (model AFG320, Sony Tektronix) was
kinetic energy for assuming orbits inside the Orbitrap mass activated by the DDG to create an ac waveform in the burst
analyzer, while also allowing both the Orbitrap and the entrance mode with a particular frequency and number of cycles. The
quadrupoles to be operated at potentials close to ground. Abandwidth of this ac waveform in the frequency domain depends
typical setting for the ring electrode potential is 750 V; hence on the number of cycles according to Fourier transform thé&ory.
the depth of the potential well at the exit end of the storage A home-built balun amplifier was employed to produce a dipolar
quadrupole is about 5 V, as noted above. After the storageac waveform, which was then applied to the split outer
quadrupole dc offset is raised, the exit lens potential is changedelectrodes of the Orbitrap. The relative phase angle of the ac
from 1930 to—1260 V, thereby sending the ion bunch through with respect to ion motion in thedirection was controlled by
the transfer lens system into the Orbitrap. varying the delay generated via the DDG. Although the DDG
After traversing lenses-14, ions of each mass/charge ratio can completely control the relative time between ion injection
arrive at the entrance of the Orbitrap as short packets only aand the application of an ac signal, the relative phase angle is
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/ the central plane in the Orbitrap€ 0). (b) SIMION simulation results
m/z for axial position vs time for a single ion undergoing resonant ac
212 m/z m/z 609 excitation. (c) ITSIM simulation results of peak intensity as a function
2 609 609 / of number of cycles of applied ac, analogous to Figure 3a, for a single
2 m/z m/z miz ion system.
£ o8 610 j 610 610
l due to the original mass spectrum and the latter is due to the
0.0 sttt bimots fully re-excitedsignal. The mass spectrum for point B represents
"~ 609 810 611 609 r?1/120 611 609 %120 611 the almost fully de-excited signal, the peaknaz 609 being

Figure 3. Demonstration of de-excitation/re-excitation of reserpine close to the noise level. Note that the isotopic peakiat610
(MH*) ions atm/z 609 when a resonant ac waveform was applied at a has been de-excited and re-excited at the same time as the peak

phase angle of 180with respect to ion oscillation. (a) De-excitation/ &t Mz 609 in this experiment.
re-excitation curve in which the intensity of the peaknalz 609 is Trapped ions in the Orbitrap undergo oscillation in the
plotted as a function of the number of resonant ac cycles applied. (b) z-direction with a frequency dependent only on mass/charge ratio
Three actual mass spectra, corresponding to points A, B, and C on the(eq 2) and an amplitude determined by the injection offset from
de-t_axcitation/re-excitation curve, which are respectively the normal ihe equator. The ion image current for a population of ions of
Orbitrap mass spectrum Wlthqut ac applied, the fully de-excited mass givenm'z ratio will be proportional to the total number of ions
spectrum and the fully re-excited mass spectrum. . . . . . .

and their amplitude in the z-direction (eq 3). Figure 4 uses
simulations to follow ion motion in the Orbitrap when the phase
angle of the resonant ac is 180ut of phase with respect to
the ion oscillation. When a resonant ac waveform is applied,
ions of the appropriaten/z ratio experience a force in the
direction opposite to their axial motion, causing the axial
amplitude to decrease with the number of cycles of ac applied,
diminishing to zero after a given number of cycles. Correspond-
ingly, as the ionsz-amplitudes decrease, so will the ion image
signal, which is proportional to the ions’ axial amplitudes. Thus,
it is this decrease in the iong‘amplitudes that is responsible
for the decrease in the plot from point A to point B.

Once the ions have reached very small axial amplitudes, they
can only be accelerated by the ac and, therefore, at this point,
will take on thesame phasas the applied ac waveform (i.e.,
0° relative phase). At this point, their axial amplitude starts to
increase. The rise in the plot from point B to point C is due to

Axial De-excitation/Re-excitation and Ejection.De-excita- the increasing amplitude of axial oscillation, as eq 3 predicts.
tion/re-excitation of axial motion using a resonant ac waveform Ultimately, if the ac waveform is continued, the ions will gain
was followed by measuring ion signal intensity vs the number even more axial energy and increase tlzeamplitude beyond
of ac cycles applied. The intensities of the reserpine ion (MH  the bounds of the Orbitrap and impact the outer electrode. The
at m/z 609 were used in this work, except when otherwise ejection process of the ion populations causes the decrease from
indicated. The frequency of harmonic motion in thdirection point C to 125 cycles in Figure 3. Alternatively, if the ac phase
for this ion is 447.2 kHz for the experimental settings used here. is changed by 180at point C, the ions undergo a new round
Figure 3a shows an example of de-excitation/re-excitation. Eachof de-excitation followed by re-excitation (data not shown). In
point on this curve was obtained by recording a separate 800practice, the cycle of de- and re-excitation could be repeated
ms transient. The dipolar ac had an amplitude of 29 ahd an arbitrary number of times, so long as the ac phase is changed
was applied at a phase angle of 18@ith respect to the by 18C every time the equivalent of point C is reached.
oscillation of the trapped ions. Upon application of the ac  Both the reserpine ion at/z 609 and thé3C, isotopic ion at
waveform, the ion signal initially drops, reaching a minimum nvz 610 showed de-excitation/re-excitation at the same number
at about 42 cycles, and then starts to rise again. At 84 cycles,of cycles of the applied ac waveform in this experiment.
the signal reaches a maximum comparable to the original signalAlthough the resonant frequency of the isotopic ion was not
and then diminishes to the noise level, not increasing again evend47.2 kHz, the ions atv/z 610 were affected by the same ac
after 300 cycles of ac were applied. waveform nonetheless, because this ac waveform has a rather

Three actual mass spectra, shown in Figure 3b, correspondbroad bandwidth in the frequency domain. (We will discuss this
to points A, B, and C on the excitation curve. The peak more fully in a later section.) It should also be noted that the ac
intensities at points A and C are nearly identical, the former is waveform is applied when/z 609 and 610 are in phase with

subject to a small drift. This may be due to (i) drift in the

frequency of ion oscillation in the Orbitrap from scan to scan
or (ii) time jitter in the arrival of ions at the Orbitrap or possibly

both effects. A phase lock circuit may provide better control in
future experiments.

Reagents and Electrospray ConditionsAll chemicals used
were purchased from Sigma (St. Louis, MO) and dissolved in
water/methanol (50:50 v%:v%) with 0.1% (v%) formic acid.
The concentrations were 0.02 mg/mL for reserpine and 0.1 mg/
mL for angiotensin. The samples were introduced into the
electrospray source at a flow rate ojtb/min using a syringe
pump (Harvard, South Natick, MA). Typically, the ESI capillary
was held at 3000 V and 15C.

Results and Discussion
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each other. As their oscillation frequencies are slightly different, 0.25 4
447.2 and 446.8 kHz, respectively, one must also adjust the ac > 0.20 1
waveform trigger to a point when both populations are in phase ‘a |
with each other. g0 T

Similar results were acquired when a smaller amplitude (3.8 § 010
V,p) ac waveform was used. The number of cycles of ac needed ® 0.05 - |

to reduce the intensity of the peak to baseline was now much
greater, 250, as was the total number of cycles needed to
reestablish the initial level, 470. In this paper, we will adopt
the convention of reportingptal number of ac cycles needed

to achieve re-excitatio_n. So, for example, i|_'1 this case,_?SO cycleswaveform, with amplitude 3.8 ¥, was applied in phase with the
were needed to obtain complete de-excitation. a&fulitional oscillation of trapped ions. With increasing number of cycles applied,
220 cycles from that point were required to reach re-excitation, the peak intensity drops quickly to the noise level. At this point all
for a total number of 470 cycles. In a similar experiment, de- ions of mz 609 have been ejected.

excitation/re-excitation of the singly charged angiotensin ion
(MH™) at nominalmyz 1296 Th was achieved using a dipolar
ac of 4.1 \{,p and a resonant frequency of 306.5 kHz. About
200 cycles of ac were required to de-excite this peak to the
noise level and 420 cycles were needed to achieve full
re-excitation. After 420 cycles, the intensities of the peak at
m/z 1296 decreased to the noise level and this peak did not
reappear even after 1100 cycles of resonant ac, a result that is
again consistent with complete ejection of all the ions.

The above interpretation of the de-excitation/re-excitation
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Figure 5. Ejection of reserpine ion atvz 609 when a resonant ac
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experiment in the Orbitrap is qualitatively consistent with both
SIMION and ITSIM simulations. Parts b and c of Figure 4 show
simulations depicting how the axial amplitude of ion motion
(Figure 4b) and the peak intensity (Figure 4c) change as
functions of time when a resonant ac signal (49)\s applied

at a phase angle of 180As the ion axial amplitude decreases
from its initial value as the ac is applied, the peak height drops
correspondingly. Both the ion axial amplitude and ion peak
height reach a minimum after some number of ac cycles; this

Figure 6. Amplitude of ion axial harmonic motion as a function of
time when the resonant ac signal is applied in phase with ion motion.
lons pick up energy and increase their axial amplitude until it is large
enough for ions to be ejected.

waveform does not make any difference except to increase the
number of cycles required to eject the ion packet and fully lose
the peak.

Resonance ejection is based on the fact that ion axial motion
in the Orbitrap will be excited to higher amplitude when a

value depends on the strength of the applied ac. Once theresonant ac waveform is applied in phase with the ion motion.

minimum ion axial excursion and peak height are reached, ion

Once the ions acquire sufficient energy, they will be ejected.

axial motion rephases and assumes the phase of the applied atigure 6 shows the SIMION simulation results, in which the

signal. From this point, the amplitude of ion motion increases,
thereby causing the ion peak in the mass spectrum to grow
larger. The amplitudes of ion motion and the ion signal reach
their initial values and maintain these values if the application
of the dipolar ac signal is stopped at this point. If the ac signal
continues to be applied, ion axial motion is driven to larger

axial amplitude of a stored ion increases in phase with the
applied ac (40 ¥p) until it is ejected. As the application of the
ac results in a larger amplitude of ion motion, it might be
expected that a slight increase in ion image current would be
observed at small numbers of ac cycles, before the ion peak
height rapidly decreases. This may be verified by recalling that

amplitudes, with the eventual outcome that the ions are ejectedthe ion image current is proportional to te@mplitude of the

from the Orbitrap and ion signal drops to zero. This is shown
by the portion of Figure 3 from point C onward.

De-excitation/re-excitation has been demonstrated, as ex-

pected, in this experiment. However, we have assumed that th
entire population of trapped ions of a givevz ratio is moving
in phase axially and that it occupies an infinitely small width
in the axial direction. As noted earlier, the axial size of the stored
ion cloud can be manipulated by adjusting the ring electrode
voltage. The effect of this adjustment on de-excitation/re-
excitation is examined in more detail in a later section.
Excitation/Ejection. In contrast to the previous experiment,
the ac waveform can be appli@dphasewith ion motion (i.e.,
relative phase angle of})) leading to rather different behavior.
Figure 5 shows this experiment with ac amplitude of 33.V

€

ions? which is being increased by this experiment. Contrary to
this expectation, Figure 5, the plot of the experimental data,
shows that the peak intensity drops directly to the noise level
when the ac is applied. We surmise that the ion packetn(of
609) occupies a distribution of axial positions sufficiently large
that the ac signal causes a fraction of the ions to be ejected
almost immediately. This loss of ions offsets any gain in image
signal due to increased amplitude at small numbers of cycles.
The ejection process then continues as more cycles of ac are
applied.

Frequency Effects on De-excitationAn important charac-
teristic of resonance excitation is how changes in the frequency
of the drive waveform affect the de-excitation/re-excitation of
an ion population. Figure 7 shows the results of two experiments.
Each frequency response curve (signal intensity as a function

The peak height decreases immediately and very rapidly with of applied ac frequency) is plotted for an ac phase angle of
increasing number of applied ac cycles, a result interpreted from 18(¢° and constant ac amplitude and number of cycles. For each
simulations as a consequence of ion ejection. Similar results curve, the number of cycles was held constant and corresponds
have been acquired when weaker drive waveforms are used;to full de-excitation of the ion population at resonance. Figure
such as the case when the amplitude of the waveform is 0.167a illustrates responses for both the reserpine‘Ntsh at vz

Vpp (experiment not shown). The amplitude of the drive 609 and its'3C, isotopic peak am/z 610. The ac amplitude
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Figure 7. Frequency response (resonance) curves of the reserpineFigure 8. Mass-selective de-excitation/re-excitation of reserpine ion
monoisotopic ion MH at vz 609 and theé3C; isotope atm/z 610. In at m/z 609 without disturbing the isotopic ion populationratz 610
both cases, the phase of the applied ac wave i$ i@@ative to ion using 0.16 \, ac with a phase angle of 180(a) O cycles of ac applied;
motion. (a) Response to broad-band ac waveform (3,8250 cycles, (b) 5500 cycles applied for 12 ms; (c) 11 000 cycles applied 25 ms.
corresponding to bandwidth of 3.6 kHz as measured at baseline). (b) The vertical scale is the same for all three mass spectra.

Response to narrowband ac waveform (0.1, 8500 cycles, 0.16

kHz bandwidth). m/z 609. Note that only the peak a¥z 609 has disappeared

was 3.8 i, and the number of cycles used was 250. The whereas the isotopic peak rifz 610 maintained its intensity.
. o] .

intensities for these two peaks show no response to the frequenc h|s_,t ft_esu't sho_uld tt)%_contrasotle_d ;N ith thse .de'ﬁ?(ck:tgt'?ﬁltrﬁ'
of the ac until near their harmonic oscillation frequencies, 447.2 excitaton experiment discussed In Figure 5, In which bo e

KHz for miz 609 and 446.8 kHz fomiz 610. Note that the ~ Monoisotopic andC, isotopic peaks were completely de-
resonant frequency of the isotopic peaké 610 is lower than excited by applying 42 cycles of a dipolar ac with an amplitude

that f ict 2 H ina th of 20 Vpp (bandwidth of 20 kHz). Figure 8c displays the re-
at form'z 609, as predicted by eq owever, Using these g£xcited signal after 11 000 cycles of ac. Peakeat609 and

two ions’ resonance peaks and thus very little resolution. 610 have almost the same intensities as in the original mass

Figure 7b portrays a similar experiment but where an ac signal spegtrqm and peak W'dt_hs are very 5|m||a_r. o
of lower amplitude, 0.16 ), was used and where 5500 cycles It is interesting to estimate the_ resolutlc_)n (_)f de-excitation
were required for complete de-excitation. The intensity of the (Rde-ex obtained in Figure 8b. This value is given Bye-exc
isotopic peak at/z 610 begins to drop at a lower frequency = Am= 2740, withAmgiven by one-half the bandwidth of
and remains at the minimum value over a narrower frequency the de-excitation signal, 0.08 kHz, divided by 0.36 kHz, the
range compared to Figure 7a, before returning to its original SPacing between adjacent integral mass-to-charge ratio& at
intensity. The intensity of the peak @iz 609 now achieves its ~ 609. It is instructive to compare this value ffe-exc with the
minimum at a distinctly higher frequency than does thamt# resolution obtained for the.dlrect excitation apd ejection of the
610. This demonstrates that ion populationsé609 and 610  S@MEM/z Reject In an experiment like that of Figure 6Yz 609
can be selectively de-excited, leaving one or other ion population Was ejected at approximately 4000 cycles at 0. }g(Wata not
intact, provided the ac waveform’s central frequency and Shown), resulting inReject = 1960. Although the results are
bandwidth are chosen appropriately. similar in magnitude, the negrly 40% dlﬁgrence betw@gg.lexc

Applying ac signals with higher amplitudes means that a andRe,»emunderscore_s _the o!|fferen_t physmgl processes involved
smaller number of ac cycles is required to fully de-excite an @nd suggests that initial ion axial amplitude must be great
ion population, which implies that this kind of ac has a narrower €nough that excitation and ejection occurs more quickly than
width in the time domain and correspondingly a wider distribu- de-excitation.
tion in the frequency domaiff.For example, only 250 cycles Besides the experiment shown above, in which the three mass
were needed to de-excite the ionsrét 609 when the amplitude ~ spectra displayed are derived from three separate transients,
of the drive waveform was 3.8 The bandwidth of this signal ~ mass-selective de-excitation/re-excitation experiments can also
was 3.6 kHz (at baseline) in the frequency domain. Therefore, be performed in a more integrated fashion. For example, both
because the frequency of the isotopic oz 610 is 446.8 the de-excitation and re-excitation ac waveforms can be applied
kHz and the difference from 447.2 kHz is only 0.4 kHz, this well after image current detection has started. Because of the
waveform was wide enough to de-excite both sets of ions time of ac application, these waveforms themselves appear in
simultaneously. However, a waveform with a frequency of 447.2 the recorded ion image current transients. The first ac waveform,
kHz and amplitude of 0.16 ) that is applied for 5500 cycles  applied out of phase with respect to ion motion, is used to mass-
corresponds to only 0.16 kHz in bandwidth. Thus, in this case, selectively de-excite the trapped axially oscillating ion popula-
the ion population at/z 609 can be fully de-excited whereas tion and the second ac waveform is used to re-excite these ions
the isotopic ion at 610 is unaffected. mass-selectively.

Mass-Selective De-Excitation/Re-ExcitationThe results just Figure 9a shows the transient signal recorded for this
described suggested that de-excitation/re-excitation could beexperiment when a mixture of reserpine and angiotensin was
carried out in a mass selective fashion, even for isotopic ions. electrosprayed. Detection started 80 ms after ion injection and
Figure 8 summarizes the results of mass-selective de-excitationthe two ac waveforms (447.2 kHz, 3.8, 250 cycles each,
re-excitation of reserpine ions at'z 609 using an ac signal labeled “first ac” and “second ac” in Figure 9a) were applied
with the low amplitude of 0.16 ), applied for 0, 5500 and 100 ms and 340 ms after detection was started. Detection
11 000 cycles, at a phase angle of 1&@th respect to the continued for 800 ms. The two ac waveforms divide the transient
original axial ion motion. Figure 8a depicts the initial signal into three periods. These three segments of the transient (labeled
with no ac utilized, and it includes the main peaknaz 609 A, B and C) were individually Fourier transformed and the
and the isotopic peak aw/z 610. corresponding mass spectra are shown in Figureddfhe mass

Shown in Figure 8b is the mass spectrum recorded after 5500spectra in Figure 9b,d, containing the reserpine peakz609,
cycles of ac had been applied to de-excite the reserpine ion atdoubly charged angiotensin (MJ@" atm/z 649 and all relevant
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/2609 Figure 10. Phase delay curve, a plot of peak intensity of reserpine
z ion at m/z 609 as a function of delay time between injection and
l activation, in which the relative phase angle, controlled by the delay
. time, was adjusted by triggering the ac signal at different times. The

600 620 640 660 m/z 600 620 640 660 m/z ac applied here had an amplitude of 3.8 %ind 470 cycles. The peak
Figure 9. Selective de-excitation/re-excitation of reserpine iomét intensity increased and decreased periodically with the change of the
609 without affecting doubly charged angiotensin ionsvat649. Two _delay time. The frequency of Increase and dt_ecre_ase ofthe pt_aak intensity
ac waveforms (447.2 kHz, 3.8,y 250 cycles each, 0.56 ms) were is a_pprOX|mater the frequency of ion oscillation ratz 609 in the
applied separately after the image current detection was started. (a)Orbltrap.
The recorded signal from the split outer electrode of the Orbitrap
showing the transient region A, the first ac waveform, the transient gated. In this experiment, adjustment of the relative phase angle
region B, the second ac waveform and the transient region C. Note was accomplished by delaying the triggering time of the ac
that the ion signals are much smaller than the applied ac waveforms.\yaveform. Figure 10 displays the phase delay curve of the
(b) Fourier transform mass spectrum corresponding to transient Segmen?eserpine ion atvz 609 when the drive waveform was 470

A, normal mass spectrum before application of an ac waveform. (c) . . R . .
Mass spectrum corresponding to transient segment B, after applicationcycIes of ac with amplitude 3.8 With increasing delay time,

of the first ac waveform and resultant de-excitationnoz 609 and the peak height increases and decreases periodically.

loss of 609 ion signal with retention afvz 649 signal. (d) Mass The length of the delay time between injection and the point
spectrum corresponding to transient segment C, reserpine peaks reat which the dipolar ac was applied was critical in this
excited by the second ac waveform applied. experiment, as it controlled the phase. By variation of the length

of the delay, the peak intensity went through maxima when the
ac phase was 180with respect to initial ion motion. Each
maximum in Figure 10 corresponds to the point C in Figure 3,
efuIIy re-excited ion axial motion. In Figure 10, minima appear
approximately midway between the maxima. This is consistent
with those delay times corresponding to a relative ac waveform
phase of 0 (analogous to nearly any point after the initial
decrease in Figure 5). The spacing between maxima is roughly
equal to the resonant frequency of the reserpine ion.

isotopic peaks, are nearly identical. In Figure 9c, only the
angiotensin peak at/z 649 was observed, even though the
reserpine ions were present in the trap and could be made visibl
by application of the second ac waveform.

Clearly, the first part of this transient (region A) describes
ion motion that has not been disturbed by the ac and thus the
corresponding mass spectrum is a normal Orbitrap signal, albeit
recorded using a relatively short detection time (100 ms). The
first ac waveform is used to de-excite reserpine peaks to the
equatorial plane of the Orbitrag & 0). After the second ac
waveform was applied, reserpine ions, previously de-excited
to the equatorial plane by the first ac waveform, acquired the These experiments demonstrate that ions confined in the
phase of this second ac and were axially re-excited. Orbitrap can be de-excited and re-excited resonantly in a mass-

The height of the reserpine peak in Figures 9d (re-excited selective or a broad-band fashion. The stored ions can be mass-
ions) is slightly greater than the reserpine peak in Figure 9b selectively de-excited to the central plane of the Orbitrap, re-
(ions before de-excitation). This three-region transient experi- excited to be observed with regained signal strength, and ejected
ment suggests that ions can be de-excited to the central planéf the ac is applied 180with respect to the initial ion oscillation.
of the Orbitrap, survive for some time and then be re-excited Phase delay curves show that ion signal intensity increases and
to regain the fulz-amplitude. Moreover, the experiment shows decreases periodically with the change of phase relationship
that re-excitation to the same, or possibly even slightly greater, between the applied ac and the ion oscillation. These preliminary
axial amplitude is possible. Comparison of magnitudes betweenresults also qualitatively compare well with computer simula-
these mass spectra is meaningful because (i) the mass spectrions using SIMION and ITSIM. Such comparisons will be
in Figures 9b-d are all Fourier transformed from time domain detailed in a future paper.
segments of the same length (90 ms) and (ii) all three spectra The techniques of resonant de-excitation and resonant ejection
are of the same ion population. Interestingly, the angiotensin appear to be broadly applicable. The demonstrated mass/charge
peak in Figure 9b is only very slightly more intense than that range of the Orbitrap igvVz 100 tom/z 6000, with corresponding
in Figure 9c, and considerably more intense than the peak infrequencies of 1.1 MHz down to 142 kHz. Such frequencies
9d. The difference in height, especially between Figure 9b,d are readily produced at sufficient amplitude by commercially
may be indicative of the decrease in ion signal due to dephasingavailable sources, and SWIFT waveforms can be readily
processes such as collisions with background gases. constructed and applied. Under the conditions studied, resolution

Phase Relationship between lon Motion and the Applied of de-excitation is about 40% greater than the resolution of
ac Waveform. The consequences of the application of an ac ejection for the same amplitude waveform. The selection of
signal depend on its phase angle with respect to the ion motion,either method to eliminate peaks in the mass spectrum may
as the two special cases of Gnd 180 have illustrated. The  ultimately depend not only on the resolution but also on whether
full phase delay curve, a plot of peak intensity as a function of the ions of interest will be wanted in the Orbitrap for the rest
delay time between injection and activation, was also investi- of the experiment in question.

Conclusions



Resonant ac Dipolar Excitation for lon Motion J. Phys. Chem. A, Vol. 110, No. 8, 2008689

Future work will include efforts to use the ion control (12) March, R. E.; McMahon, A. W.; Londry, F. A.; Alfred, R. L.; Todd,
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; J. Proceedings of the 36th ASMS Conference on Mass Spectrometry and
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