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An experimental study of resonant ion excitation in an rf quadrupole ion trap is reported.
Atomic ions are generated in an inductively coupled plasma and injected into the ion trap
where, after collisional cooling, they are irradiated by a low-voltage, dipole coupled wave-
form. Single frequency, narrowband, and broadband excitation pulses have been used.
Absorption lineshapes (plots of observed ion signal versus excitation frequency) are shown
for variations in buffer gas pressure and the amplitude and duration of the single frequency
pulses. The absorption lineshapes are usually asymmetric and tail toward lower frequencies.
At sufficiently low buffer gas pressure or potential well depth, the lineshapes broaden and
become more asymmetric to the point that absorption by ions with adjacent mass-to-charge
ratios overlaps. This overlapping absorption reduces the selectivity with which a single
mass-to-charge ratio ion can be excited and ejected relative to nearby mass-to-charge ratio
ions. The rate of ion ejection is different on the low versus high frequency edges of the
absorption lines. This difference in ejection rates provides an important key to understanding
the shape of the absorption lines. All of these observations are explained in terms of the
known kinematic behavior of ions in real traps, that is, traps with substantial higher order
symmetry components in the trapping field (‘“nonlinear” fields). The importance of the
nonlinearity of the trapping field in understanding the observed lineshapes and their time
dependencies is discussed. We also report resonant ejection results obtained using multiple
frequency (narrow or broad bandwidth) excitation. Multiple frequency excitation allows ions
with different mass-to-charge ratio values to be ejected from the trap using one excitation
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e have recently described the performance of
Wa new elemental mass spectrometer—the

plasma source ion trap (PSIT) [1, 2]. The PSIT
is constructed from a conventional inductively coupled
plasma mass spectrometer (ICP/MS) and an ion trap
mass spectrometer (ITMS). Two major improvements
of the PSIT compared with conventional ICP /MS were
reported: elimination of most plasma-derived poly-
atomic ions, for example, ArH*, Ar), ArO*, and
ArCl™*, and a dramatic reduction in the number of Ar™*
ions observed. In addition, the contribution of ion
source fluctuations, for example in laser ablation
ICP/MS [3], to the fluctuations in measured isotope
ratios may be reduced because all isotopes of any
element can be trapped simultaneously. The advan-
tages of the inductively coupled plasma (ICP) ion
source are retained: stable and high ionization effi-
ciency and sensitivity for nearly all elements. Almost
any atomic ion can be trapped for measurements of
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spectroscopic properties, reaction rate constants, or
other chemical-physical properties. The PSIT is a ver-
satile instrument for studies of isolated atomic ions.
Recent improvements in the performance of the ion
trap mass spectrometer [4-9] further enhance the po-
tential of the PSIT.

Several authors have pointed out the need to dis-
criminate against highly abundant ions when the ITMS
is used to analyze laser plumes [10-12], glow dis-
charges [13], or inductively coupled plasmas [1, 2]
because the ITMS does not function well with more
than ~ 10* trapped ions, as shown in this work and
elsewhere [14]. This number is the number of ions
detected at the ITMS’s operational limit; the number of
ions trapped is probably 2-5 times greater. Note that
this limit is 2-3 orders of magnitude lower than the
storage limit of the ITMS (10°-107 ions) [15]. In an ICP
ion source, analyte ions are produced at trace levels
compared with the major plasma ions O*, Ar*, ArH",
ArS, and so forth. The Ar™ current in PSIT is much
lower than in conventional ICP /MS, but still substan-
tial. Thus, to reserve the useful capacity of the ITMS
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for the ions of interest, high selectivity for storage of
analyte ions versus Ar* jons must be realized.

We have recently reported a method to reduce or
eliminate many of the major plasma ions (Ar*, ArH*,
Arf, O") in the PSIT and in conventional ICP/MS by
reaction with H, [16-18]. However, it is not just the
plasma ions that pose a problem. Even if plasma ions
could be eliminated, the sample itself may contribute
numerous interfering ions or the analyte of interest
may be present with isotopes in very large, nonnatu-
rally occurring ratios (> 10°). Thus, selective ion accu-
mulation is necessary for trace elemental analysis of
most realistic samples. Our preliminary results on se-
lective ion accumulation in the PSIT recently were
reported [19, 20]. Improvements in absolute sensitivity
and abundance sensitivity were noted by using either
single or multiple frequency resonant excitation wave-
forms to effect selective ejection of trapped atomic
ions. We define the selectivity of the ejection process as
the ratio of the fraction of targeted ions refained to the
fraction of nontargeted ions ejected. "’ Abundance sensi-
tivity’” is a measure of a mass spectrometer’s response
to low abundance ions in the presence of high abun-
dance ions at adjacent mass-to-charge ratios. In these
experiments, ions at m/z M are targeted for resonant
ejection. The concomitant loss of ions at m/z M + 1,
+2 u, and so forth is measured along with the loss at
m/z M. Resonant excitation of a large ion cloud in the
trap will perturb other trapped ions, especially those
closest in mass-to-charge ratio to the resonantly excited
ions. Realization of high selectivity in ejection of a
targeted ion at m/z M versus ions at adjacent mass-
to-charge ratio (AM = +1) represents a worst case
scenario in this regard. Real samples often will have
matrix ion mass-to-charge ratio values much further
removed from the mass-to-charge ratio of the ions of
interest, for example, analysis of actinides from a soil
matrix.

Resonant excitation of ion motion in an ion trap is
not a new idea [21-31]. Resonant excitation has been
employed for collisionally induced dissociation (CID)
in tandem mass spectrometry [21, 25, 29, 32-36], in
combination with the mass selective instability scan to
improve mass resolution [6, 9], and to extend the mass
range of the ion trap [7]. Most recently, single fre-
quency and broadband excitation have been used to
selectively eject ions to enhance the accumulation and
detection of the analyte(s) of interest in complex sam-
ples [37—48]. High ejection selectivity for analyte ions
of interest can be realized if the absorption is sharp,
that is, the widths of the absorption lineshapes are
narrow compared to the spacing of the lineshape max-
ima for adjacent mass-to-charge ratio ions. Absorption
lineshapes in this work are plots of the observed ion
signal (at a given mass-to-charge ratio) versus the
frequency of the resonant excitation waveform. If con-
ditions are not optimal, the absorption can be broad
enough that several mass-to-charge ratio ions are
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simultaneously excited, which thereby degrades selec-
tivity. Doroshenko and Cotter [48] have reported sin-
gle ion selectivity for mass-to-charge ratios up to
~ 1300. To understand how to obtain a sharp absorp-
tion for realistic samples so that highly selective excita-
tion can be effected, a detailed and quantitative under-
standing of resonant excitation in the ion trap is of
fundamental importance.

Absorption lineshapes based on calculated trajecto-
ries can be compared quantitatively with experimen-
tally determined lineshapes only if the response of a
trapped ion cloud can be measured for an arbitrary
degree of excitation, from slight (no jon dissociation or
ejection) to utmost (all ions ejected). Obviously, if the
detection method used to characterize the excitation
involves collisionally induced dissociation (CID) of
molecular ions (as in most early studies [21, 25, 29, 33,
34, 49-53]) or atomic ion ejection (as in this study),
strong excitation is required. Thus, although a theoreti-
cal description of resonant excitation might include
both weak and strong excitations, these experimental
methods are only sensitive to strong excitation. The
CID-based method to characterize resonant absorption
is further limited in that the degree of dissociation
depends on molecular properties as well as trapping
conditions. This convolution of internal ion properties
with the kinetic response of the ion cloud makes it
more difficult to quantify the characteristics of reso-
nant excitation. For elemental analysis purposes, our
interest is to eject specific atomic ions from the trap or
to prevent their becoming trapped. Atomic ion ejec-
tion-based absorption lineshapes do not depend on
internal properties of the ion, except possibly on the
polarizability [54], although this is likely a very small
effect [55]. They thus provide a more direct measure of
the absorption of the ion cloud than CID. Furthermore,
atomic ejection is not constrained to as low an excita-
tion fluence (the product of the amplitude and dura-
tion of the excitation pulse) or to g values as low as in
CID, that is, conditions that yield efficient CID without
ejection, yet give stable trapping of daughter ions.

In this work, absorption lineshapes are obtained by
resonant ejection of some fraction of a trapped ion
cloud and plotting the remaining signal for a given
mass-to-charge ratio versus resonant excitation fre-
quency. When the excitation is on-resonance, there is a
dip in the observed ion signal. Furthermore the ion
cloud is cooled before resonant excitation so that it is
initially near the center of the trap. Freshly injected
ions show a broadened frequency response if they are
not cooled before excitation [20]. If simultaneous injec-
tion and resonant excitation are used [14, 43], the
resonant excitation behavior of cooled ions provides
only a qualitative guide for optimization of selective
ion accumulation.

Different methods to measure absorption lineshapes
are potentially sensitive to the motion of the trapped
ion cloud in different regions of the trapping field. In a
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pure quadrupole trap, the field strength varies linearly
with displacement of the ion cloud [15, 56]. In real
traps, higher order multipoles are important—some-
times dominant—in determination of mass spectrome-
ter performance. Thus, features of CID-based line-
shapes that depend on the nonlinear field components
might be expected to be more pronounced if dissocia-
tion occurs nearer to the trap’s edge. Molecules with
large bond dissociation energies require greater excita-
tion fluence for dissociation; that is, strongly bound
ions are expected to dissociate when they are excited
far from the center of the trap where nonlinear field
components are more dominant. An atomic ion ejec-
tion-based lineshape requires the full range of ion
motion from the center to the edge of the trap. Such
lineshapes should thus be more similar to the CID-
based lineshapes of strongly bound molecular ions
than of weakly bound ions. We observe just the oppo-
site when the lineshapes in this work were compared
with some CID-based lineshapes [57].

In this article, further details of our initial resonance
excitation observations [19, 20] are reported. We pre-
sent single frequency absorption lineshapes and their
dependence on the excitation fluence. Lineshapes are
determined by atomic ion ejection, in contrast to most
earlier work. The time dependence of the ejection pro-
cess is measured by variation of the excitation dura-
tion at a fixed excitation frequency. This time depen-
dence provides insight into the ion kinematics that is
not available from the absorption lineshapes alone. The
results are discussed with reference to the current
understanding of resonant excitation in the rf
quadrupole ion trap [4, 15, 21-27]. Preliminary multi-
frequency excitation results are presented; implications
of the single frequency results for the design of multi-
frequency resonant excitation schemes are discussed.

Experimental

In the following description of the apparatus and ex-
perimental conditions, only those aspects that are sig-
nificantly different from our earlier report are dis-
cussed [1, 2]. The major components of this instrument
are (1) an ICP ion source, (2) an ion sampling vacuum
interface, (3) a linear quadrupole mass filter, (4) an ion
trap mass spectrometer, and (5) a broadband wave-
form generator. The system is thus a standard ICP /MS
with an ion trap (and einzel lens) inserted between the
linear quadrupole mass filter and the channeltron de-
tector. Ions that exit the linear quadrupole are focused
onto the ion trap entrance electrode (an ITMS exit
endcap electrode was used for the entrance electrode).
Ions are gated into the trap by using the center ele-
ment of the focusing lens and the standard gate volt-
age in the ITMS electronics (after inversion of the
control logic). The ion trap experimental timing se-
quence consists of the following events with the dura-
tion of each event given in parentheses: (1) ion
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injection at some ¢, value (1-100 ms); (2) collisional
cooling (5-30 ms); (3) resonant excitation (0.1-30 ms);
(4) a radiofrequency high-voltage ramp with resonance
excitation for mass analysis of the trapped ions (0.21
ms per unit mass-to-charge ratio scanned). The true
duration of a given step in the scan function is within
0.2 ms of the software set-point value. The resonant
excitation times given subsequently are the software
set-point values.

We characterize the frequency content of the reso-
nant excitation waveforms as either single frequency
or multifrequency. The latter also can be classified
with respect to the bandwidth of the waveform as
either narrowband or broadband. By “narrowband,”
we mean those waveforms whose frequency compo-
nents lie in a range on the order of the separation of
the resonant frequencies of adjacent mass-to-charge
ratio ions. Broadband waveforms contain a range of
frequencies that correspond to the resonant frequencies
of a large range of mass-to-charge ratios. The analysis
rf ramp step employed an axial modulation voltage in
the range 1-4 V,_,. Ion injection and cooling occurred
at a low mass cut-off of 55 u; this value was chosen as
a compromise value that gave good trapping efficiency
for a wide mass range. Resonant excitation waveforms
were applied to the endcap electrodes by using dipolar
coupling at g, = 0.2-0.6, with much of the reported
data at g, ~ 0.45. It should be noted that g, values
given herein are nominal values calculated from the
low mass cutoff used in the scan function and with
eject = 0.908 assumed.

Three different kinds of sample solutions have been
used: (1) Cd in 1% HNO; at 0.1-0.5 ppm; (2) a mixture
of 1 ppb each of Sr and Zr with 100-ppb Y in 1%
HNO;; (3) a solution that contains a dozen or so
elements from Li to U in concentrations between a few
parts per billion and ~ 1 ppm. These solutions are
delivered to the ICP torch through an ultrasonic nebu-
lizer at 0.5-1.0 mL/min. Mass spectra have been
recorded by using the Ion Catcher Mass Spectrometer
(ICMS) software [58] with the ITMS electronics or by
digitizing the electrometer output with a digital stor-
age oscilloscope (model 9310M, LeCroy, Chestnut
Ridge, NY). Digitizing rates were 0.5-2.0 Msamples /s,
or 20-80 points across each mass peak [~ 40 us full
width at half maximum (FWHM)]. Mass spectra were
averaged for 50200 scans (a scan is obtained each
time the trap contents are mass selectively ejected and
detected) by using the ICMS program and its key
sequence programming capability.

Absorption lineshapes are plots of the observed
signal at a given mass-to-charge ratio versus the fre-
quency of the resonant excitation waveform. Plots of
the observed signal versus the duration of the resonant
excitation will be referred to as excitation time curves.
These curves are obtained in a similar fashion to the
absorption lineshapes, except that the excitation dura-
tion is varied at a fixed excitation frequency, rather



1164 FEIDEN ET AL.

than the converse. Excitation time curves are obtained
at key frequencies across the observed lineshape. Mass
spectra are recorded for discrete linear variations of
excitation amplitude, duration, or frequency. To iden-
tify variables that interact with each other, absorption
lineshapes were obtained at various values of g, (data
not shown), excitation fluence, and buffer gas pressure.
Step sizes were 50 or 100 Hz for the absorption line-
shapes and 0.1-1.0 ms for the excitation time curves.
Ten to twenty scans were averaged at each data point
in the absorption lineshapes and excitation time curves.
The excitation frequency was varied over a range broad
enough to excite several different mass-to-charge ratio
ions in turn (5-15 kHz, dependent on g4,) so that a
single data acquisition file contains absorption line-
shape data for several ions. Similarly, a single data file
recorded for variation of excitation duration gives the
number of targeted ions (resonantly excited) ejected as
well as the number of nontargeted ions (off-resonantly
excited) ejected.

Single frequency waveforms were generated by the
ITMS frequency synthesizer; narrowband and broad-
band waveforms were generated by an HST-1000
(Teledyne Electronic Technologies, San Jose, CA).
Waveforms provided with the HST-1000 are composed
of preset equally spaced frequency components whose
amplitudes are user selectable; further details of this
method have been reported previously [37, 43]. Several
different waveforms were used in this work; the fre-
quency spacing in the various waveforms was 100,
250, 500, or 1000 Hz. For a given waveform, only the
amplitude of each frequency component can be varied;
the frequency spacing and phase relations are fixed.
The phase relationships among the various frequency
components are different for each waveform. Prelimi-
nary data on the effects of phase variation in narrow-
band excitation shows a weak, but measurable, effect
on the ejection signal versus excitation duration [19].

Absorption lineshapes for narrowband excitation
cannot be measured as conveniently as for single fre-
quency excitation because computer control of the
HST-1000 generated waveforms is not integrated with
the ICMS program. We have attempted to measure
narrowband lineshapes by variation of the amplitude
of the trapping field while a narrowband excitation
waveform is applied across the endcaps. These experi-
ments have been inconclusive so far.

Helium was used as the buffer gas at a pressure of
2.0 X 107* torr (indicated pressure outside the trap,
1.4 mtorr corrected; pressure inside the trap is esti-
mated to be 2-10 times greater). Some data were
acquired at pressures a factor of 2 higher or lower than
this. In these experiments, effects on the absorption
lineshapes were obtained for changes in the buffer gas
pressure, the total charge in the trap, and the fre-
quency, amplitude, and duration of the resonant exci-
tation pulse. The effects of buffer gas pressure and the
value of g, during resonant excitation have not been
studied as systematically as other parameters.
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Results and Discussion

One application of this work is highly selective accu-
mulation of a given mass-to-charge ratio ion, several
different mass-to-charge ratio values, or even several
ranges of mass-to-charge ratios in a complex sample.
All unwanted ions are ejected resonantly simultane-
ously by application of a waveform that contains a
single frequency or a narrow range of frequencies for
each ion to be ejected. However, to begin we revisit the
simpler problem of single-frequency resonant excita-
tion. These results then will guide the design of multi-
frequency resonant excitation schemes.

Observed Lineshapes and Time Dependence
for Single Frequency Excitation

Resonant ejection has been characterized in this work
by measurement of variations in the absorption line-
shape for changes in buffer gas pressure, and the
amplitude, duration, and spectral content of the reso-
nant excitation pulse (single or multifrequency). The
effects of some of these parameters on lineshapes are
shown in Figures 1 and 2. The asymmetric lineshapes
shown in Figures 1 and 2 are very similar to those
observed by other workers [27, 31, 57, 59, 60]. Excita-
tion of an ion of mass M at the peak of its absorption
also results in excitation of ions at mass M ~ 1, due to
the low frequency tail in the lineshapes (bold arrow,
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Figure 1. Resonant absorption lineshapes for "2¢d and Pcd
(g, = 045 for ""*Cd). The low frequency tail (bold arrow) in the
"2Cd lineshape leads to low selectivity in resonantly exciting
Cd relative to ''>Cd. The direction of this asymmetry leads to
greater excitation of jons 1 u lower than the targeted ion com-
pared with ions 1 u higher. Excitation of "2¢d at ~ 185.3 kHz
(light arrow) is much more selective. Excitation amplitude and
duration were 400 mVp_P and 5 ms, respectively.
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Figure 2. Atomic ion resonant ejection-based lineshapes for

U204 at g, = 0.45. (a) Excitation amplitudes are 360, 400, or 440
mV,_,; the curves saturate at ~ 400 mV,,_, (excitation duration 5
ms). (b) Excitation duration 5 versus 30 ms at 400-mV,,_, ampli-
tude; the low frequency edge saturates at 2-5 ms; the arrows
indicate the excitation frequencies used in Figure 3. (c) Indicated
He pressure 0.07 or 0.20 mtorr; 20-ms excitation duration at 400
mV,_, (ion injection times adjusted to yield approximately con-
stant total trapped charge). Note the poor resonant excitation
selectivity at low pressure (absorption maximum of ''*Cd
183.6 kHz; see Figure 1).

Figure 1). In contrast, excitation at mass M — 1 results
in far less excitation at mass M (light arrow, Figure 1).
The low frequency tails in the Figure 1 lineshapes are
less pronounced at higher g, [20].

Figure 2 shows how the lineshapes depend on buffer
gas pressure and excitation fluence. The lineshapes
typically show a very gradual fall (more ions ejected)
in the lowest frequency part of the tail (182.0-184.3
kHz in Figure 2), followed by a more sharply falling
edge (184.3-185.4 kHz), and then a rapid increase in
signal at high frequency. The low frequency tails shown
in Figures 1 and 2 are less pronounced at larger g,
(data not shown) and more pronounced at low pres-
sure (Figure 2c). The area of the low frequency tail
increases dramatically for a factor of ~ 2 decrease in
pressure. Excitation selectivity is thus poor at low
pressure (the arrow in Figure 2c at 183.6 kHz shows
the maximum absorbance frequency for "’Cd). As
expected, the number of ions ejected increases as the
excitation amplitude or duration is increased (Figure
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2a and b, respectively), but the behavior is different at
low versus high frequency (Figure 3). Note that the
low frequency edges of the curves in Figure 2a and b
saturate with increasing fluence (at ~ 400 mV,,, and
~ 5 ms, respectively), whereas the high frequency
edge does not.

The preceding behavior is consistent with current
understanding of the kinematic behavior of a reso-
nantly excited ion cloud. The finite width of the ob-
served lineshape is due to the inherent dispersion in
the frequency response of a single ion as well as to the
spatial and energy dispersion of the ion cloud. The
asymmetry in the lineshape is due to the nonlinear
character of the trapping field [23, 56, 61-65]. Resonant
absorption in a cooled ion cloud occurs at the secular
frequency of the ion cloud o,, where w, is taken to be
the frequency of maximum absorption for an ion cloud
at the trap’s center. If the trap has a significant oc-
topole component in the trapping field, for example, as
in a stretched trap [55, 64], the resonant frequency
increases as the cloud is displaced from the center of
the trap. Absorption near w, causes the cloud to ex-
pand in direct proportion to the excitation duration.
The rate of expansion is greatest at w, and lower for
frequencies higher or lower than . If the excitation
frequency is lower than w,, then as the cloud expands,
the secular frequency increases, moving away from the
applied frequency. If the excitation frequency is low
enough, then the ion cloud will detune from resonance
as the ion cloud expands to some critical size; that is,
the ion cloud expands only to the point that absorption
cuts off, as pointed out by Charles et al. [21]. Excitation
at frequencies greater than w, again causes expansion
of the ion cloud, but at a superlinear rate. The shift in
secular frequency is now toward the applied frequency
and the initially weak absorption becomes stronger as
the ion cloud expands. The ion cloud remains in reso-
nance over a broader range of motion between the
center and edge of the trap. If the fluence is low so that
the cloud does not expand very far from the center of
the trap, then the pure quadrupolar lineshape will not
be distorted. If the fluence is high, then the cloud will
expand toward the edges of the trap where nonlinear
absorption is strong. Since high fluence is required for
ion ejection, we expect ion ejection-based lineshapes to
be strongly asymmetric, as observed.

Figure 3 shows the excitation duration dependence
of the number of ions ejected at various excitation
frequencies. Note that the vertical scale in Figure 3 is
logarithmic. At low frequencies (below 184.3 kHz in
Figure 3), there is an abrupt break in slope with very
little further loss of ions beyond a given excitation
duration. At high excitation frequencies (Figure 30),
the signal shows a smoother variation with excitation
duration. There is no slow loss period and the signal
loss does not saturate for increases in excitation ampli-
tude or duration. At yet higher excitation frequencies
(Figure 3d), the rate of ion ejection is nearly the same
at short and long excitation duration. The transition
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Figure 3. Semilog plots of the "2Cd ion signal versus excitation
duration that shows different behavior at low versus high excita-
tion frequencies (arrows in Figure 2b). The transition from the
behavior in (a) to that in (d) occurs over a frequency range of
~ 300 Hz. At frequencies below the transition frequency (~ 185.4
kHz), the ejection rate beyond a few milliseconds is nearly zero.
Above the transition frequency, the ejection rate at long excita-
tion duration is substantial. Greater overall ejection efficiency is
obtained at high frequency and long excitation duration. Excita-

tion amplitude is 400 mV,,_; buffer gas pressure 0.2 mtorr.

from low to high frequency behavior in the shapes of
the curves in Figure 3 occurs over a frequency interval
(185.3-185.5 kHz in Figure 3) that is narrow compared
to the width of the lineshapes; this interval coincides
with the absorption maxima in Figures 1, 2, and 4.
Behavior similar to that shown in Figure 3 also has
been observed for ''*Cd resonantly excited at a g,
value of 0.59.

As reported by Franklin et al. [66] and others [21,
26, 33], the observed time dependence can be divided
into three periods: an induction period during which
little or no ion loss is observed; a period of rapid ion
loss; a period of slow ion loss. Franklin et al. [66]
associated the induction period with the minimum
fluence required to eject ions from the trap. The induc-
tion period is not observed in the low time resolution
data (1-ms time step) in Figure 3; however, an induc-
tion period of ~ 0.5 ms was observed in similar data
recorded at higher time resolution (not shown). In the
rapid loss portion of the curves in Figure 3a-c, the
minimum fluence for ejection has been reached and a
significant loss of ions occurs. The magnitude of this
loss depends on the excitation amplitude. The slow ion
loss period is more difficult to explain (see subsequent
text).
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Several mechanisms have been invoked by previous
workers to explain the leveling off of the ejection rate
versus excitation duration. Charles et al. [21] ascribed
the leveling off to a balance of power absorption from
the rf field with power dissipation via collisions. Power
absorption is expected to decrease as ions are excited
away from the center of the trap due to the shift of the
resonant frequency in nonlinear trapping fields, as
noted before. Also, as the ion cloud is excited out to
the boundaries of the trapping field, that is, as the
fluence approaches the threshold for ejection, ions with
the highest kinetic energy and /or largest orbits will be
lost first. This initial loss of ions has several effects.
Lower space—charge results in an increase of the reso-
nant frequency of the remaining ions; this effect is
expected to be on the order of 1 Hz for a loss of ~ 50
ions [31], or a maximum of ~ 20 Hz for the largest
number of ions used in the present study. With fewer
ions trapped, the coulombic repulsive force on each
ion is decreased, so that greater fluence should be
required to eject the last ions that leave the trap com-
pared to the first ones out. Considering the similarity
of the absorption lineshape measured for an approxi-
mately fivefold increase in space—charge [20], this ef-
fect appears to be small. Space—charge effects reinforce
the effect of the field nonlinearity to increase the reso-
nant frequency of ions displaced from the center of the
trap, namely, ejection of the last ions out of the trap is
suppressed. However it does not appear that these
factors can explain the orders-of-magnitude change in
slope shown in Figure 3a.

The different time dependence observed for the low
frequency versus high frequency edges of the line-
shape may be due in part to the increase in secular
frequency as the cloud is displaced from the center of
the trap. For discussion purposes, we take the secular
frequency to be w for the excited cloud and w, for the
cooled cloud at the center of the trap (pure quadrupole
value); © > o, for a symmetrically stretched trap [55,
64, 67). The observed absorption lineshape can be
considered to be a sum of a pure quadrupole absorp-
tion band (absorption at w, near the center of the trap)
and a nonlinear absorption band (absorption at w > w,
near the edges of the trap). The rationale for use of a
broad low intensity lineshape for the quadrupole ab-
sorption and a narrow high intensity lineshape for the
nonlinear absorption is as follows. First, the quadrupole
resonance has been calculated to lie at a lower fre-
quency than nonlinear resonances [55, 64, 67]. Second,
excitation at frequencies above the secular frequency
of the cooled ion cloud (i.e., ions at the center of the
trap) leads to a superlinear growth in the displacement
of the ion cloud [23]. Such nonlinear phenomena ob-
served in diverse fields of study show more sharply
peaked frequency response than linear phenomena, for
example, single versus multiple photon absorption.
Hence, there is an expectation that the nonlinear reso-
nance will be narrower (FWHM) than the linear reso-
nance. These features correspond to the observed ab-
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sorption lineshapes, that is, we observe a broad low
intensity feature on the low frequency edge of the
absorption lines.

Figure 4 shows a fit of the ~“Cd lineshape to a sum
of two gaussians. The individual component bands
from the fit are shown by the solid lines, their sum by
the dashed line, and the experimental data by the
symbols. Ejection at w, is rapid because the cloud
expands linearly in time in the quadrupolar band. For
excitation at w, the initial displacement of the ion
cloud is due to weak absorption in the high frequency
tail of the quadrupolar band and the displacement
increases more slowly than for excitation at w,. As the
cloud is displaced from the center of the trap, absorp-
tion becomes stronger and the rate of displacement
eventually surpasses the rate at w,.

We suggest that the abrupt change in slope in the
excitation duration curves (Figure 3) at low excitation
frequency is due to two factors: the dependence of w
on displacement and the phase space distribution of
the ion cloud. Resonant excitation near the ejection
threshold implies that, at a given fluence, some ions
are above threshold while others are below the thresh-
old. For excitation at low frequency, the absorbance of
the ion cloud decreases with increasing displacement.
Thus, only the most weakly trapped ions are ejected,
that is, those with the largest orbits and /or highest
kinetic energies. For the remaining ions, the fluence is
below threshold because they lie deeper in the trap-
ping well [15]. The effect of the resonant ejection pulse
is to depopulate the most weakly trapped portion of
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Figure 4. Proposed model of resonant absorption lineshapes.
An experimental atomic jon ejection-based lineshape is shown
with a fit to overlapping absorption bands: a weak low frequency
band due to the purely quadrupolar trapping field a strong high
frequency band due to the nonlinear portion of the trapping field.
The model suggests a form (inverted peaks in the top trace) for
the amplitude envelope for high selectivity in narrowband exci-
tation of a single mass-to-charge ratio.
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the ion phase space distribution. Apparently, the re-
turn to the steady state distribution is slow on the time
scale of the current experiments, that is, > 30 ms in
Figures 3a—d (note that the slope in Figure 3a, after the
break, is not quite zero). This relaxation time is ap-
proximately an order of magnitude longer than the
collisional cooling time measured by Hemberger et al.
[68]. The observed difference in the time dependence
at low versus high excitation frequency is therefore
suggested to be due to a combination of the ease of
gjection of the most weakly trapped ions and the
displacement dependence of the secular frequency of
the cloud.

By using these ideas, we can now suggest a form for
the envelope of amplitudes of the frequency compo-
nents used to excite each mass-to-charge ratio ion in
multifrequency resonance ejection (or CID). The ampli-
tudes of the low frequency components in a frequency
window that corresponds to a single mass-to-charge
ratio should be larger than the higher frequency com-
ponents. This is shown schematically in the topmost
trace in Figure 4. This scheme places the bulk of the
resonant excitation waveform intensity farthest from
the absorption maximum of adjacent mass-to-charge
ratio ions. This situation also may lead to the most
rapid ejection of ions, which is consistent with ultra-
high selectivity in ion ejection. This behavior has been
explored in preliminary narrowband excitation experi-
ments on the Ag—Cd system [19, 69], but no systematic
analysis yet has been made. Cooling of the ion cloud
should preferentially reduce the absorption intensity in
the low frequency wing of the line and thereby en-
hance the selectivity of the excitation.

This work also has shown that resonant excitation
with unit mass resolution or better requires moder-
ately high buffer gas pressures. The trade-offs inherent
in optimization of the buffer gas pressure with respect
to the trapping efficiency of injected ions and reso-
nance ejection selectivity could be alleviated either by
controlling the buffer gas pressure on a short time
scale by using a pulsed valve or by not relying on
buffer gas collisions to effect ion trapping. The latter
can be accomplished by using phase synchronous in-
jection, which has been modeled extensively [70, 71],
or dynamic rf trapping, which has been demonstrated
experimentally [12]. However, these methods are most
appropriate for pulsed ion sources, where the pulse
duration is short compared to the period of the rf
trapping field, or to the risetime of the amplitude of
the rf trapping potential, respectively. We are pursuing
experiments to measure the phase dependence of trap-
ping in the PSIT and methods to efficiently couple a
continuous ion source into the ITMS.

Abundance Sensitivity and Multiple
Frequency Excitation

Preliminary studies of trapped and cooled metal ions
have shown that ions of mass M can be ejected with
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~ 10% times the efficiency of ions at mass M + 1 [19,
20]. In this work, resonant excitation during ion injec-
tion has not been characterized as fully as for trapped
and cooled ions; the selectivity is significantly lower in
the former case. To achieve the highest possible selec-
tivity, some of the issues raised by earlier reports on
resonant excitation are revisited.

In Figure 5, the selectivity with which a single
mass-to-charge ratio ion can be ejected by narrowband
resonant excitation is shown. Figure 5a shows a mass
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Figure 5. (a) Sr-Y-Zr mass spectrum with narrowband resonant
excitation on (bottom trace) and off (top trace). The narrowband
waveform contains three frequency components (10-ms duration).
(b) A semilog plot of the 88 Sr, %Y, and °Zr signals in (a) versus
excitation duration that shows the ~ 10% selectivity possible by
using resonant ejection.
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spectrum of Sr, Y, and Zr obtained with (bottom trace)
and without (top trace) the resonant ejection waveform
applied. The waveform was composed of three fre-
quency components (255.50, 255.75, and 256.00 kHz) of
equal amplitude. The 8gr M7y, and *°Y concentrations
were 0.8, 0.5, and 100 ppb, respectively. The Y signal is
reduced approximately two thousandfold between the
upper and lower traces; the difference in signal-to-noise
ratio in the two traces is due to different digitizer gain
settings used to obtain these data. The Sr and Zr
signals in the bottom trace show the same intensity as
in spectra of a solution that contains only Sr and Zr
(without resonant excitation); that is, selective ejection
of Y before the mass analysis scan restores the Sr and
Zr peaks to the intensities they would have had if no Y
were in the sample. Figure 5b shows the signal versus
excitation duration data for resonant excitation of Y¥;
the Y* signal is reduced by a factor of ~ 2000 in only
10 ms (fraction retained ~ 1,/2000). The **Sr and *Zr
signals are unaffected to within experimental error.
The upper limit for the Sr and Zr loss is taken to be a
few percent based on the error in the slope of a best fit
line to the data in Figure 5b (fraction ejected < 1/50).
This gives a selectivity of ~ 10° for ejecting the target
ion (Y") compared with the nontargeted ions (Sr,
Zr*) in adjacent mass channels. Corresponding im-
provements in abundance sensitivity may be possible.

Broadband resonant ejection of large background
ion populations enhances the sensitivity of the ion trap
mass spectrometer [37, 42—-45]. Most of the demonstra-
tions of this enhancement have focused on examples
from organic and biological mass spectrometry, where
interfering ions often occur over a large (~ 1000-u)
mass range. The mass spectrum for a large number of
ions spread over such a large mass range shows
ion peaks broadened and distorted by the high
space—charge conditions in the trap. Selective ion accu-
mulation [ejection of all trapped ions except the ion(s)
of interest] results in a lower background and higher
mass resolution, that is, much higher signal-to-noise
ratio. The reported signal-to-noise enhancement is be-
tween 1 and 3 orders of magnitude, dependent on the
sample and experimental conditions. The selectivity of
resonant ejection decreases as the difference in mass
between the ions of interest and the interfering ions
decreases. An extreme is reached in the measurement
of large isotope ratios, where the minor isotope must
be measured in the presence of the space—charge of the
major isotope. Figure 6 shows the PSIT performance
when a mixture that contains a large range of elements
(analyte masses of 7-238 in the sample, although sub-
stantial signal was not observed below m/z ~ 60) is
used; this provides a better comparison to the litera-
ture reports of enhanced sensitivity for complex or-
ganic samples.

Without broadband excitation, approximately 10*
ions are detected. The data in Figure 6 show the
severity of the distortion of the mass spectrum under
these space—charge conditions. Without selective ejec-
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Figure 6. Space—charge effects in the ITMS (multielement solu-
tion; m/z 7-238; concentrations between 10 and 1000 ppb).
Without broadband excitation (top trace), ~ 10* ions are de-
tected. Minor isotopes are barely discernible; m/z 105 and 106
are completely obscured (inset). With broadband excitation (bot-
tom trace), space—charge is reduced and m/z 100-106 ions are
detected at the same count rates as in an undistorted mass
spectrum recorded under low space charge conditions.

tion, the Mo ion peak is barely discernible and 1,z
105 (a hydrocarbon peak) and '“Cd are completely
obscured (inset). With selective ejection tailored to
retain only ions of m/z 100-107, full sensitivity is
recovered for m /z 100-106 (lower trace). This observa-
tion was confirmed by measuring the spectrum under
lower space—charge conditions where good peak
shapes were obtained for m/z 100—-107. Sensitivity for
“Ag in the lower trace in Figure 6 is not as good as
under lower space—charge conditions, possibly due to
incomplete optimization of the position of the fre-
quency notch. The broadband waveform amplitude
used was the minimum necessary to recover a non-
space—charged mass spectrum in the region of interest;
this resulted in detection of some ions outside the m/z
100-107 window as shown in the lower trace.

Conclusions

This work extends previous studies of dipolar resonant
absorption of ions trapped in the ITMS and has
demonstrated that the frequency and time dependen-
cies of atomic ion ejection provide a powerful means to
gain greater insight into the mechanism of resonant
excitation. The data presented are consistent with ear-
lier reports except for the variation of the excitation
duration curves with excitation frequency. Experimen-
tally observed lineshapes and their time dependence
have been rationalized by using the known kinematic
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behavior of ions in nonlinear traps. A model has been
suggested that describes the asymmetric lineshapes as
a sum of two absorption bands, which are due to the
linear and nonlinear components of the trapping field.
In this model, different excitation duration dependen-
cies observed for low versus high excitation frequency
have been ascribed to the spatial and energy distribu-
tion of the ion cloud and to the position dependence of
the resonant frequency in a nonlinear trapping field.
The major features of the atomic ion ejection-based
lineshapes observed experimentally thus can be ac-
counted for by using recent descriptions of ion motion
in nonlinear traps.

Selective ion ejection for the ion trap mass spec-
trometer also has been characterized by using narrow-
band and broadband resonant excitation. The abun-
dance sensitivity of the ion trap mass spectrometer is
improved by several orders of magnitude by using
broadband excitation as compared with a total ion
accumulation mode. The single frequency absorption
results provide a qualitative guide to optimize the
amplitudes of the frequency components in multifre-
quency resonance excitation. The lineshape model sug-
gested in this work provides a rationale for designing
multifrequency excitation waveforms, namely, in the
excitation bandwidth that corresponds to a single
mass-to-charge ratio, the amplitude of the low fre-
quency components should be larger than those of the
higher frequency components. This places the bulk of
the excitation intensity farthest from the low frequency
tail of lower mass-to-charge ratio ions. This also may
lead to the most rapid ejection of ions consistent with
ultrahigh selectivity in ion ejection by prompt excita-
tion of ions into the strongly nonlinear portion of the
trapping field. This behavior has been explored in
preliminary narrowband excitation experiments on the
Ag-Cd system [69], but no systematic analysis has
been made yet.
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