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A new method of selective ion storage in a quadrupole ion trap is described. Broadband
wavetorms were applied to the endcaps of an ion trap to eject unwanted ions by resonance
excitation, which enhanced the storage of selected target ions. A unique trapping field
amplitude modulation technique allowed the use of waveforms with fewer frequency
components. The requirements and methods of calculations for frequency-optimized wave-
forms are discussed. Advantages of this method include the reduction of target ion loss that
results from collision-activated dissociation. Tn other applications, equivalent performance,
relative to methods that use nonmodulated trapping fields combined with waveforms that
have a higher frequency density, was shown. (] Am Soc Mass Spectrom 1995, 6, 928-935)

he ion trap is a sensitive and versatile mass
spectrometer. The storage of large numbers of
J_ ions will result in coulombic interactions that

degrade the sensitivity and resolution of the device.

The need to utilize the limited 1on storage capacity of
the trap has resulted in the development of several
techniques to eliminate unwanted ions from the trap
and selectively accumulate only specified target ions.
rf-dc isolation techniques have been used to selectively
trap and accumulate ions [1-3]. These techniques cs-
tablish trap conditions that destabilize unwanted ions.
A significant limitation to this approach is that only a
single contiguous range of target ions can be selec-
tively stored.

Ions trapped in a quadrupolar trapping field have
amplitude oscillations whose characteristic (or secular)
frequencies are functions of the mass-to-charge ratio of
the ion and the frequency and voltage of the rf trap-
ping field [4]. The radial or axial motion of the ions can
be increased, via resonance excitation, by subjecting
the ions to a field whose frequency matches the charac-
teristic frequency of the ion motion. The selectivity of
resonance ejection was utilized in early studies of ion
trapping processes to eliminate interfering ions [5]. In
these studies a supplemental voltage was added to the
endcap electrodes of the trap to create a dipole field
whose frequency matched the secular frequency of the
ion to be ejected. The ions in resonance with this field
increased their amplitudes in the axial direction until
the ions were ejected. Swept frequency techniques [6,
7] for ion gjection have met with limited success due to
the low duty cycle for ejection. More recently, broad-
band resonance excitation techniques have been de-
scribed that use stored waveform inverse Fourier
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transforms (SWIFT) [8-12], constructed waveforms [13,
4], or filtered noise {15, 16].
The techniques that utilize broadband resonance

oveitation are all cimilar in that the waveforms have
CXCIHaton are ai simuar in mat e waveiorms nave

numerous frequency components to eject unwanted
ions and notches in the frequency spectrum that corre-
spond to the secular frequencies of the target ions. The
waveforms are applied during the ionization period to
continuously eject the unwanted ions. Efficient isola-
tion of the target ions requires very narrow notches
with frequency components on each side of the target
ion secular frequency to eject the corresponding ions
with masses above and below it. The coulombic influ-
ence of space—charge on the ion secular frequency,
however, can shift the frequency as though a dc field
were present [1]. Because there is a finite time required
to eject unwanted ions from the trap by resonance
excitation, there is some average space—charge,
throughout the ionization period, in excess of that due
only to the target ions. The space—charge can shift the
secular frequency of the target ions from the theoreti-
cal value used to determine the center frequency of the
notch. Thus, when narrow notches are used for isola-
tion and a large amount of space—charge is present, the
secular frequencies of many of the ions may be shifted
outside of the notch, which causes these ions to be
ejected.

More recently it was recognized that in nonideal ion
traps that possess an octopole distortion, the secular
frequency of the ion depends on the amplitude [17].
Thus ions formed far from the center of the trap (e.g.,
during electron ionization or ion injection processes)
will have secular frequencies that are different from
the values that they would have at the center of the
trap. The use of a buffer gas in ion traps for collisional
dampening of the ion oscillations is advantageous for
both electron ionization {4, 5, 18] and ion injection
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processes [19-22]. It would be expected that ions
formed or injected far off center followed by collisional
dampening to the center would experience a time
dependent shift in their secular trequencies. Again, the
initial frequencies would be different than those lo-
cated at the center of the notch, which causes ejection
of some of the target ions.

This work used broadband waveforms combined
with amplitude modulation of the fundamental rf trap-
ping field to selectively store specified target ions and
eject unwanted matrix ions. The field modulation tech-
nique was shown to produce results similar to previ-
ous methods while offering several advantages. Am-
plxtude modulation of the rf trappmg field modulates

the secular utL{uel cies of stored ions. 1ne mp(nar r1e1a

formed when a broadband frequency tailored wave-

- ~f
form was applied to the endcap electrodes of an ion

trap was perlodlcally brought into resonance with the
secular frequencies of the ions, when the rf trapping
voltage was modulated, and axial excitation resulted
in ion ejection. The proper selection of the frequency
components resulted in the ejection of unwanted ions
and the selective accumulation of target ions.

./

Experimental

All experiments were performed via a Varian QISMS
ion trap (quadrupole ion storage mass spectrometer;
Varian Chromatography Systems, Walnut Creek, CA)
and prototype selected ion storage (SIS) software. The
QISMS system contained a built-in arbitrary waveform
generator (Wave ~ Board) that applied a waveform to
the endcap electrodes to create a dipolar field. Memory
on the Wave ~ Board allowed the storage of 32 differ-
ent waveforms at any time. Additional scan functions
and wavetorms could be down-loaded to the instru-
ment at specified times during data acquisition or in
real time in instrument control. The QISMS software
allowed the creation of user-defined scan functions
with control of the rf and dc voltage, as well as the
application of broadband waveforms to any segment
of the scan function. The modulation of the rf voltage
was accomplished by software control of the rf digital-
to-analog converter (DAC) by using a triangle modula-
tion function. The sample used for most of the work
reported here was perfluoro-tri-n-butylamine (FC-43).
The pesticide samples of 100-ppm aldrin and hepat-
achlor epoxide in hexane were obtained from Poly-
Science Corp. (Niles, IL). The trap was operated at a
temperature of 150 “C. The approximate trap pressure
was calculated to be 2.0 mtorr based on the trap
condi uctance, },;uuxl.uug’ syuu for lltllu[[l, and the mea-
sured column flow rate of 1.0 atm ¢m* /min.

Results and Discussion

1. Trapping Field Modulation

Figure 1 shows the field-modulated selective ion stor-
age (FMBSIS) scan function used in these studies. The
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Figure 1. FMSIS scan function.

ionization period is defined by the electron gate. The
broadband waveform was applied during the ioniza-
tion period and for a specified time after the end of
ionization. During the ionization period the amplitude
of the rf storage field was modulated by 2% by using a
triangle modulation function at a frequency of 1000
Hz. A 2% modulation requires a +3 DAC change in
the rf trapping field when it is at a nominal value of
300 DACs; this corresponds to a low mass-to-charge
ratio cutott mass of 48 (i.e.,, the mass at which g =
0.908). A modulation frequency of 1000 Hz requires a
dwell time of 83 ms per DAC step. The collisional
damping of an ion to the center of the trap takes
several milliseconds [4, 5, 18-22]. Because the secular
trequencies of ions in the trap are calculated from their
theoretical values when they are located at the center
(where the octopole effects on the secular frequencies
are zero), an additional “’cool time’” after the end of
ionization is necessary to allow ions far from the center
to be collisionally damped to the center. Therefore,
atter the end of ionization, the 1f field completed one
additional modulation cycle. At the extremes of each
halt cycle there were user-defined dwell times (low
mass dwell, high mass dwell) that allowed fine tuning
of the resonant ejection process on each side of the
target ions. Without the cool time, unwanted ions
formed at the end of ionization would not be com-
pletely ejected. Normal scanning of the ions from the
trap for detection followed the last modulation cycle.
This scan function was used for both the automatic
gain control (AGC) pre-scan [23] and the analytical
scan.

The motion of an ion in a quadrupole field can be
determined from the solution to the Mathieu equation
[4]. The stable solutions to the equation are character-
ized by the parameters g. and a. that define the
operating point of the ion within the stability region.
These parameters are defined as [4]

g. = =8¢V /mlri + 2z3) /02 (1)
a. = —16cl/m(ri + 225) /07 (2)
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where V' is the amplitude (0 to peak) of the rf potential
applied to the ring electrode, U is the dc¢ potential, m
is the mass-to-charge ratio (i1/2), r, is the radius of
the ring electrode, =, is the inscribed radius of the
endcap electrodes, and () is the rf drive frequency. The
secular frequency of an ion w.
the value of g [4]:

can be determined from

=8,/ 00 (3)

The value of 8. is a function of the operating point in
(a,q) space and can be computed from a well known
continuing traction [3]. In this work no dc field was
applied, thus a. = 0.

Changing the amplitude of the trapping field by AV
caused a change in the operating point Ag. and, thus,
the secular frequency of the ion Aw. . Because the
secular frequency changes with mass, the change in
frequency caused by a change in trapping field also
was a function of mass. A calculation of the frequency
change as a function of mass for a 2% rf voltage
change and a low mass-to-charge ratio cutoff mass of

48, indicated that m/z 80 shifted bv 5 kHz and m /=
650 shifted by 0.2 kllz. The trcqugnu shift is highly
nonlinear, it changes rapidly at low mass and only
slightly changes at high mass. This is the result of the
inverse mass dependence of the operating point g, and
the nonlinear relationship between ¢ and the secular
frequency. When the frequency components in the
waveform were properly spaced the secular frequen-
cies of the unwanted ions were periodically resonantly
excited and ejected as the trapping field amphtude
was varied.

2. Waveform Calculations

Figure 2a illustrates the separation between secular
frequencies that corresponds to an increasing range of
integer masses. Figure 2b shows the frequency compo-
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Figure 2. (a) Secular frequency spacing for integer masses. (b)

Frequency spacing for the FMSIS waveform. (¢) Shift in secular

S

frequencies that result from lowering the amphtude of the rt
storage voltage. (d) Shift in secular frequencies that results from
increasing the amplitude of the rf storage voltage.
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with a modulated trapping field to selectively trap
masses ml and m2. Without field modulation, several
ions would not have secular frequencies in resonance
with the frequency components in the applied wave-
form. Figure 2c and d show how modulation (lowering

and ralsln_u) of the trapping field shifts the secular

thappiilg e onll LN Sstclulla

frequencies of the ions. During each complete cycle of
modulation, the secular frequencies of the unwanted
ions are swept through one of the frequency compo-
nents of the applied waveform. Comparison of Figure
2¢ and d with 2b also shows that ml and m2 never
leave the frequency notch, whereas all the unwanted
ions do and thus are resonantly excited and ejected.
The advantage of this approach is that it allows the
effective notch width to be changed in real time by
changing the amplitude of rf modulation, without the
need to change the waveform.

The method of calculating a field modulated wave-
form for a single mass range, could easily be extended
for use with multiple mass ranges. Given that the mass
range of target ions to trap is bounded at each end by
m, (low mass) and 1y (high mass), the corresponding
secular frequencies, f, and f . at each end of the
contiguous range of target ions could then be com-
puted. If only a single mass was to be isolated, then
my = my and f . = f_.; this was defined to be an
isolation window of 1. An isolation window of 5 would,
therefore, be m , = m,; + 4. Resonance energy was
absorbed from the supplemental dipole field over a
finite frequency. If the width of the resonance was
defined to be Af,, then an “edge scaling” factor could
be defined as

foo=4f/2 (4)

The edge scaling factor defined the minimum notch
width that could be obtained (i.e., when m; = my, and
fo. = fmn) and was itself a function of mass. Thus, the
frequencies at each end of the notch, for the nonmodu-
lated field case, would be:

fl. = Aml +fes = ﬁml + A,/}/2 (5)
|:me_fe‘~: H 'Afr/2 (6)

The change in the secular frequencies Af, and Afy
that resulted from a change in the trapping field can be
computed for eqs 5 and 6. These values yield the final
frequencies that define the ends of the notch for the
field modulated case:

f»l :fl +A}(lv;me+Afr//2_FAfL (7)
fon=fL = Afu=fon —AL/2 - Afy (®

Once the end frequencies were determined, the fre-
quencies outside of the notch could be established. A
complete set of frequencies could be found that would,
in the absence of any notches, eject all ions over the
entire mass range, from the low mass-to-charge ratio
cutotf mass to a defined upper limit. This could be
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done by dividing the mass range into multiple regions.
Within each region the smallest frequency change
within that region determined the frequency spacing
for the waveform components that span the range. For
example, to eject ions from 2 500--600, frequencies
spaced 1.5 kHz apart were sufficient; to eject ions from
m/z 50-75, spacing of 5 kHz could be used. A wave-
form that has as few as 130 components, spaced prop-
erly, was found to easily eject ions that spans the entire
mass range from m/z 48-650 when the nominal low
mass-to-charge ratio cutoff mass was 48 and the trap-
ping field was modulated by 2% . A random selection
of phases ensured that the dynamic range of the wave-
form was small—typically 15 V peak to peak for the
unnotched waveform,

3. Amplitude Tailoring of Frequency
Components

The required amplitude of cach frequency component
was determined by measuring the minimum voltage
necessary to eject 95¢ of the ions for a given mass-to-
charge ratio. The ions were first isolated by applying a
waveform during ionization and for a 5-ms cooling
time after ionization ended. A supplemental axial volt-
age was then applied for an additional 5-ms followed
by the normal mass scan. The scan was repeated and
the frequency of this supplemental voltage was varied
slowly so that during the 5-ms excitation period it was
essentially constant. This produced a frequency scan
through the resonance and was repeated at progres-
sively larger voltages. In this way the frequency ad-
sorption profile could be determined as a function of
voltage for mass-isolated ions. The width of the reso-
nance at half-maximum for the isolated ion at the
minimum ejection voltage was observed to range trom
approximately 1200 Hz for low masses (below i /z
100) to 800 Hz for high masses (above m/z 500).
Figure 3 shows the relationship between amplitude
and mass at different rf trapping voltages, expressed in
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Figure 3. Minimum axial voltage (peak to peak) required to
eject the mass-isolated target ion as a function of mass and rf
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datum point for m/z 69 and a cutoff mass of 48
corresponded to a value of 8 = 0491. This g is very
close to a nonlinear resonance of the trapping field {17,
24], which has been shown to lower the voltage re-
quired to eject an ion located at that operating point.
The data were collected by using the maximum fixed
ionization time that still would give unit mass resolu-
tion for each test ion. lonization times less than the
maximum showed no change in the required voltage.
Excitation times of 5, 3, and 1 ms were investigated. As
the excitation time was reduced, the minimum voltage
was increased linearly such that the fluence (the prod-
uct of the amplitude and time) [25] was essentially
constant. Therefore, the voltage scaling as a function of
mass did not change with either ionization time or
space-charge level.

4. Effectsof Low Mass-to-Charge Ratio
Cutoff Mass and Space—Charge

The effects of rf storage voltage and space—charge
were studied by operating the trap in two different
modes. In both modes the scan function consisted of
three consecutive time periods A and B, as shown in
Figure 1, and an additional period C. Period C was
inserted after period B and prior to mass scanning. In
modes 1 and 2, period A represents the ionization time
defined by the electron gate. The ionization rf storage
voltage, expressed as the low mass-to-charge ratio cut-
off mass, was m /z 48 for all measurements. In mode 1
a waveform was applied during the ionization period
as well as period B. Period B provided an additional
5-ms cool time (during which the rf storage voltage
was the same as that during the ionization period) to
isolate the target ion and to eject all other ions. The rf
storage voltage was varied during the subsequent pe-
riod C (5 ms in duration) and followed by the normal
mass scan to measure the ion intensities. In mode 2 no
isolation occurred during ionization and the rf storage
voltage was varied during period B, also without mass
isolation. Mass isolation occurred in period C during
which the rf voltage was the same as that during
ionization (low mass-to-charge ratio cutoff mass = 48);
the normal mass scan followed.

In mode 1 the effects of storage rf on the trapping
efficiency could be determined in the absence of
space—charge due 1o other ions. In mode 2 the added
effect of space—charge on the trapping efficiency could
be measured. Measurements were made of normalized
intensity (intensity divided by ionization time) at each
rf level, for three different fixed ionization times, and
for test ions m/z 69 and 464. At storage levels above
m/z 25 with high mass ions there was little depen-
dence between trapping efficiency and the low mass-
to-charge ratio cutoff mass or spacefcharge (see Figure
4, where “t = 5000, is0” represents an ionization time
of 3000 ps for the mass-isolated test ion). The loss of

ywer rf levels and was
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Figure 4. Normalized ion intensities as a function of rf storage
mass for target ion m /z 464.

more pronounced with higher space—charge (larger
ionization times). Similar data were obtained for m/z
69, where no measurable affect of space—charge could
be observed down to a cutoff mass of m/z = 10.
Below m/z = 10 the storage efficiency quickly fell to
zero. The complete absence of mass isolation before the
mass scan allowed space—charge levels from longer
ionization times to be large enough to result in a
severe loss of resolution.

The individual effects of the broadband waveform
and the trapping field modulation are shown in Figure
5. Figure 5a shows the electron ionization (EI) spec-
trum of FC-43 with an AGC ionization time of 806 us.
Figure 5b shows the effect of application of the FMSIS
waveform constructed to isolate m/z 464. The ioniza-
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Figure 5. (a) FC-43 spectrum without waveform applied to
endcaps. (b) Spectrum with waveform to isolate # /z 464 but no
field modulation. (¢} Spectrum with waveform and field modula-
tion.
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Figure 6. Selective storage of m/z 100, 131, 264, and 414 from

FC-43 by using an isolation window of 1.

tion time was increased to 6335 us and many, but not
all, of the unwanted ions were ejected. Figure 5¢ shows
the result of the combined effects of the waveform and
a 2% amplitude modulation of the trapping field. All
of the ions except for m/z 464 were ejected and the
AGC ionization time was increased to the maximum
allowable value of 24,999 us.

Figure 6 shows the isolation of four ions of FC-43 by
using an isolation window of 1 (1-u wide isolation).
Increasing the isolation window to 5 (5-u wide isola-
tion) showed no change in the observed intensities or
relative intensity ratios for the isolated ions. Figure 7
shows the region around m/z 131 without FMSIS. The
inset figure shows the isolation of the m/z 132 isotope
from m/z 131. The scale was the same (100% = 528)
and the AGC ionization time was increased to 25 ms. It
should be recognized that this type of mass isolation
resolution (unit mass) cannot in general be obtained at
higher mass. The secular frequencies for m/z 131 and
132 are 124.9 and 123.9 kHz, respectively, for a cutoff
mass of m/z 48. Therefore, a notch width of 1 kHz
could resolve masses separated by 1 kHz. At m/z 600
the same 1-kHz notch would span a mass range of 22.

In other methods of ion isolation utilizing notched
broadband waveforms, the frequency components lo-
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Figure 7. Spectrum of FC-43 in the region around m/z 131
without FMSIS. The inset shows the effect of applying the FMSIS
waveform during ionization.
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cated on either side of the secular frequency of the
target ion maintain a fixed separation from that fre-
quency. In the field-modulated method the separation
changes periodically so that the minimum separation
occurs for only a short time. When the end frequencies
of the notched waveform are in constant proximity to
the secular frequency of the target ion, a small amount
of energy is expected to be continuously coupled into
the ion motion. This is similar to the conditions that
are used in tandem mass spectrometry experiments in
the ion trap to achieve collision-activated dissociation
(CAD).

Because the loss of target ions from the notch by
CAD would be expected to reduce sensitivity, the
normalized intensity of m/z 134 from n-butyl benzene
was monitored as a function of the waveform time.
Butyl benzene easily dissociates in an ion trap to form
predominantly m/z 91 and 92. A fixed ionization time
of 5 ms was followed by a cool time of 5 ms to allow
the ions to collisionally cool to the center of the trap.
Waveforms then were applied to the trap for various
times. Waveforms were constructed for a static rf field
(not modulated) by co-adding frequency components
from 20-450 kHz, spaced 500 1z apart, with constant
amplitudes, and with random phasing. The waveforms
for the modulated case were constructed so that the
“effective’”” notch width (notch width when the rf field
was modulated) was the same as for the static case.
Figure 8 compares the results obtained with FMSIS
waveforms (labeled Modulated in Figure 8) with those
obtained without modulation (labeled Static) for notch
widths of 3.5 and 7.5 kHz. The relative intensity (inten-
sity with waveform divided by the intensity without
waveform) for m/z 134 decreased slowly with increas-
ing waveform time for a notch width of 7.5 kiHz. The
relative intensity for m/z 134 was observed to de-
crease dramatically for the static method when the
notch width was reduced to 3.5 kHz, whereas the
decrease in relative intensity for the modulated
(FMSIS) method was much smaller. Both methods con-
verged to similar values at shorter ionization times.

——Modulated 3.5 kHz
—~o—Static 3.5 kHz
—~— Madulated 7.5 kHz

——Static 7.5 kHz

N \
0 5 10 15 20 25
Waveform Time (milliseconds}

Relative Intensity m/z 134

Figure 8. Relative intensities of m /z 134 from #-butyl benzene
versus waveform time for modulated waveforms and static field
waveforms at notch widths of 3.5 and 7.5 kHz. Intensities at each
time are relative to the intensities obtained without waveforms.
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The effects of modulation frequency and helium
bath gas pressure were studied briefly by monitoring
the relative intensity of m/z 134 from n-butyl ben-
zene, as a function of ionization time at numerous
modulation frequencies and trap pressures. The high-
est usable modulation frequency was limited by the rf
control loop bandwidth to 1200 Hz. Changing the
modulation frequency changes the rate at which the
resonance maximum is passed and thus the amount of
energy that is coupled into the ion motion (assuming a
fixed amplitude for the waveform). Frequencies be-
tween 400 and 1200 Hz showed almost no effect on the
normalized data when the waveform amplitude was
scaled in direct proportion to the frequency to main-
below 400 Hz were

reguenci
t fluence. F w 400 HZz

requencies bel
not studied. No effect on helium bath gas pressure was
observed over a range of 1-3 mtorr other than the
expected increased loss of intensity at higher pressure
due to increased CAD.

The effect of dynamic adjustment of the notch width
by changes in the modulation amplitude was investi-
gated. A 2% modulation of the rf storage voltage was
utilized during the ionization period, followed by a
cool time and one additional cycle by using a 2.65%
modulation amplitude. An ion of m/z 133 from
polysiloxane column bleed was used as the test ion.
Figure 9a compares FMSIS to a broadband waveform
for a static rf field (BB) constructed as previously
described with the notch centered at the secular fre-
quency of m/z 133. The effective notch width for
EMSIS during the postionization cycle was equal to the
notch width for BB (6.5 kHz). The ion intensities for
the test ion were observed to be nearly the same. The
effect of a decrease in the notch width to 2.5 kHz for
each waveform can be seen in Figure 9b. FMSIS showed
a 14% loss of sensitivity when the resolution was
increased, whereas the BB method showed a decrease
of 76%. The differences between the FMSIS and BB
became less significant as the width of the notches was
increased.

The application of FMSIS to determine aldrin and
heptachlor epoxide in extracts of bell pepper was in-
vestigated. A matrix of bell pepper, extracted with
methylene chloride and spiked with the analytes at the
100-ppb level, was analyzed. The sample preparation
method is described in detail by Feigel [26, 27]. Two
mass ranges were stored for each compound: 250-270
and 285-305 for Aldrin and 305-325 and 345-365 for
heptachlor epoxide. The Wave ~Board control soft-
ware was time programmable so that up to 200 differ-
ent waveforms could be applied throughout the chro-
matogram at time intervals as small as 1 s. The FMSIS
waveform used for each compound was time pro-
grammed so that the appropriate waveform was ap-
plied during the retention time window for each com-
pound. Analysis of the extract with 50 pg on column
failed to produce a detectable peak (monitoring m/z
293 for Aldrin and m/z 353 for heptachlor epoxide) in
the full scan EI mode (without a FMSIS waveform).

tain a conctan
@in a consany uende.
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Figure 9. (a) Isolation of m /2 133 with a notch width of 6.5 kil
for FMSIS and BB. (b} Notch width of 2.5 kHz.

Figure 10 shows the same El spectrum that utilizes
FMSIS to eliminate the background matrix ions and
selectively store the designated mass ranges for each
compound. The improvement in detection was the
result of ejection of the ions outside of the specified
storage ranges, which allowed a dramatic increase in
the ionization time and, hence, the number of analyte
target ions that were in the trap. For this dl’ldl)’bib',
relatively wide mass ranges were stored so that the
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Figure 10. FMSIS mode reconstructed single ion  chro-

matograms of aldrin (u,/2 293) and heptachlor epoxide (m/:
353) in bell pepper. Selective storage of mass ranges 250-270 and
285-305 for aldrin and 305-325 and 345-365 for heptachlor
epoxide.
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qualitative information of the isotopic clusters could
be retained. The spectral characteristics were the same
as the neutral concentration changed over several or-
ders of magnitude. Feigel [26, 27] has reported library
searchable detection limits for pesticide residues below
10 pg on column (10:1 signal-to-noise ratio) with
FMSIS, with over 4 orders of magnitude of linear
response. The consistency of the spectra and the re-
sponse linearity (even for the narrowest mass isolation
range where space—charge effects are the greatest) is
the result of holding the space—charge in the trap
relatively constant by application of the waveforms
during the AGC pre-scan. This allowed the analytical
ionization time to adjust to changing neutral concen-
trations and to maintain a constant charge in the trap
based on the ions in the isolated mass ranges.

Conclusions

The use of selective ion storage in conjunction with
automatic gain control gave increased sensitivity for
the target ions that resulted from increased ion pro-
duction via increased ionization time. For low mass-
to-charge ratio cutoff masses above 30, there was no
significant influence of ion storage capacity due to the
presence of excess space-charge. The dominant effect
of space—charge was to degrade the mass resolution of
the target ions in the trap. It was not necessary, there-
fore, to simultaneously eject all unwanted ions from
the trap in order to increase sensitivity. The trapping
field-modulated approach allowed the construction of
waveforms that contained a minimal number of com-
ponents, which reduced the dynamic range of the
waveform as well as the calculation time. The modula-
tion technique has the additional advantage of allow-
ing the effective notch width to be changed without
changing the frequency composition of the waveform.
In some applications the field modulation method was
found to reduce the amount of target ion losses (dur-
ing ion formation and isolation) due to CAD. The
advantages of the field modulated selective ion storage
technique enabled useful analysis of complex samples.
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