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Abstract

The characteristics of a novel Fourier transform ion trap mass spectrometer capable of broadband nondestructive ion
detection are described. Details of the instrumentation, including the custom-built detection circuitry, are provided. An
approximate mathematical model for the image current signal-to-noise ratio is derived from the work of Comisarow [J. Chem.
Phys. 69 (1978) 4097] and used to estimate the sensitivity of the technique. Data obtained using impulsive dc excitation and
ac excitation are presented and frequency shifts, mass calibration, mass resolution and sensitivity are discussed. The
detrimental effects of space charging and nonlinear fields on performance are examined using experimental data and computer
simulations. The effect of dc biasing on ion frequency and signal intensity is investigated and mass calibration data are
presented. (Int J Mass Spectrom 177 (1998) 91–104) © 1998 Elsevier Science B.V.
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Introduction

Early ion trap experiments of Paul et al.[1],
Fischer [2], and Rettinghaus [3] employed in situ
methods of ion detection. These methods involved
measurement of the power absorbed by resonant ions.
Using variations on these approaches, Parks et al. [4]
and Goeringer et al. [5] more recently demonstrated
improved performance in nondestructive detection of
ions using image current measurements. A major
drawback of all these techniques is the inherently
narrow detection bandwidth that prevents the simul-
taneous measurement of ions covering a wide mass
range.

Commercial ion traps use a simple and sensitive
ion detection method that involves mass-selective
ejection of ions into an external detector. The mass-
selective instability scan mode used [6] involves
slowly ramping the rf trapping voltage to bring ions
sequentially into axial instability. This is usually done
under the influence of a supplementary dipolar ac
signal applied in thez-direction. The ions achieve
resonance with the supplementary field, become un-
stable, exit the trap through an aperture in the endcap
electrode and strike the external detector, usually a
conversion dynode/electron multiplier combination.
The signal generated at the detector is recorded as a
function of the rf voltage to obtain the mass spectrum.
Because ions are lost once they strike the detector
surface, ion detection is destructive.* Corresponding author.
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Recently, we reported a new nondestructive ion
detection method for the ion trap mass spectrometer
(ITMS) that, for the first time, allows broad-band ion
detection [7]. In this Fourier transform (FT)-ITMS
experiment, an auxiliary detector electrode is used to
receive image currents from a coherently oscillating
ion population. Coherent ion excitation is achieved
using simple dc (impulsive) excitation or resonant
narrow-band ac or broadband stored waveform in-
verse Fourier transform [8,9] (SWIFT) excitation. The
induced image currents are measured using a home-
built broadband detection circuit and Fourier analyzed
to yield the corresponding mass spectra. Image cur-
rent measurement followed by Fourier analysis in ion
trap mass spectrometry was first reported by Syka and
Fies over a narrow bandwidth [10]. The present
FT-ITMS technique is broadband and resembles FT
ion cyclotron resonance [11] (ICR) with which it
shares many advantages. For example, it allows a
single ion population to be measured multiple times
(ion remeasurement) and improvements in signal-to-
noise (S/N) ratios can be achieved via data averaging
or summing [12]. The same ions can be studied
further by using tandem mass spectrometry or ion/
molecule reactions. Some results demonstrating these
capabilities have already been reported [7].

This follow-up article provides details about the
FT-ITMS experimental setup and the custom-built
detection circuitry. It addresses the fundamental is-
sues of frequency shifts, mass calibration, mass reso-
lution, and sensitivity. The influence of space-charge
and higher-order fields is discussed using computer
simulations and experimental data. The complex na-
ture of these effects makes precise mass calibration
difficult, but an empirical mass-calibration law based
on experimental data is presented. Image current S/N
ratios are expressed using equations derived from
Comisarow’s FT-ICR model [13] and used to estimate
the detection sensitivity. The effects of dc biasing of
the ion trap to manipulate ion clouds during detection
are discussed. Finally, a dual detector-electrode FT-
ion trap design is proposed to correct for some of the
nonlinear field effects encountered in the current
design and to decrease noise.

Experimental

Instrumentation

A schematic diagram of the instrumental arrange-
ment is shown in Fig. 1. All experiments were
performed using internal electron ionization (EI) in a
prototype Finnigan ITMS (Finnigan Corp., San Jose,
CA) that has been described previously [14]. A 3.2
mm 3 32.5 mm (diameter3 length) detector stain-
less-steel electrode was mounted in the exit endcap
electrode using an insulating teflon support. For im-
pulsive ion excitation, a 2 ms/10–80 V pulse having
rise and fall times of 10 and 20 ns, respectively, was
applied to the endcap electrodes using a fast dc pulser
(DEI, Fort Collins, CO). The dc pulse was not
phase-locked to the main rf trapping voltage. Reso-
nant ion excitation was performed in the narrow-band
mode, using single frequency ac signals, and in the
broadband mode, using SWIFT pulses. The SWIFT
pulses were created and applied as reported previ-
ously [9,15] by using an arbitrary waveform generator
(ARB, Model 395, Wavetek Corp., San Diego, CA).
The excitation signal was applied only to the entrance
endcap electrode in these experiments; however, it
can be applied across both the entrance and exit
endcaps in a dipolar fashion without any further
modifications.

The standard ITMS data system and electronics
were used to control the operation of the ion trap and
provide the necessary trigger sequence for operation
of various auxiliary devices. A delay generator (Mod-
el DG535, S.R.S. Corp., Sunnyvale, CA) was used to
provide the necessary delays for sequential triggering
of the devices. The image currents induced on the
detector electrode were measured by using a simple
preamplifier-filter-amplifier arrangement described
below. The amplified signal was observed using a
digital oscilloscope (Model TDS 540, Tektronix, Bea-
verton, OR) set at 1 MHz sampling frequency, 1 MV

input impedance and 15k data points horizontal reso-
lution to yield a data-acquisition window of 15 ms.
An acquisition window of 50 ms (50k data points at
1 MHz) was used for some experiments, as indicated.
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The oscilloscope was operated in the signal averaging
mode (running average over 100 scans) for all exper-
iments. The built-in real-time fast Fourier transform
(FFT) capability of the oscilloscope was used during
tuning, whereas optimized time-domain transients
were downloaded to a computer with a general
purpose interface board (GPIB) interface for further
FFT processing and background subtraction using
STATMOST, a statistical spreadsheet program (ver
2.1, Datamost Corp., Salt Lake City, UT). Back-
ground signals were recorded under identical condi-
tions, except that the excitation source was turned off.
These spectra were subtracted from sample spectra to
remove systematic noise signals and so improve S/N
ratios. Nominal mass assignments were made by
manually calculating the mass-to-charge ratio value
for each peak in the frequency domain using the
Mathieu equations [16]. All samples were directly
leaked into the ion trap manifold through a leak valve
(Granville-Phillips, Boulder, CO) to obtain a pressure
reading in the range of 0.42 3 3 1026 Torr
(uncorrected). No helium bath gas was used in record-
ing the spectra reported here.

Detection circuit

The detection circuit consists of a preamplifier and
a commercially available analog filter/amplifier
(Model 4302, ITHACO, Ithaca, NY). To minimize
stray capacitance at the preamp input, the detector
electrode was connected to the preamplifier using
short, shielded, vacuum-compatible coaxial leads
which extend outside the vacuum manifold through a
conflat-flange feed-through. The preamplifier is
home-built and consists of two stages, as shown in
Fig. 2. The first stage is a Burr-Brown INA-111
differential-instrumentation amplifier with 10 MV
resistance at each input. For the experiments de-
scribed here, one of the inputs to the differential
amplifier was connected to the detector electrode,
whereas the other was grounded. The first stage has a
gain of 10 and is followed by a single-pole RC
network with a high-frequency breakpoint of 500
kHz. A negative feedback technique is used to set the
low-frequency cutoff to 10 kHz. The final stage of the
preamp is another Burr-Brown differential amplifier
set to provide a gain of 50. The preamp provides a

Fig. 1. Experimental arrangement used for broadband nondestructive Fourier transform ion trap mass spectrometry.
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total gain of 500 and a current-transfer ratio of
5 mV0-p (output) per 1 pA current (input) at 500 kHz
bandwidth. The preamp unit is powered by a bipolar
15 V power supply taken directly from the ITMS
analog board (terminals JC2 and JC3). To reduce
noise from the power supply, a dc voltage transformer
was used as an isolating transformer to isolate the
preamp from the 15 V ITMS power supply, i.e. to
prevent the transmission of any ac noise from the
power source to the preamp. The output of the preamp
is fed into the analog filter/amplifier which is set at
100 gain and 400 kHz bandwidth. The detection
bandwidth is thus 400 kHz in the broad-band mode
and is set to 25 kHz at the analog filter for narrow-
band data acquisition.

Scan sequence

The timing sequence or scan function used to
record a mass spectrum consists of an ionization stage
(0.8–32 ms) followed by a 10–30 ms delay period for
ion cooling and baseline stabilization followed by the
excitation period during which the dc pulser (or the
ARB) is triggered to apply the excitation signal. The
dc excitation time was 2ms whereas the SWIFT
excitation period was 8 or 16 ms (1 or 2 pulses). Data
were acquired (normally 15 ms per transient) using
the oscilloscope to record the ion image signal. The rf
amplitude was kept constant throughout this sequence
of events at a value that corresponds to a low mass
cutoff in the range ofm/z 10–40. For ion remeasure-

ment, the excitation/data acquisition sequence was
performed multiple times. Ion isolation and CID
stages were added for the tandem mass spectrometry
experiments [7].

Results and discussion

Broadband and narrow-band mass spectra

Most experiments employed broadband excitation
and detection but narrow-band excitation and detec-
tion were options used in some cases. An example of
a broadband spectrum of xenon, obtained using
broadband (viz. dc) excitation, image current detec-
tion and FT, is shown in Fig. 3. The spectrum shown
is background subtracted and displays the character-
istic Xe1 ions atm/z 129, 130, 131, 132, 134, and 136
in isotopic ratios that approximately match their
natural abundances, viz. 26.4%, 4.1%, 21.2%, 26.9%,
10.4%, and 8.9%, respectively. An example of a mass
spectrum recorded using narrow-band detection
(25 kHz detection bandwidth) after broadband dc
excitation is shown in Fig. 4. It shows background
subtracted mass spectra for acetophenone at two
different pressures. The parent ion (M1) occurs atm/z
120 and the (M1H)1 ion, due to self-protonation,
occurs to result inm/z 121, as is commonly the case
in ion traps that use internal ionization. The abun-
dance of protonated acetophenone increases at higher
sample pressure (Fig. 4B), as expected.

Fig. 2. Schematic of the home-built preamplifier circuit.
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S/N calculations

The image signal in the present system can be
approximately described using the “rotating mono-
pole” model proposed by Comisarow for ICR [13].
Based on this model, the charge (Q) induced in an
electrode of areaA by an oscillating ion cloud is given
by

Q~t! 5 2
NqzA

V
cos~vt!, (1)

whereN is the number of coherently moving ions,z is
the radius of ion oscillation (i.e. the displacement
from the center in thez direction),q is the charge and
v is the ion secular frequency in radians/s. For
simplicity of calculation, the total space within which
ions oscillate in the axial dimension is approximated
as a cylinder (volumeV) with the detectors being
represented by the two circular ends (areaA) of the
cylinder. Thus A/V 5 1/(2z0), where z0 is the
center-to-endcap electrode distance.

The currenti s is then given by

i s~t! 5
dQ

dt
5

Nqz

2z0
v sin~vt! (2)

or

i s~rms! 5
Nqz

2z0Î2
v (3)

The corresponding image signal voltage can be given
as

vs~t! 5 i s~t! Z (4)

where

Z2 5 S 1

R2 1 v2C2D21

(5)

and Z is the impedance of the detection circuit
consisting of parallelR andC elements and whereR
is the input resistance of the preamp andC is the ion
trap capacitance. Thus, the magnitude of the image
signal (vs) is given by

vs~rms! 5
Nqzv

2Î2 z0 Î~1/R2! 1 v2C2 (6)

For a Johnson-noise-limited measurement, the noise
equals

vn~rms! 5
Î4kTDf ~1/R!

Î~1/R2! 1 v2C2 (7)

wherek is the Boltzmann constant. The noise voltage
is a function of the temperature, usually the ambient
operating temperature of the first element of the

Fig. 4. Narrow-band (25 kHz) mass spectra of acetophenone
showing the M1 z and (M1H)1 ions at two different sample
pressures. Low mass/charge cutoff,m/z 37; ionization time, 1.6
ms; broadband excitation by dc pulse, 30 V, 2ms.

Fig. 3. Broadband mass spectrum of xenon (Xe1) ions. Low
mass/charge cutoff,m/z 40; ionization time, 0.9 ms; excitation by
dc pulse, 50V, 2ms; nominal pressure, 23 1026 Torr.
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detection circuit, and of the equivalent input resis-
tance of the preamp and its frequency bandwidth,Df.
The S/N is thus,

~S/N! 5 vs~rms!/vn~rms! 5
Nqzv

2Î2z0 Î4kTDf ~1/R!
(8)

When the ion cloud oscillates to 50% of its
maximum possible displacement (z/z0 5 0.5) and
has a secular linear frequency of 180 kHz, and when
R 5 10 MV, Df 5 400 kHz, andT 5 298 K, the
theoretical value ofN for S/N 5 2 is 1800 ions.
Experimentally, the intensity of the argon (m/z 40)
signal, measured at this secular frequency, was found
to be approximately 80 mV(rms) at S/N 5 by using the
oscilloscope; the expectation value at S/N5 2 is
therefore 26 mV. Using the theoretical current-to-
voltage transfer ratio of the detection circuit, 26 mV
(rms) ' 0.92 3 10213 A current at the detector. A
current of;1 3 10213 A is therefore found, from the
measurement, to give S/N 2. Thus, in a simple
experiment that employs minimal signal averaging, a
few thousand ions is expected to give a detectable
signal in a broadband spectrum recorded using the
parameters described.

Improving S/N ratios
Signal averaging is the obvious route to improved

S/N ratios. From Eq. (8) one can conclude that the
S/N ratio can be improved by i) operating at a lower
temperature (T), ii) exciting ions more strongly and
increasingz/z0, iii) operating at higher ion frequen-
cies (v) and, iv) decreasing detection bandwidth
(Df ). Many of these parameters, like temperature
(T), ion frequency (v), and ion excursion (z), involve
tradeoffs, whereas decreasing the bandwidth (Df ) is
undesirable. Operation at higher ion secular frequency
and with greater ion excursions has the undesirable
effect of increasing the number and magnitude of
component ion frequencies and increasing the contri-
butions of higher order fields, respectively. Both
effects complicate ion motion and reduce perfor-
mance.

Minimizing rf contributions to the image current
The primary reason for using a small independent

detector electrode in FT-ITMS is to minimize the
pickup of the rf drive voltage by the detection circuit
[7]. In ion traps, the high (kV range) rf trapping
voltage is applied to the ring electrode and leaks into
the image current detection circuit via the endcap
electrodes. A balun or transformer is commonly used
to isolate the supplementary dipolar excitation signal
source from this residual rf current. The rf coupling
occurs via the intrinsic capacitance (C2) that exists
between the endcap and the ring electrode (see Fig. 5).
The rf image current is orders of magnitude larger
than the image current from the oscillating ions, thus
preventing direct measurements.

If C1 is the capacitance between the detector and
the endcap electrode andC3 is the capacitance be-
tween the ring and the detector, the total capacitance
of the trap, which is on the order of 10 pF, is given by

C 5
C1C2

C1 1 C2
1 C3 (9)

Capacitive coupling throughC3 is smaller thanC2

becauseC3 , C2. This is because of the smaller
surface area of the detector electrode and its larger
distance from the ring electrode in comparison to that
of the endcap itself. The capacitance between the

Fig. 5. Schematic of the modified ion trap showing the intrinsic
capacitances that exist between the electrodes.
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endcap and detector (C1) is also assumed to be small.
This reduces the rf leakage into the detection circuit
and improves the signal/noise ratio. Experimentally,
we have observed a reduction by a factor of 200 in rf
pickup at the detector electrode compared to pickup
by the entire endcap electrode [7]. In its current form,
no additional electronic methods are used to minimize
rf pickup. However, electronic rf nulling as achieved,
for example, in the design of Syka and Fies [17],
could be implemented in conjunction with use of the
detector electrode, to further improve S/N ratios at
high rf operating voltages.

Detector dimensions and placement

The dimensions of the pin electrode and its posi-
tion with respect to the ion trap center are important
parameters that affect S/N performance. The magni-
tude of the image signal can be increased by adjusting
the position “d” (see Fig. 6) and/or by increasing the
diameter of the detector electrode, but these parame-
ters must be optimized as they also increase rf noise
pickup. The signal produced by the oscillating ion

packet is proportional to the number of electric field
lines that terminate on the surface of the detector
plate. The density of the field lines is proportional to
the square of the distance between the plate and the
ion packet and to its size. By optimizing the value of
d, the collection of the field lines from the coherent
ion population is maximized, as illustrated in Fig. 6.
The field lines converge on the entire endcap elec-
trode of large area in (A) and on the detector surface
(smaller area) in (B). To minimize loss of field lines to
the surrounding endcap, the area of the detector needs
to be approximately the same as the cross-sectional
area of the cylindrical volume occupied by the oscil-
lating ion cloud. Electrodes with diameters 1.0, 1.6,
and 3.2 mm were studied using various values of the
position descriptord, both positive and negative,
where the positive sign is defined in Fig. 6. A pin
electrode, diameter 3.2 mm, placed so that the dimen-
sion d 5 1 0.5 mm, was determined to be a good
compromise between signal gain and increased rf
pickup. The physical isolation of the detector from the
endcap electrode also eliminates the need for noisy
switching circuits that would otherwise be required to
alternate between ion excitation and image current
detection stages of the experiment.

Frequency shifts and mass calibration

Systematic shifts between the experimental and
calculated frequencies have been observed in all
FT-ITMS experiments. For example, a plot of the
experimental frequencies for the characteristic ions
m/z 120, 105, 77, 65, and 43 of acetophenone and the
theoretical values for an ideal quadrupole field calcu-
lated using the Mathieu equations, is shown in Fig. 7.
Note that the frequencies were calculated fromqz

using a computer program [18] which calculatesbz

from qz using the continuing fraction relationship
between these terms [16]. The experiment employed
dc excitation and FT detection, with acetophenone as
sample. The observed frequencies for the sample ions
m/z 120, 105, 77, 51, 43 are plotted against their
theoretical values as calculated using the Mathieu
equation for a pure quadrupole field. This shows the
typical nature of the shifts observed in these experi-

Fig. 6. The convergence of field-lines from oscillating ions on (A)
endcap electrode and (B) detector electrode.
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ments. Experiments were also performed as a function
of rf voltage (low mass cutoff) to see the effect on
peak position. A constant shift was observed between
the experimental and theoretical frequency values
under fixed operating conditions, as shown in data for
argon (m/z 40) (Fig. 8). In this experiment, the Ar1

ion (m/z 40) frequency was measured at different rf
trapping voltages expressed as the low mass-to-charge
ratio cutoff values. The observed frequency values are
plotted against the theoretical values.

Optimization and control of experimental parame-
ters, especially pressure and ionization time, is re-
quired to achieve such correlations. The frequency

shifts increased when larger ion populations were
studied, presumably due to space charging as dis-
cussed below.

Shifts due to space charging
The performance of the ion trap is dependent upon

the number of trapped ions [16]. As this number
increases, the total ion cloud charge produces a
defocusing field that is superimposed on the trapping
quadrupolar field [19–21]. There are also important
effects that have been described as local space charge
effects, which depend on the number of ions with
mass similar to that of the ion(s) of interest [22].
Several authors [22–24] have shown that space charg-
ing induces coupling of motion between populations
of ions of different masses. Because FT-ITMS in-
volves direct measurement of ion frequencies, space-
charge-induced shifts can be directly observed. Fig. 9
shows the influence of increasing the ion number on
the peak position (frequency) and peak area for argon,
Ar1 ions (m/z 40). Theplot indicates that the ion
secular frequency decreases as the space-charge in-
creases, as is well known from theory [19, 20, 25].
The peak area increases with ionization time, as
expected, except at long ionization times when space
charge effects are large enough to degrade the signal.
The loss of resolution that accompanies coupling of
ion motion from space charging can be seen in the
data shown in Fig. 10. The spectra, which show the

Fig. 7. Correlation between experimental (observed) and theoretical
frequencies for acetophenonem/z 120, 105, 77, 65, 51, and 43
ions. Low mass/charge cutoff,m/z 30; ionization time, 1 ms;
broadband excitation by dc pulse, 23 V, 2ms; nominal sample
pressure, 93 1027 Torr.

Fig. 8. Plot showing the systematic shift between the observed
versus theoretical frequencies for argon (m/z 40) ions as a function
of the low m/z cutoff (rf voltage). Ionization time, 10 ms;
broad-band excitation by dc pulse, 35 V, 2ms; nominal sample
pressure, 23 1026 Torr.

Fig. 9. The influence of space charging on peak position and peak
area is shown form/z 40 ions of argon. Low mass cutoff,m/z 20;
ionization time, variable; nominal sample pressure, 23 1026 Torr;
excitation by dc pulse, 8 V, 2ms. The peak position and areas were
measured using the digital scope.
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ionsm/z 91 and 92 ofn-butylbenzene, were recorded
using narrow-band ac excitation at a sample pressure
of 9 3 1027 Torr and ionization times of 10 ms (Fig.
10A) and 30 ms (Fig. 10B). At the higher ionization
time, the less abundantm/z 92 peak shifts towards the
more abundantm/z 91 peak by about 200 Hz, a result
similar to that observed in a conventional destructive-
detection experiment [22]. There is also a widening of
the peak base, hence a loss of resolution, because the
loss of coherence as a result of ion–ion interactions.

The frequency shift is related quantitatively to the
number of trapped ions as this affects the iso-b values
on which secular frequencies depend. According to
Schwebel and co-workers [26], ion concentrations
(Ni) can be calculated based on the difference be-
tween the theoreticalv0(theo) and the experimental
v0(expt) values of the secular frequencies as follows:

Ni 5 ~3e0m/ 2e!u~v0(theo))
2 2 ~v0(expt)!

2u (10)

Eq. (10) yields an approximate ion density of 53 104

cm23, which applies to an experiment in which S/N5
50 and this result is consistent with the estimate made
above, that a few thousand ions give S/N of unity.

Note, however, that this estimate is only approximate
as field imperfections also cause frequency shifts (see
below).

Shifts due to nonlinear resonances
The presence of higher-order fields in ion traps and

their influence on ion trap performance has been well
documented [16,27]. In a hypothetical “ideal” ion
trap, a pure (100%) quadrupolar field exists and its
strength varies linearly along the spatial coordinates
x, y, andz. Ideally, the ion axial and radial frequency
components are independent of each other and of the
ion position. However, due to misalignments, devia-
tions from ideal hyperbolic shape, truncation, and
imperfections in the spacing of electrodes in real ion
traps, there is a superimposition of weak higher-order
multipoles (mainly octopoles and hexapoles) on the
quadrupole field. This effect is empirically corrected
for in the extended geometry (r0 5 1.000 cm,z0 5
0.783 cm)Finnigan trap used here. However, higher-
order field components remain and this makes the ion
frequency dependent upon the axial and radial posi-
tion of the ion cloud. Nonlinear (higher-order field)
resonances which occur at particular values ofbz and
br , and hence at particular working points on the
stability diagram, have also been reported [24,28,29].
Nonlinear fields cause a coupling between the ion
axial and radial motions and this also distorts the
shape of the ion resonance absorption peak [30, 31].
In addition to causing frequency shifts, higher-order
field resonances may cause ions to be accelerated
towards the electrodes, resulting in ion loss. The use
of a single-detector electrode in the FT ion trap
introduces an asymmetric distortion in the field that is
expected to result in a significant percentage of
hexapole field. This, together with the position depen-
dence of the ion secular frequency, further compli-
cates the frequency shift problem in FT-ITMS. In
practice, the hyperbolic shape of the endcap elec-
trodes, as compared to ideal flat, parallel plates,
further alters the shape, magnitude, and frequency of
the excitation field (as contrasted with the trapping
field) and can also contribute to frequency shifts.

The contributions from various nonlinear contribu-
tions are difficult to study and quantify. However,

Fig. 10. Influence of space-charging on resolution of adjacent
masses (m/z 91 and 92) ofn-butylbenzene. Low mass cutoff,m/z
25; ionization time, 10 ms (A), 30 ms (B); nominal sample
pressure, 93 1027 Torr; narrow-band ac excitation 113.8 kHz,
0.25 V, 100ms.
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computer simulations of ion motion can be used to
study the influence of higher-order fields on the peak
position and resolution. We have used ITSIM, an ion
trap simulations program developed in our laboratory,
for such studies [32]. The inhomogeneity of the
quadrupole field is considered to be the only nonlinear
factor in the results described below, i.e. no space
charge effects are considered. Figs. 11A and 11B
show simulated ion trajectories in the axial dimension
for a collection of 10 ions ofm/z 40 (argon) atqz 5
0.227, for anideal trap (pure quadrupole field,z0 5
0.707 cm) and anonlinear trap, respectively. The
nonlinear trap hasr0 5 1.00 cm, z0 5 0.783
(stretched trap geometry), and this is assumed to
contribute 1.4% octopole and 3% hexapole fields, as
calculated using the program POISSON [33]. In both
cases, the ions are excited by a 4 V, 3 ms wide dc
pulse to cause coherent oscillations with large ampli-
tudes. The coherence achieved is maintained under
ideal conditions (Fig. 11A) but progressively deteri-
orates in the nonlinear device (Fig. 11B). This dephas-
ing is due to the position-dependent shift in the
secular frequency caused by the higher multipoles.
Note that these effects occur when ions of a single
mass-to-charge ratio value are trapped and are inde-
pendent of ion/ion repulsions that have not been
considered.

In cases where ions of different masses are simu-

lated, the frequency shift and frequency coupling
induced by the higher-order fields become even more
evident. Fig. 12 shows the simulated frequency spec-
tra of m/z 84 and 86 ions (krypton) at aqz value of
0.27. Two ion trajectory simulations, one for an ideal
trap and the other for a nonlinear trap, were performed
using parameters identical to those used for Fig. 11.
The frequency spectra were obtained by Fourier
transforming the ion trajectory data. Simulations for
the ideal trap (Fig. 12A) yield the expected peak
positions (106.5 and 104.0 kHz) and separation (2.5
kHz) for the two masses at givenqz values. However,
introduction of nonlinear conditions causes the peaks
to shift differentially to lower frequencies, resulting in
loss of resolution (Fig. 12B). The magnitudes of the

Fig. 11. Simulations of ion axial trajectory under (A) ideal and (B)
nonlinear conditions is shown. The phase coherence caused by dc
excitation is lost under nonlinear conditions in B.

Fig. 12. The effect of higher-order fields on peak position and
spacing is shown in the form of simulated mass spectra ofm/z 84
and m/z 86 ions of krypton under ideal (A) and nonlinear (B)
conditions. One ion each ofm/z 84 and 86, initial position
randomly chosen from a gaussian distribution (s 5 5 mm) is
trapped atqz 5 0.27 andqz 5 0.264, respectively. The higher
order fields are 1.4% octapole and 3% hexapole.
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higher-order fields used in Fig. 12 are exaggerated for
clarity. The quadrupolar component reflects the
stretching of the trap and the hexapolar component,
the asymmetry associated with the pin electrode.

Mass calibration

Characterizing the nature of the frequency shifts is
difficult due to the interdependent space charge and
nonlinear resonance effects just discussed and the
strong dependence of the data on experimental con-
ditions. An empirical approach based on experimental
data (e.g. Fig. 7) is therefore used for mass calibra-
tion. From the solution to the Mathieu equations it is
known [16] that the mass-to-charge ratio value of an
ion is inversely related to its secular frequencyvz:

m

z
5

8V

qz~r0
2 1 2z0

2!V2 (11)

for az 5 0 andqz , 0.4

vz 5
bzV

2
, wherebz 5

qz

Î2
(12)

Thus,

m

z
5 S 4V

~r0
2 1 2z0

2!Î2V
D 1

vz
(13)

or

m

z
5 A

1

vz
, (14)

wherer0 andz0 are the radial and axial dimensions,
az, qz and bz are the Mathieu parameters,V is the
zero-to-peak magnitude of the rf voltage, andV is its
frequency. The value of the correlation coefficient,A,
is determined experimentally and fitted using a qua-
silinear regression algorithm.

Mass resolution

The peak width is inversely proportional to the
length of the acquired transient (assuming no peak
broadening by collisions or nonlinear resonances).

For a 20 ms transient, this precision of frequency
measurement is limited to 50 Hz. However, space
charge and nonlinear resonances occur in these exper-
iments and cause additional peak broadening. Exper-
iments under different operating conditions produced
peak widths [full width at half maximum (FWHM)]
ranging from 150 to 250 Hz. However, under given
experimental conditions, the widths of the peaks were
approximately constant. Because frequency increases
with decreasing mass-to-charge ratio, the resolution
( fz/Dfz) is expected to be highest at low mass-to-
charge ratio. The frequency separation between ions
of consecutive masses is not constant across the mass
range for a fixed set of conditions. Ions with lower
frequencies (higher mass-to-charge ratios) are more
closely spaced than ions at higher frequencies. Hence,
resolving ions of low mass-to-charge ratios is easier
than resolving high mass-to-charge ratio ions. Similar
considerations apply in FT-ICR [34].

The use of higher pressures leads to more colli-
sions between the ions and neutral molecules and this
causes a decrease in the time taken for exponential
decay of the coherence in the time-domain waveform.
This shortens the length of the transient and broadens
the peaks in the frequency domain. Thus, it is desir-
able to detect the ions at low pressures. However,
internal ionization methods as used here require
higher pressures. The requirement for adequate sam-
ple and low operating pressure are mutually incom-
patible although pulsed gas introduction previously
implemented with ion traps [35] should be valuable in
optimizing the conditions. The effect of pressure on
transient lifetimes was studied using krypton ions
(m/z 84) (Fig. 13). Transient lifetimes were deter-
mined at nominal sample pressures of 2, 3 and 53
1026 Torr. The transient length was measured by
acquiring the signal at various times after dc excita-
tion. The plot shows that the longest transients, 23 ms,
were obtained at the lowest pressure, as expected.

Higher resolution can be obtained using the
narrow-band detection mode. This method is analo-
gous to the use of slow scan rates to achieve high
resolution in mass-selective instability experiments:
high resolution is only obtained by slowing the scan
rate to the point where only a narrow mass range can
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be scanned [36]. The scan rate and resolution are
inversely related; hence, the slower the scan the
higher the resolution. FT-ITMS, on the other hand,
has the potential to provide high resolution spectra in
a relatively shorter amount of time and over a much
wider mass range. Anfz/Dfz resolution of about 1000
(unit mass) was found to be routine in the broadband
mode whereas narrow-band detection experiments [7]
provided a higher resolution, in excess of 3000.

dc biasing during nondestructive detection

The S/N ratio can be increased by manipulating the
center of the ion oscillating orbit using small dc offset
voltages applied to the endcap electrode bearing the
detector, as shown in Fig. 14. When the dc offset
potential on the endcap is varied, the signal intensity
and peak position change as shown for Kr1 (m/z 84)
ions in Fig. 15. The observed gain in intensity is due
to the use of the single-detector electrode configura-
tion (single-ended detection) and is expected to cancel
out in the dual-detector electrode (differential detec-
tion) configuration discussed below. It is known from
studies on nonlinear fields [27] that hexapolar fields
are associated with asymmetry of the ion trap geom-
etry (like the present modification) and thus cause a
shift in the ion cloud center. It may thus be possible to
apply an appropriate dc offset voltage and correct for

such shifts. It may also be possible to use dc biasing
for mass calibration purposes. More detailed studies
need to be performed before any practical applications
of dc biasing in nondestructive detection are possible.

Dual-detector electrode configuration

An alternative electrode configuration should im-
prove the performance of FT-ITMS. This dual-detec-
tor electrode configuration, shown in Fig. 16, should
allow true differential detection of the image current.
This should minimize the systematic noise in the
system, including the rf pickup. The rf signal pickup
at the two detector electrodes can be nulled at the
preamp input using differential detection. This would
be especially useful in ion remeasurement experi-
ments [13] where the high systematic background
currently prevents us from obtaining the expected
gain in the S/N ratio. Dual-ended detection should
also minimize the even-order harmonics observed in
the current experiments and provide the expected 23
gain in sensitivity. Another advantage of this design is
the re-establishment of the ion trap symmetry. As
mentioned above, the asymmetric (single detector

Fig. 13. The effect of pressure on the length of the transient
(transient lifetime) is shown by a plot of signal intensity versus
time. The longest transient (23 ms) is obtained at lowest pressures
(2 3 1026 Torr). Low mass/charge cutoff,m/z 40; ionization time,
10 ms; excitation by dc pulse, 65 V, 2ms.

Fig. 14. The shifting of ion cloud oscillation center due to dc
biasing of the endcap electrode is depicted in this schematic.
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electrode) design introduces strong (nonlinear)
hexapolar fields. The dual-detector configuration
would eliminate this asymmetry and minimize the
deleterious effects of hexapolar resonances.

Conclusions

In this article we have addressed important issues
like frequency shifts, mass calibration, sensitivity, and
mass resolution in broadband FT-ITMS. Details of the
experimental arrangement and detection circuitry are
provided. Space charge induced effects on peak posi-
tion and resolution are discussed with the help of
experimental data on argon andn-butylbenzene re-
corded as a function of ionization time. Ion frequen-
cies are found to shift to lower values whereas

adjacent peaks merged as the ionization time was
increased. Nonlinear fields also play a role in causing
frequency shifts and in resolution and sensitivity loss.
Some of these effects were investigated by using
computer simulations of ion motion with and without
higher order fields. Loss of phase coherence, due to
shifting secular frequencies, was observed in ion axial
trajectory simulations under nonlinear conditions.
Frequency shifts are accompanied by coupling of
motion between adjacent ions due in part to nonlinear
field contributions. The cumulative influence of space
charging and nonlinear fields make mass calibration
difficult. Therefore, correlations between experimen-
tally observed and theoretical calculated frequencies
were used to obtain an approximate mass calibration
law. Experimentally, resolutions of 1000 and 3000 are
routinely obtained in the broadband and narrow-band
modes of nondestructive detection, respectively. A
means of altering the position of the ion orbit during
ion detection was investigated using dc bias voltages.
Significant changes in peak positions (frequencies)
and intensities were observed in this experiment.

Further experiments are underway to better under-
stand and improve the performance of the FT-ion trap.
Differential detection of the image currents using dual
detector trap should improve S/N ratios by eliminat-
ing systematic noise and minimizing second-order

Fig. 15. Results from the dc biasing experiment showing the
variation in peak position and intensity as a function of dc bias
voltage. The upper plot is taken at the low mass/charge cutoff
values shown, the lower at a value of 30 Da/charge. The upper plot
is taken using excitation with a 30 V, 2ms dc pulse, the lower with
the amplitudes shown; nominal sample pressure, 23 1026 Torr.

Fig. 16. An ion trap design showing dual detector electrodes for
improving the performance of FT-ITMS. Ionization can be carried
out for example, using an EI source mounted on the ring electrode.
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harmonics and the effects of the asymmetric field
distortions caused by the unsymmetrical single-detec-
tor electrode geometry. Pulsed introduction of the
sample [35] should improve performance by length-
ening the transient signal. Electronic rf nulling at the
preamp input and better shielding from environmental
noise and noise from the EI source are also being
considered to improve performance at high rf volt-
ages. Phase locking of the excitation signals (ac and
dc) with the rf is another option that will allow better
control over ion excitation, especially in remeasure-
ment experiments. A data acquisition system that
incorporates digital signal-processing methods com-
monly used in FT-ICR, including zero-filling, apo-
dization, and summing, is being developed for better
data handling and processing.
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