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Abstract

A method for calibration of an audio-frequency (AF) ion trap mass spectrometer is described. The method is proposed
surmount the obstacle that there is a lack of a proper calibrant for mass spectrometers in the mass-to-chawtgie naatige(
of 10° to 100, To calibrate such mass spectra, we determine the point of ejeqties, on the stability diagram of the ion
trap operated in a mass-selective axial instability mode. This is accomplished by measuring the radial secular frequenc
(and therefore, thevz value) of a single trapped particle using a light scattering method, followed by monitoring the action
of particle ejection in real time to obtain tlggject. A delayed ejection witlyeject = 0.949+ 0.004 is found at a trap driving
frequency off2/2nr = 200-600 Hz. Theoretical analysis for the origin of the delayed ejection indicates that the delay is
predominantly resulted from the existence of multipole components in the fields due to trap imperfections. Inclusi#mn of
of the octopole with respect to the basic quadrupole field can satisfactorily account for our observationsaéeuracy
approaching 0.1% is attainable after proper calibration of the AF ion trap mass spectrometer. (Int J Mass Spectrom 214 (20
63—-73) © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction reduction of the radio frequency, trap size, along with
the use of resonance ejection [5], have been imple-
Since its invention by Paul and Steinwedel in 1960 mented to extend the investigated mass/change) (
[1], the quadrupole ion trap has been widely used range. However, the highes¥z value that has been
as a device for spectral mass analysis of atomic, reached at present is about 150,000 Da/charge [6].
molecular and cluster ions [2,3]. In most of the Other methods like time-of-flight mass spectrometry
commercial gquadrupole ion trap mass spectrometer and Fourier-transform ion cyclotron resonance mass
(QITMS) available to date, a radio-frequency (RF) spectrometry also suffer similar limitations [7-9].
ac field is applied between the ring and the end-cap This could be a misfortune since both mass and
electrodes of the trap in the frequency range of charge state determination of large particles (with
Q127 = 1MHz. This limits the mass analysis ca- m/z > 10°) is often an important and necessary task
pability of such spectrometers ta10® for singly in many fields of science.
charged species [4,5]. Several techniques involving In light of the importance of mass analysis of
large bioparticles [8,9], we have recently developed
* Corresponding author. E-mail: hcchang@po.iams.sinica.edu.tw an audio-frequency (AF) ion trap mass spectrometric
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method to serve such purposes [10]. The method is the octopole field has an opposite sign with respect
rooted on the pioneering work of Wuerker et al. [11] to the basic quadrupole field. This results in delayed
who demonstrated the capability of trapping, detec- ejection of the trapped particles for the existence
tion and mass analysis of single microparticles using of a double well in the unstable region [19]. Wells
a quadrupole ion trap in 1959. Since then, the device et al. [20] have recently conducted both experiments
has been frequently utilized as an electrodynamic bal- and simulations to identify the mass shifts (or delays
ance for single aerosol analysis [12]. A mass accuracy in ion ejection) caused by the holes on the end-cap
of the order of 103 or better for particles weighing  electrodes for small molecules. They found that the
10-16kg can readily be attained [13-17]. The accu- end-cap holes can indeed lead to additional delays,
racy is comparable to that (0.1%) provided by the which are compound-dependent due to collisions of
commercial RF QITMS [5], suggesting a possibility the sample with background gas molecules.

of utilizing this AF ion trap as a mass spectrometer.  We present in this article an analysis for the possible
To obtain experimental data in a form of true mass origin of the delayed ejection observed in our measure-
spectrum, we adopted a standard mass-selective instaments using a homebuilt AF ion trap mass spectrom-
bility mode [4,5] by scanning the ac voltage applied eter. A direct comparison between calculations and
between the ring electrode and the two trap end-caps. measurements is attempted. In the following sections,
Employing this approach has allowed us to success- after a brief description of the experiments conducted
fully extend the mass analysis range of the QITMS to acquire the mass spectra of single submicron-sized
beyond 16 Da/charge [10]. particles, a theoretical treatment for the origin of the

One limitation in the mass/charge determination of experimentally detected ejection delay is provided.
particles in the domaim/z > 1P is the lack of a
proper calibrant for the AF ion trap mass spectrome-
ter whose performance may not exactly follow what 2. Experiments and results
the Mathieu’s equations have predicted due to the ex-
istence of the gravitational force, buffer gas damping, 2.1. Experimental setup
and nonlinear fields in the trap. Hence, the point of
ejection on the stability diagrana(vs.q;) is likely to Details of the experimental setup have been de-
deviate significantly frongeject = 0.908 ata, = 0. In scribed in [10] and, therefore, only a brief description
an earlier work [10], we calibrated the AF mass spec- is given here. Fig. 1 depicts a schematic diagram of
tra by first utilizing the ion trap as an electrodynamic the setup, which mainly consists of an electrospray
balance to determine the/z value of a single particle  ionization (ESI) source, a quadrupole ion trap (QIT),
and then detecting the particle ejection in real time. A and a scattered laser light detection system. The ESI
value significantly larger thageject = 0.908 was de- source comprises a needle (300 in diameter) and
termined, indicating a delay in particle ejection. We an entrance plate with an orifice diameter of L50.
attribute the delay to imperfections of the ion trap used A 4kV dc is applied between the needle and the plate
in the measurement and seek to examine in detail theto create a positively charged spray. The trap has an un-
origin of the delay in this work. stretched geometry @p = 7.07 mm ando = 10 mm,

In a series of publications, Wang, Franzen and essentially identical to that of the ion trap detector
co-workers [18] provided a theoretical framework for used by Louris et al. [4]. On this device, two holes
the analysis of trapping and ejection properties of (3.1 mm in diameter) are drilled in the two end-caps to
a nonideal (or nonlinear) ion trap. In all the cases provide pathways for particle injection and ejection,
that they considered, the strongest multipole field while the four holes (3.8 mm in diameter) on the ring
is the octopole. For a truncated quadrupole ion trap electrode are made to allow illumination and visual-
whose hyperbolic electrodes are cut to finite size, ization of the particles inside the ion trap. Applied to
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Fig. 1. Schematic diagram of the experimental setup. Note that two separate detection schemes are used to probe the individual parti
inside and outside the quadrupole ion trap simultaneously.

the end-caps is a frequency-variable ac voltage from a A photomultiplier tube (PMT), situated at a forward
high-voltage transformer driven by an AF power am- scattering angle of 16 detects the light pulses pro-
plifier. The ring electrode is kept at ground potential duced by the ejected particles as they pass through
and so one can float the two end-caps at a small dcthe illuminating laser beam.
voltage /) to balance the gravitational force (Fig. 1).

To acquire the mass spectra using this AF ion 2.2. Characterization of the quadrupole ion trap
trap, a standard mass-selective instability mode [3] is
adopted. The method is combined with a light detec-  To characterize the AF ion trap, primarily its sta-
tion scheme to identify charged particles ejected from bility diagram, we determined the secular frequencies
the trap on a single particle basis. Before the particle of a single particle moving inside the trap using the
ejection, the chamber is backfilled with 1 mTorr He method of Schlemmer et al. [17]. A 10 mW He-Ne
buffer gas to retain the particle in the trap center and, laser illuminates the particle from the lower end-cap
at the same time, reduce both the axial and the ra- of the ion trap and the resulting scattered laser light
dial amplitudes of the particle’s oscillatory motions. is collected by a PMT through one hole on the ring
The ac voltage amplitudevf) is ramped from 420  electrode (cf. Fig. 1). Fourier-transform of the PMT
to 1700V (with V4 = 0) during the course of the signals collected in real time yields the secular fre-
particle ejection to obtain a full scan of the spectrum. quencies of the trapped particle. Fig. 2 displays the
In conducting this experiment, a 50mW laser diode result of a typical measurement with the time-domain
is employed as the illuminator, providing a power data acquired in 30s for the radial secular frequency
density of~10 kW/n? at the point of light scattering.  (w,) of a single diamond microparticle (roughly
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Fig. 2. Fourier-transform spectrum of the particle motions in the
radial direction. In this example, the secular frequency is deter-
mined to bew,/2r = 110504+ 0.015Hz and its harmonics can
also be detected a2 and 3v, in the same spectrum. Data of
this spectrum were acquired in a 30 s measurement.

1um in diameter). As seen, an accuracy of the or-
der of Aw,/w, = 10~3 can be readily obtained from
repeated measurements of the frequency in 3 min.

For an ideal quadrupole ion trap, the analysis based quencys2/2

on a pseudopotential model [2,3] yields

Vac
r = T = 5 > 1
“ V2(m/2)ras2 )
20; _ Ao
= T @

where rg = 2z§, and w, and w, are the axial and
the radial secular frequencies of the particle motions,
respectively. Egs. (1) and (2) hold only @t < 0.4,
with the trap parameter defined by

 (m/2)r32

qz ©))

Accordingly, the mass-to-charge ratio of the particle
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Fig. 3. Experimentally determined stability diagram, (vs. ;)
along thez, = 0 axis of the ion trap used in the present experiment.
The solid curve represents the theoretically calculated result for
an ideal quadrupole ion trap.

Fig. 3 depicts a plot of8, vs. g;, obtained from
the experimentally measured daia at the fixed fre-
7 = 300Hz and various ac voltage am-
plitudesVac. The result, in general, agrees well with
the theoretical prediction for an ideal ion trap (denoted
by the solid curve). However, significant deviation be-
tween experiment and theory emergesgat> 0.5
and, furthermore, the deviation becomes much more
prominent at a largeq,, as shown in the inset in
Fig. 3. It should be noted that in this measurement, the
highest point that can be reachedBis= 0.911. The
data beyond this point are unavailable since the am-
plitude of the particle motion in the axial direction at
B, > 0.911 is too large to allow precise measurement
of w,. To assess the point of the particle ejection, we
varied theVyc slowly and observed directly the varia-
tion of particle motions inside the trap using the CCD
camera (Fig. 1). From the action of the particle ejec-

can be determined from its radial secular frequency by tion, we determinedeject ~ 0.935. The value signifi-

m/z = Vae/V2riQw, at smallerVae.1 At g, > 0.4,

cantly deviates from 0.908, a clear indication that the

amore complicated set of equations should be applied ion trap used in the present experiment is not perfect.

[2,3].

1The frequency shift due to the presence of the gravitational
force and the applied dc field is too smaller [27] to change the
presently measured delay in particle ejection.

The device behaves like an ideal three-dimensional
qguadrupole ion trap (within the limit of our experi-
mental detection sensitivity) only when functioning at
q, < 0.5.
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2.3. Determination of gjection delay 4.407
A
The geject = 0.935 attained above is the value de- —] L —5x10°
termined under a stationary condition, namely, the ac erazed v

voltage amplitude is scanned infinitely slowly and the
gravitational force is properly balanced by applying a
small dc voltage (typically’ g = 10 V) across the two
end-cap electrodes (see footnote 1). It forecasts a de-
lay in particle ejection to occur due to the trap imper-
fections. Additional ejection delays, arising from the
use of a non-zero scan rate\df;, are expected to ap- . . T
pear in practical measurements. Such delays, as have 15 20 25 30 35 40 45

been discussed before [5,21], can be rather severe for mlz (x1 08)
a trap operating in the AF region if the ac voltage is
ramped too rapidly. Fig. 4. Single-particle mass spectrum of monodisperse polystyrene

. . . microspheres. Inset: enlarged view of a typical scattered laser light
In this experiment, a scan rate of 100 V/s is adopted pulse with a full width at half maximum of (m/2) = 5 x 1C%,

for V¢ to minimize the ejection delay and, simulta-  suggesting a mass resolution exceedinty @ this single-particle
neously, maintain a good mass/charge resolution. A mass spectrometer.
combination of Eqgs. (1)—(3) yields

Veject 4\/§wr
Vim £

(4) 0.91 £+ 0.022um and surface-functionalized with

aminoheptyl groups [-(CH7NH>], serve as an ideal
whereVi, andVeject are the ac voltage amplitudes at  test sample for this spectrometer. As described in de-
the points of frequency measuremeqt & 0.4) and tail elsewhere [10], we introduced the particles into
particle ejection, respectively. The equation reveals the ion trap through a beam tube using an electro-
that one can determine thRject Simply by knowing spray ionization source (Fig. 1). The ion source is
the amplitude ratid/im/Veject rather than on their ab-  operated in a positively sprayed mode and, hence, the
solute values. This allows fairly accurate determina- particles are conceivably charged with protons and
tion of geject From a series of measurements, we de- fully isolated in the gas phase. A suspension contain-
termined an ejection point to locate aB@9+ 0.004, ing 0.5% (w/v) amino-polystyrene particles in 80:20
which varies only slightly (within the limit of our ex- ~ CH3OH/H,O solution at pH= 3.9 is typically used
perimental uncertainty) witk2/2x over the frequency  as the spray solution. The concentration of the suspen-
range of 200-600 Hz. Compared to 0.935 obtained ear- sion is kept low to ensure that there exists at most one
lier, the value evidences the presence of an additional single polystyrene microsphere in each spray droplet.
delay in particle ejection due to the finite scanning  Fig. 4 depicts a spectrum acquired with use of the
rate ofVac (AVad At = 100V/s) used in the present AF trap operating af2/2n = 600 Hz andV varying

qeject =

measurement. from 420 to 1700V. The spectrum exhibits a nearly
random distribution of the peak heights of the scattered
2.4. Single-particle mass spectrum laser light pulses. Only about 10 particles are being

trapped and analyzed in this measurement, as viewed
To provide an overview for the performance of the directly from the CCD camera (Fig. 1). In analogy
AF ion trap mass spectrometer, a typical mass spec-to detection of single molecules in condensed phase
trum of amino-polystyrene microspheres is depicted [22], the difference in peak height between different
in Fig. 4. The spheres, having a mean diameter of particles in the spectrum is derived from the Gaussian
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profile of the laser beam since not all the ejected

particles traverse through the beam at the same spotl.05g/cn¥, p = 1 x 10~3Torr, M = 4g/mol, T

and, hence, experience the same illumination intensity.
The analogy, together with the low particle density,

strongly corroborates the suggestion that the individ-
ual peak in Fig. 4 is derived from one single particle

[10]. Namely, the figure exhibits a single-particle mass
spectrum.

3. Simulations and results
3.1. The Mathieu equations

The equation of motion of a particle under the influ-
ence of gravitation and aerodynamic drag in an ideal
quadrupole ion trap has a form in the axial direction
[23,24],
d?z dz
a2 Ve
whereé = 2¢/2, andFg is the gravitational force. The
damping ternb dz/d¢ is included here on the premise
that the aerodynamic drag forcEqj is in linear pro-
portion to the velocity of the particle, namely, statisti-
cal fluctuation is ignored. Dahneke [25] has provided
a full analysis to evaluate thHg from the viewpoint of
inelastic collisions between gas molecules and a single
particle (either spherical or nonspherical) in the free
molecular flow region. For a sphere with a diameter
much larger than the mean free path of background gas
molecules in thermal equilibrium, the damping force
can be expressed in terms of

8M
V zRT’

wheref &~ 0.9 is the fraction of molecules reflected in
a diffuse mannenp is the buffer gas pressurg, andT

are the molar weight and temperature of the buffer gas
molecules, and), po andd are the velocity, density
and diameter of the investigated particle, respectively.
This alternately suggests a damping constant

_ 86p | M
RT

~ pod$2

4Fy
mR?2’

+(a; —2q;C08Z)z = )

_ (B84 7f) pmv
4 pod

Fq = (6)

@)
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Given with the parameterd = 0.91um, pg

~
=~

300K, and$2/2r = 300Hz, a unitless numbér
0.001 is reached. The value is about four times greater
than that of Hars and Tass [16], who ignored the large
size difference between the submicron-sized particle
and the buffer gas molecules in their analysis.

One may assess how the axial secular frequency of
the particle is altered due to the presence of buffer
gas. The magnitude of the shift is estimated from the
solution for a damped oscillator [15],

(8)

7= A, e coqw,1),

wherew, = /(0§ — k?) andk = bR2/4. In the case
of damping by He atoms with a constantiof& 0.001,
the relative frequency shift caused by the aerodynamic
drag is(k/w,)? ~ 107° for w, ~ £2/10 and2/2r =
300 Hz. The shift is much smaller than our experimen-
tal uncertainty 10-3) and, hence, can be neglected
in the present analysis.

Fig. 5 displays the result of a computer simulation
for the oscillation of a single particle trapped within
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Fig. 5. Variations of the particle positianwith the trap parameter

g, for a single particle confined within an ideal quadrupole ion
trap without (a) and with (b) buffer gas. Due to the gravity, the
particle is situated below the central plane of the trap. Note that
in the simulation, the ac voltage amplitude is ramped at a rate of
100V/s as used in the present experiment.



Y. Cai et al./International Journal of Mass Spectrometry 214 (2002) 63-73

a pure quadrupole field using Eq. (5) and the param-

etersa, = 0, g = 9.81m/¢, 2/2r = 300Hz, and
AVadAr = 100 V/s. In this simulation, thg, value is
varied over the range, 0.10-0.95, for two cages (0
and 0.001). As illustrated in Fig. 5a for a collision-free
system § = 0), the gravitational force exerts its in-
fluence by shifting the particle position below the trap
center. The average shift decreases gradually with
and eventually converges (o) ~ 4g/222 = 11um as

g; approaches 0.908 [15]. At. = 0.908, where the
gravitational effect is minimal, the particle motion be-
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3.2. Ejection delay due to ion trap imperfections

The valuegeject = 0.935 determined in the prior
section provides the first experimental evidence that
the trap used in this work is nonlinear. One may
attribute this non-linearity to the trap imperfections,
which include truncation of the hyperbolic electrodes,
drilling of holes on the electrode assemblies, machin-
ing inaccuracy, as well as any possible misalignments
of the ring electrode with respect to the two end-caps.
These imperfections are subject to further theoretical

comes unstable and the oscillation amplitude enlargesanalysis.

exponentially with time. As soon as the amplitude is
larger than; = 7.07 mm, the particle is ejected out of
the ion trap. Note that in this simulation, a small ejec-
tion delay is resultedjeject = 0.914, due to the finite
scan rate of the ac voltagea\VadAr = 100 V/s). All
the simulatedyeject values, however, are insensitive to
£2, as shown in Fig. 6a for an ideal quadrupole ion
trap.

0.98 — : , : . .
0.97 F (b) )
096F A—a A4 A—A—A—A— :A——A i
- |:::n4‘§;7':= = S
0.95 _
8
o° 0.94} |
0.93 ]
(a) ]
0.92 ]
% e 4 s e
091} —d—b—g——y
0.90 L— s - L
200 300 400 500 600 700
Q2% (Hz)

Fig. 6. Dependence of the ejection poigkiécy) on the trap driv-
ing frequency {2) in the cases of (a)\s/A2 = 0% and (b)
A4/A; = —3%. The data points, denoted bll), (@), and @A),
are results obtained with the damping constanb e 0, 0.001,
and 0.005, respectively.

Following Wang and co-workers [18], we introduce
an octopole term to the modified Mathieu equation
(Eg. (5)) to describe the particle motion in our trap
with a cylindrical symmetry as

2
B (p. 0, 1) = Do(r) [Az (%) P(cosh)

4
A4 <ﬁ> P4(cose)] ,
ro

where @g(t) = —Vaccos(2t) and P,(cosd) is the
Legendre polynomial of the order(n = 2 and 4 in

the present case). The strength of the octopole field
is given here as a percentage of this component with
respect to the strength of the quadrupole field, i.e.
(Aa/A2) x 100. As pointed out by the authors [18],
superposition of this field with the existing quadrupole
can result in a change in both the secular frequency
and the point of ion ejection [18—20]. To provide a
more guantitative measure, we estimate this percent-
age by calculating thgeject and fitting it to the exper-
imentally determined value. It is calculated from the
modified equation of motion that use of the octopole
field with a magnitude ofAs/A2, = —3% can prop-
erly reproduce the experimental datgject = 0.935

at /27 = 300 Hz.

One may explore further the additional ejection de-
lays caused by the non-zevg: scan rate coupled with
the field distortion A4 # 0). Fig. 7(a—e) display the
results of computer simulations for the variation of the
particle position %) with time asq, is scanned from
0.90 to 0.99 at various values 8&/A,. As shown, a

©)
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8- Fig. 8. Dependence of the ejection poigiécy) on the percentage

(@) (A4/A2) of the octopole field with respect to the basic quadrupole
field in the ion trap. The data points, denoted Hl)( (@), and
(A), are results obtained with the damping constantbof 0,

1 0.001, and 0.005, respectively.

(e) In Fig. 6, we also compare in parallel the results of
As4lA2 = 0 and—3% at2/2r = 200-700 Hz. A larger
variation ingejectis Noticeable among cases of various

, , ‘ ‘ : , b for the nonlinear ion trap (Fig. 6b). It conveys an im-
0 091 092 093 094 095 096 portant message that extension of the ejection delay by
a, the buffer gas can occur more easily in this case. From

a direct comparison of our measurements with the cal-
culations depicted in Fig. 6, we found that one can

,Odo.i.;c?-hoo

©

Fig. 7. Variations of the particle positiom with the trap pa-
rameterq, for a single particle confined within a nonlinear ion

trap. The parameters used in the simulations &are- 0.001, properly reproduce the experimental valugjdct =
AVad At = 10?V/5’ 20 = 01mm, 2(0) = Omm/s, and (@)  0.9494-0.004) when—3% of the octopole component
Adldz = +30%, (b) Ad/Az = +1.5%, () Ad/Az = 0, (d) is included in the calculationygject ~ 0.957+0.002).

Ay/As = —1.5%, (e)A4/A; = —3.0%, respectively. o ; .
The result is in close agreement with the conclusion

reached earlier, demonstrating the consistency of the

field with a positive octopole component can cause a present measgremen%s.
slightly earlier particle ejection [18], while inclusion We emphasize that the good match of the results

of a negative octopole term in the field induces an ob- between experiment and simulation reported herein

vious delay in ejection. Consequently, the former has for a field containing-3% octopole might be purely

an effect of enhancing mass resolution [18], whereas
the latter degrades it due to the much slower ejection 2In an earlier work, we determined that the velocity of the

rate for the particle The behavior is highly asymmet- particles ejected from the ion trap is about 20 m/s [10]. With this
) velocity, it will take only about 0.5 ms for the patrticle after ejection

ric, W?th a_ more prominent eﬁe_Ct appearing on the to reach the detection region. The flight time is too short to create
negative side oBA4/A, (cf. both Figs. 7 and 8). any noticeable delay in our observation.
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fortuitous. There are other combinations &f, A4
and higher-order terms that can yield the similar good
match too. It is highly likely that the presently ob-
served ejection delay may primarily arise from the
field distortion due to the holes drilled on the two
end-cap electrodes [23].However, since a complete
map of the electric field inside this trap is not yet
known, the numbeAs/A> = —3% is supplied here
only as a reference for the imperfections of the device
used under our current experimental conditions.

3.3. Ejection delay due to buffer gas damping

Use of He buffer gas at a pressure of 1 mTorr has
been a common practice in radio-frequency ion trap
mass spectrometry for small molecules [4]. The prac-
tice takes advantage of the collisional cooling and fo-
cusing effect, which has been known [21] to enhance
both the mass resolution and detection sensitivity of
QITMS with the ion trap operated in an axial in-
stability mode. Whetten [23] has shown in the early
1970s that introduction of buffer gas into a quadrupole
ion trap would expand its stability diagram and shift
the point of ejection significantly away frogeject =
0.908. Such an effect can be dramatic for a trap op-
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the modified Mathieu equation (Eqg. (5)). Given with a
reasonable initial positiory[0) = 0.1 mm] and veloc-

ity [2(0) = 0 mm/s], significant differences tpjectare
found among the three casés+= 0, 0.001 and 0.005.
Compared to that of the ideal ion trap in Fig. 6a, there
clearly exists an amplification of the delayed ejection
in Fig. 6b. One may comprehend the amplification of
this delay from Fig. 7(d and e) that the mass-selective
scan for a nonideal ion trap withy/A2 < O may
achieve a larger deviation igeject from that of the
ideal trap due to the presence of nonlinear electric
fields. These deviations are, hence, more sensitive to
the pressure of the buffer gas in the trap.

While the aerodynamic drag has an effect of causing
additional ejection delays, the existence of buffer gas
is essential (and even crucial) to the establishment of
a stable ejection pointeject. This is particularly true
for a trap operated in the AF region. For instance, it
has been empirically found during the course of this
simulation that, in the absence of buffer gas, dggct
value may vary sensitively with the initial position
and velocity of the particle in the trab.Only with
an increase of the damping constant upte: 0.005
can the simulatedeject Value stabilize and become
insensitive to the initial conditions.

erated at atmospheric pressure, where a value with The dependence @jecton b, if critical, may raise

Geject > 2 results for microparticles [15]. Illustrated
in Fig. 5b is the effect of damping on particle motion,
obtained by computer simulation using Eqg. (5) in this
study. It is demonstrated therein that collisions of the
particle with background He atoms bf= 0.001 can
significantly reduce the amplitudes of its secular mo-
tions. However, a comparison of the particle motions
in Fig. 5(a and b) indicates that damping of the parti-
cle by He in the mTorr range would not significantly
alter the point of ejectionggject ~ 0.908) on the sta-
bility diagram for an ideal ion trap (see also Fig. 6a).
The above statement is no longer valid for a non-
ideal ion trap with a negative octopole component.
Fig. 6b depicts the results of simulation for the damped
motions after addition of an octopole term3%) to

3 A calculation showed that thgsject Value would increase about
1% because of the presence of two 3mm end-cap holes [28].

serious problems. Dahneke [25] has shown in an elab-
orate analysis that theconstant is a sensitive function
of particle shape (either spherical or nonspherical). It
suggests that thegject value of a nonideal ion trap
(such as ours) may vary not only with the composition
but also with the shape of the particles (with the same
m/z) investigated. This is clearly not a desired feature
when utilizing the ion trap as a mass spectrometer.
To make a practical use of the audio-frequency ion
trap mass spectrometer, efforts to minimize the con-
tent of the nonlinear fields in the trap are needed. This,
fortunately, can be accomplished by adding a posi-
tive octopole term to compensate the superimposed
negative octopole. A common solution to this prob-
lem is to symmetrically stretch the end-cap distance

4 Similar observations for small molecules have been reported in
[18,19].
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by about 11% on each side, as that have been ex-
perimentally demonstrated by Cooks and co-workers
[20] and exploited by commercial QITMS [26]. Wang
and co-workers [18] have theoretically predicted that
stretching the end-cap electrode distance A&y =
+0.08 mm would bring in an octopole term of the
measure of\y/A ~ +2%. This is about the right size
of the modification that we need to do for our trap. It
is expected that, with the field properly corrected by
artificial superposition of positive high-order compo-
nents, amvyz accuracy approaching 0.1% can be es-
tablished after careful calibration of such an AF ion
trap mass spectrometer.

4. Conclusion

Two conclusions have been reached from the
present studies:

1. We have successfully developed a method to
calibrate an audio-frequency quadrupole ion
trap mass spectrometer, which can effectively
cover the mass-to-charge range of 16 10°
by varying the trap driving frequency. The merit
of this method is that it utilizes the ion trap it-
self as an electrodynamic balance, by which the
mass-to-charge ratios of single trapped particles
can be precisely determined. These single par-
ticles subsequently serve as calibrants for such
mass spectrometers. For a trap having an axially
stretched geometry with dimensiong @nd zp)
precise to within 0.01 mm, anvVz accuracy of
the order of 103 is attainable.

2. We have determined the point of ejection for
the AF ion trap mass spectrometer used in the
present measurement to @ject = 0.949 &+

Y. Cai et al./International Journal of Mass Spectrometry 214 (2002) 63-73

the octopole with respect to the basic quadrupole)
of the fields in the trap due to device imperfec-
tions. These imperfections include truncation of
the hyperbolic electrodes, holes drilled on the
electrode assemblies, machining inaccuracy, as
well as misalignments of the ring with respect to
the two end-cap electrodes.
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