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bstract

Charge detection quadrupole ion trap (QIT) mass spectrometry (MS) is a promising technique for high-speed mass analysis of micron-sized
articles such as biological cells and aerosols. In this technique, the trap can be conveniently operated in the mass-selective axial instability mode
y scanning the frequency of the applied ac field under a low vacuum condition. However, because of the lack of proper mass standards in the m/z
ange of 109, a method of calibrating both the resolution and measurement accuracy of the mass spectrometer is required. Herein, we describe a
alibration method which involves determination of the points of ejection (qeject) of the individual particles to be analyzed and investigating how
hese qeject points vary with the trap imperfection, the frequency-scan range, the scan speed, and the pressure of buffer gas. The results are compared
ith theoretical simulations based on the generalized nonlinear Mathieu equations. Using NIST polystyrene size standards as the test samples,

e determined a mean ejection point of qeject = 0.952 at the trap driving voltage amplitude of 1617 V, a He buffer gas pressure of 40 mTorr, and a

requency-scan rate of 70 Hz/s over the scan range of 450–100 Hz. The coefficient of variance of the measured qeject points is 1.2%, suggesting that
resolution of ∼100 and a measurement accuracy of ∼1% can be achieved after careful calibration of the frequency-scan QIT mass spectrometer.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Quadrupole ion trap (QIT) has been widely used as a mass
nalyzer since its invention by Paul et al. [1] and concur-
ently by Wuerker et al. [2] in the late 1950s. The device is
obust, compact, and capable of providing high mass resolu-
ion when operating in the mass-selective axial instability mode

3–5]. Being an ion storage device, it has also been utilized as
n electrodynamic balance for absolute mass determination of
icron-sized particles such as aerosols [6] and synthetic poly-
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ers [7]. It is one of the most versatile mass analyzers available
n the field.

When using the QIT as a microparticle balance, the frequency
f the ac field applied to the ring and/or endcap electrodes is typi-
ally in the range of 1 kHz or less. Because of this low frequency,
n order to achieve high mass measurement accuracy (better than
%), only one particle is analyzed at a time over a time period of
econds up to minutes [8–13]. This long detection time, however,
revents the technique from routine and practical applications.

previous study [14,15] has shown that it is possible to inte-
rate the mass-selective axial instability mode with the QIT for
igh-speed mass analysis of microparticles using light scattering

s a detection method. A recent experiment [16] demonstrated
hat these particles can be detected by using an image charge
etection plate which, additionally, provides a direct measure of
he absolute number of the charges carried by the particles. This
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dx.doi.org/10.1016/j.ijms.2007.10.012
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ewly developed technology has been successfully applied to
easure the total dry masses and associated mass distributions

f synthetic polymeric microparticles, cancer cells [16] and red
lood cells [17].

In operating the QIT in the mass-selective axial instability
ode, ramping up the ac voltage amplitude at a constant fre-

uency is an effective approach, while ramping down the trap
riving frequency at a constant voltage amplitude is the other
18]. The advantage of the latter is that the trap can be operated
nder mild vacuum conditions (pressure ∼10 mTorr) without
rcing between the ring and endcap electrodes. This is an impor-
ant feature since it has been demonstrated [10–12,14,15] that
as damping is an effective means in reducing the total kinetic
nergy of the ionized microparticles produced by either elec-
rospray ionization, matrix-assisted laser desorption/ionization,
r laser-induced acoustic desorption (LIAD) for trapping. Evi-
ence has also been found that the presence of buffer gas assists
etection of the charged particles ejected from the QIT [16,17].

The feasibility of operating the QIT in the frequency-scan
ode for analysis of high-mass biomolecules was first demon-

trated by Schlunegger et al. [19]. The authors swept the trap
riving frequency from 30 kHz to 10 kHz at a constant voltage
mplitude of 200 V, and successfully obtained the mass spectra
f singly charged IgG at m/z ≈ 1.5 × 105 with a mass resolution
pproaching 100. However, the difficulty in electronics ham-
ered the operation of the frequency-scan QIT over a wider
requency range. The situation worsened when extending the
tudy to larger biomolecules or bioparticles (such as viruses)
ince no suitable detector was available [7]. Very few work on the
requency-scan QIT-MS was reported since then, except those
rom our groups [16,17,20,21] and the Shimadzu group [22–25]
orking on digital ion traps.
This study was motivated by our recent development of

harge detection QIT-MS for high-speed mass analysis of
iological cells evaporated/ionized by LIAD [16,17]. In this
nalysis, in order for the cells to be effectively captured by the
IT and subsequently detected by the charge detection plate,

he typical He buffer gas pressure used was in the range of
0 mTorr or higher. Because of this high pressure, it is crucial for
he spectrometer to be operated in the frequency-scan mode so
hat the trap driving voltage can be maintained below the arcing
hreshold of the electrodes. However, it has been an open and
mportant question how the buffer gas affects the ion ejection
rocess at high pressures [26,27]. A method for calibrating the
esolution and the measurement accuracy of the mass spectrom-
ter, together with the sensitivity of the charge-sensitive detector,
s thus required.

We have previously developed a method to calibrate the
IT operating in the voltage scan mode for mass analysis of
icroparticles [15]. Results of the calibration showed that the
ass analyzer, a standard unstretched QIT, used in our exper-

ment was imperfect. The trap imperfections may come from
runcation of the hyperbolic electrodes, drilling of holes on the

lectrode assemblies, machining inaccuracy, as well as any pos-
ible misalignments between the ring and the endcap electrodes.
lthough there is a lack of mass standards in the m/z range of
09, both the resolution and measurement accuracy of this mass
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pectrometer can be properly characterized by a self-calibration
ethod [15]. It involves high-precision measurement of the axial

ecular frequency (hence, its m/z) of a single particle inside the
IT, followed by monitoring the action of the ejection of this
article in real time to determine the point of ejection (qeject).
his work adopts the same method with the exception that the
IT is now operated in the frequency-scan mode. From a sys-

ematic measurement of more than 100 particles, a mean value of
he measured qeject and its distribution width were obtained. The
esults are compared closely with theoretical simulations based
n the generalized Mathieu equations which take the gravity, the
uffer gas damping effect, and the nonlinearity of the trapping
eld all into account.

. Methods

.1. Theory

The method of calibrating the QIT mass spectrometer con-
ists of two parts. First, we characterize carefully the parameter
z as a function of qz near the boundary (βz = 1) of the stability
iagram of the QIT at az = 0 using a single trapped particle. For
he QIT operating in the monopolar mode, either the ring elec-
rode is grounded or the two endcap electrodes are grounded as
mployed herein, the two trap parameters are defined as [18]

z = 2ωz

Ω
(1)

nd

z = 4ZeVac

mr2
0Ω

2
, (2)

here ωz is the axial secular frequency, Ω is the trap driving fre-
uency, Z is the number of charge, e is the elementary charge,
ac is the trap driving voltage amplitude (i.e., zero-to-peak volt-
ge), m is the ionic mass and r0 is the radius of the ring electrode.
or an ideal QIT, qeject = 0.908 at βz = 1; however, this point may
hift due to the trap imperfections [28]. We determine the value
f βz directly from a measurement of ωz for a single charged
article oscillating inside the trap according to Eq. (1) and cal-
ulate the mass-to-charge ratio of this particle at βz ≤ 0.2, where
he pseudo-potential approximation [18,29]

z = qz√
2

(3)

pplies as [2,29]

m

Ze
=

√
2Vac

r2
0Ωωz

. (4)

ith this m/Ze the qz value at given r0, Ω and Vac can be cal-
ulated from Eq. (2) accordingly. A plot of βz versus qz can be
herefore derived from repeated measurements of ωz at various

over the range of βz = 0–1 for the same particle (i.e., with the

ame m/Ze). Fig. 1 shows a typical result of such measurements.

Second, we monitor the action of the particle ejection in real
ime when the trap driving frequency is ramped down. From
he measured ejection frequency (Ωeject), the qeject value of
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Fig. 1. Plot of βz versus qz along the az = 0 axis of the Mathieu stability diagram
for the three-dimensional quadrupole ion trap. Red open squares are the experi-
mental values obtained from repeated measurements of ωz at various Ω for the
same particle (see text for details). The black solid curve is the result calculated
from the continued fractions of βz as a function of qz for an ideal quadrupole
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on trap [18], and the blue dashed curve and the green solid line are calculated
esults using Eqs. (5) and (3), respectively. (For interpretation of the references
o color in this figure legend, the reader is referred to the web version of the
rticle.)

he particle (with a prior measured ωz) is calculated from Eq.
2). The qeject so determined is a combined result of the ejec-
ion delay due to the trap imperfection, the buffer gas damping
40 mTorr of He in the present case), as well as the detection
elay due to the finite scan time (typically 5 s). To assess the
egree of the detection delay, which can be prominent for the
IT operating in the frequency-scan mode, we systematically
easure the dependence of qeject on the frequency-scan rate.
he buffer gas damping effect is also evaluated from a pres-
ure dependence measurement. In this part of the experiment,
more general approach (not limited to βz ≤ 0.2 or qz ≤ 0.3) is

aken to determine m/Ze from the measured ωz for each particle.
athematically, it has been shown that [30]

z ≈
√

q2
z

2 − q2
z

− 7

128
q4
z + 29

2304
q6
z, (5)

hich is valid up to qz = 0.7 with a deviation of <1% from the
xact value (Fig. 1). Combining Eqs. (1), (2), (5) and expressing
z as a polynomial of qz yield [11]

2ωz

Ω
= 1√

2

[
C

(
4π2Vac

Ω2

)
+ 25C3

128

(
4π2Vac

Ω2

)3

+34, 951C5

294, 912

(
4π2Vac

Ω2

)5

− 7925C7

294, 912

(
4π2Vac

Ω2

)7

− 100, 489C9

10, 616, 832

(
4π2Vac

Ω2

)9
]

, (6)
here the parameter C is defined as

= Ze

mr2
0π

2
. (7)
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itting of the experimental data (including ωz, Ω and Vac) to Eq.
6) allows us to determine precisely the C parameter or the m/Ze
alue of the particle. The particle ejection point qeject can finally
e calculated from Eq. (2) as

eject = 4π2VacC

Ω2
eject

, (8)

here Ωeject is the frequency at which the particle is ejected
rom the QIT.

.2. Experiment

The sample used in this experiment was the NIST polystyrene
ize standard, SRM 1692. The certified number-averaged diam-
ter of the spheres is 2.982 �m, with a standard deviation of
.016 �m. Use of the density of 1.055 g/cm3 for polystyrene
31] leads to a calculated mean mass of 8.81 × 1012 Da/particle.
t is noted that the coefficient of variance (CV) of the mass distri-
ution of this sample is only 1.6%. This narrow mass distribution
uggests that the NIST polystyrene size standards are useful as
he mass standards in particle mass spectrometry [11].

The experimental setup employed in this work is gener-
lly similar to that reported previously by Cai et al. [14,15].
pecifically, the QIT was obtained from Jordan TOF Products
Grass Valley, CA, USA) and has an unstretched geometry of
0 = 10 mm and z0 = 7.07 mm, where r0 is the radius of the ring
lectrode and z0 is half the distance between the two endcap
lectrodes. Compared to the earlier work, four major modifica-
ions have been made to widen the biological application of this

ass spectrometer. First, a LIAD source was used to evaporate
harged microparticles from a silicon substrate without matrix
nd external ionization [11,12]. Second, the evaporated particles
ntered the ion trap through one of the four holes on the ring
lectrode [17]. Third, a small ac voltage was applied between
he two endcap electrodes for resonance ejection of the trapped
articles until one was left for secular frequency measurement
17]. Fourth, a home-built charge-sensitive plate detected the
articles ejected from one of the endcaps of the QIT [16,17].
urther experimental details can be found in refs. [15,17].

Trapping of the LIAD-generated particles was performed in
he presence of 40 mTorr of He buffer gas. More than one particle
as often trapped in each filling. To achieve single particle trap-
ing, the chamber was first evacuated to a base pressure of less
han 1 mTorr and unwanted particles were eliminated consecu-
ively by resonance ejection. A He–Ne laser beam illuminated
he selected particle for visual monitoring of its oscillatory

otions inside the QIT. Observation of a stable 2:1 Lissajous
rajectory ensured trapping of a single particle. Secular frequen-
ies of the particle’s oscillation were determined by performing
fast Fourier transform of the monitored, intensity-modulated

ight signals [9,10]. An accuracy on the order of �ωz/ωz = 10−3

as readily achievable in a 10-s measurement. After the sec-

lar frequency measurement, the chamber was backfilled with
0 mTorr of He buffer gas right before ejection of the trapped
article for m/z analysis. Experiments with no backfilling of the
hamber with the He gas were also conducted for comparison.
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Fig. 2. Single particle measurements of qeject with (�) and without (�) 40 mTorr
of He buffer gas. Both the measurements were conducted at the frequency-scan
r
a
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3
s
l
e eject,0
former is in excellent agreement with the value qeject,0 = 0.935
determined earlier (Fig. 1) within the limit of our experimental
errors (∼1%). Note that the CV measured here is twice as large
Z. Nie et al. / International Journal

A key component that made possible operation of the QIT-MS
n the frequency-scan mode was the high-voltage current-
eedback power amplifier built in house [32].1 The amplifier
as so well designed that the variation of Vac with Ω was

ess than 1% over the frequency-scan range of 100–1000 Hz.
n addition to this power amplifier, a high-precision averaging
eak-to-peak voltage detector [33] was also developed to mea-
ure precisely the Vac value throughout the entire experiment.
se of this home-built peak-to-peak voltage detector, which was

alibrated against a standard voltage and frequency source, has
llowed us to achieve high-precision measurement for the ac
oltage amplitude at the level of 100 ppm.

. Results and discussion

.1. Experimental results

Fig. 1 depicts a plot of βz versus qz, obtained from the exper-
mentally measured ωz at Vac = 1617 V and Ω/2π = 610–267 Hz
n vacuum (chamber base pressure <1 mTorr). Each data point
s a result of the measurement for the axial secular frequency at
different trap driving frequency. No gravitational effects were

aken into account in this measurement since the gravity has
een shown to play no significant role here [34], particularly
ear the particle ejection point. As shown in Fig. 1, the data
oints match closely with the theoretical values obtained from
uccessive approximation of βz as a function of qz [18] for an
deal ion trap at qz < 0.5. However, as qz approaches to 0.9, clear
eviation between experiment and theory is found. Extrapola-
ion of the experimental data to the stability diagram boundary
f βz = 1 suggests an ejection point of qeject,0 = 0.935. The value
s in excellent agreement with our previous measurement where
ac was varied [15]. Again, the value is significantly larger than
.908, a result that the QIT used in this experiment is imperfect
ecause of the presence of multipole components in the trapping
otential [15].

The qeject,0 = 0.935 attained above is the value determined
nder a static condition, that is, the scan of the ac frequency is
nfinitely slow. This operation, however, is impractical in real-
orld applications. To determine the particle ejection point more
irectly (or realistically), we ramped down the trap driving fre-
uency (typically in 5 s) and monitored the ejection action of
he particle with a pre-determined m/Ze in real time. From the

eject detected in the frequency-scan spectrum, the qeject was
alculated from Eq. (8). Fig. 2 shows a result of the measure-
ent for the 3-�m NIST spheres in the absence of buffer gas. In

his measurement, the trap was operated in the frequency range
f 450–100 Hz at a linear scan rate of �(Ω/2π)/�t = 70 Hz/s,
nd the ac voltage was maintained at a constant amplitude of
ac = 1617 V. Eleven particles were measured individually and

hey all carried different numbers of charges and therefore were

jected at different frequencies. We determined a mean ejec-
ion point of qeject = 0.947 with a CV of 1.2%. Compared with
eject,0 = 0.935 as determined earlier in the static condition, the

1 Detailed information of the circuit is available upon request.

F
r
w
a
t

ate of 70 Hz/s, the frequency-scan range of 450–100 Hz, and the ac voltage
mplitude of 1617 V. The mean values of these two data sets are qeject = 0.947
dashed line) and qeject = 0.952 (solid line), respectively.

elay in particle ejection here is more prominent. To confirm
hat the additional delay (∼1%) is a result of the delay in particle
etection due to the finite scan time, we measured systematically
ow qeject varies with the frequency-scan rate.

Fig. 3 shows the result of the qeject measurement at four dif-
erent frequency-scan rates in the absence of buffer gas. As seen,
he measured qeject increased nearly linearly with the rate when
he frequency was swept over the same range of 450–100 Hz.
ccompanied with this increase is the increase of the CV in

eject. The CV has more than tripled as the rate increased from
5 Hz/s to 350 Hz/s, a reflection that the mass resolution of the
pectrometer is lower at higher frequency-scan rates. Extrapo-
ating the data points to the zero scan rate yields an intrinsic
jection point of q = 0.935 with a CV of only ∼1%. The
ig. 3. Dependence of experimentally measured qeject on the frequency-scan
ate with (�) and without (�) 40 mTorr of He buffer gas. Both the experiments
ere conducted at the frequency-scan range of 450–100 Hz and the ac voltage

mplitude of 1617 V. Extrapolating the data points of these two measurements
o the zero scan rate yields the same ejection point of qeject,0 = 0.935.
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Fig. 4. Single particle measurements of qeject at the trap driving voltages of
Vac = 1500 V (�), 1617 V (�) and 1815 V (�). The measurements were con-
ducted in the presence of 40 mTorr of He buffer gas with a frequency-scan rate
of 70 Hz/s over the range of 450–100 Hz. Note that the data collected at 1617 V
here are the same as those shown in Fig. 2. The black dashed line represents the
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Fig. 5. Single particle measurements of qeject with the trap driving frequency
scanned over the ranges of 400–100 Hz (�), 450–100 Hz (�), 500–100 Hz (�)
and 550–100 Hz (�). The measurements were conducted in the presence of
40 mTorr of He buffer gas at a constant ac voltage amplitude of 1617 V and
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3.2. Theoretical simulations

The value qeject,0 = 0.935 determined in the experimental sec-
tions indicates that the ion trap used in this work is nonlinear. The
ean value (0.955 ± 0.015) of all qeject measured at the three different voltage
mplitudes.

s that (CV ∼ 0.5%) of the voltage scan [15]. It indicates that the
article ejection point is less stable in the frequency-scan mode
han in the voltage scan mode. Nonetheless, the result of the
resent measurement strongly suggests that a resolution of 100
an potentially be reached at m/z ∼ 109 by the frequency-scan
IT-MS.
Aside from the detection delay, the buffer gas damping effect

lso plays an important role in shifting the qeject point. Shown
n Fig. 3 are the results of the measurement in the presence of
0 mTorr of He buffer gas, a typical condition used in the cell
xperiment [17]. The measured ejection point is fairly stable; it
as a mean value of qeject = 0.952 (CV = 1.2%), noticeably higher
han its counterpart (qeject = 0.947) by 0.005 unit (cf. Fig. 2).
owever, the difference is within the distribution width of the
easured qeject, indicating that the buffer gas damping effect

s small (if not negligible) when the QIT was operated in the
requency-scan mode at the frequency-scan rate of 70 Hz/s. To
urther investigate the stability of the particle ejection point in the
resence of buffer gas, we measured the variation of qeject with
he amplitude of the ac field applied to the ring electrode. The
esult is shown in Fig. 4. As seen, both the measured mean value
nd the CV of the qeject distribution are insensitive to the changes
f the applied voltages, as along as the voltage amplitude was
aintained as a constant over the entire frequency-scan range.
imilarly, the change is insignificant if the frequency-scan range
as varied to 550–100 Hz and 400–100 Hz (Fig. 5).
The present measurement using NIST polystyrene size stan-

ards as the test sample provides not only a means to calibrate
he QIT mass spectrometer but also a means to calibrate the sen-
itivity of the charge detector. In the charge detection scheme as
mployed in this experiment, the measured voltage is converted
rom the image charges integrated over a small capacitor in the

ircuit. Since the capacitance (1 pF in this case) of this capaci-
or has a marked tolerance of ±25%, it introduces a fixed error
n the charge measurement. With use of the NIST polystyrene

F
o
q
v

frequency-scan rate of 70 Hz/s. The black dashed line represents the mean
alue (0.958 ± 0.015) of all qeject measured at the four different frequency-scan
anges.

pheres as the mass calibrant, we are allowed to alleviate this
roblem and determine quite accurately the absolute number
f the charges carried by each particle to a precision of better
han 2%. Fig. 6 shows the typical charge distribution of the par-
icles investigated in this work. A nearly equal population of
oth positively and negatively charged particles was detected,
result consistent with the characteristics of LIAD [12]. Fur-

her improvement of the charge measurement accuracy relies
n increasing the charge number Z or decreasing the electronic
oise (typically 500 electron charges [16,17]) of the detector.
ig. 6. Charge state distribution of 3-�m polystyrene size standards evap-
rated/ionized by laser-induced acoustic desorption and captured by the
uadrupole ion trap operating in the frequency range of 400–550 Hz and the
oltage amplitude range of 1500–1815 V.
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onlinearity may derive from the octopole term in the electric
otential [35–38]

(r, z, φ) = A2

[
V0

2r2
0

(r2 − 2z2)

]

+A4

[
V0

8r4
0

(8z4 − 24z2r2 + 3r4)

]
, (9)

here V0 is the potential applied to the ion trap electrodes.
e have previously shown [15] that inclusion of the octopole

erm with the polarity and magnitude of A4/A2 = −3% can prop-
rly reproduce our experimental observation of qeject,0 = 0.935 at
/2π = 300 Hz. Based upon this finding, we simulated numeri-

ally the present experimental results (obtained by the frequency
can) using the nonlinear Mathieu equations after taking into
ccount the effects of the gravity and the aerodynamic drag force
39,40] on the particle at ax = ay = az = 0 (i.e., no dc fields [18])
s follows

d2x

dξ2 + b
dx

dξ
− 2qx

(
x − A4

A2

∂V ′

∂x

)
cos 2ξ = 0, (10)

d2y

dξ2 + b
dy

dξ
− 2qy

(
y − A4

A2

∂V ′

∂y

)
cos 2ξ = 0, (11)

d2z

dξ2 + b
dz

dξ
− 2qz

(
z + A4

2A2

∂V ′

∂z

)
cos 2ξ = 4g

Ω2 , (12)

here

≡ Ωt

2
, (13)

′(r, z, φ) ≡ 1

8r2
0

(8z4 − 24z2r2 + 3r4), (14)

nd g is the gravitational acceleration on Earth surface and b is
he gas damping parameter, which is related to the buffer gas
ressure (p), the molar weight (M) and temperature (T) of the
uffer gas atoms (or molecules), as well as the density (ρ0) and
iameter (d) of the investigated particle by [41]

= 8.6p

ρ0dΩ

√
M

RT
. (15)

se of the parameters d = 2.982 �m, ρ0 = 1.055 g/cm3,
= 4 × 10−2 Torr, M = 4 g/mol and T = 300 K yields a unitless
umber b ≈ 0.01 at Ω/2π = 450 Hz. It should be emphasized that
he parameter b here is no longer a constant in the frequency-
can mode. It is inversely proportional to Ω and, hence, increases
ontinuously as the frequency is ramped down. Another note-
orthy complication in the frequency-scan simulation is that the
otion of the ions in the QIT is a function of both frequency and

ime. As a result, the ion motion is highly sensitive to the phase
f the sinusoidal wave used in the simulation, which often leads
o minor fluctuations of qeject and eventually produces erroneous

eject values, if the precision used in the numerical calculation
s not sufficiently high.

Fig. 7 shows the results of the simulations for two differ-
nt cases, (a) A4/A2 = −3% and b = 0 and (b) A4/A2 = −3%

e
e
o
f

x0 = 0, υx,0 = 0), (y0 = 0, υy,0 = 0) and (z0 = 1 mm, υz,0 = 0.01 m/s), respectively,
ith a frequency-scan rate of 70 Hz/s over the range of 450–100 Hz.

nd b = 0.01 at the starting frequency. It illustrates how the
article’s position varies with time in the z direction when
he trap driving frequency is ramped down from 450 Hz to
00 Hz at Vac = 1617 V. In this simulation, the initial conditions
sed were (x0 = 0, υx,0 = 0), (y0 = 0, υy,0 = 0) and (z0 = 1 mm,
z,0 = 0.01 m/s), where υx, υy and υz are the velocities of the
articles in the x, y and z coordinates, respectively. Due to the
ravity, the particle has a small displacement from the trap center
x = y = z = 0). We set the starting point arbitrarily at qz ∼ 0.4. At
his point, a 3-�m polystyrene sphere would carry about 4500
harges in the trap operating at Vac = 1617 V and Ω/2π = 450 Hz.
s clearly seen in Fig. 7b, the particle stayed at a site very

lose to the trap center (within 0.1 mm) over a wide range of
z = 0.5–0.9. As qz increases beyond 0.9, the particle’s motion
ecomes unstable and the oscillation amplitude enlarges expo-
entially with time. Compared with the voltage scan as discussed
n ref. [15], the frequency scan here produces a significantly
aster increase in amplitude near the particle ejection point,
hich can be understood as a result of the quadruple increase of

z with the decreasing Ω. It is worth noting that the particles so
jected have a velocity of υ ≈ z Ω /2 [21]. Taking particles
0 eject
jected at Ωeject/2π = 300 Hz as an example, they have a velocity
f 6.7 m/s, which translates to a total kinetic energy of 2 MeV
or the 3-�m polystyrene sphere.
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Fig. 8. Dependence of theoretically simulated qeject on the percentage (A4/A2)
of the octopole field relative to the basic quadrupole field in the nonlinear ion
trap. The data points were obtained at two different frequency-scan ranges (as
indicated) with and without 40 mTorr of He buffer gas. In all simulations, the
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Fig. 9. Variations of the particle position z with the trap parameter qz dur-
ing the frequency scans of the quadrupole ion trap with (a) A4/A2 = −4%, (b)
A4/A2 = −5% and (c) A4/A2 = −6% near the particle ejection point in the pres-
ence of 40 mTorr of He buffer gas. In all simulations, the initial positions and
velocities of the particles were set at (x0 = 0, υx,0 = 0), (y0 = 0, υy,0 = 0) and
(z0 = 1 mm, υz,0 = 0.01 m/s), respectively, with a frequency-scan rate of 70 Hz/s
over the range of 450–100 Hz.

Fig. 10. Dependence of theoretically simulated qeject on the frequency-scan rate
with (�) and without (�) 40 mTorr of He buffer gas. The data points in each scan
nitial positions and velocities of the particles were set at (x0 = 0, υx,0 = 0), (y0 = 0,

y,0 = 0) and (z0 = 1 mm, υz,0 = 0.01 m/s), respectively, and the frequency-scan
ime was 5 s.

In Fig. 8, we also show the dependence of qeject on A4/A2 over
wider range under the same initial conditions as described in
ig. 7. In the presence of 40 mTorr of He buffer gas, the qeject
alue is quite stable; it increases only slightly (<0.005) when
4/A2 changes its polarity and magnitude from +6% to −5%.
he value is also insensitive to the change of the frequency-scan

ange from 450–100 Hz to 500–100 Hz. However, a substan-
ial increase in qeject by more than 0.02 unit occurs between
4/A2 = −5% and −6%. Fig. 9 shows the trajectories of the par-

icle’s motion near the turning point at A4/A2 of −4%, −5% and
6%. There is no obvious difference in the trajectory between

he cases of A4/A2 = −4% and −5%, where the amplitude of
he particle’s oscillatory motion displays a simple exponential
ncrease in time near the particle ejection point (Fig. 9a and b).
owever, at A4/A2 = −6%, slight modulation of the oscillation

mplitude (Fig. 9c) carries the particle beyond the ejection point,
esulting in a significant increase in qeject. The behavior is very
imilar to the variation of z with qz for the particle confined in the
on trap in the absence of buffer gas at A4/A2 = −3% as shown in
ig. 7a. In the latter case, the turning point is located at around
2% or −3%, depending on the frequency-scan range (Fig. 8).
As in the voltage scan [15], the finite scan time can also

ause an ejection delay in the particle detection during the
requency-scan process. Fig. 10 shows the result of the sim-
lations under various initial conditions with x0 = 0, υx,0 = 0,
0 = 0, υy,0 = 0, −1 ≤ z0 ≤ 1 mm and −0.01 ≤ υz,0 ≤ 0.01 m/s at
he rates of 35 Hz/s, 70 Hz/s, 140 Hz/s, 250 Hz/s and 350 Hz/s.
he CV of the simulated qeject values was found to increase sub-
tantially with the scan rate. Moreover, at higher scan rates such
s 350 Hz/s, the location of the ejection point is very sensitive to
he change of the initial conditions of the ions even in the pres-

nce of 40 mTorr of He buffer gas. Both of the characteristics
re in good agreement with experimental observations, suggest-
ng that the larger fluctuations in qeject at higher frequency-scan
ates as experimentally observed in Fig. 3 are predominantly

rate were obtained with initial positions and velocities of (x0 = 0, υx,0 = 0) and
(y0 = 0, υy,0 = 0) in the x and y coordinates and various conditions of z0 = 0, ±0.1,
±0.5, ±1.0 mm and υz,0 = 0, ±0.001, ±0.005, ±0.01 m/s in the z coordinate.
Each error bar represents the coefficient of variance of the simulated qeject values
at each frequency.



of M

c
i
e
i
g
i
a
e

i
s
e
I
s
s
m
a
o
t
0

4

i
m
e
a
t
s
i
s
t
r
t
s
t
o
a

R

[

[

[

[

[

[

[

[

[

[

[
[

[

[

[
[
[

[

[
[
[
[
[
[

[
[
[

Z. Nie et al. / International Journal

ontributed by the differences in the initial positions and veloc-
ties of the charge particles in the trap. To reduce this undesired
ffect, choice of lower scan rates as in mass analysis of small
ons [3–5] is a necessity. Simultaneously, one should use buffer
as to damp the particles into the trap center so that the same
nitial conditions can be maintained. The trade-off is that an
dditional ejection delay is produced by the buffer gas damping
ffect (Fig. 10).

The simulation results depicted in Fig. 10 predict a near linear
ncrease of qeject with the frequency-scan rate, which is con-
istent with our experimental observations (Fig. 3). Such an
ffect is significant and can be substantial if the rate is too high.
t suggests that re-calibration of the frequency-scan QIT mass
pectrometer is needed whenever the scan rate is changed. At the
can rate of 70 Hz/s, as typically used in this and previous experi-
ents [17], the qeject values obtained by the simulations are 0.957

nd 0.950 for the scans conducted in the presence and absence
f 40 mTorr of He buffer gas, respectively. They agree satisfac-
orily with our experimental measurements of qeject = 0.952 and
.947, the mean values obtained from Fig. 2.

. Conclusion

We have demonstrated that the combined technique involv-
ng frequency scan of a quadrupole ion trap operating in the

ass-selective axial instability mode and charge detection of the
jected particles is a promising approach for high-speed mass
nalysis of micron-sized particles. The operation is realized by
he availability of stable ac power amplifiers that allow smooth
weep of the trap driving frequency at constant voltage amplitude
n the audio frequency region. Using 3-�m NIST polystyrene
ize standards as the mass calibrant, we have achieved a resolu-
ion of ∼100 and a measurement accuracy of ∼1% at m/z in the
ange of 109. The results are supported by theoretical simula-
ions based on the generalized nonlinear Mathieu equations. The
pectrometer so constructed is expected to find useful applica-
ions to a variety of biological cells and synthetic particles (either
rganic or inorganic), where knowledge of their total dry masses
nd dry mass distributions is in need.
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