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Abstract

Greatly improved peak shapes are obtained by applying auxiliary quadrupolar excitation to the first stability region of a
resolving quadrupole mass filter. This phenomenon is investigated theoretically and experimentally, and is conceptualized as
a splitting of the Mathieu stability diagram into multiple islands, yielding multiple operating points available for ion filtering.
The modified stability diagram is calculated exactly using the solutions to Hill’s equation, and yields excellent agreement with
experiment. All experimental measurements are made using an inductively coupled plasma mass spectrometer. Theoretical
mapping of the stability diagram is confirmed using the80Ar2

1 ion. Peak shape enhancements are demonstrated by measuring
m/z5 39 in the presence of an abundance of40Ar1, where an operating point is found that gives.10003 increase in
abundance sensitivity and also yields only a weak broadening with increasing translational ion energy up to 20 eV. Good
separation of high concentrations of69Ga1 and137Ba21 is demonstrated. (Int J Mass Spectrom 208 (2001) 17–27) © 2001
Elsevier Science B.V.
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1. Introduction

Since the discoveries by Paul and Steinwedel in
1953 [1] and Paul and Raether in 1955 [2] of the useful
properties of rf quadrupole fields for charged particle
trapping, a large amount of theoretical and experimental
work [3–12] has been carried out to improve the oper-
ation of ion traps and quadrupole mass filters (QMFs).
Precise electrode manufacturing, coupled with a variety
of ion sources, fast electronics and ion detectors, and, for
ion traps, axial ejection methods [13,14], transformed
the quadrupole devices into state of the art scientific
instrumentation for analytical applications.

The resonant excitation of ions by an auxiliary rf
signal has proven to be a fruitful and powerful means
to control the trapped ion motion. Its use markedly
enhanced the ion trap performance [15], including
mass selective ejection at variableq, mass range
extension to lowq, and the promotion of collision
induced dissociation and endothermic reactions.

The theory of resonant excitation is well developed
[8,15–19]. March and co-workers provided the first
theoretical treatment of first order resonances result-
ing from auxiliary quadrupolar excitation in an rf
quadrupole ion trap [8]. More recently, quadrupolar
resonances were observed in a three-dimensional ion
trap by Razvi et al. [20] at frequencies corresponding
to integral fractions of the ion secular frequency.* Corresponding author. E-mail: baranovi@SCIEX.com
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In a recent article [19], first- and higher-order
resonance conditions were derived theoretically, and
the parametric nature of the excitation was depicted
explicitly. Here it was shown that auxiliary quadru-
polar excitation changes the stability conditions of an
ion in the normal quadrupole field. These higher-order
resonance lines due to quadrupolar excitation were
recently investigated in detail by Collings and Dou-
glas [21], who demonstrated the radial ejection of ions
from a pressurized linear ion trap employing higher-
order resonances.

For quadrupolar excitation in an rf-only field,
multiple bands of instability appear on the Mathieu
stability diagram due to first- and higher-order reso-
nances [19], and therefore multiple ion ejection con-
ditions can occur for the same ion at a single excita-
tion frequency. Using a dc resolving field further
increases the complexity, since the quadrupole field is
characterized by two different values ofbx and by,
and ion trajectories can resonate simultaneously in
two different directions in response to the same
excitation frequency. In this case, radial ejection
occurs along the iso-b lines of a resolving QMF. As a
result, as the excitation amplitude increases, the sta-
bility diagram splits into a number of stable areas, or
islands, each with its own operating point and mass
resolving capability.

In this work, we discuss and verify the theoretical
predictions of modified stability diagrams, obtaining
peak positions and shapes in selected stable islands
close to the apex of the Mathieu stability diagram. For
the relatively low excitation amplitude used here, we
observe ion ejection and peak splitting due to different
orders of perturbation. We directly compare the ex-
perimental results with the theoretical mapping of the
stability diagram modified by the quadrupolar excita-
tion. Experimentally we find that using quadrupolar
excitation on a high precision resolving quadrupole
yields greatly enhanced peak shapes and therefore
enhanced abundance sensitivity. This potential for
peak shape enhancement using auxiliary quadrupolar
excitation on a QMF has been discussed empirically
in several patents [22,23] without involving the pre-
diction power of theory. Here we report a theoretical

approach to the auxiliary quadrupolar excitation and
its experimental verification.

Experiments are performed using an inductively
coupled plasma (ICP) mass spectrometer with auxil-
iary quadrupolar excitation. Peak widths and positions
are used to map out the modified stability diagram.
Additional measurements are made for abundance
sensitivity; an operating point is found that gives
.10003 increase in abundance sensitivity nearm/z
40 over a normal QMF, and also yields only a minor
broadening with increasing translational (axial) ion
energy up to 20 eV.

2. Theory of quadrupolar excitation

2.1. Ion motion equation

In the presence of additional rf voltage, the applied
potential to the QMF rods is

V~t! 5 U 1 V cos~Vt! 1 V9 cos~vt 1 a! (1)

whereU is a direct voltage andV is a sinusoidal (zero
to peak) voltage of the main trapping rf signal;V9 is
a sinusoidal (zero to peak) voltage of the auxiliary rf
signal; V and v are the respective angular frequen-
cies, anda is the phase shift between them. Equations
of ion motion in a quadrupole field may be expressed
as follows [8,13]:

d2x

dt2
1

V2

4
@a 1 2q cos~Vt!

1 2q9 cos~vt 1 a!# x 5 0, (2a)

d2x

dt2
1

V2

4
@a 1 2q cos~Vt!

1 2q9 cos~vt 1 a!# y 5 0, (2b)

d2z

dt2
5 0 (2c)

where

a 5
8eU

mV2r0
2; q 5

4eV

mV2r0
2; q9 5

4eV9

mV2r0
2 (3)
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r0 is the field radius [6] anda, q, andq9 are Mathieu
parameters.

The parameterq9 is a dimensionless measure of the
voltageV9 and can be called the excitation parameter.
It can be expressed asq9 5 qV9/V. In the present
work, the ion motion close to the apex of the first
stability island (a0 5 0.236 99 andq0 5 0.706 00) is
investigated. Hence, the excitation parameter may be
expressed asq9 5 70.6V9/V (%) and easily associated
with the experimentally measured values ofV andV9.

2.2. Conditions of the quadrupolar excitation
resonance

In the absence of excitation, the stable ion trajec-
tory has a quasiperiodic character. Its frequency
spectrum consists of the infinite number of harmonics
that are not multiple to a fundamental one [24]:

vn 5 unV 1 vsu; n 5 0,6 1, 6 2,. . .; vs 5
Vb

2
.

(4)

Herevs is the secular frequency, andb,1 for the first
stability island (region). According to Eq. (1) quadru-
polar excitation has a parametric nature. In general, in
the process of the parametric excitation,K excitation
quanta with angular frequencyv are absorbed giving
rise to two quanta of ion oscillation [25]. Hence, the
most common condition of resonance using quadru-
polar excitation may be expressed in terms of energy
conservation:

Kv 5 unV 2 vsu 1 umV 1 vsu; m,n integers (5)

It is well known [26] that parametric resonance
appears in a band of frequencies near resonant one.
The strength of the resonance depends onv/V, b, and
on the excitation parameterq9. It is found by numer-
ical simulation of the ion trajectories in previous
investigation [19] that in the case of a small excitation
frequencyv, the strongest resonance appears at fre-
quencies

Kv 5 H 2v 5 Vb; b < 0
V 2 2vs 5 V~1 2 b!; b < 1

(6)

Here K51,2,3,. . . represent the order of the reso-
nance. In case ofb30, the envelope frequency equals
the secular frequency, which is the lowest frequency
of the ion motion [Eq. (4)]. Forb ' 1, the ion motion
is more complex, and has a characteristic periodic
(beat) pattern. This beat motion is created by two
harmonicsVb\2 andV2Vb/2 [n 5 0 and21 in Eq.
(4)]. The frequency of the beat envelope equals
V2Vb and it is not present in the frequency spectrum
of the ion vibration [see Eq. (4)], but does define the
frequencies of parametric resonance in the case
b ' 1. In both cases, the frequency on the right-hand
side of Eq. (6) is twice the frequency of the ion
vibration envelope, and is commonly referred to as a
parametric resonance on the envelope frequencies. In
this case, the ion amplitude grows exponentially at the
resonance, leading to instability.

Let us consider the ion motion with parameters
close to the apex of the first stability region. In this
case,bx3 1 andby3 0. With fixed small excitation
frequencyv, the resonance will appear near iso-b

lines:

bY 5 Kv/V; bX 5 1 2 Kv/V; v ,, V (7a)

The instability bands appear near these iso-b lines
across the Mathieu stability diagram. Similar instabil-
ity bands will appear in the case when the excitation
angular frequencyv is close to the main trapping
angular frequencyV:

bX 5 1 2 Ku1 2 v/Vu; bY 5 Ku1 2 v/Vu; v < V

(7b)

Excitation at these instability bands inx andy lead to
resonance absorption; as the excitation parameterq9 is
increased, the absorption width broadens, and the
stability diagram begins to split into islands. The
method of calculating these excitation bandwidths of
the stability diagram is presented in Sec. 2.3.

2.3. Calculation of the width of the instability for a
range of excitation parameters

The stability of the ion oscillations with auxiliary
quadrupolar excitation can be exactly calculated over
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a range of excitation parametersq9 in the case when
the excitation angular frequencyv equals toM/N V,
where M and N are integers. In this instance the
equations of ion transverse motion [Eqs. (2a) and
(2b)] are periodic with periodNT (hereT 5 2p/V—
the period of the main trapping potential), and the
general theory of Hill equations [24] is applicable.
The stability of the general solution of the Hill
equation withNT-periodic coefficient is defined by

Su 5
1

2Su1 1
du2

dt D t5NT

; u 5 ~ x,y! (8)

Hereu1(t) andu2(t) are two particular solutions of this
equation with special initial conditions:

u1 5 1; du1/dt 5 0; u2 5 0; du2/dt 5 1 at t 5 0

(9)

If the general solution is stable, then?S?,1. If ?S?.1
the solution is unstable due to the parametric reso-
nance. Hence, in order to define the stability of the
general solution, we have to calculate two special
solutions of this equation during one full period. This
is done by a numerical method.Sx andSy are calcu-
lated for each value ofa and q in order to plot the
stability diagram for the given value of excitation
parameterq9. If both ?Sx? and ?Sy?,1, a stable point
(a,q) is encountered. In the opposite case, an unstable
point on the plane of (a,q) parameters is found. This
method of diagram calculation will be described in
detail elsewhere.

Fig. 1 presents an example of a calculated modified
stability diagram, here using quadrupolar excitation at
v 5 V/10. The unstable bands are positioned along
iso-b lines; this corresponds to simultaneous excita-
tion of n 5 0 in y andn 5 21 in x. A set of diagrams
is presented in Fig. 1(a)–(c) forq95 0.25%, 0.5%, and
1%. It is evident that the widths of the unstable bands
increase with increasing excitation parameterq9, and
that higher-order bands (e.g.K 5 2) also become
more apparent with increasingq9. Conceptually, the
stability diagram splits into several stable islands, all
of which can be used in some way for ion filtering
purposes. Fig. 1(c) shows the most evident islands,
which are those labeledA, B, C, andD. Here islands

A andB are narrow andC andD are wide. Interest-
ingly, asq9 increases, the stable ion boundaries move
outside the boundaries of the normal Mathieu stability
diagram.

Fig. 1. Mathieu stability diagram splitting (close to apex) due to
quadrupole excitation by the auxiliary signalv 5 0.1 V with
excitation parameter (a)q9 5 0.25%; (b)q9 5 0.5%; (c)q9 5 1%.
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For ion filtering, a scan line is used in the same
manner as a normal QMF. Ions with different mass to
charge ratio havea and q parameters at the (a,q)
operating point positioned along a scan linea 5 l2q.
Therefore, typically, the QMF operation employs a
mass scan with constant ratiol 5 U/V. The value of
l defines the slope at which the scan line crosses the
upper tip of the Mathieu diagram, and determines the
range of ions of a particularm/zwhich remain stable
in the QMF. Referring to Fig. 1(c), in case of the
auxiliary quadrupole excitation, the scan line with
slopel can cross islandA only, or two islandsB and
C, or the three islandsB, C, andD, depending onl
and the excitation parameterq.9 In these cases, single,
double, or triple overlapped mass spectra can be
observed respectively. Any stable island might be
used for the ion separation.

This article demonstrates theoretical and experi-
mental results for the diagram splitting atv 5 (9/
10)V for several excitation parametersq9. Experi-
ments are performed atv 5 (11/10)V as well;
however, results are very similar tov 5 (9/10)V and
will not be discussed here.

3. Experimental

Experimental measurements using quadrupolar
auxiliary excitation are made on a commercial ELAN
6000 ICP-MS (Perkin-Elmer SCIEX) containing a
high precision round rod array. A summary of oper-
ating conditions is presented in Table 1. An auxiliary
sine wave rf signal from an arbitrary wave function
generator (HP33120) is introduced into the main drive
amplifier. This provides two 180° phase-shifted sine
wave signals, which couple directly to the trapping rf
on thex andy poles. The ratioV9/V is held constant
during the mass scan. The magnitude and frequency
of excitation are measured using a spectrum analyzer
(Advantest R3361A). The input signal is created by
an antenna, which is placed near the resonance coil.
From measuring relative signal amplitudes of two
spectral components with frequenciesv 5 2pf and
V 5 2pF, the ratioV9/V is determined at given mass
numberM.

The ICP-MS operates in mass range 5–250 Th.
Experiments are performed atm/z, 200 u with step
size of 20 pts/u. The main trapping frequencyF is 2.5
MHz. Typical voltagesV9 of 1–4% of the trapping
voltageV are utilized ('20–80 V).

The ICP-generated ion flow is sampled through a
multistage differentially pumped interface, which in-
cludes an actively cooled sampler-skimmer stage, an
ion optics stage under a pressure of'1 mTorr, and a
high vacuum QMF chamber. The interface produces
ions with typical energy of 5 eV, and with an energy
spread of 10 eV at the 10% level.

For ion stability mapping, the Ar2
1 signal is gen-

erated from a dry plasma was used. For abundance
sensitivity measurements, solutions are aspirated at
flow rate of 1 mL/min.

4. Results and discussion

An observed mass spectrum of80Ar2
1, including

residual krypton and nearby mixed isotopes of argon
dimer, is shown in Fig. 2, using thev\V ratio equal to
9/10 and q9 of 3.6% (V9 5 64.0 V, L 5 2400). Defi-
nition of the parameterL will be introduced in the
following section. This spectrum is obtained when the
scan line crosses the two stable islandsB andC. The
mass scale represents the transmittedq value corre-
sponding to the position of the two islands on the

Table 1.
Operating conditions

Sample introduction Peristaltic pump (; 1 mL min21 uptake)
Quartz Meinhard nebulizer (TQ-30-A2)
Quartz cyclonic spray chamber

rf plasma source Free-running (nominal 40 MHz) ICP
1150W (typical)

Plasma gas 15 L min21 Ar
Auxiliary gas 1.2 L min21 Ar
Nebulizer gas 0.91 L min21 Ar

Dry plasma No sample introduction, nebulizer gas only

Sampler/skimmer 1.14/0.88 mm diameter

Mass analyzer Round rods,r0 5 4.12 mm
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modified stability diagram. It is evident that two
similar mass spectra are obtained, each with different
resolution, with islandB yielding broader peaks than
islandC. The spectra are partially overlapped because
there are multiple isotopes from the ion source. If only
a single population of ions were produced by the ion
source, the number of peaks would be equal to the
number of the stable islands which are crossed by the
mass scan line.

4.1. Method of measurement of the modified
stability diagram boundaries

In order to distinguish which stable island corre-
sponds to an observed spectrum, we estimate theq at
which a massm is transmitted for a fixedV. Consid-
ering an ideal case, we assume that the positions of
the two narrow stable islands on theq axis areq1 and
q2 at given value of the scan parameterl. According
to the definition of the Mathieu parameterq [Eq. (3)],
the transmitted massesm1 andm2 at particular voltage
V can be determined as follows:

m1 5
CV

q1
; m2 5

CV

q2
; C 5

4e

V2r0
2 5 const (10)

The dependenciesm1;V andm2;V are shown sche-
matically in Fig. 3. Neighboring massesma, mb, and
mc will be stable in two islands independently and the

resulting mass spectra become overlapped. The con-
dition of mass spectra overlapping from two stability
regionsB andC is mminq2 , mmaxq1 wheremmin and
mmax are minimal and maximal ion masses from ion
source and parametersq1 andq2 are determined byl
and excitation levelq9. If the amplitudeV increases
linearly with time, the first mass spectrum will arrive
from the island with lower value ofq. A more
complex but similar picture would be observed when
scan line crosses many stable islands.

Direct comparison of the experimental and theo-
retical modified stability diagrams was performed by
measuringDm0.1 (on 10% of the peak height) of the
Ar2

1 mass peak widths for a set of thel 5 U/V values
and for each stability island. These measurements
were correlated back toDa, Dq to obtain the band pass
for each stability island.

A method to obtain an accurate value for the ratio
U/V is developed as follows. It is difficult to measure
the scan parameterl 5 U/V (5a0.706/2q0) directly
due to the influence of the measurement circuit on
operation of the mass filter. Therefore, a relative
number L, which is used as a resolution control
parameter in the ELAN software, is employed to
change the mass peak widthDm. Without excitation
by the auxiliary rf signal, the mass spectrum with a
reference mass peak (Ar2

1 in this case) was recorded.
The resolution R0.1 5 M/Dm0.1 is measured as a

Fig. 2. Mass spectrum of80Ar2
1 and isotopes obtained from

scanning across two excited stable islandsB and C, with
q9 5 3.6%. The ion energy is 5 eV and the quadrupole rod offset is
QRO5 22V. Herev 5 (9/10)V (v/2p 5 2.25 MHz),V9 5 64 V,
andV 5 1254 V(p-p).

Fig. 3. Illustration of appearance of two mass spectra from two
excited stable islands located alongq axis atq1 and q2 (q1,q2),
using an ion source which produces only three types of ions with
massesma, mb, andmc.
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function of the controlled parameterL. KnowingR0.1,
the a0.706 value (the intersection of the scan line and
q0 5 0.7060 [6]) is determined using:

a0.7065 0.236 992 0.178/R0.1 (11)

Applying l 5 a0.706/2q0, the resulting experimental
dependence ofl versusL is

l 5 0.1541 6.003 1026L (12)

The auxiliary rf signal causes the mass peaks to
appear in shifted positions on the previously cali-
brated mass scale. The shifted peak position is deter-
mined as follows. Assuming that the scan line inter-
sects two stable islands, for example, the mass peak
with actual mass numberM0 will arrived at rf ampli-
tudes V1 and V2 in positions M1 and M2 on the
calibrated mass scale. With respect to apparent
massesM1 andM2 we have:

V1 5 C1q0M1; V2 5 C1q0M2~C1 5 const) (13)

or alternatively, with respect to the actual massM0:

V1 5 C1q1M0; V2 5 C1q2M0 (14)

The low mass (M1) side and high (M2) mass side of
given mass peak (here Ar2

1) are determined as a
function of the L parameter. The difference
DM 5 M22M1 determines the band pass widthDa
and Dq along scan line relatively to the (a0.706, q0)
point. From Eqs. (13) and (14) one can find the
boundary pointsa1, q1 and a2, q2 of the islandA
which are intersected by given scan linea 5 qa0.706/
q0:

a1 5 2lq0

M1

M0
; q1 5 q0

M1

M0
(15)

a2 5 2lq0

M2

M0
; q2 5 q0

M2

M0

Thus by changing the slope of the scan line, the
boundaries of the stable islands close to the apex of
the Mathieu stability diagram can be determined. The
same formula, Eq. (15) is used for measuring the
boundaries of stability islandsB, C andD.

4.2. Comparison of experimental and theoretical
modified stability diagrams

The experimentally obtained stability diagrams are
shown on Figs. 4 and 5 at the excitation level
q951.2% andq9 5 2.4% for an excitation angular
frequencyv 5 (9/10)V 5 2.25(2p) MHz. Excellent
agreement between the experimental and theoretically
predicted stable islands is observed [Figs. 4(b) and
5(b)]. Interestingly, at 1.2% excitation, the ion signals
track relatively well the unperturbed stability dia-
gram. However, atq9 5 2.4%, it is evident that there
is substantial perturbation of the stability diagram.
Relatively small auxiliary signal, in this case, leads to
dramatic change in the stability diagram.

Fig. 4 displays the experimental results of mapping
the first order quadrupole resonance atq9 5 1.2%.
This resonance is created by the excitation of the

Fig. 4. Experimentally determined stable islands (a) are superim-
posed on the calculated diagram (b). Herev 5 (9/10)V, v/2p 5
2.25 MHz, and the excitation parameterq95 1.2%.
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instability bands which follow iso-b lines bx 5 0.9
and by 5 0.1. It is evident that even with relatively
low amplitude excitation, the stable islands “move
away” from the unperturbed stability diagram. The
unstable band which followsbx 5 0.8 (K 5 2, the
second order resonance) is only weakly excited, and
manifests as a mass peak splitting for islandB.

Stable islandsB and C have boundaries which
follow iso-by and iso-bx lines, respectively. Hence, on
these boundaries, the one-dimensional ion separation
in y direction (islandB) and x direction (islandC)
occurs. Under certain conditions, the apex of the
internal islandD can be observed. Slight deviation
from the theoretical boundary might occur due to the
finite ion separation time (i.e. finite number of cycles
in the field), an imperfect quadrupole field, and the
arbitrary decision to use the 10% peak height for the
resolution measurements.

Experimentally determined stable islands at high-

er-level excitationq9 5 2.4% are shown in Fig. 5.
With increasing excitation amplitude, the instability
bands are increased and the width of stable islands is
narrowed. The islandsA, B, and C move out from
Mathieu stability boundaries. The distortion of the
island B around the second order quadrupole reso-
nanceK 5 2 is evident. Excellent agreement with the
theoretical calculations of the diagram splitting is also
observed in this case.

4.3. Peak width and transmission

The width of the stable islands along the scan line
as a function of the amplitude of the auxiliary signal
is obtained by measuring the width of the resulting ion
peaks. The peak width is approximated as the width at
10% peak height. The measured peak widthDm0.1 of
the Ar2

1 ion versus excitation levelq9 for islandsA, B,
and C is presented in Fig. 6. One can see that the
resolution can be adjusted by adjustingq9. For exam-
ple, unit resolution corresponds to the excitation level
q951.4% for the islandC. The resolution control can
be achieved by changing theV9 amplitude or by
changing the slope of the scan line at apexes of theA
and B islands. Experimentally, the first approach is
preferable because in that case the scan line crosses
whole stable-island where the QMF acceptance is
maximized. In Fig. 6 it is evident that the stable island
width decreases with increasing excitation parameter

Fig. 5. Experimentally determined stable islands (a) are superim-
posed on the calculated diagram (b) Herev 5 (9/10)V,
v/2p 5 2.25 MHz, and the excitation parameterq9 5 2.4%.

Fig. 6. Ar2
1 peak width (Dm0.1) vs. the excitation parameterq9% for

the stable islandsB andC.
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q9. For the islandB the working range of the excita-
tion parameterq9 is between 2.8% and 4%, approxi-
mately.

The dependence of the normalized Ar2
1 intensity

on resolutionR0.1 for islandsB and C are shown in
Fig. 7. Again, the amplitude of the auxiliary rf signal
controls the resolution. The ion transmission depen-
dence on resolution isI;(R0.1)

21.3, which is weaker
than a normal QMF operation at apex of the Mathieu
stability diagram [6].

4.4. Peak width dependence on residence time of an
ion in the QMF

The peak width is nearly independent of resident
time through the QMF, in contrast to normal opera-
tion at the apex of the Mathieu stability diagram. The
peak widthDm0.1 versus the offset voltageUro for
islandsA, B, andC and excitation levels 1.2% and
3.6% is presented in Fig. 8. Experimentally, the
residence time is decreased by increasing the ion
energy through the QMF, which is done by increasing
the QMF offset voltage with respect to ground. The
mass peak broadening with increasing the transport
ion energy up to 20 eV is insignificant, especially for
the two islandsA andC.

In addition, increasing the ion energy up to 20 eV
can increase the sensitivity up to nearly 5 times.

Although the limiting resolution in comparison with
conventional operation is not increased considerably,
the auxiliary excitation dramatically improves the
abundance sensitivity by efficient removing of the
peak tails. As will be discussed below, the near
independence of the mass peak width on ion residence
time in the QMF directly translates into increase in the
abundance sensitivity.

4.5. Abundance sensitivity

Along with relative insensitivity to ion energy,
markedly enhanced abundance sensitivity has been
observed. Here we define abundance sensitivity as the
ratio of the largest intensity of a large peak to a
neighboring small peak that still yields 10% valley
separation. High abundance sensitivity is useful for
applications requiring accurate quantitative measure-
ments of two neighboring or nearby peaks of radically
different concentrations. A typical commercial instru-
ment obtains an abundance sensitivity of 106–107

[27]. The excellent abundance sensitivity is illustrated
in Fig. 9 where the mass spectra without and with
quadrupole excitation of islandA are presented for an
intense beam of40Ar1 and its neighborm/z5 39. It is
apparent that the mass peak tails vanish. An abun-
dance sensitivity of approximately 109–1010 (Figs. 2
and 9) is achieved. For the ICP ion source, which has
relatively large ion energy spread (up to several

Fig. 7. Relative intensity of the Ar2
1 signal vs. the resolutionR0.1

controlled by the amplitude of the auxiliary signal for stable islands
B andC.

Fig. 8. Influence of the ion axial energy on the mass peak width
(Dm0.1) broadening for islandsA,B, andC.
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electron volts), a similar result is very difficult to
achieve by other means in the first stability region.

The low mass tail in the conventional mode of the
QMF operation is caused by inefficient separation at
the by boundary [6]. The tail suppression is more
efficient for islandsC and A, although theC island
requires an auxiliary mass filter for removing ions
which penetrate through the islandB. Removing the
peak tails on the69Ga1 ion signal using the auxiliary
rf signal allows separation of the137Ba11 signal, as
illustrated in Fig. 10. Although the resolution on the
10% of the peak height is not significantly improved,
the outstanding abundance sensitivity allows distin-
guishing between ion signals separated only by 0.5 Th
and different in intensity by 105–106 times.

As stated previously, thex ejection of ions at thebx

boundary tends to be more efficient, thereby generat-
ing a more symmetric peak shape, than they ejection
of ions at theby boundary. In this way, one-dimen-
sional ion separation near thebx 5 1 boundary of the
islandC is better then near theby 5 0 boundaries of
the islandB. This can be rationalized in terms of
several factors, one of which is likely the mutual
orientation of the stability boundary and the scan line
(Figs. 4 and 5). In the case of islandB, the angle
between the scan linea 5 2lq and theby boundary is

small, yielding a small change of the amplitude of the
ion oscillations along the scan line. When the angle
close top/2 (as in the case islandC, Figs. 6 and 7) the
rate of change is high and the peak tails are mini-
mized. Similarly, the rate of changedby/dq is much
less thandbx/dq, yielding potentially poorer resolving
power per variation ofq on theby boundary. Finally,
the nature of the ion motion at the two boundaries are
very different, with the frequency atby 5 0 rapidly
decreasing and that ofbx 5 1 approaching half of
trapping frequency, and driving the ions at thebx 5 1
boundary may simply be more efficient. In any case,
the finite residence time within the QMF amplifies
these effects, leading to peak tails.

5. Conclusions

Auxiliary quadrupolar excitation is useful for cre-
ation of new stable islands on the stability diagram
with new ion separating properties, and these islands
can be theoretically predicted with very good accu-
racy. At excitation levels of 1%–3% of the trapping
voltage, there is substantial increase in abundance
sensitivity. Using this excitation mode of operation
does not give significant increasing in limiting reso-
lution at 10% of peak height employing the ICP ion

Fig. 9. Resolving ofm/z 39, 40, and 41 using the quadrupole
excitation. Upper stable islandA (centered nearm/z40) was used.
Foreground mass peaks are registered with excitationv 5 (9/10)V,
v/2p 5 2.25 MHz, andq951.2% (V9510.7 V). The scan parameter
L is equal to 2540.

Fig. 10. Mass spectrum of 10 ppm mixture of Ga and Ba employing
the quadrupole resonant excitation. Removing the peak tails on the
69Ga1 ion signal allows separation of the137Ba11 signal. Two
quadrupole rod offset values were used to explore dependence of
the abundance sensitivity on the ion energy. Herev 5 (9/10)V,
v/2p 5 2.25 MHz, andq9 5 1.2% (V9 5 18.4 V).
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source; however it significantly diminishes depen-
dence of resolution and abundance sensitivity on the
ion energy.
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