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Abstract

The theory of parametric modulation resonance in hyperboloid mass spectrometers is presented. Modulation resonan
appears if parameters of the rf signal are periodically modulated. It is shown that modulation parametric resonances are excit
within the region of the stable solutions on the quasistability lines corresponding to the stability parameteantbfdider,
the absolute value of which is equal to 1. In the case where modulation resonance is excited within the stability zone near tt
quasistability line, bands of unstable solutions (the instability bands) appear. The equations for the maximum value of the
instability parameter and for the width of the instability band are presented. The utilization of the modulation parametric
resonance for ion analysis is discussed. The relationship between the resolution and the required sorting time is given. Tl
harmonic and the pulse rf signals for the hyperboloid ion trap have been theoretically investigated. The resonance excitatic
efficiency for parameters of rf signal modulated by a periodic signal of a complicated shape has been obtained. The applicatic
of modulation parametric resonance for the hyperboloid mass spectrometers and its prospect for improvement of analytic:
parameters, in particular, for increase of analysis speed are discussed. (Int J Mass Spectrom 184 (1999) 207-216) © 19
Elsevier Science B.V.
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1. Introduction quadratic distribution of the potential (the forces
acting upon a charged particle in each of three

In recent years, resonant excitation of ions has perpendicular directions are in proportion to the
been extensively exploited in hyperbolbitiass spec-  respective coordinates). Here, ion trajectories can be
trometry as a powerful technique utilizing a supple- described by a linear differential equation of the
mentary periodic field. second order (for example, by the Hill equation or by
There are two ways of supplementary field cre- its particular case—the Mathieu equation [1]). The
ation: linear and nonlinear. In the first case the field principle of independence of ion oscillations along the
within an analyzer is close to the ideal field with a coordinate axes can be implemented in such analyzers.
In the second case the field within an analyzer is

[ nonlinear. The force acting upon an ion has some
" Corresponding author. __higher harmonics and ion oscillations along the coor-

This term is used to define those mass spectrometers in which

the electrode shapes are combinations of one-sheet and/or two-dinate axes become coupled (which is very impor-
sheet hyperboloids. tant).
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Linear excitation was used for the first time by wherey, andy, are, respectively, the initial coordi-
Paul and co-workers [2]. This mode was achieved by nate and velocity, angj, is its start time, then fop(1)
superimposing an additional rf signal on the driving rf we have [1]
signal. Most of the commercial instruments utilize the .
nonlinear manner. For example, in three-dimensional 2(1) = ¥1(to, to + To) + ¥i(to, to + To) (2)
ion traps a supplementary rf potential difference is  |ndex “1” in our definition of the stability param-
usually applied across the endcap electrodes. Thiseter »(1) has the meaning that this parameter is
dramatically improves parameters of mass spectrom- gefined only on one period, of the functiony(t).
eters [3-8]. Further developments of the idea of using gt nT, (wheren is an integer) also is a period of
a supplementary rf field are in the works [9-12], in (t). Thus we can consider(n) as stability param-

which a filtered noise signal was used for excitation. ater of thenth order and express it as analogous to Eq.
From our point of view, using the linear field is ):

more preferable because it does not change the _
linearity of the differential equations, which describe 2v(n) = s (to, to + NTo) + Pty to + NTy)  (3)
the ion motion. Practically, this manner can be imple-
mented by superimposing a signal of excitation on the
driving rf signal, or by modulation of parameters of
the rf signal (for instance, in the case of the sine-wave ,(n) = cosn arccosv(1) (4)
signal, these parameters are: a frequency, an ampli-
tude, and a dc potential). In this article we shall
discuss the theory of modulation, which is very easy
to apply for the case of a pulsed rf signal.

It can be shown that in the stability regie(n) and
v(1) are related as follows:

On the stability boundariels/(1)| = 1, and there-
fore|v(n)| = 1. Although, within the stability region
|v(1)| < 1, whereagv(n)| can be equal to 1.

Let us call the lines inside the stability zone, for
which |v(n)| = 1, quasistability lines (QSLs). We
can see that the functian(n) = f(v(1)) hasextreme
points on the QSLs. This is the difference between
QSLs and stability boundaries, on which the deriva-
tive of »(n) with respect ta/(1) is not zero. There are
n — 1 lines of quasistability for eaan The QSLs do
not usually affect ion motion if thes(t) signal is
undistorted. But even a small disturbanceydf) by
the periodic signal of periodT, exactly on the line of
quasistability with the respective can lead tdv(n)|
> 1, which makes the motion of ions unstable (and a
y+yy(t)=0 (2) band of instability appears near the QSL). The QSL
. . . . can be interpreted as the “rolled-up” zones of insta-
wherey(t) is a periodic function of periodo, bility and “ready to expand” under the coincident

The parameter of stability(1) depends onji(t), . .
and this dependence, in turn, defines the configuration !nfluence on they(t) function. As was demonstrated

of the stability diagram. On the boundaries of the 'r? [13;1|5]_dseveral |mptroverrt1ents|_||nMSparamiters OJ
stability diagram the value of(1) is equal to|1|. yperboloid mass spectrometers ( ) can be made

Within the region of stable solutioris(1)| < 1, and br?/ Chs”g'”g fth‘;l’(t) f“”C“‘l’” S';"?‘IF’G’ (‘j",’h'Ch Chal‘”g‘;s,
within the unstable regiof(1)| > 1. t € shape o the genera stability diagram. In this
If we rewrite the general solution (1) as article we shall try to discuss the prospects of conver-
sion of the stability zones by “excitation” of the

y(to, t) = Yota(to, 1) + Yotba(to, 1) QSLs.

2. Quasistability lines

When the basic rf signal without any modulation is
applied to electrodes of a hyperboloid mass spectrom-
eter then the projections of ion trajectories on the
coordinate axes can be defined by the Hill equations.
Generally speaking, parameters of these equations for
different axes are different, but they correspond to the
canonical form, which is given by
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3. The general equation 2v(n) = ko + €gky + - - -+ ebk; + - - - 7)
When the driven rf signal modulated by a supple- where

mentary signal is applied to the electrodes of the HMS k; = [y (to + nTo) + Vg, ,(to + NTo)]

(here, we consider amplitude modulation) then for a

low modulation level the Hill equation can be ex-

pressed in the following form:

Yoi ,(1) is defined fory, = 1 andy, = O;
yOl(0 )(t) is defined 'I:Ol’y0 =0 andyo =1,
For the first three coefficientk; we obtain the

¥+ yd(D[1 + eop(t)] =0 (5) general expressions

whereys(t) has period ofT,, and¢(t) has period of ko = a;(n) + Bx(n)
nT,, €o << 1 and amplitude of(t) is close to 1 (this

limitation is not strict). The general solution of Eq. (5) k, = 1 jt"

can be expressed in the form of series expansion o nTo

y(t) = Yo(t) + €yor(t) + €dyou(t) + - - - {[al(n) — BN ]y, (D) y(t)

t dt

Substituting this (sequence) expansion into Eq. (5)
and assigning zero to coefficients negrwe obtain .
the following system of equations (the Poisson meth- k, = 12J ’
Od): to+nTo

Yo(t) + P(t) yo(t) = 0 D) {[al(n) + Bo(n)]y;(1) yu(t) }
Y t t) = — () o(t) yo(t), . ’ — ay(N)y5(t) = B(n)yi(t)
Vou ® 9(0Yol) = 9 (0e (V0. + b AD[asMY1 Yo — BoMY2(D]
+ ¢11(D[B1(N) y1(1) yo(t) — ay(n) y3(1)]
Yoi(D) + d() yoi(t) = —d(t)yg_,(1) Pt e(t) dt (8)

This system is solved in succession [1]:

1) = ’ t ) (t) o(t) dt
Va(t) = Ay(t) + By,(t) 121 Jt y1(1) () (1) (1)

ya(t) f Y2(t) Yo, (D) e(t) dt b 4(t) = Ito V2O (1) dt

— Ya) f Y1(DYo_ (D) e(t) dt .
do 1) = f ya(O (D e(t) dt
Here y,(t) and y,(t) are two independent partial t
solutions of original equation (5) defined wi¢gh= 0;

v is the Wronskian determinant of the same equation.
For i > 0, we can findA; and B; from the
following conditions: whert = ty, yui(t = to) = 0 yi(t + nTp) = a;(N)y,(t) + ax(n)y,(t)

andyy,(t = ty) = 0. Fori = 0, we can findA; and

B frgm theO following conditions: whent = tg, YAt +nTo) = Ba(M)ya(t) + Ba(m) Y2V
Vo(t = tg) = Yo and yu(t = tg) = yo. Thus, for Egs. (7) and (8) are the solutions of the problem in the
v(n) we obtain general form: we have found the stability parameter

where a4(n), a,(n), B1(n), and B,(n) are coeffi-
cients defined from
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for modulation of theys(t) function with the ¢(t)
signal.

4. Harmonic signal

Now consider the solution of the problem for the
Mathieu equation (harmonic signal). In this case [1]
+ oo

> C,, cos(2r + Bt

—o0

y,(t) =

+oo

ya(t) = 2 Cy sin(2r + B)t

a4(n) = cosBnm
ay(n) = —sin Bn
B.(n) = sin Bnmr
Bo(n) = cosBnm
To=m
For k; we have

ko= 2 cosBnm

1 o 2 2
ky= — ; sin gnm J [yi(t) + y5(t) Jy(t) o(t) dt

1 T
k, = — cosBnm
y to+nm

. [ 261 A1) y2(H) yalt) ]
~ $20Yi() — b1a(H)Y5(t)

- Pt e(t) dt + jzsin gn

. J v [%,z(y%(t)—yi(t)) ]
to+nar (1,10 =2 A1) Y2 (D) Yalt)

() e(t) dt (9)
and for »(n) confined to the first three terms of the
expansion we obtain

2

€o €o
v(n)=|1+ -5 CqlcosBnm +
25

D, sin Bnr
2, 0 B

(10)
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whereC, and D, are the respective integrals in Eq.
(9).

From this general expression we can draw several
important conclusions: (1) whe@, > 0 on a line of
guasistability then a giveq(t) signal excites this line,
near which a band of instability appears; (2) a width
of the instability band can be approximately estimated
as

- €0 12
ABy=2_ 2 dh

DO 2
dO: C0+ <2>

whereA B, is a width of the instability band defined as
the difference between the values@®bn its bound-
aries. The value oA, can be interpreted as a value
inversely proportional to the resolution across the
stability zone, because the value @fvaries up to 1
within this zone. In this case the resolution within
instability band can be estimated as

B 1
p pZABn

wherep, is the resolution for the zone surrounding the
working point, and can be defined as the value inverse
to the relative width of this zone. Thus, in the case of
the ion trap, in the mode wher = 0, p, ~ 0.5;
near the apex of the first stability zone the resolution
is increased up to 2 to 3. (1) Wheb, # O the
extreme point ofy(n) within the instability band is
not located in its center. D, = O it can be taken that
the extreme point ob(n) lies on the line of quasist-
ability. (2) The maximum value o¥(n) within the
instability band can be expressed as

2 1/2
€o
V(n)maxE |:1 + - d0:|
Yo
If wis a parameter of instability [1] then we obtain
2 = ESdO
v3(n)?

i

and the relation betweefg,, and w:
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AB,=2u D=0
(3) Using equations foAB,, and w obtained previ- (nm)? =
ously and evaluating\,, from Co="35 D 2CuCpiml—2(r + m) + BI?
uNgom = In (1/A) (11)
we can find wheren = B = (.
In the case of the sine-wave signal for the coeffi-
_ 21In(1/A) cientC, we obtain the same expression. Sincmay
sort TP, p have only two values (0 and 1), coefficig®y also has

two values. It means that one harmonic signal simul-
taneously excites two lines of quasistability, which
correspond t@3 = 1 — ) and B = (), respectively.
Neor = 2.93p The signal of frequenc{) = 0.5 excites only one line

of quasistability with@ = 0.5. As follows from Eq.
and if we want to increase the resolution in the (11) the efficiency of the QSL excitement is different
mass-selective instability modea (= 0) by using a  foy different lines and the same lines can be excited by
band of instability, we need almost 300 periods of rf gitferent signals with the different efficiency (we
field in order to reachp = 100 andA, = 0.1. At the mean that the values &, are different).
same time, it follows from the formula of Paul and For example, we have found the valuesQyf for

co-workers [2] the working point, which lies on the working line with
Nggr~ 3.5pY2 a = 0 (frequently used in the mass-selective mode).
In this caseq = 0.4511 andB = 1/3. This line of
that the same resolution can be obtained about 10 quasistability can be excited by the harmonic signal
times faster. The sorting time can be decreased by 4 towith ), = 1/3 and(), = 2/3. The sum of series in
6 times if the ion trap operates within the instability Eq. (11) is equal to 0.25 in the case @f and equal
band near the apex of the first common stability zone. to 0.48 in the case d,. Since the sum in Eq. (11) is
But this time is still greater then the sorting time in the  squared, the line of quasistability corresponding to
apex of this zone (in this case the time defined in [16] B = 1/3 (n = 3) is excited by the signal of fre-
givesNgo = 25). The resolutiop, is increased upto  quency(), = 2/3 more effectively than by the signal
25 to 30 and the sorting time within the instability of frequencyQ), = 1/3. For the Mathieu equation, as
band is decreased to several periods if the ion trap we have shown [Eg. (5)], the modulation mode
operates in the upper stability zones. It should be jmplies the modulation of a dc potential and a rf
noted that the estimation we carried out implies the potential by one signal simultaneously. In practice,

influence of this field can be increased if it is turned ptained.

If we acceptAd, = 0.1 andp, = 0.5 (a = 0) we
obtain

on not immediately after the forming of ions in the When only a dc potential is modulated by the
trap. signal cos 2)t we obtain the following expression for
Let us consider the modulation signal in the fol- Co:
lowing form:
nm? <
¢(t) = cos At Co= (37;) 8> 2 "CoC o1y (12)
4o

where() = p/n; p is a nonzero integer.
Then we have When only a rf amplitude is modulated:
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B (nm? &

Co= 32 (S ZCZr[C—Z(r+1+n) + Cop—14m)]
+ oo
(13)
When only a phase is modulated:
(nm? &
Co= 32 o’ E ZCZr[C—Z(r+1+n) - C—Z(r—1+-r,)]
+ oo
(14)

When the whole signal is modulated by a compli-
cated function, for instance, by

io
o(t) = > b, cos )t
i=0

then for evaluation ofZ, one obtains the following
expression:

~ (nm)?
° 32
io +oo 2
2 b CoC opaml—20r + m) + B
i=0 o

(15)
Here Q; limits ig:

Qo= 1.

As follows from the numerical calculation using
the equations obtained that the modulation efficien-
cies of different parameters significantly differ (the
value of the stability parameter is defined®y). The
modulation of an amplitude corresponding o=
1/3, a =0, andqg = 0.4511 by asignal of fre-
quency() = 2/3 yields the value o, three and a
half times greater then for modulation by a signal with
Q) = 1/3. The modulation of a phase obtained with
Q) = 2/3yields the value o€, about 40 times greater
than in the case d) = 1/3. Wheng = 2/3,a = 0,
and g = 0.7847 themodulation parametric reso-
nance can be excited either by = 1/3 or() = 2/3.
Here the values o€, are almost the same.

The modulation by a signal that is described by an
odd function does not change Eq. (15).

If we assume for the ion trap the working time of
one cycle is of~10? periods then the equations
obtained give us the value @f such that the ampli-
tude of motion of ions, whose working point lies
within a band of instability, will increase by a factor
of 2. As it turned oute, < 1% is sufficient for such
considerable increasing of the ion amplitude. Thus,
even a small excitation signal can effectively excite
the lines of quasistability, which dramatically in-
creases the amplitude of the ions and ejects them from
the ion trap. This decreases the sensitivity of the
analyzer and causes the mass peak shape to deterio-
rate.

5. Pulse signal

Using a pulse signal can also excite the modulation
parametric resonance in HMS. In this case, the mod-
ulation function should also be pulsed. If we apply the
conventional bipolar signal, which consists of two
signals of different polarity, for different duration and
amplitude, we can modulate (simultaneously or sep-
arately) the pulse amplitude, the period of pulse
function, or the relative pulse duration (the pulse
width high to pulse width low ratio).

A period of the modulation function can be taken
as equal tan periods of the working pulse signal. We
can also assume that one of the signal parameters has
a fixed value fom, periods, and fon, periods it has
another value 1{; + n, = n). We note, however,
that it is not quite correct to speak here about “the
pulse modulation function.” For example, when we
modulate the relative pulse duration, it is more perti-
nent to speak about timing features of this modula-
tion.

In the theory of the pulse signal for the HMS it is
more comfortable to use the pulse parameters [13]:

2AUTe

2
! m)(Jd2 ’

a
wheree/m is the charge-to-mass ratidy is a period
of the pulse functiony; is the geometrical parameter
of the electrode systend;is the characteristic dimen-
sion of the electrode systenXU, is the potential
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difference between electrodes corresponding to a mation for a multivariable function. When the level of
given pulse signal; anddis the closest distance modulation is low enough for(n), and two param-
between the two endcap electrodes alongytlais. eters are modulated simultaneously, then we obtain

For the elliptic electrode system [17]: . S
v(n) = [1+ ¢(i, j)] coswn + (i, j) sin wn

Xx =1+ Ng+ po (17)
Xy e .
° (i, j)
14N+ pg Oy 0y Oy Ity )
R T [
(0]
For the axisymmetric ion trap: + (AD)(A] )[‘h # i % %/
1
2+ _
NP USRI St -3 IR
ai 9 9 ai
For the electrode system of the quadrupole mass Ay Oy AP, Ay
filter: d = r, is a radius of the fieldy, = 2; x, = " B 5 a1 8
—2. /
The coordinate of an ion is usually normalized to o o
the characteristic geometrical dimension, and the P(i, j) = _{ai (AQ) + b (Ai)]

velocity is normalized to a perio@,. In this case the

dimensionless velocity and coordinate of an ion be- For the extreme value af(n),, within the instability
fore the pulse field exposure and after are related to eachband:

other with elements of the transformation matrix [13]:

_ 9y 0 _ 02 0
Y(to + To) = ta(to) Yo + alte) Vo (0 = “(A')[ FrRRFTRY <a.>]

y(to + To) = Palto) Yo + ¥a(to) Vo

wheret, is the phase where the initial parametgrs
and y are being set up. Keeping in mind that the

ad oy 0
a2 220

g 0y, Oz AP dw dw

elements of the transformation matrix dependtgn -+ 2
) ai 9] aj ai ai oj
we can omitt, henceforth.
We have obtained the following expression: Iy 0P, I, O 2
i e )
2v(n) = 2 cosah, COSwN, ] 1 d) ]
- . (18)
Yadha + Paby + P | sin wny SIN wn, _
e an . (16) It can be seen from Eq. (17) that the point on the

+ 2v(1)p(1 sin @ sin o
Vatha = 2v(HP(D) @ @ stability diagram that corresponds to the extreme

where cosw = v(1), and an overbar means that the value of v(n),, for (i, j) # O is shifted from the

value of this parameter is changed by modulation.  respective line of quasistability. This is the distinctive
Let us simplify the problem: we put; = 1, and feature of the instability band structure for the HMS

thereforen, = n — 1. Solong ag;, (1), andw are utilizing the rf pulse signal.

the multivariable functions, the values @, v(1), The elements of the transformation matrix are

and o can be obtained by using the Taylor approxi- given by
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a.
r, = chgd,chgs; + g’i shad;shas,
(19)
8
3 = chgdichgg; + gj shadishgs;

Ya = ; shgdichgs; + ;j shgsjchgs;

For some modulations of the working signals Eq.
(18) can be simplified. For example, if only one
parameter is modulated, Eq. (18) includes the first two
terms only. There is a possibility to modulate the
relative pulse duration by increasing the duration of

one pulse and decreasing the other in the same value

during one period (the common period is a constant).
Then Eg. (18) can be transformed into the following
form:

iz

1
V(M) =1+ 2 (Ad)*(af — a?)? 1= 21)

(20)

A width of the instability band in the case of the
pulse signal is given by

2
Awins = _[W7(], 1) + 2¢(], i)Y (21)
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required sorting time is reduced and the respective
ions leave the electrode system faster.

6. Stability diagram modification

Modulation parametric resonance, with its instabil-
ity bands appearing in the stability zones, has attrac-
tive prospects for the mass-selective ejection of ions
from the ion trap. The basic theoretical principles of
such selective separation have been shown. But, the
instability bands are broadened with an increase of
modulation level, and as follows from the equations
obtained, the stability zones are transformed into the
narrow stability zones and the common stability zone
turns into several small zones separated by instability
zones. Under the circumstances we have the opportu-
nity to use these narrow stability zones for the
one-dimensional sorting of the charged particles, ad-
vantages which we have previously reported. In this
case the sorting process can be carried out “along the
boundary” of the instability band. This mode of
operation is traditionally used in hyperboloid mass
spectrometry. The sorting efficiency of the charged
particles depends on the structure of the instability
region directly adjacent to the boundary of the stabil-
ity zone. In particular, the changing of the “sorting”
parameternu [1] within this boundary region is very

and when the relative pulse duration is modulated [see important. For practical mass spectrometry the rela-

Eq. (20)]:

Ad(a? — @)y
AV(]-)inst: 714

(22)

It is interesting to note, that a width of the
instability band does not depend e(lL). The depen-
dence of the sorting time on the resolution is similar
to that we have obtained for the harmonic signal:

Nsort: |n(1/A)[1 — Vz(l)]llzp/pz

(23)

whereNg,;is the number of sorting periods. It should
be noted that Eq. (23) includes

[1- 212

This means that for the instability bands located close
to a boundary of the common stability zone, the

tionship between the desired sorting time and the
resolution level [see, for instance, Eq. (23)] is very
important. The above theory yields the equation
describing the boundaries of the instability band
caused by the modulation parametric resonance.
The dependence ¢f on Ng,,; can be expressed as

Coo + (C3o + IN?(1/A)INZ, JY?
[1—- v%(1)]Y2In%(1/A)

p=p, Niw  (24)

where

1
Coo= W20, ) + [1+ (i, P2

From this equation two important conclusions
follow. When the modulation is not significant then

[ll’(la J)Z + [1 + (P(|| J)]Z - 1] —0,



E.P. Sheretov et al./International Journal of Mass Spectrometry 184 (1999) 207-216

and Eq. (24) can be changed to Eq. (23).

When the modulation is significant, and the insta-
bility bands are transformed into the broad zones of
unstable solutions and Eq. (24) becomes

1/2

1/2

B IN2(1/A)[1 — v*(1)]?n
p

ot 1 20 A02(, ) + [1 + (i, )2 — 12

N

(25)

We can see that the required sorting time in Eq.
(23) is increased proportionally to the resolution; in

Eq. (25) this dependence has been changed. Here the

sorting time is increased in proportiongd?, which is
typical for HMS operating near the stability diagram
boundaries. This remarkable property decelerates th
increasingNg, Whenp is significant and allows one
to develop the high-speed hyperboloid mass spectrome-
ters with high resolution. Although, as we can see from
Eqg. (25), an increase af also increases(1), which is

not rational. A more attractive option is to change the
width of the instability band, and respectively, the width
of the working stability band by variation of the modu-
lation level of the respective parameter.

It can be demonstrated that faxé ~ 15% the
value of the coefficient beforg"’? is 3 times less than
the value calculated from the Paul et al. formula for
the quadrupole mass filter. This is a substantial
argument in favor of one-dimensional sorting in the
first zone of the stability diagram.

e

a,

0

0 1 2 3 4

a

Fig. 1. The common stability diagram of axially symmetric ion trap
for parameters, anda, modulated by 2%. - v, (1) = 1; 2 —
v(1)=-1;3-p(l)=1;4- (1) = —1.

215
a
p=200

2,7
2,65
2,6

55

39 4 41 4,2 43

ay

Fig. 2. The small stability zone (labeled “O” in Fig. 1) for
parameters, anda, modulated by 20%.

The common stability diagram modified by insta-
bility bands is shown in Fig. 1 for the axially
symmetric ion trap as an example of modulation
parametric resonance when= 3. The parameters
a, anda, were modulated. The modulation level was
2% for both parameters. As a result of the modulation
the first common stability zone is divided into the six
smaller zones: two zones per each coordinate. The
configuration of the smaller zone (labeled “O” in Fig.
1) for the modulation level of 20% for the same
parameters, anda, is demonstrated in Fig. 2. The
working lines and the respective resolutions are
shown. For this zone the values of parametgrand
a, are presented in Table 1.

We have found that the value ep*?is a constant
along the working line for different resolutions (from
10 to 15 up to several thousands) for zone showed in
Fig. 2. We calculated the slope angle of the working
line for the point lying deep inside this zona &
0.639 541 09). We obtained the different values of
wp™'? for two boundaries of the stability zone. For the

Table 1
The values of parametees anda, corresponding to apexes of
the small zone

Number

of apex 1 2 3 4

a; 3,9636 3,9658 4,2488 4,2482
a, 2,6019 2,6096 2,6775 2,6733
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side lying close to the origin of coordinates/2 = Acknowledgements

8, and for the opposite sidep™? = 8.6. The value of

wp*’? for the z boundary near the upper apex of The authors would like to thank Andrei E. Shere-
common stability zone for three-dimensional axially tov who contributed the original software and to Igor
symmetric ion trap is less than or equal to 3. Thus, it W. Philippov who has helped in preparation of this
decreases the number of sorting periods almost 2.5 paper.

times for a constant resolution near the instability

band. This is particularly important for the develop-

ment of new instruments with high analysis speed.
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