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Abstract

In this article we discuss the use of harmonic and pulse EC signals in quadrupole mass spectrometers (QMS). Described ¢
the structure of these signals, stability diagrams, and features of the amplitude-phase characteristics. We show that use of st
signals can dramatically increase sensitivity of the QMS, and this increase is a direct result of the amplitude-phase
characteristic’s specific shape. Performance of the ion trap driven by a pulse EC signal and meander are compare
Experiments show that an increase in sensitivity achieved by the EC signal simplifies the implementation of the QMS operatin
modes in the upper zones of the stability diagram. We provide an example in which the EC signal is used to operate
quadrupole mass filter in the upper zones. (Int J Mass Spectrom 198 (2000) 97-111) © 2000 Elsevier Science B.V.
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1. Introduction adjacent stability zones overlap for certain pulse EC
signals. Unexpectedly, an unstable zone appeared as a
The advent of a new rf signal waveform for result of two adjacent stable zones overlapping.
quadrupole mass spectrometers calls for both better In Sec. 3 we discuss in detail the amplitude-phase
understanding of how the new signal transforms the characteristics (APC) of ion movement within the rf
stability diagram of QMS and careful examination of fields. The distinguishing feature of these character-
properties of ion trajectories within the rf field. In this istics for EC signals is the presence of an extensive
article we show how the sensitivity of mass spectrom- phase plateau (up to 0.5 of the period duration), where
eters can be increased and describe some of thethe amplitude of ion oscillation with initial zero
difficulties that a developer using EC signals could velocity is close to the value of the initial coordinate.
face. This plateau results in high sensitivity produced by
In the first part of this article (Sec. 2) we discuss the EC signals. However, the plateau only appears under
features of stability diagram configuration in the case of certain conditions, which are the subject of Sec. 3.
pulse and harmonic EC signals. We discovered that the In the last section we present some experimental
results for the ion trap driven by a pulse EC signal and
a conventional pulse signal of rectangular waveform
* Corresponding author. E-mail: sheretov@eac.ryazan.su (meander).
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We show that the experimental results completely
match the theory. Use of the pulse EC signal substan-
tially improves analysis parameters: sensitivity and
quality factor (the product of sensitivity and mass

resolution) are increased. At the same time, mass peak

shape for the ion trap is dramatically improved (the

developed theory does not predict this) [1,2]. Finally,

we describe the experiment, which supports our as-
sumption that the increase in sensitivity provided by
the EC signal allows for easy implementation of QMS

operation modes in high stability zones.

2. Stability diagram for EC signals

In Part | we showed that the harmonic EC signal
can be written in the general form;

Y(t) = a— 2g[cos 2 + k cos 3t]

wherea and q are conventional coefficients of the
Mathieu equation. The value of tHe coefficient is
selected in accordance with the general property of
the EC signal: the value of th¢(t) function in the
optimal phase of the first kind must be equal to zero
(fora = 0 andk = 1).j = 2 andj = 3 correspond

to the two types of harmonic EC signal: asymmetric
harmonic EC signal j(= 2), and symmetric har-
monic EC signal [ = 3).

It can be seen from Fig. 1(a) and (b) that the
configuration of general stability zones for the har-
monic EC signal is similar to the configuration of
corresponding zones for a conventional harmonic
signal (Mathieu equation). However, depending on
the value of the general zones change their position.
The largest change occurs whers 2 (asymmetric
signal). The upper zones become significantly offset.
Table 1 illustrates this situation. It contains apex
coordinates of the upper stability zones for the har-
monic EC signals withj = 2 andj = 3 and for a
conventional harmonic signal. The apexes are num-
bered clockwise starting with the apex closest to the
stability diagram origin.

Because we have shown in Part | of this article
1 + a/2q, the following procedure may be used to
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Fig. 1. The general stability zones for harmonic signal and
harmonic EC signal. Line 1 is the general stability zone for the
harmonic EC signalf = 2; line 2 is the general stability zone for
the harmonic EC signaj: = 3; line 3 is the general stability zone
for the harmonic signal. (a) Axially symmetric ion trap; (b) the
quadrupole mass filter.

line A = a/q is selected. Then, using the selecied
we calculate the value df = 1 + A/2, which de-
fines the required ratio between the higher harmonic
amplitude and the fundamental harmonic amplitude.
During a mass spectrum scan the ratiee U_/2U _
must remain constant (whekk is the dc component
and U_ is the amplitude of the harmonic with
maximal period). It appears that the easiest implemen-
tation of this operation mode would use mass scan-
ning performed by varying the frequency in which the
required working frequencies are generated by divid-
ing the basic frequency two or three times whereas the
rf voltage amplitude and the dc potential are kept

select a mode of operation. First, the slope of the scan constant. Using the mass scanning by varying the
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Table 1
Coordinates of apexes for upper stability zones
Apex Harmonic EC signalj = 2 Harmonic EC signalj, = 3 Harmonic signal

Zone number a q a q a q

1-2 1 —1.8123785 2.5299805 —0.8630184 1.4016040 —1.2262803 1.7589171
2 —1.9258433 2.6400262 —1.0041146 1.5344445 —1.4189715 1.9218195
3 —1.7882954 2.6250547 —0.7517066 1.4878918 —1.2022845 1.8590730
4 —1.8881137 2.7146157 —0.8809207 1.5892474 —1.3787012 1.9910923

2-1 1 1.1491935 0.7115880 1.6313973 1.3703163 2.4368040 2.1974819
2 1.1482186 0.7267865 1.6305375 1.3897639 2.4383559 2.2036334
3 1.9731550 0.8865319 2.3392184 1.6864042 3.3675018 2.7995565
4 1.9696146 0.8910523 2.3317184 1.6941404 3.3667964 2.8011661

amplitude of the rf voltage has some practical diffi- y(tt)c = ¥y(to)y-o
culties because, in addition to the necessity in a
constanti, the ratio between amplitudes of the first
and a higher harmonic must be kept constant.

More favorable is the mode of operation without a
dc potential—the mass selective instability mode [3]. Us(th)ee = By + 1 na(L + 2t s (th) o
In this modek = 1 and the amplitude of the basic and 2 He

1
Po(to)ec = Bu + 2 Ma(l — 2t6)l/f1(t6)u|r(;:o

higher harmonics must be equal, which is relatively 2

easy to implement, especially when the scanning is Ua(to)ec = Ya(to)uly—o + maBu + %‘

done by a changing frequency. The pulse EC signal

[see Part I, Fig. 4(a) and (b)] creates wide capabilities X [1 - 4(th)?] ll’l(té)uh;:o

for modification of the stability diagram. We will

limit ourselves to consideration of the asymmetric EC Pa(to)ec — Palto)y = 2ma1(to)uly—o

signal as a simpler but nonetheless powerful tool for .

stability diagram transformation. Let us assume that B, = > [Pa(th)y + Wa(th) ] (1)

the focusing pulse amplitudes and their duration [see
Partl, positive pulses in Fig. 4(a)] are equal, andill  \yhere the values of the,(th) e functions are deter-
are multlplgs of 1N, whe_reN is an_ integer. The f|rst. mined through they:(t5),, functions [Eq. (22-N]. is
two conditions symmetrize the signal, and the third the relative duration of the active part of the EC
one simplifies its generation. . L _
. signal;n, = 2m,ec andm, = Moec

For the pulse_ EC signal we_ can use pgramea@rs The ¢5;(tg) ec functions in Eq. (1) are determined

anda,, expressions that were introduced in Eq. (22-1) for the initial phase of, within the active party
a

i.e. EQ. (22) in Part 1]. Th f th t . .
[i.e. Eq. (22) in Par ].. © .use Ot Inese parameters The expressions for the other parts of the EC signal
allows us to draw stability diagrams for both the EC . .
. . . . (m1ec @ndm,e0) can be similarly obtained.
signal and a conventional pulse signal in the same o
The borders of the stability diagram for the pulse

system of coordinates [4]. . . . .
In order to define a configuration of the general EC signal are described by the following equations:

stability zones for the pulse EC signal we should find

the appropriate function);(tp)ec [see Eq. (22-1)].  Bec =5 [¥a(to)ec + Pa(todec] = +1 (2)
Determining they;(t5) e functions is not difficult, but

their expressions are bulky. However, the assumption We see thaBg does not depend diy. Note that the
that we have made above simplifies expressions for function s, (to),ly—o in Eq. (1) does not depend of
these functions: or on n,. This allows us to find new expressions for
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the stability zone boundaries. Let us write the funda- «

mental equation

llfz(tB)Ecllfs(tb) EC ‘l’l(tb) Ec‘l’4(t6)Ec =1 (3

If all functions ¢;(tg)ec in Eq. (3) are determined
for a characteristic point lying on the respective
stability boundary, then [as follows from Egs. (1) and
(2)] we have

Ua(to)ecly-0 = ¥a(to)ecy—o = *1

In this case the following equation is valid on the
stability zone boundaries:

P1(to)ecly-0 X Ya(to)ecly—0=0 (4)
and for boundaries of the stability zones we have
¢1(t6)Ec|q;:0 =0 (%)
and

P4(to) EC|t0':0 =0

The obtained Egs. (5) are equivalent to Eq. (2). Let
us call stability zone boundaries that correspond to the

first condition in Eq. (5) thel;, boundaries, and those

boundaries that correspond to the second condition

will be called thes, boundaries (these terms are
applicable for the respective zones).

The first zone on the stability diagram is tlg
zone (we move from the origin along theg axis). The
second zone is thg, zone. The third zone is the,
zone again, i.e. zonag, ands, are interchanged on
the stability diagram. The properties of upper stability
zones are also changed from one zone to another.

The analysis of stability zone boundaries for the
EC signal has shown that thig zones may overlap
with the ¢s, zones when the value @af, increases. For
example, ifn, increases, then the second zone (he
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1 2 3 4 5 6 7 8 a

Fig. 2. The overlapped stability diagram for the axially symmetric
ion trap in the case when the pulse EC signal (asymmetrigat:
1/10; nm, = 4/15; n, = 8/15) isapplied to the electrodes. Lines
1 and 2 are the, boundaries for the coordinate, lines 3 and 4 are
the ¢, boundaries for the coordinate, and lines 5 and 6 are the
boundaries for the coordinate.

from thea, axis into the stability diagram. In order to
define the coordinates of the intersection pointifer
and {», boundaries on thea, axis the following
expression can be used:

M1
—=amtanam,

n (6)

As mentioned above, the overlappgg-, zones
appear whem, > m,. The overlappeds,—J, zones
are unstable, whereas the nonoverlappjncand i,
zones are stable. The overlapping effect can be
observed in Fig. 2. If a mass spectrometer operates in
the upper apex of the first stability zone, this effect
significantly deteriorates the performance. In this case
the absolute value of stability paramef@rin these
nascent unstable zones is close to 1 near the borders,
and changes very slowly with variation of the param-
etersa, anda,. At the same time, sorting efficiency

zone) descends on the stability diagram, and (under within the “unstable” zone is also decreased. Thus,

certain circumstances) overlaps with thezone. The

when a mass spectrometer is driven by the pulse EC

overlapping of these zones starts from a point lying on signal, stability zones can be divided into “regular”

the a; axis (@, = 0). The system of Eq. (5) can be
solved ifn, = m,. There is no overlapping of zones
whenn, > n,. If 7, < m, then the intersection
point of theys;; boundary with thejs,, boundary moves

and “irregular” zones. The former zones correspond
to m, < m,, and the latter zones correspondito >

n,. The “regular’” zones have the same structure for
pulse EC signals, conventional pulse, and sinewave rf
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EC signals open the opportunities for wide use of the

pairwise merging of adjacent zones. The boundaries second zone in QMS operation. The smaller value of
of these paired zones converge to one point (see Fig.the integral (4 times smaller than in the first zone) is

2). This corresponds to System (1) from which we can
see that ,(ty)ec Substantially depends om,,
whereasy; (tg)ec does not. Therefore, thé, zones
remain stationary with an increaseip, and they,
zones overlap thé, zones.

3. Amplitude-phase characteristics

As mentioned above, the shape of tlogty)
functions has a significant influence on the sensitivity
of the QMS. These functions are inverse to the
amplitude-phase characteristics of the first kind, and
they were described by integrals (26-1) and (27-1)
[integrals (26) and (27) in Part I].

We have compared shapes of #ét,) functions
for different EC signals. First, we have drawn stability
zones for each signal applied to the axially symmetric

completely compensated for by a decrease in sorting
time and improved peak shape.

However, functions (32-1) and (37-1) defined for
ther coordinate within the second zone do not satisfy
EC signal conditions. In this case the phase that
corresponds t@s(t,) = O does not coincide with the
optimal phase of the first kind. Our calculations show
that there is no increase in the value of integral (27-1).
We will return to this problem in the section devoted
to the pulse EC signal.

We have noted above that harmonic EC signal in
the mode witta = 0 has certain potential. This is due
to the fact that amplitudes of the first, second, and
third harmonics are equal to each other. The values of
Oborder that represent the intersection point of the
border with thea = 0 axis are given in Table 3.

Our calculations of integral (27-1) in a range of
from O tO gyq,qer NAVE shown that the harmonic EC

ion trap. Then we chose the points close to apexes thatsignal has advantages over the conventional harmonic

correspond to the resolution close to 100. The reso-

lution was determined using the points of intersection

signal. However, these advantages are not as strong in
the case when an ion working point is located close to

of the scan line, which passes through the chosenthe upper apex of the stability zone (the use of the

points, with the stability zone boundaries.

In Fig. 3 we compare thé;(t,) functions calcu
lated for the first stability zone 1-1 and for the upper
zone 1-2 (Fig. 1) in the cases of a conventional
harmonic signal, harmonic EC signal wjth= 2, and
j = 3. It can be seen from Fig. 3 that harmonic EC
signals dramatically improve the shape of @)ét,)
functions.

The values of integral (27) introduced in Part | are
given in Table 2 for nine points lying close to apexes
of stability zones (a resolution of about 100). We see
that the maximal value of integral (27-1) for the first
zone can be obtained by using harmonic EC signal

harmonic EC signal withj = 2 has the maximal
advantage in the whole range). The value of the
integral is about 1.1 fot}/0yo,qer = 0.1, and about 1.7
for q/Qborder= 0.9.

We would like to draw the reader’s attention to an
important feature of the harmonic EC signal: the
trapping efficiency is constant throughout the whole
range ofg (from O up toq,..qe)- INtegral (27-1) for the
EC signal withj = 2 changes only by 16% within the
range from 0.8,,,qer 10 Jborger Whereas the change
for the harmonic signal is 44%. This advantage plays
an important role for substance identification.

We should note, however, that all estimations

with j = 2. This value is 7 times greater than the shown here are valid when the ion trap operates in the
respective value of the integral for harmonic signals. mass selective instability mode with radial electron
An even better result was achieved for the second beam injection.

stability zone (zone 1-2). This zone is formed by the If the ionization within the ion trap is done by
first zone for the coordinate and the second zone for using a sharp electron beam injected along the longi-
the z coordinate. The value of integral (27-1) here is tudinal axis (widely used at the present time), then the
14 times greater! These calculations demonstrate thatharmonic EC signal should be transformed in order to
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Fig. 3. The dependency between #fét,) function and the initial phasg, for rf signals. Line 1 is the harmonic EC signal= 2. Line 2
is the harmonic EC signaj: = 3. Line 3 is the harmonic signal. (a) The upper apex of the first general zone; (b) the upper apex of the 1-2
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The values of integral (27-1) for points lying near apexes (a resolution of about 100)

Harmonic EC signal,

Harmonic EC signal,

Zone Apex j=2 j=3 Harmonic signal

1-1 Upper 0.090751 0.04389 0.012596

1-2 Upper 0.02357 0.020834 0.0017
Lower 0.023532 0.024724 0.002397

satisfy condition (31-1) for thez coordinate. In this
case the harmonic EC signal with= 2 yields about
a 7% gain in the value of the integral (27-I) for
0/Qporger = 0.1, and a 53% gain foq/qygrger = 0-9.
The gain increases whanapproaches, ger

As we have shown in Part I, the pulse EC signal
most fully satisfies conditions (31-1). Before discuss-

corresponds to the boundaries @f zones [see Eq.
(2)]. Evidently, within they;, zones and whety,,
0 the value ofF,(ty,,) is maximal, and the optimal
phase of the first kind occurs during the active part
M. This condition is satisfied for thes, zones.
Amplitude-phase characteristics of the first kind in
Fig. 4 are for characteristic points located withip

ing the advantages of this signal, we should determine and s, zones of the stability diagram. The APC is

the conditions under which (31-1) are satisfied com-
pletely.

The pulse EC signal (Fig. 4, Part 1) meets the first
condition (31-1) within the active par),. Thus, in
order to satisfy all conditions (31-1) there should be at
least one root,,,, of equationF4(ty) = 0 for n,, and
this root must provide the maximal value Bf(t,,,).
This implies that the active part of the EC signal
incorporates the optimal phase of the first kind.

The phasdg in Eq. (1) lies in the active pati,.
Considering Eqg. (21-1), we can assert that function
F4(tg) has only one roadty,,, = 0 in the middle ofy,.

In order forF,(ty) to have a maximum whety,,
0, the value ofy,(t; = 0), must be positive.
Thus, the condition

‘l’l(té))Ech;:o =0 (7)

describes a line on the stability diagram. This line
divides the stability diagram into two parts: a part
where conditions (31-1) can be satisfied and one
where they cannot. Note, however, that Eq. (7)

Table 3
The values ofg,qe (the point of intersection of the border
with thea = 0 axis)

Harmonic EC
signal,j = 3

Harmonic EC

Harmonic signal signal,j = 2

0.4540232 0.3661056 0.4395546

typical for the pulse EC signal within thé, zones
(oscillation amplitude is constant and equal to 1
during the active pary),). For points lying in thas,
zones oscillation amplitude greatly exceeds 1, and there
are two optimal phases of the first kind outgf The

Y. (to) function rapidly varies around these phases.

The shape ob?(t,) functions is demonstrated in
Fig. 5 for a conventional pulse signal (meander) and
for pulse EC signals with differeM. Working points
were chosen near the apexes of the stability zones in
order to set a resolution of about 100. Fig. 5 shows
that 62(t,) for the meander is a rapidly damped
function around the optimal phase of the first kind,
whereas the value o?(t,) for pulse EC signals is
constant and equal to 1 within the active payt

In Table 4 we compare the values of integral (27-I)
for EC signals and meander. The data were obtained
for points lying near the apexes of the stability zones
with a resolution of about 100. It follows from Table
4 that for operation in the first stability zone the pulse
EC signal yields 10 times the trapping efficiency of
the meander in the radial plane. The trapping effi-
ciency is 30 times greater (as in the case of the
harmonic EC signal, see Table 2) when the ion trap
operates in the second zone 1-2.

Another important feature of the pulse EC signal is
that the trapping efficiency for ions in the first and
second zones differs slightly. As shown above, this
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Ym (1st kind)
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Fig. 4. Amplitude-phase characteristic of the first kind alongrtlveordinate for the ion trap; characteristic points of ions lie withjrand

i, zones of the general stability diagram (pulse EC signal with= n, = m, = 1/4).Line 1 is the upper apex of the first general zone (the
r coordinate, thes, zone, a resolution of about 108; = 4.403647a, = 4.280470,8, = —0.9946735)Line 2 is the upper apex of the
second zone 2-1 (thecoordinate, thejs, zone, a resolution of about 108; = 4.808551,a, = 11.091746,8, = —0.9318303) Line

3 is the middle of the third zone 3-1 (tlecoordinate, thel, zone, a resolution of about 26008; = 14.014088a, = 6.446663,8, =
0.4083183).

enables a QMS to operate in upper stability zones. applied to the ring electrode was varied within 235—
Comparing Tables 2 and 4 we note that pulse EC 245 V. The pulse rf voltage with an amplitude of 220
signals achieve 100—-200 times the trapping efficiency V was applied to the endcap electrodes. The mass
of a conventional harmonic signal when the ion trap scanning was performed by synchronously varying a
operates in apexes of the second stability zone. frequency of both rf signals.

The experiment involved a comparative analysis of
various factors and their influence on the peak shape
of m/z28. A conventional pulse signal (meander) was

Experimental studies of theoretically predicted ad- formed by applying one unipolar pulse signal to the
vantages of EC signals were conducted on the qua-&ndcap electrodes and a dc potential to the ring
drupole mass filter and ion trap with a thin-walled €lectrode. It was possible to compare parameters of
axially symmetric electrode system that was devel- mass peaks obtained by application of various rf
Qped in our |aboratory for theeca space program Signals to electrodes of the analyzer. The use of the
(Venus and Haley's Comet exploration program) Same electrode system, one pulse generator, and one
[5,6]. Experiments on the ion trap were done using the control system ensures the correct comparison of the
pulse EC signal that was formed by applying the obtained experimental results. In the experiments we
unipolar rf pulses to the ring and endcap electrodes, asused a conventional clean pumping system, and a
shown in Fig. 6. The amplitude of pulse rf voltage channel multiplier as a detector of ions. Operational

4. Experimental
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Fig. 5. The dependency between 8f¢t,) function and the phadg for various signals: Line 1 is the pulse signal meandgr£ 3.584338,
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0.949264).

mode and data acquisition were computer controlled. quency of the rf signal. The frequency tuning range is
Relative sensitivity|,, maximal resolution, peak (0.01-1)x 10° Hz; the short term frequency instabil-
shapes, and quality fact@® were chosen as criteria ity is better than 3< 10~ >; the pulse front time is less
for comparison of operation modes. The quality factor than 30x 10 °s.
is the product of relative sensitivity, and resolution A dynamic mass spectrometer with a stable parti-
defined at a certain level of a peak height. cle confinement yields a mass peak with three parts.
Experimental studies of the quadrupole mass filter The first part of the peak corresponds to the stable
were done on the electrode system developed in our (bounded) ion trajectories. Two other parts corre-
laboratory for the Mars 96 space program. The elec- spond to the unstable trajectories, features of which
trode system is 200 mm long, and the field radius is determine the mass peak tails. However, sensitivity of
8.2 mm. We have also developed an original pulse an instrument depends on the movement of ions
generator forming an antipodal pulse EC signal. The whose working points lie within a stable region of the
mass scanning was performed by varying the fre- stability diagram. Thus, the purpose of the experimen-

Table 4
The values of integral (27-1) for pulse EC signals and meander

Pulse EC signal

Zone Apex N=4 N = N=28 Meander
1-1 Upper 0.3 0.37 0.4 0.039
1-2 Upper 0.26 0.344 0.383 0.017

Lower 0.264 0.345 0.385 0.019
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Fig. 6. Unipolar rf pulse voltages applied to electrodes of a three-dimensional axially symmetric ion trap. The scan function forms pulse EC
signals.UqnqcadS the potential of the endcap electrodds;,q is the potential of the ring electrodg;is the sorting timeT IS the ejection
time for sorted ionsT e iS the duty cycle.

tal treatment of the pulse EC signal is to compare the selective storage and driven by the pulse EC signal
sensitivities obtained with the pulse EC signal and a and “meander” are shown in Fig. 7. We can see that
conventional pulse signal—meander. We have previ- in addition to a better peak shape, the pulse EC signal
ously shown in [1] that the pulse EC signal yields an yields sensitivity at least 100 times better than that
enhanced peak shape in comparison with “meander.” obtained with meander.

We have compared peaks with a relative intensity of  Fig. 8 shows the relative sensitivity of the ion trap
1. Mass peaks om/z 28 Da obtained with a three- measured am/z28 as a function of mass resolution
dimensional ion trap operating in the mode of mass- for the pulse EC signal and meander. We see that

S 2 3
"”‘%q%
85 j
Jﬂ__n_n_nnnDH

T

1073

oz,
=
o

Intensity, relative units

10
10 P \
106 + A
1077 : — EE— — : : —
27 27.5 28 28.5 29
m/z, Da

Fig. 7. Mass peaks afn/z 28 Da obtained with a three-dimensional ion trap operated in the upper apex of the first stability zone in the
mass-selective storage mode. Line 1 is the asymmetrical pulse EC signajwithn, = m, = 1/4; line 2 is the meander.
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Fig. 8. Experimental variation of the relative sensitivitg/£28) as a function of a resolutigndefined at level 0.1 from the peak height. Line
1 is the pulse EC signal( = m, = m, = 1/4); line 2 is the meander.

sensitivity in the case of the pulse EC signal is 10 For higher resolutions and for a greater quality
times greater than the sensitivity of meander for low factor (by a factor of 100) we achieve 4-5 times the
resolutions. Sensitivity increases with resolution (see resolution of meander (resolution of about 1000 at 1%
Fig. 8), and for a resolution of about 100 we obtain peak height). Thus, experiments with the pulse EC
several orders sensitivity of the meander. The maxi- signal showed greater sensitivity than the sensitivity
mal resolution for the pulse EC signal obtained in the predicted from the model. From our point of view,
experiments is above 1000, and a further comparison this remarkable mismatch of theory and experiments
of sensitivities becomes moot. Comparison of the follows from incorrect comparison of sensitivities for
curves in Fig. 8 can yield another remarkable property equal resolutions. We have demonstrated [2] that the
of the pulse EC signal: sensitivity of the ion trap is pulse EC signal considerably shortens the mass peak
constant up to a resolution of about 100 (sensitivity in tails caused by the unstable ions. Thus, the real
the case of meander traditionally fades when resolu- resolutionp for the pulse EC signal greatly exceeds
tion increases). This property is due to the fact that the the theoretical one that was defined using the points of
ion oscillation amplitude is constant when a working intersection of the scan line with the stability zone
point moves on the stability diagram up to stability boundaries.
zone boundaries for any phase within the active part We first became interested in the operation in
of the EC signal. In the case of meander the oscilla- upper zones in the early 1980’s during the ion trap
tion amplitude increases when a working point ap- development for theeca space program (Venus and
proaches the boundaries for all phases within the Haley’'s Comet exploration program). The results of
focusing pulse along thecoordinate (an exceptionis  experiments have been described in [7]. However, we
one point—the optimal phase of the first kind). could not find sufficient theoretical or experimental
Observed dependency between the quality factor justification for operation in upper zones. Even the
and resolution is shown in Fig. 9 for both signals. use of an electrode system with elliptical electrodes
Again, the quality factor for meander traditionally gives about 100 times smaller sensitivity than the
decreases when resolution increases, whereas thesensitivity for operation in the upper apex of the first
quality factor for the pulse EC signal increases when stability zone. Further attempts to operate in upper
a resolution increases, and decreases for higher resozones on the quadrupole mass filter utilizing a pulse
lutions. signal were unsuccessful (an exception is the opera-
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Fig. 9. Experimental variation of the quality factQras a function of a resolutiop defined at level 0.1 from the peak height. Line 1 is the
pulse EC signal+;,; = n, = n, = 1/4); line 2 is the meander.

tion in the middle of the second zones with a resolu- the experimental resolution matches the theoretical
tion of about 20). Thus, when the theory showed a one for zone 1-2.
radical solution to the problem with sensitivity in A mass spectrum arounmi/z 18 Da is shown in
upper zones, we planned an experiment using the Fig. 12. The maximal resolution obtained in the upper
guadrupole mass filter developed and tested for the apex is greater than resolution for the lower apex. The
Mars 96 space program. same effect was observed for zone 1-3. Minimal
The general stability diagram for the mass filter experimental resolution for zone 1-2 coincides with a
operating with the pulse EC signal is shown in Fig. 10 theoretical valued, = 19, pe,, = 20). These values
(n1 = 1/6; my = mp = 1/3). Inthis figure we also  for zone 1-3 are differentpy, = 410, pe,, = 320).
show scaled-up upper zones 1-2, 1-3, and the scanThe difference in resolution occurs because a sorting
lines that pass through the middle of the respective time in the 1-3 zone is two times less than in the 1-2
zones and produce theoretical mass resolutigns= zone, which causes the minimal resolution decrease.
19 and p;.; = 410. In this case one-dimensional In the experiments the minimal ion energy was set
sorting along they coordinate can be implemented greater than or equal to 2 eV. This energy corresponds
(the pulses around, are focusing for this coordi to a sorting timeng,; = 18 for the middle of the 1-2
nate). If the slope of the scan line is changed figgn ~ zone, andh,, = 9 for the middle of zone 1-3. Note
(corresponding to the middle of a zone where= that a transition region in the mass filter increases
By, = 0), and the scan line approaches the upper or velocity spread in longitudinal directions and causes
lower apex of the stability zone, the resolution in- the real sorting time to decrease.
creases and one-dimensional sorting transforms to the  The obtained experimental data allow us to analyze
mode of operation in the apex of stability zone. the dependence of the quality factor on the scan line
Experimental mass resolution for/z18, defined at  slope for zones 1-2 and 1-3. If the scan line is shifted
50% peak height, as a function of the scan line slope from the lower apex of the 1-2 zone to the upper one,
is demonstrated in Fig. 11 for operation in the 1-2 the quality factor increases by a factor of 10. A region
zone (a), and 1-3 zone (b). The respective variations of the maximal quality factor for zone 1-3 is located
of a theoretical resolution are also shown. Notice that close to the lower apex, and a variation in the quality



E.P. Sheretov et al./International Journal of Mass Spectrometry 198 (2000) 97-111 109

6.60 |
6.55 |
6.50 |
6.45 4
6.40 |
6.35

6.30 -
11.6 . . 6 a,

7360 - ‘ } ‘ ‘ ‘ ‘
20.55 2060 2065 2070 2075 20.80 20.85 2090 @

C
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Fig. 11. Resolutionrfi/z18) as a function of the scan line slope for operation with a pulse EC signal in upper zones. Line 1 is experiment;
line 2 is theory. (a) Zone 1-2; (b) zone 1-3.

factor within this zone is the same. We should note, toward the validation of theoretical conclusions re-

however, that the mean value of the quality factor is garding the proposed EC signals. Only time will tell

constant within both zones. whether or not the next-generation QMS will employ
EC signals; we can only hope that it will happen.
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