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While positive and negative ions are created simultaneously in a quadrupole ion trap during electron ionization,
there is a marked preponderance of the former species. With prolonged ionization and a relatively high concentra-
tion of substrate molecules, positive ion species of low mass/charge ratio can give rise to space charge potentials
that can neutralize and exceed the normal trapping potentials for positive ions of high mass/charge ratio, leading to
the ejection of positive ions, but not negative ions, from the ion trap. The onset of space charge is manifested by the
ejection of positive ions of m/z > 600; as the space charge potential is increased incrementally, ejection of positive
ions is extended to those of lower mass/charge ratio, that is, to m/z Á 300. Negative ions are not a†ected by the
space charge induced by the positive ions ; within the limits of experimentation, negative ions in the mass/charge
ratio range m/z 352–633 remain conÐned within the ion trap and can be ejected during a normal analytical scan.
Under the inÑuence of positive ion-induced space charge, there is an enhancement of the storage of negative ions
having low values of the trapping parameter These observations can be rationalized using a theoreticalq

z
.

approach based on a pseudo-potential well model. Although not investigated here, the simultaneous storage of
positive ions and negative ions permits the interactions between these species to be studied. 1997 by John Wiley(

& Sons, Ltd
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INTRODUCTION

Over the past 20 years, gas chromatography combined
with mass spectrometry (GC/MS) has been used widely
for organic compound identiÐcation and trace detec-
tion. Electron ionization (EI) of most compounds leads
to the formation of both molecular and several frag-
ment ion species ; while the resulting fragmentation pat-
terns can serve to identify compounds, the distribution
of total charge amongst several ion species can
adversely a†ect the sensitivity of GC/MS. This dis-
advantage can often be overcome by using chemical
ionization (CI), in which stable quasi-molecular ions
are formed in relatively high abundance, free of frag-
ment ions and more suitable for analytical purposes.
Much analytical interest has been expressed in the
sensitivity of negative ion chemical ionization (NICI)1
since molecular and quasi-molecular negative ions can
be generated efficiently in CI sources.
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Frequently, these molecular and quasi-molecular
negative ion species are stable with respect to fragmen-
tation since they are formed in reactions of low exother-
micity and, for this reason, NICI is referred to as a “softÏ
ionization mode ; this mode is very useful in the
environmental domain2 for the determination of halo-
genated compounds and pesticides. Negative ions are
produced either directly by thermal-electron capture or,
in ionÈmolecule reactions,3 by electron transfer, proton
transfer and anion attachment. When NICI is combined
with conventional tandem mass spectrometry (MS/MS),
a dramatic increase in speciÐcity and stereospeciÐcity
can be observed.4

Recently, the development of GC/MS (and GC/MS/
MS) using an ion trap mass spectrometer5,6 as the
mass-selective (and tandem mass-selective) detector has
culminated in the realization of an instrument of high
sensitivity and high speciÐcity for organic compound
analysis.7 Despite the relatively low capital cost of this
type of bench-top instrument, both EI and low-pressure
CI (with a mass-selected CI reagent ion) modes are
available. As a result of recent ion trap software devel-
opments, it is possible now to customize successive
mass spectrometric protocols,8h10 or scan functions, so
as to carry out multiple mass-selective operations,
(MS)n, using a series of di†erent scan functions pro-
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grammed to the elution time. While negative ions are
produced within the quadrupole ion trap during the EI
episode, such ions have not been studied extensively
and few reports on negative ions have been
published.11h17

The formation of negative ions in the ion trap under
high-frequency Ðeld conditions is a process with a very
low yield relative to those of positive ions and of
accompanying secondary quasi-thermal electrons. The
low yield of negative ions can be attributed to a small
fraction of quasi-thermal electrons which remain in the
ion trap and possess low kinetic energies in the range
\1È2 eV. Only a few electrons survive the accelerating
e†ects of the storage potential applied to the ring elec-
trode that normally causes electrons to be ejected
rapidly ;13,15 thus negative ion formation is severely hin-
dered. McLuckey and co-workers18 have shown that,
under EI conditions, the abundance of negative ions
formed was only 10~3 times that of positive ions.
Nascent negative ions su†er recombination in ionÈion
reactions in which positive and negative ions form
neutral species.13,19,20 Consequently, in order to study
the reactivity of negative ions in the ion trap, it is nor-
mally necessary that such species be formed in an exter-
nal source and injected subsequently into the ion
trap.21h24

In the present work, in which perÑuorotributylamine
(FC-43) was used as the sample molecule, negative ions
were formed in situ by resonant electron capture under
conditions of high analyte pressure within the ion trap.
During the ionization period, negative ions are not iso-
lated from the preponderance of positive ions formed.
The high density of positive ions, created and stored
during prolonged ionization, induces a repulsive cou-
lombic force that gives rise to space charge pertur-
bations ; such perturbations have been studied by
several workers.25h31 Space charge perturbations result
in the destabilization of the trajectories of positive ions
such that, as the magnitude of the space charge pertur-
bation increases, positive ions are ejected in order of
descending mass/charge ratio. A simple rationalization
of trajectory destabilization based on the neutralization
of the trapping potential is presented here.

Neutralization of the trapping potentials is e†ected
by high densities of ions of low mass/charge ratio that
are in the majority and leads to the ejection of ions of
higher mass/charge ratio. This discrimination against
ions of higher mass/charge ratio permits artifact-free
observation of negative ions. At the same time, the
space charge potential created by the positive ions of
low mass/charge ratio may be responsible, as proposed
in the present work, for enhanced storage in the ion
trap of negative ions having a value of \0.02, whereq

zis the trapping parameter.q
z

EXPERIMENTAL

All data were acquired using a Varian Saturn III gas
chromatograph/mass spectrometer equipped with a
normal channeltron detector which lacked a conversion
dynode normally employed for the detection of negative
ions. In the present work, the gas chromatograph was

not used ; rather, perÑuorotributylamine was introduced
into the vacuum chamber via a metered needle valve
and a solenoid valve at a constant pressure of
7.5] 10~6 Torr (1 Torr \ 133.3 Pa) as measured with
an Alcatel CF2P Penning gauge. The gauge was located
on the lower part of the manifold and was not cali-
brated. FC-43 was obtained from ScientiÐc Instrument
Services. Helium was used as a bu†er gas at an uncor-
rected pressure of 3 ] 10~5 Torr. The manifold was
maintained at a temperature of 170 ¡C. In Fig. 1 is
shown the scan function employed for EI and for the
detection of positive ions and negative ions ; the mass
range is given for each of the four analytical scan seg-
ments.

Experiments were carried out with an r.f. storage
voltage amplitude such that the low-mass cut-o†
(LMCO) was m/z 35, except where stated otherwise.
The mass scan rate was 5555 Th s~1. Axial modulation
at 4 was used for the analytical scan of positiveVphpand negative ions. The Ðlament emission current (FEC)
was varied from 0 to 50 lA and the duration of ioniza-
tion was maintained at 25 ms.

Negative ions were detected without instrument
modiÐcation. In the ejection from the ion trap of ions in
order of increasing mass/charge ratio during a mass-
selective instability scan, ions pass through perforations
in each end-cap electrode as the r.f. amplitude, V0hp ,
is ramped. That ions emerge from the end-cap elec-
trodes with kinetic energies proportional to is notV0hpsurprising ; however, as the most probable kinetic
energy, of an ion of massÈcharge ratio m/ze isKEmp ,

where e is the electronic charge,D6.7ze(V0hp [ 200)/m,
the sheer magnitude of these kinetic energies is aston-
ishing ; ranges from 450 eV for m/z 100 to almostKEmp3.8 keV for m/z 600.32h34 The kinetic energies of nega-
tive ions of m/z[ 350 are sufficiently large that these
ions can overcome the potential barrier created by the
usual imposition of [1800 V on the detector and give
rise to ion signals.16 Under these conditions, the ratio of
signals due to positive ions to those due to negative ions

Figure 1. A scan function showing the four segments of the ana-
lytical ramp as used for the detection of positive and negative ions.
The ionization period was held constant at 25 ms; LMCO is the
low-mass cut-off as determined by the magnitude of the driveV

0hp
potential applied to the ring electrode.
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does not reÑect the ratio of such ions exiting the ion
trap as the response of the detector to negative ions is
impaired. Nevertheless, negative ions can be detected,
albeit with low efficiency.

RESULTS AND DISCUSSION

Experiments are described in which space charge due
mainly to positive ions of low mass/charge ratio per-
turbs the storage of positive ions of high mass/charge
ratio leading to the ejection of positive ions and, conse-
quently, isolation of negative ions of high mass/charge
ratio.

The relative abundances of the fragment ion com-
ponents observed in the EI mass spectrum of FC-43, as
employed in the normal ion trap mass calibration pro-
cedure, are given in Table 1.

The EI mass spectrum of FC-43, obtained under con-
ditions of abnormally high pressure of FC-43 and with
an FEC of 80 lA, is shown in Fig. 2 ; the mass spectrum

is displayed at low signal ampliÐcation. In the inset is
shown the region of high mass/charge ratio at high
signal ampliÐcation so as to show clearly the negative
ions at m/z 452, 595 and 633.

Under these ionizing conditions, the positive ions of
low mass/charge ratio in Fig. 2 are observed as broad
peaks extending over several thomsons, while the posi-
tive ions of m/z[ 300 are either not detected or
observed with very weak signal intensity. The broaden-
ing of the peak width to several thomsons and the dis-
tortion of the peak position towards higher mass/charge
ratios are manifestations of space charge perturbations
brought about by multitudinous ionÈion interactions of
[105 positive ions conÐned simultaneously.29 The
decrease in resolution is due to the ejection of ions over
a range of higher than normal r.f. amplitudes. This e†ect
is most pronounced for those ions of lowest mass/
charge ratio as such ions experience the greatest pertur-
bation upon mass-selective axial ejection. Once ions of
low mass/charge ratio have been ejected, the pertur-
bation diminishes and the mass-selective ejection of ions
of higher mass/charge ratio becomes less and less
a†ected.

Table 1. Elemental composition and relative abundance of positive ions produced from FC-43, under con-N(C
4
F

9
)
3
,

ventional EI conditions and as used for ion trap mass calibration

m /z
69 131 219 264 414 464 502 614
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Relative abundance (%) 100 62 31 28 13 2.5 13 2

Figure 2. EI mass spectrum of FC-43 acquired under conditions of high space charge and low signal magnification; FEC of 80 lA, LMCO
of 35 Th. In the inset is shown the region of high mass/charge ratio at high signal amplification.
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The absence of positive ions of m/z[ 200 from FC-43
in the mass spectrum in Fig. 2 (that is, m/z 264, 464, 502
and 614) indicates that the storage potential for these
ion species is highly perturbed. On the other hand,
negative ions at m/z 452, 595 and 633, albeit of low
signal intensity, are seen clearly in Fig. 2. The empirical
formulae of the negative ions are given in Table 2 ; it
should be noted that positive ions characterized by
these mass/charge ratios are not observed from FC-43.
The polarity of each of the negative ions listed in Table
2 has been veriÐed in a separate experiment34. [A vene-
tian blind type of conversion dynode has been incorpor-
ated with the mass spectrometer and inserted between
the channeltron electron multiplier and the neighbour-
ing end-cap electrode ; variation of the applied to the
dynode ([4000 to ]4000 V) permits the attribution of
the polarity of ions ejected from the ion trap]. More-
over, Catinella et al.16 have isolated these ion species
with a d.c. isolation sequence in which all positive ions
were ejected prior to the analytical scan.

In the formation of positive ions from FC-43 by EI,
as is the usual procedure in the ion trap, quasi-thermal
electrons are created which may then form the FC-43
molecular negative ion by resonant electron capture, as
shown in Eqn (1) ; it should be noted that the lifetime of
the negative molecular ion of m/z 671 is short and it is
not detected.16

e~] N(C4F9)3] [N(C4F9)3~~]* (m/z 671) (1)

Negative ions of m/z 633, 595, 452 and 414 are
formed by unimolecular fragmentation of the molecular
negative ion, as in Eqn (2), with the loss of F2 , 2F2 ,

and respectively.C4F9 C4F9] F2 ,

[N(C4F9)3~~]* (m/z 671) ] (M [ F2)~~ (m/z 633)
(M [ 2F2)~~ (m/z 595) (2)
(M [ C4F9)~ (m/z 452)
(M [ C4F9[ F2)~ (m/z 414)

Interpretation of the destabilization of positive ion
storage

Under conditions of prolonged ionization and/or high
sample pressure such that large numbers of ions are
accumulated and stored simultaneously in an ion trap,
coulombic repulsions among ions of the same polarity
induce a space charge potential which can perturb ion
motion. When the stored ions are of only a single

Table 2. Elemental composition in the repre-N(C
n
F

2n‘2—x
)

sentation of the various negative ion species produced
under electron capture conditions

n ¼12 n ¼11 n ¼10 n ¼9 n ¼8 n ¼7 n ¼6

x ¼0 — — — 502a 452 402a 352

x ¼1 633 583 533 483 433 383 —

x ¼2 614 564 514 464 414 364 —

x ¼3 595 545 495 445a — — —

x ¼4 576 526 476 426 — — —

x ¼5 557 — — 407a — — —

x ¼6 538 488a 483a — — — —

x ¼7 — 469a — — — — —

a Ions of low signal intensity.

species, the manifestations of space charge pertur-
bations are twofold : Ðrst, the secular frequencies of ion
axial and radial motion are changed and, second, there
is a limit, to the number of ions which can beNmax ,
stored under a given set of trapping conditions. When
two or more species are stored simultaneously, a third
perturbation is manifested, that of selective ion ejection
where the space charge perturbation due to one ion
species can neutralize, in part or in whole, the trapping
potential for a second ion species of higher mass/charge
ratio.

It was over 20 years ago that Schwebel et al.26 pro-
posed that the storage of ions within an ion trap could
be destabilized by space charge perturbations. Quali-
tatively, the e†ect of the space charge perturbation on
the stability of ion trajectories can be represented by a
translation (to higher values) of the stability diagramq

zboundaries as shown in Fig. 325h27,29 while the q
zvalues of stored ions are a†ected less. When the q
zvalues for ions of high mass/charge ratio no longer

reside within the boundaries of the stability diagram,
such ions are ejected.

A space charge potential, due to coulombic'SA ,
repulsions among positive ions of a single species, A`,
of mass is added (negatively, as it is repulsive) to themApseudo-potential that characterizes the main quad-'0Arupolar Ðeld with respect to A` ions. Upon integration
of the Mathieu equation with the resulting potential 'T ,
where

'T\ 'SA ]'0A (3)

a modiÐed stability diagram is obtained as shown in
Fig. 3. Here, the and boundaries intersectb

z
\ 0 br\ 0

on the axis at a point where Indeed, theq
z

q
z
* q

z
* [ 0.

four boundary limits 1 and 1) of the sta-(br\ 0, b
z
\ 0,

bility diagram are shifted towards higher values.q
zParenthetically, let us consider an ion species Y`, of

mass and charge having the highest mass/mY zY e,
charge ratio and lowest value, among a numberq

z
q
z, Y ,

of positive ion species conÐned simultaneously. Once
the space charge perturbed and bound-br\ 0 b

z
\ 0

aries intersect at a point such that theq
z
* q

z
* [ q

z, Y ,
trajectories of Y` ions will no longer be stable and Y`
ions will be ejected.

Figure 3. Stability diagram in space for positive ion storagea
z
, q

z
in a quadrupole ion trap. The dashed line represents the same
diagram perturbed by space charge (SC). At the trapping param-
eter the space charge potential cancels the trapping potential.q

z
* ,
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The space charge potential must satisfy the'SAPoisson relationship :

+2'SA \ [ nA zA e
e0

(4)

where and are the density and charge, respec-nA zA e
tively, of A` and is the dielectric constant in vacuo.e0As the density increases, the value is shifted tonA q

z
*

higher values and the potential reduces further the'SAresulting potential, until a maximum ion density,'T ,
is reached whennA, max ,

[+2'SA \+2'0A (5)

Schwebel et al.26 expressed the value of asnA, max

nA, max\
3
16

e0mA
A)q

z, A
zA e

B2
(6)

where ) is the angular frequency of the r.f. drive poten-
tial and is the trapping parameter for A` ions.q

z, AMcLuckey and co-workers35 used Eqn (6) to estimate
the ion density in an ion trap Ðlled of a reactant ion.
Todd et al.27 and more recently Guan and Marshall30
have expressed the value for using the pseudo-nA, maxpotential well-depth approach36 such that

nA, max\
e0

zA e
A
Dr, A

4
r02

] D
z, A

2
z02
B

(7)

where is the radius of the ring electrode, is ther0 2z0separation distance of the two end-cap electrodes along
the z-axis and and represent the pseudo-Dr, A D

z, Apotential well depths in the radial and axial directions,
respectively, for A`.

This treatment can be extended to the case of several
ion species stored simultaneously such that isnA, ejectthe density of A` necessary for the complete ejection of
an ion species Y` of higher mass/charge ratio. In this
case, and represent the pseudo-potential wellDr, Y D

z, Ydepths in the radial and axial directions, respectively,
for Y` and are given by

Dr, Y \ mY r02
2zY e

A)
2
B2A[ a

z, Y
2

] q
z, Y2
8
B

(8)

and

D
z, Y\ mY z02

2zY e
A)

2
B2A

a
z, Y] q

z, Y2
2
B

(9)

where and are the trapping parameters for Y`a
z, Y q

z, Yions. Substituting for and in Eqn (7), oneDr, Y D
z, Yobtains

nA, eject \
3
16

e0mY )2q
z, Y2

zA zY e2 (10)

Equation (10) expresses the conditions andq
z
* \ q

z, Yyields an estimation of the density of A` necessary to
eject Ðrst ions of the highest mass/charge ratio, Y`, then
of the higher densities of A` necessary to eject ions W`,
V`, etc., in order of decreasing mass/charge ratio. Equa-
tion (10) can be rearranged to

nA, eject \ a(q
z, Y)2

mY
zY

(11)

where

a \ 3
16

e0)2
zA e2

From Eqn (11), it is seen that the density nA, ejectrequired to destabilize completely the set of ions Y` ,
W` , V` , etc., is proportional to the product of the
mass/charge ratio of each destabilized ion species and
the square of the corresponding value.q

z

Space charge destabilization of the trajectories of
positive ions

In order to verify the validity of Eqn (11), the ion signal
intensities of fragment ions produced by EI of FC-43
were investigated as a function of the Ðlament emission
current, I. With a relatively high sample pressure and
LMCO of 35 Th, I was varied from 0 to 50 lA. Under
these experimental conditions, the abundances of two
positive ion species of low mass/charge ratio, m/z 69
and 131, dominated those of the other fragment ion
species. Thus, as a Ðrst approximation, it was assumed
that the m/z 69 and 131 species were responsible for the
space charge potential which would bring about the
ejection of ions of higher mass/charge ratio. As the
observed signal intensities of m/z 69 and 131 increase
linearly with I, as shown in Fig. 4, it was assumed that
the behavior of the cumulative space charge due to
these species as I was increased would parallel that of
the space charge due to A` as was increased (seenAabove). Hence the magnitude of can be assumednA, ejectto be directly proportional to the number of A` ions
created and stored in the ion trap which, in turn, is
directly proportional to I. This assumption is justiÐed
when the distributions of ions in space is uniform, that
is, when the density is constant.

Such a distribution is not realistic for a quadrupole
ion trap with a helium bu†er gas pressure of ca. D10~3
Torr such that the ion cloud can become focused near
the center of the ion trap. Nevertheless, Todd et al.27
have shown that Eqn (6) can be veriÐed experimentally
when the value of is assumed to be proportional tonAthe duration of ionization at constant I. This obser-
vation supports the assumption that, to a Ðrst approx-
imation, the density is proportional to the number ofnA

Figure 4. Variations of the positive ion signal intensities of m /z
69 and 131 with filament emission current, I ; LMCO of 35 Th.
High space charge conditions were encountered at the upper
range of I .
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A` ions created and, thus, is related linearly to the Ðla-
ment emission current, I, at a constant duration of ion-
ization.

The evolution of the signal intensities of three posi-
tive ion species, m/z 464, 502 and 614, as a function of I
is shown in Fig. 5.

For each of the positive ions, the signal intensity was
integrated over several mass/charge units as the mass
resolution deteriorated due to space charge at the
higher values of I investigated. Initially, the ion signal
intensity increased with I until, as the density of low
mass/charge ratio ions increased, the trajectories of the
high mass/charge ratio ions became unstable owing to
the space charge potential ; the signal intensity reached
a plateau, then decreased to a negligible value. For
example, the signal intensity of m/z 614 decreased to a
negligible value at I\ 20 lA, which was designated

the values for m/z 502 and 464 were 24.5 andIeject ; Ieject28 lA, respectively.
Additional values of were determined for theIejectejection of each of the ion species of m/z 576, 564, 514,

426, 414, 364 and 314. All of the data are plotted in Fig.
6 ; here, the plot of (left-hand ordinate) versusmY/zYshows inverse proportionality in that the ions wereIejectejected in order of descending mass/charge ratio as

Figure 5. Variations of the positive ion signal intensities of m /z
464, 502 and 614 with filament emission current, I ; LMCO of 35
Th. High space charge conditions were encountered by each
species leading to total ion ejection.

Figure 6. Successive ejection of positive ions of high mass/
charge ratio with increasing space charge potential ; LMCO of 35
Th. Left-hand ordinate, variation of versus right-handm

Y
/z

Y
I
eject

;
ordinate, versus as per Eqn (10). The data plottedq

z, Y
2 m

Y
/z

Y
I
eject

,
are for the positive ion species of m /z 576, 564, 514, 502, 464,
426, 414, 364 and 314.

expected, while the linear plot of (right-handq
z, Y2 mY/zYordinate) versus shows that Eqn (11) is obeyed. ItIejectshould be noted that, as is inversely proportionalq

z, Yto is proportional tomY/zY , q
z, Y2 mY/zY zY/mY .

The linearity of the plot of versusq
z, Y2 mY/zY Iejectappears to conÐrm the assumption made concerning the

cumulative space charge e†ect exerted by the two ions
of low mass/charge ratio, m/z 69 and 131, and that the
relatively simple theoretical approach to the neutral-
ization of trapping potentials is justiÐed. Furthermore,
the value of can be estimated from Eqn (10) : fornA, maxan LMCO of 35 Th corresponding to an r.f. voltage
amplitude of 402 with )/2n \ 1.05 MHz,V0hp , e0\
8.85] 10~12 F m~1 and e\ 1.6] 10~19 C, the calcu-
lated value for was found to lie in the range 0.7ÈnA, max1.4] 107 ions cm~3 for the ejection of positive ions
over the mass/charge ratio range from 614 to 314. The
range of ion densities calculated here is in good agree-
ment with other estimations and, in particular, with the
maximum ion density.25,26,37h39

Ejection of positive ions concurrent with negative ion
detection

In the experiment described above, the abundance of
positive ions of high mass/charge ratio is reduced dra-
matically for values of I greater than 10È20 lA, as
shown in Fig. 5 ; however, additional ion signals were
observed and have been ascribed to negative ions of m/z
452 m/z 595 m/z 633([M [ C4F9]~), ([M [ 2F2]~~),

and m/z 414 These([M[ F2]~~) ([M [ C4F9[ F2]~).
ions are the most abundant species in the mass spec-
trum shown in Fig. 2 and have kinetic energies which
are sufficiently large to permit their detection with a
channeltron biased at D [1800 V. All other negative
ions were observed with lower abundance and have
been interpreted as reported in Table 2. No negative
ions were detected with m/z\ 350.

The observation of negative ions, e.g. m/z 595 and 633
as shown in Fig. 7(a) and (b), respectively, requires a
threshold FEC of D15 lA, at which point positive ions
of high mass/charge ratio have been ejected either
almost entirely or in part.

The ion signal intensities for negative ions of m/z 595
and 633 increase relatively rapidly from I\ 15 to 22
lA; thereafter, the slope of the signal intensity as a func-
tion of I decreases to a value which extrapolates back to
a point close to the origin. These observations suggest
that the behavior of negative ions is subject to two dif-
ferent inÑuences. First, for I\ 22 lA, it is proposed that
the negative ion abundance can be limited by ionÈion
recombination of positive ions and negative ions of
similar mass/charge ratio ; such ions experience similar
regions of space in the ion trap, have similar secular
frequencies and ionÈion recombination will be favored
when their kinetic energies are simultaneously low.
Second, for I[ 22 lA, the trajectories of positive ions
of high mass/charge ratio are destabilized by the accu-
mulated space charge potential so that these ions are
ejected ; ionÈion recombination is no longer possible
and the signal intensities of the negative ions of m/z 595
and 633 show linear increases with increasing I. The
linearity of the dashed lines is interpreted as evidence in
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(a)

(b)

Figure 7. Variation of (a) the m /z 595 and (b) the m /z 633 nega-
tive ion signal intensity with filament emission current I . Note that
at the value of I for the disappearance of neighboring positive ions
(Fig. 5), the slope of the negative ion signal intensity increases
rapidly. The dashed lines at low I show the estimated negative ion
signal intensities in the absence of positive ions of high mass/
charge ratio. Positive ions of low mass/charge ratio are present
throughout, as in Fig. 5.

support of a lack of ionÈion recombination of positive
ions of low mass/charge ratio with negative ions of high
mass/charge ratio.

The conditions of high space charge, where positive
ions of high mass/charge ratio are ejected, are the
optimum conditions for the detection of high mass/
charge ratio negative ions of m/z 452, 595 and 633.
While the observation of these negative ion species is
not in itself evidence of an enhancement of the storage
potential (as opposed to a null e†ect), the pseudo-
potential well-depth experienced by negative ions
appears to be enlarged by positive space charge. Con-
sider the following two experiments in which the e†ects
on FC-43 negative ion signal intensities of removing
positive ions were examined. In each experiment, the
LMCO during ionization was 10 Th, the FEC was 20
lA and the duration of ionization was 25 ms ; under
these conditions, the trapping potential for positive ions
of high mass/charge ratio (m/z[ 200) was reduced (to
about one quarter of that for an LMCO of 35 Th).

The scan function for the Ðrst experiment is given in
Fig. 8(a) and shows a period of ionization, A, followed
by a period of cooling or storage, B, prior to the mass-
selective analytical scan. For the second experiment, the
scan function used is given in Fig. 8(b) and is a modiÐed
version of that in Fig. 8(a) ; it includes a ramp of the r.f.
voltage amplitude, B, such that all ions of m/z\ 400

(a)

(b)

Figure 8. (a) Scan function 1 for the simultaneous confinement
of high mass/charge ratio negative ions and low mass/charge posi-
tive ions with a storage period of variable duration following ion-
ization; high mass/charge ratio positive ions were ejected by space
charge during the ionization period. (b) Scan function 2 for the
isolation of high mass/charge ratio negative ions (m /z ¿400) with
a storage period of variable duration following isolation; high
mass/charge ratio positive ions were ejected by space charge
during the ionization period and all ions of m /z Ä400 were ejected
during period B.

were ejected immediately following ionization, A, and
prior to the storage period, C. The Ðrst experiment
yielded a plot of the resulting signal intensity of the
negative ion of m/z 452 versus the duration(q

z
\ 0.013)

of the storage period B and is shown in Fig. 9(a) ; during
the Ðrst 50 ms of storage, the signal intensity meanders
somewhat but the overall decrease is \15% , and there-
after the signal intensity is reduced to D1% at 80 ms
and is negligible at 100 ms. The second experiment
yielded the variation of the signal intensity of the same
negative ion of m/z 452 versus the duration of the
storage period C [Fig. 9(b)] ; it is seen that the signal
intensity falls to zero in 1.4 ms.

From a comparison of the traces in Fig. 9(a) and (b),
noting that the abscissa scales di†er by a factor of 75,
the storage of negative ions at low values appears toq

zbe enhanced when such ions are conÐned simulta-
neously with positive ions of low mass/charge ratio.
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(a)

(b)

Figure 9. Variation of the m /z 452 negative ion signal intensity
with storage time at using scan function (a) 1 andq

z
¼0.013

(b) 2.

Such behavior is complementary to the storage impair-
ment of ion storage or ion ejection of high mass/charge
ratio positive ions when such ions are conÐned simulta-
neously with positive ions of low mass/charge ratio. As
the space charge potential created by positive ions of
low mass/charge ratio decreases the trapping potential
well for positive ions with low values, the trappingq

zpotential well is increased for negative ions with simi-
larly low values. In this latter case, the space chargeq

zpotential, is added to in Eqn (3) with the result'SA , '0that the potential well depths, and for Y~Dr, Y~ D
z, Y~ ,

ions given by Eqns (8) and (9), respectively, are
increased.

CONCLUSION

A simple theoretical treatment has been presented of
space charge perturbation of the trapping potential
exhibited when positive ions in the range m/z 69È614
are conÐned simultaneously in a quadrupole ion trap.
The trapping potentials for ions of high mass/charge
ratio with in the range 0.05È0.1 are much smallerq

zthan those for ions of low mass/charge ratio and can be
neutralized by increased accumulation of ions of low
mass/charge ratio. Neutralization of the trapping poten-
tial leads to ion ejection. With increasing density of ions
of low mass/charge ratio, ions of the highest mass/
charge ratio are ejected Ðrst and are followed by other
species in descending order of mass/charge ratio. A
simple relationship between ion density and the mass/
charge ratio of the ejected ion species has been derived
and demonstrated experimentally.

The ejection of positive ions of high mass/charge
ratio permits unobscured observation of negative ions
of high mass/charge ratio which possess sufficient
kinetic energy upon mass-selective axial ejection to
overcome the D [1800 V bias on the detector. The
variation of negative ion signal intensities with low Ðla-
ment emission current (\22 lA) has been interpreted in
terms of ionÈion recombination with positive ions of
high mass/charge ratio. The linearity of negative ion
signal intensities with high Ðlament emission current
([22 lA) has been interpreted in terms of reduced
ionÈion recombination of negative ions with positive
ions of low mass/charge ratio which, although present
in abundance, occupy di†erent regions of space within
the ion trap.

The observation of storage impairment for positive
ions of high mass/charge ratio by positive ions of low
mass/charge ratio is complementary to the observation
of storage enhancement for negative ions of high mass/
charge ratio also by positive ions of low mass/charge
ratio.
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