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Study of Ghost Peaks Resulting from Space
Charge and Non-linear Fields in an Ion Trap Mass
Spectrometer
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Ion trap improvements require some geometrical modiÐcations which can alter signiÐcantly the relative linear and
non-linear Ðeld contributions. In this work, where the ion trap was interfaced with an electrospray source, it was
shown that under particular ion trapping conditions due to space charge, artefacts called ghost peaks are displayed
in the mass spectra. They are characterized by particular width and shape and appear at twice the m/z ratio of the
expected peaks (for positive and negative ions) when the analyzed ions are ejected at (extended massb

z
= 1/3

range mode). They were unambiguously identiÐed by using isolation sequences. The various experimental factors
governing the observation of ghost peaks were explored in order to rationalize their origin. Especially the capillary
exit voltage, ion accumulation time and low m/z cut-o† of the analytical scan, which modify the space charge
strength, inÑuence the ghost peak intensities. Furthermore, it is evidenced that only the injected ions which are
located at at the beginning of the analytical scan step give rise to the formation of suchq

z
O 0.25 (b

z
O 2/11)

artefact peaks. Under these experimental conditions, the ion cloud defocused by space charge is subjected to
high-order multipole Ðelds (e.g. 22-pole). Then the motion of the analyzed ions is destabilized, a†ecting the ion
ejection. It seems that two ion populations can co-exist : (i) one submitted to a normal ion ejection at q

z
= 0.45,

where the axial modulation is applied, i.e. normal peaks, and (ii) a second ejected at the natural q
z

= 0.908
boundary, leading to ghost peaks at twice the m/z value of normal signals. 1998 John Wiley & Sons, Ltd.(
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INTRODUCTION

The interest in the use of the ion trap mass spectrometer
for analyzing ions characterized by high m/z ratios, in
both positive and negative ion modes (i.e. cationized or
protonated and deprotonated molecules, respectively)
has been growing rapidly. Especially with this kind of
analyzer, quasi-molecular species can be externally pro-
duced from non-volatile and labile compounds such as
biomolecules (e.g. peptides,1 proteins2 and oligonu-
cleotides3) submitted to desorption/ionization techniques
[i.e. electrospray ionization (ESI)4 and matrix-assisted
laser desorption/ionization (MALDI)5]. Using ESI,
molecules are desorbed as multiply charged ions
and detected at the corresponding m/z values. This
desorption technique should allow mass spectrometric
(MS) analysis of large biomolecules (with molecular
masses [106 u).6 Electrospray sources are usually
coupled with quadrupole analyzers, whose detection
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limit is about 2000È4000 Th. Commercial ion traps
combined with external ESI sources are now available.
A consequence of the intrinsic properties of quadrupole
ion traps is their limited m/z range, according to the
following relationship :

[m/z]max \ 8 eVmax/[qz, eject(R02] 2Z02))2] (1)

where ) is the angular frequency of the r.f. voltage (V),
is the distance between the end-caps, is the2Z0 R0internal ring electrode radius and is the[m/z]maxmaximum m/z ratio reached at the value (zero-to-Vmaxpeak) of the r.f. drive potential. This working point,

without application of a d.c. voltage (i.e U \ 0), corre-
sponds to the trapping parameter at which theq

z, ejection motion becomes unstable according to the Mathieu
stability diagram. Mass range extension can be achieved
in di†erent ways. ModiÐcation of four parameters
related to Eqn (1) could extend the mass-to-charge
range7 of the ion trap :

(a) Either by reducing (i) the trap internal size, i.e.
both the and dimensions (e.g. a quarter-sized trapR0 Z0yields a 16-fold increase in close to 10 000[m/z]maxTh)8a, (ii) the ) angular frequency value (e.g. a reduction
from 1.1 to 0.6 MHz leads to more than a three-fold
increase in the m/z range) and (iii) the value : forq

z, ejecta given value, a corresponding valueq
z, eject [m/z]maxcan be achieved according to q

z, eject\ 0.908
Todd et al.9 introduced the reverse] 650/[m/z]max .8
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scan method, in which a positive d.c. potential is super-
imposed on the r.f. voltage to the ring electrode. During
the analytical scan, both the r.f. and d.c. voltages are
decreased by maintaining the U/V ratio constant. This
linked scan method allows ion ejection at the b

z
\ 0

stability boundary to detect ions of close to[m/z]max2000 Th.
(b) Or by increasing the r.f. voltage, a solution which

has not been used, because high voltage could not be
increased above 10 kV with an He bu†er gas pressure of
10~3 Torr (0.13 Pa).

Note that for (iii), the values used for the mass-b
zselective instability scan can correspond to non-linear

resonances with working points lower than the q
z
\

limit. Furthermore, axial modulation, using a0.908
dipolar frequency, can be applied to produce fast ejec-
tion, improving the m/z ratio resolution (e.g. *m/z better
than 0.2 Th) and enhancing the ejection efficiency.10

Here, with a 781 kHz trapping r.f. frequency, the non-
linear ion trap mass spectrometer used provides three
m/z analysis ranges :11 (i) standard mode up to 2000 Th
(resonance ejection at corresponding tob

z, eject\ 2/3,
with 260.3 kHz as the dipolar frequency forq

z
\ 0.78,

axial modulation), (ii) extended mode up to 3400 Th
(resonance ejection at corresponding tob

z, eject\ 1/3,
with 130.1 kHz) and (iii) high mass range upq

z
\ 0.45,

to 6000 Th (resonance ejection at corre-b
z, eject \ 2/11,

sponding to with 71 kHz as axial modulation).q
z
\0.25,

The various selected values correspond to non-b
z, ejectlinear resonances (i.e. considered as black holes12 or

black canyons13) caused by higher order multipole
Ðelds (e.g. hexapole, dodecapole) due to the end-cap and
ring electrode geometries, end-cap perforations and
external Ðelds in front of the holes. These particular
non-linear resonances can result in efficient ejection of
the trapped ions by simple application of a particular
axial modulation with related to the chosenu

z, ejectvalues :7ab
z, eject

u
z, eject \ b

z, eject)/2 (2)

For biomolecules yielding peaks at m/z values \6000
Th, deconvolution of the multiply charged ion distribu-
tion provides molecular weight determination.14
However, to obtain more structural information, frag-
mentations of the desorbed molecular species are
required. They can take place through CID process
either in the skimmer region15 by increasing the
voltage between the transfer capillary exit and the
skimmer entrance, or at the center of the ion trap, by
subjecting the selected parent ions to resonant16 (or
non-resonant)17 excitations. In the latter mode, sequen-
tial MSn experiments (with n P 2)18 efficiently lead to
speciÐc structural information.

The present investigations allow the elucidation of
the positive and negative ion mass spectra of peptides
and oligonucleotides, respectively, recorded within
space charge conditions (induced by a high number of
injected ions prepared from an external ESI source).
The space charge e†ects due to ionÈion interactions
have been widely reported.12,13,19,20 They can be
viewed as moving the stability diagram towards the
higher values associated with a “narrowingÏ of itsq

zsurface (i.e. a decrease in the parameter range forq
ztrapping ions).21 The main resulting e†ects are the

following : (i) erroneous m/z measurements which corre-
spond to mass shifts,22 (ii) distortion of peak shapes23
and (iii) a loss of the higher m/z ions when the lower m/z
ions are abundant.20

IonÈion interactions also lead to large ion excursions
away from the center of the ion trap and ions approach
the end-caps in addition to the ring electrode. Then the
defocused ions are subjected to an unknown distribu-
tion of superimposed multipole Ðelds. Consequently,
their secular frequencies di†er from those at the center
of the ion trap, so the mass shift occurs in addition to
other phenomena such as appearance of additional
peaks as artefacts.

Recently, Mo et al.24 showed that during a conven-
tional analytical r.f. amplitude scan (i.e. q

z, eject\ 0.908),
when the r.f. voltage is ramping through a value cor-q

zresponding to a non-linear resonance on the stability
diagram, some ions are ejected before reaching the b

z
\

boundary. Then, their measured m/z ratio appears to1
be lower than expected [e.g. with FC-43 under EI con-
ditions, the (m/z 69) ion is partially located at m/zCF3`60È61 because of the hexapole resonance (i.e.b

z
\ 2/3

This is another aspect of the “black holesÏq
z
\ 0.78)].

phenomenon which is particularly pronounced at b
z
\

compared with the other non-linear resonances.2/3
Furthermore, particular unexpected signals have
already been observed at higher m/z values,25 unfor-
tunately without further explanation. Here, such signals,
termed ghost peaks and observed in ESI mass spectra
with a conventional ion trap analyzer, were optimized
in order to elucidate their origins. This will also provide
information on non-linear Ðeld properties.

EXPERIMENTAL

Chemicals

The d(TTGG) oligonucleotide was synthesized at the
100 lmol scale, using phosphoramidate chemistry on a
solid support (Milligen 8800).26 Its purity was moni-
tored by capillary electrophoresis and analytical high-
performance liquid chromatography (HPLC) by the
group of Igolen and Huynh Dinh (Institut Pasteur,
Paris, France). Peptides (FFF and RPKPQQFGLM)
were purchased from Sigma. Methanol and propan-2-ol
(HPLC purity) were purchased from Prolabo and tri-
ethylamine (TEA) and acetic acid from Aldrich-Chimie
and were used without further puriÐcation. High-purity
water was obtained from a Milli-Q system (Millipore).

Electrospray ionization ion trap mass spectrometry

All experiments were performed on an ESQUIRE ion
trap (Bruker, Bremen, Germany). The non-linear ion
trap worked in the mass-selective instability mode
without using a d.c. voltage (i.e. U \ 0 condition) at the
ring electrode. The analyzer operated at the linea

z
\ 0

for each m/z range mode. As mentioned previously,
the multicomponent multipole Ðelds were related to
the electrode conÐgurations and geometries (stretched
end-caps separation, truncation, end-caps holes and

( 1998 John Wiley & Sons, Ltd. J. Mass Spectrom. 33, 921È935 (1998)
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modiÐed hyperbolic angle, as for the ESQUIRE ion
trap analyzer).11

The instrument has a fundamental r.f. frequency
of 781 kHz and was used in three modes : standard
mode with a m/z ratio up to 2000 Th27 [its scan used
the non-linear resonance at forb

z
\ 2/3 (q

z
\ 0.78)

selective resonance ejection of ions with an analytical
scan rate of D 2000 Th/s] ; extended mode with a m/z
ratio of up to 3400 Th [its scan used the non-linear
resonance at for selective resonanceb

z
\ 1/3 (q

z
\ 0.45)

ejection of ions (analytical scan rate 1700 Th/s)] ; and
high mode with a m/z ratio of up to 6000 Th/s [its scan
used the non-linear resonance at b

z
\ 2/11 (q

z
\ 0.25)

for selective resonance ejection of ions (analytical scan
rate 8000 Th/s)]. For these three modes the low m/z
cut-o† is 50 Th. The ion trap operated at an uncor-
rected partial He bu†er gas pressure of 3.4] 10~5 Torr
(4.5] 10~3 Pa). A di†erentially pumped interface trans-
ferred ions from the electrospray source (Analytica of
Brandford, Brandford, CT, USA) to the mass spectro-
meter. In the MS/MS mode, the isolation step was per-
formed by broadband ejection of ions, with an ion
isolation window of 50 Th width.

Infused solutions

Peptides were analyzed in the positive ion mode. Dilute
samples (2.5] 10~5 M) in methanolÈwaterÈacetic acid
(50 : 50 : 1, v/v/v) were infused into the ESI source using
a Cole-Parmer 74900 Series syringe pump at a Ñow-rate
of 50 ll h~1. The capillary entry voltage was about
[3500 V. The drying gas temperature was 200 ¡CN2with a Ñow-rate of 200 l h~1.

The d(TTGG) oligonucleotide was analyzed in the
negative ion mode. Dilute samples (5] 10~5 M) in
propan-2-olÈwaterÈtriethylamine (50 : 50 : 1, v/v/v) were
infused into the ESI source at a Ñow-rate of 100 kl h~1.
The capillary entry voltage was about 2200 V. The N2drying gas temperature was 200 ¡C with a Ñow-rate of
500 l h~1 and the nebulizing gas had a working pres-
sure of 20 psi (1.38 ] 105 Pa).

Some applied parameters were unchanged in both
modes, such as the r.f. frequency amplitude of the hexa-
pole (350 V) and the voltage applied on the electron
multiplier ([1500 V). In the positive ion mode the d.c.
voltage applied to the ion guide (hexapole) was 2 V, the
dynode voltage of the electron multiplier was [5 kV,
the delay before scanning was 10 ms and the exit
lens voltage was [200 V. In the negative ion mode,
these values were [2 V, 5 kV, 100 ms and 150 V,
respectively.

RESULTS AND DISCUSSION

The aim of this study was to investigate the role played
by non-linear resonances in the positive and negative
ion ESI mass spectra of peptides and oligonucleotides,
respectively. ModiÐcations of various experimental
parameters were studied. They strongly a†ect the sensi-
tivity and reproducibility of ESI mass spectra, especially
when the ion trap is operated under large space charge
conditions. Furthermore, such experimental conditions

lead to unexpected phenomena (e.g. mass spectrum dis-
torsion and the occurrence of “ghost peaksÏ), accom-
panying the analysis of the injected ions prepared in the
ESI external source.

It is helpful to examine ESI mass spectra recorded in
the conventional mode (i.e. standard mode) with posi-
tive and negative ions, in order to describe the desorbed
quasi-molecular species, in addition to the fragment
ions generated from the ESI external source and in the
skimmer desolvation zone, respectively.15 The ESI mass
spectra of positive ions of substance P u)(Mr \ 1348
and negative ions of d(TTGG) u) are(Mr \ 1204
reported in Fig. 1(a) and 1(b), respectively. Ions were
externally prepared, injected and trapped in the ion trap
mass spectrometer (without using an ion gain control
device)28 and then analyzed by an analytical r.f. level
scan with ion ejection at (i.e. standard mode).b

z
\ 2/3

The mass spectrum of substance P, recorded without
abundant space charge [Fig. 1(a)], mainly displays four
peaks at m/z 447, 451, 601 and 676 corresponding to the
triply charged fragment ion[M ] 3H[ H2O/NH3]3`(exact assignment uncertain), the triply charged
[M ] 3H]3` molecular species, the fragment ionb102`(Roepstor† notation)29 and the doubly charged
[M ] 2H]2` molecular species, respectively.30 The
peaks detected at lower m/z range are impurities.

The negative ion ESI mass spectrum of d(TTGG)
[Fig. 1(b)] displays three peaks at m/z 404, 602 and 614
corresponding to the triply charged [M [ 3H]3~ and
the doubly charged [M[2H]2~ and [M]Na[3H]2~
ions, respectively. They are observed without fragmen-
tation, showing their own stability towards collision
occurring in the injection step in the ion trap.

The recorded mass spectra are, as expected, very
dependent on the ESI source conditions (e.g. capillary
exit voltage and skimmer potential), the ion trap injec-
tion conditions (e.g. ion accumulation time, injection r.f.
level and m/z range) and the ion ejection conditions
such as the low m/z value of the analytical scan. Fur-
thermore, when ions are analyzed using the extended
mode (i.e. and additionalb

z, eject \ 1/3 q
z, eject \ 0.45),

signals sometimes appeared, although the ion prep-
aration and injection conditions were identical with
those in the standard mode (i.e. andb

z, eject \ 2/3,
Such signals considered here as artefacts,q

z, eject\ 0.78).
called “ghost peaksÏ,24 are characterized by properties
(i.e. intensity, resolution and exact m/z location) related
to the experimental conditions.

InÑuence of the ion accumulation time on space charge
and appearance of artefact peaks

Injection of the externally prepared ions with the
extended mode, which corresponds to ejection at a
lower value than that in the standard mode, leads toq

zsigniÐcant mass spectrum modiÐcations under space
charge conditions, such as (i) shift of signal position
[Fig. 2(c) and (d)], (ii) decrease in signal resolution [Fig.
2(c) and (d)] and (iii) ion loss [Fig. 2(d)]. These e†ects
can be explained by considering that the space charge is
enlarged in this mode, implying a decrease in the stabil-
ity diagram surface.12,13,19,20 This assumption is based

( 1998 John Wiley & Sons, Ltd. J. Mass Spectrom. 33, 921È935 (1998)
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Figure 1. ESI mass spectra (average of 10 mass spectra summations) of (a) positive ions of substance P recorded in standard mode
within the 100–1500 Th range, at a capillary exit voltage of 60 V, a skimmer voltage of 10 V, an accumulation time of 10 ms(b

z, eject
¼2/3)

and a low m /z cut-off value of 50 Th; and (b) negative ions of d(TTGG) recorded in standard mode within the 200–2000 Th(b
z, eject

¼2/3)
range, at a capillary exit voltage of É100 V, a skimmer voltage of É10 V, an accumulation time of 100 ms and a low m /z cut-off value of
50 Th.

upon variation of the trapping parameter whichq
z, injecinÑuences the depth of the pseudo-potential well

particularly when and (i.e(D1
z, injec),31 a

z
\ 0 q

z
O 0.4

when satisfying the adiabatic approximation b
z, injec2 \

When trapping only one ion species at theq
z, injec2 /2).

position, the depth of the pseudo-potential well isma/za
oD1

z, injec o\
ma )2q

z, injec2 Z02
16za e

(3a)

oD1
r, injec o\ma )2q

r, injec2 R02
16za e

(3b)

As the magnitude of is twice that of (in absoluteq
z

q
rvalue), the depth of the pseudo-potential well inD1

z, injecthe z direction will be increased by a factor inZ02/R02the r direction. The depth value is proportional to the
(or factor which rationalizes the weak trap-maqz

2 q
z
V )

ping efficiencies at low values. Furthermore, for aq
zparticular and a similar low m/z cut-o† value (i.e.ma/za50 Th), and keeping the value proportional toq
z, injecwhen the m/z range is increased from 2000 Thq

z, eject ,[i.e. standard (st) mode, to 3400 Th [i.e.q
z, eject\ 0.78]

extended (ext) mode, the ratioq
z, eject\ 0.45], q

z, injeccan be expressed as follows :

[q
z, injec]st

[q
z, injec]ext

\ [q
z, eject]st

[q
z, eject]ext

(4)

which corresponds to the ratio 0.78/0.48 \ 1.73. Hence
the ratio in the two modes is given byD1

z, injec
[D1

z, injec]st
[D1

z, injec]ext
\
A[q

z, injec]st
[q

z, injec]ext

B2
B 3 (5)

Hence it appears that under the extended mode condi-
tions, the number of possible stored ions without space
charge is approximately three times lower than that in
the standard mode. It follows that this change of mode

requires a decrease in the accumulation time to avoid
space charge e†ects. This results from such e†ects as
peak shifting associated at least with (i) resolution loss
and (ii) the presence of a long tail toward higher m/z
ratios [Fig. 2(c), see below] and also the loss of the
weak intensity peaks at lower m/z ratios (e.g. m/z 447
and 451). This is illustrated by changes in the positive
ion mass spectrum of substance P when it is recorded in
the extended mode instead of the standard mode.

The large space charge e†ects clearly appear despite a
Ðvefold decrease in accumulation time [i.e. 37 ms, Fig.
2(c)] with respect to 200 ms in the standard mode con-
ditions [Fig. 2(a)]. The 40-fold decrease in accumulation
time in the extended mode [i.e. 5 ms, Fig. 2(b)] yields an
improved mass spectrum where peaks appear at the
expected m/z positions with a sufficient resolution. The
positive ion ESI mass spectrum of substance P recorded
under these experimental conditions [extended mode
with 5 ms accumulation time, Fig. 2(b)] allows us
to detect additional peaks at m/z 447, 451, 546 and
548 [Fig. 2(b)]. These new peaks correspond to the

[M] 3H]3`, and[M ] 3H[ H2O/NH3]3`, b92` y92`ions, respectively. The occurrence of these ions at lower
m/z ratio during the analytical scan in the extended
mode [Fig. 2(b)] is in contrast with that observed in the
standard mode [Fig. 2(a)].

This can be explained since the kinetic energy carried
by [M ] 2H]2` ions is higher in the standard mode
than in the extended mode. The kinetic energy SETOSCvalue for the ion in the z-direction during one secular
cycle (OSC) is calculated from the following equation :32

SEToscz \
K zeD1

z
2
K

(6)

This value increases from the extended mode toSETOSCz
the standard mode and this increase can be estimated

( 1998 John Wiley & Sons, Ltd. J. Mass Spectrom. 33, 921È935 (1998)
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Figure 2. ESI mass spectra (average of 10 mass spectra summations) of positive ions of substance P within the 100–1500 Th range, at a
capillary exit voltage of 60 V, a skimmer voltage of 10 V, and a low m /z cut-off value of 50 Th, recorded (a) in standard mode (b

z, eject
¼

(accumulation time 200 ms) and in extended mode with the same trapping parameters excepted accumulation times2/3) (b
z, eject

¼1/3)
changed to (b) 5, (c) 37 and (d) 49 ms. The ghost peaks are marked with asterisks here and in subsequent figures.

according to Eqns (3a) and (6) :

[SEToscz ]st
[SEToscz ]ext

4
A0.78
0.45
B2

B 3 (7)

Then, in the standard mode, the [M ] 2H]2` ions
having higher kinetic energy decompose under collision
conditions within higher rate constants and the frag-
ment ions which are not efficiently trapped are not
detected as fragment ions (because of a lower value).q

zFurthermore, under space charge conditions, when the
ions are located at values close to that of anmb/zb q

zabundant ion, such as then veryma/za (mb/zb) \ (ma/za),broad peaks characterize the ions. These signalsmb/zbcan be lost in the background and transformed into a
broad peak with weak intensity. This alternative can

also explain absence of ions at the lower m/z values
[Fig. 2(a)].

The m/z shift from m/z 602 [Fig. 2(b)] to 605 [Fig.
2(a)] can be rationalized by space charge e†ects created
by the m/z 676 ions [Fig. 2(a)]. Indeed, recent
studies20,31,33 of the space charge inÑuence on peak
position on the m/z scale have shown that the stability
diagram is moved towards higher values. Conse-q

zquently, the value (i.e. is shifted to higherq
z, eject b

z
\ 1)

values than the limit. This means that the ionq
z
\ 0.908

secular frequencies are shifted toward lower frequency
values and ions are ejected later, i.e at higher r.f. drive
voltage values.

The next Ðnding from the mass spectra of substance
P recorded in the extended mode concerns the e†ect of

( 1998 John Wiley & Sons, Ltd. J. Mass Spectrom. 33, 921È935 (1998)
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a long accumulation time Mi.e. 37 ms, [Fig. 2(c)]N on the
occurrence of artefact peak series, with tails towards
lower m/z ratios in the high m/z range, in contrast with
that observed with peaks related to the expected ions
Mi.e. the shifted peaks at m/z 454, 604 and 677 [Fig.
2(c)]N. The former unexpected peaks are located at
approximately m/z 1205 and 1352, corresponding to
twice the calculated values of m/z 601 and 676 Mi.e. the

and [M] 2H]2` ions, respectively, [Fig. 1(a)]N, inb102`addition to a less abundant ion at m/z 1092, which
could correspond to twice the m/z 546 value (i.e. the b92`ion). This could be rationalized by assuming that these
artefact peaks correspond to singly charged ions such as

[M ] H]` and respectively, which wereb10` , b9`,
ejected under particular conditions. Since these artefacts
were not observed in the ESI mass spectrum recorded
within a shorter accumulation time such as 5 ms [Fig.
2(b)], then they should come from a di†erent origin to
the normally ejected ions and correspond neither to
protonated molecules (or singly charged fragment ions)
nor to alternative doubly charged proton-bound homo-
dimeric species (see below). In fact, they must be con-
sidered as ghost peaks, as emphasized previously,
because their abundance is reinforced in ESI mass
spectra recorded in the extended mode with a longer
injection time Me.g. 49 ms, [Fig. 2(d)]N, where the space
charge e†ects are enhanced since the depth of the
pseudo-potential well is smaller. Moreover, at a 49 ms
accumulation time, the intensities of the m/z 602 and
677 peaks are strongly decreased and these signals are
diluted in the background, which is consistent with the
existence of intense space charge conditions.

Under negative ion conditions, when the ESI mass
spectrum of d(TTGG) is recorded in the extended mode
(Fig. 3), the abundance of the singly charged deproton-
ated molecules is strongly enhanced compared with the
triply charged [M[ 3H]3~ ion (i.e. m/z 404) and the
doubly charged [M[ 2H]2~ ion (i.e. m/z 603) displayed
in the ESI mass spectrum recorded in the standard
mode [Fig. 1(b)]. This e†ect cannot result from ion
injection because in the extended mode, this step occurs
at a lower value (i.e. lower r.f. drive voltage), and thenq

zthe multiply charged ions should be less excited by col-
lisional activation during the injection step. Alternative-
ly, under extended mode conditions, the ion cloud is
subjected to space charge e†ects and then ion excur-
sions toward the end-caps and/or the circular electrode

are associated with an increase in the ion kinetic energy,
leading to ion desolvation and collision-induced disso-
ciation (CID). This makes unfavorable the observation
of higher multiply charged ions (see above).

Moreover, artefacts are also displayed (Fig. 3). At
approximately twice the expected m/z 1207 value
(experimental value at m/z 1212, related to the depro-
tonated [M [ H]~ molecule), a ghost peak appears at
m/z 2516. This signal is broad and hence its position is
not accurately determined. However, it could be repre-
sentative of a possible proton-bound homodimer such
as but this will be ruled out later.[M2[ H]~,

InÑuence of ion transmission on injection yield and,
consequently, on space charge and ghost peak intensities

Ion transmission is signiÐcantly enhanced by the
increase in the capillary exit voltage in an ESI external
source.34 The amount of ions injected into the ion trap
cell leads to a space charge inÑation (see below). On the
other hand, for a given capillary exitÈskimmer potential
di†erence, variation of the capillary exit voltage modi-
Ðes the relative ion abundances. Consequently, for the
substance P sample, a weaker capillary exit potential
favors transmission of lower m/z ions, enhancing ion
detection as observed in Fig. 4(a) (i.e. capillary exit
voltage 30 V) compared with Fig. 2(b) (i.e. capillary exit
voltage 60 V) recorded in the extended mode. Hence
this explains why the abundances of the multiply
charged [M] 3H]3` and[M ] 3H [ H2O/NH3]3`,
[M ] 2H]2` ions (m/z 447 shifted to 448, m/z 451 to
452 and m/z 677 unshifted) are particularly enhanced in
Fig. 4(a). Under the last experimental conditions
without extended space charge, ions at twice the
expected m/z values (i.e. ghost peaks) were not detected.

Conversely, at a higher capillary exit voltage such as
80 V, artefact peaks accompanied by a particular tail
structure towards lower m/z values appear at m/z 1092,
1205 and 1353, the last one being the base peak [Fig.
4(b)]. Furthermore, the “normalÏ m/z 602 and 677 ions
(with tail towards higher m/z values) are less abundant
and the m/z 448 and 452 ions disappear in the local
noise related to the total loss of resolution. Actually, a
new ion appears as an additional unresolved m/z 511
signal which should correspond to twice the m/z 258 ion
(a new resolved peak corresponding to the ion).b2`

Figure 3. ESI mass spectrum (average of 20 mass spectra summations) of negative ions of the d(TTGG) oligonucleotide recorded in
extended mode within the 200–3000 Th range, at a capillary exit voltage of É100 V, a skimmer voltage of É10 V, an(b

z, eject
¼1/3)

accumulation time of 100 ms and a low m /z cut-off value of 100 Th.
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Figure 4. ESI mass spectra (average of 10 mass spectra summations) of positive ions of substance P recorded in extended mode
within the 100–1500 Th range, at a skimmer voltage of 10 V, an accumulation time of 30 ms and a low m /z cut-off value of(b

z, eject
¼1/3)

50 Th. The capillary exit potentials were (a) 30 and (b) 80 V.

The trend displayed in this ESI mass spectrum is
explained by considering that at a higher capillary exit
voltage, an improved ion transmission leads to enlarge-
ment of the space charge in the ion trap comparable to
that reached at higher accumulation times. Note that
this ion transmission is associated with the kinetic
energy increase of the injected ions related to the di†er-
ence between the capillary exit and skimmer voltage,
which becomes 70 V [Fig. 4(b)] instead of 20 V [Fig.
4(a)]. This is the case for the m/z 602 and 677 ions,
which at a capillary exit voltage of 80 V efficiently
decomposed into the m/z 258 (or 452) fragment ion.
Alternatively, this e†ect would imply the disappearance
of the m/z 1092, 1205 and 1353 ions if these ions were
assumed to be proton-bound homodimeric species. The
survival of these ion species in spite of the high capillary
exit potential used allows one to rule out the existence
of such proton-bound dimers.

Ghost peak properties by using isolation sequence

From the previous experiments, no direct evidence is
provided to establish whether these signals considered
as ghost peaks correspond to real ions or not. The main
Ðnding allowing the observation of these strange-shaped
peaks requires the presence of sufficient space charge
conditions. In order to obtain more information about
these peaks, structural analysis of the corresponding
ions would be very useful. For this purpose, under suffi-
ciently large space charge conditions Mi.e. leading to a
total loss of ions detected at normal m/z values, [Fig.
5(a)]N the ions considered as ghost peaks were selected
to perform CID experiments. Mass spectra recorded
under such experimental conditions, e.g. with 10 ms

[Fig. 5(a)] and 100 ms [Fig. 6(a)] accumulation times,
display exclusively ghost peaks. Isolation of ions corre-
sponding to such ghost peaks (i.e. m/z 1205 and 1352)
cannot be achieved because under these ion selection
conditions, neither the isolated ion species nor fragment
ions at lower m/z values, due to spontaneous disso-
ciations, were observed (spectra not reported).

In order to eliminate ambiguity between an inade-
quate choice of isolation parameters or the presence of
spontaneous dissociations, the isolation of particular
ions characterized by normal peaks at m/z 602 and 677
which were injected without space charge conditions
(i.e. 2 ms accumulation time) was successfully performed
(data not shown). Nevertheless, suspecting that the
ghost peaks originated from the same ions which yield
normal signals (even if they are not detected), isolations
of the absent ions at m/z 602 and 677 were achieved
under space charge conditions (i.e. 10 and 100 ms accu-
mulation times reported in Figs 5 and 6, respectively).
The mass spectra obtained after the m/z 602 and 677
ion isolation by using a 10 ms accumulation time [Figs
5(b) and (c), respectively] display with resolution the
selected ions at the normal position, i.e. m/z 602 and 677
ions without the presence of ghost peaks, although
ghost peaks are exclusively observed in the ESI full
mass spectrum [Fig. 5(a)]. This behavior can be ration-
alized by considering that ion isolation step leads to the
ejection of many ions avoiding the space charge e†ects
and, consequently, the detection of ghost peaks.

When the accumulation time is raised to 100 ms,
space charge e†ects increase strongly as expected [Fig.
6(a)] and then, by application of the isolation sequence
on the m/z 602 [Fig. 6(b)] and m/z 677 [Fig. 6(c)] ions,
the selected ion spectra display only broad ghost peaks
at m/z 1205 (and 1069) and m/z 1353 (and 1089), respec-
tively. This means that the space charge conditions

( 1998 John Wiley & Sons, Ltd. J. Mass Spectrom. 33, 921È935 (1998)
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Figure 5. ESI mass spectra (average of 10 mass spectra summations) of positive ions of substance P recorded in extended mode
within the 100–1500 Th range, at a capillary exit voltage of 60 V, a skimmer voltage of 10 V, an accumulation time of 10 ms(b

z, eject
¼1/3)

and a lowm /z cut-off value of 50 Th, recorded (a) without ion selection and with ion selection conditions for (b) m /z 602 and (c)m /z 677.

cannot be avoided to allow the detection of selected
ions at the normal position with sufficient resolution.

InÑuence of the origin of the mass scan

The role played by the analytical scan is not easy to
rationalize, because it modiÐes strongly the abundance
of the ghost peaks. The following experiments were
therefore performed to ascertain the real origin of these
ghost peaks. The mass spectra of substance P, reported
in Fig. 7, were all acquired in the extended mode by
using di†erent analytical scan ranges, from various low
m/z limits to 1500 Th.

Only the m/z 514, 1092, 1205 and 1352 signals pre-
viously considered as ghost peaks are detected within
sensitivity when the analytical scan range was 50È1500
Th. Under these conditions, the last ghost peak appears
as the base peak in the ESI mass spectrum [Fig. 7(a)]. If
the analytical scan is applied from 360 to 1500 Th [Fig.
7(b)], the contribution of ghost peaks decreases in favor
of “normalÏ peaks (i.e. m/z 603 and mainly m/z 677).
Starting the analytical scan from 380 Th instead of 360
Th [Fig. 7(c)] modiÐes signiÐcantly the appearance of
the mass spectrum, ghost peaks having nearly disap-
peared, and this value seems to be a limit for the

detection of ghost peaks within large abundances. The
mass spectrum recorded from 450 to 1500 Th [Fig. 7(d)]
presents quasi-exclusively “normalÏ peaks without arte-
facts (i.e. less than 10% of the base peak at m/z 602).
Note that under these conditions, signals of lower m/z
values (i.e. m/z 456 and 602) are increased, as the peak
resolution, which means that space charge now plays a
minor role.

Moreover, this behavior is also observed in the ESI
mass spectrum of d(TTGG) obtained in the negative ion
extended mode (Fig. 8). In the mass spectrum [Fig.
8(a)], recorded with an analytical scan ranging from 700
to 3000 Th, a ghost peak appears at m/z 2440 (as the
base peak) in spite of the weak sensitivity. If the analyti-
cal scan range is lowered from 800 to 3000 Th [Fig.
8(b)], the intensity of this ghost peak is signiÐcantly
decreased compared with that of the “normalÏ peak (i.e.
m/z 1210). The m/z ratios are shifted because of space
charge e†ects. If the analytical scan range is lowered
from 900 to 3000 Th [Fig. 8(c)], the ghost peak disap-
pears, unlike the expected m/z 1207 ion, which is strong-
ly enhanced. A gain in sensitivity and resolution is also
observed under the last conditions.

This general behavior seems to be related to the q
zvalue of the injected ions at the beginning of the analyti-

cal scan. Table 1 gives the values of the positive m/zq
z

( 1998 John Wiley & Sons, Ltd. J. Mass Spectrom. 33, 921È935 (1998)
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Figure 6. ESI mass spectra (average of 10 mass spectra summations) of positive ions of substance P recorded in extended mode
within the 100–1500 Th range, at a capillary exit voltage of 60 V, a skimmer voltage of 10 V, an accumulation time of 100 ms(b

z, eject
¼1/3)

and a lowm /z cut-off value of 50 Th, recorded (a) without ion selection and with ion selection conditions for (b) m /z 602 and (c)m /z 677.

602 and 677 ions of substance P and of the negative m/z
1207 ion of d(TTGG) for the di†erent analytical mass
scans described here. Ghost peaks are observed when
the analytical scan starts at a value close to or belowq

z0.25 within the error due to the shift of stability

diagram, in relation to the space charge e†ects. This
value of 0.25 corresponds to the non-linear resonance at
b
z
\ 2/11.
Similar behavior characterizes the peaks displayed in

the ESI mass spectra of the tripeptide FFF (Mr \ 460

Table 1. Theoretical values (calculated without account for space charge e†ects on theq
zstability diagram shifting) of di†erent ions at the beginning of the analytical

scan in extended mode

Ions (m /z) and q
z
locations

Analytical m /z 601 m /z 676

Substance P scan (Th) (b
10
2½) ÍM½2HË2½ m /z 1205 m /z 1353

(Figure 7a) 50–1500 0.038 0.033 0.019 0.017

(Figure 7b) 360–1500 0.269 0.239 0.134 0.120

(Figure 7c) 380–1500 0.284 0.253 0.142 0.126

(Figure 7d) 450–1500 0.336 0.299 0.168 0.150

m /z 1207

d(TTGG) ÍMÉHËÉ m /z 2440

(Figure 8a) 700–3000 0.261 0.130

(Figure 8b) 800–3000 0.298 0.149

(Figure 8c) 900–3000 0.336 0.168

m /z 268 m /z 295 m /z 461 m /z 921

FFF peptide (a
2

½) (b
2

½) ÍM½HË½ ÍM
2
½HË½

(Figure 9b) 250–2000 0.420 0.380 0.242 0.122

(Figure 9c) 300–2000 0.290 0.147
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Figure 7. ESI mass spectra (average of 10 mass spectra summations) of positive ions of substance P recorded in extended mode
at a capillary exit voltage of 80 V, a skimmer voltage of 10 V, an accumulation time of 100 ms and a low m /z cut-off value of(b

z, eject
¼1/3)

50 Th, within (a) 50–1500, (b) 360–1500, (c) 380–1500 and (d) 450–1500 Th m /z ranges.

u). Recorded in the standard mode [Fig. 9(a)], the mass
spectrum presents, in addition to the [M ] H]` ion at
m/z 461, three singly charged fragment ions at m/z 268,
295 and 313, corresponding to the anda2`, b2` y2`ions, respectively. Probably a proton-bound homodimer
ion is also observed at m/z 921. The ESI[M2 ] H]`
mass spectrum recorded in the extended mode [Fig.
9(b)], with an analytical scan from 250 to 2000 Th, dis-
plays four peaks. The base peak at m/z 465 corresponds
to the [M ] H]` ion. The shift of the m/z ratio towards
higher values is due to the space charge caused by the
long ion accumulation time. The second broad but less
intense peak at m/z 586 is very likely the ghost peak of
the ion (m/z 295), which is not detected as a normalb2`peak, in contrast to what is observed in the standard
mode. The last ion at m/z 926 could correspond not

only to the broad ghost peak of the [M ] H]` ion with
a tailing towards lower m/z, but also to the proton-
bound homodimer ion, which is observed[M2] H]`
with very low abundance at m/z 921 in the standard
mode. Moreover, a very weak peak at m/z 1840 is
detected, which can only correspond to the ghost peak
of the proton-bound homodimer observed[M2 ] H]`
in the standard mode. This last assumption agrees with
the fact that peaks at m/z 586 and 926 are ghost peaks
and not homodimeric ions. If the peak at m/z 1840 cor-
responds to a tetrameric ion, the mass spectrum would
display a peak related to a trimeric ion expected at m/z
1381, which was not detected.

The ghost peaks nearly disappear when the analytical
scan applied starts from 300 instead of 250 Th [Fig.
9(c)]. This result suggests that the value has aq

z, inject

( 1998 John Wiley & Sons, Ltd. J. Mass Spectrom. 33, 921È935 (1998)
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Figure 8. ESI mass spectra (average of 50 mass spectra summations) of negative ions of d(TTGG) recorded in extended mode (b
z, eject

¼
at a capillary exit voltage of É100 V, a skimmer voltage of É20 V, an accumulation time of 100 ms and a low m /z cut-off value of 1001/3)

Th, within (a) 700–3000, (b) 800–3000 and (c) 900–3000 Th m /z ranges.

profound inÑuence on the detection of ghost peaks.
Actually, if the ion is located at a value above 0.25q

z(approximately calculated without space charge, Table
1) at the origin of the analytical scan, it cannot appear
as a ghost peak in the mass spectrum, whereas if this q

zvalue is below 0.25, ion signals are observed as ghost
peaks. This particular value, as emphasized pre-q

zviously, corresponds to the non-linear resonance at
which is related to the ejection value for theb

z
\ 2/11,

high mass range.
Thus, when the analytical scan starts from 250 Th

[Fig. 9(b)], the [M] H]` ion is shifted to m/z 465 and
its value of 0.242 is close to the valueq

z
q
z
\ 0.25,

required for the observation of a ghost peak at twice the
m/z ratio, i.e. m/z 926. However, the ghost peak at m/z
586 should not be observed for the corresponding b2`fragment ion, expected at m/z 295. Indeed, the posi-q

ztion of this ion is located at (Table 1) at theq
z
\ 0.38

analytical scan start, a value signiÐcantly higher than
the 0.25 limit. Nevertheless, it appears as a broad, unex-
pected peak at m/z 586 without detection of the normal
m/z 295 signal.

This result can be rationalized by considering that
during the analytical scan, a spontaneous fragmentation
of the [M ] H]` ion (m/z 465) into a ion (m/z 295)b2`takes place at least partially. However, under the ana-

lytical scan conditions, during the metastable decompo-
sitions, the ion produced must be located, a priori,b2`at (close to which does notq

z
º 0.38 q

z, eject\ 0.45),
allow the detection of as a ghost peak, which isb2`inconsistent with the experimental results. In order to
explain these results, additional assumptions will be
required based upon the fact that the [M ] H]` ion
can yield both the normal m/z 465 peak and ghost m/z
926 signal depending on the importance of the space
charge. The [M] H]` ion characterized as a normal
peak can spontaneously decompose in addition to that
related to the ghost peak. After metastable decomposi-
tion, the former yields the ion at m/z 295 (notb2`observed) and the latter leads to the ion at m/z 586b2`as a ghost peak. These assumptions will be supported
by further experiments which are in progress.

However, when the analytical scan begins at 300
instead of 250 Th [Fig. 9(c)], the [M] H]` ion (m/z
465) is characterized by i.e. above 0.25, so itq

z
\ 0.290,

cannot give rise to a ghost peak, which is consistent
with our assumptions. That is why the m/z 586 and 926
ghost peaks have nearly disappeared. This is evidence of
the role played by the [M] H]` ion in ion forma-b2`tion as a ghost peak. It can be observed that under
space charge conditions, the position of the non-q

zlinear resonance at is shifted to a higher valueb
z
\ 2/11

( 1998 John Wiley & Sons, Ltd. J. Mass Spectrom. 33, 921È935 (1998)



932 F. KOCHER ET AL .

Figure 9. ESI mass spectra (average of 10 mass spectra summations) of positive ions of FFF peptide with a low m /z cut-off of 50 Th
recorded (a) in standard mode within the 100–1000 Th range, at a capillary exit voltage of 80 V, a skimmer voltage of 15 V(b

z, eject
¼2/3)

and an accumulation time of 20 ms and in extended mode at a capillary exit voltage of 60 V, a skimmer voltage of 10 V and(b
z, eject

¼1/3),
an accumulation time of 50 ms, within (b) 250–2000 and (c) 300–2000 Th m /z ranges.

and its form is broadened.28 The observed shift is(dq
z
)

positive and varies linearly with the ion abundance.35
This could explain why for some ions, ghost peaks can
appear [e.g. Fig. 8(a)] when the value of the originalq

zpeak is just higher than 0.25 (Table 1).

Interpretation of ghost peak appearance

Space charge conditions are the starting point to
explain the appearance of ghost peaks. Its observation
implies that part of the ions are not at the center of the
ion trap, allowing an increase in the amplitude of ion
motion, in order to minimize repulsive coulombic
forces.36 The model rationalizes the long tail toward the
high m/z ratio range accompanying the “normalÏ peaks.
A spatial distribution of ions from the ion trap center to
the end-caps and ring electrodes is assumed. Some ions
are close to the center (i.e. r B 0 and zB 0), where the
amplitude of ion motion increases less than elsewhere,
and as the ion amplitude rises by action of space charge,
the relative secular frequency drift toward lower values
takes place, giving peaks at higher m/z values.37

The contribution of higher order multipole Ðelds is
increased when the ions move away from the ion trap

center. Furthermore, it must be considered that for an
odd-multipole Ðeld, the ion relative secular frequency
decreases when its amplitude increases. In the same
way, for an even-non-linear positive Ðeld, as the ion
amplitude enlarges, the secular frequency increases and
for an even-negative multipole Ðeld as the ion ampli-
tude enlarges, the secular frequency decreases.38

During the analytical scan, a set of ions characterized
by the same m/z ratio Ðrst pass through the odd non-
linear resonance at As theirb

z
\ 2/11 (q

z
\ 0.25).

kinetic energy rises from this non-linear resonance, their
amplitude increases and their relative secular frequency
decreases. Under such particular space charge condi-
tions, a complex distribution of motions must charac-
terize the same m/z ions. It may be assumed that their
distribution results from motions of two varieties of
chosen ions distinguished by : (i) small increased ampli-
tudes for ions considered as “focused ionsÏ and (ii) high
increased amplitudes for ions called a “non-focused
ionsÏ. Consequently, these ions must be mainly charac-
terized by two types of frequencies relative to that
expected from calculation.

Above the “focused ionsÏ with the lowestq
z
\ 0.25,

amplitudes have the highest relative frequencies, and the
“non-focused ionsÏ have the highest amplitudes and the
lowest relative frequencies. In all cases, the relative fre-
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quencies are lower than the initial frequency of the con-
sidered ions, which is reached just before the ions being
submitted to the non-linear perturbation. Close to b

z
\

(i.e. the “focused ionsÏ which have the1/3 q
z
\ 0.45),

highest relative frequencies (and lowest amplitudes) are
changed into an ion population with the smallest rela-
tive frequencies conserving the lowest amplitudes, and
the “non-focused ionsÏ become the population having (i)
the highest relative frequencies (above the relative initial
frequency related to the values characterizing theb

zconsidered ions) and also (ii) the highest amplitudes (i.e.
corresponds to an even-positive multipoleq

z
\ 0.45

Ðeld, the relative frequencies increase all the more as the
amplitude is raised). On the other hand, this leads to a
population frequency reversal, meaning that “focused
ionsÏ with the highest frequencies below q

z
\ 0.45

become, above ions with the lowest fre-q
z
\ 0.45,

quencies. As this occurs near the “non-q
z
theoretical\ 0.45,

focused ionsÏ are not ejected at this value, in spite of
application of the axial modulation for efficient ejection,
because their own frequencies are too high, but at

(i.e. the natural boundary givingq
z
real\ 0.908 b

z
\ 1),

unresolved ghost peaks at twice the expected m/z value
The population frequency reversal can[(m/z)real].explain the low m/z tailing of ghost peaks. This assump-

tion agrees with both the forms (low m/z tail for ghost
peaks instead of high m/z tail for “normalÏ peaks) and
the position of the ghost peaks in the mass[(m/z)ghost]spectrum. The m/z ratio can be expressed as follows :

(m/z)ghost
(m/z)real

\ q
z, ejectreal

q
z, ejecttheoretical (8)

which corresponds to the ratio 0.908/0.45 \ 2. This
explanation implies why ions related to ghost peaks
must be located at a value O0.25 (see above) (thisq

z
q
zvalue corresponding to the non-linear resonance at

at the beginning of the analytical scan).b
z
\ 2/11,
Moreover, under our experimental conditions, the

fact that ghost peaks do not appear in the standard
mode but do in the extended mode can be interpreted
by considering the analytical scan rate. In the standard
mode, a full scan from 50 to 2000 Th takes 0.975 s to
perform (i.e. a scanning rate of 2000 Th s~1), whereas in
the extended mode, a full scan from 50 to 3400 Th
requires 1.97 s (i.e. a scanning rate of 1700 Th s~1). On
the other hand, the times for scanning one unit areq

zclose to 1.25 and 4.38 s in the standard and extended
modes, respectively. The change in the m/z scale used
yields a rate decrease of 3.5-fold by enlargement of the
mass scale range. Consequently, ions located at a q

zvalue \0.25 (just before starting the analytical scan)
move more slowly to in the extended mode,q

z
\ 0.25

according to a lower scan rate, than in the standard
mode. During the analytical scan under standard mode
conditions, the ions stay at the position for aq

z
\ 0.25

shorter period than in the extended mode. Hence, ions
are subjected to the e†ect of the non-linear resonance at

for a longer time. This e†ect is especiallyb
z
\ 2/11

important when ions are away from the ion trap center
(i.e case of the “non-focused ionsÏ), hindering ion ejection
at the normal value (i.e. and enhancing ionb

z
b
z
\ 1/3)

ejection at the boundary, leading to the obser-b
z
\ 1

vation of ghost peaks.

CONCLUSION

Among the various investigations on ionÈion inter-
actions resulting in space charge e†ects, only a few
papers have described the occurrence of artefact signals
called here “ghost peaksÏ in mass spectra recorded by
using ion trap mass spectrometer. Such phenomena
occur when space charge leads to ion excursion towards
the end-caps, where the contribution of the non-linear
Ðelds is increased. In a conventional ion trap, these
signals appear as broad peaks at mapparent\with which meansmreal(qz

apparent/0.908), q
z
apparent\ 0.908,

that ion ejection occurs at a value \1 and that theb
zcorresponding peaks appear at lower m/z values than

those expected.
In the present study, by using a modiÐed ion trap

combined with an external electrospray ion source,
which allows ion ejection at lower values thanq

z
q
z
\

(for enlarging the m/z ratio range), ghost peaks0.908
were detected at higher m/z values than those expected
for normal ions. They appear when the ion ejection
during the analytical scan takes place at (i.e.b

z
\ 1/3

instead of or 1. These signals areq
z
\ 0.45) b

z
\ 2/3

characterized by m/z values at twice the expected values
and this requires space charge conditions, so automatic
gain control was not used. The positions of these arte-
facts are una†ected by these space charge e†ects and in
contrast with the normal signals which are shifted
toward higher m/z values. However, the shape of ghost
peaks is broader and the tail is spread out towards
lower m/z values in comparison with normal peaks
shifted to higher m/z values. Note that both the negative
and positive ions are submitted to the same behavior.
Examination of the intensity of such signals shows that
they are exclusively dependent upon the space charge
produced during the ion injection step (i.e. by the
improvement of the ion transmission and by the
increase in the ion accumulation time). Nevertheless,
their efficient observation requires that the positionq

zof the analyte ions just prior to applying the analytical
scan must be at values lower than 0.25, which corre-
sponds to a non-linear resonance (i.e. Underb

z
\ 1/3).

such conditions, the ion cloud motion is strongly
a†ected and then the ion ejection occurs inefficiently at
higher r.f. drive potential amplitudes related to the q

z
\

value. Consequently, a large fraction of analyte0.45
ions were not ejected at and were preserved,b

z
\ 1/3

before being ejected by the increase in the r.f. drive
potential at the natural boundaryb

z
\ 1 (q

z
\ 0.908).

Similar phenomena are very likely to be expected by
using a larger mass scale (i.e. ejection at b

z
\ 2/11, q

z
\

if the space charge is not controlled. The presence0.25)
of ghost peaks could yield confusion and some mis-
assignments, since formally they correspond to either
hydrogen-bonded dimeric ion species or to twice less
charged ion species as they could be produced under
ESI conditions. However, various tools can be used for
distinguishing normal from ghost peaks. In particular,
the narrow frequency used as axial modulation could be
changed to broadband frequencies for ejecting ions
from this particular value (related to the m/z range)q

zto A simpler method was applied in thisq
z
\ 0.908.

work and concerns the use of the ion isolation at the

( 1998 John Wiley & Sons, Ltd. J. Mass Spectrom. 33, 921È935 (1998)



934 F. KOCHER ET AL .

apparent m/z value (observation of normal signal even if
it was not observed in the ESI mass spectrum).

Rationalization of such phenomena is in progress
with experiments in the high range mode (ejection at

This should help us to under-q
z, eject\ 0.25, b

z
\ 2/11).

stand new properties of non-linear resonances under
space charge conditions which defocus the ion cloud
from the ion trap center where normally the quadrupol-

ar Ðeld contributes to stability of the ion motion in the
ion trap.
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