
International Journal of Mass Spectrometry 234 (2004) 161–169

The influence of spontaneousm/z-changes on the ion
motion in an ion cyclotron resonance trap

Alexander Herlert, Lutz Schweikhard∗

Institut für Physik, Ernst-Moritz-Arndt-Universität Greifswald, D-17487 Greifswald, Germany

Received 26 November 2003; accepted 11 February 2004

Dedicated to A.G. Marshall on the occasion of his 60th birthday.

Available online 17 April 2004

Abstract

The influence of mass-over-charge ratio (m/z) changing reactions on the motion of stored ions in a Penning trap (ion cyclotron resonance
cell) is investigated. For all three motional modes, the cyclotron, the magnetron and the axial (trapping) motion, the influence of them/z

change on the amplitude is discussed. In cases of spontaneousm/z increase, as for electron loss from a polyanionic particle, the extension of
the radial ion motion is increased and thus the ions may be lost from the trap. As an example, measurements on the electron emission from
doubly charged cluster anions are discussed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Ion cyclotron resonance mass spectrometry (ICR MS) has
a long and successful history[1,2]. After initial experiments
on ion molecular reactions with drift cells[3,4] a major mile-
stone was the introduction of the trapped ion cell[5] which
led to a partial merger of technical developments in the more
chemistry and in the more physics related research. In the
latter the ICR cells are usually referred to as Penning traps
and are extensively used for mass spectrometric and laser
spectroscopic experiments of highest accuracy[6–8]. For
analytical chemistry the next major step was the introduc-
tion of Fourier transform ICR mass spectrometry (FT-ICR
MS) [9] which makes use of fast Fourier transform methods
[10,11] and thus gives an immediate access “in one shot”
to the whole spectrum of stored ions from the smallest to
the very big masses[12–14]. Further experimental progress
followed in the form of the capturing of externally created
ions [15–17]. This meant that sources which need an easy
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access or which are incompatible with the ultra high vacuum
requirements of the ICR trap could produce the ions outside
of the region of the trap’s high magnetic field. The ions are
transferred and injected into the trap where they are cap-
tured in flight. Thus, FT-ICR MS was well-prepared when
MALDI [18,19] and electrospray[20] took the stage of ion
production for bio-molecular mass spectrometry. The latter
also at least partly removed a disadvantage of FT-ICR MS
(as compared to the rival technique of time-of-flight mass
spectrometry): the limited mass range for the storage of ions
in an ICR (Penning) trap, due to the electric repulsion of
the ions from the trap’s center in the radial direction. This
is often referred to as a “critical mass” limit, while in fact
it should rather be called the criticalm/z limit, where m

stands for the mass andz for the charge state of the ions.
Since electrospray allows to put many charges onto the ions
(mostly by multiple protonation), large biomolecules with
high masses are thus accessible to FT-ICR MS.

Similarly, high-mass atomic clusters may be stored in a
Penning trap. Even forz = 1, gold clusters made up of 145
atoms, Au1−

145, i.e. with a mass-over-charge ratio of almost
m/z = 30,000 have been trapped[21]. We note in pass-
ing, that in contrast to other ion trapping devices, them/z

range for simultaneous trapping in Penning traps is enor-
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mous: Since there is no lower mass limit electrons and heavy
clusters can be stored at the same time and in these kinds of
recent experiments them/z range has exceeded seven orders
of magnitude[22].

In this contribution the influence of a spontaneous change
in the mass-over-charge ratio,m/z, on the motion of an ion
stored in a Penning trap is investigated. As discussed in de-
tail, the ion trajectory can change significantly. In particu-
lar when the ion has been prepared in a pure cyclotron or
magnetron motion prior to them/z-change it will in gen-
eral acquire a mixed motion after the reaction. This can
lead to a significant increase in the extension of the or-
bit from the trap’s axis and can thus result in severe ion
loss. This loss of signal intensity is solely based on the
ion-trajectory change by a unimolecular reaction, i.e. not due
to any “external” influence as rf excitations, trap imperfec-
tions or momentum-transferring collisions. A short report of
the effect on the radial ion motion in the case of electron
loss from a dianion and some experimental illustration by
collision-induced activation of dianionic gold clusters has
already been given in[23,24]. In the following this discus-
sion is refined and extended.

2. Description of trapped ion motion

2.1. Overview of ion motion in the Penning trap

The ideal Penning trap and its properties have been dis-
cussed extensively by Brown and Gabrielse[25]. In Fig. 1a
one particular geometry of a Penning trap with hyperbol-
ically shaped electrodes is shown. The trap dimension is

characterized byd0 =
√
r2
0 + 2z2

0/2 where 2r0 is the diame-
ter of the ring electrode and 2z0 is the distance of the endcap
electrodes. For ion storage a static potentialU0 is applied
between the ring and the endcap electrodes together with
a homogeneous magnetic field�B along thez-axis. Thus,
the motion of an ion with massm and chargeq = ze in a
Penning trap is a linear superposition of three independent
modes: A harmonic oscillation along the magnetic field lines
(z-direction) at an angular frequency of:

ωz =
√

qU0

md2
0

(1)

and two radial circular modes, in thexy-plane perpendicular
to the magnetic field at frequencies:

ω± = ωc

2
±
√

ω2
c

4
− ω2

z

2
(2)

whereω+ is called reduced cyclotron frequency andω−
magnetron frequency.ωc = qB/m is the frequency of the
free cyclotron motion in the magnetic fieldB.

Thus there is an upper mass limit, sometimes also called
critical mass for a given set of trapping conditions, i.e.B,

Fig. 1. (a) Penning trap electrodes with the indication of the radial and
axial dimensionsr0 andz0. (b) Trajectory of a gold cluster ion Au1−

20 for
experimental parametersπtrap = 0.1, r+ = 0.2, r− = 1.2, andzmax = 0.4,
where the three motional modes are superposed consecutively for clarity.
The lower trajectory shows the projection of the radial plane.

U0, and the trap dimensiond0 (for cubic, cylindric and other
geometries a respective dimensionless numerical factor is
introduced for the determination ofd0 [26]). More precisely,
there is a limit as to which ions (ions of what mass-to-charge
ratio) have a stable trajectory, i.e. a path which forever keeps
within a finite distance from the trap’s center:

m

q
<

B2d2
0

2U0
=
(
m

q

)
crit

(3)

Fig. 1bgives an impression of the combination of the mo-
tional modes. The particular amplitudes and phases depend
on the “initial conditions”. For later use we reformulate the
expressions for the characteristic frequencies in terms of the
trapping parameter[21]:

πtrap = 2
ω2

z

ω2
c

= m

q

2U0

B2d2
0

= m/q

(m/q)crit
(4)

which has to fulfill the condition 0< πtrap < 1 for stable
trajectories:

ωz = ωc

√
πtrap

2
(5)

ω± = ωc

2
(1 ±

√
1 − πtrap) (6)

Fig. 2 shows these frequencies in units of the cyclotron fre-
quencyωc as a function of the trapping parameter. An ion
thus follows a path described by:
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Fig. 2. Frequencies (in units of the cyclotron frequencyωc) of the cyclotron
motion (ω+), magnetron motion (ω−) and axial motion (ωz) as a function
of the trapping parameterπtrap.

x(t) = r+ sin(ω+t + φ+) + r− sin(ω−t + φ−) (7)

y(t) = r+ cos(ω+t + φ+) + r− cos(ω−t + φ−) (8)

z(t) = zmaxsin(ωzt + φz) (9)

where for simplicity the phase terms of the radial modes can
be set to zero (φ+ = φ− = 0) as allowed by a respective
choice of the orientation of the coordinate system.

2.2. Sudden change of m/z

In the following a sudden change of the mass-over-charge
ration of the stored ion fromm/z to M/Z is considered
with respect to the influence on its trapping conditions. In
general, the ion will follow a new path with new motional
amplitudes, frequencies and phases:

X(t) = R+ sin(Ω+t + Φ+) + R− sin(Ω−t + Φ−) (10)

Y(t) = R+ cos(Ω+t + Φ+) + R− cos(Ω−t + Φ−) (11)

Z(t) = Zmaxsin(Ωzt + Φz) (12)

The ratios between the free cyclotron frequencies and the
trapping parameters before and after the change inm/z are
given by:

Ωc

ωc
= m

q

Q

M
= m

z

Z

M
(13)
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Q

q

m
= M

Z

z

m
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and thus
Ωc

ωc
= πtrap

Πtrap
(15)

where capital letters are used to indicate variables after the
reaction. For the characteristic frequencies the result of the
m/z change is:
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√
Πtrap

2
= ωz
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A sudden change in the trapping conditions results in an im-
mediate change in the amplitudes of the motional modes.
Note, that throughout this contribution additional effects on
the ion motion due to a kinetic energy release or a Coulomb
interaction between the products are neglected. We only con-
sider the effect of a sudden change in mass and/or charge
state.

2.3. Change of radial motion

While the axial mode can be treated separately, an
m/z-changing process leads to a redistribution of the am-
plitudes of the two radial motional modes. In the following
two cases are considered in detail: The ion initially per-
forms either a pure cyclotron or a pure magnetron motion,
i.e. the amplitudes of the magnetron, respectively cyclotron,
motion are negligible. Under these assumptions the initial
phasesφ+ andφ− can be set to zero without any loss of
generality. (The general case is a straightforward extension,
although it is more tedious and leads to complicated ex-
pressions since the relative phase of the modes at the time
of them/z-changing process has to be taken into account.)

2.3.1. Pure cyclotron motion
With r− = 0 the ion trajectory before the reaction is given

by:

x(t) = r+ sin(ω+t) (18)

y(t) = r+ cos(ω+t) (19)

i.e. the velocity components are

ẋ(t) = r+ω+ cos(ω+t) (20)

ẏ(t) = −r+ω+ sin(ω+t) (21)

The time of the change fromm/z to M/Z may be chosen
to bet = 0. Thus

x(t = 0) = 0 = R+ sin(Φ+) + R− sin(Φ−) (22)

y(t = 0) = r+ = R+ cos(Φ+) + R− cos(Φ−) (23)

and

ẋ(t = 0) = r+ω+ = R+Ω+ cos(Φ+) + R−Ω− cos(Φ−)
(24)

ẏ(t = 0) = 0 = −R+Ω+ sin(Φ+) − R−Ω− sin(Φ−)
(25)

are the relations that determine the amplitudes and phases
after the reaction. Before the respective equations are pre-
sented, it is useful to get an intuitive understanding of the
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process. If the ion loses some mass, its reduced cyclotron
frequency is increased:Ω+ > ω+. Since the velocity
(which is mainly determined by the cyclotron motion) has
not changed,Ω+R+ � ω+r+, the cyclotron radii have to
compensate the frequencies and thusR+ < r+. However,
the position also has not changed instantaneously and thus
the change of the cyclotron radius has to be compensated
by the introduction of a finite magneton radius.

The full solution is given by the new amplitudes:

R+ = ω+ − Ω−
Ω+ − Ω−

r+ (26)

R− = ω+ − Ω+
Ω+ − Ω−

r+ (27)

and initial phasesΦ+ = 0 andΦ− = π. In the case of
M/Z > m/z the sum of both amplitudes is given by:

R+ + R− = 2ω+ − Ωc

Ω+ − Ω−
r+ (28)

It is a measure of how far from the trap axis the ion motion
extends. ForM/Z ≤ m/z this maximum distance from the
trap’s axis is not changed by the reaction, i.e. it is given by
the original cyclotron radius:R+ + R− = r+. For M/Z >

m/z, however, the trajectories’ extensions are increased. In
terms of the trapping parameterπtrap ≤ Πtrap the sum of the
amplitudes can be rewritten as:

R+ + R−
r+

= (Πtrap/πtrap)(1 +√
1 − πtrap) − 1√

1 − Πtrap
(29)

This result is summarized inFig. 3a, where the increase of
the ion motion(R+ + R−)/r+ is shown as a function of
the initial and the final trapping parameterπtrap andΠtrap,
respectively. Only in the caseΠtrap > πtrap the change of
m/z may lead to an increase, largest forπtrap < 0.2 and
Πtrap > 0.8. For further illustration the extension of the new
ion motion (R+ + R−)/r+ is plotted inFig. 3b as a func-
tion of the initial trapping parameterπtrap and the ratio of
the mass-over-charge ratiosf = (M/Z)/(m/z). The upper
plateau shows the region of instable trajectories after the
change ofm/z. Forf ≤ 1 no change occurs while forf > 1
and depending onπtrap, i.e. the particular initial experimen-
tal parameters, the same ratiof may or may not lead to a loss
of the product ion, when the new extension of the ion motion
relative to the ring electrode dimension is taken into account.

As an example, which will be of relevance in the experi-
mental section below, consider the case of electron emission
from a doubly charged cluster anion ofn atoms, Au2−

n . In
Fig. 4athe change of the radial frequencies is plotted as a
function of the trapping parameter. It is obvious, that only
for πtrap < 0.5 stable trajectories may be acquired for the
product monoanion. The extension of the new trajectory de-
pends onπtrap. For πtrap = 0.1 the resulting change in the
ion motion is shown inFig. 4b. The pure cyclotron motion
of the dianion (solid line) is transformed into a new ion mo-
tion of the monoanion withR+ � 2.1r+ andR− � 1.1r+
and thus an extension ofR+ + R− � 3.2r+.

(a)

(b)

Fig. 3. (a) Relative increase(R+ + R−)/r+ of the ion motion extension
as a function of the trapping parametersπtrap andΠtrap before and after
the change ofm/z, respectively. (b) Relative increase of the ion motion
extension as a function of the trapping parameterπtrap and the ratio
f = (M/Z)/(m/z).

Another example is the fission of the cation Au2+
12 into

the products Au+9 and Au+3 as observed earlier in the Clus-
ter Trap[27,28]. Fig. 5 shows how the two product clusters
Au+

9 and Au+3 continue to move in thexy-plane of the trap
(πtrap = 0.2). In the case of Au+3 the new cyclotron radius is
R+ � 0.47r+ and the new magnetron radiusR− � −0.53r+
(the minus sign indicates an initial phase ofπ of the mag-
netron motion) which in total does not change the ion mo-
tion extension. This behavior is expected sinceM/Z < m/z.
However, for Au+9 the new radii areR+ � 1.6r+ andR− �
0.6r+, which leads to an increase ofR+ +R− � 2.2r+ and
possibly to a loss of the product ion.

2.3.2. Pure magnetron motion
Compared to the cyclotron motion am/z-change during

a pure magnetron motion is not very spectacular. In analogy
to the last section, at timet = 0 the initial motion:

x(t) = r− sin(ω−t) (30)
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(a)

(b)

Fig. 4. (a) Frequencies of the cyclotron and magnetron motion of Au2−
n

before (solid line) and of Au1−
n after the emission of an electron (dashed

line). (b) Trajectory of a cluster ion Au2−
n before (solid line) and of Au1−

n

after loss of one surplus electron (dashed line) for a trapping parameter
πtrap = 0.1. The time intervals before and after the decay process are
equal.

y(t) = r− cos(ω−t) (31)

with velocity components

ẋ(t) = r−ω− cos(ω−t) (32)

Fig. 5. Trajectories of Au2+
12 (solid line), Au1+

9 (dotted line), and Au1+
3

(dashed line) before and after asymmetric fission for a trapping parameter
πtrap = 0.2. The time intervals before and after the decay process are
equal.

Fig. 6. Relative increase of the ion motion extension as a function of the
trapping parametersπtrap andΠtrap before and after the change ofm/z,
respectively. The initial ion motion is purely a magnetron motion.

ẏ(t) = −r−ω− sin(ω−t) (33)

is converted to a combined motion as described byEqs.
(22)–(25)wherer+ andr+ω+ are to be replaced byr− and
r−ω−, respectively. Thus the amplitudes afterm/z conver-
sion are given by:

R+ = Ω− − ω−
Ω+ − Ω−

r− (34)

R− = Ω+ − ω−
Ω+ − Ω−

r− (35)

in analogy toEqs. (26) and (27)with phasesΦ+ = π and
Φ− = 0. Obviously, in most cases of general interest, i.e. for
ω− 
 Ω+ andΩ− 
 Ω+, the ion continues on its earlier
trajectory with almost identical magnetron amplitude and a
negligible new cyclotron component.

Again, the sum of both amplitudes is a measure of the
extension of the ion motion: ForM/Z ≤ m/z it is given
by the original magnetron radius:R+ + R− = r− and for
M/Z > m/z the trajectories are increased:

R+ + R− = Ωc − 2ω−
Ω+ − Ω−

r− (36)

In terms of the trapping parameterπtrap ≤ Πtrap the sum of
the amplitudes can be rewritten as:

R+ + R−
r−

= 1 − (Πtrap/πtrap)(1 −√
1 − πtrap)√

1 − Πtrap
(37)

In Fig. 6 the extension of the ion motion after the change of
m/z is plotted as a function of the trapping parameters before
and after the reaction,πtrap and Πtrap, respectively. Only
in case of valuesΠtrap close to one, a significant increase
of the radii is observed, which is, however, several orders
of magnitude smaller than in the case of a pure cyclotron
motion.
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2.4. Change of axial motion

In contrast to a pure cyclotron or a pure magnetron motion
the phase angle (Ωzt + Φz) of the axial oscillation in the
moment ofm/z conversion has to be considered. Since the
phase angle has been introduced explicitly above, the time
of m/z-change can be chosen to bet = 0. Thus, from the
spatial position at that time it can be followed:

z(t = 0) = zmaxsin(φz) = Zmaxsin(Φz) (38)

and from the velocity in the axial direction

ż(t = 0) = zmaxωz cos(φz) = ZmaxΩz cos(Φz) (39)

These two relations lead to the amplitude and phase after
m/z conversion:

Zmax = zmax

√
M

Z

z

m
cos2(φz) + sin2(φz) (40)

Φz =




arcsin

(
zmax

Zmax
sin(φz)

)
for − π

2
≤ φz <

π

2

π − arcsin

(
zmax

Zmax
sin(φz)

)
for

π

2
≤ φz <

3

2
π

(41)

For an increase inm/z, i.e.M/Z > m/z, the amplitude will
in general increase; forM/Z < m/z it will decrease.

As an example, the fission of a doubly charged gold cluster
cation Au2+

12 [27,28]is studied. InFig. 7athe axial frequency
ωz of the precursor cluster Au2+

12 and its products Au1+
3 and

Au1+
9 is plotted as a function of the trapping parameter. In

accordance withEq. (16), the frequency increases ifM/Z <

m/z and decreases ifM/Z > m/z. For a phaseφz = 0
the axial part of the ion motion follows the path shown in
Fig. 7b, where the fission process takes place att = 0.

In general, the new axial amplitude is a function of
the phase angle in the instant ofm/z-change as plotted
in Fig. 7c for the cases(M/Z)/(m/z) = 9/6 = 3/2 and
(M/Z)/(m/z) = 3/6 = 1/2 for the products Au1+

9 and
Au1+

3 , respectively. Note, that forφz = π/2 andφz = 3π/2
the ion is at a turning point of its oscillatory motion. There-
fore the amplitude will not change, i.e.Zmax = zmax. For
φz = 0 andφz = π the amplitude’s change is maximal,
since at these times the ion crosses the trap’s center (see
Fig. 7b).

With respect to the ion’s energy the situation may be just
the opposite from that of the change of amplitude: Con-
sider the case of a change in charge state with no change
in mass, for example, electron emission of dianions as dis-
cussed above. At the turning points (where the amplitude
stays the same) the potential energy change due to the elec-
tric trapping field is maximal. In contrast, the total energy
stays the same if the ion decays while crossing the trap’s
center; in this moment all the energy is concentrated in the
kinetic energy contribution, which is almost unchanged by
the electron loss.

(a)

(b)

(c)

Fig. 7. (a) Axial frequency of Au2+
12 (solid line), Au1+

3 (dashed line)

and Au1+
9 (dotted line) as a function of the trapping parameterπtrap. (b)

Change of the axial motion after fission of Au2+
12 (solid line) into Au1+

3

(dashed line) and Au1+
9 (dotted line) att = 0 with phaseφz = 0. (c)

Amplitude of the axial motionZmax of the fission products Au1+
3 (dashed

line) and Au1+
9 (dotted line) relative to the initial amplitudezmax as a

function of the phaseφz.

3. Experimental procedure and results

The influence of a sudden change of the mass-over-charge
ratiom/z on the ion motion will be demonstrated by a partic-
ular example: the electron emission from a dianionic metal
cluster after collisional activation. The experimental setup
is described in[29] and references therein: Singly charged
metal clusters are produced in a pulsed laser vaporization
source, transferred to a Penning trap and captured in flight. In
the trap the stored ions may be subjected to a variety of inter-
actions, for example,m/z-selective rf-excitations, photoex-
citation, collisions or reactions with gas atoms or molecules,
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Fig. 8. TOF spectra (a) of size selected gold cluster ions Au1−
28 , (b) after

application of an electron bath, (c) of charge selected dianions Au2−
28 , and

(d) after photoexcitation (from[24]).

and collisions with electrons from an external electron gun.
The reaction product ions as well as the remaining precursor
ions are finally ejected into a time-of-flight mass spectrom-
eter for single-ion-counting mass analysis.

In the case of metal cluster dianions, size-selected singly
charged clusters are bathed in a sea of electrons that are
stored simultaneously in the ion trap and eventually attach
to the monoanions[22,30]. These low energy electrons are
produced by ionization of argon gas that is pulsed into the
trap volume. After a reaction time of one second the re-
maining singly charged clusters are removed from the trap
by dipolar rf-excitation of the corresponding cyclotron mo-
tion. The size and charge-state selected dianions are thus
prepared to be investigated by, for example, photoexcitation
or collisional activation.

The production sequence is shown inFig. 8 in form
of TOF-spectra that are taken after (a) size-selection of a
monoanion Au2−

28 , (b) reaction with an electron bath in the
trap for one second, i.e. production of dianions Au2−

28 , (c)
removal of the monoanions by dipolar excitation, and (d)
irradiation with a Nd:YAG laser pulse atλ = 355 nm. In
the given example about 7% of the dianions decayed by
single electron emission and monoanions reappeared in the
mass spectrum.

In case of collisional activation the energy that is needed
for the decay process is incorporated by transforming kinetic
energy of the ion into internal energy by multiple collisions
with inert gas, for example, argon atoms. To this effect, the
radius of the ions’ cyclotron motion is increased by dipolar
rf-excitation at a fixed frequencyν+ = ω+/2π. The ions
acquire a cyclotron radius of[31]:

r+ = EDTD

2B
(42)

whereED is the amplitude of the dipolar rf-field andTD
the duration of the excitation. In this workTD = 1 ms and

Fig. 9. Collisional activation of dianions Au2−
21 (top), Ag2−

40 (middle), and

Cu2−
60 (bottom). The ion yield of the remaining precursor (full symbols)

and product cluster anions (open symbols, note expanded scale) is plot-
ted relative to a reference measurement (which is performed alternately
without excitation) as a function of the cyclotron radius that is reached
after dipolar excitation of the dianions.

B = 5 T. The radius of the ring electrode,r0 = 20 mm,
is an upper limit for the possible values ofr+. In order to
minimize the initial amplitude of the ion motion prior to the
excitation, the ions are centered in the middle of the trap
by application of the buffer gas cooling method[32,33]. In
addition, the electrons from the electron bath are removed
from the trap to avoid a distortion of the electrostatic trap-
ping potential and thus a shift of the motional frequencies
due to the space charge[34]. The electron removal is accom-
plished by lowering the potential of an endcap electrode for
#t = 1µs (suspended trapping[35]): The electrons leave
the trap whereas the cluster anions, which are several orders
of magnitude heavier, stay trapped.

For a systematic study the excitation amplitudeED is var-
ied. As an exampleFig. 9 shows the relative abundance of
metal cluster dianions of a similar mass-over-charge ratio
m/z Au2−

21 , Ag2−
40 , and Cu2−

60 (full symbols) as a function of
the cyclotron radiusr+ that is reached by dipolar excitation
before the collision gas is pulsed into the trap. The open
symbols denote the relative abundance of the product ions
Au1−

21 , Ag1−
40 , and Cu1−

60 . Note, that the scale for the monoan-
ions is expanded by a factor of 10 relative to the dianions.
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Fig. 10. Comparison of the collisional activation of Ag2−
40 (top) and Ag1−

40 (bottom) with the relative ion yields as a function of (a) the cyclotron radius
after excitation, and (b) the collisional excitation energy. (Note the expanded scales of the product yields.)

For all three metals a decrease of the dianion yield is ob-
served for radii larger than about 1/3 of the maximum ra-
dius r0. The product anions, however, only reach a maxi-
mum value of the relative ion yield of about 1–3% and no
further product anions, i.e. fragmentation products are ob-
served. InFig. 10 the result for the collisional activation
of Ag2−

40 is compared to the result of collision-induced dis-
sociation of the monoanionic precursor Ag1−

40 . Whereas no
fragmentation product are observed in case of the excitation
of dinaions Ag2−

40 , the excitation of the monoanions leads to
fragmentation into Ag1−

39 and Ag1−
38 . The evaporation occurs

at cyclotron radii close to the maximum radiusr0 = 2.0 cm,
i.e. at radii, where no dianion signal is observed.

4. Discussion

At first glance the low number of product monoanions
after collisional activation of the metal cluster dianions may
be interpreted as a sequential emission of electrons. Since
neutral particles cannot be stored in the ion trap, they are not
observed at the detector. Some electron emission has been
reported for singly charged silver cluster anions[36], but
nevertheless a significant number of monoanionic product
clusters should be observed after electron emission from
the dianionic precursor clusters. The collisional activation
of singly charged metal clusters, as for example, in case of
Ag1−

40 , shows monomer evaporation as the dominant decay
process (seeFig. 10).

The results are further emphasized by investigating the
relative ion yield as a function of the collisional excitation
energy. The kinetic energy of the anions after dipolar exci-
tation is given by:

Ekin,+ = 1

2
mω2

+r
2
+ ≈ 1

8

q2E2
DT

2
D

m
(43)

which is transformed into the collisional excitation energy:

Ecoll ≈ Cmat
mAr

mAr + matom
Ekin,+ + Eth (44)

by use of the impulsive (multi-)collision theory[37,38]. An
empirical correction factorCmat = 0.4 is applied to account
for the actual energy transfer in each collision[39] andEth
is the thermal energy of the cluster prior to the collision
where room temperature is assumed. InFig. 10bthe relative
abundance of Ag2−

40 , Ag1−
40 and their products after collisional

activation is plotted as a function of the collisional excitation
energy. (Note, that the scale for the products is expanded by
a factor of 20 and 2, respectively.) The intensity of clusters of
both charge states decreases within a similar energy range.
In case of the dianions Ag2−

40 , the first product, Ag1−
40 , should

decay via fragmentation and not electron emission and thus
at higher energies if not Ag1−

40 then Ag1−
39 should appear in

the mass spectrum. Obviously, the change of the ion motion
due to the drastic change inm/z, i.e. M/Z = 2m/z, leads
to the loss of the cluster ions from the trap.

From the description of the ion motion given above (see
Section 2), a maximum radius ofr+ � 0.62 cm for Au2−

21 ,
r+ � 0.61 cm for Ag2−

40 andr+ � 0.62 cm for Cu2−
60 is de-

rived for the moment of electron emission if ion loss is to be
avoided, i.e. the new trajectory of the monoanionic products
does not exceed the radial dimension of the ion trap. For the
gold and silver cluster dianions the decrease of the monoan-
ionic clusters is described well within these assumptions. For
the copper cluster dianions the relative product yield seems
to decrease at larger initial cyclotron radii (seeFig. 9). Note
however, that the calculatedr+ values are only very rough
estimates. In particular, the decrease of the cyclotron radius
after rf excitation due to the collisions (which are by nature
a necessary component of the collisional activation) is not
taken into account. Since Cu60 has a higher number of inter-
nal degrees of freedom than Ag40 and Au21, a higher excita-
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Table 1
Resulting radial and axial amplitudes of ion motion,R+ +R− andZmax,
as compared to the initial amplitudes,r+, r−, andzmax, after unimolecular
process which change the mass-over-charge ratio fromm/z to M/Z as
discussed inSection 2

Before Afterm/z-change

M/Z > m/z M/Z < m/z

Cyclotron only (r− = 0) R+ + R− > r+ R+ + R− = r+
Magnetron only (r+ = 0) R+ + R− > r− R+ + R− = r−
Axial (zmax) Zmax > zmax Zmax < zmax

tion energy, i.e. a larger cyclotron radius, is expected before
(thermionic) electron emission sets in. This may explain the
observation of the copper clusters at a slightly higher cy-
clotron excitation where the gold and silver cluster signals
have already disappeared.

5. Summary and outlook

In general the sudden change of the mass-over-charge ra-
tio m/z leads to changes of the amplitudes of the ion motion
in a Penning trap. This may increase the extension of the
trajectory as summarized inTable 1and may lead to ion loss
from the trap. Especially experiments that employ an ICR
trap for collision-induced dissociation (or collisional activa-
tion) of molecules have to be examined with respect to the
decay channels and the resulting changes of the ion motion.
In case of electron emission of dianionic metal clusters it has
been shown, that the change ofm/z results in a significant
loss of product ions. Similar effects are expected for inves-
tigations of the fission of multiply charged clusters[27,28]
and the decay of multiply protonated biomolecules.

By use of laser excitation of the ions after centering in the
trap an ion loss due to the effects discussed can be avoided.
Thus, the forthcoming experiments on dianions at the Cluster
Trap will concentrate on laser activation[24].
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