
Ion Trap Mass Spectrometry 
of Externally Generated Ions 

Ion traps provide a significant improvement in eficiency 
compared with beam-tvbe mass sbectrometers 
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or years the physics com- 
munity has used the quad- F rupole ion trap or Paul 

trap, named after its inventor 
Wolfgang Paul (I), in a variety of 
fundamental studies (2). With a 
few notable exceptions (3, 4),  
however, the chemistry commu- 
nity had largely ignored the ion 
trap until George Stafford and 
co-workers at Finnigan Corp. de- 
veloped novel means for using it 
as a mass spectrometer (5,6) in 
the early 1980s. This development 
attracted the attention of the ana- 
lytical MS community to the quad- 
rupole ion trap for the first time. 
Since then, researchers have 
made many significant improve- 
ments in the ion trap analytical 
figures of merit; several recent re- 
views describe the evolution of the ion trap 
as a mass spectrometer (7,8). Today, ion 
trap techniques that use either the quadru- 
pole ion trap or its relative, the ion cyclo- 
tron resonance (ICR) instrument, collec- 
tively represent one of the most intense 
areas of research in analytical MS. 

The two most common approaches to 
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ion storage are strikingly similar in many 
ways, but they have evolved along decid- 
edly different avenues. One may argue 
that the watershed event in the develop- 
ment of the ICR instrument as an analyti- 
cal mass spectrometer was the application 
of FT techniques in ion detection, which 
led to unparalleled mass resolution (9- 
11). The inverse relationship between 
pressure and mass resolution dictated 
high vacuum conditions. 

In contrast, the ion trap was developed 
initially as a detector for GC. Using he- 
lium carrier gas  under high pressure 
( N 1 mtorr) in the ion trap vacuum system 
improved both sensitivity and mass reso- 

lution compared with the use of 
much lower background pres- 
sures (< lo-* torr). Most quadru- 
pole ion trap applications have 
therefore used N torr of he- 
lium in the vacuum system in con- 
trast to most applications of FT- 
ICR, which typically use pres- 
sures of lop7 torr or lower in the 
analyzer region, 

All MS experiments include 
ionization, m/z  analysis, and de- 
tection. The m/z analysis and de- 
tection methods involved in 
FTICR contrasts sharply with the 
methods most commonly used 
with the quadrupole ion trap. 
However, both approaches rou- 
tinely use in situ ionization meth- 
ods, which convert neutral analyte 
species to ions, preferably at or 

near the center of the ion trap volume. 
This is desirable because optimum trap- 
ping efficiencies are obtained when ions 
with low kinetic energy are formed in the 
center of the trapping volume. Electron 
ionization, chemical ionization, and pho- 
toionizaton are commonly used to pro- 
duce ions in an ion trap experiment. Cur- 
rently, all commercially available quadru- 
pole ion traps offer either electron or  
chemical ionization or both. 

In situ ionization methods can be used 
to address a wide variety of analytical prob- 
lems, but their use is limited to relatively 
volatile analyte species. Many important 
ionization approaches, however, do not 
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readily allow for ion formation within the 
trapping volume. All of the so-called de- 
sorption ionization methods fall into this 
category, as do high-pressure ionization 
techniques (arbitrarily defined here as 
N 1 torr and higher). In recent years, 
much of the R&D effort in ion trapping 
has therefore been devoted to coupling 
quadrupole ion traps and FTICR spectrom- 
eters with means of forming ions exter- 
nal to tfie ion-trapping region. Examples of 
desorption ionization methods coupled 
with the quadrupole ion trap include Cs’ 
bombardment (12), laser desorption (13- 
15), and matrix-assisted laser desorp- 
tion (16-20). Examples of high-pressure 
ionization methods coupled with the quad- 
rupole ion trap include electrospray (21- 
25), thermospray (26), inductively cou- 
pled plasma (27), glow discharge for or- 
ganic (28,29) and inorganic (30,31) ion 
formation, and chemical ionization 
(32,33). 

Given the small size, relative low cost, 
modest pressure requirements, and exper- 
imental flexibility of the quadrupole ion 
trap, it seems likely that an increasing 
number of analyses (both organic and in- 
organic) will be performed with ion traps 
coupled with high-pressure ion sources. 
In this Report, the first of a two-part se- 
ries, we will provide a conceptual frame 
work for the use of ion injectiodquadru- 
pole ion trap MS as opposed to conven- 
tional beam-type MS. In part 2, to be 
published in the July 15 issue, we will r e  
view the work that combines high-pres- 
sure ionization methods with the quad- 
rupole ion trap. 

Quadrupole ion trap MS and ion 
inject ion 
The choice of mass analyzer for a particu- 
lar application depends on several mass 
analyzer characteristics, including mass 
range, resolution, and accuracy; analy- 
sis time; and practical considerations such 
as size, weight, and cost. The relative im- 
portance of these characteristics depends 
on the application, but attaining lower 
limits of detection is usually a primary con- 
sideration. 

The mass analyzer affects limits of de- 
tection via its efficiency. To compare ion 
injection/ion trap MS with conventional 
scanning beam-type MS, the efficiency 
of the mass analyzer is defined as the frac- 

tion of analyte ions issuing from an ion 
source that is eventually detected. The effi- 
ciency of the mass analyzer is the prod- 
uct of transmission and duty cycle, two an- 
alyzer characteristics discussed below. 
The typical quadrupole ion trap experi- 
ment can be divided into two steps-ion 
accumulation and mass analysis/detec- 
tion-because they are separated in time. 
We discuss each step below, with partic- 
ular emphasis on transmission and duty 
cycle and how they compare with those 
in other forms of MS. 

Mass analysis/detection 
As mentioned above, the mass analysis/ 
detection approach used with an ion trap 
instrument can play a major role in deter- 
mining the analyzer pressure require- 
ments. Collisions cause dephasing of ion 
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packets and limit transient lifetimes in ion 
image current measurements. There- 
fore, they limit mass resolution in FT ex- 
periments that use image current detec- 
tion. However, high background pres- 
sures can be tolerated with the ion 
ejectiodexternal detection methods com- 
monly used with the quadrupole ion trap. 
(We use the term “tolerate” here because 
the  bath gas  affects mass analysis/ 
detection in several ways. The role of the 
bath gas could be the subject of lengthy 
discussion and, indeed, some detailed ef- 
fects of the bath gas are only noy coming 
under scrutiny. However, most of the 
bath gas effects are usually quite subtle 
under common operating conditions and 
therefore are not emphasized in this dis- 
cussion.) The so-called mass-selective 
instability method of Stafford and co- 

workers (5,6) and its subsequent varia- 
tions are key to the potential sensitivity ad- 
vantages of the ion trap over beam-type 
instruments and to the tolerance of high 
background gas pressures. 

Beam-type scanning MS. Beam-type 
scanning mass spectrometers (e.g., quad- 
rupole mass filter and magnetic sector 
instruments) operate on the principle of 
mass-selective stability. That is, ions that 
have asmall range of m / z  values maintain 
“stable” trajectories throughout the ana- 
lyzer and can pass to an ion detector. The 
mass resolution of the instrument relates 
to the magnitude of the range of m / z  
values that can pass through the analyzer 
without striking a wall, slit, or electrode. 
The mass spectrum is collected by “scan- 
ning” the analyzer field so that the win- 
dow of stable m/z  values is sequentially 
swept across the entire m / z  range of inter- 
est. The ratio of the width of the transmit- 
ted m / z  window to the total width of the 
m / z  range of interest determines the frac- 
tion of time during a scan that any given 
ion can be transmitted. 

In a scanning beam-type instrument 
this ratio can be considered the “duty cy- 
cle.” The duty cycle in a scanning beam- 
type mass spectrometer is therefore de- 
termined by the mass resolution and by 
the scan range. In most scanning experi- 
ments the duty cycle is a fraction of 1%. For 
a continuous ionization method, there- 
fore, > 99% of the ions are lost simply be- 
cause of the small magnitude of the duty 
cycle. A duty cycle of 100% is possible with 
a beam-type spectrometer but only in a 
nonscanning situation, as in single-ion 
monitoring or array detection. 

The duty cycle is an important factor in 
determining the eficiency of the mass ana- 
lyzer. Transmission is the other impor- 
tant factor, which for a beam-type experi- 
ment is the fraction of ions that issue from 
the ion source and is transmitted to the 
detector when the ions fall within the nom- 
inal m / z  window of stable trajectories. 
For the quadrupole mass filter, for exam- 
ple, the angle, velocity, and position at 
which an ion enters the analyzer, along 
with the phase of the radio frequency (rf) 
field, are important factors in determin- 
ing the likelihood for transmission even 
when the static and dynamic voltages ap- 
plied to the quadrupole rods are nomi- 
nally appropriate. As mass resolution in- 
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creases, the ranges of angles, velocities, 
and positions that lead to ion transmission 
decrease. All ionization methods yield 
ion populations with distributions in en- 
ergy, angle, and position. Thus, mass reso- 
lution is inversely related to transmission 
and, in beam-type MS, mass resolution can 
affect the lower limit of detection in two 
ways: via duty cycle and transmission. 

how mass-selective instability works, it is 
important to appreciate a few simple con- 
cepts regarding the behavior of ions in dy- 
namic quadrupole electric fields. Figure 
1 shows the shape of the electric potential 
in a quadrupole ion trap (comprising two 
end-cap electrodes and a ring electrode) at 
three points along a sine-wave signal ap- 
plied to the ring electrode. The vertical 
axis represents electric potential, and the 
horizontal axes represent the radial plane 
defined by the ring electrode (frequently 
called the r-dimension) and the inter-end 
cap dimension (commonly called the z-di- 
.mension). When a potential exists be- 
tween the ring electrode and the end 
caps, a quadrupole electric field is created 
within the electrodes because of their hy- 
perbolic shape. 

Real ion traps do not create “perfect” 
quadrupole fields because of the finite di- 
mensions of the electrodes; holes in the 
electrodes that allow ions, electrons, or 
photons to pass; and imperfections in ma- 
chining. Commercial ion traps are also 
modified to intentionally create higher or- 
der fields within the trapping volume 
(34-37). However, for our purposes we 
will not specifically address the important 
but subtle effects of higher order fields on 
analytical ion trap MS but mention them 
at relevant points in the discussion. 

At point A, a large positive voltage is ap- 
plied to the ring electrode, creating a po- 
tential valley in the r-dimension for a posi- 
tive ion at the center of the ion trap Si- 
multaneously, this ion finds itself on a 
potential hill in the z-dimension. If this 
situation continued for a sufficiently long 
period, any motion away from the center of 
the ion trap would result in acceleration 
of the ion to one of the end-cap electrodes. 
At point C, the opposite situation prevails 
and the positive ion is attracted to the ring 
electrode. However, if the potential is al- 
temated at a sufficiently high frequency, 
an ion present at the center of the ion trap 

Mass-selective instability. To understand 

with a low initial kinetic energy cannot 
reach an electrode before it is repelled. 

Under any given set of conditions 
(i.e., amplitude and frequency of the trap- 
ping signal and electrode dimensions), 
ions of a wide m/z  range can be stored si- 
multaneously. The  lower m / z  limit is 
sharply defined and is reached when the 
electric field gradient is sufficiently steep 
to allow an ion to accelerate and strike an 
electrode before the phase of the field 
changes to repel the ion. The velocity of 
an ion is inversely related to the square 
root of its mass; therefore, low-mass ions 
reach this condition at lower trapping 
field strengths than do higher mass ions. 
The low m/z limit is given by 

m/Zmin = 4 * 4 4 V / ( r 3 2 )  (1) 

where Vis the amplitude of the trapping 
signal applied to the ring electrode, i2 is 
the angular frequency of the trapping sig- 
nal, and r, is the inscribed radius of the 
ring electrode. 

The upper mlz  limit is not as well de- 
fined as the lower mlz  limit. It is useful to 
consider this point in terms of the “pseu- 
dopotential well” model of the ion trap in- 
troduced by Hans Dehmelt, who shared 
the 1989 Nobel Prize in Physics with 
Paul, and Fuad Major (38). This approxi- 
mation relates the depth of a trapping well 
in each of the 2- and r-dimensions, in 
terms of potential energy, for an ion of a 
given m / z  to the frequency and amplitude 
of the trapping signal and the ion trap di- 
mensions as shown below 

eD, = eT/2/(4mZ2R2) (2) 

and 

eD, = eD,/2 (3) 

where eD is the well depth in electron volts 
for the respective trapping dimensions 
and 2 is the distance from the center of the 
trapping volume to an end-cap electrode. 
Note that the well depth is inversely re- 
lated to the mlz of the ion. There is not a 
particularly sharp high m l z  cut-off the 
trapping efficiency decreases with mass- 
to-charge because the potential well in 
which ions are trapped at a fixed Vbe- 
comes increasingly shallow, which in- 
creases the likelihood for ion loss. 

It is apparent from Equation 2 that un- 
der a fixed set of conditions ions of differ- 
ent mlz  values have different trapping well 

+ 
+V 

-V 

Figure 1. Inverting (floppy) saddle 
analogy for trapping ions in an 
oscillating quadrupole electric 
field. 
Plot of electric potential as a function of the 
radial ( r )  and axial (z) dimensions at three 
points of a sine wave applied to the ring 
electrode. 
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depths. They also undergo motion with a 
unique set of frequencies (39). This char- 
acteristic allows the quadrupole ion trap 
to be used as a mass spectrometer rather 
than simply as  an ion storage device. Al- 
though a variety of frequencies charac- 
terize the motion of a particular m / z  ion in 
a quadrupole ion trap, only two are signif- 
icant to mass analysis by mass-selective in- 
stability: One is the so-called fundamen- 
tal z-dimension secular frequency, symbol- 
ized as w ~ , ~ ,  and the other is Q/2. Without 
a dc potential between the ring electrode 
and the end caps, wo,z is given by the ap- 
proximate relationship 

The fundamental z-dimension secular fre- 
quency is important because it is the 
motion that couples most strongly with a 
dipolar electric field applied to the end 
caps. The Q/2 is important because the 

value of an ion at the low m / z  limit of 
the ion trap is equal to this frequency and 
therefore the ion can absorb power di- 
rectly from the trapping signal in the z- 
dimension. By far, most quadrupole ion 
trap experiments performed in the past 
decade have used ion ejection through 
holes in an end cap to an external ion de- 
tector by bringing the z-dimension ion mo- 
tion into resonance with either the rf trap- 
ping potential or with a supplementary al- 
ternating potential applied to the end caps. 

Stafford called the former approach 
mass-selective instability, and the latter 
has been called either axial modulation or 
resonance ejection. The latter term is 
most frequently used when the m / z  range 
extends significantly beyond that of the 
ion trap that uses mass-selective instabil- 
ity. Ion frequencies can be altered either 
by scanning the amplitude of the rf trap- 
ping potential or by scanning its frequency 
(Equation 4). 

Duty cycle, transmission, and mass- 
selective instability. In the mass-selective 
instability approach to mass analysis, ions 
of a wide mlz  range are collected during 
an ion accumulation period and are stored 
until ejected sequentially to an external 
detector. Usually ions are ejected in an 
mlz-dependent fashion from low m / z  to 
high mlz.  This is mandatory for mass- 
selective instability and desirable for reso- 
nance ejection with current commercial 
ion traps (40). The duty cycle of an ion 

trap experiment that uses a continuous an- 
alyte consumption scenario is deter- 
mined by the ratio of the ion accumulation 
time to that of the entire ion trap experi- 
ment, including mass analysis and any 
other ion manipulation steps. Ionization 
and mass analysis must occur simulta- 
neously in scanning beam-type experi- 
ments, whereas ion accumulation and 
mass analysis typically occur consecu- 
tively in ion trap experiments. A conse- 
quence is that mass resolution and scan 
range are important in a beam-type experi- 
ment and scan rate is irrelevant, whereas 
scan time relative to the time for ion accu- 
mulation is important in an ion trap ex- 
periment in determining duty cycle. 

Scan range affects scan time, and scan 
rate affects mass resolution and scan time. 
Therefore, the option to make tradeoffs 
among mass resolution, scan range, and 
duty cycle by varying the scan rate is avail- 
able in the ion trap experiment but not in 

The major 
advantage in daty 

cycle can be 
obtained with weak 

ion beams. 
the scanning beam-type experiment. (In a 
pulsed ionization scenario in which ana- 
lyte is consumed only during ionization, 
the ion accumulation can be made to en- 
compass the entire ionization event, pro- 
viding a duty cycle of 100%. The parallel na- 
ture of ionization and mass analysis/ 
detection precludes a high duty cycle in a 
beam-type scanning experiment.) 

The serial nature of ion trap experi- 
ments (both quadrupole ion trap and ICR) 
allows for variable duty cycle experi- 
ments without compromising mass range. 
That is, the ion accumulation time can be 
varied independently of the mass analysis/ 
detection time, with the upper limit deter- 
mined by the ion storage capacity. Com- 
mercial ion traps have ion storage 
capacities of - lo6 ions. (Degradation of 
mass resolution as a result of ion-ion inter- 
action can be observed with even lower 
numbers of ions.) When the potential asso- 

ciated with repulsion of like charges 
equals the z-dimension well depth, no 
more ions of like charge can be accumu- 
lated. Therefore, the time required to “fill” 
the ion trap places an upper limit on ion 
accumulation time and hence can limit 
duty cycle. 

Consequently, the major advantage in 
duty cycle over beam-type scanning mass 
spectrometers can be obtained with 
weak ion beams. If the ion trap can be 
filled in 1 ms and the mass analysis time is - 50 ms, the duty cycle is but a few per- 
cent. However, if the ion accumulation rate 
for an analyte ion of interest is suffi- 
ciently low to require an ion accumulation 
time of up to 1 s, a duty cycle as high as 
95% is obtained. Such a situation is encoun- 
tered with “dim” ion sources, such as electro- 
spray. In these cases, the ion trap serves 
to convert a low ion current to a higher ion 
current. This amplification is determined 
by the ratio of the ion accumulation time 
(milliseconds to seconds) to the ejection 
time of the ion of interest (usually a few 
hundred microseconds). 

The ion trap can also be used to am- 
plify weak ion currents present in intense 
ion beams, provided the intense compo- 
nents of the ion beam are not permitted 
to accumulate and quickly fill the ion trap, 
precluding concentration of the ions of 
interest (41). This problem, already en- 
countered in FTICR, has been addressed 
by using the stored waveform inverse FT 
(SWIFT) technique (42). Recently, SWIFT 
(43) and filtered-noise field experiments 
(44) with ion traps have demonstrated 
highly flexible means for mass-selective 
accumulation of ions injected from exter- 
nal ion sources. Such techniques allow the 
full dynamic range of the ion trap to be 
available for any ion of interest and will be 
highly useful for the simultaneous moni- 
toring of targeted species at widely differ- 
ent m/z values. 

Just as there is a tradeoff between mass 
resolution and efficiency in scanning 
beam-type experiments, efficiency and 
mass resolution are inversely related in 
the ion trap that uses resonance ejection, 
but for different reasons. Whereas mass 
resolution is related to the width of the 
transmitted m / z  window in a beam-type 
experiment, mass resolution obtained by 
using resonance ejection with the ion trap 
is a function of the scan rate (22,4548). 
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Insofar as the scan rate affects the total 
scan time, mass resolution affects duty cy- 
cle. For an experiment using continuous 
analyte consumption, improving mass res- 
olution without reducing duty cycle can 
be accomplished only at the expense of 
scan range. Thus, high mass resolution 
ion trap experiments are typically per- 
formed over a narrow mass range. 

A unique aspect of quadrupole ion trap 
MS operated with N 1 mtorr of helium 
bath gas is that mass analysis by mass- 
selective ejectiodexternal detection is 
essentially independent of the characteris- 
tics of ionization. That is, mass resolu- 
tion and accuracy, and any discrimination 
effects arising from mass analysis and 
detection, are not influenced by the ki- 
netic energy and angular distributions of 
the ions as they issue from the ion source. 
This is due to the role that the bath gas 
plays in thermalizing the trapped ion popu- 
lation before mass-selective ion ejection. 
For all practical purposes, the ions are 
cooled to the center of the ion trap by 
collisions with helium, provided ion-ion in- 
teractions do not preclude this, and it is 
from this starting point that ions are sub- 
jected to resonance ejection. The ions re- 
tain a narrow spatial distribution in the 
r-dimension and exit through a hole in the 
center of the end caps. Essentially 100% 
of the ions can be ejected from the ion 
trap, but because they do so in equal num- 
bers from each end cap and only ions 
ejected from one end cap are detected, 
“transmission” is reduced by a factor of 2 
as part of the mass analysis step. Unidirec- 
tional mass-selective ion ejection tech- 
niques have been demonstrated (35,459 
but have not yet been used with external 
ionization. 

Ion inject ion/accumulat ion 
The ions most likely to be trapped in a 
quadrupole ion trap are those formed at 
the center of the ion trap, with very low 
kinetic energy. As a result, they remain in 
the center of the saddles of Figure 1. The 
pseudopotential well model shows the ion 
at the bottom of both the z- and r-dimen- 
sion wells, with only a minor amount of ki- 
netic energy available to allow move- 
ment up the sides of the wells (Figure 2). 
An ion formed away from the center of the 
ion trap is on a potential gradient and 
therefore executes larger amplitude oscil- 

Figure 2. The pseudopotential well 
picture. 
Representations of (a) ion formation within the 
ion trap, (b) ion formation at an end-cap 
electrode, and (c) ion injection into the ion 
trap. In a and b the ball is assumed to be 
placed in the ion trap with zero kinetic energy; 
therefore, it rolls back and forth with an 
amplitude determined by the potential at its 
initial placement. In c it is assumed that the 
ion enters the trapping well with an initial 
kinetic energy provided by the kicker. 

lations. As a rule, the likelihood for ion loss 
increases the farther the ions are from 
the center of the trap. Imperfections in 
electrode geometries that lead to field 
distortions are most influential away from 
the center of the ion trap, and ion-neu- 
tral or ion-ion collisions can lead to 
dephasing of ion motion that is sufficient 
to cause it to roll out of the saddle when it 
otherwise would not. The major goal in 
maximizing transmission in the ion injec- 
tion/ion trap experiment is to convert as 
many ions in the injected ion beam as  
possible to low-kinetic-energy ions in the 
center of the ion trap. 

In situ ionization. In situ electron ion- 
ization in the ion trap is usually effected by 
injecting electrons into the interior of the 
electrode structure through a hole in the 
center of one of the end caps. Ions are ini- 
tially formed, therefore, at various loca- 
tions primarily along the z-axis, with ther- 
mal kinetic energy. The ions formed in the 
center are, of course, in the optimum lo- 
cation for ion storage; those formed away 
from the center are accelerated because 
they are formed on a potential gradient. 
Depending on the phase of the trapping 
field at the instant of ion formation, an ion 
formed away from the center of the ion 

trap might be accelerated to an electrode 
within one or a few cycles of the alternat- 
ing trapping field or it might execute os- 
cillatory motion within the three electrode 
structures for a somewhat longer period. 

As discussed above, collisional focus- 
ing of the ions by helium has beneficial ef- 
fects on the efficiency of ion ejection, but 
the major role of the bath gas  is  to in- 
crease the fraction of ions-formed ini- 
tially by the electron beam-that are even- 
tually stored. That is, helium improves 
trapping efficiency even with in situ elec- 
tron ionization. The presence of helium en- 
hances ion trap sensitivity because ions 
collide with the helium, which removes ki- 
netic energy from the ions, forcing them 
toward the bottom of the potential wells. 
The helium can be thought of as provid- 
ing friction on the surface of the pseudopo- 
tential wells. Helium therefore focuses 
the ions to the center, with the only major 
countervailing force arising from ions of 
like charge (i.e., space charge). 

It is important to use a light atom or 
molecule as a bath gas for kinematic rea- 
sons. In a binary collision, the laboratory 
scattering angle of the heavier collision 
partner is always smaller than that of the 
lighter partner. The large disparity in mass 
between most ions of analytical interest 
and helium causes very little change in ion 
direction as a result of collision. The ma- 
jor effect is a small loss of kinetic energy. A 
significant change in direction resulting 
from scattering upon collision enhances 
the likelihood for ion loss. One can under- 
stand this conceptually by imagining an 
ion formed a little away from the middle of 
the saddle of Figure l a  but at a phase of 
the alternating quadrupole field that is 
conducive to the assumption of a stable 
trajectory as the saddle inverts itself re- 
peatedly. Therefore, any abrupt change in 
direction of an ion undergoing stable os- 
cillatory motion can sufficiently dephase 
the ion motion to cause it to accelerate 
to an electrode. This is a major reason why 
heavier bath gases are highly deleterious 
to the ion trap MS of small molecules; they 
are much less so for large molecules 
such as biopolymers (1 7,50). 

Ion injection and transmission. The pre- 
vious description of in situ electron ioniza- 
tion provides the basis for consideration 
of ion injection. Essentially all of the ion in- 
jection experiments reported to date that 
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involve high-pressure ionization sources 
have admitted the ions through a hole in 
the center of one of the end caps, which is 
the same method used with most elec- 
tron injection work. Perhaps the major dif- 
ference is that injected ions have some 
initial kinetic energy that is greater than 
thermal energy, and these ions enter the 
ion trap from a boundary, namely, through 
an end cap. Both conditions disfavor ion 
storage compared with in situ ionization. 
From the point of view of the pseudopoten- 
tial well model, this situation looks like 
that shown in Figure 2c in which an ion en- 
ters the well with some kinetic energy 
and, lacking “friction,” simply rolls back 
out with the same kinetic energy. (We 
have already shown-by using the floppy 
saddle analogy-that a kinetic energy less 
than the potential energy associated with 
the trapping well is not a sufficient condi- 
tion for trapping. An inappropriate phase 
relationship, the major source of ion loss 
from an ion population formed by in situ 
electron ionization, can also lead to ion 
loss.) Therefore, although some ions 
would be trapped using in situ ionization 
even without some mechanism for remov- 
ing kinetic energy, because they are 
formed within the trapping well with very 
little kinetic energy, no ions injected from 
an external ion source can be stored in- 
definitely without some means for cooling 
them. Hence, the role of the bath gas is 
even more important in an ion injection 
scenario than it is with conventional ion 
trap MS. 

Given this unfavorable situation for 
storing ions injected from an external ion 
source, it is not surprising that most ion 
losses associated with an ion injection ex- 
periment occur during the ion accumula- 
tion part of the experiment and that ef- 
forts to improve ion trap transmission are 
most profitably directed there. It is be- 
yond our scope to discuss all of the param- 
eters that are important for optimizing 
trapping efficiency for injected ions. How- 
ever, it has been widely observed that, 
besides the use of a light bath gas, trap- 
ping efficiency is optimized with relatively 
low injected-ion kinetic energies (e.g., 
< 10 eV) , comparable to those often used 
with quadrupole mass filters. 

Another important parameter is the 
amplitude of the rf trapping potential. 
There tends to be a broad optimum well 

depth, experimentally controlled via the 
amplitude of the rf trapping potential dur- 
ing ion accumulation, that depends on the 
m/z  of the injected ion and its kinetic sta- 
bility to fragmentation. High m/z  ions tend 
to show optimum trapping efficiencies at 
lower well depths than low m / z  ions. Be- 
cause only one trapping amplitude is a p  
plied during ion accumulation, the well 
depth decreases with m / z  (see Equa- 
tions 2 and 3) , which minimizes m/z dis- 
crimination. This is a fortunate situation 
because it allows for the simultaneous 
accumulation of ions spanning a wide m / z  
range. (For example, we have observed 
simultaneous accumulation of ions that dif- 
fer in m/z  by several thousand.) 

Nevertheless, severe discrimination ef- 
fects can be observed, particularly if an in- 
jected ion happens to assume a fre- 
quency of motion that matches a fre- 
quency induced by a higher order field 
(51). Quantitation based on relative ion 
abundances in an ion injection experiment 
must include calibration with the trap- 
ping field amplitude to be used in the anal- 
ysis. 

It was noted in early ion injection stud- 
ies that some ions fragmented upon injec- 
tion into the ion trap as the well depths 
were increased during ion accumulation 
(28,52). Figure 3 shows a comparison of 
electrospray mass spectra of hematin 
acquired using various z-dimension well 
depths. A similar effect can be observed by 
varying the kinetic energy of the ions as 
they are injected (53,54). 

Recent modeling studies in our lab- 
oratory that incorporate inelastic col- 
lisions suggest that this phenomenon 
is a result of internal heating of the in- 
jected ion as it is kinetically cooled in the 
center of the ion trap (55). This internal 
heating persists until the ions are kineti- 
cally cooled, when they also cool inter- 
nally via collisions with helium. This ef- 
fect is expected to be sensitive to well 
depth because injected ions gain kinetic 
energy, due to the trapping field, in pro- 
portion to well depth (see Figure 2). 
For relatively fragile ions, this brief heat- 
ing process can be sufficient to induce 
fragmentation. 

Fragmentation upon injection some- 
times may be desirable (52), but it is usu- 
ally desirable to be able to measure the 
mass spectrum of the ions that issue from 

the ion source without contributions from 
processes that occur in the ion trap, such 
as fragmentation or ion/molecule reac- 
tions. Ions are therefore usually injected 
at the lowest well depth possible without 
compromising trapping efficiency. 

Virtually all of the analytical applica- 
tions of ion injection/ion trap MS inject the 
ions into the ion trap volume in which one 
to several millitorr of helium serves as the 
bath gas. This is the simplest approach for 
removing energy from the ions once 
they are in the trapping volume. Under o p  
timum conditions, injection efficiency, 
which is the ion injection component of 
transmission, has been noted as being as 
high as 10% (56). 

More sophisticated methods may al- 

Figure 3. Comparison of 
electrospray mass spectra of 
hematin. 
Spectra are acquired using z-dimension well 
depths of (a) 5 eV, (b) 22 eV, and (c) 49 eV. 
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low for improved ion injection efficiency. 
For example, an injection efficiency of 50% 
for a specific mlz  ion was achieved by ac- 
tively removing ion kinetic energy by use 
of a properly phased signal applied to the 
end caps (57) .  Most analytical applica- 
tions, however, require the simultaneous 
accumulation of ions over a broad range of 
mlz  to capitalize on the duty cycle advan- 
tage of the ion trap. Therefore, significant 
opportunity for improvement remains in 
the area of transmission for ion injection/ 
ion trap experiments. 

The preceding discussion provides 
background for consideration of the mer- 
its of ion trap MS in coiijunction with an 
external ion source relative to a scanning 
beam-type form of mass analysis. Empha- 
sis has been placed primarily on effi- 
ciency. However, a variety of other factors 
can be major considerations, depending 
upon the application. For example, the ion 
trap has  clear advantages over most 
other forms of MS in terms of size, weight, 
and pumping requirements. These advan- 
tages make the ion trap attractive for field 
applications, particularly because the 
performance characteristics of the ion trap 
need not be compromised in a compact 
system. One of the most significant advan- 
tages is the high efficiency obtainable 
with tandem MS experiments (58) by us- 
ing collisional activation via resonance ex- 
citation (59). 

Under favorable conditions, the con- 
version of 100% of the parent ions to prod- 
uct ions can be achieved, although 
10-50% conversions are more typical. The 
analogous conversion in most beam- 
type tandem MS experiments is typically 
1-3 orders of magnitude lower; thus, sig- 
nificant reductions in detection limits 
by use of the ion trap can be anticipated 
in analyses requiring two or more stages 
of MS. 

Perhaps the major drawbacks of the 
ion trap as a mass analyzer relative to 
beam-type analyzers arise from the much 
greater ion densities that can be encoun- 
tered in an ion trap instrument relative to 
those encountered in ion beams in most 
analytical mass spectrometers. High 
number densities of ions of like charge can 
adversely affect the ion trap experiment 
in several ways, such as imposing a limit 
on the number of ions that can be stored, 
thereby limiting the dynamic range. 

Several tactics have been devised to im- 
prove the dynamic range of the ion trap. 
One approach is to vary the ionization 
time, which alters the duty cycle, to keep 
the number of ions in the ion trap within 
an optimal range. Some commercial sys- 
tems can perform this procedure in an 
automated fashion-called “automatic 
gain control” for electron ionization and 
“automatic reaction control” for chemical 
ionization (60). The former technique var- 
ies the electron ionization time, and the 
latter varies the ionlmolecule reaction 
time. Mass-selective ion accumulation 
methods are also important tools for ex- 
tending the dynamic range for ions of rela- 
tively low abundance (43,44). 

The presence of nearby ions of like 
charge affects the electric field seen by an 
ion, altering the ion’s frequencies of mo- 
tion. High ion number densities both 
broaden and shift the distribution of fre- 
quencies (39). Because resonance ejec- 
tion and mass-selective instability eject 
ions on the basis of their frequencies, both 
mass resolution and mass accuracy can 
be affected by space charge. The ion trap 
can provide remarkably high mass resolu- 
tion (22,45-48) and has been shown to 
provide mass accuracies of 0.005% using 
internal standards (61). However, much 
more care must be taken to control the 
number of ions involved to achieve the 
high performance that is necessary in 
most other forms of MS. Part 2 of this se- 
ries will review the work that combines 
high-pressure ionization methods with 
the quadrupole ion trap. 
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