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Abstract

The mass selective axial instability mode without a light buffer gas for a three dimensional ion trap was investigated. This
technique is different from the well-known “mass selective axial instability mode” and based on radial injection of an ionizing
electron beam into the analyzer without a light buffer gas. The influence of the axial dimensions of the ionization region, the
range of initial phase of ionization, and the scan speed on the features of the analyzer is obtained from the numeric:
simulations. It is shown that the presence of a light buffer gas decreases the maximum resolution that can be achieved in tf
mode. We present here experimental results and mass spectra of different organic compounds obtained with the ion tr:
operated in the mass selective instability mode without a light buffer gas. (Int J Mass Spectrom 190/191 (1999) 103-111
© 1999 Elsevier Science B.V.

Keywords:Quadrupole ion trap; Mass spectrometry; Mass selective axial instability; Buffer gas; Radial electron injection

1. Introduction consists of three hyperbolic electrodes: a ring and two
endcaps. Injection of the ionizing electron beam is
Since 1990 ion traps have become the most popu- carried out along the longitudinal axis of the analyzer,
lar mass detectors for gas chromatography [1] and and all devices operate in the presence of significant
successfully compete with the previously dominant background pressure from a light buffer gas (up to
quadrupole mass filters [2]. This was first caused by a 102 Torr) of helium that “cools” the kinetic energy
new operational mode called the “mass selective axial of the analyzed particles. The first works have shown
instability mode” [3]. A great number of original that a light buffer gas considerably improves analyt-
works concerning the practical implementations of ical performance (i.e. resolution, sensitivity) of the
this mode and its improvements have been presented.ion trap operating in the mass selective axial instabil-
A superlative review was published by March et al. ity mode [3,5].
[1,4]. From our point of view, a light buffer gas and axial
All these publications describe mass spectrometers injection of electron beam limit the parameters of ion
differing in design or operation modes, but the com- traps and areas of their applications. This can be
mon base for all of them is an electrode system that explained by the following factors: (1) the main
working parameters of an analyzer (resolution and
S . . sensitivity) depend on the background pressure of the
* Corresponding author. E-mail: sheretov@eac.ryazan.su .
Dedicated to J.F.J. Todd and R.E. March in recognition of their buffer gas and therefore, the helium pressure should
original contributions to quadrupole ion trap mass spectrometry.  be stabilized [5,6]; (2) sensitivity and dynamic range
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are limited by the space charge of the trapped ions, of different polarity with a given amplitude and

and the presence of helium buffer gas atoms with duration. The following assumptions were made: (1)
concentrations exceeding the concentration of partic- the electrode system of the ion trap is axially sym-
ular components of the analyzed ions increases themetric and consists of a ring and two endcap elec-

problem; (3) axial injection of an electron beam
requires a preliminary phase of collisional focusing of
the ion cloud, which limits maximum mass scan rate.
The necessity of a light buffer gas in the case of the
mass-selective axial instability mode is caused by
features of the ionization process, and, in particular,
by axial injection of the electron beam. The ions are
formed with a large spread of initial coordinates along
the z axis. In order to achieve high analytical perfor-

trodes with a hyperbolic profile; characteristic dimen-
sions of the electrode systems ageandd, wherer,

is the minimum distance between the electrode system
center and the ring electrode, adds the minimum
distance between the electrode system center and one
endcap (in this case we takg = d); (2) the electric

field within the analyzer is ideal; (3) the dimensions of
the ionization region normalized to the characteristic
dimensions, and d, respectively, were:«{1.0-1.0)

mance they must be compressed to the electrodealong ther coordinate, and-{0.01-0.01) along the

system center (the precursory stage of collisional
cooling of the trapped ions) [5].

Another (radial) manner of ionizing electron beam
injection has been reported [7-9]. We successfully

used this technique for hyperboloid mass spectrome-

coordinate; (4) all ions have uniform distribution of
initial velocities within the range of mean-square
thermal velocity corresponding fb = 500 K.

The region of initial localization was uniformly
filled with a number of ions, a quantity of which was

ters in space exploration [10] and for other purposes determined by a particular dynamic range. For each

[11].

For the ion trap operating in this manner, the
injection of the ionizing electron beam is carried out
through a hole or a narrow slit in the ring electrode.
The center of this hole lies in the saddle point of the
hyperboloid generating line. As a result, almost all the
trapped ions are localized in the vicinity of the center,
and have small initiaz coordinates, so there is no
necessity in the precursory stage for a collisional
focusing of the trapped ions. Thus, the use of radial
injection of the electron beam in the mass selective
instability mode completely obviates the need for a
light buffer gas.

2. Computer simulation of the mass selective
instability mode without a light buffer gas

In order to estimate the effectiveness of this mode

ion we calculated its trajectory and path length, taking
into account the possible collisions. Trajectories of
ions were defined by the Hill equation. A period of
time between interactions depending on an ion energy
was approximately determined either by a constant
free path or a constant drift time (in the case of a
polarization scattering). We also assumed that in the
system of inertia center the scattering of interacting
particles is isotropic. Scattering angles were taken
randomly. Velocities of neutral molecules before each
interaction were equal to the thermal ones; their
directions were also taken randomly.

The simulations showed that a mass peak shape
depends significantly on the background pressure of
helium. This corresponds to the results that were
reported by Goeringer et al. [12]. Mass peaksrif
200 Da for different background pressures of a light
buffer gas withm/z4 Da are presented in Fig. 1. The
scan line corresponds & = 0 (no dc voltage). The

we have conducted computer simulations of the massinitial working point of the ions on the stability

selective instability mode without a light buffer gas.
For this purpose we studied the ion trap operated with
a working pulse signal and a phase injection of an

electron beam. A mass scan was performed by vary-

diagram wasy, = 0.34. This value ofy, corresponds
to the working rf signal in the shape of rectangular
pulses of different polarity. The edge of the stability
boundary wasg, = 0.356 (3, = 1). The values of

ing frequency. The rf signal is a sequence of impulses parameters; andg; correspond to parameteasandq
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Fig. 1. Mass peak shape of/z200 Da as a function of background pressure of a light buffer ges4 Da) obtained in the mass selective
instability mode ¥, = 2 X 10%): 1—helium pressure of I Torr; 2—helium pressure of 1¢ Torr.

in the Mathieu equation. For these new parameters the A mass scan was performed by discrete changing
ac componentU_ of the working signal can be of the rf frequency. The frequency was changed every
described in the following form: 16 periods with a specified step that defined the
relative changing of the working poing (V4 =

U= (AU + |aUz]r2, @) Aqgi/q;) on the stability diagram. The buffer gas causes
and the dc componert_: “diffusion” of the mass peak (Fig. 1), and, respec-
tively, decreases mass resolution. We should remem-
_ [AU4|t; — AU, ) ber that the calculation we have conducted implies
- i+t ' that ions were created with smaltoordinates within

a narrow region close to the origin. This important
between the ring and endcap electrodes during the result can be illustrated by the data presented in Table

positive and the negative pulses, respectively; gnd 1. The third column of this table corresponds to the

andt, are the positive pulse duration and the negative peaks presented in Fig. 1. It can be seen from Tabl.e 1
pulse duration, respectively. We use a signal with Fhat'the mfluence.of the buffer gas on mass resolution
t = t. We takeAU. = AU. in order to fulfill the is different for different scan speed. For the scan
i * z speedV, = 2 X 10 * and the helium pressure of

10 ® Torr, a resolution of 3846 was achieved; and for

where AU, and AU, are the potential differences

conditionag; = 0.

lons were created around the optimal phase of the
first kind for ther coordinate. This allows maximum
amounts of ions to be stored. The optimal phase of the Table 1
first kind is the phase of ion formation for which Resolutlop defined at level 9.5 from a peak height as a function

. « - . of the helium pressure for different values \éf

coordinates of the “stable” ions created with zero
velocities do not exceed their initial coordinates pregsyre. RESOUtON B relative units

within the confinement time (parameters of the rf field Torr V,=16x102 V,=8X 10" V,=2x 10"
are kept constant). This phase corresponds to the middle;y-s 143 833 3846
of the pulse when ions are focused along the given 107 125 500 1667
coordinate. The middle of the opposite pulse (defo- 10" 111 392 1250

03 111 339 192

cusing pulse) is the optimal phase of the second kind.
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Fig. 2. The dependence of resolution on axial dimensions of the ionization region (normalized to the axial dimefgtmmion trap) for
ionization during the optimal phase of the first kind. Resolution was defined at the following levels: 1—at le¥e2-4aat level 102 3—at
level 10 % 4—at level 10°©.

the pressure of 10 Torr, resolution was about 10  correspond to the optimal phases of the first and the
times less. At the same time, when the buffer gas second kinds. Small drift of a maximum point from the
pressure is increased by the same value for the scanmiddle of pulses can be explained by the phase features
speedV, = 1.6 X 102 resolution is decreased by of ion trajectories. When we take integral dependence of
22% only. We note, however, that maximum resolu- resolution on ionization pulse duration we obtain a
tion is decreased (from 3846 to 143). Thus, it follows matching of the maximum point and the middle of
from the obtained simulation results that there is a ionization pulse that, in turn, corresponds to the optimal
possibility to implement the mass selective instability phase of the first kind for the coordinate (Fig. 4).
mode without a light buffer gas. In the mass selective instability mode, resolution

One of the basic problems was to define ionization depends on the velocity of the working point ap-
region dimensions that give the needed resolution for proaching to the “separation” boundary. Therefore, in
a given working point, an ionization phase, and a scan order to achieve the needed resolution it is very
speed. The values of mass resolution at varying levels important to define the appropriate ejection/detection
from 10 110 ® were defined. Resolution as a function speed.
of axial dimension of the ionization region is shown in In the case when mass scan is carried out by
Fig. 2. The ionizing electron beam was injected during changing the frequendy it is necessary to define the
the optimal phase of the first kind for thecoordinate. dependence of a relative change of the frequeXidy
We see that the broadening of the ionizing electron and the period of its changing. on the mass of the
beam sharply decreases resolution. This requires onedetected ionsM. This value of M determines the
to design an electron source forming a very narrow minimal allowed resolutiorR. The value ofN; is
beam with minimal thickness in thedirection. defined in periods of the rf field.

The values of resolution at levels from 18-10° In order to investigate the influence of the scan
as a function of different ionization phase are dem- speed on resolution in the mass selective instability
onstrated in Fig. 3 for a constant electron beam mode without a light buffer gas we calculated reso-
thickness (0.0d). Maximum points of these functions lution R, ; (resolution at the level of 0.1 from a peak
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Fig. 3. The dependence of resolution on initial phase of ion formation. Resolution was defined at the following levels: 1—aft te2el-40
level 10 %, 3—at level 10°2.

height) for different initial working points on the scan relative change of the frequenayf/f for a constant
line & = 0. From the conducted simulations we value ofN.. We have found that this dependence can
defined the dependence of the resolutigy, on the be described in the following form:
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Fig. 4. The dependence of resolution on ionization pulse duration: 1—resolution at leVel2t8resolution at level 10%; 3—resolution at
level 103, 4—resolution at level 10°.
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Table 2

The sorting time and the average scan speed calculated from Eq. R
® (0
Y W)
Mass range,  Sorting time, Average scan speed, - ! EE L
Da us Das? :Eg
q
1 10-30 4236 47169 N
2 30-90 3446.1 17 411 2 5k
3 90-270 31362.3 5740 O | I 3
4 270-700 206606.8 2081 o
9 A4 >
d 4
Af C 3 ik
- = ).
f NC MP ( ) EE
¢
whereM is the ion mass corresponding to the working &
point lying on the boundary of the stability diagram X 2
.. . %W \’\,\
and defining the needed resolutiBy, = 1M; andC ¥ o

and p are coefficients. In the case when ions are
Cre?‘ted by the_ lonizing electron b_eam .((H(Ihlck) Fig. 5. Electrode system of the ion trap with radial injection of the
during the optimal phase of the first kind for the ionizing electron beam: 1—the ring electrode; 2, 3—the endcap
coordinate the values of coefficier@sandp are equal electrodes; 4—the ionizing electron beam.
to 0.57 and 1.5385, respectively.
From Eq. (3) we can obtain an average scan speed,
frequency, and an average sorting time. The values of €/ectron beam was injected through the 0.3 mm thick
these parameters for the frequency range (0_0965_(0.0081 thick) narrow slit in the ring electrode. The
0.8225) MHz, the rf voltage of 400 V peak to peak, sorted ions were ejected through a shaped grid (with
electrode system dimensions= d = 19 mm, mass  transparency of 40% and radius of )5in one of the
range of (10-700) Da, and scan line locatety; = endcaps. A vacuum chamber was pumped with a 160
0 are presented in Table 2. The total scan time for the L/min turbomolecular pump. The vacuum chamber
whole mass spectrum of (10—700) Da is 0.241 s, and and the electrode system were heated to 200 °C.
the average scan speed is 2903 D& s An rf pulse of 400 V peak to peak (positive
It follows from the simulations by using Eq. (3) polarity) with pulse period-to-pulse duration ratio of 2
that in the mass selective instability mode without the Was applied to the endcap electrodes, and a constant
buffer gas the needed resolution (upRg, = 800) voltage changing from 180—-250 V was applied to the
can be achieved when the rf signal with a small dc ring electrode. Operation of the ion trap without a dc
potential (positive or negative) is applied to the potential & = 0) corresponds to a constant voltage of

electrodes. This small dc potential changes the value 200 V applied to the ring electrode.
of ratio a;/g; by only +0.1. The potential of the ring electrode used in the

experiment was slightly less than 200 V. This small

negative potential bias corresponds to the value of
3. Experimental study of the mass selective a/q; = 0.1 and does not affect the peak shape, but
instability mode without a light buffer gas decreases the noise content considerably. Besides, it

follows from the conducted simulations that opera-

Experimental investigation of the mass selective tional parameters of the ion trap with a small dc

instability mode without a buffer gas was carried out potential in the mass selective instability mode with-
by using the ion trap, the electrode system of which is out a buffer gas corresponds to the parameters of the
shown in Fig. 5 @ = r, = 19 mm). The ionizing ion trap without any dc potential. This allows one to
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Fig. 6. Timing sequence for the operation of the ion trap in the mass selective instability mode without a light buffer gas.

compare the results obtained from experiments and frequency of the rf signal every 16 periods (A-B, B-C,
simulations. C-D steps, etc.). The output ion signal was read before
The timing sequence for the operation of the ion the frequency changing. In order to prevent axially
trap in the mass selective instability mode is shown in unstable ions of low mass with a mass different from
Fig. 6, whereU; is the ionization pulsel, is the the preset mass-to-charge ratio from being registered,
potential of the endcap electrodés, is the potential the gating of the detection system was delayed (A-B
of the ring electrode, antl, is a detection system step).
driving voltage. lonization of the analyzed particles Experimental results of the mass selective instabil-
was performed by four pulses (O-A interval of the ity mode without a buffer gas are presented in Fig. 7
scan function). The duration of each pulse is equal to and 8. A part of the mass spectrum obtained in the
half of an rf period. The potential of the endcaps was mass selective instability mode without a light buffer
negative relative to the potential of the ring electrode. gas in the case working volume is filled with an
This ensured additional electron beam compression acetone-benzene-toluene mixture in the proportion
towards the electrode system center. The frequency of1:1:1 under the pressure of 10Torr as shown in Fig.
the working signal was chosen so that the ion trap 7.
confined ions within a little more than the previously The sample pressure was varied in the range from
defined mass range. At the end of the ionization 10 '—10 “ Torr in experiments. It follows from the
process there was no “collisional cooling” stage of the experimental and simulation results that the maximum
trapped ions before the mass selective ion ejection working pressure is about 8 10 ° Torr. When the
began. A mass scan was performed by changing thesample pressure is greater than this value interactions
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Fig. 7. A mass spectrum obtained from head space analysis of an acetone—benzene-toluene mixture for the mass selective instability mc
without a buffer gas.

between the analyzed ions and neutral particles of theof Fig. 7 a part of the mass spectrum containing
sample are increased and this causes the ion scatteringharacteristic toluene peak®fz91 and 92 Da) taken
to increase (“self-divergence”). under the same condition with a 0.1 Da step is shown.
Electron impact ionization was used for the forma- The working parameters of both modes with and
tion of ions. Emission current was 2QA, and without helium in the ion trap were compared accord-
electron energy varied from 85 eV in the electrode ing to characteristic peaks of the carbon tetrachloride
system center (smallcoordinates) to 150 eV near the (CCl,) spectrum corresponding to the iongz 117,
ring electrode. The mass scan within the mass range119, and 121 Da. Spectra areas taken in the mass
of (40-120) Da was performed by changing the selective instability mode with the same analyzer
frequency corresponding to a 0.2 Da step. The aver- without and with helium within an hour interval are
age scan speed was 2000 Da.dn the upright corner  presented in Fig. 8(a) and (b), respectively. In the
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Fig. 8. Characteristic peaks of carbon tetrachloride (@btained in the mass selective instability mode for radial electron beam injection:
a) without helium; and b) in the presence of helium under a pressure d¢f Tidr.
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former case the helium pressure was 4Torr. The mass spectrometers and has good prospects for prac-
dc voltage applied to the ring electrode was main- tical use.
tained at 188 V. Four numbers located near the mass We hope that the results presented will be helpful
peaks represent ion mass, relative signal intensity, andfor researchers who develop mass analyzers based on
resolution defined at the levels 0.5 and 0.1 from a the ion trap and for ion trap users as well.
peak height, respectively.
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