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Abstract

The performance of commercial quadrupole mass spectrometers (QMS) with a number of imperfections, as compared to tt
ideal hyperbolic geometry, has been characterized using the computer simulation psogoamp version 6.0. The analysis
of simulated QMS geometries focuses primarily on modeling of the internal potential, the study of field deviations, and the
influence of finite length on performance of the QMS. The computer simulation of ion trajectories in the QMS field yields
predictions for optimum working conditions and provides estimates for the resolving power and the maximum isotopic
abundance sensitivity. Experimental measurements that confirm these expectations are presented. Optimization of the geomg
and various operational parameters of the QMS is an important step in the development of a system for highly selectivi
ultratrace determination using laser-based resonance ionization mass spectrometry. (Int J Mass Spectrom 181 (1998) 67—
© 1998 Elsevier Science B.V.
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1. Introduction ing performance and applicability, its low cost, and
small size, the quadrupole mass filter has rapidly
Since Paul and Steinwedel [1] first described the become an extraordinarily useful device, nowadays
guadrupole mass spectrometer (QMS) in 1953, many employed as a standard tool for a multitude of
theoretical and experimental papers on the basic applications in analytical chemistry.
characteristics of the device [2—14], computer simu- Our particular field of interest is the utilization of a
lations on the field geometry and the ion motion inside well adapted QMS for resonance ionization mass
the QMS field [15-18], and several reviews as well as spectrometry (RIMS) [24-29]. Here a number of
text books [19-23] have been published on the advantages is expected when using a QMS in respect
subject. Because of its outstanding features concern-to magnetic sector field (MSF) or time of flight (TOF)
instruments: (1) The QMS resolution and abundance
sensitivity drastically surpasses the value of TOF
* Corresponding author. systems. (2) Background from residual gas collisions
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is strongly suppressed in comparison to both TOF and
MSF spectrometers. (3) The low acceleration voltage
at the ionization region of a QMS is well suited to the
requirements of narrowband cw laser resonance ion-
ization. (4) Rapid switching between masses without
magnetic hysteresis, even allowing transmission of an
extended or unlimited mass range, is possible only in
the QMS. (5) Finally the small size and price of a
QMS favours its use.

Because of these specialized features the success
ful application of a QMS in a setup dedicated to
provide extremely high isobaric and isotopic selectiv-
ity is expected by combination with multistep cw
resonance ionization on a thermal atomic beam. Pres-
ently a bench-scale system is under development in
our laboratory for selective ultratrace determination of
rare stable and long-lived radioactive isotopes
[29,30]. The most demanding application foreseen is
“ICa-determination for radiodating, where isotopic
selectivity of greater than 18 and an overall effi-
ciency approaching 1IG are required [31]. Here
RIMS with a QMS is expected to become a comple-

mentary technique to accelerator mass spectrometry

(AMS) [32]. While the characteristics of the laser-
based ionization process have been discussed else
where [25,33,34], in this article the QMS is analyzed
in detail with respect to optimize its basic character-
istics of resolution, isotopic abundance sensitivity,
and background. In addition to the relevance for the
device to RIMS, the investigations are furthermore
motivated by the fact that recently serious deficiencies
in the performance of commercial QMS systems as
compared to ideal expectations were reported [12].
Following a brief outline of the basic theory for the
QMS the main part of this work presents the analysis
of the characteristics for two different commercially
available quadrupole mass filter designs, both are
using circular rods of comparable dimensions, and
compares them to the ideal hyperbolic QMS geome-
try. To estimate the performance of the circular rod
QMS, the computer simulation packagevion 3p
version 6.0 has been used, which allows full three-
dimensional spatial, as well as frequency and phase
sensitive, time-dependent simulations of ion motion
inside given electric and magnetic fields [35]. The
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Table 1
Characteristics of the commercial quadrupole mass spectrometer
used in the simulations and experiments

QMS characteristics Dimensions

Circular rods, radius
Free field radius
Four grounded stabilizer rods

ro = 8.33 mm
R =1.127r, = 9.39 mm
lstap = 2.38 mm at2.28r, =

on the 45° axes, radius, 19.05 mm
location
Grounded housing, internal  rgiqq = 4.271, = 35.57 mm
radius
Length of rod system = 210 mm
Radiofrequency v = 2.9 MHz
Upper mass limit 64 u

simulation package provides flexible input to address
a variety of applications: Potential distributions, ion
motion, and transmission efficiency for ions on both
stable and unstable trajectories can be estimated. The
latter determines the isotopic abundance sensitivity
achievable and is evaluated as a function of various
operating conditions. In addition, the accepted extrac-
tion volume of the ion source, respectively the laser
ionization region and the optimum entrance condi-
tions for the ions are derived. The second part of this
paper discusses experimental results obtained on a
commercial QMS system (ABB Extrel, Pittsburgh,
USA, model MEXM 64). Details of the QMS geom-
etry and operating characteristics are given in Table 1.
Measurements were performed with a standard
crossed-beam electron impact ion source, and isotopic
abundance sensitivity as well as resolution have been
extracted and are compared to the computer simula-
tions. During these studies, most of the experimental
work was carried out in the mass range of calcium (39
and 49 u), as calcium is an ideal test element with six
stable isotopes ranging in abundance from 97% for
49Ca down to 32 ppm fot°Ca. Natural abundances of
all stable calcium isotopes are given in Table 2 [36].
In addition to the stable isotopes, the long-lived
radionuclide*'Ca (,,, = 1.03 X 10° a [37]) is
included, which is formed in cosmic ray interactions
(thermal neutron capture b§°Ca) at the earth’s
surface with estimated isotopic abundance ofx8
10 *°[38].
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Table 2 to three-dimensional quadrupole traps is reviewed,
Isotope abundances in naturally occurring calcium (from [36]) e.g. by March et al. [23]. The geometry of a QMS
A Abundances (atom %)  with circular cross-section electrodes is shown in Fig.
40 96.982 (6) 1, with the two-dimensional inset indicating the po-
41 8x 10713 larity of the static (dc) potential used throughout this
jg 8'?‘2‘5 ‘113 E‘z‘; work: positive dc potential is applied to the two poles
44 2.0567 (1) in the horizontak-direction, while negative dc poten-
46 0.003 122 (6) tial (of equal magnitude) is applied to the two poles in
48 0.182 49 (5) the verticaly-direction.

For mass analysis both a static electric (dc) poten-
2. Theory tial and an alternating (ac) potential in the rf range are

applied to the electrodes of the QMS. The relative
amplitudes of the dc and ac potentials control the

An ideal quadrupolar geometry is formed by four bility of th tom t it : b
hyperbolic electrodes of infinite length with two abifily ot the System 1o mass IItera low energy beam
of ions travelling along the-axis. Assuming ideal-

perpendicular zero-potential planes that lie between | ) 2 - _
the electrodes and intersect along the center-line !Ze_d field condltlon§ within t.he ;tructure, With \{an-
z-axis. As early as 1954, studying the magnetic |S_h|ﬂg c.omponent.m j[hez direction, the potential
guadrupole, Dayton et al. [39] discussed the possibil- distribution®(r, t) is given by

ity of replacing the hyperbolic electrodes by ones with (X2 y 2)

circular cross section. This approach was adopted by P(r, ) = ®g(t) —5— (1)
Paul, Reinhard and von Zahn [3] for the electrostatic "o

quadrupole. The detailed theory of this quadrupole and

mass filter was later developed by Brubaker [6], and _

an exemplary textbook describing the advantages, asq)O(t) = U+ Vcosot) 2)
well as shortcomings, of the device has been written whereU is the amplitude of the static dc potential and
by Dawson [22]. The further development from linear V is the amplitude of the rf potential, which oscillates

aperture

L é 1 detector

mass resolved
ion beam

y

z
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“¢’n i ro
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ion source
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Fig. 1. Schematic diagram of the typical QMS consisting of ion source, rod system, and detector. The inlay denotes the polarity of the d
potentiald, with respect to the cartesian coordinaxeandy, the free field radius,, and the rod radiug.
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Fig. 2. First Mathieu stability region in the( q)-plane. Regions of stability and instability are labelled, the position of the apex and a typical

mass scan line are given.

with angular frequencyw = 2mv. In case of a
perfectly hyperbolic QMS geometry the radiysis

defined by the circle tangential to the four hyperbolic

the x—y plane contain either a strictly growing expo-
nential factor or an oscillatory term of finite radial
extent, depending on the ion mass Mathieu’s

electrodes, and is known as the free field radius. The stability diagram for the 4, q)-plane, as shown in

first two Cartesian coordinatesandy, are as shown
in Fig. 1. The potential (1) satisfies the Laplace
equationV?® = 0 and is invariant in the direction.

Fig. 2, illustrates the manner in which the filter is
operated. The Mathieu equation solutions are charac-
terized as being stable or unstable. For the sake of

A single ion passing through the device undergoes a clarity only the first region of stability is considered in

motion that is a solution of Mathieu’s equations [40]

2

u
ae +[a, — 29, cos(28)Ju=0 (3)
where ¢ = ot/2 and u represents thex or y
displacement of the ion in two distinct equations; one
for each dimension. The parametexs and q, are
related to the potentiald andV by:

8eU
Q= &= Tay = mraw?
4eV
qu:qx:_qyzm (4)

wherem is the ion mass anéthe elementary charge.
In this work only singly charged ions are considered.
The solutions of Mathieu’s equations for motion in

this work; discussion of other regions of stability can
be found in [13,14,22]. With proper choice@findq,

or U andV, respectively, somewhere in the shaded
stable region, ions of a correspondinghave stable
trajectories, i.e. they oscillate around thexis with
finite amplitude and ultimately emerge from the end
of the mass filter. Forg, g)-values outside this stable
region, i.e. ions with lower or higher masses, the ion
motion is unstable, either in thedirection, in they
direction, or in both; hence, the ions steadily move
away from thez axis during oscillation and ultimately
strike the electrodes being removed. Fig. 3 presents
typical stable ion trajectories in the andy-coordi-
nate calculated forg, q)-parameters of (0.23, 0.706)
near the apex of the stability region. The entrance
parameters werg = y = 0.5 mm off-axis, starting
angle 0°, and phase angle (relative to the rf-field) of
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Fig. 3. Projection of a 3D trajectory simulation of a stable ion ontoxthandy-coordinate. The macro- and the micro-oscillations in the ion

motion are clearly visible.

0°. It should be noted that even though the ion enters rods with circular cross section, rather than the ideal

the QMS field very close to the axis, the maximum
oscillation amplitude is~8 mm, more than 15 times

hyperbolic cross section, dramatically simplifies fab-
rication and mounting of the system and is standard

the starting parameter and reaches the full free field for commercial designs. Field errors caused by this
radius, i.e. the distance to the electrodes. Operating substitution are generally reduced by optimizing the

under conditions of near critical stability, such as
those considered here, only ions with a very small
entrance deviation have oscillation amplitudes suffi-
ciently small to be transmitted through the QMS.
Simultaneously scanning the amplitudeslbfand V
along a “mass scan line” of fixed ratio &f/V =
a/2q, as indicated in Fig. 2, gives the mass spectrum.
Alternatively, the mass spectrum could also be ob-
tained by variation of the radiofrequeneywith fixed
amplitudes oU andV, however, this is very uncom-
mon in practice because of instrumental complica-
tions.

The construction of QMS filters using electrode

rod radius with respect to the free field radius. Paul
and other authors have presented elaborate analytical,
semi-analytical and numerical calculations that
yielded approximations for optimizing operating pa-
rameters and performance of a QMS with circular
cross-section electrodes [3,9,10,12,22]. More re-
cently, computer simulations and theoretical studies
have been used to obtain precise information about
the behavior of the QMS [13-18].

The potential distribution in the-y plane of the
guadrupole with circular rods can be expressed as an
infinite multipole expansion, written in cylindrical
coordinates [9] as:
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oo r m
d(r,t) = [U + Vcodwt)] D, Cm<) cogmo)
m=0 ro
(5)

wheref = arctanfy/x). Terms containing ™ do not
appear, becaus®(r) = 0 must be satisfied on the
axis. Eqg. (5) is also a solution of Laplace’s equation.
In case of perfect fourfold symmetry where all four
rods have identical radiuR and are located pre-
cisely at distance, from the z axis, the potential
changes sign when changes by+#/2. Thus, the
condition

cofm3)

must be fulfilled, which implies that the expression
for the potential contains only terms with = 2, 6,
10, 14, ..., or written in generalized form

-1

(6)

o r\2@n+D
®(r, t) = [U + Vcodwt)] > C“(r )
n=0 0

X cod2(2n + 1)6] (7)

The first term in this multipole expansion is the
guadrupole term, the second is a 12-pole term, the
third is a 20-pole term, etc. To derive the equations of
motion, relation (7) must be differentiated. In rectan-
gular coordinates the solutions are:

d?x >
—=—[a+ 2qcog2¢)] D Cy2n+1)

dg n=0
«

2 2

Xty
7

2n
) X {x cod2(2n + 1)6]

+ ysin2(2n + 1)60]} (8)
dZy )
T —[a+ 2q X cog2¢)] >, C(2n + 1)
n=0
2 2\ 2n
x (X :Sy ) x {y cog2(2n + 1)6]
—xsin2(2n + 1)60]} (9)
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whereé¢, a andq are as given above for Eq. (3) and
(4). It is of value to note that the quadrupole term
(n = 0) for each equation depends only on a single
coordinate rather than on bothandy. In contrast,
higher multipole terms of Egs. (8) and (9) are related
to both coordinatex andy. Thus, in a quadrupole
structure with circular electrodes, the components of
the ion motion in thex andy direction are no longer
independent but coupled by higher order field com-
ponents. The best approximation to a pure quadrupo-
lar potential is the choice of electrode radiRssuch
thatC, = 0 to remove the 12-pole contributions. The
technique of determining the values of the coefficients
C,, as a function of electrode radius is given in [9].
Dayton et al. [39] were first to empirically determine
the optimum radius of the circular electrodes to be
Ropt = 1.148r,. Unfortunately, the paper by Paul et
al. [3] misquoted Dayton by givingR,,; = 1.161,

and many authors have subsequently used this slightly
wrong value in referring to [3]. In practice, the
guadrupole rods are mounted within a grounded
housing, which is only slightly larger than the elec-
trode structure itself, and thus contributes to the
potential distribution. Being radially symmetric, this
contribution has only little influence on the optimum
rod size but strongly increases the electric field
gradient close to the two 45° planes between the rods
[9]. In 1971 Lee-Whiting et al. [10] published a
refined value ofR,,, = 1.145 11r,, obtained by
semianalytical calculations. With this value, the first
nonvanishing perturbing term in Eq. (7) is that with
n = 2, the 20-pole term. This contribution (and that
of higher order terms) is negligible near th@xis of

the quadrupole, but becomes significant in close
vicinity to the rods. A consequence of these higher
multipole orders is the appearance of nonlinear reso-
nances, or so-called stop-bands. These effects are well
known in quadrupole ion traps [23,41], where they
have been subject of detailed investigations recently
[41-43]. In linear QMS they may lead to reduction of
transmission for certain values ad,(q) and impose
structure on the peak shapes observed in mass spectra
[5,22]. However, only minor effects are expected in
the QMS designs considered here which will be
discussed in a forthcoming paper.
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A dominant limitation of a laboratory QMS, as 0.126 0.126
compared to an idealized geometry, is the finite length R~ 0.16784— U/V _ (0.16784— ) + &IV
of the rods. To obtain a high level of mass selection, (13)

V|rtual.ly all ions W'th incorrect value ofm must The resolution can be varied via the ratidV, i.e. the
experience a sufficiently strong transversal accelera- slope of the mass scan line, measured in fractions of
tion and must remain in the field long enough to be e factor0.167 84= ao/2q,. Experimentally, this

rejected. Paul et al. [3] postulated a simple relation- ig ysyally accomplished by adjustment of the relation
Sh|p between the maximum achievable reSOIVing U = v VvV — 8’ where the operating parametgr

power R, and the number of rf-cycleBl experi-  controls the resolution and the parameiés an added
enced by the ions while traversing the device: dc offset. Ford = 0, constant/Am resolution mode is
R o= MAM ~ N¥12.25 (10) obtained. Approaching the value b’V = 0.16 784,

corresponding to a mass scan line slope of 1, would
where Am is the full width at half maximum Yyield highest mass resolution, limited by Eq. (12) for real
(FWHM). This guess is supposed to be valid for systems. With the choice of = 0.167 84 and # O,
reasonable transmission and has been confirmed by ahe resolutionm/Am becomes proportional tW and
number of other works (see e.g. [22] and references hence also proportional to. This is the condition for
therein). It is based on the fact that in a high- 2 constantAm mode, where the width of the trans-
resolution mode the mass scan line lies very close to Mittéd mass peak is constant and independent of the
the apex of the stability diagram and the micro- Massm. In practice, a QMS is normally operated
oscillation of the ion in they direction is almost ~ SOMewhere between these two modes and often even
synchronous to the rf field frequenay The number a variation in the ratidJ/V is performed during a mass

of f cycles can be increased by decreasing the axial scan to correct for mass discrimination effects [22].
velocity of the ions, increasing, and/or increasing
the rod length. Thus:

3. Simulations
N = vt = vL{m/2E (11)

For a QMS of a given length this sets an upper limit ~ 3-1. Program description and procedure
on the maximum axial ion energy,, ., for a given

resolutiond, ., To predict the performance of different QMS-

designs in this work, the software packag@ion 3p

R max= 0.0426.2 vir:MY/ Emax.ev (12) version 6.0 [35] was useduion 30 is a PC-based ion
trajectory tracing tool designed to model ion optics
problems within three-dimensional (3D) electrostatic
and/or magnetic potential arrays. The specific method
used by thesivion routines to solve the Laplace
achievediya, > 1000 at mass number 40 using the g4 ation is a finite difference technique called over
operating parameters given in Table 1 requires rg|axation. To simulate time-dependent devices, such
Emax < 6 €V. as a radiofrequency driven quadrupole electrode

Well below the limiting condition of (12), the mass  structure, simion 3p allows the incorporation of real-
resolution is determined from the experimental set- time user programs. Corresponding subroutines were
tings using the relations of an ideal, infinitely long written by us providing flexible variation and control
QMS, derived from the two points where the mass of the major input parameters: dc voltage, rf voltage,
scan line intersects the stability curve. This value is radiofrequency and rf phase, ion mass and initial
given by the simple analytical expression [3] energy, starting point, velocity, and initial angle. We

Thus, maximizingh for a given QMS length implies
the choice of a high radiofrequency and an ion
entrance energy as low as possible. For example, to
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Fig. 4. Schematic diagram of the electron impact ion source with equipotential contour lines for typical working conditions.

have treated the three major parts of the quadrupole 4 shows the geometry of the standard crossed-beam

mass filter system individually, each in a fully three-

dimensional representation and calculation: (1) the
ionization region and entrance ion optics, (2) the
guadrupole region itself and (3) the detector region. In
this way, maximum resolution in the potential arrays
and the resulting ion trajectories was achieved.
Choosing large overlaps of up to 25% between the
different 3D potential arrays ensured that the interac-
tions of the different potentials and influences from

fringing fields on ion trajectories were properly taken

into account.

3.2. lon source

electron impact ion source that was modelled, includ-
ing (1) the filament and the resulting electron beam
passing through the ionization region, (2) the extrac-
tion electrode for the positive ions, (3) three lenses for
collimating and focussing, and (4) an entrance lens for
fringing field compensation. The electron beam of
about 1 mA current is directed vertically, perpendic-
ular to the trajectories of the ions. Space charge
effects have been considered, but give only minor
contributions. Fig. 4 also shows potential contour
lines for typical optimized working conditions of the
ion source and ion optics settings. Using the potentials
shown as labels in Fig. 4, the ionization volume, from
which ions are extracted by the ion optics and

The acceptance of the QMS was determined by a subsequently accepted by the QMS without signifi-

dynamical 3D simulation of the ion source and
entrance optics, including the first part of the QMS
rods. This calculation yielded the size and location of
the ion source volume from which ions are extracted
and successfully transmitted into the QMS, giving
predictions for the optimum entrance conditions. Fig.

cant transmission losses, was determined. This vol-
ume is well approximated by a cylinder of 2.9 mm
diameter and 4.8 mm length in the middle of the
ionization region. Because the low initial (thermal)
velocities of the entering atoms compared to the
acceleration of 5-15 eV, the ions form a nearly
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parallel beam at the QMS entrance plane. Figs. 5(a) Figs. 6(a) and 7(a) show a set of equipotential lines
and (b) show the corresponding ion source emittance resulting for the electrode structure of two commer-
in phase space, which is indicated by the shaded cially available QMS types, both with circular rods.
ellipse connecting maximum radial parameters and The quadrupole designs differ in the choice of the
angles in the entrance plane. Because of the fringing ratio of rod radiuRR to free field radius,. Withry =
fields experienced by the ions as they enter the QMS, 8.33 mm inboth cases, the design of Fig. 6(a) has
the accepted entrance angle and beam diameterR = 1.16r,, while the geometry in Fig. 7(a) h&s=
strongly depend on the phase of the rf field. This fact 1.127 r, and includes four additional grounded
results in phase dependent acceptance ellipses, whictstabilizer rods of ¢,,,= 4.76 mm diameter located on
have been calculated for seven different phase anglesthe 45° planes at a radius of 19.05 mm. This geometry
over the range from 0°-180° for botk and y is identical to that described by the parameters given
directions and are included in the figures. The over- in Table 1. In both cases an outer grounded shielding
lapping region of the different acceptance ellipses of cylinder is located omg,iq = 4.27ro, = 35.57 mm.
this particular QMS is well matched to the emittance The contour plots of Figs. 6(b) and 7(b) show the
phase space of the ion source reaching maximum logarithm of the relative potential difference between
values of 5° and 0.6 mm, respectively. The simulation the two circular and an ideal hyperbolic quadrupole
also shows that the ions experience about two rf geometry for an expanded region of one quadrant, as
oscillations within the destabilizing fringing field indicated by the squares in Figs. 6(a) and 7(a). In the
before passing the QMS entrance plane. This value central region, near the quadrupole axis, the relative
gives optimum transmission through the QMS, with- potential deviations in both cases are on the order of
out significant disturbance on the acceptance, as10 . Following increasing in the vicinity of the 45°
predicted by Dawson [22]. Our result also confirms symmetry line, the potential differences pass over a

earlier computer studies by Brubaker [8], who dis-
cussed that influences from fringing fields at the QMS
entrance can be minimized by proper choice of the
ionization volume and strong focussing in the ion
lenses, if sufficiently rapid passage through the fringe
field region is provided.

3.3. Potential distribution inside the QMS

As pointed out in Sec. 2, a QMS with circular rods
but perfect four-fold symmetry will exhibit field
distortions of sixth, tenth .., 2 (?h + 1)-order
according to Eq. (7). To determine the size of these
contributions in comparison to the ideal hyperbolic
field, simon 30 was used to calculate the radial
potential distribution on a 2D grid of 1528 1528
points equally spaced by 5@m over the QMS

narrow saddle-shaped region of nearly perfect approx-
imation of better than 10%, which extends from-0.7

ro at 45° over an angle of=20° down to the rods.
Further out, the potential discrepancy grows rapidly
and reaches more than 10% between the rods. In the
central region ofr < 0.7 r,, deviations are intro-
duced predominantly by the sixth order distortion.
Here, the averaged deviation for the standard design
of Fig. 6(a) is about 3< 10 3. Slightly changing the
ratio of R/r, and adding the stabilizer rods reduces
this quantity by more than a factor of 6, down to less
than 5x 10 . Even over the complete region out to
radiusr, the desired quadrupole potential distribution
in Fig. 7(b) with the stabilizer rod design is still better
by about a factor of 3. In the contour plots for both
designs, lighter shaded areas of worse approximation
are observed near the rods at angles of 18° and 72°

electrode structure. The relative difference between with respect to thex-axis. These are caused by the
the simulated and theoretical values calculated for the potential distortion of tenth order with comparable
ideal hyperbolic potential was less than £pwhich magnitude of about I deviation for both designs,

can be attributed to arithmetic convergence and inter- but with a considerably smaller spatial extent in the
polation error, and is negligible compared to the field stabilizer rod design. It is worthwhile to note that the
distortions observed with circular rod geometries. high resolution in the electrode definition grid of more
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Fig. 5. Emittance ellipses of the ion source (shaded areas), as compared to the overlap of the phase dependent acceptance ellipses of the Q
calculated for 7 rf phases from 0°-180°. ¢ajlirection, (b)y-direction.
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Fig. 6. (a) The potential distribution in a circular cross-section electrode quadrupole with rod rRdit df. 16 r, within a cylinder at zero
potential. (b) Logarithmic contour plot of the relative potential difference between the simulated real and the ideal quadrupole potential for
the marked quadrant indicated in (a).
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Fig. 7. Diagrams similar to those described in Fig. 6(a) and (b), but for a circular cross-section electrode quadrupole with roR radii of
1.127r, and grounded stabilizer rods.
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Table 3
(ag, go)-values of the apexes of the stability diagrams for a theoretical quadrupole field compared with the results Benothes
simulations for three different quadrupole designs

Simulations
Theory Circular,R = 1.127r,
Parameter [22] Hyperbolic Circular,R = 1.16r1, + stabilizer rods
ao 0.236 97 0.2370 0.2384 0.2374
do 0.706 01 0.7060 0.7104 0.7074

than 16 points is required for these calculations to force of a QMS do have an additional influence on the

avoid artifacts caused by inaccurate approximation of ion motion. This is demonstrated in Fig. 8, which

the potential boundaries, i.e. the QMS rods. compares thg-component of a typical ion trajectory
for the ideal and the circular rod QMS. In the circular

3.3.1. Stability diagram geometry, there is a clear reduction in the frequency

The Egs. of motion for the QMS (8) and (9) result of the _|on mac_romotlo_n_, _arlsmg from a I_owered
in stable ion trajectories only for certain valuesaof refocusing force in the vicinity of the rods. This effect

and q, which differ only slightly from those of the leads to a higher probability of finding the ion far off

ideal QMS. To investigate these changes, we deter- axis and thus may lead to reduced transmission.
mined the limits of ion trajectory stability bgmion 3p

simulations for a number of different slopes of the 3.3.2. Resolution

mass scan line close to maximum resolution such that  For sufficiently high slope of the mass scan line,
the uppermost apex of the stability diagram was the finite length of the QMS poses the major limita-
utilized. This analysis was performed applying the tion on the achievable resolution. Fig. 9 shows the
simulation of 3D ion motion inside the QMS for both number of rf cyclesN experienced by a singly
circular geometries as well as the ideal hyperbolic charged ion traversing a QMS of finite length, given
electrodes. Remarkably, the stability diagrams for the as a function of ion entrance enerBy The results are
three different designs appear to be geometrically calculated in two distinct ways: The line results from
indistinguishable, with only very slight shifts afand Eq. (12) together with the experimental parameters of
g to higher values, i.e. towards smaller masses, for L = 21 cm,v = 2.9 MHz andm = 40 u, while the
both circular rod QMS designs. Thad, qp)-values symbols are extracted from tlyedirection oscillation

of the apexes of the stability diagrams, as extracted of the simulated ion trajectory, which is expected to
from the simulations, are listed in Table 3 for the three be governed by the radiofrequency. The excellent
qguadrupole designs together with the direct calcula- agreement confirms the simple relationships given in
tion for the hyperbolic field. The excellent agreement Egs. (10)—(12) as well as lending further confidence to
of the (@y, qp)-value between simulation and theory the simulations. These calculations have been per-
for the hyperbolic quadrupole demonstrates the high formed for all three QMS designs, discussed above,
accuracy of the simulation and gives confidence to the and yield results that are equal within the size of the
results for the other geometries. The deviation of the symbols. Even though the macromotion of the ion
apex values from the theoretical hyperbolic value for depends strongly on the field geometry, with signifi-
the two commercial designs is very small; about 0.7% cant differences for the individual QMS designs, as
for the simple circular rod design and less than 0.2% demonstrated in Fig. 8, the micromotion accurately
using the smalleR/r y-ratio and stabilizer rods. While  tracks the radiofrequency. The curve also illustrates
these shifts in apex values are of little consequence for graphically the importance of low ion entrance energy
practical operation, nonlinearities in the stabilizing for good filter performance. As indicated by the
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Fig. 8. Motion in they-coordinate for ions travelling through a circular rod QMS compared to an ideal hyperbolic field, showing the reduction
in macromotion frequency and increased residence time in the vicinity of the rods.

shaded area, to attain more than 70 rf oscillations, distribution. This is an extremely time and labor
which corresponds to a resolution 68 = 400, consuming procedure and has not yet been performed.
requires ion entrance energies below 15 eV. A some-

what arbitrary lower limit to the range of useful ion o

entrance energies is set at about 5 eV, below which 3-3-3- Abundance sensitivity

unacceptably high transmission losses in the ioniza- 1€ isotopic abundance sensitivity is one of the
tion and entrance region occur. A completely inde- MOStimportant figures of merit for a mass spectrom-
pendent theoretical prediction of the resolution would eter system, particularly if itis to be used f(?r selective
require an extensive choice of starting conditions with Ultratrace measurements such as the envisaged RIMS

full variation of possible spatial, energetic and angular 2PPlications. It describes the ability of the system to
observe a weak peak directly adjacent to a strong

neighboring peak, using the following conceptual

definition: It is the minimum detectable mass peak

height at the desired mags divided by the peak

height of the dominant neighboring massfat- 1 or

A — 1; this is also the reciprocal of the neighboring

mass suppressioB. A more conservative estimate

may be obtained from the relative contribution of an

interfering mas#\ at the intermediate position &f +

1/2 or A — 1/2, respectively. This latter definition

5 10 15 20 25 30 35 40 45 50 has the practical advantage that a valueSaran be
Entrance energy E [eV] measured even when isobaric interferences are

Fig. 9. Calculated (line) and simulated (symbols) relation of rf present at all masses. Furthermore, the neighboring

cycles experienced by the ions as a function of entrance energy. The Mass su_ppressp@ can be treated as a selectiviy
shaded area marks the region of optimized performance. such as is used in optical spectroscopy [44] and other

200

RF cycles N
® N >
o o o
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fields, both written with a positive exponent. The These are then used as the major and minor axes of
determination at the positiona = 1/2, half way ellipses used to estimate the areasMf, ,,, and
between the actual mass peaks, will always strongly M,_,,,. As a further simplification, it is worthwhile
underestimate the actual unit mass separation selec+o recall that tuning to heavier or lighter neighboring
tivity S. However, we shall use this definition in the masses produce instability only in one coordinate,
following discussion to facilitate the comparison of thus the “unstable” transmitted areas are very narrow
simulation with experiment. only in this coordinate, but are essentially identical to
Isotopic abundance sensitivity is obviously depen- the stable mass area in the other coordinate. Thus we
dent on resolution but is even more strongly influ- need only consider the unstable coordinate to obtain
enced by the overall shape of the mass peak, espe+he ratio of “stable” to “unstable” area.
cially in the far reaching wings. Thus it cannot easily Before applying the idea of using acceptance areas
be calculated from the QMS operating parameters. T0 {4 determine selectivity, we must consider the influ-
our knowledge, no theoretical calculations of isotopiCc  ance of the phase of the rf field on the path length of
abundance sensitivity for different QMS designs have he rejected ion. Results are shown in Fig. 10 for the
been performed previously. Our approach to estimat- y,ee QMS designs: hyperbolic field (A), with circular
ing abundance sensitivity is conceptually simple and rods (B) and with additional stabilizer rods (C), all

uses the ion trajectory routine sfuion 3p: The QMS, with standard operating parameters.of 21 cm,r,
set to a given mass numbgy has a known accep-  _ g 33 mm,v = 2.9 MHz, and resolution adjusted to

tqnce m_thex andy coordlnate_ for stable transmls . % = 100. The rf phase variation covers the full range

sion, which can be used to define a (usually) ellipsoi- o o . L )
from 0°-360°, while the initial ion entrance condi-

dal acceptance area denotdd,,,. We then selecta . o

_ . : tions were chosen to bg, = y, = 0.01 mm,E_ .
slope of the mass scan line of sufficiently high value R
such that tuning the QMS to mads+ 1/2 orA — 1/2 = 5 eV, and entrance angle of 0°. The quadrupole was
9 tuned to stability for masg = 39.5 u in Fig. 10(a)

already produces an unstable trajectory for mass -
y'p . ] y and for massA = 40.5 u in Fig. 10(b), and then
For the QMS of finite length, we shall nevertheless . ) .
simulations were performed foA = 40 u. It is

find small but finite aread,, 1, and My_ 4/, In hat the di ded 1 o ¢
close vicinity to the QMS axis where defocussing appa'rent that the |stanc§ nge ed for rgjectlgn ora
heavier mas#\ + 1/2, which is unstable iy [Fig.

forces are too small to cause rejection of ions of . i
“unstable” mas#\ before they reach the detector. The 10(_a)], is generally about tW'Ce_aS long as t.hat f_or one
of lighter massA — 1/2, which is unstable ix [Fig.

ratio of these “unstable” acceptance areabltQ,, IS

then a direct measure of the mass peak suppression att0(b)]. This behavior clearly illustrates the generally
the positionA + 1/2 orA — 1/2 and hence a good observed fact that a QMS provides better suppression

estimate for the isotopic abundance sensitivity. These Of lighter neighboring masses than of heavier ones.

unstable areas can be extracted from &heon 3D Furthermore, the rf phase behavior is distinctly dif-
simulations by calculating ion trajectories of mass  ferent: For thexdirection (lighter mass), the path length
for the QMS tuned to mass, A + 1/2 andA — 1/2 before rejection has only one maximum at phase angle
as a function of the entrance positionsirandy. For ~ 90°, while they direction (heavier mass) exhibits a

all but vanishingly smalk andy starting positions, ~ second maximum at 270°. This fact is related to the
the unstable trajectories terminate in collisions with difference in the micromotion which occurs arounibr

the electrodes. However, the relationship between they and aroundw/2 for x (compare Fig. 3) and is also
starting position and the length of the QMS that is conducive to better rejection of the lighter masses.
traversed before rejection occurs can be extrapolatedBecause of lower rejecting field experienced in the
to the full length of the QMS, and thus determine the circular rod QMS, particularly in the vicinity of the
limiting maximum x or y values that can (just) rods, the distance travelled before rejection is gener-
traverse the complete length without being rejected. ally about 1.4 times greater than in the ideal QMS.
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Fig. 10. Simulated path length before rejection for ions of nfass 40 u on unstable trajectories in the three different QMS designs with

hyperbolic rods (A), circular rodR = 1.16r, (B), and circular rodR = 1.127r, with stabilizer rods (C), as the rf phase varies from
0°-360°. In (a) the quadrupole was tuned to mass 39.5 u (ions-stable and/-unstable) and in (b) to mass 40.5 u (ions enenstable and

y-stable).x, = yo = 0.01 mm;E = 5 eV.

The behavior with the stabilizer rods is improved, but
is still not as good as the ideal hyperbolic geometry.
Continuing with the concept outlined above for

be fit and extrapolated to the full QMS rod length of
210 mm. Small deviations from linearity are attrib-
uted to micromotion of the ions and lead to errors of

estimating the isotopic abundance sensitivity, we then about 5% in the determined slopes. The extrapolation
compute the phase-averaged maximum flight lengths was performed for all three QMS designs and ratios of

for massA with the quadrupole tuned to stability at
massA + 1/2 andA — 1/2, respectively. Simula-
tions were carried out as a function of entrance
parameter in the direction of instabilityx or v,
respectively, for the different QMS designs. Fig. 11
shows the results for ions of mass 40 u with the QMS
tuned to stability for either mass 39.5 u [Fig. 11(a)] or
40.5 u [Fig. 11(b)]. All other conditions were chosen
similar to those given above: Entrance angle of 0°, ion

the maximum accepted “unstable” entrance value to
the known stable entrance area from Sec. 3.2 were
obtained for both the lower and heavier mass side.
These give the neighboring mass suppres§ione.

the reciprocal abundance sensitivities at half-mass
unit separation, as listed in Table 4. The results
computed for suppression of the heavier side of a
given mass peak are generally about three orders of
magnitude better than on the lower mass side. Here

entrance energy 5 eV, mass resolution 100, and calculations for the ideal hyperbolic geometry predict

radiofrequency 2.9 MHz. The simulation covers the
range of entrance parameter from 0.3 mm down to
102 mm, which is limited by themion grid size and

where a maximum flight length of about 100 mm is

values up tdS =~ 1 X 102, while the selectivity to
the lower side reaches values®f~ 9 X 10’. This
again is the well known characteristic of the QMS
with pronounced tailing on the lower side of a mass

reached. As expected from the exponential growth of peak. Values for the different commercial designs are
unstable trajectories, a linear relationship is observed significantly lower in both cases.

in a semilogarithmic representation, which can easily

To evaluate the influence of the experimental
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Table 4

Simulated phase-averaged selectivitiedetermined at

neighboring half mass position for the heavier mass side and the
lighter mass side for the three different quadrupole designs,
compared with experimental results of the instrument described
in Table 1

Selectivity: Selectivity:
QMS-type S=A/(A+ 1/2) S= AI(A - 1/2)
Hyperbolic 1.1 (3)x 10*? 9.1 (1.7)x 10’
Circular,R = 1.16r, 8.2 (1.4)x 10° 4.2 (8)x 10°
Circular,R = 1.127r, 7.4 (1.3)x 10*° 3.5 (7)x 107
+ stabilizer rods
Experiment >1.1 (3)x 10°2 3.8(5)x 10’

@Background limited.

and the strong accelerating potential of up-té kV,
applied to the conversion dynode of the channeltron
detector. The resulting high-energy impact of the ions
striking this dynode is mandatory both for efficient
production of secondary electrons and for the reduc-
tion of mass discrimination effects. The secondary
electrons produced at the conversion dynode are

Fig. 11. Phase-averaged trajectory range before rejection for unsta- aCcelerated to the front end of the channeltron detec-

ble ions (mas#\ = 40) as a function of radial entrance coordinate
in the direction of instability for the three QMS designs with
hyperbolic (A), circularR = 1.16r, (B) and circularR = 1.127

ro rods+ stabilizer rods (C). Entrance enerBy= 5 eV, resolution

% = 100. In (a) the QMS was tuned for stability of mass 39.5 u
(instability iny) and in (b) for stability of mass 40.5 u (instability
in x).

tor by another potential difference of about 2 kV and
subsequently multiplied to form a measurable elec-
tronic pulse. The experimental geometry is given in
Fig. 12. The diagram includes a number of equipo-
tential lines showing the field penetration into the
QMS, which is significant only over a distance of

variables of ion entrance energy and QMS resolution about 1.5 cm. Because of this attractive potential, the
setting, further simulations have been carried out for full circular area of the free field radius is imaged onto

two different ion energiesH = 10 eV andE = 5 eV)
and two different resolution setting®(= 50 and®
= 100). Quantitative results for the selectiviByfor

the hyperbolic QMS on the favorable high mass side

the conversion dynode, excluding any transmission
losses in this section of the apparatus.

are compared in Table 5. The increase in ion entrance Table 5

energy by a factor of 2 leads to a deterioratiorsdfy
about four orders of magnitude, while the reduction in
resolution by a factor of 2 only reduc&sby a factor
of 3-5. The importance of choosing the lowest pos-
sible ion entrance energy is thus clearly worked out.

3.4. Extraction and detection region

The exit region of the QMS is dominated by a
focussing exit lens, set at a potential of abett00 V,

Simulated phase averaged abundance selec®viy half mass
position on the heavier mass side for an ideal quadrupole with
hyperbolic cross-section electrodes for two different ion entrance
energiesE and mass resolutiort8 = m/Am

Entrance energy

E =10 eV E=5eV
Selectivity:
Resolution S = A/(A + 1/2)
50 3.7 (8)x 107 3.0 (9)x 10
100 1.8 (3)x 1C° 1.1 (3)x 10*?
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f/ Fig. 13. Resolved mass doublet in the residual gas spectrum at mass
channeltron 28 u. The fit curve is the sum of two Gaussian profiles.
detector (-2 kV)
-~ _
mm. For the measurements described here, we used the
standard crossed-beam electron impact ion source be-

x-quadrupole rods (+280 V) longing to the QMS, as described in detail in Sec 3.2 and
shown in Fig. 4. As discussed there, the ionization
region is roughly 3 mm in diameter and 5 mm in length

Fig. 12. Simulation of the extraction and detector region of the and is well matched to the acceptance volume of the

QMS with equipotential contour lines calculated for typical work-  QMS. A detailed description of the experimental param-

- 1cm

ing potentials, as indicated. eters of the QMS has already been given (Table 1). lons
transmitted through the quadrupole structure are counted

4. Experimental after detection by the off-axis channeltron particle mul-
tiplier. The entire QMS system consisting of ion source,

4.1. Experimental setup quadrupole mass filter and ion counting is computer

controlled using the commercial Extrel Merlin data

The experimental setup used for characterization acquisition and control electronics. The system is in-
of the QMS was constructed in view of the application stalled in a vacuum chamber, pumped by a turbomo-
of the system for laser resonance ionization mass spec-lecular pump, which provides residual gas pressures in
trometry. Analytical samples are atomized in a cylindri- the range of 10” mbar, even when the graphite crucible
cal graphite crucible. The crucible is coated with pyro- is heated. Additional background gases can be intro-
lytic graphite and has a length of 50 mm, 4.6 mm outer duced into the system through a needle valve.
diameter and~1 mm wall thickness. The longitudinal
cross section is H-shaped, such that the sample is placedt.2. Measurements
at the hottest region in the middle and a self-collimated
beam with full-angle divergence of less than 10° effuses 4.2.1. Mass resolution
out of the 20 mm deep and 2.6 mm wide exit hole. The maximum achievable resolution can be best
Resistive heating is performed by passing a dc current of demonstrated in the resolution of mass doublets with
up to 80 A longitudinally through the crucible. Calcium  small mass difference [45]. A typical mass doublet is
is placed in the crucible as an aqueous solution of cal- found in the analysis of the residual gas composition
cium nitrate. At a temperature of about 12001500 °C at mass number 28, composed of C@t 27.9999 u
calcium is efficiently reduced and evaporated. The dis- and N, at 28.0134 u, with mass differencg® =
tance between crucible exit and ionization regior 20 0.0135 u. Fig. 13 shows the corresponding experi-
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mental measurement, where both contributions are ———

T T T T

Thus, a sum of two Gaussian distributions 10°

I

just resolved with an intermediate valley depth of wjb ———Ca
about 10% of the smaller peak. At the high resolution 0 / \\
settings used for this measurement, the experimen-  '0°F
tally observed peak profiles are well described by a £ 105539K
Gaussian distribution, which can be attributed primar- 3 10'g e
ily to the velocity distribution of the entering ions. & 10°F
o2 10'E M
) ol L AL UL )

L 0 1 0o
39 40 41 42 43 44 45 46 47 48

Wl \1277 W1/2
Mass m [u]
X — X5\ 2
2
+ ﬁeXp[_m 2( W /2> ] (15) Fig. 14. High-dynamic-range mass spectrum in the range of
W e 2 calcium obtained using selective electron impact ionization.

accurately fits (solid curve) the experimental spectrum
(points). In (15), the Gaussian width parameteis energies, while molecular species are not. The ioniza-
equivalent to the peak-widthm (FWHM). From the tion efficiency of Ca is reduced only by a factor of
average for the individual peaks shown in Fig. 13, we about 3 when reducing electron impact energy from
extractw ~ Am = 0.015(2) u,which results in an ~ 25-12 eV, while the molecular interference from
experimentally attained resolution oﬂexp = CO;r at mass 44 is reduced by four orders of magni-
mM/Am ~ 1900.This value is almost a factor of 1.5 tude. In principle, the relative preferential ionization
higher than the limit ofR,,,,, ~ 1300 predicted by  of calcium can be increased even further at lower
the simple approximation (12), and has been electron energies, however, this can be accomplished
reached only by using an extremely high slope of only at the expense of rapidly decreasing absolute
the mass scan line of 0.9996. These conditions lead efficiency.
to a reduction of transmission of about two orders A typical high-dynamic-range mass spectrum over
of magnitude when compared to a standard lower the mass range of the calcium isotopes, taken under
resolution setting of = 100. the conditions outlined above, is shown in Fig. 14.
The spectrum is the sum of 135 scans with a dwell
time o 1 s per channel, an electron impact energy of
4.2.2. Isotopic abundance sensitivity 14 eV, anion energy of 5 eV and a resolution of about
For the measurement of abundance sensitivity as 100. The dark-count background rate of the channel-
well as precise isotope ratios, it is highly desirable to tron detector is~5 mHz, corresponding to an average
suppress background ionization as much as possible.of ~0.5 counts per channel over the total measure-
For this purpose, we have performed detailed studies ment time of eight hours. Very weak background
of the relative efficiencies for electron impact ioniza- peaks are observed at 45 u (possiBf¢aH") and
tion of different species, present either as residual possibly 47 u (unknown), while stronger peaks occur-
gases or produced during heating of the calcium-filled ring at 39 u and 41 u are assigned to potassium.
graphite crucible, as a function of electron impact Because the ionization potential of potassium(F
energy. These measurements have shown that a rathe#.34 eV) is lower than that of calcium, it cannot be
selective ionization of calcium atoms, avoiding most suppressed by the low electron energy method. Even
molecular interferences, can be achieved when the after careful cleaning and preparation of the graphite
electron energy is chosen to be 12—-15 eV. Because offurnace and calcium sample, typical K contributions
calcium’s relatively low ionization potential (1R = of 10 “-10 ° of calcium were observed. Thus, for the
6.11 eV), it is still efficiently ionized [24] at these planned determination df'Ca with a natural abun-
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dances of less than 1¢, this illustrates the need for  the heavier mass side and F0for the lower mass
complete isobaric suppression which can be achievedside and thus is below what can be observed with the
with a laser resonance ionization process. available experimental dynamic range. Nevertheless,
Integration over the channels located at the posi- by artificially increasing the vacuum by an order of
tion of mass 39.5, 40 and 40.5 u yields experimental magnitude up to 5< 10~ ° mbar we could demon-
values for the neighboring half-mass suppression of strate this effect on the experimentally observed
the QMS system under investigation. At a half-mass selectivities. The selectivity values observed under
unit on the lighter mass side a value®# 3.8(5) X these conditions were reduced from those given in
10’ is obtained, while on the heavier mass side it is Table 4 only slightly from 3.8< 10" to 3 X 10’ on the
S~ 1.1(3) x 108 The value on the lower mass side lower mass side but about a factor of 3 from X 1.0°
is in excellent agreement with the abundance sensi-to 4 X 10” on the heavier mass side. This behavior is
tivity predicted by the ion trajectory simulations in at least qualitatively in accordance with expectations
Sec. 3.6. The experimental value on the heavier massand is probably the limiting mechanism for selectivity
side appears to be limited by background, primarily that can be experimentally realized on the heavier
the dark count rate of the channeltron, rather than by mass side.
true wings of the’°Ca peak. It is also possible that
there are small contributions from gas kinetic colli- 4.2.4. Isotope ratio measurements
sions, which are discussed below. Because measure- For precise isotope ratio determination with a
ments with even higher dynamic range are exceed- QMS, there are a number of experimental factors
ingly difficult and time consuming, this number is which must be taken into account. Almost every
taken as an upper bound on the maximum interference process involved in the measurement exhibits mass
to be expected frofi®Ca during*’Ca determinations.  discrimination effects to some extent. Thus, attempts
were made to consider all known effects caused by
4.2.3. Gas kinetic collisions inside the QMS experimental conditions: These include different ion-
The influence of residual gas collisions can be ization probability because of the mass dependent
estimated from the simulations using a simple as- velocity of the entering atoms, corrections for counter
sumption. Under the typical vacuum conditions of dead-time characteristics [46], as well as a number of
=5 X 10’ mbar, the probability of multiple colli-  poorly understood mass dependent effects such as the
sions occurring during transmission through the QMS effect of fringe fields on QMS transmission and
is negligible. Thus, each ion on an unstable trajectory, secondary electron efficiency in the detector. Gener-
which is detected as background after a collision with ally, these latter effects must be evaluated collectively
a residual gas molecule, must have travelled (either and empirically with calibration samples.
before or after the collision) at least half of the QMS The mass dependent thermal velocity for different
length on a trajectory without rejection. Thus a rough isotopes entering the ionization region leads to shorter
estimate of the probability of detecting such an ion is interaction times for lighter isotopes. This effect can
given by the product of the selectivity of a 10.5 cm be corrected simply by normalizing inversely propor-
length QMS (about 10% for the heavier mass side and tional to the square root of the masses. The mass
102 for the lighter mass side), the probability for discrimination caused by fringing fields of the QMS
collision at the given vacuum conditions (about [22] is usually linear over smaller mass ranges and
103, and the averaged probability of this collision can be corrected by a mass dependent setting of the
resulting in detection of the ion(10™?). The latter is entrance lens. The residual effects, after these correc-
based on geometrical considerations on the distancetions, were analyzed in the mass spectrum of calcium
and size of the detector assuming equally distributed by assuming the well known natural isotopic compo-
scattering angles because of the high radial ion sition (compare Table 2). These studies concentrated
velocity. The resulting product is only about T0for on the ratios of the minor stable calcium isotopes,
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Table 6 ' ' o _ over the central region and to an one order of
Experimentally determined minor calcium isotope ratios and magnitude improvement in abundance sensitivity,
reference values (from [36]) .

when compared to a standard circular electrode de-
sign. The dependence of mass filter resolution and

% deviation

Isotope Reference between this L . .

ratio This work values [36] work and [36] abundance sensitivity on different experimental pa-
rameters such as ion entrance energy, rf phase, and the

43/42 0.2081 (2) 0.207 74 (3) —0.17 (10) . . .

44/42 3.2134 (8) 3.2030 (2) ~0.32(3) slope of the mass scan line were estimated using the

46/42 0.004 86 (2) 0.004 862 (6) 0.04 (43) simulations. Comparing these results with experimen-

48/42 0.2853 (2) 0.28419(3)  -0.39(7) tal measurements using conventional electron impact

ionization demonstrate that the theoretical predictions
of high resolution in the range off Am > 1500 and
42-44.48485 |ntegration of total ion counts under the extremely high isotopic abundance sensitivity of more

individual mass peaks for a number of measurements than 16 can be achieved in a commercial quadrupole
similar to that shown in Fig. 14, but excluding the Mass spectrometer simply by optimizing standard
97% abundanf’Ca, and with varying statistics were WOrking parameters. The agreement of the experi-
performed. The resulting isotope ratios’df***®-4&a mental data with the simulation is generally very
to *?Ca are given in Table 6 and compared to good. Isotope ratio measurements with precision of
reference values [36]. In all cases the relative discrep- better than 0.5% are possible. Combining the isotopic
ancy is less than 0.4%, but is still somewhat larger @bundance sensitivity of this QMS system with the
(except for the 3x 107° abundant*®Ca) than the optical selectivity that has been demonstrated for laser
statistical uncertainty. The small remaining discrep- ionization of *Ca [31,34], it should be possible to
ancies may be ascribed to residual molecular interfer- achieve overall isotopic selectivity of-10*° for
ences and possibly small uncompensated mass dis-2pplications requiring the measurement of this long-
crimination effects. Further studies, using selective lived radionuclide. Similar performance can be ex-
laser ionization to avoid isobaric interferences, are Pected forawide variety of other problems that can be

able with this QMS system. laser resonance ionization mass spectrometry [30].
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