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Design of a Microengineered
Electrostatic Quadrupole Lens
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Abstract—The design of a miniature quadrupole lens based demonstrated by Ferran Scientific Inc., San Diego, CA [8],
on metallized glass electrodes mounted in two anisotropically [9] and the Jet Propulsion Laboratory (JPL), Pasadena, CA

etched silicon mounts that are separated by precision spacers . .
is described. The analysis of conventional quadrupole lenses is[lo]’ [11]. A rather different hyperbolic quadrupole lens has

first reviewed. The fabrication process is then described, and @ls0 been constructed from metallized, machinegNSiby
the analysis techniques are applied to the new geometry. The the Japan Atomic Energy Research Institute [12]. There is
potential distribution near the axis is first calculated using a some evidence that a microengineered quadrupole array was

finite difference method. Expansion into solutions of Laplace’s : . : :
equation in cylindrical coordinates is then used to determine the fabricated using the LIGA process in a collaboration between

potential distortion introduced by the microengineered mount. JPL and Brookhaven National Laboratory [13]; however, we
Design rules are given for a mount and an electrode radius that have been unable to identify any publications that describe its

achieve minimal distortion. operation. Further JPL-sponsored work involving an ion trap
Index Terms—Mass spectrometer, microengineering, quadru- (rather than a simple quadrupole filter) is also continuing at
pole lens, residual gas analysis. Polychip, Inc., Washington, DC [14].

In our own work, we have attempted to develop miniaturized
electrostatic quadrupole lenses using a MEMS approach, based
.- INTRODUCTION on metallized glass electrodes mounted in two anisotropically
HE miniaturization of mass spectrometers offers thetched silicon mounts that are separated by precision spacers
intriguing prospect of low-cost universal gas detectioffl5], [16]. The design has the two key advantages that it is
because of the likely reduction in the pumped volume ambt only self-aligning but also self-compensating for variations
the possibility of high-pressure operation. Due to the rapid etch selectivity, thus allowing constructional precision to
development of suitable fabrication techniques, there has fr maintained to the tolerance required. However, it has the
cently been an upsurge of interest in the development @kadvantage that the etched Si substrates are extremely close
microengineered instruments. Typically, mass spectrometgsSthe electrodes. Given this, it is unclear that a potential
involve three main subsystems: an ion source, an ion filtgfistribution of appropriately low distortion will be established
and an ion counter. Since these may all be based on sevgiale important axial region.

different operating principles, there is scope for a variety of Crude mass-spectrometer action has already been demon-

microengineered designs to evolve. Here, we consider ﬁ“éetFated using prototype lenses with 500+ diameter elec-

vanant_s. . . . ﬁodes [17]. Using an improved mount design, a resolution
A microengineered spectrometer based on a t|me-of—fl|gatt 10% peak height of 2.7 u (atomic mass units) at mass 40
filter has been successfully developed at Johns Hopkins A\ﬁ' i

plied Physics Laboratory [1]-[3]. Spectrometers and spectrof’1 s recently obtained using a 30-mm-long lens with similar

graphs based on crossed-field Wien filters have also beeéﬁctrodes, operating at an RF frequency of 6 MHz [18].

developed at Rosemount Analytical, Inc., Eden Praitie, MN [thls resolutiop is cop;idergbly lower than that achieved .in
and Westinghouse, Pittsburgh, PA (now continued by Northrfﬁrbore conventlgnal m|n|atur.|zed and”,Jpo'es [,9]’ [11], but is
Grumman) [5]-[7], respectively. However, few attempts haydW approaching that achieved in microenginered crossed-

been made to integrate the most popular design of macroscdjitd devices [5}-[7]. . o .
instrument, the quadrupole mass spectrometer. The aim of this paper is to describe the design in more detalil,
Two very similar forms of miniaturized (but not micro-and show that good electrostatic performance can indeed be
engineered) electrostatic quadrupole lens arrays have be@btined, provided the geometry of the silicon mount is chosen
correctly. The analysis techniques applied to conventional
Manuscript received April 29, 1998; revised July 17, 1998. The review gua_drupole Iense_s are flr_St re\_/lewed.ln SeCFlon 1. The micro-
this paper was arranged by Editor K. Najafi. This work was supported by tegineered lens is described in Section Ill; in Section 1V, the
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neering, Imperial College, London SW7 2BT U.K. (e-mail: r.syms@ic.ac.ukperformance within the constraints involved. Simple design
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wherelL is the length of the leng; is the axial ion velocity, and

V. is the axial ion energy in volts. By numerical integration
of ion trajectories (see e.g. [25]), it has been shown that the
X mass resolution depends enaccording to

R m/Am ~n2J20 = f2L%m/40¢V.. 5)

Inscribed circle,

radiusr So that the uncertainty in mass is
(@ (b)

Fig. 1. (a) Exact and (b) approximate electrostatic quadrupole lens geome-

Am = 40eV, /f2L* ~ 3.854 x 10° V, / f2L* (6)
tries. where Am is measured in atomic mass units (u). The max-
imum ac voltageV,,.. required is then determined by the
Il. DESIGN OF CONVENTIONAL ELECTROSTATIC maximum massnmax (again, in atomic mass units) as:
QUADRUPOLE LENSES

— 2.2 _ —8 2.2
We begin by considering the design of conventional elec- Vinax = Munaxqwr(/2¢ = 14.46 X 107 muax 5 (7)

trostatic quadrupole lenses. An ideal quadrupole consists ofy conventional quadruple might be constructed from 5 mm
four parallel electrodes with hyperbolic cross-sections, Whi(a?ameter electrodes (so tha — 2.177 mm), with a length

carry potentialst¢o/2, as shown in Fig. 1(a) [19]—[21].These0f 10 cm. Assuming thain,.. ~ 100 U, the maximum
electrodes establish a two-dimensional potential variation Béak ac voltage required i, ~ 1.1 kV at 4 MHz. A

the form: voltage of this magnitude is typically provided by arranging

oz, y) = (/)0(352 — y2) /27% (1) each electrode pair to act as the capacitative part of an RF
) ) ] ) _ ~ resonator. Assuming further that the axial ion energy is held
wherery is the radius of the circle touching the equipotentialg; 5 minimum of (say) 2 eV, the uncertainty in mass is only
¢ = *£¢o/2. This field will exert forces in ther- and y- Ay ~ 0.05 u. However, this resolution requires a costly,
directions on an ion moving in the-direction. The equation fragile mount capable of holding the electrodes accurately
of motion due to forces in the-direction is md*z/dt* = parallel at the desired separation [25].
—e0¢/9x = __@¢0$/7’(2Jv wheree andm are the charge and gy reducing the electrode diameter to 50, it is possible
mass of the ion. When the time variation of the potentig}, reduce the maximum ac voltage to around 11 V at a similar
IS ¢o(t) = U — Vcos(wt), wherew = 2rf is an angular pequency. If the electrode length is also reduced by an order
frequency and/ and V" are constant potentials, this equatiot magnitude, the uncertainty in mass exceeds 1 u; however,
of motion reduces to a resolution of around 1 u may be obtained for-2 cm.
dPa/dt* + (e/mr2){U — V cos(wt)}z = 0. (2) These results suggest that it will be possible to construct a
miniaturized instrument of low resolution, given a suitable
USing the substitutions = ZC/UJ,CL = 46[[/(7’710.)27%) and electrode mounting_
q = 2¢V/(mw?rg), Equation (2) can then be reduced to the |n a conventional quadrupole, the use of cylindrical elec-
Matthieu equation trodes and a grounded shroud both result in a distorted
A2z /d¢2 + {a — 2qcos(20)}z = 0. 3) potentigl distributiony’, which rgduces the performange qf thg
lens. Differences between the ideal and the actual distribution
Stable solutions to (3) are only obtained for valuesaof are quantified as follows [22], [24]. The potenti@l is first
and ¢ within an approximately triangular region of thew computed near the axis. An expansigh of this distribution
plane, and hence for particular combinations'o#’, andm. in terms of a set cylindrical harmonics is then created, so that
Because these solutions correspond to bounded ion trajectories,
the quadrupole has a mass-dependent filter action. The apex
of the stability diagram lies at = 0.237,¢ = 0.706, so that
a/2q = U/V =0.168. If U andV are scanned, maintaining
this ratio, the passband tunes through the stability diagramswdfereC,,, and.S,, are constant coefficients and the terns,
different masses, and the lens acts as a mass spectrometeand ¢,,, are given by
Because of the difficulty of machining electrodes with ]
hyperbolic cross-sections, cylindrical rods are generally used, Pem = (r/r0)™ cos(mb),  hsn = (r/ro)" sin(nf). ~ (9)

as shown in Fig. 1(b). Experiments have shown that the beStE uation (9) represent the complete set of two-dimensional
approximation to the field of (1) is obtained when their radius q P b

v is 7o = 1.148r0 [22], [23]. Numerical solution of Laplace’s Solutions to Laplace’s equation in cylindrical coordinates,

. . . . .2 02 22 ini
equation has confirmed this result, but the use of a ground?a%“elyl/m@ O¢[0r)[0r +1/r°9"¢/0r" = 0, that are finite
er the rang® < r < rg. Symmetry reduces the number of

shroud round the electrodes can alter the optimum radius [Zt%]'

Now, the number of cycles of the RF field experienced b¥rms allowed n the expansion. For example, when potentlgls
) : . ¢o/2 are applied to cylindrical electrodes that have their
an ion traveling through the lens is

centers on the corners of a square, the potential distribution
na fL/v= fL\/{m/2eV.} (4) must be antisymmetric about the lines= y andx = —vy,

$(r,0) = ¢"(r,60) = > Cotbem + Y Sntbon  (8)
n=1

m=1
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and symmetric about = 0 andy = 0. The antisymmetry the form C,,, = I,n./Iim, Where
conditions imply that

/4 o
#O) =~ #'(x/2-0) and §"(6) = ~¢"(~x/2-6) lon= [, omnrinat
(10) w/4 o
Iy, = / / P2 rdrdd. (14)
To satisfy (10), we require coénn/2) = —1 and cos /4 0
(nm/2) = +1, som andn can only have the values = 2, In a similar way, the coefficients,, are given bysS, =
6, 10--- andn = 4, 8, 12 --- . However, the symmetry Ion/I4n. Where
conditions imply that
x/4 o
¢"(0) = ¢"(=6) and ¢"(6) = ¢"(x —6). (11) fen = /_ » /0 ¢ dsnrdrdf
Equations (11) can be satisfied if cosn) = 1, i.e., with Iy = /77/4 /TO ¢2 rdrdf. (15)
m=2,4,6,---, but they cannot be satisfied with any value —=/4 JO

of n. Thus, if the symmetry and antisymmetry conditions

apply simultaneously (as in a conventional quadrupole), thgThe integrall,,,,, can be eve_lluated num_erlcally. If values of
allowed terms are restricted t§,,, with m = 2(2i +1). If the ¢ are known on a grid of points of spaciny parallel to the

/_ ! _di H H H H H 1
symmetry condition is relaxed, extra termis, with n = 45 © - andy’-directions in Fig. 1(b)/an is given approximately

are permitted; this occurs in the case of our microengineer%%l

quadrupole, as we shall see in Section IV. B o PR
Considering the terng.. in isolation, we can see that this Tam = Z Z ¢ (3, U5) e (23 43) A,
component can be written as ol : _

x;,y; within quadrant of circle of radius,.
bez = (r/70)% cos(20) = (r/r0)?{cos? () — sin®()} (16)

2 2 2

=(z" — 5 12 . . .
(@ =)/ (12) Calculations of this type are extremely sensitive to the

. . . -number of grid points and to their position, so the convergence
An ideal hyperbolic potential can be represented by (8) W|Phf the integral Fr)‘nust be carefully F():hecked. The integ!‘r@Lg

Cy = ¢o/2 and all other coefficients zero. Nonzero values cﬁ .

. o ~ however, can be found analytically as
other coefficients therefore correspond to field imperfections,
which couple together ion motions in the andy-directions.
Since the higher order terms diminish rapidly fer< ro,

the best approximation to the desired field is obtained t‘ay is then found from the ratio of (16) and (17), afd is
minimizing the coefficients’y, S, and Ss. foﬁnd in a similar way. '

The allowed expansion coefficients are chosen to give thegqr 5 conventional quadrupole with cylindrical electrodes,
best representation of the potential, where ‘best’ is defined @jculations and experiment [22], [23] have shown ttiat
the least squared error betweghand ¢ integrated over the gctyally vanishes when the electrode radius has the value
circle 0 <7r<rg. In view of the known field Symmetries, thEmentioned ear"e(Te — 1.1487’0), exp|aining the Widespread
integration need only be made over one quadrant, so the ergbption of this design rule. When the lens is surrounded by a

Iy, = 737 /8(m + 1). a7

e that must be minimized is defined by cylindrical grounded shroud, Denison found that the optimum
value ofr. is increased, but not significantly. However, the
2 /4 o , = o precision quoted (four decimal places) was surprising given
¢ = —nja Jo ¢ - z_:l mem the nature of the numerical calculation [24].
Sndsn ~dr df 13
+n§=:1 2 )} ne (13) IlI. CONSTRUCTION OFA SILICON-BASED

MICROENGINEEREDELECTROSTATIC QUADRUPOLE LENS

Denison [24] computed the coefficient values by using we now consider the construction of our microengineered
numerical data to set up a large number of simultaneoggadrupole lens. In this case, the four cylindrical electrodes
equations, increasing the number until no change was seg8 mounted in pairs on two Si substrates, that are held apart
in the values of the first few coefficients. However, thgy two Cy|indrica| spacers as shown in F|g 2 [15]_[]_8] V-
orthogonality of the functiong..., and¢,,, over the integration shaped alignment grooves formed by anisotropic etching [26],
range suggests that the coefficients may be found unambi®7] are used as kinematic mounts for both the electrodes
ously as follows. At stationary points in?, the conditions and the spacers. This mounting method is similar to that used
9¢e?/9C,, = 8¢2/dS,, = 0 must hold. Differentiation then to hold single-mode optical fibers in ribbon fiber connectors
allows the coefficientg”,,, to be found as overlap integrals o0f[28]-[30]; in each case, positioning accuracy is achieved by the
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Fig. 4. Geometry of the microengineered electrostatic quadrupole lens, il-
lustrating (a) main design parameters, (b) effect of lateral etching in the
self-compensating design, and (c) range of possible ground plane positions.

In our process, 4-in diameter (100) orientated p-type silicon
wafers are first thermally oxidized, to a thickness of i
(Step 2 in Fig. 3). The front side oxide layer is then patterned
and etched in buffered HF to form a surface mask for the
anisotropic etch (Step 3). During this step, the back side oxide
is protected; because of the deep etching used later, small

Fig. 3. Process sequence for fabrication of microengineered electrostitaws in the surface mask formed at this stage can cause

guadrupole lenses.

catastrophic defects. The groove widths required to seat the
two types of rod are different. For the parameters above, the

use of lithography followed by etching along crystal planeglectrode and spacer groove widths are = 408.2 um and
Here, assembly of the two halves of the lens is also naturally = 1343.8 um, respectively [Fig. 4(a)].

self-aligning.

The silicon is then anisotropically etched at 192 in a

A simple batch fabrication process has been developed foixture of ethylene diamine, pyrocatechol and water (EDP) to
prototype lenses, based on vacuum compatible materialsexpose the (111) crystal planes (Step 4 in Fig. 3). These planes
process flowchart is shown in Fig. 3, and the most importalig¢ at an angle o = cos™}(I//3) = 54.74° to the wafer
features of the design are shown in the enlarged views ifrface [26], [27] [Fig. 4(a)]. Due to the difference in size
Fig. 4(a)—(c). The dimensions depend on the desired electrdiéween the two types of rod, the electrode grooves are fully
diameter and substrate separation, as will be discussedfdrmed, while the spacer grooves are truncated. The minimum
Sections IV and V. Anticipating later results, we shall assungtoove depths needed to seat the electrode and spacer rods are

an electrode radius of. = 250 um (corresponding tog =

d. and d,, respectively. The etch depthis chosen to allow

217.8 um), an in-plane electrode center-to-center separatiolearance for the spacer, so that- d,. For the parameters
of s, = 661.5um, and a spacer radius of = 822.9um aboved, = 347.8 um, and wafer thicknesses af 500 zm are

[Fig. 4(a)].

needed to retain sufficient mechanical strength after etching.
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In anisotropic etching, the (111) planes are always attacked, |
albeit at a slower rate than the (100) planes. The etch se-
lectivity s is defined ass = Rjgo/Ri11, Where Rigp and
Ry1; are the etch rates of the two planes. For fresh EDP, the
selectivity is normally= 35; however, it can be considerably
less in old solutions. When etching to a depth®&50 m, we
might therefore expect to widen the grooves considerably. In 4r,
order to minimize any subsequent rod misalignment, a design
that is not only self-aligning but also self-compensating was
adopted.

Fig. 4(b) illustrates the self-compensating design. Here, the
electrode and the spacer rbdth form tangent plane contacts
with the substrateEven though the initial groove width is very
different in each case, the effect of lateral etching will then Y 4
be to widen both grooves on each side by an identical amount . i
sz = d/{ssin(6)}. Individually, the result is to seat each - "0
rod deeper in the substrate. However, tuenbinedeffect is Fig. 5. Boundary potentials assumed for simulation of the microengineered
merely to lower the substrate, by an amotinpt= §z tan(#), quadrupole lens.
without altering the relative positions of the electrode and the
spacer. The use of double tangent-plane V-groove mounting
therefore compensates for finite etch selectivity, and also fotV. ANALYSIS OF THE SILICON-BASED MICROENGINEERED
variations in selectivity from substrate to substrate. A similar ELECTROSTATIC QUADRUPOLE LENS
design was previously developed for a miniaturized optical The electrode mounting method used in our microengi-
breadboard system [31]. neered electrostatic quadrupole involves bringing an etched,

After etching, the oxide mask is removed using BHF, angrounded substrate close to the axial region in which it is
the wafer is reoxidized to form an insulating layer (Step 5 idesired to establish the hyperbolic potential distribution. It is
Fig. 3). Since the maximum voltage between each electrogierefore important to investigate the effect of the substrate,
and ground i Viuax + Unmax)/2 = 6.4 V, an oxide thickness and to choose the design parameters to minimize any distor-
of 1.5 um results in a field o 4 x 10° V/m, well below tion of the potential. In this section, we apply the analysis
the breakdown field of thermal silica. The insulation may bechniques introduced in Section Il to the particular geometry
removed between the electrodes, to prevent charging. The batlour microengineered mount.
side oxide layer is then removed, to allow electrical contact We first establish the range of adjustable parameters.
to the substrate (Step 6). Because of the surface topograghig. 4(c) shows another enlarged view of the mount. Here,
the front side contact tracks cannot be defined by lithograplite choice of rod radius, fixes the position of the electrode
instead, they are formed by shadow-masked evaporationcehter. It is assumed that the electrode is separated from the
Al (Step 7). Given the large size of the grooves, alignmentount by a narrow gag ~ 1.5 um, which will in practice
tolerances oz 10 xm are sufficient for this step. A further Al be a layer of silica. The value of makes little difference;
layer is deposited on the rear as a ground connection (StepHjwever, once it is known, the positions of the crystal planes
The wafer is then sawn into dies 7 mm wide. mounting the electrode are fixed. The only free parameter

Each substrate carries two electrodes and one spacer. Bsthhen the heighth of the substrate above the electrode
types of rod are formed from borosilicate glass drawn feenterline. Theoretically, its minimum value is found from the
the required dimension to 1% tolerance. The electrodes ameersection of the electrode groove wall with the left-hand
metallized by sputter-coating with 300-Cr metal followed axis of symmetry (point A). However, a finite land is required
by 2000A Au, and bonded to the substrate using indiurbetween the two electrode grooves in a real fabrication process.
(mpt 156.6°C). Bonding is carried out under pressure at 18@ssuming a minimum value of,,;;, = 0 yields a range that
°C, using an inert atmosphere to prevent degradation of thiarts close to point A, but allows a suitable land width.
metal coatings (Step 9). To avoid damage to the connectithe maximumh,,,, is found as the value at which tangent
tracks during assembly, the spacers are cut shorter than ¢batact between the electrode and the substrate is just lost
electrodes, and are mounted in grooves that are blind at dpeint B).
end, so that the tracks lie on a flat surface. The substrates ar€he dashed lines in Fig. 4(c) therefore show the substrate
then attached to mounts with appropriate electrical connecticsrsd spacer rod geometry used when the ground plane is at
(Step 10). its lowest possible position, while the full lines show the

Completed lenses are constructed by placing two dies geometries required when the ground is at its highest possible
gether under pressure, so that each spacer mates with a grquoation. Clearly, a larger spacer is needed to hold the ground
on the other substrate (Step 11). All degrees of freedom excefgne further from the axis.
axial motion are then eliminated. Axial motion could also be To carry out the simulations, we have followed Denison [24]
removed by using spherical spacers in a Kelvin mount, or layd used the Liebmann method to solve Laplace’s equation for
using two orthogonal cylindrical rods. the geometry of Fig. 5. Here the electrode potential has been
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(@) (b)

Fig. 6. Potential variations obtained by numerical solution of Laplace’s equation, with the ground plane at (a) its lowest and (b) its highaest positio
Contours are equally spaced.

fixed at¢p = ¢o/2, and the substrate and axes of potential 0.001
antisymmetry are assumed to be @at= 0. An additional
boundary (also withp = 0) has been introduced on the right 1 n=38
to limit the range of calculation; provided it is far enough from n=16
the axis, this makes little difference to the results. ~ 0000 4
All calculations were performed on a Sun UltraSparc 1 < Tn=12
workstation. After careful investigation of the convergence of _F
the initial potential field calculation, 35000 iterations were -0.001 4
used on a 1806 1800 grid of points, with the successive over- i
relaxation parameter set to 1.7. To improve the convergence
of the overlap integrals used to determine the expansion 0,002
coefficients, further linear interpolation was then used to 00 0'2 ok 0'6 ) 08 10
double the number of potential values in each of theand h/h ' '
y-directions.
Fig. 6 shows equally-spaced equipotentials obtained witly. 7. Vvariation of the coefficients of the first few low order asymmetric
re = 1.148rq, for two different values ofi, namelyh = 0 functions¢., with ground plane heighb.
(6a) andh = hyax (6b). The former geometry was used
for the prototype lens described in [16], and the latter for 0.005
the improved device in [18]. In each case, the effect of the
etched substrate is to introduce field asymmetry near the left
of the figure, because the equipotentials are constrained to
pass between the electrode and the substrate at their closest
points of approach. However, the asymmetry is greatly reduced ™
in Fig. 6(b), where the substrate is placed further from the 0,001 - \
axis. It is considered that this feature is responsible for the o high ground

performance improvement observed in [18].

max

0.003 + low ground

0.001

. - -0.003
The variations of the coefficients of the lowest order terms
¢sn and o, with A were also computed, again fer = 0.005 1
1.148r¢. Fig. 7 shows the variation of.,, Ss, S12, and Sig e —r . . 1 T
1.10 1.12 1.14 1.16 1.18 1.20

(which describe asymmetric distortions). For the largest coef-
ficients (54 and Sg), their values diminish by two orders of r /1y
magnitude betweeh = 0 and 2 = h,,,,, Showing clearly
that optimum performance is obtained when the substrate’ig 8- Variation of the coefficient of the functian.s with electrode radius

. . .. re, for lenses with the ground plane sited at (top) its lowest and (bottom)
as far from the axis as possible. The coefficiefigsand C1o  its highest position.
(symmetric distortions) also reduce as h increases, but only
slightly.

In fact, the value of the coefficient describing the mosif Cs with . for microengineered lenses with = 0 (low

important symmetric field distortiodCs) is more strongly ground), andh = hmax (high ground). In each case, the varia-
dependent on the electrode radius. Fig. 8 shows the variatiton is quasilinear, passing through zero at an optimum value
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Mask design parameters are then calculated as follows. For
a particular electrode rod radius., the radiusrg is first
evaluated as described earlier. The in-plane center-to center
separations, of the electrodes, the radius of the spacer
rods, the substrate separatien and the widthsw, and w;,
and the minimum depthé. andd, of the electrode and spacer
grooves are then calculated using (18); these are obtained from

Fig. 4 by simple geometry, assuming that ¢63 = /(1/3)

and sin(6) = /(2/3).

Se ={ro+r W2 w. =2r.\/(2/3)

do =7 {1 =13} 1, =rc+ {ro+r.}V(3/2)

wy =2rs\/(2/3) dy =7 {1 —1V3} s, =2r,/V3.
(18)

These equations can be used to find the parameter values pre-
viously given in Section Ill for a lens with 500m diameter
electrodes. Many lenses of this type have now been fabricated;
Fig. 9(a) shows a lens with the ground plane in its lowest
possible position (after [16]), and Fig. 9(b) a similar view with
the ground in its highest position (after [18]). In each case, the
electrodes have their centers on a square as required. However,
the increase in spacer rod size needed for the larger substrate
separation may clearly be seen.

VI. CONCLUSIONS

In this paper, the design of a miniature electrostatic
quadrupole lens fabricated using silicon microengineering
methods has been described. Electrostatic field calculations

(b) have shown that the potential distortion due to the proximity of
Fig. 9. Optical microscope photographs of the cross-sections of microenﬂi]—e gr_ou_nded squtrate used to mount th-e eIeCtrOdes-Can largely
n(egérea quzdrupole Ienseg fz;)bricatgedpwith the ground plane at (a) its lo g_t e'_lmmated’ In a_ geometry that retains the MO important
and (b) its highest position. principles of self-alignment and self-compensation, and that

optimization of the electrode radius can follow a procedure
. . .. similar to that used for conventional quadrupole lenses.

of rod radu_Js. The resul_ts are therefore quahta'_uvel;_/ similar to For optimum performance, the design parameters should be
those obtalned_ by Dems_on _[24]' For lenses _W'th high grou%‘ﬁosen so that tangent plane contacts are just achieved between
planes, the optimum radius is ~ 1.1517, a difference o e electrodes and the substrate, and also between the spacer
0.3% from the conventional value. However, for lenses witlyjq and the substrate. Based on this analysis, improved proto-
low ground planes, this radius is significantly larger. Theggnes have been fabricated. Directions of future work currently
results indicate that the conventional optimization process caR|,de improvement in constructional quality, elimination of
be gsed for microengineered quadrupoles, and leads to simjjage magnetic materials (e.g. Cr), and the development of
design rules. a complete breadboard quadrupole mass spectrometer system
through the addition of a self-aligned microengineered ion
source and detector.

V. OPTIMUM DESIGN OF THE SILICON-BASED
MICROENGINEEREDELECTROSTIC QUADRUPOLE LENS

Based on arguments advanced in Section IV, the optimum ACKNOWLEDGMENT

mount design is as shown by the full line in Fig. 4(c). Here, The authors are grateful to EPSRC and to A. McClure,

the groove widths are chosen so that the electrodes just forrﬂ . . ;
. whose work with early calculations is also gratefully acknowl-
tangent contacts to the etched crystal planes, placing t

. . . e& ed.
substrate as far as possible from the axis. Once this has beeﬂ
done, the distance between substrates in an assembled lens is
fixed. To minimize the spacer diameter (and hence, to restrict
the maximum etch depth needed), the spacer groove widthy W. A. Bryden, R. C. Benson, S. A. Ecelberger, T. E. Phillips, R. J.
hould then also be chosen so that tanaent contacts are iust Cotter, and C. Fenselau, “The tiny TOF mass spectrometer for chemical
S O!J g Just 4ng biological sensing,Johns Hopkins APL Tech. Digvol. 16, pp.
achieved. 296-310, 1995.
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