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Abstract

The time focusing properties of time-of-flight mass spectrometers in current use, under development, or with probable futur:
applications are presented. For most of the presented analyzer types a mass resolution formula was given to calcule
instrumental performance. These formulas account for second or third order contributions to the ion packet length, dependir
upon the analyzer’'s focusing degree. This analysis covers homogeneous electric field mirrors, cylindrical reflectrons, quadrat
potential mirrors with and without field free spaces included, linear drift space focusing analyzers, as well as quadrupole tra
time-of-flight hybrid systems. The velocity focusing procedures by delayed extraction and postsource focusing, very useful ir
matrix-assisted laser desorption/ionization time-of-flight mass spectrometry, are also detailed. (Int J Mass Spectrom 206 (200
211-229) © 2001 Elsevier Science B.V.
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1. Introduction sources extends beyond a 1000000 Da [3]. To unam-
biguously identify such high mass ions, comparable
The outstanding features of the time-of-flight mass figures for mass resolution would be desirable. For the
spectrometers (TOFMSs) were already revealed by time being, even after the recently accomplished
Wiley and McLaren [1]. They provide high sensitiv- progress TOFMS can not yet satisfy this demand.
ity, allow complete mass spectrum detection from However if in 1989 the highest resolution of TOFMS
each ion packet, and their mass range is unlimited. In was 35000 [4] recently resolutions over 55000 were
fact, the mass range is determined by the time lapsereported [5,6].
between the emission of two successive packets and There are, in principle, two ways to increase
by the lowest ion velocity still allowing detection. TOFMS resolution: by ensuring better focusing or/
Only ions having velocities higher than 10000 m/s and by increasing the mass dispersion. “Longitudinal”
can be “seen” by a channel plate or an electron here means “along the ion path.” In other words, to
multiplier detector [2]. Therefore the highest detect- make the ion packet thinner measured along its flight
able mass is related to the highest available ion direction and to increase the distance between two
accelerating voltage. Because matrix-assisted laserdifferent ion mass packets at the detector. The final
desorption/ionization (MALDI) became an ionization longitudinal ion packet size depends on the analyzer's
method, molecular ions of very high mass can be ability to focus ions formed in different ion source
obtained. The mass range of TOFMS with MALDI points, with different velocities, at a different time.
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The TOF analyzer's focusing properties are described  In MALDI sources, usually ions, are generated by
by the behaviour of the various ions related to the laser shots from surfaces located perpendicularly to
motion of a reference particle. Constant electric fields the ion flight direction. The ions are generated from a
can ensure focusing of ions created on different plane surface with high initial velocities. Roughly,
equipotential surfaces in the ion source. Electric fields matrix and analyte ions gain similar velocities. The
changing in time (established suddenly at some deter- plume expanding after the laser shot whirls together
mined instant) can focus ions with different individual analyte and matrix neutral molecules and ions. The
initial velocities and/or formed at distinct instants. ion velocity distributions have maxima from 500 m/s
Both focusing actions cannot be obtained simulta- [20] to 1000 m/s [21,22] with full width at half
neously by fields independent of time [7]. Therefore, maximum (FWHM) of 560 m/s. These maxima do not
the mass analyzer is chosen to focus the initial reveal obvious mass dependence. The ion velocity
distribution that dominates or seeks a compromise distribution at some stage of the plume expansion is
when there is no obvious choice. lons are created with difficult to relate to that at the moment when ions
some initial velocity component along the extracting leave the surface. Collision phenomena and coulom-
field of the ion source. This field is constant or it is bian repulsive forces could modify the initial distri-
applied from a certain moment referred to as the bution. For direct mass analysis of MALDI ions,
beginning of the ionization process. If the field is velocity focusing by delayed extraction is imperiously
homogeneous, the time the ion spends before leavingneeded. Even so, the resolution worsens with increas-
the extracting region [8] depends linearly on the initial ing mass and there are two possible reasons for that:
velocity. The action of this term can be corrected by the effect of uncanceled higher order velocity aberra-
time dependent fields applied after the ion formation tions (as the ratio of initial velocity to the velocity
inside (delayed extraction) [9-16] or outside the acquired by acceleration increases) or due to a differ-
source [postsource focusing (PSF)] [17]. Constant ent effect of the extracting field on the ions involved
fields can ensure energy focusing compensating for in the expanding process of the plume (however for

ion energy differences resulting from different initial
positions inside the extracting field.

The dominating initial parameter type is connected
intimately with the ionization method. In a traditional

higher masses, as longer delays are used, the plume is
in a more advanced expansion state).

lon packets can be formed from MALDI created
ions also if they are directed first to a cooling cell [23]

electron bombardment ionization source the ions re- (rf only quadrupole filters represent an elaborate
sult in the ribbon of ionizing electrons. The created solution). The ions having energies less than about 10
ion inherits the initial velocity of the sample gaseous eV are focused transversally and fill in an equipoten-

molecule from which it originates. The most probable

velocities correspond to energies of about 0.025 eV
whereas extracting fields are of the order of 300 V/cm
acting over ionizing electron ribbons of 1-2 mm wide.

The energy distribution of the secondary ions

resulted from primary ion bombardment [secondary
ion mass spectrometry (SIMS)] has the maximum of
around 5 eV for elements and around 2 eV for

molecules [18]. These are emitted from an electrode
surface, often a plane surface. In this case, velocity
focusing seems to best address this kind of distribu-
tion. However, energy focusing keeps final packet
size between convenient limits to reach resolutions
well above 10000 [19].

tial extraction space. The ion packets are produced by
periodical extraction by a transversal electric field
after each chamber filling. The ions of the packet then
have a narrow distribution of the velocity components
along the accelerating field. Because the depth of the
chamber is around 3 mm, space, focusing is necessary.
Similar focusing conditions are to be accounted for after
orthogonal injection for electrospray created ions [24].

2. Homogeneous electric field mirrors

The formulas presented cover the theory developed
in [25] and also the effect of a postaccelerating gap
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free space before reaching the postaccelerating field,
applied inside the gag,. The motion of some ion is
described with respect to a reference ion. The refer-
ence ion is selected to have masschargey, starting
without initial velocity from the origin of the longi-
tudinal coordinate, at the moment when an ionization,
packet generation-analysis detection cycle begins.
The ion motion derivations given here neglect the
incidence angle (same as the emergence angle) made
by the packet axis at the mirror's entry plane. For
v realistic designs, this angle is often less than 2° and
the resulted aberrations are irelevant for the usual
resolutions [26]. However, these aberrations are of
interest for high resolutions and they can be calculated
with the formulas of [27] and [28] (where the detector
D oblique position is accounted for).
?f:lgn?ree To build a mass resolution formula, the flight times
space of the above-mentioned ion path sequences are
needed. The ion velocities and flight times were
detailed with the formulas of [8]. An arbitrary ion
spendg, inside the source extracting field:

electrostatic

mirror

L¢-D

first
field free
space

arbitrary ion path
reference ion path

cced de

dp t,= (2nd/Vv)(1 — nu — n“u% 2 + n*w?% 2

, hl/[/ detector — n%®2 + n*uw?/2) — 2n%d wiv
fooologes V’ t, inside the accelerating source field:

. dp Va

source da '(/,'i’,’*"' t, = 2ndy/[v(n + 1)][1 + nu+ nu*(n*+ n + 1)/2

Zj

ST

—nw/2+nd(n*+n®+n?+n+1)/2
Fig. 1. Basic geometric parameters of a homogeneous electric field >
double stage reflectron. - nuwz(n +n+ 1)/2]

t, along the whole field free space:
being present. The extracting field acts on the ion of
initial longitudinal velocity component, , and initial t, = (Lyv)(1 + u+ 3u?2 — w?2 + 5u%2
coordinatez;, measured from a reference plane; lo

— 3uw?/2
cated atd, from this region exit’s grid (Fig. 1)The )
accelerating field is applied on an intendy. Next, The meaning of the used symbol iis= v/v, with
the ion flies on the field free space of lendth— D n>1,u=z/(2n’d,), w = v, /v wherev, andv

before entering the mirror's decelerating field. The are the reference ion velocities at the extracting field
decelerating field acts on a stagedyf width before end and at the source exit grid, respectively.

the ion enters the reflecting field stage. There the field  The arbitrary ion remains duringy inside the
acts inside that stage of depth of at ledstin fact this decelerating (at the entry) and reaccelerating (after
stage must be deeper to allow ions of energies higher reflection) stage of the mirrot, is twice the expres
than the reference ion to be returned. After reflection sion oft, whered, must be substituted y, andn by

the ion leaves the mirror and moves over toEhgeld r. Herer = v/vy with r > 1 andvy is the reference
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ion longitudinal velocity at the mirror’'s intermediate where A is unity for ions from surfaces, 2 for ions
grid. t, is the time needed for reflection inside the from gas phase.
mirror’'s second stage, twice the first termtgfwvhere The a,, coefficient is 212d,/v.
n was substituted by andd, by d,. Another way to calculate the packet length is to use

Finally, t, the time spent inside the postaccelerat the formula [29]
ing gap results by substituting the expressiort,of
by p anddy, by d,. Nowp = v/v,, p < 1, withv, the
reference ion velocity after postacceleration. Allthese  To resolve the ion packet ah mass ions from
t; time contributions have the form those of massn + Am coming later, their arrival
times must differ by more than the packet length.
Approximatelyt,.;,Am/2m = At and the resolution is

+ auwijW2 N = m/Am = t,./2At. Here thet, for the m +
Am mass reference ion was considered to increase

A certain ion arrives at the detector aftecounted proportionally withAm/m, compared with that of the
from the time origin: m mass reference ion. In this resolution formula [30]
we have to substitute the above-mentioned specific
expressions foAt.

At = (13 + 8t° + t) V2

— 2 2 3
tj = a.oj + auju + aWJW + auuju + a.WWJW + auuuju

t=t + a,+ au+ a,w + a,u® + a,w?
+ Ay’ + AW’

Heret; is the time when the ion was produced, tfaé “
coefficients result by summing they” coefficients
for the indexj substituted bya, b, d, r, and p,
respectivelya, = t,. the flight time of the reference
ion from source to detector

3. Energy and position focusing

The homogeneous electrostatic field mirror, often
called “reflectron,” became, from its first-mentioned
use [31], an usual means for ion energy focusing in
trer = {2n[d, + d/(1 + n)] + L time. At the ion source exit, the ions produced from
various distances in the extraction region will have,
if we neglect their individual initial velocities, differ-

To calculate the TOFMS resolution the ion packet ent energiesU;: U; = U(1 + 6) = U(1 — 2u)
length at the detector is needed. It results from the With the energy difference related to the reference ion
contributions of the time of ionization lasting, (no & = z/(n’d,). To ensure first order energy focusing
delayed emissions are accounted for), due to the ion in time a, from the established flight time equality is
extraction from the depth of ionization region, be- !0 be canceled. When second order energy focusing is
tween the origin and, = Zio/(2n2da), caused by the ~ desired botha, anda,, must be canceled simuita

+ 4r[d, + dg/(1 + )] + 2pd,/(1 + p)}iiv

initial velocities distributed between 0 and if ions neously. The remaining significant aberration is given
leave a surfacew varies between 0 and, = v, /v), by &y, in the first, by a,,, in the second case.
as well as from the detector time resolutigy If ions Although second order energy focusing in time can be

are created in gas phase, the initial velocities are obtained only in two stage homogeneous electric field
distributed betweer-v. and+v. and the distribu mirrors, for first order focusing a single stage mirror is
ZIO ZID

tion width is doubled, thus accounting for the “turn- Preferred.

around” time. The packet length at the detector is T Single field sources are used (i@, = 0 and
At =t + St + t~ with the aberration term: n = 1), neglecting the influence of the short postac-
° b celerating gapd, = 0, the second order energy-fo

8t = |ayu, + Alay|w, + |a,uZ + |ay w2 cusing condition is fulfilled when

+ ag,dud + |agpUow?2 L= 2[2r%dy + (r2 — 1)d,])/(r? — 3)
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EJE, = — D[(r—1D(r +2)

+ d/dy(r + 1)/r2)/(r? — 3)
The total flight time is then
trer = (2N) Le(r? — 1)/r?

while a third order aberration coefficient, that multi-
plies &° forms a term to be included in the formula of
At:

(r>—1)Ld(8v)
The minimal deptth of the mirror must be
h=dy[r(r?=3)[r*—2—-2r%(r*+ 1)

+ dy/(r?dy)]

formula to replace relation (70) of [8].

First order energy focusing in the single stage
mirror is obtained ifL; = 2(d, + 2dg), the total
flight time is twice that spent by the ions in the field
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neously. The arrival time difference at the detector
can be reduced however by higher accelerating volt-
ages. The flight time differences induced by initial
velocities may be corrected by an extracting field
changing in time: established after some time interval
T, counted from the ionization beginning, taken as
time origin. As ionization lasts between 0.5 and 3 ns
for nitrogen lasers [32,33], 80 ns for TEA GOR
lasers [34], 0.8 ns for primary ion packets [35] the
extraction field is connected usually after the ioniza-
tion process ends. Therefore from the expression of
At, t, as independent term must be removed. After its
formation, the ion with an initial velocity component
v, will move freely until the extracting field is
suddenly connected. If the ion was createt],adt the
moment when the extracting field begins to act, its
position will bez; = v,(T — t;). We substitute this

in the termsg, throught, and keep, this time, also the
other terms inv, (in w). To detail the velocity
focusing conditions we observe that in the rewritten

free space and the second order aberration coefficientiorm of t, throught,, we have:a, = —nag, ay, =

is roughly L/(4v).

The transversal dimension of the ion packet at the

detector, if lenses are absent from the patir,gjs=
ri + V, tesWherer; andv, are the radial initial extent
and initial velocity, respectively.

The mass scale for the static field TOFMS results

from thet, formula. If we add an offset constagy:
t = ¢, + ¢;mY2 with ¢, also a constant.

4. Velocity focusing

The energy focusing in time, obtained with contin-

—a,/2, anda,,w = au.
If we detailAt as a series developmentip, t, we
haveAt = 6t + ty with

8t = [aJu, + Albyvo + [DVE + [DufVoto + VS
+ [b,Vato + [bunlVo

The new symbols are defined as

b, = ka, + a,/v,

by, = k%a,, + a,u/V?,

k(K?ayuu+ 8uu/V°)

by = —a,/(2n°d,),
bvvt == 2au uk/(znzda)

bVVV =

uous voltages and electrostatic mirrors is in fact a The higher order terms in, (in z,, the thickness of
hidden space focusing (compensating for the energy the region of ion formation) were neglected.

differences resulted from different start positions) as

no focusing action is exerted upon the individual
initial velocities as emphasized in [25].

In a source extracting field, constant in time, the
first order term in velocity contributes to, by
2n’d,v,/v* and cannot be compensated in this kind of
field. The ion having higher initial velocity will be
never caught by a slower one if both start simulta-

The first order velocity focusing is obtained when
b, vanishes. This condition determines the time delay
Task = T/2n%d, or T = —a,/(va,) = 2n°dt,/

a,. Then the second order aberration coefficient is
given by b,, = [a,,(a,/a,)? + a,,]V>. If second
order velocity focusing is needed we have to cancel
alsob,,. This happens whea, a2 = a3/2.

It is impossible to simultaneously obtain space
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focusing and velocity focusing as the former needs From the conditiorz = d, whent = t_ and neglect

a, = 0 that maked infinity. As stressed in [25] the
first order velocity focusing condition depends wn
(through t,o), then on the ion mass, whereas the

second order condition involves geometric parame-
ters. The resolution deterioration on both sides of a
selected mass can be easily followed by substituting

the appropriate numerical values ferfor the mass

ing the small terms in” we have
t,= 7+ 2nd/v[—nw+ (1 + nPw? — 2n%u
— twwid,)'?]

and taking againv/d, as a first order small quantity
the following third order expression results in:

range of interest. Formulas for the simple cases of the t,= 7+ 2nd/v(1 — nw — 7vw/2d, + n3w?/2

single field source and of the single stage reflectrons

are obtained by the substitutions= 1, d, = 0 and
r=1,dy=0.

As real world electronic units need some time
interval to reach the final voltage after they are

— n%u — n*rvuw 2d, + n2uw?/ 2 — n*u? 2
- n%®2)

No matter what the ion nature is or the initial

connected it is of practical interest to consider the conditions are it has to additionally spend timeén

influence of the extraction voltage increase timen
the ion motion. If the extracting field increases lin-
early from zero to its nominal valug, (this increase
will begin atT after the time origin), the integration of

the equation of motion gives the space traveled by the

ion during the field increase
Z, = V,7 + E,7/(6m)

With the earlier notationg; to be substituted in the
expression ofl, since the homogeneous constant field
acts is

= v, (T — t, + 7) + v3r%/(12n%d,)

This is equivalent to the ion departure from a plane,
having a mass dependent position, located/%at/
(12n?d,), closer to the exit grid, the time lag being
T+ 7.

The time spent by ions inside the ionization cham-

this space.

5. Quadratic potential mirrors

The most general form of the quadratic electro-
static potential [36] can be written d%(z) = k(z —
a)?2 + C(x, y) wherea is a constant an@ is another
one depending on the applied voltag&.x, y) may
have different forms, but all must satisfy Laplace’s
equation. For plane symmetric distributior¥(x,
y) = —k(x — b)%2 + dy + C, with the particular
case when the constartts= d = 0 the distribution
may be produced by hyperbolic electrodes (Fig. 2).

If C(x,y) = —k(x* + y))/4 + C, the potential
distribution can be produced by a stack of metallic
rings. When C(xy) = —k(x*+vy) +b
log[(x* + y®)*?/d] + C, conical and ring elec

ber can be calculated analytically for a homogeneous trodes are necessary but a central electrode (prohibit-

electric field which approaches its final value follow-
ing a time dependence of the forfd;[1 — exp(—t/
7)] [13], where is short compared witi and with

the time spent by the ion inside the extraction space.

The motion equation, by integration of the coordinate,
gives

z=qE/m[t¥2 — tr + 7% — 2 exp(—t/7)] + Vv, t

+7

ing ion motion there) also must be included.
For all these distributions the ion motion along the
z axis is described by [37]:

z— a =z codot) + v, /o sinwt)

with w? = gk/m. If a = z = 0 ions leaving the =

0 plane will return to this plane after reflexion no
matter their initial velocity or direction is. It will
happen aftet = 7/ as the argument of sinus must
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Fig. 2. Electrode structure able to create a two-dimensional qua-
dratic potential.

be 7 to cancel thez coordinate. Sot depends
exclussively on the ion mass.
This kind of field have however two important

inconveniences: the dramatic increase of the transver-
sal packet dimensions to the detector and the absencé1

of the field free paths from the ion circuit. The
transversal expansion of the ion packet results from
the ionx andy coordinates:

X = X; coshwt) + vy /@ sinh(wt)
=11.59% + 11.549, /o
y=vyitvwt=y + 7lav,

If the field has an axially symmetric structure the
radial ion motion is described by

r = r; cosl{wt/V2) + v, V2w sinhwt/\V/2)

r; cosl(m/\V/2) + v, V2/w sinh(/V/2)

4.665, + 6.433, \V2/w
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—a=[1-(1- L2’ 2)/(L 0lV?)

The depthh where the reference ion penetrates inside
the mirror ish = v/iw + a with v = w(2U/qk)*'2.

A potential distribution was calculated for perfect
energy focusing mirrors [39]. The mirror consists of a
decelerating field gap, the potential inside the reflect-
ing part being matched to the field free space of length
L. An integral equation is solved with the help of a
Laplace transformation and the ideal energy focusing
potential is obtained in an implicit form:

z= (L + 2dg)/7[ V®/IA — a tan(VP/A)] + B/A[1
— 2/matanV®/A)]

Heredy andA are the decelerating stage depth and the
potential difference applied on it. Another field dis-
tribution created to ensure improved time focusing by
electrostatic mirrors is the so called “curved field”
[40-42]. Asimion plot of such a potential indicates an
arc of circle as a section by tliez plane, whereas for
omogeneous fields it is a straight line. This kind of
field was used in tandem TOFMS to reduce the
distance between the energy focuses of fragment ions
of different mass.

Gridless mirrors feature transversal focusing prop-
erties and offer better sensitivity. Their design is
based heavily on computer calculations. A recent
design is described in [43].

6. Cylindrical electrostatic mirrors

Cylindrical electrostatic field reflectrons may be
valuable alternatives to the classical homogeneous
field mirrors. The constructive complication can offer
as a reward, transversal focusing for instance. Single
stage second order energy focusing by cylindrical

The absence of the field free spaces makes it mirrors would allow better sensitivity by eliminating

difficult to locate the ion source (or collision chamber)

and the detector. The addition of field free spaces

implies the loss of higher order focusing properties.
However by appropriately choosing the constant
first order velocity focusing can be restored [38]. The
added field free spade, is connected t@ by

the ion losses by collisions with the extra grid wires.
The simplest geometry of a cylindrical reflectron is
given in Fig. 3 [44]. A cylindrically shaped inner grid
is curved with ry radius and grounded. Another
concentric electrode is polarized to create thetype
field. The reference ion sent in the radial direction is
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Fig. 3. Cross-section normal to the field symmetry axis through a
cylindrical electrode reflectron.

supposed to stop at, (first we assume,, > r.). For
an ion of higher energy,,, = U(1 + 8) the turning
point is located deeper inside the field'gt The time
spent inside the mirror can be calculated by

I'm

t= ifdr/v(r)

fo

V9og(rm/ro)

= 2r [mlog(r,/r,)/(2q®,) 1" ? j exp(—x?) dx
0]

After some developments:

t = {4rl.+ 2ad(r, + 2ar,l,) + adqr,(a?— 1/2)
+ 2r@3l J}v

where

a

J exp(—x%) dx,

0

l.= a® = log(ry/r,)
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By adding the contribution of the field free space the
condition to cancel the term i&can be prescribed. It
determines the length of the field free space needed to
obtain energy focusing at the detectot; =
4a%(r, + 2aryl.). In the general formula of the
resolution t,; must be substituted byt =
(4aryl, + Lg)/v. In this configurationAt = t, +

6t + tp and we have to substitute fot besides the
initial velocity (or turn around term) the aberration
due t08%

8t = Ala,/w, + |bssl 67
The second order coefficient being
bss = [a%r(a2 — 1/2) + 2a%r,|. + 3L/8]/v

A numerical exploration shows that there is no pos-
sibility to cancel both the coefficients i and &2
simultaneously in this case.

If ry > 1y, i.e. when the convexity of the elec
trodes is oriented toward the source, first order energy
focusing in time is achieved for the following field
free space length:

L¢ = 4b%(r, — 2bryly), b? = —log(ry/ro),

lg= f exp(x?) dx

The total flight time for the reference ion igy; =
(2bryly + L/ 2)/v. In the expression obt we ac
count, this time, for third order terms id. &t =
Ma,|w, + |bss|82 + |bsss|6° where the aberration
coefficients are

bSS = {3Lf/8 + b2[2b3rb|d - I‘b(b2 + 1/ 2)]}/V
bsss = 1—5Ld/16 + (b%/3)[r,(b* + b%/2 + 3/4)
- 2b5l’b|d]}/v

Second order energy focusing in time is obtained for
r, = 0.7013r, andL; = 0.6188r,. Then the third
order aberration in5 has the numerical coefficient
—0.0775 /v. A two stage cylindrical field reflectron
was constructed for Si Si,C, and SjO ion cluster
studies [45]. The cylindric field ensures smaller trans-
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versal distances, between points where different massresistor divider was removed and mirrors operated as
ions are focused in time, than for the homogeneous plain mirrors which do not compensate ion energy
field reflectrons. The mirror was calculated to obtain spread. lons were accelerated by 10.5 kV whereas to
second order energy focusing by canceling derivatives the mirrors 13 kV were applied. The nitrogen laser
of the flight times written in an integral form. The delivered pulses of 3 ns FWHM in length. The ion
curvature radii of the electrodes were of 1, 1.12, and source has an extracting gap of 1.18 cm and an
1.254 m the applied voltages 0, 4, and 7.4 kV, accelerating gap of 1.1 cm. The mirror's depth is 3.5
respectively. Resolutions of 4000 at FWHM were cm, being separated by 81.6 cm. An even number of
obtained routinely on aluminium cluster ions. reflections were obtained with the molecular ion of
substance P, of 1347 u the detection being accom-
plished after a time of flight of (number of cycles
7. Tandem mirror systems 1) X 51.5us + the time needed to reach the detector
in direct mode. For five cycles the flight time was 297
An efficient method to increase TOFMS resolution us and the monoisotopic peak widths of 2.7 ns
is to use a number of distinct cylindrically symmetric (55 000 resolution). The resolution increases linearly
mirrors [46]. A specific geometry was tested and the with the number of cycles whereas the peak width is
resolution measured first without reflection, after 1 m almost constant. The peak height decreases after six
flight (resolution 150), after one reflection and 3.5 m reflections by 16 times. As the ions pass four times
flight (550 resolution) and after 4.5 m (730). The main through grids for each reflection, the attenuation for
peak width was 60, 55, and again 55 ns, respectively. six reflections isT(¢*#). The transparency of the grid
With two electrostatic mirrors with plane symme- T, results from the attenuation to be 89%, very close
try, face to face, multiple reflections can be produced to the specified value.
by properly selecting the source detector distance and  Another arrangement uses three mirrors [46]. The
the ion incidence angle to the mirror entry plane. Four ion source sends the ion packet through a grounded
parallel grids and two metallic sheets create two mirror under some incidence angle on a static mirror.
double stage mirrors, face to face. The ions injected It is reflected onto a third mirror which is activated in
obliquely performed a number of consecutive reflec- front of the detector after the mass interval was
tions before resulting in detection. A resolution of selected. lons are reflected back to the static mirror
3570 was obtained [47]. which reflects them toward the source’s mirror acti-
By switching two or three mirrors located face to vated in the mean time. The reflection sequence can
face a prescribed number of reflections can be accom-be repeated until the third mirror is grounded and the
plished [46]. Two collinear axially symmetric mirrors ions detected. A spectrometer located in a 700 mm
are located between the ion source and the detector.long tube was used to demonstrate this principle on
At first, the two mirrors are at ground potential. The ions of 28 u and 500 eV. Moving once through the
ions delivered in packets enter in the space betweensystem the resolution was 260 and increased to 720
the two mirrors. The ion mass interval is selected by for the next step proportional to the ion path.
the delay when the mirrors are activated. Only ions
located between the mirrors will be analyzed. The
ions can be reflected an even number of times before 8. Hybrid quadrupole trap-electrostatic mirror
admittance into the detector. A TOFMS with a instruments
MALDI ion source using this layout attained resolu-
tions over 55000 by using delayed ion extraction for Quadrupole ion traps are used to accumulate ions
velocity focusing [5]. The two 25 ring mirrors with  for a while, delivered next in short bursts for TOF
two grids each were activated with switching times of analysis [48] (Fig. 4). The ion drawing out is per-
15 ns. To eliminate the too low response speed, the formed by creating an extracting field inside the trap,
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The extraction regimes were simulated. The ions enter
the parabolic reflectron through a central hole, in the
multichannel plate.
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9. Homogeneous electric field single and two field
sources followed by drift space

Fig. 4. Quadrupole trap-linear drift space time-of-flight analyzer
hybrid system.

The space (position) focusing in time in a linear
TOFMS happens in fact in the second half of an
by altering the continuous potential applied to one energy focusing device as an electrostatic mirror. For
endcap electrode whereas the radio frequency signalsimplicity, we assume the field free space traveled
is supressed or reduced to an insignificant value [49]. before and after reflection as being of equal lengths,
The quadrupole trap can itself work in an extracting the entry and exit of ion packets normal to the mirror
regime [50] or the trap can be associated with an boundary.

Einzel lens [51]. The extraction process from the ion The ions of different energies sent into the mirror
trap creates a longitudinal (time) focus, its position will stop at various depths inside the retarding field. If
being largely determined by the applied potentials and they started simultaneously from the end of the field
can be located by simulation. From the intermediate free space, they will stop simultaneously inside the
focus thus formed an electrostatic mirror produces an mirror. The re-acceleration process simultaneously
energy in time focus on the detector. forms an energy focus of the original packet at the end
A quadrupole ion trap having, = z,\/2 = 10 of the second field free space. At the same point a

mm was fitted through an Einzel lens to a two stage
gridless mirror [50]. A second order space focus is
obtained at 300 mm from the laser ionization point
(trap middle), result obtained bsmvion [52] simula-
tion. To extract ions a dc potential of 1.5 kV during
accumulation is reduced to 1 kV on the extracting

space focus will be achieved for the ions which
stopped inside the decelerating field. This kind of
space focusing was used in a TOFMS mirror where
photodissociations are induced at the ion trajectories
turning points [54,55]. Usually in the two stage mirror
second order energy focusing TOFMS the decelerat-

endcap whereas an ac voltage on the ring electrode ising field is much more intense than the reflecting one.
reduced from 1.5 to 0.36 kV. The second order space Similarly, in the two field source of a linear TOFMS,

focus is used for ion photodissociation by a second
laser. The mirror’s first stage is set to 0.8 kV. On the
78 u benzene ion the resolution was 1120 FWHM.

the extracting field is weaker than the final accelerat-
ing one.
The time lapses spent by ions in the linear TOFMS

Storage times extending to 10 s were used for a massare given by the expressionstgf t,, t, , t, written for

range of the trapped ions extending until 1600 u. By
variation of the mirror's end plate potential ion

the homogeneous electric field reflectron. We neglect
the short postacceleration trajectory position. The first

energies were measured (the ions just allowed to passorder space focus, whes, = 0 in the total flight

having the energy equal to the applied potential
multiplied by their charge). The ion pellet formation
from externally injected particles, as well as the role
of parameters as initial rf voltage phase and ion
trapping times, were studied in detail by simulation
for this instrument [51].

A parabolic potential electrostatic mirror was con-
nected to a modified commercial detector trap [53].

time accounting for the above trajectory section is
located at.; = 2n?[d,n — d,/(1 + n)]. The second
order space focus is obtained if simultaneoukly
satisfies also the conditionL; = 2n?/3[dn® —
dy(n® + n + 1)/(n + 1)]. Inthesecond order space
focusing case the range of parameters is somewhat
restricted [56]. A geometric condition can be written
as [57]



D. loanoviciu/International Journal of Mass Spectrometry 206 (2001) 211-229 221

da = (Lt — 2dp){L{ (Ls — 2dp)/(3Ly)]*'2 ment by an extracting field adjusted in time. This
procedure acts until a mags,,., is reached. Numer
+ dpt/[2(Ls + dy)] ical calculations include the solution of a differential

In the resolution formula the reference ion total flight €duation to find the appropriate shape for the applied
time is mainly due to the field free space and the terms €xtracting voltage. In realistic MALDI conditions
representing the flight inside the ion source are often resolutions of up to 4480 result on a mass range of

only a small correction: Mma/ Mmin Of 10. The procedure was extended and
modified to two field source linear TOFMS [60],
trer = {Ls + 2n[d, + dy/(n + D JHv starting the correction frorm,,,, backwards. Resolu

tion enhancements of seven times and more were

The coefficients involved i@t are those given in the ) .
predicted for adequate parameter choice.

general formula but thed” coefficients are obtained
now only by summing for the,, ty, t,, andt, flight
time contributions.

A single stage reflectron focuses in time ions o
different energies after a field free space four times
the mirror depth [58]. The single field source TOFMS
is half the above-mentioned value: space focusing
ions at the end of a field free space twice the
accelerating space depth (used in real instruments
only to create an intermediate focus).

f 11. Postsource focusing

Postsource focusing can be used in linear as well as
in reflectron TOFMS. An additional grid must be
placed somewhere at,, downwards from the ion
source exit on the ion packets’ path. At a given time
T, measured since the ionization beginning, a homo-
geneous electric fieldE,s is applied suddenly be
tween the last source grid, at ground and the addi-
tional grid [61]. Only ions being inside the postsource
10. Velocity focusing accelerating interval, after the field connection un-

dergo extra focusing. The ions deeper inside the

Time lag focusing consists in the delayed ion accelerating interval will be less accelerated than
extraction, leaving ions to move in a field free those having a longer distance to travel inside this
environment after their formation. Initially it was used additional field. lons coming later are those with a
for ions created from gas phase molecules [1]. De- higher mass, all of them are generated later in the ion
layed extraction [10-12] became the most efficient source. That means that the delayed ions will be more
procedure to aleviate defocusing effects for MALDI accelerated and they eventually will catch up those
born ions. being closer to the detector at that time. A bunching of

The velocity focusing conditions derived for the the ion packets and initial velocity focusing can be
reflectron simplify somewhat in detail by the absence obtained simultaneously. lons steping in the post-
of the terms originating frorty andt,. The time delay source accelerating space after the field was estab-
formula remains the same in termsmfd,, anda,. lished receive all the same acceleration as they would

As in the TOFMS including mirrors, the velocity if they were emitted from a triple field ion source.
focusing is achieved only for a mass that determines How the created PSF potential effects ion paths on the
the time delay when the extracting field is applied. other grid side is of little interest because this field is
The possibility to extend velocity focusing on a range weak enough (even if its action should be cumulative
of mass values was explored in [59] for a single field until the detector).
source-drift space TOFMS. The extracting potential The basic geometric parameters that define a
should be adjusted in time in such a way that starting TOFMS with postsource focusing are shown on Fig.
from a minimal massn,,,;,, correctly velocity focused, 5. Some ion formed 4t after the time origin will step
the other mass ions receive a different energy supple-inside the additional acceleration space after the time
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PSF
/ >A grid + C4/(1 _ CQm71/2)1/2]

The mass scale calibration is a more difficult task
here than for constant field TOFMS because an
increased number @ constants must be determined.

A somewhat simpler mass dependence was suc-
cessfully used in experimental work [62]. The melitin

, o , _ ~ MH™ ion mass at 2845.75 Da was measured with an
el et average erfor (ms) of0.09 Da that means less than 40
symmetry axis. ppm. The calibration was done by using the depen-
dence formt = ¢, + ¢;m"* + ¢,m"? + c;m®4,

Improved resolution and sensitivity were obtained
on a linear TOFMS having the following basic geo-

spent inside the source where constant fields are
applied. If the PSF field is connected later the ion .- parameters [17H, = 10 mm,d, = 5 mm
. . . . a ) 1
travels still unperturped some distance |nS|d§ the dps = 90 mm, andLy = 1899 mm.Sensitivity im
postsource accelerating space. It depends on its ve-

i . ) o provements resulted from the use of an intermediate
locity (ar?d on its masg) how '0”9 ithas to move inside g|ecirode without a grid used as a lens, located before
the applied accelerating PSF field.

) e ) . the grounded source electrode, polarized at 19.77 kV
!n afirst order appro>.<|mat|on the time when an ion as the extracting electrode (repeller at 20 kV). The
arrives to the detector is mass accuracy determination was improved by using

tor = T+ 20, UIVOE,od F(1 + Koty — Kpv,) — 1] single laser shot mass spectra instead to average them.
) : ' Thus the broadening due to shot to shot jitter was
+ Ly/(VI) (L = kit + kov;) eliminated. It was possible to obtain resolutions of

8600 on the molecular ion peak of insulin at
3495.62+ 0.04 Da measured with 60 ppm error.
Looking for other reasons of resolution limitations,
the effect of the PSF applied pulse were simulated
with the simion program. The linear rise of the PSF
field to its nominal value in less than 500 ns increases
the ion packet length by less than one ns at FWHM,
while the applied voltage increases from 0 to 2.9 kV
in 30 ns on the first PSF region electrode. The 3%
linear decrease of the PSF nominal applied voltage in
10 us has no visible effect on the simulated resolution

[62].

where f? = 2qE,D, /U + 1, k; = (1 — 1/f3)v/
(2D,), k* = d,n*(1 — 1/%)/(D,v), and D, =
dps + 2n[d, + dy/(1 + n)]. Focusing ofv, compo
nents, simultaneously with bunching, {ength packet
compression)  happens whenlLy = 2Uf2dp5/
(9Epd,d- As f depends oD, and this last orv, the
above-mentioned condition reveals a mass depen-
dence. Only ions of a given mass will be exactly
focused at first order. The focusing action extends
over some mass interval, but correct first order focus-
ing is obtained only for a selected mass.

The mass range where ion focusing is modified by
the PSF field is

2 2] 2
UT{2nTd, + do/ (1 + n) + dpt <m 12. Inhomogeneous accelerating electric fields

< UT?{2n7[d, + dy/(1 + n)]?}
The parabolic potential distribution features per-
The mass scale function is cumbersome but fect space focusing. If the ions start without initial
straightforward to derive from the total flight time of  velocity from the initial coordinate; they will arrive
the reference ion: to thez = 0 plane after a time depending only on



D. loanoviciu/International Journal of Mass Spectrometry 206 (2001) 211-229

their mass. By substituting = 7/(2w) into the z
motion equation, established before, the final coordi-
nate results to be = 0 [63]. The focusing properties
of this kind of field were embodied in a 5000
resolution instrument for electrospray ions and the

223

[69] (see Fig. 4). An aperture in the opposite endcap
must allow ion motion over a field free path. The ion

acceleration must be obtained by rectangular voltage
pulses applied to the quadrupole trap electrodes,
delayed with respect to the ionization process. If a

aspects concerning both space and energy focusingpulse of T, length is appliedT seconds after an

discussed [64].
A potential distribution ensuring perfect space
focusing properties was calculated [65]. The ion

accelerated inside this distribution passes by an addi-

tional accelerating gapl,, through the potential
differenceA, before traveling over a field free space.
The ideal potential was obtained as solution of an
integral equation after Laplace transformation. It was
given in an implicite form

z=2/m(L, + d)[(®/A)Y2 — a tan(®/A) 2]
+ ®/A[1 — 2/matan(®/A)Y 2]

13. Hybrid quadrupole trap—TOF analyzer
systems

Quadrupole traps were connected to linear
TOFMS. To extract ions accumulated in the trap the

field was established between one endcap and an

external grid [66—68]. The ions are focused directly
on the detector after flying over a field free space of
appropriate length.

lons produced by electrospray were injected
through a sampling skimmer and plate stack in a
guadrupole trap. The ions extracted thrbug3 mm
diameter opening in the endcap at 5 mm from the
accelerating grid before being left to fly free on 0.9 m.
The ion extraction happens during the @®when the
endcap is polarized at500 V. The trapping time was
typically 100 ms followed by a 1.Z2us rf voltage
decay. Mass resolution of 920 FWHM was obtained
for the cytochromec, [M + 16H]*®* peak, in the

ionization-detection cycle beginning, perfect velocity
focusing happens after a free flight path bp=
z)/[wT sin(wT;) — cosT.)] dependent upon the
ion mass throughv. In the general resolution formula
we have to put

trer = Ll Zo[SIN(wT )0 + T(wT/sin wT, + cogwT,)]
At = tD + {Lf(T/(l + (T) + Vo[Lft()IZo
+ ol siwT) M Zow sin(wT,)]

The first order term irty is absent, ifT > t,. The
symbolo = (8r/2z,)? was introduced to account for
ions emitted from points located inside a circledof
radius on the endcap electrode tip.

Forz, = 2 cm,L; = 1 m,ty; = 0.8 ns,or = 15
wm, pulse height of 30 kV and initial energies
spreaded over 30 eV, for 500 000 u ions the perfect
velocity focusing conditions being satisfied, a resolu-
tion of about 220 000 is calculated. To ensure such
high mass ion detection, postacceleration would be
needed. Pulses of, = 2.94 us should be applied
sinceT = 11 us.

14. Electrostatic deflectors

Multiple electrostatic sectors can be combined in
configurations with multiple symmetries [70]. Four
sectors can already ensure radiak, 8, yy, yB time
focusing simultaneously with transversal 8, andé
focusing [71]. The used symbols areion position
projection distance to the main path in the deflection
plane,y its distance to the deflection planeangle of

range 600-1200 for equine apomyglobin, high mass the ion velocity projection on the deflection plane

to charge ratios allowing the detection of 150000 Da
antibodies.
Perfect velocity focusing may be obtained for ions

with the main path, an@ with the median plane.
An instrument from four identical cells embodied
this concept. Each cell contains a toroidal deflector

emitted from the tip of a quadrupole endcap electrode (Fig. 6) of &, = 269°, field indexc = r /R, =
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Fig. 7. Postsource focusing grid location between ion source and
detector.

Fig. 6. Quarter of the symmetric structure of the closed orbit high 5 5 o s 3 2 5 <3 5
resolution time-of-flight mass spectrometer. 8, af, ad, 8%, ¥, yB, B°, o, a8, ad®, 67, ay”,

ayB, aB? 8y?, dyB, 5B

0.015, main path radius, = 5 cm (R, = equipo The parameters defining each cell age= 0.593
tential surface axial curvature radius at the main path), M Lo = 0.483mre = 0.5 m®,, = 37.8, by, =
located between two field free spades= 11.9 cm ~ 20°=37.8, andc = 0.293. _
andL, = 15.6 cm,respectively. Assuming an equal In these calculations the transfer matrix elements
radial and axial beam aperture 66 X 1072 as well of the main field of the sectors [73] and the more
as a relative energy spread of the same magnitude,recently derived matrix elements for the fringing
resolutions of 12 000, 23 500, and 33 400 were cal- fields [29] were included. The elements of the time
culated after one, two and three complete turns. The FOW are written as:((ijk) wherei, j, andk are the
aberrations were calculated by the third order program &lréady enumerated ion motion caracterizing quanti-
TRIO TOF [29]. ties.

Recently a six electric field deflector TOFMS was ~ For the entry boundary they are
built to allow mass dispersion increase by multiple ion (t/) = 1, (ta) = =21 ,rJV (txX) = 31 ,./(rov)
turns inside an ovale structure [72]. Once ions are
admitted in the orbit they can accomplish as many (t/xxx) = 1/(6rRev) (t/xxa) = 1/(ryv)
turns as are acceptable from the point of view of the
intensity losses. The structure has multiple symmetry (t/xyy) = —1/(2rReV)
properties. We can consider the system as constructedThe following integrals are to be calculated over the
from four cells (Fig. 7), each 104.4° deflector being electric field distributions at the deflector entry bound-
shared by two neighbor cells, symmetrically cut by a ary:
symmetry plane in two equal halves. The two assem-
blies of three condensers are symmetric with respect 5
to the middle pointO. This multiple symmetry '@&= E/Eo) dn dn — my/2
ensures the cancellation of flight time aberrations,in
a, 8, ad, BB and offering transversal angular focus-
ing in «, energy focusing ird and practically also in
B, as the irespective coefficient is very small. Aber-
rations were calculated accounting for third order with n a coordinate normal to the entry boundary and
contributions to the detected ion packet length. The R, the effective boundary curvature radius. The inte
following components were included: thosexna, grals are taken between a poiat’where the fringing

|4a:J’ (E/Ep)*dn — m,
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Symmetry second of 30 mm, equatorial curvature radius, denoted
now byR. = 50 mm, axial curvature radius 180 mm,
respectively are given. The focusing angles were of
83.06° for clockwise motion and 101.38° for counter-
clockwise sense, the starting angle bein§0° for
both. The flight time elements were calculated to be
(t/x) = 1.17R,/v and 0.9R,/v, respectively, t/

a) = 149R, /v and 1.9R /v, (t/Am/m) =
1.07R,/vand 1.2R,/vwhereast(d) = —0.28R,/v

and 0.1R/v.

To ease calculations an analytic expression of the
poloidal electrostatic potential was derived in a series
Fig. 8. lon path in a plane containing the toroidal condenser of small involved quantities [76]. This allowed easy
symmetry axis of the poloidal deflector. access to the second order matrix elements and to the
calculation of the aberrations. A two poloidal deflec-
tor system ensuring simultaneous transversal angles
and energy focusing concomitantly with energy fo-
cusing in time was calculated.

Two “nested” poloidal condenser geometries (one
poloidal condenser inside the another) were studied to
obtain simultaneously transversal angular focusing in
the radial, parallel to point azimuthal focusing, with
no lateral energy dispersion and with energy focusing
in time [77].

The lack of transparency of the motion equations
15. Poloidal deflectors to be solved only numerically hinders the complete

and general description of the ion optical properties of
Poloidal deflectors are prefered for space applica- the poloidal deflectors.

tions and as electron analyzers because of their wide

360° viewing angle [74,75]. A toroidal condenser

becomes a poloidal deflector if reference particles are

so directed that they move in a section of the con- 16. Orthogonal injection and orthogonal

denser that contains the rotation axis (Fig. 8). The extraction

focusing properties of the poloidal deflectors were

hard to explore because of the field and therefore the  To reduce the velocity distribution width along the
ion trajectories must be calculated numerically only. extracting-accelerating direction the orthogonal ion
The transversal focusing properties were studied for injection is used [78].

such a deflector [74]. The focusing properties, includ-  The processes preceding the ion filling step direct
ing those that were time dependent, were given in a the initial ion velocities mainly at right angles to the
matrix form, as used in an equatorial plane descrip- extracting field directions. The velocities along this
tion. A remarkable property is the dependence of the field are small but the region of packet creation is
transfer matrix elements of the sense of motion: deep enough, of the order of 2-3 mm in [79,80] to
clockwise or counterclockwise. As an example, the need space focusing. Additionally, to prohibit ion
time transfer parameters of an angle focusing poloidal leakage during the filling period, a potentidl =
analyzer having the first field free space of 5 mm, the E,(d,/27) log(d,/27r,,) must be applied to the

field E becomes negligible and a poirt™where the
radial electric fieldE practically is identical with that

in the main fieldg,. For the exit boundary the time
determining transfer matrix elements have all the
same form, butt{«) and ¢/xxa) change their sign.
For the exit boundary elements the irespectRg
value and electric field distribution (to calculate inte-
grals) must be used.
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Fig. 9. Principle of the orthogonal extraction excluding the harmful
effects of adjusting condensers.

filling space exit grid. The grid wires are of; radius,
locatedd, 4 apart [81].

The analyte ions during extraction space filling
have almost identical velocities. After extraction the
ions keep their drift velocitiess, along the axis
perpendicular to the accelerating field (Fig. 8): =
const. They will reach the detector plane afigy =
Lo/ (2U/m)Y2, They will come to that plane shifted
by D, = constm''% Therefore a very limited mass
range will be detected and most of the ions are
missing from the detector area if this was placed in
direct view from the source. As a simple practice,
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deflection was eliminated by the new TOFMS design
of Guilhaus and co-workers [82,83], called orthogonal
extraction. In this design ions are extracted normally,
the formed ion packet being left to fly unharmed. The
detector, and the mirror if present, are displaced by
design to allow the collection of the ions of the mass
range of interest.

17. Double electric condensers

Electric plane deflecting condensers were used to
chop packets from continuous ion beams [84]. Two
deflectors operated together form ion gates that are
able to select izotopomers for further analysis i.e. to
perform tandem mass spectrometry [85,86]. Such
deflectors can be constructed from simple plates or by
assembling many metalic ribbons. Two neighboring
ribbons are connected to opposite potentials. Devices
constructed from interleaved deflection strips preserve
low capacitance and the applied voltage pulses are
close to the ideal rectangular shape. A double deflec-
tor made of two batches of 20 parallel nickel-chro-
mium sheets of 1.2 15 mm, located 1 mm apart
was used to select isotopomers from MALDI created
ion packets [87]. The selection capability of the
device was illustrated by its resolution of about 5200.
Earlier simpler devices constructed from two con-
densers allowed resolutions of 300 to be attained
without optimisation [88]. The resolution of a double
deflector assembly can be derived easily assuming the
deflecting fields to be homogeneous and accounting
for the fringing fields by the effective boundary

plane deflectors were used to redirect the ions on the position and thus by its effective length. It is often

detector from the mass range of interest. The use of assumed that the electric field extends with a gap
the plane deflectors induces, according to [81], an ion outside the physical limit of the plate.

packet curving effect, thus a flight time error of length
8tdef:

Stger = LerU/(QEqeLqf)

where E4 is the deflector field intensityl g its
effective length. The fringing fields of these deflectors
impart different velocity components to the ions of the
packet, increasing in fact the final temporal length.
The ion packet lengthening due to the packet

The ion packets are coming from the ion source
located aL 4 from the first condenser’s effective limit
(Fig. 10). The field inside the first condenser begins to
decrease al, after the packet front left the source.
Therefore an ion of appropriate velocityis submit-
ted to the entire electric field-E during t.. The
electric field of the first condenser vanishes during
T, later in the field of the second condenser, also
increases (linearly) during So the ion was submitted
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18. Conclusions

The already well established TOFMS configura-
tions are the subject of further refinements and
progress by the continuous technical development of
lasers delivering shorter pulses, detectors with better
time resolution, by higher accuracy in pulse shape
generation, and in keeping constant the repetition rate.

The TOFMS resolution improvements should re-
Fig. 10. Separation of different mass ion packets by time dependent Sult from the reduction of the ion packet initial
deviation in a two tandem plane condenser assembly. distributions in space and velocity. It would be of

interest to explore how much these distributions can

be reduced by cooling ions in quadrupole traps before
to the fieldE during t;, when it leaves the second TOF analysis, without limiting by the mass range. The
condenser. It arrives to the detector of radRgs(or to cylindrical and spherical electrode mirrors could dis-
a limiting slit) after a flight over a field free space of close higher order energy focusing in time associated
lengthL . The ion position is given as quadratic time with transversal focusing, to keep sensitivity high.
dependence inside the static field and as cubic in the The increase of the mass dispersion for TOFMS is a
linearly increasing (or decreasing) field. The position sure way to improve mass resolution. For the close
of the ion at the detector or at the limiting slit, in the orbit TOFMS this can be done by watching to

plane of deviation is a function of the mass: minimize ion losses in orbit. Multiple reflection by
) opposite mirrors, preferably without grids, shaped to
Y=Yt v (tet 27+ T+t + Lp/v) — qE/m[te/2 keep longitudinal and transversal ion packet dimen-

sions unchanged are another, proved already to be a
fruitful solution.
— Lp/v(t; — tJ)] A mass dispersion of doubling results by using
_ ) constant momentum ion packets instead of constant
Roughly,y; andv,, can be neglected. Anion having  gnergy jons. The possibility to obtain mass dispersion

higher massm -+ Amz. having the veIgcityv(l - increase by time dependent voltages applied on the
Am/m) will be less deviated than that with To have  mjrror electrodes is a topic also to be explored.

the ions of massn resolved from those ofm(1 +

Am/m) the axes of the two successive packets must

be at a distance of at leasRg at the detector plane.  References
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