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Theoretical study of space focusing in linear time-of-flight
mass spectrometers
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In response to continued improvements in the production of “cold” atoms, molecular beams, and
in electronic timing resolution, the issue of space focusing in linear time-of-fligF) mass
spectrometers is reevaluated. Starting with the Wiley—McLav&nC. Wiley and I. H. McLaren,

Rev. Sci. Instrum26, 1150 (1955] condition for first-order space focusing in the conventional
two-field system, we extend the approach to higher orders in more complicated situations. A
general, solvable, set of equations for satisfymgrder space focusing in am-field regime is
derived. We demonstrate quantitatively that if higher orders of space focus are employed, then
provided the initial velocity distribution of the ions is sufficiently narrow, a significant improvement

in the mass resolution can be achieved. The conclusions drawn have important implications for the
design of the next generation of TOF instruments. 2@01 American Institute of Physics.
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I. INTRODUCTION ity spread associated with thermal ions. However, there has
. . . been considerable experimental effort over the years to re-
Time-of-flight (TOF) mass spectrometry is a well- "o o velocity distribution of the ions. The use of super-

lish nd widel hni for rmining the "~ R . :
established and widely used technique for dete g1 %onlc beams in ionization experiments is one method that

identities, relative concentrations, and energies of ions. The sults in a much smaller transverse velocity soread. Another
simplest system consists of an acceleration region followe . : ty P -
example is the use of laser cooling techniques leading to

by a field-free “drift” region, which together disperses the “cold” q ith q
ions’ “time-of-flight” according to their mass and charge. very “cold™ trapped atoms with temperatures down tdl

Over the years there have been significant improvements if<—0r colder in the case of Bose—Einstein condensation.
the basic design, some of which invoke substantial changes With these reductions in the velocity spread, it is timely
in geometry to optimize the mass resolution. A variety oft® reexamine the simple linear TOF design and to optimize
approaches have been used, including sector analﬁl‘z%rs,'tls space.—f.ocusmg.charactenstlcs. It§ relatively simple yet
the “reflectron” design® quadratic extraction fields]  highly efficient design can detect particles over . It can
time-dependent extraction fields—so-called “impulse-field@lSo be used easily in conjunction with other types of particle
focusing,”®® and the employment of additional parabolic re- @nalyzers, enabling coincidence experiments. Consequently,
flectors to improve detection efficiené) A review of TOF  the linear TOF geometry is still widely employed and con-
methods has been undertaken by Price and Mithéghe  tinues to be developed. For example, the cold-target recoil-
widespread use of this technique has led to exotic applicdon mass spectrometry technique has been developed by
tions such as analyzing the dust in the tail of Halley'sSchmidt—Beking and his co-workers over the last ten
comet'2 imaging Bose—Einstein condensatirand identi-  years:® This “momentum imaging” method, used in both
fying biological materials with high mass numbers photoionization and collision-induced ionization processes,
(~101%).14 detects an emitted electron and employs a precooled local-
The traditional limitations to the mass resolution haveized supersonic beam to optimize the momentum resolution
been due to the velocity and spatial distributions of theof the detected recoil ion. This elegant technique, recently
source. The simplest gas sources, provided by effusiveeviewed by Ullrichet al,'” has been used in a variety of
beams, suffer from a broad, Maxwell-Boltzmann velocity pioneering atomic and molecular physics experiments. De-
spread that can dominate over the effects of the ion source%pite the complexity of their spectrometer configuration, the
spatial extent. Wiley and McLaréhintroduced “space fo- two-dimensional position-sensitive detection system and its
cusing,” which endeavors to ensure that the ion time oftiming electronics, is based essentially on a two-field TOF
flight is independent of small changes in initial position. Asgeometry. In order to study photoionization fragmentation
we have already alluded, this insensitivity is very importantprocesses, Elaftiand Lavolle'® have also developed linear
because in any practical situation the interaction region wiltwo-field TOF systems that similarly map the ion’s three
have a finite size and so limit the mass resolution. First-ordemomentum components. Moreover, the sophisticated detec-
space focusing is often sufficient to accommodate the veloaion system of Lavolle has been used recently to map the
momenta of two near-threshold electrons arising from
aElectronic mail: d.p.seccombe@newcastle.ac.uk photodouble ionization of helium using the same TOF
bElectronic mail: t.j.reddish@ncl.ac.uk technique?® Other applications of the two-field system in-

0034-6748/2001/72(2)/1330/9/$18.00 1330 © 2001 American Institute of Physics

Downloaded 22 Nov 2002 to 137.207.233.24. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp



Rev. Sci. Instrum., Vol. 72, No. 2, February 2001 Time-of-flight mass spectrometer 1331

clude the determination of free energies and rate constants (a) 1-Field Time-of-Flight
associated with the dissociation of molecular i6h% the System
detection of large molecular clustétsnd the imaging of the
angular distributions of state-selected photodissociation "D *|‘_D
products®*2°

The general mathematical relations pertaining to space
focusing that are presented here build upon the previously
mentioned pioneering work of Wiley and McLarémusing a

. . Source

two-field system which has been more recently extended to Velocity
second order by Conovest al?® and Eland® However, a
different—although obviously related—set of defining pa-
rameters will be adopted, which more readily lend them-

=0 Acceleration

selves for extension tm fields and/om-order space focus- (b) 2-Field Time-of-Flight
ing. The merits of introducing the extra complexity will also System
be discussed. To place things in context, we will briefly re- :
view the one- and two-field situations before presenting the ;*Dl*!*Dz T b,
general case, which although complicated has a straightfor- 9 f §
ward, solvable form. It is interesting, therefore, to note that | i
Srivastava, lga, and R&chave “segmented” their drift tube : |
into several cylinders held at different potentials, thereby im- B 4 =0 Acceleration
proving the mass and energy resolution. This work puts the ouree w v, v Velocity
multifield aspect of that design on a firmer theoretical basis 2
and provides insight as to what parameters should be opti-
mized in future designs.
(¢) 3-Field Time-of-Flight

System

Il. THEORY
froppeog——
A. Space focusing
A conventional linear time-of-flight mass spectrometer 5

consists of cylindrically symmetric accelerating sections fol- | .
lowed by a constant-velocity—or “drift"—region, as shown S a a,=0 Acceleration
in Fig. 1. Acceleration of the ions is caused by uniform elec- v, v, v Velocity

tric fields that act along the direction of the symmetry axis. ’

The most basic TOF system utilizes one electric fidtdy. FIG. 1. Schematic diagrams of the one to three electric-field TOF configu-

1(a)], and in this case the ion time of flighfr() and its ratiqns along with the basic de_finitiong of‘the lengths, velociti(_es, gn_d apcel-
. . . . erations used in the mathematical derivations. The source region is indicated

terminal velocity ¢,) are simply given by andu, corresponds to the initial velociticomponentalong the TOF axis.

The velocitiesv; correspond to the axial speed at the end ofitheaccel-

T.= U1~ Ug + 2 (1) erating region. From the trends indicated, it is straightforward to extrapolate
1 a; vy’ our nomenclature to four-, five-, or evemfield configurations.
— (1,2 1/2
v1=(u3+2a,D0,)"? ) )
. - : : d"Tw) (2"
where u, is the initial on-axis velocity(component of the AT= E dD! nl 3
ion, a, is the acceleration produced by the electric fieg )( D,

in the source regiorD), is the length of the field-free region,
andD; here is the distance the ion travels to the drift regionin practice, any interaction region will have a finite size,
entrance. The acceleration is linearly related to the electricharacterized in this work by a half-widt hence space
field in the first region, i.e.,a;=ZeE /Mm J[or g focusing requires mechanical and electric-field arrangements
=ZeE /Mm in the general castbviously, the general ac- that result in as many of the derivatives as possible in(8q.
celeration expression also allows for a simple transformatioftbeing set to zero. A “first-order” space focus is achieved by
of the equations for use with electrons/positrons and highlysetting the first derivative to zero, while a “second-order”
charged iong, wherem here is the atomic mass unit a@dd space focus, for example, is achieved by setting both
andM are the ionic charge and mass numbers, respectivelydT/d D1)5l and @°T/d Df)glto zero.

lons starting from a general positi@y =D, +z, where Returning to the one-field TOF design, one can easily
D, is the distance to the center of the source, will have ghow that foruy=0 (the initial condition that is usually as-
slightly different time of flight from that corresponding to sumed in space-focusing desighe (dT/dD,)p, =0 condi-

Dl The deviations in the TORAT=T(D,) — T(Dl) can t|on results in the constraint.,=D, /D1—2 Thus when
be expressed as a Taylor series in méield case: =0 first-order space focusing is simply fixed by the appa-
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ratus geometry, independent of the strength of the electriare enough parameters to satisfy this condition and still have
field. However, sinced?T/d Df)alzo requiresL,=2/3, it  flexibility in operation. Even second-order space focusing is

is not possible to set simultaneously the first two terms in Eqreasonably straightforward to obtain, in principle, although
(3 to equa| zero. Second—and higher_order Spacei.n Sec. Il A we will show that in order for the benefits of

focusing conditions require more acceleration regions in th&pace focusing to be fully realized, the accuracy of the pa-

TOF design. rameterdi.e., theR,, L,, andL; ratio9 must be better than
The commonly used two-field TOF systdig. 1(b)] ~0.1%-1%. If tuning the electric fields can compensate for
has similar time and terminal velocity equations corresponda@ny errors in these values, then the space-focus condition can
ing to Egs.(1) and(2): be achieved in practice. If, however, there is a dimensional
constraint—as in the two-field case tuned for a second-order
Tzzvl_ Yo | V2701 E 4) focus(sincel, andL 5 are couplefi—the space-focus condi-
a; a U2 tion is not straightforward, since it is virtually impossible to
v2=(u§+2alDl+2a2D2)1’2, ®) construct the apparatus to the required accuracy.

The general experimental need for a more sophisticated
wherev, is still given by Eq.(2). In evaluating the deriva- TOF design—yet still based on simple uniform electric
tives, it is more useful to adopt certain dimensionless quanfields—and the relative simplicity of Eqsi8) and (9)
tities as these turn out to be the most appropriate parametepsompted us to search for the general relations fomefreld

in space-focusing design. In the two-field case we make thé OF system witm-order space focusing. As before, the TOF
substitutions:R,=E,/E;, L,=D,/D;, and Ly;=D3/D,  equation is simply the sum of the times spent in each region,
(generally,R;=E;/E; andL;=D;/D,), and show that which can be generalized to timefield case to be

v Up+2a;D;+2a,D,

m
= vi—u vi—vi-y D
2a,D; 2a,D; To=—r—+ 3, = (10)
1 i=2 i Um
ug
- 2a;,D; 1R, =X+ Rolo, 6) Similarly, the velocity after traversing thath field is given
b
whereX=1 whenuy=0. Therefore, y
2 2 m 1/2
U2 U 2a1D1 X+ R2L2 R2L2 2
2| = = =1+ =K. =| ugt+ 2a.D;| , 11
(Ul) 2a1D1 U% X 1 X K2 Um 0 Zl ! ( )
(7
The physical significance of the dimensionless quatditys or, more usefully,
that it is equal to the square of the ratio of the ion’s axial )
momentum after the second field to that at the exit of the first (Um)*_) | & RLi _ (12
extraction field. More usefullyK, (in general K,,) is em- U1 = X m?
ployed to minimize the complexity of the subsequent equa-
tions. Second-order focusing requires bottT(dD,)p, and  where, as in Eq(7),
(d?T/d Di)gl to be zero, which can be shown to be satisfied
by the following two simultaneous equations: ug Mmug Uo
X=1 (13

" 2a0, 1'2D,ze5 tDE
—Ls=0, 8

1) 1
0. _ _
2XK2[(K2) ‘(1 R2)+R2

2XK,| (K 1-51—1 +1
2| (K3) R, TR,

Equation(13) reveals a particularly important property of the
general space-focusing condition, namely, that it is depen-
—3L3=0. ©) dent on the ion’s “axial” velocity(i.e., due to the velocity
o _ ] component along the TOF axisFor the purpose of the
It is important to recognize that although there are five eXpresent discussion, thé=1 condition is imposed. Hence,
perimental variablesH;,E;,D;,D,, andD3) in the two-  aithough the space-focus conditions do not depend explicitly

field case it is theratios of electric-field strengths and the . ha magnitudes d&, andD;, their values will affect the
lengths, all with respect to the first acceleration region, tha} ! L

appear in space-focusing conditiot® and (9). First-order egitimacy of this appromm&tl_on. In particulak, qnd Dy
focusing requires only the constraint of E®); therefore, ~Must be set to ensum%/ZalD_lls close to zero, which sug-
there exists the freedom to set the values of two parameteREStS that space focusing will work best for low-energy ions
(e.g.,L, andL;) and the third R,) is fixed appropriately. In  [i.e., Ug(eV)<D4E,].

second-order space focusing, however, only one parameter [In anmfield system (n>2), there exists a general set
can independently be assigned a value, since the other tw®f N simultaneous equations that need to be solved for
then follow from Egs.(8) and (9). At the present time, the the nth-order focusing condition, i.e.{(d'T/dD})p,
two-field TOF mass spectrometer is very widely used, and in=0};_,_.,. The set, expressed in terms of the parameters of
many cases only first-order space focusing is required. Thertae TOF system, can be simplified to
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1 ) 1 m-1 Ky 112 are adopted. The space and velocity contributions to the
2XKp, R—+K'm_1/2( 1- R, + E (T) mass resolution are two such criteria, and it is to them that
m 2l 1=z A we now turn.
X ! 2j—1)Lyme1=0 14
R R (2)=Dhmes= i1 . (14) B. Mass resolution

The mass resolution of a TOF mass spectrometer is sim-
ly related to its capability to separate adjacent mass num-
ers. This in turn depends da) the size of the interaction

r?egion and the space-focusing order @nxdthe axial velocity

Mhistribution of the ions. Combining the two effects is ex-
tremely complicatedsee Refs. 28 and 29but following
Wiley and McLaren'® we will treat the effects independently
and then compare their contributions to the overall resolu-

This set depends oR,, L, (k=2 to min steps of 1 and
L. 1; the total number of these variables is then equal t
(2m—1). Since the number of equations in the set that ca

eters, the highest order of the space-focus conditigp,,j
that can be achieved is given Ioy,,,=2m—1. It should be
noted, however, that for all cases wittn>1, the maximum
order of space focus can only be achieved by settipg; to ion
zero. For example, in the previously discussed two—fieldt

: . ) ) The ion time of flight given in Eq(10) is directly pro-
case, third-order focusing should be technically possible, . _ : : ) i
However, the third-order solution occurs when eit portional to\'M whenuy=0, a relation that is valid regard

—0, Ly=—1, Ry=1 0r Ly=0, L,=1, Ry— —1: the first is less of the number of electric-field regions in the design.

. . . - Thus, the time separation for adjacent masseM E1) is
unphysical and the second results in a terminal velocity of P ) €1)

. . — . — given by
zero for ions starting ab,, and ions fromD,<D; never " "
reach the detector. Thus, far>1 only a space-focus order _ M+1 _ 1
. . . . . TM+1_TM_TM T _l _TM l+_ _1
as high as th—2 is potentially useful in practice. Even so, M M
the technical difficulties in achieving that highestn{2 Tu
—2)th order condition are severe, as we indicated earlier in ~o5M (19

the two-field case. Consequently, sinoe-1 is the number
of adjustable electric-field ratios, space focusing would beA measure of the space resolutibh, is the maximum value
more reliably achieved in a design if one considered1 to  of the mass numbevl, for which
be the highest practicable order. T
In the case of a three-field systefsee Fig. 1c)], the AT STy Tw) = ﬁ (20)
parameters arR,, Rs, L,, L3, andL, and the set of equa-
tions derived from Eq(14) for j=1-4 are, respectively, where AT, corresponds to the difference between opposite
05 . extremes of the ion TOF peak. This can be obtained using
Ks) ' ( 1 1 ) i L Eq. (3) for a specific space-focused TOF design and interac-
R3] 4 tion region size. In order to evaluate that expression, one
needs the general form of thieh derivative, which is related

+

Kz

R, Rs

[ 1
2XK, (K3)°'5(1— —
i Rz

=0, 19 Eq.(14) and is given explicitly by
[ 1 Kg\*® 1 1) 1] dT [alD(—1)i*t 1 1
2XKs| (K 1-5(1——)+<—> (———)+——3L o s Vg R T I
3| (Ks) R, T\, \R, TRy TRy 3 a0l L 2XK Ky 1
=0, (16) m—1 K., -2 1 1
i : + — - —(2j—1)L .
2XK (K )2.5(1 l)+<K3>2.5( 1 1)+ 1 5L ;2 ( KI) (RI Ri+1) ( : ) met
1 Ra) \Kz/ Ry Rs/  Rg] ! (21)
=0, (170 The first term of Eq(21) is only zero in unphysical situa-
) ) tions, (i.e., if any of the following are truea;=0, D;=0,
oxkal (K39 1 1 Kg|®%1 1) 1 - vm=2) and was, therefore, excluded from H34). Some
3_( 3) "R, + K,/ R, Rs +R_3__ 4 caution should be applied when using Eg1) in Eq. (3),
_o (18) since the applicable range of length deviatofrom D is

small and depends on the order of space focusing employed.
First-order space focusing is achieved by finding a set of OF @ given design, it is more reliable to evalua®; di-
parameters which satisfies E@L5), for second-order, Eqs. "€Ctly by determiningr using Eq.(10) across the interaction
(15) and(16); for third-order, Eqs(15)—(17); and for fourth- ~ fegion. More significantly, the TOF deviationsT, as a
order, Egs.(15—(18). Those equations can be solved nu-function of D;=D,—z—D,+2, have a shape that depends
merically for the sets of parameters using standard mathPn theorder of space focusing, regardless of the number of
ematical software, such aATHCAD Orf MATHEMATICA. electric fields used. In general, the odd-numbered orders dis-
However, in optimizing the design there are other considerplay a nearly symmetric profile, whereas the even orders

ations which may have an effect on which set of solutionshave an antisymmetric shape with a point of inﬂectiOIﬁT@t
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(this is later illustrated in Fig.)6 This means the overall time Thus, minimizing the axial velocity distribution &ucial for

spread across the interaction region~i§AT(51+ s) for ~ obtaining a high mass resolution. This can be reduced very
even orders, but is OnlybAT(SlJrS) for odd-order focus- €ffectively by, for example, th_e use of supersonic_expansions
ing. Consequently, while in general one can achieve about aif" the gas source and configuring the TOF axis to be or-
order of magnitude reduction in the time spread by going tghogonal to the molecular-beam direction. In circumstances

the next-higher-order space focusing, a greater improvemeﬁ‘(her? the parent ion dis;ociates, however, .the velocity dis-
will arise when going from an even- to an odd-order condi-tribution of the fragment ions may necessarily be large, and

tion, rather than vice versa. This will be demonstrated quanSC Provide a fundamental limit on the mass resolution. Once
titatively in Sec. Il C. [uo h.as been. mlnlmlzed by appropriate expenmen}al meth-
As mentioned earlier, the axial velocity distribution of ©dS its remaining effect on the mass resolution is further
the ions will contribute significantly to the overall TOF reso- cOuntered by increasing the acceleratiag){—and the dis-
lution sinceT depends om, [see Eq(10)]. Initial nonaxial ~ tance traveled@,)—in the first region[see Eq(13)]. The
velocities, however, make no contribution Toand, hence, choice of the electric-field strengti() is, therefore, impor-
do not affect the resolution. To investigate the effect of thetant, which obviously affects the magnitudes of the other
initial velocity, it is convenient to consider two ions of the fields (via R;) and the corresponding power supply arrange-
same mass formed at the same posifibpwith equal but  ments. So, ultimately, there is an upper limit on the mass
opposite initial velocities. The ion that moves away from thenumber that can be used in practice.
detection system is decelerated until it stops, duEtpand Having reached that limit, the onus is then put back onto
then is accelerated back towards the detector. When it retur@ptimizing the space focusing and ensuring that the resolu-
to D, it will have attained the same initial velocity as the tions Mg andM,, are comparable. It is worth emphasizing
other ion, and so the TOF from that point onwards will bethat theMuo value from Eq.(25) is independent of space
the same. Thus, the time spread is due to the “turn around’focusing. To relate the TOF design parameters to Bath
time of the ion. By substitutingio=+u, —u into Eq.(10),  andM,, requires the set of conditior{d4) be solved forX

one can easily show that the turn around tifig,, is #0, but with X being as close to unity as possible. Notice,
olugl  2|ulmM though, that in Eq(25), the central summation term, which

AT, =90 _ 2170 (22)  obviously disappears in the two-field ca&#), depends on

Yo a ZeE '’ S L e . .
1 1 the combinationof the electric-field ratios. Thus, the choice

which is independent of the initial positiom;. The mass ©f R andD; vaIue; used also affects the resolution to some
resolution from this effect can be treated in an analogougxtent. Therefore, in order to uncouple more parameters for a

way to the Space_focusing contribution using Ezp), ie., given Space'fOCUSing Order, and so have ﬂEXIblllty in their
choice, an increase in the number of electric fields is gener-
My, ~T/I2AT,,, (23)  ally required.

whereT is evaluated using E¢10) with uy=0. Substituting
the dimensionless parameters we introduced for the spac@: cALCULATION
focusing analysis into Eq23) results in

v X)L K, L
Yo 411X-1 Ry) Ry 2xK$®

for the two-field case. In the genemaifield case (n>2),
My, can be shown to be given by the following analytical

A. Two-field system

To demonstrate the advantages of using three and four
' fields, we must first consider the limitations of the conven-
(24)  tional two-field linear TOF mass spectromeftig. 1(b)]. To
recapitulate, the space-focus-defining variables for this case
areR,, L,, andLs. In Sec. Il A, we concluded that the
highest order one could consider useful in principle | 2
form: —2, wheremis the number of fields. In the two-field system,
1 X\ 1 m—1 1 1 therefore, sgcond order is the highest that should be achiev-
My, = Z[ (m) T(l_ N + 2 Ki0'5<ﬁ_ _) able and this can be done by finding a set of values_igr
2 2 i i+1 L,, and L5 that satisfies Eqs8) and (9). This was done
Kn', Lmia
Rm  2XxKZ2®

numerically usingnATHCAD 2000™. These solutions are de-
] _ (25) picted graphically in Fig. 2, where the coupling of any two of

the three variables, which should inevitably arise from the
) ) ) o ) _satisfaction of the two simultaneous equations, is clearly
This expression provides useful insight into how the eXperigemonstrated. Since two of the three variables are con-
mental parameters affect the valueMf, . AlthoughM, s girained, and there is only one electric-field ratR,), a
dependent on all the experimental variablgs D;, R, it dimensional constraint.(, depends o) is inevitably as-
can be shown that thiey, . ; term, pertaining to the length of sociated with a two-field system tuned to second order. In a
the field-free SeCtion, is by far the most Significant. The Over-practica| design, thin metal meshes are often used to create
all expression, however, is dominated by {fi/(X—1) fac-  the uniform electric fields. These, in turn, produce small per-
tor, since aslp—0, X—1, and soM —; this is expected turbations in the field close to the mesh surfaces. Even if
from first principles and is evident in Eq&22) and (23). meshes are not used, the uniformity of the field across the
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3.0 R B e R S A 2.0x10™ T T T
| . — System (a) Two Fields
m Two fields I System (b)
2.5+ T "_: Lox107 System (c)
§ System (d)
R 0.0
2.0t . = j
= | o IR
154\ ] :
. 0_-_ .l.............._ 20xI0” e 09 10 I 12
) D,/cm
50 ———————— =
L .. FIG. 3. TOF-variation functions for the two-field systerfg—(d), whose
404+ .. i parameters are given in Tablddee the text for discussipn
I..
304 .- ] 1], and the resulting TOF-variation functions are also shown
~ | [ in Fig. 3. Since second-order space focusing results in a
ot ... 1 point of inflexion at the center of the interaction regi@ee
.l. Fig. 3), the space-focus widtA T, can be calculated from
10__.-- 1 AT,=T(D;+s)—T(D;—s). The mass resolutionMg,
which then follows fromT(D,)/2AT, [see Eq.(20)], has
0 2 4 6 8 1012 14 16 18 20 also been determined for all the systefase Table )l with
L, interaction region sizes o§==*=1 and =2 mm. The Mg

trends ad, is perturbed progressively can be compared to
he corresponding value obtained when using a first-order
design of similar dimensiongsystem(e) in Table I]. It is
clear that if there is only a 1% error in,, the mass resolu-

) i ) o tion is reduced by about an order of magnitude and the ben-
active area of the TOF system is unlikely to be within theefit of second-order space focusing is lost. Sirce is

required accuracy give_n below. Clearl_y, the highest pOSSibI‘EoupIed toL 5, any errors irL, cannot be corrected by solely
accuracy associated with the mechanical lengths depends Qﬂanginng, thus the reduction iM cannot be recovered

the overall scale of the design. Having said this, the dime”éompletely. This is a serious practical drawback in the de-
sions of the system cannot usually be controlled to an accus;,,

racy of better than~0.1%—-1%. It is, therefore, imperative

that we test the sensitivity of the second-order space-focus _

condition to small variations in eithdr, or Ly. This was B Three fields

done using a trial two-field TOF systefa) configured to Therefore, the question arises whether second order can
second-order focus using the design parameters listed iBe obtained more easily and reliably in the three-field situa-
Table 1. The time of flights for ions starting different posi- tion. Here, the space-focus-defining variables Bse Rj,

tions within the interaction region were calculated. The dif-|_,, L,, andL,. In order to find a set of values for these
ference between these time of fllghts and that for an iorparameters which Satisfy the second-order Space-focusing
originating from the center of the interaction regioD,(  condition, Eqs(15) and(16) need to be solved numerically.
=D,) is plotted in Fig. 3 as a function of starting position Some of the solutions are presented graphically in Fig. 4,
(D4). The distancé, was then increased by 0.01%, 0.1%, where it is clear that there is no constraint on the mechanical
and 1%[ TOF systemgb), (c), and(d), respectively, in Table dimensions ;). Second-order space focusing fixes two of

FIG. 2. Second-order space focusing solutions for the dimensionless qual
tities R, andL3, as a function olL,, in a two-field system. This demon-
strates that it is impossible to choolsg andL ; independently.

TABLE |. Comparison of the mass resolutiond {) for a representative two-field TOF system, based on ions
initially at rest. Systemsa)—(d) are configured for second-order space focusing, as discussed in the text, but
with a systematic error being increasingly introduced to Ehevalue. A first-order space focused two-field

system(e) with the sameD; and D values is also shown for comparison.

Two-field TOF systems
(@ (b) (© (d (e)

E,/Vcm™! 100 100 100 100 100

E,/Vem™ 132.14 132.14 132.14 132.14 329.39

D,/cm 1 1 1 1 1

D,/cm 3.4992 3.4992 3.4992 3.4992 1
%1.0001 x1.001 x1.01

Dy/cm 15 15 15 15 15

M (s=*1 mm) 1.3x10° 1.0x 10° 3.4x10° 4.5x10° 1.2x 10*

M, (s=+2 mm) 1.5x10* 1.4x10% 9.3x10° 2.0x10° 2.5x10°
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FIG. 4. Some solutions foR, and R; as a function ofL, (for selected p i
values ofL ) in a three-field system with second-order space focusing. In all -6.0x10
cased ,=3. The freedom to choode;, L3, andL, demonstrates the ab- . . .
sence of any dimensional constraint. 0.8 0.9 1.0 11 12
D, /cm

the variables, exa_CtIY like the tWO_'erId Scenarlo' but hereFIG. 5. TOF-variation functions for the three-field systetfs-(h), whose
there aretwo electric-field ratios while there exists only one parameters are given in Table Il. The departure from second-order space
in the two-field TOF design. Hence, the two constrainedfocusing in systenig) is restored by simply changing the electric fields in
variables carboth be electric-field ratios, leaving the me- system(h, as discussed in the text.

chanical dimensions free. The “freeing up” of the length

ratios has far-reaching implications for the practical imple-45.88 Vcm'L, respectively{system(h) in Table Il], Mg in-
mentation of a space-focus design. To demonstrate this, wereases from 24 10° to 1.7x10%, and the second-order
consider a three-field TOF systetf), with the parameters
listed in Table Il and with very similar dimensions {a),
configured to second-order space focud jfis subjected to
a 1% increasgsystem(g) in Table II], Mg (s= =2 mm) falls

from 1.7x 10" to 2.4x 10°, a similar effect to that observed

in going from systemga) to (d) (1.5x10*—2.0x10%. In
the three-field case, however, since there are no dimensionadaximum. This operational flexibility is a distinct advantage

constraints, the second-order space-focus condition can he using a three-field TOF system for second-order space
regained by simply adjusting, and E; to compensate for
the increase irD,. By changingE, andE; to 127.66 and

TABLE II. Comparison of the mass resolutions1{) for a representative . . . . .
three-field TOF system configured for second-order space focusing anBowever, of constrained dimensions arises for third- and

based on ions initially at rest. The small systematic error introduced to thdourth-order space focusing, since there exist only two

D, value in(g) degrades significantly the mass resolution, which is restorede|ectric-field ratios. Hence, we believe that it is not realistic
in (h) by simply altering the electric fields, as discussed in the text.

Three-field TOF systems

®

)

(h)

space-focus condition is regained. The TOF-variation func-
tions for these three cases are shown in Fig. 5. In this ex-
ample, the error irD, was known, so one could recalculate
the new values oE, and E;. In a practical situation, one
would not know where the error lay, hence, the fields would
have to be tuned to optimize the TOF peak full width at half

focusing.

We now ask whether higher orders can be obtained in
the three-field case. In principle, space focusing up to the
fourth order should be achievable. The familiar problem,

to expect to obtain these higher-order space-focusing condi-
tions using a three-field TOF system and it is simpler to

employ more fields to achieve the same aim. The conclu-
sions drawn for the two- and three-field systems are in line

-1
Ej\\; gmfl 12(7)'80 112(;_80 110207.66 with the assertion in Sec. Il A thah—1 is the highest prac-
E,/Vcem™! 48.77 48.77 45.88 ticable order that one should consider.
Bllcm 1 1 1
D,lem 35 3.5¢1.01 3.5¢1.01 i
Dg/cm 1 1 1 C. Four fields
',\DA“/C(:]:il mm 115_4>< 16 155_3>< 16 1f4>< 16 In the previous section, we concluded that if third-order
M:(sziz mm) 1.7x10° 2 4% 10° 1L7x 10° space focusing is required, a four-field device would be

easier to configure than a three-field device. We will now
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Four fields TABLE Ill. Comparison of the mass resolutions due to space focudihg (
‘ ‘ ‘ and the axial velocity distributiorV,, | for a representative four-field TOF
(a) First-order: System (i) system. System@)—(k) all have the same dimensions and are configured for
0 first-, second-, and third-order space focusing, respectively.
Four-field TOF systems
(i) ) (k)
E,/Vcmt 100 100 100
22.0x10™4 E,/Vcm™t 100 100 90.66
Es/Vem'?t 200 134.61 217.98
1 1 1 E,/Vem™ 127.24 191.28 122.04
2.0x10"'4 (b) Second-order: System (j) D,/cm 1 1 1
D,/cm 1 1 1
" Dj/cm 2 2 2
g D,/cm 3 3 3
g 00 Ds/cm 30 30 30
= M, (s=+1 mm) 7.8x 10" 9.2x10° 2.1x 107
Q M (s=+2 mm) 1.8x 10* 1.2x10° 1.1x 10°
> My, (2.6 1072 eV) 1.2x107 1.1x107 1.1x 107
2.0x10™ 1 M, (8.6x10 8eV) 2.2x10° 1.9x10° 1.9x10°
: ; ; M, (8.6x10 " eV) 6.8x 10" 6.1x 10" 6.1x 10
(¢) Third-order: System (k) My, (8.6x10 3 eV) 2.2x10° 1.9x10° 1.9x10°
3.0x10™4
energies considered are X&0 2, 8.6Xx10 °, 8.6x10 &,
and 8.6<10 ' eV, corresponding to temperatures of 300, 1,
- 1x 1073, and 1X 10 ® K, respectively. It is clear from Table
' Il that if the interaction region is considered to have dimen-
; ; ; sionss= *2 mm, no significant improvement in the overall
08 059 1.0 1.1 1.2 mass resolution will be realized in going from first to second

D, /em orders at room temperatuf800 K) for a TOF apparatus of
FIG. 6. TOF-variation functions for four-field TOF systems configured to this 'ovlerall r:.engtg'. At 1| K, ? trsnsverseh tem'peratured now
(a) first-order, (b) second-order, an¢t) third-order space focusing, corre- 'OUtinely achieved in molecular beams, there Is a good case
sponding to system)—(k) in Table I1l. Note the change in theaxis scales ~ for configuring the system to second order since in sysgtgm
and the symmetry of the profiles with order. My, is only ~8 times lower tharM. However, as we have
already said, combining the two effects together to yield the
investigate the benefits of third-order space focusing in termgverall resolution is rather an involved task and has not been

of the overall mass resolution by comparing the TOF sysattempted in this study. At 1 mK and below, third-order
tems(i)—(k) tuned, respectively, to first-, second-, and third-space focusing should be employed.

order space focusing, see Fig. 6. The dimensions of the three

four-field systems are identical and the values of the space-

focus-defining parameters are listed in Table Il Unfortu-'V- DISCUSSION

nately, the mass resolutions calculated for these four-field Using the ideas arising from this study, the following
systems cannot be compared directly with those of the twoconclusions can now be drawn regarding the design of linear
and three-field systems listed in Tables | and II. This is be-TOF mass spectrometers.

cause third-order solutions in the four-field geometry require (1) The space-focus contribution to the overall mass
L5 to be at least-30. Nevertheless, the effect of the transi- resolution should be approximately an order of magnitude
tions from first to second to third-order space focusing,ower than that arising from the initial on-axis velocity dis-
within the four-field regime, can still be demonstrated. Usingtribution. If it has a greater contribution than this, then a
the larger of the two interaction regions< =2 mm), the  sjgnificant improvement to the mass resolution will occur if
values forM associated with systenfg—(k) are 1.8<10*,  the system is tuned to a higher order of space focus.

1.2x10°, and 1.X10°. As expected,Ms increases with (2) The technology associated with the ionization of cold
each order of space focus by approximately an order of magyas targets is now advanced enough that second-order space
nitude. focusing is essential. At some point in the future, third-order

In designing a TOF mass spectrometer, one should alscusing may well be beneficial.
consider the effect that the initial axial velocity distribution (3) The number of fields employed in the TOF system
has on the overall mass resolution. There is clearly no poinghould ideally not be lower than+ 1, wheren is the order
tuning a spectrometer to a higher order of space foctif of space focus required. Thus, second-order space focusing
is already more than an order of magnitude higher tan.  requires three fields; third order needs four fields.
In this case, efforts should be made to minimize the effects (4) While the space focus condition itself does not de-
of the velocity distribution if possible. Values fou u, @83S0-  pend on the absolute values Bf and 51 when X=1, this
ciated with systemsi)—(k) are also listed in Table Ill. The approximation relies on the energies of the ions being much
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