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Abstract. The requirements for the geometrical dimensions
and ion packet deflection angles to achieve a maximum reso-
lution of the mass-reflection with a field-free gap introduced
between its decelerating and reflecting gaps are considered.
The results obtained demonstrate the capability of the device
proposed to make TOF analysis of the ion packets with large
ion energy spread. It is also shown that, if by some reasons,
the energy range of the ions entering the routine reflection
can be predetermined, the regime with slightly detuned de-
celeration voltage is preferable, as it provides better mass
resolution.

PACS: 82.80.Ms

Since its invention the mass-reflectron [1,2] is successfully
used as a tool for high resolution mass analysis of ions
produced by the action of laser radiation on molecules in
the gas phase or on a surface [3,4]. The principle of the
reflectron is that the TOF spread of ions with different kinetic
energies escaping simultaneously from one and the same
plane (acquired by the ions during their passage through
a field-free region) is compensated by related variation of
the time of flight of these ions through the decelerating and
reflecting gaps. Thus, despite their different initial energies,
all the ions of one and the same mass-to-charge ratio
escaping simultancously from one and the same plane of the
field-free region are able to cover one and the same field-free
drift path at the same time. So, the width of the ion packets
characterized by a moderate spread of ion kinetic energies
at the registration plane will be almost the same as it was at
the exit of an ion source.

The high mass resolution as well as some operation
options available with the reflectron allow good background
suppression [5]. This property of the reflectron holds much
promise in its successful application to trace analysis of
organic molecules both in large volume under analysis [6]
and under the conditions of substantial background noise.

The new operation mode of the routine reflectron [7]
allows to increase the reflectron resolution in TOF analyses

of ions desorbed from surfaces by short desorbing/ionizing
pulses [8]. This new operation mode can also be successfully
used in investigations of materials by means of pulsed field
or laser-assisted field evaporation from a tip apex [9].

In a number of its applications the reflectron operates
in conjunction with the Wiley-McLaren acceleration system
(WMAS) [10]. The most useful mode of such a conjunction
is when the entrance slit of the reflectron coincides with the
TOF focusing planc of the WMAS [2]. The WMAS is ca-
pable of time-of-flight focusing of ion produced at distant
points of the ejecting gap of WMAS. As these points dif-
fer in their electric potentials, one can expect a rather large
ion energy spread in the focused ion packet coming to the
reflectron entrance slit. Under these conditions one has to
provide that the reflection compensates this energy spread
for attaining a high mass-resolution. It has been shown in
[2] that an appropriate deviation of the voltage applied across
the deceleration gap can lead to an enhancement of the
energy range of an effective TOF focusing in the reflectron.
At the same time this change in the reflectron operation
can cause some decrease in the reflectron resolution under
the condition where ion packets of minor energy spread
are analyzed. In the present work the dependence of the
reflectron resolution on the given ion-energy spread (when
the resolution is restricted only by that spread) has been
found.

Further improvement of the TOF mass-spectrometer
based on the principle of ion step deceleration and reflection
is also proposed. It is shown that the introduction of an extra
narrow field-free gap between the decelerating and reflecting
gaps of the reflecting system gives rise to an enhancement
of an effective TOF focusing energy range of the reflectron
and, hence, under some conditions, can improve its resolu-
tion. The influence on the ultimate mass resolution of the
ion scattering on wires of reflectron grids is compared with
routine reflectron and with gap reflectron operation.

1 Theory

The electron optical system that performs the third-order
energy focusing of the time of flight of ions can be realized
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by introducing a field-free gap between the decelerating and
reflecting gaps of a routine reflectron (Fig. 1). Following [2],
let the average energy of ions in the ion packet after its
acceleration in the ion source be U, and the energy of the
ions under analysis be U. Let us take into consideration
here a one dimensional case, viz. we shall consider further
U and U, as corresponding projections of the ion kinetic
energies on the reflectron principal axis 00’. We introduce the
parameter k = U/U,, and denote the total length of the field-
free drift of ions by L = L; 4+ L,, the deceleration gap width
dr, the field-free gap width d,,, and the reflecting gap width
dy. The corresponding field strengths in the decelerating and
reflecting gaps are By = Ug/d; and Ey = Ug/dg. In that
case, the time of flight ¢ of an ion with its energy U at the
exit plane of the ion source is as follows:

t=CF(k) (1a)
with
= _idK__ ﬂ ) (1b)
20, /M Uy
Pl AY AR D+ VR0
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where
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— % % , (16)
L Uy
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P T, (1)
2d
w= % (1g)

Fig. 1. Schematic diagram of the mass-
reflectron with field-free gap: 1: extracting
and accelerating electrodes system; 2:
detection unit; 3: reflection system; 4:
deflection system; «: angle between the
o direction of an ion packet mean velocity
and reflectron axis 00/

The condition for the time-of-flight focusing of the ions
differing in initial energy is

(a F) =0, m=1273....
k=1

e @

Taking the appropriate derivatives, we can obtain the fol-
lowing system of equations:
(1 —-p)(1 —nA) = Aw+ A1 —-pP**(1 —n),
(1 -p (1 —nA) =34,w+ A, (1 — p*/?(1 — n),
(1-p)(1 —nA)=54w+ A (1 —p)2(1 —n),
1-p1—-n4y)
2m+1)
=Q2m-DAw+ A0 -p) 2

(l_n)v
with
m=1,2,3....

We should note here that there are no four equations in the
system that can be solved simultaneously to yield a general
solution. So, solving this system can not help us to find all
the four parameters n, p, w, and A, at once. Let us find
p, w, and A,, and leave n as a free parameter. Solving
simultaneously the first, the second and the third equations
of (3), i.e., equating to zero the first, the second and the third
derivatives of the time of flight with respect to the reflectron
principle axis projection of the ion kinetic energy, we have,
after simple manipulations:

4
P=35_," (4a)
w=(1-p)y/?, (4b)

= ! (4¢)

A= T ARG =)
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From the relations (1e) and (4a) it can be found that

5dy/L
_ /L 5
1+ 2d, /L ©a)
4(142d,/L
= (1M g 5b
Ur <1+dT/L ) Yo D)

Thus, if the ratio dy/L is specified, the retarding potential
U, can be found from (5b). Then, after calculating n and
A, we can find the field strength E in the reflecting gap.
The lowest limit of the permissible value for the parameter
Ug /U, can be determined from the following inequality:

Up + Uy > Uy ©)

From here we get
1
> 3 (1 —-3d,/L)U,. @)

It follows from (1d) and the above expression, that

de 1
7> 204 U

3d;/L). (8)
The given inequalities define necessary conditions which
must be fulfilled in any design of the reflectron under con-
sideration. It will be further demonstrated that the reflectron
of the given type can effectively realize the TOF focusing
only when the ion energy spread is no more than 25-30%
of the average energy of the ions in the ion packet. So, as it
usually happens in practical mass-analysis, one need not de-
tect the ions with kinetic energies far beyond the reflectron
energy range. Therefore, to restrict the reflecting system’s
size we recommend to choose the parameters which satisfy
the following inequalities:

14 2dy/L
Uy > 115U, — 0.8<+7T/> A

114d,/L
7 9
- <1 _ 7dT/L)UO, ©2)
7 9
W/l > o (1 7dT/L>. (9b)

Furthermore, the following circumstances must be taken into
consideration, viz. the potential U; must be not larger than
the minimum jon energy U_;, in the packet

Up < Uy, - (10)

By analogy with the previous considerations we define the
following necessary condition

Up < U,. (11)

One can find from here the upper theoretical limit of the
dr/L value:

dy/L < % (12)
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Fig. 2. The dependence of the relative field-free gap value (d,,/L), the
equivalent relative lengths of the routine reflectron (Lyqg) and that with
the gap (LYqp) calculated for various dp/L parameters. The absciss
axis is scaled in n = (6d/L)/(1 + 2dy/L) calculated for the routine
reflectron

Taking into account the practical upper limit of the reflectron
energy range Uy—U, .. < 0.15U,, we can write the following
inequality

Uyp < 0.85U,. (13)

It follows from the said and from (5b) that in a number
of practical cases the dy/L value should be restricted more
severely to

1
dp/L < 5
Note that the upper limit of di /L value is defined by us
rather arbitrarily. If the energy range of the ions under anal-
ysis is large, this upper limit can be raised to any appro-
priate distance. Yet, one should keep in mind when making
a mass-analysis that the reflectron focusing properties van-
ish dramatically when the ion energy deviates more than
approximately 15% from the average one.
By analogy with what was done in [2], we can define
the equivalent TOF drift length L%, of the reflectron of the
given type. Using (1a) and (1b) we obtain

(14)

Lor=L|14+n(1—/T—p )+\/_ A V1=p|.(15)

Figure 2 presents the dependence of the L. and w/2 values
on dp/L. One can also find there the similar dependences
of the Lqy for the routine reflectron.

2 The detuning of the Reflecting System Potential
as a Tool for an Extra Enhancement
of the Reflectron Energy Range

If the potentials Uy and Uy are stable but their values differ
from optimal ones, this causes the mass-reflectron to be
misaligned. Let the potential U, differ slightly from the
optimal one U so that {(Uy — UL)/U,| < 1. Find the
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deviation At of the time of flight of the ion with its energy
kU, in the misaligned reflectron from that in the refleciron
with normal parameters. We note here, that in accordance
with their definitions, only parameters p and n depend on
Us;. After taking the first derivative of ¢ with respect to U
we can get

At = ﬁ { —no[\/g— Vk — pngl
nop(ng) wng)p(ng)
2\/k — p(ng) 2\/k — p(ng) [k — p(ng)]
1 p(ng) } AUz (16)
Ay(ng) 2\/E=plng) ) U~

where p(n,), w(n,), and A, (n,) are the optimal values of the
parameters p, w, and A, calculated from (4a—c) for the given
ny and, hence, the given value of dp/L. From the above
expression one can find the dependence of the value of the
time of flight deviation for the reflectron of the given length
L on the Uy value. Varying the Uy, in a narrow range near UY)
and simultaneously registering the deviation At(Up—UR) for
the ions with their energy U, (for this purpose ion packets

%\ixlo.4
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Fig. 3. The dependence of the relative time of flight of ions in the
routine reflectron A and in that with the gap B under the conditions
where the value of Uy in both reflectrons is slightly detuned from
calculated value UX(AUL/UR < 1)
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of very narrow energy range can be used), one can find the
value in curly brackets of (16). From the value obtained the
value of the parameter n, can be found for the reflectron
under investigation. Further, if n, is known, this procedure
can help us to find experimentally the value of d./L without
measuring it in the usual way.

Let ¢, be the time of flight of the ions of energy
U, in the misaligned routine reflectron. Substituting Uy
instead of U (calculated from the given dy/L values) into
the expressions analogous to (la—f) [2], we can find the
dependence of the relative time of flight of the ions with
energy U A/t = [¢(U) —t,,1/t,, on the relative energy
deviation (U —U,))/ U, of the ions passing through the routine
reflectron with detuned deceleration potential Usy. Figure 3a
presents curves of relative variations in the ion time of flight
through the mass-reflectron with different values of deviation
AU, of the first-grid potential from the optimal U2 value.
Attention must be drawn to the regime with AUy < 0. The
matter is that the reflectron resolution by many reasons (the
main among them is the ion scattering on the grid wires)
can be limited to the value of 10,000. Therefore, this regime
appears to be more preferable because the conditions of
the TOF focusing in this case are valid for a larger energy
spread. Figure 3b presents the analogous curves calculated
for the reflectron with the field-free gap.

The reflectron mass-resolution can be calculated from the
relation R = t/2At ., where At . is the time difference
between the two maxima of the curves in Fig. 3a. The proce-
dure of finding an energy spread AU(AU;) corresponding
to a given resolution R can be understood from the same
picture.

" The upper-limit dependence of the resolution of both
reflectrons on the chosen energy spread is shown in Fig.4

R
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Fig. 4. The upper limit of the resolution of the routine reflectron
(a,c,d) and that with the gap (b) as a function of the chosen energy
range calculated for different d/L values. An extra deposit of the
ion scattering on the reflectron grids to the total reflectron resolution is
neglected. The curves a, b are referred to the ideally (Uy = U9) adjusted
routine reflectron (@) and that with the field-free gap (b), whereas curves
¢ and d are referred to the routine two-grid reflectron of various dy/L
values with the first grid potentials detuned from the ideal ones. The
value of detuning (Ur — U2) at a given resolution is equal for ¢ and d
curves
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for different values of dy/L. The AU, values pointed out
in Fig.4, calculated with respect to UY — the latter are
calculated from given dr/L and U, — are assumed to be
1000 V. Also, it should be noted that the one-dimensional
case is considered here, i.e. & = 0. The value of parameter
n* (referred to the reflectron with the gap) is calculated
in accordance with (5a), while the parameter n (introduced
to calculate the resolution and energy range of the routine
reflectron) is defined by the expression n = (6d;/L)/(1 +
2d/L), taken from [2].

3 Reflectron Resolution Defined
by Ion Scattering on the Grids

As it can be derived from (14), the value of the parameter n
may be chosen in the region 0 < n < 0.4. Also, there exists
an extra restriction on the lowest value of n which depends
on the resolution to be attained. As it is demonstrated in
[11], the upper limit of the resolution also depends on the
parameters of the grids used to set up homogeneous fields. If
the reflectron grids are mounted very close to each other, i.e.
when the value of the ratio dy/L is too small (dp/L < 1),
the gradient of the electrostatic field near the grid wires will
be rather high and the ions will be effectively scattered. If
the wire diameter is considered to be small with respect to
the mesh size of the grids used, one can neglect a geometric
scattering of the ions on the wires themselves. Correcting
the results obtained in [11], we can write

Ati_<L> Ea
bV /43

Ot;_qU)) 1

O Iy /M0,

Here At, stands for the averaged time deviation of the ions
evenly distributed over the cross section of the ion beam
moving through a reflection grid with the mesh size a that
appears after the i™ passage of the ions through the reflection
grid. Further, the ion velocity component parallel to the
reflectron’s 00 axis is denoted by o5 and v is the velocity
component perpendicular to the axis. Then I, is the absolute
value of the difference between the field strength in the gap
under consideration and the field strength in the space from
where the ion has come in; U | is the 00’-axis projection of
the average ion kinetic energy, ¢, is the time of flight of
the ion with its energy U | from the i grid to the detection
plane. The value of the parameter -y is equal to the ratio of
the equivalent TOF length L3 to the field-free drift length
L and can be found from (15). Let us calculate the average
time deviation for the first passage through the first grid.
Taking into account the oblique incidence of the ion beam
on the reflecting plane, the above expression with due regard
to (1a—f) can be reduced to

At, 1 (UL> Usa [L2 < 1 )
e 2 4n —1
t 83 vy ), Uvdp | L 1—p

w 1
T I a®

an
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Here A_tl denotes the averaged spread of the time of flight ¢
of ions escaped from the ion source, which passed through
the whole reflectron and reached the detection plane that
appears after the first passage of ions through the first grid.
Each passage of the ion beam through the grid under analysis
is considered to be independent of passages through the other
grids in the approach developed. So, the calculate At,/t,
one can consider the other passages as ideal ones. This
approach is not almost true as it does not account a partitial
compensation of the time-of-flight spread caused by an ion
scattering on the i™ grid during the ion packets scattering
on the (i + 1)™ grid. Yet, it may be demonstrated, the final
result of the enhanced approach deviates a little from the
developed one.

Now we find the averaged spread A_tz for the next
scattering. Taking into account the ion deceleration in the
first gap and, hence, the change in the corresponding angle
of departure of the decelerated ion beam, we find

A _ 1 (u) Ura
t 8v3 \ vy /, Urdy

23 (A50)

SR : (19)
1—pp?  AT-pl}’
where the sign | . . .| means the absolute value of the quantity

and

vy v 1
L) == . 20)
<'U;|>2 (U]|>1V1_p

By analogy with the above consideration we can find the
spreads At;/t and At,/t appearing as a result of ion
scattering after corresponding passages of the ion packet
through the third grid

_ L (U_L) Uya Fu_@(;_l)
8\/§ 'UH 3 U’YdK L 2 \/1 —p

w 1
T T AV —p} ’ ’ D

ﬁm__l_(v_L> Ugo [ﬁﬂ( ! _1)

; (22)

Y

t

|

+

v
21 - py?

where

(). ()=,

Further, the second passage through the second grid gives

oL (w) b
t

83 U—n 2 Upvdr

L, n 1
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Fig. 5. The relative spread At, /¢ caused by an ion scattering on the
grid of the reflectron with field-free gap as a functio of d;/L parameter
(Mesh size of grids a = 200y, L; = L, = L/2 = 100cm)

Finally, the second passage through the first grid gives

At 1 ('UJ_> Ura L,
—_—= | =) == 24
4 8\/§ ’UH 1 UO"}’dT L ( )

Figure 5 depicts the contribution At, of each of the grids
to the total averaged deviation At of the time of flight ¢
calculated for a grid mesh size ¢ = 200pum and under
conditions, where L, = L, = L/2 = 100cm. The diameter
of the grid wires is considered here to be negligible. As it
was pointed out in [11], the reflectron resolution restricted
by the ion scattering on the grids can be calculated from the

relation
1 ¢t
grid = 7 X 25

Figure 6 presents the dependence of the mass-reflectron res-
olution on the parameter dr/L when the resolution is re-

I ¥ I T T
Qol 002 005 Ol

d./L
Fig. 6. The dependence of the mass-reflectron resolution on the
parameter dp/L under conditions where the resolution is restricted
only by the ion scattering on two grids of the routine reflectron (A)
and three-grid reflectron with the field-free gap (B) (Mesh size of all
grids 200 um, tane = 0.025, L{ = L, = L/2 = 100cm)

E. V. Moskovets

stricted only by the ion scattering on the three-grid reflecting
system. It is assumed here that L, = L, = L/2 = 100cm
and mesh size of all the grids ¢ = 200 pum.

Thus, to attain a high resolution (> 10,000) for typical
angles 1°-3° between the ion beam direction and reflectron
00’-axis, it is essential to use grids with a mesh size about
200 pm or less. Since the wire diameter is usually about 15—
20pum, the transmission of such reflectrons can not exceed
50-60%.

When the ion beam diameter inside the reflecting system
increases so that particular ions traverse the close vicinity of
edges of shielding rings, an extra TOF spread appears. To
our regret, the analytical expressions of TOF spread obtained
for this case are not simply enough and claims the definition
of the geometry of the edge of the inner ring. To study
the problem thoroughly one can use the results of special
computer calculations obtained in [12]. One can avoid this
problem in experimental use of the reflectron by choosing
the shielding ring’s inner diameters 2-3 cm larger than the
expected diameter of the ion beam inside the reflecting
system. The problem can also be partly solved by making
the rings as narrow as it is principally possible.

The electric field inhomogeneity caused by the spread
of the distances between the reflectron shielding rings can
also result in an extra TOF spread. Using numerical methods
developed in [12] one can investigate theoretically how the
given spread of the distances between the shielding rings
effects the upper limit of the reflection resolution. As was
found experimentally, the use of high quality mechanical
treatment allows for limiting the given spread to a range
of 0.1%. This value seems to be too small to cause any
substantial variation of the electric field in the larger part of
the reflecting system with plane-parallel metal grids.

4 Conclusions

This work has considered the requirements for the geometri-
cal dimensions and ion packets deflection angles to achieve
a maximum resolution of the mass-reflectron with a field-
free gap introduced between its decelerating and reflecting
gaps. The results obtained demonstrate the capability of the
device proposed to make TOF analysis of the ion packets
with large ion energy spread.

It is also shown that if, by some reasons, the resolution of
routine reflectron can be restricted, the regime with slightly
detuned deceleration voltage is preferable as it provides the
TOF focusing of ion packets with larger energy spread.

It is found that the spread of the time of flight caused by
scattering of the ions on the reflectron grids is 2-2.5 times
less in the routine two-grid reflectron than in the three-grids
one. It is also demonstrated, that for many practical cases to
attain a maximum resolution of the reflectron used it is more
convenient to detune the deceleration potential slightly than
to try to achieve third-order TOF focusing by introducing an
extra grid into the reflectron.
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