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Abstract

In most modern hemispherical deflector analyzers (HDAs) using a position sensitive detector (PSD), due to practical geometrical constraints
(fringing field correctors, grids etc.), the PSD cannot always be placed at the optimal position, i.e. the first-order focal plane following 180°
deflection at & = 0. Here, the dependence of the exit radial base width Ar7,, base energy resolution Rg, and line shape L, on the distance &
between the focal plane and the detection plane for an ideal HDA (no fringing fields) is investigated theoretically as a function of the maximum
injection angle o . and the diameter of the entry aperture Ar,. Both exact numerical results and practical analytic formulas based on Taylor
series expansions developed for any HDA show Rp;, and L; become increasingly degraded with increasing / from their optimal values at 2 = 0.
A detailed comparison of the resolution properties of conventional and biased paracentric HDAs is also presented. Apart from a few marginal
improvements of limited utility, overall, the ideal paracentric HDA does not seem to have any distinct practical advantages over the conventional
HDA. Resolution improvements recently reported for non-ideal paracentric HDAs must therefore be due to their strong fringing fields and needs
to be further investigated. Our ideal HDA results provide a unique standard to evaluate the resolution performance of any HDA under realistic

non-zero h-value conditions.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

High resolution electron spectroscopy (as for example elec-
tron spectroscopy for chemical analysis (ESCA) [1-3] or Auger
electron spectroscopy (AES) [4]) is a mature technique utilized
in many different fields of physics, material science, chem-
istry and even biology and medicine. One of the most popular
spectrometers in use today is the hemispherical deflector ana-
lyzer (HDA) also available commercially from many different
high tech companies. Today’s, modern high power HDAs are
equipped with state-of-the art multi-element zoom lens and po-
sition sensitive detector (PSD) [5-9] and therefore enjoy a very
large collection efficiency.
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In the past, when high resolution HDAs had a much lower
throughput (no PSD) emphasis was primarily given to the opti-
mization of the resolution [10] for highest étendue (the product
of entrance area and solid angle) [11,12] or highest transmit-
ted current [13,14]. The line shape was also investigated the-
oretically [12,15-19] using both analytic piecewise integration
[12,18-20] and Monte Carlo techniques [15,21,16,22]. How-
ever, today, with the existing high throughput of modern ESCA
spectrometers, high resolution has become of utmost impor-
tance. For an ideal HDA, the resolution is primarily determined
by the maximum injection angle o, and the diameter of the
entry aperture or slit (real or virtual) Ary. First-order focusing
is known to take place after deflection through 180° within the
HDA and therefore the PSD should in principle be placed at this
focal plane. However, in practice, due to geometrical constraints
imposed primarily by field corrector schemes (grids, fringing
field corrector rings, Jost apertures, see Ref. [23] for a recent
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update) the PSD must be placed at a small distance 4 ~5-20 mm
from the ideal HDA focal plane at 7 = 0. While the HDA resolu-
tion formula at 2~ = 0 is well known and discussed in practically
all reviews dealing with electron spectroscopy (see for exam-
ple Refs. [18,19,24,25]), to our knowledge, there have been no
investigations of the HDA energy resolution for 4 > 0. Thus,
there is no way to extrapolate the energy resolution from 2 = 0
to realistic positive h-values, to quantify its expected deterio-
ration and to know its dependence on o}, and Arg. The only
h-dependence study known to us, reports on a related subject
also of importance to PSD usage, i.e. the possible reduction of
energy non-linearity in the exit radial position along a PSD for
h > 0[26].

Of special interest in this presentation is the investigation
of the so called biased paracentric HDA [27-29], i.e. an HDA
whose entry radius Ry is not at the traditional mean radius R and
whose value of the entry potential Vo = V(Ry) is biased (non-
zero) rather than zero, as in most conventional HDAs. Such an
HDA was recently shown in simulation [27] to have an im-
proved energy resolution over that of an equal size conventional
HDA and has been used with good results in the author’s labora-
tory for high resolution Auger projectile electron spectroscopy
of ion—atom collisions [30]. The simulation [27] investigated
the case of a realistic HDA with large interradial spacing be-
tween inner and outer electrode and thus included the effect of
the strong fringing fields at both the entry and the exit of the
HDA thought to be responsible for the resolution improvement.
While the reason for this improvement is still under investiga-
tion [31,32], it is of interest to also study the energy resolu-
tion of such an HDA in the absence of strong fringing fields,
i.e. for ideal fields, and compare to that of the conventional
HDA.

Here, we explore theoretically the energy resolution of an
ideal HDA for h > 0 and its dependence on «},, and Ar.
We utilize both exact numerical and approximate analytic tech-
niques to investigate the h-dependence of the exit radial base
width Ar},, the base energy resolution Rpy and the response
function or line shape Lj of a generalized ideal HDA, thus in-
cluding both conventional and paracentric [27-29] HDAs in one
unified treatment.

2. Ideal hemispherical deflector analyzer
2.1. Generalized HDA—basic definitions

The most general type of HDA utilizes an elliptical central
tuning trajectory [28]. Such a trajectory enters the HDA with an
incidence angle o* = 0, radial position Ry and nominal kinetic
energy w (in this case also the funing energy) and exits at radial
position R after a deflection through 180° inside the HDA. All
other rays enter the HDA at radial position rg, incidence angle «*
and nominal pass energy ¢, exiting after deflection through 180°
at radial position r} and exiting angle o). We also introduce the
fractional pass energy:

T

ey

t
w

so that the central tuning trajectory will always have T = 1. Fi-
nally, we define the paracentricity parameter &:

§

R 2
Ry (2)
where R = (R + R;)/2 is the mean HDA radius. In the past
[28] we have always dealt with HDAs for which R, = R (con-
venient but not necessary) for which £ = R, /Ry, in this case.
We shall continue assuming R, = R, also here, but will maintain
both symbols for generality.

We next introduce the concept of HDA entry bias. This refers
to the value of the potential Vo = V(Ry) at the central tuning ray
entry radius Ry. Thus, we define the biasing parameter y so that
[28]:

qVo=qV(Ro) = (1 - y)w 3

where ¢ is the particle charge (for electrons g = —|e| with e =
1.61 x 10719 C) and V(r) is the potential inside the HDA [33],
in this paper assumed to be ideal and given by:

V(r) = —é +c “

Then, for y = 1, Vy = 0 the HDA is unbiased, while in general
for y # 1 the HDA is biased. The combination of & and y de-
fine the particular type of HDA. Thus, conventional HDAs have
Vo =0 and Ry = R; = R. They are therefore unbiased with
y = & = 1 and their central tuning trajectory is a circle. Biased
paracentric HDAs with & both larger and smaller than 1 have been
reported. These, in general, will have an elliptic central tuning
trajectory. Thus, for example, Belov et al. [34] describe an HDA
with Ry > R (£ < 1) without, however, giving specifics about
the actual values of £ and y used. Benis et al., used an HDA with
& = 1.2308 and y = 1.5 [30] for which SIMION electron optic
simulations showed improved focusing over equal size conven-
tional HDA [27,28]. In Table 1 we summarize typical values of
HDA parameters.

2.2. h-Dependence of the exit radius r};),

In Ref. [28] it was shown that a particle moving in the ideal
1/r potential V(r) (see Eq. (4)) of an HDA tuned to the central
tuning ray’s nominal pass energy w, entering at radius ro with
energy t and incidence angle o*, after a deflection through 180°
inside the HDA (see Fig. 1) will exit at the radius r} given by:

Dy

Ko g , *’ — _ 5
1w =17(ro, @, 1) = —ro + 15 x(l — rcos? o) &)
with
Do=Ro+ R =(14+&Rp > 2R 6)
K= s @)

14
and potential constants k and ¢ given by:
wDy
gk = ®)
K

1

gc=w|1l4 - ®
K
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Table 1
Comparison of equal size paracentric and conventional HDA parameters [28] for electrons (g = —e)
Parameter Value Description
R (mm) 72.4 HDA inner radius
Ry (mm) 130.8 HDA outer radius
R (mm) 101.6 HDA mean radius R = (R, + R)/2
R; (mm) 101.6 Central ray exit radius ry = Ry
Arg (mm) ~0.2 PSD position resolution
do (mm) 6 HDA entry diameter
dpsp (mm) 40 PSD active diameter
w W/F Nominal central ray pass energy (HDA tuning energy)
F W/w Retardation factor
T t/w Fractional pass energy
Parameter Description
t Pass energy after retardationt =T+ V,,, V, <0
Vo HDA retarding plate voltage V, = w — W < 0
T Energy prior to retardation
w Central ray energy prior to retardation W > w
ro HDA entry radius
o, (o) Angle of incidence at HDA entry prior, (after) refraction
s (%) HDA exit radius at 2 = 0, (h > 0) corrected for refraction
rs (Fn) HDA exit radius at & = 0, (h > 0) uncorrected for refraction
oy (o) Angle of incidence at HDA exit prior, (after) refraction
Parameter Paracentric HDA Conventional HDA Paracentric HDA
Ry (mm) 82.5 101.6 120.65 Central ray entry radius
Dy (mm) 184.15 203.2 222.25 Central ray range Dy = Ro + R
Vo 0.5w 0 —0.6w HDA entry bias ¥y = V(Rp) = (y — Dw
y 1.5 1 0.4 Biasing parameter
3 1.2308 1 0.842105 Paracentricity £ = R/Ro
K 0.82053 1 2.10526 Kk=E&ly
D (mm) 151.1 203.2 467.895 Mean dispersion D = Dok

For definitions also refer to Fig. 1 and Egs. (5)—(9)

central ray
l=w, o#=0

Fig. 1. Schematic electron trajectories in a typical HDA spectrometer. The drawing is not to scale. The PSD is placed a distance & from the focusing plane of the
HDA. Two sets of trajectories with the same energy #y and positive, negative and zero injection angle o* are shown. Their starting points are at the two limits of the
(virtual) entry aperture having diameter Arq centered at r = Ry. dp is the diameter of the actual physical entry aperture. Trajectory 3 with o = «jf always leads
to the minimum exit radius, r7, min (B4 (18)). Trajectory 4 with o* = ay, (Eq. (20)) always leads to the maximum exit radius r7;, max (B4 (25)). The difference
between the maximum and minimum radii is the base exit radial width Ar¥, (Eq. (26)) which together with the dispersion length D determines the base energy

resolution (Eq. (37)).
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Table 2

Comparison of central ray (ro = Ro, o = 0) exit radii r;; (evaluated using Eq.
(5)) along the focal plane (h = 0) for biasing parameter y = 1 and 1.5 and
nominal fractional pass energy 7o = 0.9, 1, 1.1

4 70 7 (mm)
Paracentric HDA Conventional HDA

1 0.9 81.419 83.127
1.5 0.9 87.636 88.900
1 1 101.600 101.600
1.5 1 101.600 101.600
1 1.1 127.446 124.178
1.5 1.1 118.060 116.114

For the paracentric HDA we use £ = 1.2308 and Ry = 82.55 mm, while for the
conventional HDA we use § = 1 and Ry = R, = 101.6 mm.

Table 2 lists values of r}; for different values of y and &.

For an ideal HDA tuned to the nominal pass energy w [24],
the voltages are set once y has been specified. They are given
by Ref. [28]:

qVi = qV(R) = qVi + qV; (10)

el (2) (&)

fori = 1,2andqV, = W — w, the plate voltage used with prere-
tardation. F is the retardation factor, given by F = W/w, where
W is the original undecelerated “tuning energy" of the HDA
[28] (source central ray kinetic energy). Thus, in cases where
no pre-retardation is used prior to energy analysis, V, = 0 and
F=1.

In a conventional HDA, with electrode voltages V; given by
Eq. (11), Vo = 0 (i.e. y = 1), so that it is matched to the poten-
tial outside the HDA also assumed to be zero. Thus, particles
entering the HDA at rp = Rp will not be refracted at the HDA
potential boundary and the angle of incidence o* equals the an-
gle of refraction «, i.e. o = «. However, at any other radius
ro # Ro or for a biased HDA (i.e. y # 1 see Eq. (3)), differ-
ences in potentials on either side of the potential boundary will
result in refraction so that in general o* # o [28]. In deriving
Eq. (5) in Ref. [28] it was assumed that the potential changes
in a sharp step-like manner in crossing the boundary. In a real
HDA this potential step is, of course, more gradual.

The effect of refraction has been included in the above for-
mula for 7} (Eq. (5)) as discussed in detail in Ref. [28]. On
exiting the HDA, the charged particle is again refracted at the
potential boundary exiting with angle . It then travels through
the drift region, impinging on the PSD plane (at a distance /) at

the axial distance 7}, , as shown in Fig. 1, given by:

rr, =rs+htan o (12)

Paying close attention to the sign of o* [15] conventionally de-
fined such that «* > 0 when the electron’s radial distance r in-
creases at entry (see Figs. 2—4 in Ref. [28]) and using the relation
between o and o* (see Eq. (32) in Ref. [28]) we have:

r*
tan of = — = tan o (13)
ro

we can then write:

rap = rap(ro, o, T, h) =r} <1 - :1—0 tan a*> (14)
which gives the radial distance from the axis of symmetry for
a particle hitting a PSD placed a distance / from the HDA exit
plane. From Eq. (14) it is clear that for the same entry point r,
positive injection angles («* > 0) always lead to smaller values
of r¥, than negative injection angles (a* < 0).

We also define the dispersion length D = D(7g) for an ideal
HDA utilizing a PSD as:

3}’; " D Dok

D = = =
0 X2 T "X ()

15)
ro=Rp,a*=0,t=19
where X = X(19) = 1 + «(1 — 19).

Our definition of the dispersion length D is seen to be depen-
dent on the particle’s fractional pass energy, 7o, thus allowing
for the inclusion of HDAs with PSD, having a large acceptance
energy window around the central ray energy tg = 1. Then, the
mean dispersion length D = D(tg = 1) = Dok corresponds to
the traditional dispersion length used with slit spectrometers.
For « = 1 (conventional HDA) and 7y = 1, we also have X = 1
and therefore D = Dy = 2R. In Fig. 2, the energy dependence
of D is shown for a few different cases of interest for the HDAs
listed in Table 1. As can be seen from Eq. (15), it is the ratio
k = &/y that determines the dispersion of the HDA. It is also
seen that the highest dispersion HDAs have increasingly non-
linear energy dependence, of paramount importance for use with
a PSD [26], particularly if the HDA voltages will be scanned for
use at constant tuning energy w. Thus, while high dispersion

12004 R,=72.4,R,=130.8, R =101.6, w=1000 eV
—_ 1 x=3.08
£ HDA .
g 10007 | —R=8255 “ i‘?g
& 1|==-R=1016 &
5 ¢
c 800
@
c )
% 604 T
s | e
o :
8
T 4004
o 9
20t A =
_7=1.5 =082 x=0.67 «=0.56
0 T T T B R s B
0.90 0.95 1.00 1.05 1.10

< - fractional pass energy

Fig. 2. Plot of the dispersion length D as a function of fractional pass energy t
(Eq. (15)) over a 20% energy window for an HDA with R} = 72.4mm, R, =
130.8 mmand R = R, = 101.6, tuned to w = 1000 eV. Cases for three different
entry radii are shown including Ry = 82.55, 101.6, 120.65 mm corresponding
to HDAs with paracentricity £ = R/Ro = 1.2308, 1, 0.8421, respectively (see
Table 1). Three different biases are also shown with y = 0.4, 1, 1.5. D is seen
to grow with increasing energy t and « = &/y (Eq. (7)). The linearity of D
across the 20% PSD acceptance window shown is seen to be compromised with
increasing k.
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Fig. 3. Example of the h-Dependence of r}, (Ro — Arg/2, &*, 79, h) (top) and

j;h =17, (Ro + Aro/2, ozfnax, 70, h) (bottom) for the paracentric HDA hav-
ing y = 1.5, =1.2308 and «};,, = 1°. The continuous (black) lines mark the
locus of rnh (top) (with &* = o ,—Eq. (25)) and rﬂh (bottom) (Eq. (18)).
The other three lines (top) mark examples of electron trajectorleq havmg a*=0
(dotted red line), o = —0.5a; ., (dashed green line) and o* = —aj} . (dashed-
dot blue line), respectively. The position of i given by Eq. (23) is marked.
For h > h(), I’;h(Ro — AFO/2, 0[:10’ 70, /’l) and l’;h(RO - AFO/2, _a*max* 70, h)
merge. The angle o, is given by the solution of Eq. (20) and depends on /. An
analytic approximation of o is given in Eq. (29). The distance between the
two thick black lines gives the exit radial base width Ar, = r» T e ,as
indicated by the double headed arrows at three different values of & (for inter-
pretation of the references to colour in this figure legend, the reader is referred

to the web version of the article).

12

—— open symbols conventional
-- closed symbols paracentric

HDA: Ar0=0.2. T0=1 /},."' * = OU

-
o

Ar* - Exit radial base width (mm)

h (mm)

Fig. 4. h-Dependence of the exact exit radial base width Ar7,. Open symbols
refer to aconventional HDA (y = &£ = 1), while closed symbols to the equal sized
(R = 101.6mm) biased paracentric HDA (y = 1.5, £ = 1.2308). 7o = 1 and
Arg = 0.2mm. For large values of o, and small values of A, the paracentric
HDA is seen to have a smaller radial base width Ar, than the conventional
HDA.

is always of interest, as it generally leads to the highest energy
resolution, energy versus exit position non-linearities may limit
the effectiveness of high dispersion, since the energy acceptance
window of the PSD might need to be substantially reduced be-
fore acceptable linearity is recovered.

Recently, a biased paracentric HDA having £ = 1.2308 and
y = 1.5, used by the author in zero-degree Auger projectile elec-
tron spectroscopy [30,35] was shown in electron optics simula-
tions using SIMION [36,37] to have improved focusing prop-
erties over that of an equal size conventional HDA [27]. This
property, not yet well understood, is most likely due to fringing
field effects which are however, difficult to treat in general. Here,
as a first step in trying to understand this result, we first consider
just the ideal HDA and compare the focusing properties of the
ideal paracentric HDA to those of the ideal conventional HDA.
In the following, we use Egs. (5) and (14) to investigate the exit
radial base width Ar,, the base resolution Rpj, and the line
shape L, of an ideal HDA and their dependence on .

2.3. h-Dependence of the HDA exit radial base width Ar},

The exit radial base width Az}, is the maximum total length
along the dispersion direction of the trace of the electron tra-
jectory for a monoenergetic electron of fractional pass energy
79 due to the range of permissible input radii ry and injection
angles o*, i.e.

Arp Arp
RO_T<rO<RO+T (16)
_a;knax = o = Ot:Fnax (]7)

ok . and Arg determine the line shape and base resolution of
an ideal HDA. To reduce the tailing of the line shape due to
the angular contributions, Kuyatt & Simpson [38] proposed that
Daﬁfax < Arp/2, a condition strived for in most high resolution
HDAs. Popular optimization conditions are discussed in detail
and compared in Refs. [39,40]. For an HDA without a lens, Arg
is equal to the width of the real entry slit or aperture diameter
do. However, for an HDA equipped with an injection lens, Arg
is the diameter of a virfual aperture given by the spot size of the
lens focus. In the case of an injection lens, Arg and o, are
not anymore independent, but are related via the Helmholtz—
Lagrange law. In this case, as we have recently shown for 4 = 0
[41], there is an optimal choice of Ary and «f,, that leads to
the best possible resolution of the HDA. Clearly, as long as
Arg < dp, transmission is preserved. In Ref. [42] we use the
results developed here to extend our optimization method [41]
to the case of non-zero h. In this presentation, however, o},
and Argp will be assumed in all generality to be independent of
one another.

2.3.1. Exact calculation

For h > 0 special care must be exercised in computing the
exit radial base width, Ar, . In Fig. 1, pencils of angular diver-
gence o are shown at either side of the entry aperture corre-
sponding to the limiting cases. By inspection, we note that the
minimum exit radial position r}, . will always come from tra-
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jectory 3 having o* = o,
ing to:

and ro = Ry + Arg/2 correspond-

r;;hmin = <R0 + fnax’ 705 h) (18)
Computing the maximum radius requires more attention. For
h = 0, due to first order focusing and as shown in Fig. 1 trajec-
tory 5 (having o* = 0) will always give the largest radius. Thus,
we always have:

X Arg Do
Frmax+ — R()Zl: 2 ,0, 19 —Roq:T‘l—Y (19)

However, as seen from Fig. 1, for & > 0 trajectory 4 deriving
frorn some negative injection angle o, not necessarily equal
to —agy, will mark the maximum radius 7, max’ To find the
angle O‘mo at which r}, (Ro — Arg/2, o*, 19, h) is maximized
the following conditions need to be fulfilled:

d Arg
a ¥ Hh (RO - 77a*7 70, h)

92 Arg
Wr:h (RO - 7, o, 70, h)

Clearly, the solution, if it exists, o, = o, (o, h) will depend
on the value of 4 and tp. Then we shall always have:

A A
*h (RO - #7 a;kn()v 70, h) 2 rﬂh (RO - #7 Os 70, h)

(22)
with the equality occurring at & = 0. In general |a},,(to, /)]
is found to increase monotonically with £, eventually reaching

o .« at some critical distance i = hg. Since o}, is the max-
imum allowed injection angle, any solutions |} | > o, are
unphys1ca1 and therefore for i > hy, |0z}, o| must be replaced by
its limit o, .. Thus, o must satisty the equation,

=0 (20)
o

o

<0 1)

*
%m0

and in general will depend on Ary, o}, and .
The complete solution for o, may thus be represented by
the double branched function:

Solution of Eq.(20) for0 < h < hy
af g = (24)
mo —a oy forh > hy
We may now evaluate ), (Ry — Arog/2, o, 19, h) at o™ =

oy using Eq. (24) to obtain ry, . This necessarily
leads to the double-branched function rnhmax =rr,(Ro —
Arg/2, o, To, ) given by:

* Arg
. rnh(RO_ 2

sthmax

A
e (Ro — 50, = T0s h) forh > ho (or |echo| = o

The exit radial base width Ar;’;h is then defined as:

Ark, =rs (26)

mhmax — T ;;h min
In Fig. 3 , we give an example for the paracentric
HDA of r},(Ry — Arg/2,0*, 19, h) (top) and r¥,(Ro +
Ary/2, ety To, h) (bottom) and their dependence on & for
the case of Arg =2mm, 79 =1 and o}, = 1°. In the case
of rnh(Ro — Arg/2, a*, 19, h), three different values of o™ in-
cluding o, are shown. The exit radial base width Ar}, is also
marked.

Evaluation of Eq. (26) can be performed exactly. It is only
necessary to solve the transcendental equation Eq. (20) for o
numerically. Then, depending on whether || is smaller or
larger than o), the correct branch of Eq. (25) can be calculated.
Therefore the value of ki is really superfluous to the calculation.
However, since h is a physical distance, in principle directly
measurable in the laboratory, while «* is a much less accessible
parameter, it is intuitively useful to also compute /.

In the sections to follow, we use the exact value of o, ob-
tained by solving Eq. (20) numerically with Mathemanca [43].
However, to obtain a better understanding of the various depen-
dencies, analytic results are also presented using Taylor series
expansions of the quantities of interest to first order in Arp and
to second order in o, .. These are also used in the resolution
optimization presented in Ref. [42].

2.3.2. Approximate analytic calculation

A relatively simple analytic approximation to r}, can be
obtained by using a Taylor series expansion of r},(Rp =+
Arg/2, a*, 19, h) to first order in Arg and to second order in

* .
amax °

N Arg

rﬂh(R() + — , 70, h) & rﬂmdxj:

A
—het |G (15 222) — 1| = Da®? 27)

2Ry

with r . given by Eq. (19) and where we have introduced

the symbol:

G = G(w) = Do/(RoX) (28)

with the mean value given by G = G(t9 = 1) = Do/Ry. For a
conventional HDA (x = & = 1) we also have G =2/(2 — 19)
and G = 2. Setting Eq. (27) into Eq. (20) and solving for of
we obtain the approximate analytic solution for ;. This can
be represented as a double branched function in analogy to the
exact solution Eq. (24):

5 [G (14 530) = 1] for0 < i < ho

k
— 0 ax forh > hg

k

oy is indeed negative in value and also satisfies the condition
for a maximum (Eq. (21)).

hr 0. 1) For0 < < o (or < lahl < @)

(25)

max )
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Using approximations Egs. (27) and (29) to evaluate Eq. (26)
we obtain the approximate analytic form of the base width Ar,:

Arg + ha® {G ( Aro

Ar, = Ark (Ao, oLy, T, h) = e 2R
Arg + 2haj (G — 1)
with an approximate value for i given by:
2Do*
ho = ho(Aro, dpay, T0) = (€1

¥ G+ (Aro/2Ro)) — 1]

For h = 0 we obtain the well known formula for the base
width Ar} of an HDA at the focal plane:

AFt = Arg + Da? (32)

max

All the extra h-terms in Ar}, (Eq. (30)) can be shown to be
positive and therefore the situation # > 0 always leads to larger
base widths, i.e. Ar}, > Ar:. For h = ho, both branches yield
the same result namely:

RBh = o
S+ 5a;aX(G —1)
4G -1 5
Art, = A Do~ 33
Tk = BT0F | G+ (Aro/2Ro)) — 1] Fmax G

In Figs. 4 and 5, the exact values of Ar}, are plotted for
equal size (R = 101.6 mm) conventional (Ry = 101.6, y = 1)
and biased paracentric (Ry = 82.55,y = 1.5) HDA with g = 1
and entry angles o, = 0.1°,1°,5°,10° at 6 different values
of h =0, 5, 10, 15, 20, 25 mm and for two different entry aper-
ture diameters Argp = 2mm and Arg = 0.2mm. The general

tendency is for Ar}, to increase with increasing & values. This

tendency becomes stronger for increasing values of o, .. For
* _ o * s . .
o = 0.1-1°, Ar?, increases extremely slowly and is practi-

cally insensitive to changes in A. Interestingly, for small values
of h the paracentric HDA exhibits smaller radial base widths
than those of the conventional HDA.

2.4. h-Dependence of the HDA base resolution Ry,

For a beam of monoenergetic particles of pass energy fp,
the base resolution Rp of an energy analyzer tuned to the pass
energy w is defined as the ratio of the transmitted (and detected)
energy width Arg (the base width) over fo:

Ry = OB _ A® (34)
fo 70
‘Rp is a constant, dependent only on the geometrical parame-
ters of the analyzer and independent of the pass energy o (or
equivalently tp). We can convert the maximum radial base width
Ar}, computed in Eq. (30), to an energy width using the radial
distance-to-energy conversion factor, which is seen from Eq.
(15) to be just 7o/ D, where D is the HDA dispersion at tg. This
is equivalent to the experimental energy versus position cali-
bration of a PSD, typically performed in electron spectroscopy

S+ ba [G(I—ZATTS)—I} n

measurements. If we also include the width of the exit slit (or
position resolution in case of a PSD) Ar,, we get the total base

2
)= 1]+ Da + 45 G (14 55) = 1] for0 < 4 < ho

forh > hy

(30)

energy width Atg (or equivalently Atg) [25] and therefore
_ Arf, 4+ Arg
— 05

If we define S as the “slit" term given by the sum of the width
of the slits (or virtual apertures) over the dispersion:
Arg + Arg

S = S(1p) = — (36)

then, using Eq. (26) or its approximation Eq. (30) and Egs.
(35) and (36), we finally obtain the base resolution Rp;, =
Ren(Aro, o5 To, h) given by:

Rs (35)

2 R Ar 2
a2 + 1 [G (1+ﬁ) —1} for0 < h < ho -
forh > hg
at h = hg both branches give the same result:
4G — Daj2
Rty = 5 + =0 — Uetmax (38)

G(1 4+ (Arg/2Rp)) — 1

For h = 0, we get from the first branch the well known result
for the base resolution of an HDA along the focusing plane:
Arg + Arg 5
D + nax
The base resolution is plotted as a function of % in Figs.

6 and 7. In general, a similar s-dependence is observed as
for Ar;h. However, now the base resolution for a paracentric

Rp(to,h=0)=S+ a2 = (39)

14

{ —— open symbols conventional
o5 Fow closed symbols paracentric

HDA: Ar,=2, 7,=1
10

Ar* | - Exit radial base width (mm)

h (mm)

Fig. 5. Same as Fig. 4, but for Arg = 2 mm.
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8
1 — open symbols conventional ¢
7 4 -~ closed symbols paracentric e
HDA: ar,=0.2, 7 =1 .

Rj, - Base resolution (%)

h (mm)

Fig. 6. Comparison of i-dependence of base resolution Rp; for a conven-
tional (open symbols) and paracentric (closed symbols) HDA of equal size
(R =101.6mm) for 7y = 1 and Arg = 0.2 mm.

(y = 1.5) HDA is shown to always be larger than that of the
conventional (y = 1) HDA. This has to do with the fact that
the dispersion length D is largest for the smallest y, as already
discussed (see Eq. (15) and Fig. 2). Thus, a small Ar}, trans-
lates into a corresponding small Rpy, only for equal dispersion
lengths.

2.5. h-Dependence of the HDA line shape Ly,

As already pointed out, to limit the effect of the angular term
and obtain a more symmetric line shape, Kuyatt and Simpson
[38] proposed the following criterion for the ratio x of the an-

—— open symbols conventional
- closed symbols paracentric

HDA: Aru=2, -:a=1

R, - base resolution (%)

h (mm)

Fig. 7. Same as Fig. 6, but for Arp = 2 mm.

gular to the “slit" term:

*
max max -

S (Arg+Arg) ~ 2

For non-zero i we can extend the Kuyatt-Simpson (KS) criterion
to also incorporate the h-dependent terms. We therefore define
anew ratio y; given by the ratio of the sum of both angular and
h-dependent terms over the slit term:

o 2 Da*. 2 1
= <

X= (40)

o= b _
"TTS

which thus also becomes a double branched function. Directly
from Eq. (40), it is clear that the smallest dispersion will always
lead to the smallest yj. Therefore the biased paracentric HDA
with y > 1 will always have the smallest x; which will also
be smallest at the lowest energy to and the smallest 4. Thus,
paracentric HDAs with y > 1 can be expected, in principle, to
provide an improved line shape. Whether this is also true for
a real paracentric HDA with strong fringing fields is of course

still an open question and will be explored in future publications
[44,32].

(41)

30{ [h=0 HDA: =,=1 Ar,=0.2mm
20 u.-m=0.1o
— — conventional
o 10 -+ paracentric
X0
PE: =15
O
20
©
210
b
o
5 0
o =
£ 30 h=2
320
10
0

96 98 100 102 104 96 98 100 102 104
r* , - radial displacement along PSD (mm)

6
. =g HDA: =1 Ar,=2mm
o, =0.1°
- 2 conventional
e - paracentric
=g
7 h=1 h=1
S 4
t
g2
28
e
5.
5
Z 2
0

96 98 100 102 104 96 98 100 102 104
r*, - radial displacement along PSD (mm)

Fig. 8. Line shapes for 7 = 0 — 25 mm for equal sized (R = 101.6 mm) para-
centric (§ = 1.2308 and y = 1.5) and conventional (§ = y = 1) HDAs (see
Table 1) at 7p = 1 with Arg = 0.2mm (top) and Arp = 2mm (bottom), for
o = 0.1°. Lines mark the position of the exit of the central ray with ro = Ry,
a* =0.
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The line shape L; gives a much more complete picture of
the electron-optical characteristics of an HDA. The normalized
line shape is also known as the transmission function. Lj, can be
readily computed either by exact piecewise integration [12,18—
20] or Monte Carlo techniques [15,16,21,22] assuming uniform
illumination over the entire entry aperture. Here we use the sec-
ond approach.

N,- = 500,000 monoenergetic electrons were generated
with fixed energy 7o but random «* and r( values, within the
ranges specified by Eqgs. (16) and (17), for a specific choice of
Arg, oy, and i from the HDA parameters of Table 1. For each
specific set of electron parameters, Eq. (12) was used together
with Eq. (5) to generate the exit radii 7}, which were then binned
using a position resolution of Arg = 0.2 mm to obtain the final
distributions. These distributions then represent the response or
transmission function of the HDA to a monoenergetic line. The
base width of these distributions will correspond closely to the
computed value of Ar}, given by Eqgs. (26) or (30).

Different line shape calculations were made for 79 =
0.9, 1.0, 1.1 representing the 20% energy acceptance window
of the HDA, with Arp =2 and 0.2 mm representing realistic

entry size values, at oy, = 0.1°, 1°,2°, 5°. For o}, < 1° and
|
30; =g HDA: =1 Ar,=0.2mm L
204 o 81
< 10/ conventional \
— -+ paracentric
X 0
g %] h=15
[%]
£ 204
= :
B, /
©
5 0
o 1 -
S %0 =2
= 20
N\ /\

96 98 100 102 104 96 98 100 102 104
r* , - radial displacement along PSD (mm)

2| |h=g HDA: ;=1 Ar,=2mm [h=5
8 u.‘me’=1°
‘Fc-; 4 conventional :
- [l’\ -+~ paracentric /—— \
X0
8"
[&]
S 8
84
5./ |\ ST\
| .
3"
Es
= 4
& | & /]

96 98 100 102 104 96 98 100 102 104
r* , - radial displacement along PSD (mm)

Fig. 9. Same as Fig. 8, but for oy, = 1°.

0 < h < 25mm, the KS criterion is in general satisfied indepen-
dent of the value of Arg. For larger values of the injection angle
and with increasing A, xj, increases and the KS criterion becomes
less valid or eventually even violated. Due to space limitations,
the generated characteristic line shapes Lj of equal size (same
R—see Table 1) conventional (y = & = 1) and paracentric (y =
1.5, & = 1.2308) HDAs are compared here at different values of
h = 0-25 mm, but only for 7p = 1 and of;,, = 0.1°, 1°,2°,5°.
These are shown in Figs. 8-11 for Arg = 0.2mm (top), and
Aryp = 2 mm (bottom). The value ., = 2° is one of the most
interesting cases since xj, varies across 1/2, the KS limit, as &
increases from 0—25 mm. For values of o}, < 1°, Lj, does not
changes much with A, basically preserving a nice symmetric
trapezoidal shape for Arg = 2mm or almost triangular shape
for Arg = 0.2 mm with practically no difference between para-
centric and conventional HDA. At larger o, where the KS
criterion is not satisfied, L, becomes increasing asymmetric
with increasing h, peaking on the high energy side of Lj (see

Fig. 11). The paracentric HDA is found to have a broader base

I
30 HDA: =1 Ar,=0.2mm ‘_
20 o =2
10 —— conventional
o -~ paracentric
%0
g30 h=1§
o
£ 20
210 |
b
5 /\
5 ) . valk'
£ =
320
10 ; .
- A~ A

96 98 100 102 104 96 98 100 102 104
r* , - radial displacement along PSD (mm)

12 HDA: =,=1 Ar,=2mm [h=5
8 @
) 4 ///\ —— conventional A
il 5 . i B paracentric .
25 ==
S12 h=1 h=1§
ER
o
5 4 '/\ 7\
Fo——u/ | | AR==
E12 h=2
Z 8
4 s T [ —— .

96 98 100 102 104 96 98 100 102 104
r* ,, - radial displacement along PSD (mm)
Fig. 10. Same as Fig. 8, but for o, = 2°. As h varies from 0-25mm, for
Arg = 0.2 mm the biased paracentric HDA has x;, (Eq. (41)) vary from 0.460—
5.363, while the conventional HDA has x; vary from 0.618—4.354. For Arp =
2 mm the corresponding x;, variations are 0.08357-0.9753 and 0.1124-0.7919,
respectively.
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Fig. 11. Same as Fig. 8, but for «};, . = 5°. This angle is probably too extreme

for conventional spectroscopy and is only shown for reference.

width than the conventional HDA which, however, for h-values
near 0 becomes slightly smaller than for the conventional HDA,
as already noted. The line shape and its radial base width do
not change much as the energy sweeps across the PSD with
79 going from 0.9 to 1.1 (not shown due to space limitations).
Thus, the dependence of the base resolution Rpj, on the en-
ergy, is strictly a dispersion effect. The dispersion length D in-
creases with energy as already seen in Fig. 2 forcing the cor-
responding decrease in resolution. This is a well known effect
plaguing HDAs with large PSD, the resolution on the low en-
ergy side of the PSD being substantially worse than on the high
energy side.

3. Summary and conclusions

We have shown that for an ideal HDA, where no fringing
fields are considered, the optimal distance to place the PSD for
best energy resolution is 4 = 0, the first order focusing plane.
Useful analytic formulas of exit radial width Ar}, and base
energy resolution Rpj, as a function of the distance from the
focal plane A for given maximum injection angle o}, and entry
aperture diameter Ar are presented. These are further illustrated

by line shape calculations at various distances h for specific
typical values of o} ,, and Ary.

In our presentation we have also made a comparison of equal
size ideal conventional and paracentric HDAs. Overall, apart
from a few marginal improvements of limited utility, the para-
centric HDA does not seem to show any significant practical
advantages over the conventional HDA. On the contrary, it has a
lower dispersion length D and therefore a larger base resolution.
However, a smaller D will satisfy the Kuyatt-Simpson criterion
(see Eq. (41)) at larger h, thus extending the range of & values
over which the quality of the line shape is maintained compared
to that of the equal size conventional HDA. The interesting ob-
servation that the paracentric HDA exhibits a smaller radial base
width Ar?, than the equal size conventional HDA at small £ val-
ues seems to apply only to angles o, that are too large to be
practical in most applications and is therefore probably of only
limited interest.

Clearly, fringing field effects must be responsible for the re-
ported improvement [27] in the resolution of the paracentric
HDA over that of the conventional HDA and needs to be fur-
ther investigated. Nevertheless, the analysis of the ideal case (no
fringing fields) is necessary as it provides a reference for judg-
ing the importance of fringing fields, as deviations from the ideal
case. The investigation of the fringing fields of realistic HDAs
and their effect on the radial focusing and energy resolution is
already under way using specialized electron-optics simulation
software (e.g. SIMION [36,37]) and will be presented in future
publications [32,44].
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