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The biased paracentric hemispherical deflection analyzers (HDAs) are an alternative to conventional
(centric) HDAs maintaining greater dispersion, lower angular aberrations, and hence better energy reso-
lution without the use of any additional fringing field correctors. In the present work, the transit time
spread of the biased paracentric HDA is computed over a wide range of analyzer parameters. The com-
bination of high energy resolution with good time resolution and simplicity of design makes the biased
paracentric analyzers very promising for both coincidence and singles spectroscopy applications.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

The hemispherical deflection analyzer (HDA) with single- or
multi-channel detection has been widely used to collect electron
spectra in atomic collisions – see Refs. [1,2] and references therein.
For most of electron spectroscopy and spectroscopic imaging appli-
cations, the relative energy resolution of an HDA, DE=E, is an
important consideration. However, if an HDA is used to simultane-
ously record the position and travel time of electrons [3], or if it is
used in coincidence experiments, such as in (e, 2e) measurements
[4], the time-of-flight (TOF) distribution of the arriving particles
will also be important.

Motivation for the computation of flight times in HDAs has been
provided by various publications as for example Imhof et a1. [5],
Caprari [6], Kugeler et al. [7], and Shavorskiy et al. [3]. These stud-
ies have predicted the transit time using an approximate model,
which ignores fringing fields at the boundaries. Suggestions to
improve the time resolution in coincidence experiments have been
made by Volkel and Sandner [4], and it has been shown that for
conventional (e, 2e) spectrometers the temporal resolution is
mostly defined by the time spread within the analyzer, which is
usually in the nanosecond time range. An extensive study of HDAs
employing elliptical trajectories applicable to paracentric HDAs
including basic timing properties has been given by Zouros and
Benis [1].
Imhof et al. [5] evaluated the variation of the time spread Dt as a
function of pass energy E0 and showed that it is inversely propor-

tional to the square root of the pass energy, i.e., Dt / E�1=2
0 , assum-

ing that both the initial angular and spatial distributions are kept
constant. This means that the reduction of the time-of-flight
spread for the trajectories within the analyzer can only be achieved
by increasing the pass energy. However, an increase of the pass
energy will lead to a decrease in the energy resolution. Therefore,
a suitable compromise between good energy resolution (favoring
smaller E0) and good time resolution (favoring larger E0) is clearly
needed.

Recently, we have presented a systematic study on the transit
time spread of biased paracentric HDAs [8]. Although the dominant
contribution to the TOF spread is acquired within the HDA, the
injection lens system indirectly affects the time spread of the ana-
lyzer to a significant extent by inducing a strong dependence of the
angular spread of the electron trajectories entering the hemisphere
on the pre-retardation ratio F. The angular and spatial distributions
are controlled by the lens linear ML and angular Ma magnifications
constrained by the Helmholtz–Lagrange law, i.e., jMLjjMaj ¼

ffiffiffi
F

p
.

Zouros and Benis [9] showed that the energy resolution becomes
a function of ML and has a minimum at the optimal magnification
MLopt .

In the present work, the correlation between the pre-
retardation ratio F and the time and energy spread, Dt and DE,
respectively, is evaluated by means of computer-based finite-
difference trajectory simulations using SIMION 8.1 [10]. We
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Fig. 1. Schematic of a biased paracentric HDA consisting of two concentric
hemispheres of radii R1 and R2 equipped with an electrostatic lens and a position
sensitive detector. The electron energy is the same for all trajectories, originating
from an extended source. The central trajectory (black dashed-dot line) starts at
r ¼ R0 and exits at r ¼ Rp , moving on Kepler-type elliptical trajectories inside the
HDA. The incident beam spot (dS), has a maximum outgoing angle of aS restricted by
the pupil as defined by the lens entrance aperture (dp). The decelerating lens slows
the electrons and focuses them to an effective virtual aperture size (Dr0). Fig. 2. Calculated time and energy distributions at the exit of the HDA for six

different values of F ¼ 1� 10, for a monoenergetic beam of Es0 ¼ 1000 eV.
Simulations were performed for a source extent of dS ¼ 2:5 mm. Normalized line
profiles resulting from vertical and horizontal projections of the distributions are
also shown. The detector plane is assumed to coincide with the HDA exit plane.
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assume that the virtual aperture size Dr0 and the ingoing electron
angular spread amax are obtained using the optimal linear and
angular magnification [9].

2. Theory and simulation

The analytical solution of the equation of motion is well docu-
mented in the extensive literature on the ideal HDA (see Ref. [1],
and references therein). Here, we only give a brief introduction to
the electron optical properties and time-of-flight calculations for
the biased paracentric HDA. Eqs. (1)–(3) discussed below are taken
from Refs. [1,8]. The analyzer consists of two concentric hemispher-
ical electrodes of radiiR1 andR2 equippedwith an electrostatic input
lensandapositionsensitivedetector, as showninFig. 1. The lens sys-
tem is typically used to collimate and focus the source onto the vir-
tual entry aperture of theHDA. Electrons entering the hemispherical
field at the virtual aperturewith an angular spread amax with respect
to the optical axis for the pass energy E0 of the analyzer are trans-
ferred to the exit plane. In an ideal HDA (no fringing fields) a particle
of charge q and energy E enters with radius r0 and pencil angle a
within an aperture of diameterDr0 centered at R0, follows an ellipti-
cal trajectory and exits at rp after going around an orbit of 180�. The
central trajectory (black dashed-dot line) is defined by a particle
which enters with energy E0 at r0 ¼ R0 with a ¼ 0� and exits at
rp ¼ Rp. An exit aperture is typically placed with center at Rp. Alter-
natively a position sensitive detector is used at the exit. The most
well-known (conventional) arrangement utilizes,
R0 ¼ Rp ¼ ðR1 þ R2Þ=2, the mean radius or central radius of the
HDA (and therefore referred to as the centric position entry), in
which case the central trajectory is a circle.

The electron trajectories in an ideal HDA potential of the form
VðrÞ ¼ �k=r þ c are described by Kepler orbits. The non-
relativistic elliptical trajectories within the radial 1=r potential
have been derived in detail in Zouros and Benis [1]. The potentials
that need to be applied to the inner and the outer hemispheres are
given by

qVi ¼ E0 F � c
R0

Rp

� �
R0 þ Rp

Ri
� 1

� �� �
ði ¼ 1;2Þ ð1Þ
where F is the pre-retardation ratio Es0=E0, and Es0 is the electron
source energy. The parameter c, known as the entry biasing param-
eter is related to the entry bias V0, the nominal potential at the
entry at R0, given by qV0 ¼ ðF � cÞE0 [1].

As shown in Fig. 1, the electron entering the HDA with a small
angle a follows an elliptical trajectory in the radial electrostatic
field. Due to the different conditions of their trajectories, a spread
in the transit times also accrues. Neglecting the fringing fields at
the boundaries and other mechanical imperfections, the transit
times, tp, of the particles through the analyzer are given by [8]

tp ¼ T0

2p
pþ 2arctan sina

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�1þ 2

q0

� �s" #
�

4
ffiffiffiffiffiffiffiffi
q0

2�q0

q	 

sina

cos 2a� 2þq0
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9=
;

ð2Þ

where T0 is the period of the full Kepler orbit given by
T0 ¼ 2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ma3=qk

p
, and q0 ¼ r0=a. Here, a ¼ �qk=ð2EtotÞ is the

semi-major axis, Etot is the conserved total energy, and
k ¼ R1 R2ðV2 � V1Þ=ðR2 � R1Þ. From Eq. (2), one can see that the sign
of a affects the value of tp. In other words, the time-of-flight of a tra-
jectory starting with angle �a is not identical to that starting with
þa.

In the presence of fringing fields the flight time cannot be estab-
lished in a simple analytical form. Thus, the calculations have to be
carried out numerically.

In Ref. [9] it has been shown that the linear magnification of the
lens can be chosen so that it minimizes the expression of the
energy resolution. The Helmholtz–Lagrange principle has been
applied to find the optimal base width energy resolution as a func-
tion of the optimal lens magnification between conjugate lens
object-image points. Using Dr0 ¼ jMLjdS and amax ¼ ML dp=ð

ffiffiffi
F

p
2‘Þ,

the optimal lens magnification MLopt can be written by the formula
[9]:



Fig. 3. (a) The values of the virtual entry aperture size Dr0 and the angular spread
amax computed by the lens magnification ML and angular magnification Ma

according to the Helmholtz–Lagrange stipulations plotted as a function of F. (b)
Comparison of the base energy DEB and time DtB spread as a function of F.
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jMLoptj ¼ 1
2

FD
ds

� �
dp

‘

� �2
" #1

3

ð3Þ

where parameters ds;dp; ‘ are shown in Fig. 1. Here, D is the energy
dispersion.

We have used the specific spectrometer parameters in the pre-
sent calculation: R0 ¼ 82:55 mm, R1 ¼ 72:4 mm, R2 ¼ 130:8 mm,
c ¼ 1:5; dS ¼ 2:5 mm, dp ¼ 4 mm, ‘ ¼ 288:5 mm.

3. Results and discussion

The changes in the transit time depend on the virtual entry size
Dr0 and the acceptance angle amax. The calculated time-energy dis-
tributions for a monoenergetic input beam (Es0 ¼ 1000eV) for six
different values of the pre-retardation ratio F ¼ 1� 10 are shown
in Fig. 2. For a fixed F, the linear magnification is calculated by
Eq. (3) and then the angular magnification is obtained using the
Helmholtz–Lagrange law. As shown in Fig. 2, the width of the
time-of-flight distribution varies significantly with the angular
magnification. For higher F, the time-spread increases with F, and
the contour plot looks like a trapezoid.

Fig. 3(a) shows the dependence of the widths of the virtual
entry aperture Dr0 and the values of the maximum half-angle
amax on F. In Fig. 3(b) we show a comparison between the optimal
energy and time spread values DEB and DtB obtained by SIMION as
a function of F. The energy spread is seen to drop-off with F, while
Dr0 (amax) increases (decreases) with F. The relative energy resolu-
tion DEB=Es0 ranges in values between 0:42%� 0:14% for
F ¼ 1� 10, respectively. As expected, an opposite trend is observed
for the time spread, ranging in values between 1:68� 4:95 ns for
F ¼ 1� 10, respectively. Since the time-of-flight tp increases with
increasing F, the relative time resolution DtB=tp is almost constant
and is found to be 11:08%.

4. Summary and conclusion

The time-of-flight distributions in a biased paracentric HDA for
different pre-retardation ratios F have been studied. The trajectory
related electron energy and time spreads were calculated numeri-
cally since neither their flight times nor their positions are pre-
dictable analytically in the fringing field of the HDA. Our analysis
quantifies the effect of varying the controllable virtual aperture
entry size and acceptance angle on selected output variables of
energy and time spread. The present simulation demonstrates that
the biased paracentric HDA offers good time distribution with rel-
atively high energy resolution.
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