
Vol 17 No 5, May 2008 c© 2008 Chin. Phys. Soc.

1674-1056/2008/17(05)/1729-09 Chinese Physics B and IOP Publishing Ltd

Improvements on the third generation of
electron momentum spectrometer∗

Ning Chuan-Gang(宁传刚), Zhang Shu-Feng(张书锋), Deng Jing-Kang(邓景康)†,
Liu Kun(刘 昆), Huang Yan-Ru(黄艳茹), and Luo Zhi-Hong(罗志弘)

Department of Physics and Key Laboratory of Atomic and Molecular NanoSciences of Ministry of Education,

Tsinghua University, Beijing 100084, China

(Received 22 June 2007; revised manuscript received 12 November 2007)

The significant modifications to our recently constructed electron momentum spectrometer have been implemented.

Compared with our previous report, the energy and the angle resolutions are significantly improved and reach ∆E =

0.45 eV, ∆θ = ±0.53◦ and ∆φ = ±0.84◦, respectively. Moreover, the details of data reduction and the relation between

azimuthal angle range and the sensitivity are discussed.
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1. Introduction

The electron momentum spectroscopy, also
known as binary (e, 2e) spectroscopy, has been devel-
oped as a powerful tool for studying electronic struc-
tures and correlation effects of matter. The ability to
measure the electron density in momentum space, the
squared modulus of a momentum-space wave function,
is a remarkable feature of this technique.[1−5] The first
successful electron momentum spectroscopic (EMS)
experiments were reported over 30 years ago with an
energy resolution of about 64 eV and a momentum res-
olution of about 2 a.u. for thin film targets.[6,7] It was
at about the same time that the EMS measurements
of gas targets with much improved energy and mo-
mentum resolutions were reported.[8] This study on
argon showed for the first time both the ability for
EMS to map the momentum densities of target elec-
trons for individual transition and the importance of
correlation effects in the inner valence region. Used in
these seminal studies were single energy channel and
single angle channel measurements due to the limita-
tion of detection techniques at that time. This single
point measurement mode is one of the characteristics
of the first generation spectrometer (EMS-1). Since
all the experimental conditions needed for EMS lead
to quite small cross sections,[3] the earlier EMS re-

sults always suffer from a large statistical uncertainty
and a low energy resolution. In order to overpass this
obstacle, it is necessary to develop multi-channel elec-
tron detection techniques that allow for the simultane-
ous measuring of series of energies or angles (i.e. mo-
menta). Pioneered by Moore et al,[9] a spherical anal-
yser equipped with an array of channel electron mul-
tipliers was used to simultaneously measure a series of
azimuthal angles. Thereafter, Weigold et al [10] have
introduced one-dimensional position-sensitive detec-
tors (PSDs) for parallel measurements over a range
of energies. Brion et al [11] have reported a momen-
tum dispersive spectrometer. These spectrometers
are either energy or momentum dispersive and can
be roughly classified as the second generation (EMS-
2). Most of the second generation of spectrometers
adopt the hemispherical analysers (HSA) to realize the
energy multi-channel measurement.[11−17] HSA has a
simple structure but with excellent performances and
it is also widely used in other types of spectrome-
ters, such as photoelectron spectrometer (PES). With
HSA, Brunger et al [18,19] reported a high-resolution
EMS-2 spectrometer. Although a great many of im-
pressive results have been achieved on EMS-2 spec-
trometers, the low coincidence count rate and the long
measuring time have greatly restricted the applica-
tion of EMS to small stable molecules. Recently, with
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the development of novel smart electron energy anal-
ysers and large size PSDs, several groups reported
their third generation of EMS spectrometers (EMS-
3),[1,20−24] which can execute energy multi-channel
as well as angle multi-channel measurements. And,
recently, Takahashi et al [25] reported a seminal (e,
2e) experimental investigation for oriented molecules.
Most of those spectrometers take a non-coplanar sym-
metrical geometry in which a full 2π azimuthal angle
range can be attained for both outgoing electrons with
only one analyser.[1,22,23] These spectrometers with
the non-coplanar symmetrical geometry can signifi-
cantly improve the coincidental count rates by using a
large azimuthal angle range, the resolutions, however,
have not been evidently improved.

Some significant modifications to our recently
constructed EMS-3 spectrometer have been made to
improve its resolutions. This spectrometer has a non-
coplanar symmetrical geometry and is equipped with
a double toroidal analyser to realize parallel detection
of energies and angles of electrons. The design of spec-
trometer is optimized by using the Monte Carlo sim-
ulation of electron optics, so the performance of the
spectrometer, especially its momentum resolution, is
significantly improved. An electron gun equipped with
an oxide cathode, which works at a much lower tem-
perature than the generic filament cathodes, is used to
generate the electron beam with a low energy spread
and a low divergence angle.

EMS for directly measuring the electronic struc-
tures of matter is straightforward conceptually. In
(e, 2e) spectrometer a high-energy incident electron
knocks out an electron from the target and the two
outgoing electrons are subsequently detected in coin-
cidence. Measuring the incident electron momentum
p0, and two outgoing electron momenta p1 and p2 al-
lows the target electron binding energy, ε, and the
target recoil electron momentum, q, to be determined
by using the conservations of energy and momentum:

ε = E0 − E1 − E2, (1)

q = p0 − p1 − p2. (2)

At high energy and high momentum transfer K =
|p0 − p1|, the (e, 2e) collisions involve clean knock-
ing out of the target electron, and the recoil momen-
tum is equal in magnitude but opposite in direction
to the momentum of the struck target. With a non-
coplanar symmetrical geometry, the two outgoing elec-
trons have the same kinetic energies and the same po-
lar angles, i.e. E1 ≈ E2, θ1 = θ2 = 45◦, and p1 ≈ p2,

and the momentum p can be given by

p =
{

(2p1cosθ1 − p0)2

+[2p1sinθ1sin(φ/2)]2
}1/2

, (3)

where φ = φ2 − φ1 is the azimuthal angle relative
to the scattering plane with φ1 and φ2 being the az-
imuthal angles relative to the middle lines of the elec-
tron detectors. Under sufficiently high electron energy
and momentum transfer, the (e, 2e) cross section for
a randomly oriented gas target can be written as

σEMS ∝
∫ 〈

νpΨN−1
f |ΨN

i

〉2
dΩ , (4)

where ΨN
i and ΨN−1

f are the total electronic wave
functions for the N -electron target species and the (N -
1) electron product ion, respectively, and νp = eip.r

is a plane wave representing the target electron at
the collision instant. The overlap between the neu-
tral ground state and ionized states,

〈
νpΨN−1

f |ΨN
i

〉
, is

also known as Dyson orbital, which can be calculated
with Configuration interaction (CI)[26] and Green’s
function (GF)[27] theories. Under the target Hartree–
Fock (HF) or Kohn–Sham (KS) approximations, the
measured electron momentum distributions reduce to
structure factors derived as the square of HF or KS
orbitals in their momentum representation.[3] There-
fore, EMS is very commonly regarded as a powerful
orbital-imaging technique.

2. Design criteria

The electron momentum spectrometer requires a
suitable electron beam source, a target, an electron
analyser, and a detection system for two outgoing
electrons. The electron beam source provides a well-
collimated, low energy spread electron beam with an
energy of E0 for ionizing the target. The detection
system must provide the energy-, angle-, and time-
resolved coincident detection for two outgoing elec-
trons from (e, 2e) events with a high resolution. The
time-resolved detection allows the true coincidence
event to be determined by subtracting random back-
ground events. Another important criterion of design
is the high sensitivity, so the solid angle for collect-
ing electrons should be as large as possible. In order
to reach these goals, considerable efforts have been
made over last three decades. Here we report our
high-resolution EMS-3 spectrometer in detail.
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2.1. Electron optics

Our EMS-3 spectrometer uses the non-coplanar
symmetrical geometry because such a geometry has
a distinct advantage that the two outgoing electrons
can share one analyser. As Fig.1 shows, a polar angle
of 45◦ is chosen to match the Bethe ridge condition.

Fig.1. Schematic diagram of the energy and angular

multi-channel electron momentum spectrometer, showing

electron gun (EG), reaction chamber (RC), deceleration

lens (DL), double toroidal analyser (DTA), and correction

lens (CL). The trajectories illustrate the flight routes of

two outgoing electrons from one (e, 2e) event.

Most of EMS-3 spectrometers take this advantage to
obtain a large acceptance range of the azimuthal an-
gle, and, with this geometry, it is possible to realize
a detection range of a full azimuthal angle (2π). To
achieve the high resolution energy and angle analysing
power, a double toroidal analyser (DTA) is chosen
in our EMS-3 spectrometer. As demonstrated in
Refs.[28–32], the DTA equipped with a conical de-
celerating lens can realize the high energy resolution
and high luminosity simultaneously. However, the az-
imuthal angle resolution is not satisfactory in our pre-
vious design.[1,33−37] With a systematical Monte Carlo
simulation of the electron optics of our EMS-3 spec-
trometer, the azimuthal angle resolution is found to
be

∆φ1 = kd/r, (5)

where d is the diameter of the incident electron beam,
and r is the hitting position on the detector away from
the symmetry axis of spectrometer, and the coefficient
k depends on the potential of electron optics and the
flight distance. It is obvious that the smaller the value
of d is, and the larger the value of r is, the better the
resolution of φ will be. The second stage of DTA in-
corporated with correction lens makes r as big as pos-
sible, and the median value of r is 46mm in the de-
sign. It is easier to realize a small d by using an aper-
ture hole. As Monte Carlo simulations show in Fig.2,
the values of (full width at half maximum (FWHM))
∆φ1, are 0.45◦, 1.2◦ and 1.7◦ correspond to the values
of the electron beam diameter d are 0.1mm, 0.3mm
and 0.5mm respectively. Moreover, a smaller electron
beam size also implies a better energy resolution as
simulations indicated. In aforementioned simulations,
the electron energy E0 is 600 eV and the passing en-
ergy is 50 eV. A molybdenum aperture with a hole
of 0.3mm in diameter is finally used to constrain the
incident electron beam size.

Fig.2. The azimuthal angular resolution versus the size

of electron beam. The histograms are the results of the

Monte Carlo simulation with 500 samples for electron

beam sizes: 0.1, 0.3, and 0.5mm, shown in sequence. The

scale bars for the histograms are 10◦.

2.2. Electron beam source

The crucial step in improving the energy resolu-
tion of EMS spectrometer is to produce an electron
beam with a low energy spread. The widely used elec-
tron gun equipped with a thoriated tungsten filament
has an energy spread of about 0.6 eV due to its high
working temperature. Moreover, a voltage drop due to
the resistance of filament is another important source
of energy uncertainty. Most oxide cathodes can work
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at a much lower temperature, typically 1100 K, corre-
spondingly, with an energy spread of 0.3 eV, and the
indirect heating mode may be free from the resistance
voltage drop. However, most of oxide cathodes are
prone to poisoning, i.e. its power of emitting elec-
trons will significantly decline, and they even com-
pletely stop working, by active gas, such as O2. To
solve this problem, an additional vacuum chamber is
designed in which an electron gun is mounted. This
chamber is evacuated to a pressure of 10−7 Pa by a
600L/s molecular turbopump, and it has a 2 mm di-
ameter hole connected to the main chamber, so that
electron beam can enter the main chamber through
the hole. This differential evacuation stage can main-
tain the electron gun chamber at 8 × 10−7 Pa when
main chamber is at 4 × 10−4 Pa as the gas sample is
inlet to the reaction chamber. It is found that be-
sides the working temperature of cathodes, the space
charge effects can also significantly broaden the en-
ergy spread of electron beam. The spread of elasti-
cally scattering electron energy is remarkably broad-
ened from 0.35 to 0.50 eV (FWHM) as the emitting
current increases from 1 to 9µA. It should be noted
that the collected current by a faraday cup in the rear
of the reaction region is only about 15% of the emit-
ting current of the cathode due to the 0.3 mm small
hole in the front of the reaction region. An electron
gun, which can produce electron beams with a small
beam size, a low divergence angle and a low energy
spread, is highly expected.

2.3. Electronics

Two wedge strip type PSDs[38] with a sensitive
area of 50 mm in diameter are used to detect elec-
trons in our spectrometer. The electronics for data
acquisition is similar to that used in our EMS-2
spectrometer.[39] The charge division method can pro-
vide a very good ratio of signal to noise but the signals
are rather slow, therefore there appear pulse pile-ups
due to the high count rate, typically 10 k/s. Consid-
ering the high count rate of EMS-3 spectrometer, the
multi-parameter acquisition system is extended with
a pile-up rejector. The shaping time constants of the
amplifiers are set to be 1 µs, while the pile-up thresh-
old is set to be 6 µs. Contrast with the general using
of the pile-up rejection signal as the anti-gate signal of
ADC, which requires a peak-hold circuit to hold the
peak for at least 6µs before conversion, so that the
dead time of system is significantly increased, we use

them as the veto signal of writing memory because
the coincidental count rate is much lower than that of
single count rate, thus almost no additional dead time
appears.

3. Data reduction

3.1.Calibration of energy and angle

The first step in obtaining the energy and the
angle of electrons from the hitting position on the
PSD is the calibration of the analyser. Calibration
of the analyser is carried out by using a set of aper-
tures mounted on the front of the decelerating lens.
Electrons leaving from the reaction region must pass
through the calibration apertures before entering the
optics. Elastic scattering from a gas sample provides
accurate energy- and angle- calibrations of the detec-
tors. A series of peaks corresponding to known ener-
gies and angles are collected. From the calibration, the
angle resolution of φ1 is known to be 1.4◦ (FWHM), so
the standard deviation of φ is ±0.84◦, while ±1.9◦ for
our previous setup.[1] This is well consistent with 1.2◦

of the Monte Carlo simulations when the assembling
errors of all parts are considered. To obtain a high
resolution momentum, the uncertainty of polar angle
θ also needs to be kept as small as possible. There
are contributions to ∆θ coming from two parts: one
is the pencil angle of the incident electron beam and
the other is the acceptance angle of analyser. As a
smaller acceptance angle leads to a smaller collecting
solid angle, we mainly struggle to make a smaller pen-
cil angle. The final uncertainty of θ is improved from
±0.7◦ to ±0.53◦ by modifying the electron gun design.

3.2. Efficiency correction

The timing spectrum is a crucial element for es-
tablishing the coincidence between two electrons de-
tected by both detectors. To subtract the acciden-
tal contribution, two windows are set on the timing
spectrum. The narrow one with counts Nc(ε, φ),
and width ∆Tc, which includes the peak, corresponds
to the true coincident plus the accidental coincident
counts, while the broad one with counts Nb(ε, φ), and
width ∆T b corresponds to the accidental coincidental
background. The true coincident Nt(ε, φ) can be given
by

Nt(ε, φ) = Nc(ε, φ)−Nb(ε, φ)/R, (6)
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where R is the ratio of two window widths, i.e. ∆T b =
R∆T c. To obtain the real density distribution Nr(ε,
φ) of the measured sample, Nt(ε, φ) should be cor-
rected with a response function F (ε, φ) of the spec-
trometer, i.e. Nr(ε, φ) = Nt(ε, φ)/F (ε, φ). Fortu-
nately, F (ε, φ) is proportional to Nb(ε, φ). To control
the statistical errors, it is rational to assume

F (ε, φ) ∝ Nb(ε)Nb(φ), (7)

where Nb(ε) =
∑
φ

Nb(ε, φ) and Nb(φ) =
∑
ε

Nb(ε, φ).

The summations run through the measured ranges of

ε and φ, respectively. Scanning energies of the inci-
dental electron beam can uniform the Nb(ε). How-
ever, it is still necessary to make some corrections at
both ends of scanning range; otherwise a much wider
range should be scanned than the region of interest. If
the countNb has a large statistical fluctuation, some
smoothing processes can be used to control the sta-
tistical errors. Figure 3 shows a response function for
measuring the calibration gas argon. Each detector
has an energy range of 9 eV and an azimuthal angle
range of 40◦.

Fig.3. The efficiency function for azimuthal angle (a) and binding energy (b). The solid lines in panel (a) are the

linear least square fittings. Each detector has an angle range of 40◦ and an energy range of 9 eV. It can be seen that

correction for energy efficiency is necessary, although scanning the beam energy can uniform the efficiency in most

part other than only at two ends of scanning.

The momentum resolution of an EMS spectrom-
eter is controlled by the angular resolution of the in-
cident and the scattered beams. The finite energy
resolution can usually be ignored, and its contribu-
tion to the momentum uncertainty is less than 0.01
a.u. in most cases. However, for an energy multi-
channel spectrometer, the detected energy range of
10 eV can make a significant contribution to the mo-
mentum spread. For example, a 10 eV range in energy
corresponds to a momentum spread of 0.055 a.u. (full
width) at an electron energy of 600 eV. If this uncer-
tainty is not allowed for, the momentum can be accu-
rately calculated for each (e, 2e) event because the de-
tected energy and azimuthal angle are recorded event
by event in the raw data. If the data are processed
directly in momentum space, correspondingly, the re-
sponse function F (ε, p) can also be obtained. How-
ever, since the p depends on ε, F (ε, p) proportional
to Nb(ε, p) cannot be simply written as Nb(ε)Nb(p)
any more. Moreover, the minimum value of detectable
momentum pmin, which is a nonzero value and de-
pends on ε, must be carefully considered when the

boundaries of momentum bins are set. The lower
boundary of first momentum bin should be pmin, and
pmin + ndp for the (n + 1)th bin, where dp is the mo-
mentum interval for counting. Figure 4 shows the re-
sponse function F (ε, p) at ε = 15.8 eV versus p and
at ε = 29.2 eV respectively.Generally, the statistical
fluctuation of Nb(ε, p) is quite large, we can calculate
F (ε, p) from Nb(φ) by using Eq.(3) with a higher ac-
curacy. It is reasonable to assume

F (φ) = 1− α |φ| , (8)

where α is the constant coefficient, and 0 ≤ |φ| ≤
φmax. By using Eq.(3), we have

F (x; ε) =

(
1− 2αarctg

√
x2 − x2

0

4− x2 + x2
0

)

× 4x√
x2 − x2

0

√
4− x2 + x2

0

, (9)

where

x =
p

p1 sin θ
and x0 =

p0 − 2p1 sin θ

p1 sin θ
. (10)



1734 Ning Chuan-Gang et al Vol. 17

As F (x; ε) has a singularity at x = x0, it is
necessary to calculate the average value in a range
of [x0 + ndx, x0 + (n + 1)dx] for comparison with
the experimental data in low momentum ranges. As
x− x0 ¿ 1, we have

Fn(x; ε) ≈ 2

(√
(n + 1)2 +

2(n + 1)x0

dx

−
√

n2 +
2nx0

dx

)

−αdx− 2α(x0 + ndx), (11)

where dx = dp/(p1 sin θ) is the experimental inter-
val for counting in the nth bin. As the solid curves
show in Fig.4, the calculations can well reproduce the
Nb(ε, p). The sharp turn-up in low momentum ranges
is due to the nonlinear relation between p and φ, and
its shape depends on E0 and ε.

Fig.4. Momentum efficiency function for the values of binding energy ε: 15.8 (a) and 29.2 eV (b) at impact energy

1200 eV plus binding energy. The solid lines are for the results calculated from the angle efficiency and the relation

between momentum p and angle φ. The sharp turn up in low momentum ranges is due to the nonlinear dependence

of momentum p on angle φ. The scattering data points are the sum of accidental counts within ±2 eV around the

binding energy ε.

In order to obtain an appropriate density distri-
bution, the potentials of electron optics must be care-
fully matched; otherwise, there may occur some ar-
tificial distribution among the measured results. At
one time, there was always a residual background on
our measured binding energy spectra. For example,
there was ever a noticeable intensity between argon
3S and 3P states although we had subtracted the ac-
cidental background as aforementioned (see Fig.5 in
Ref.[1]). It was obviously an artificial effect because
there were not any measurable intensity distributions
there in physics. Finally, it was found that this resid-
ual background problem was caused by the secondary
electrons. As Fig.5 shows, some electrons hit on the
correction lens after passing through the analyser, and
generate secondary electrons, and then they are accel-
erated by field toward the multi-channel plates (MCP)
because the front potential of MCP is positive relative
to the correction lens. The hitting position of the sec-
ondary electrons will indicate a wrong energy value.
With careful simulations, the potentials are adjusted
such that the hitting from those secondary electrons

is avoided, and then the residual background will dis-
appear. A typical binding energy spectrum without
residual background can be found in Fig.6.

Fig.5. Mis-matched-potentials-induced residual back-

ground problem. Some electrons can be properly analysed

(trajectory B), but some electrons hit on the lens (tra-

jectory A) and produce one or more secondary electrons,

which impinge on MCP due to the attracted field. If the

potentials are adjusted such that the hitting from those

secondary electrons is avoided, the residual background

will disappear.
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Fig.6. Directly measured EMS density map of argon (a)

and intensity versus binding energy (b) with the measure-

ment conducted at an impact energy of 1200 eV plus bind-

ing energy with a passing energy of 50 eV and an energy

resolution of 0.68 eV (FWHM).

4. Results and discussion

Shown in Fig.6 is a typical experimental argon va-
lence orbital electron density distribution versus the
binding energy and the azimuthal angle (i.e. mo-
mentum), which is measured at an impact energy of
1200 eV plus binding energy with a passing energy of
50 eV. The coincidental count rate is about 12/s with
a collecting current of 1µA, which is mainly limited
by space charge effects. It can be seen that the instru-
mental energy resolution is about 0.68 eV (FWHM) in
this condition. As shown in Fig.7, the ratio of peak
to valley of the angle distribution for argon 3P state
is about 8.5:1, while 4.3:1 in our previous report.[1]

This ratio is a directly measurable index reflecting the
momentum resolution. The momentum resolution in
this condition is about 0.069 a.u. (standard deviation)
as the Monte Carlo momentum resolution convolution
method indicated in Ref.[40]. If the emitting current
decreases to 1 µA, the energy resolution can be further
improved to 0.45 eV with a passing energy of 30 eV. As

Fig.8 shows, the krypton 4P3/2 and 4P1/2 states can
be well resolved.

Fig.7. Angular intensity distribution for argon 3P state,

showing the ratio of peak to valley, which reflects the mo-

mentum resolution of the spectrometer, to be significantly

improved from 4.3:1 to 8.5:1. The solid line is for the the-

oretical results, and it is convoluted with ∆θ = ±0.53◦

and ∆φ = ±0.84◦ by using the Monte Carlo momentum

resolution convolution method.[40]

Fig.8. Binding energy spectrum of krypton 4P state,

where the curves are for the two fitted Gaussian func-

tions and their sums, with the measurement conducted at

an impact energy of 1200 eV plus binding energy with a

passing energy of 30 eV, and an emitting current of 1 µA.

It is instructive to investigate the coincidental
count rate versus the detection azimuthal angle range.
It is easy to obtain such relations by setting an az-
imuthal angle range φR for each detector by using a
software. As shown in Fig.9, the coincidental count
is approximately proportional to the square of φR

when φR < 20◦, while linearly depends on φR when
φR > 25◦. The reason for this dependence is that the
two outgoing electrons are angle-correlated mainly in
small values of φR at an impact energy of 1200 eV for
argon target. The sensitivity at φR = 30◦ is about
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Fig.9. Coincidental peak (the left vertical axis), accidental

background (the right axis) and their ratio (the left axis) ver-

sus azimuthal angle range φR for argon target. The experi-

mental data are obtained at an impact energy of 1200 eV plus

binding energy with a passing energy of 50 eV. The count of

coincidental peak are the averaged values over those channels

higher than half a maximum.

850 times higher than that at φR = 1◦. From the
trends shown in Fig.9, it can be estimated that the
sensitivity will increase about 4300 times when both
detectors have 100◦ azimuthal ranges. Therefore, the
generally believed 10,000 times is overestimated due to
neglecting the angle correlations. It can be seen that
the accidental coincidental count, which has no angle
correlations, appears to be proportional to the square
of φR, thus the ratio of signal to noise (SNR) will lin-
early decline as φR increases for φR > 25◦. Since SNR
is still rather high, a large-size position-sensitive de-

tector with a fast response is still highly expected. For
example, if a large size delay line detector with multi-
hit ability is used to detect both outgoing electrons
simultaneously,[41] a full 2π acceptance range can be
realized. These estimations have a wide applicability
although they are based on the argon target because
most molecules have not only s-type but also p-type
orbitals in valence shell.

With this spectrometer, we hope to show that
EMS can contribute to an understanding of the elec-
tronic structures as well as the (e, 2e) theories. Until
now, the plane wave impulse approximation, the tar-
get Hartree–Fock approximation or the target Kohn–
Sham approximation, these corner-stones of EMS, are
mainly founded on the atoms or simple molecules. Al-
though these approximations proved to be still valid
for lots of complex molecules, some abnormal effects
contradict these approximations[42−47] such as the
ethylene[39] and acetone issues.[40] Moreover, the EMS
targets are mainly restricted to organic molecular sys-
tems with low Z elements at current stage. The tran-
sitional metal compounds, which are very important
functional materials in our daily life, are seldom ap-
proached with EMS. For the transitional metal com-
pounds, the correlated effects and relativistic effects
are both prominent due to the high Z elements, thus
it is a challenge to the theoretical treatment at cur-
rent stage. Therefore, we think that the powerful
EMS incorporated with the electron impact ioniza-
tion theories[48−50] can contribute significantly to an
understanding of electronic structures.
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