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Chao Li1,2, Károly Tőkési3,a, Luca Repetto4, Liye Xiao5, Junbiao Liu5, Zhaoshun Gao5, Li Han5, Bo Da6,
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Abstract. A Monte Carlo calculation of the secondary electron emission from a SiO2 macro-capillary in the
backward direction induced by electron irradiation is presented with the aim to understand transmission
guiding of a scanning electron beam through a borosilicate glass macro-capillary. The theoretical modeling
of electron transport in SiO2 capillary incorporates the elastic, inelastic and phonon scatterings, resulting,
respectively, from the interactions with nucleus, electrons and phonons. The influence on electron inelastic
scattering by the insulator bandgap is also considered. In this work a simplified approach has been employed
to deal with the charging of the internal wall of the capillary and it is found that at a glancing incident
angle, the secondary electrons are mostly originated from the top surface.

1 Introduction

The pioneering finding of the transmission guiding capa-
bility of the polyethylene terephthalate (PET) micro-
capillary for 3 keV Ne7+ ions [1] started extensive studies
of the guiding phenomenon and since then, the transmis-
sion guiding for various kinds of slow charged particles
has been observed in insulating capillaries made of dif-
ferent materials and sizes [2–7]. The transmission guiding
in all these cases irrespective of the experimental differ-
ences, originates from the same self-organized charging of
the internal wall of the capillary. In guiding experiments,
the charged particles are initially forced to collide with
the internal wall of the capillary by imposing a tilt angle
between the beam and the capillary. With a positive inci-
dent charge, when the guiding field is built up, the ions,
entering later into the capillary can pass through with-
out charge exchange, indicating that the charged particles
never contact the inner surface in their entire motion and
are somehow transported toward the exit of the capillary.
This process is known as “guiding” in the literature.

However, it is not clear yet whether a negatively charged
beam will reproduce such transmission guiding. The first
studies on electron guiding through insulating capillaries
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show that the electron transmission through capillaries
is fundamentally different from the simple picture of posi-
tive particles whose guiding is governed solely by Coulomb
deflection [6–9]. The major difference can be understood
as the impact of a negatively charged particles (mostly
electrons) on the surface may lead to a positive charge
build-up due to the emission of secondary electrons. Con-
sequently, there may be an attraction of subsequent pro-
jectiles towards the capillary wall rather than deflection by
the negative Coulomb field. The incident beam with nega-
tive charge may also undergo a sequence of elastic and/or
inelastic scattering processes at the surface and inside the
capillary material resulting in many transmitted particles
having suffered energy loss and in the production of sec-
ondary electrons which may also reach the capillary exit.

As a supplement to this field, the charging of borosil-
icate macrocapillaries when a focused electron beam is
scanned across its entrance has been studied. The aim of
the work was to reveal insight into the mechanisms that
can lead to the guiding capabilities of these systems. In
particular, preliminary experiments were performed with
a scanning electron microscope (SEM) in order to assess
the suitability of this instrument to study the guiding
capabilities of insulating capillaries, and to analyze the
charging of the inner walls and the consequences of the
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Fig. 1. Indications on the transmission guiding capabilities of the borosilicate capillaries obtained with SEM-EDX. (a) EDX
spectra obtained with a 30 keV electron beam focused at the entrance of the capillary (full line) and outside the capillary on
the same plane (dashed line) (see the inset schematizing the experiment). The beam travelling inside the capillary produces
the expected spectrum of the Cu target located on the opposite side of the capillary, together with a Bremsstrahlung signal
generated by the inelastic interactions with the capillary. The beam travelling outside arrives to the target too defocused to
generate the expected spectrum. (b) Analysis of the Duane-Hunt limit in the range 0–30 keV: the electron beam suffers from a
constant energy loss of 1.9 keV.

charged status on the SEM images for different energies
of the primary electron beam in the range between 0.2 and
20 keV.

This paper is a preliminary work towards the study on
the guiding transmission of the scanning electron beam
through the borosilicate glass macro-capillary and uses a
Monte Carlo method to reveal the quantitative features
of the secondary electron emission from a SiO2 macro-
capillary. The Monte Carlo method has been widely and
successfully applied as a theoretical tool to the studies on
electron-solid interactions [11–14] and thus it is a suitable
tool for the present study also. Specifically, the electron
transport modeling mainly follows our previous work [15]
which studied the electron transport in SiO2 and the
charging problems of structures with very complex geome-
tries. The present work is focused on investigating the
secondary electron emission from a SiO2 macro-capillary,
which has not been previously considered [15]. For such a
structure, the entire secondary electron emission consists
of the electrons originating not only from the top surface
but also from the inner wall. These two distinction com-
ponents are simulated separately. Furthermore, a simple
formula is derived here to describe the actual total elec-
tron yield for the capillary.

2 Experiment

Indications for properly setting geometries, physical param-
eters, and approximations for the Monte Carlo simulations,
have been obtained by preliminary experiments [10] per-

formed with the electron column, the secondary electron
detectors (in-lens, and Everhart-Thornley), and the
X-ray detector of a Crossbeam 1540 xb (Carl Zeiss
AG, Oberkochen, Germany) equipped with an Energy-
Dispersive X-ray spectroscopy (EDX) unit. The capillary
used in the experiment was 12 mm long with an inner-
diameter of 140µm and outer-diameter of 230µm. This
corresponds to an aspect ratio of about 100. The potential
of this system for investigating the transmission guiding
capabilities of borosilicate capillaries for electrons is shown
in Figure 1. An electron beam was alternatively focused
at the entrance of the capillary and at a point outside the
capillary on the same plane (FP-plane shown in the inset of
Fig. 1a). X-rays generated in the two cases by the impact of
the electrons on a copper target on the opposite side of the
capillary were collected by the EDX detector and analyzed.
Figure 1 panel a shows the measured spectra where we can
see that the capillary maintains the beam at its exit sensibly
more intense than the beam that travels outside. The latter
reaches the target too defocused to produce the spectrum
expected for copper, while the spectrum obtained with the
former shows the Cu–kα line together the Bremsstrahlung
signal produced inside the capillary. The analysis of the
Duane-Hunt limit of this Bremsstrahlung in the energy
range between 0 and 30 keV (Fig. 1 panel b) allows estimat-
ing the energy losses suffered during the transmission in
1.9 keV, constant in the explored range.

The inelastic interactions of the beam with the capil-
lary was further investigated by introducing a tilt angle
of 2◦ to guarantee the initial collision of the primary elec-
trons with the internal wall. The capillary entrance was
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Fig. 2. Preliminary experimental measurements. (a) Sequence of SEM images (in-lens detector) of the capillary entrance for
several energies of the primary beam (subset of the full sequence). Each image covers a square-shaped area with side 50µmlong.
(b) Secondary electron yield as a function of the energy of the primary beam obtained by integrating the images in panel (a).
The yield is normalized at 1 keV. (c) SEM image of the capillary entrance and its walls at 15 keV (Everhart-Thornley detector)
with evidences of charging.

then imaged at varying primary electron energies resulting
in a series of SEM images from which the secondary elec-
tron yield can be extracted by integrating the signal on
the field of view (Figs. 2 panels a and 2b). Charging of
the capillary can be deduced by the contrast distortions
as shown in Figure 2c. In the case of the SEM test for
the macro-capillary, the charging problem is more compli-
cated than those resulting from the irradiation by a static
single charged particle beam. Both the point of incidence
at the entrance plane and the collision position on the
internal wall for the primary electrons vary as functions
of time due to the scanning of the primary electron beam.
Finally, it is to be noted that the contrast of the images
only provides information on the relative intensity of the
detected secondary electrons at different primary energy,
while an absolute quantification of the secondary electron
yield was not possible because of the lack of calibration of
the employed detectors.

3 Theory

Here, the main points of the theoretical modeling [15],
including the elastic, inelastic and phonon scatterings
encountered by transporting electrons in an insulating
solid sample, are briefly described.

3.1 Electron elastic scattering

Electron elastic scattering is described by the Mott cross
section [16], which is calculated with the Thomas–Fermi–
Dirac atomic potential [17] and describes the probability

for the electron to be scattered into a solid angle dΩ which
is located at the polar angle of θ relative to the previous
transport direction,

dσe
dΩ

= |f (θ)|2 + |g (θ)|2 , (1)

where the scattering amplitudes,
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can be calculated by partial wave expansion method [18].
In equation (2), P` (cos θ) and P 1

` (cos θ) are respectively
the Legendre and the first-order associated Legendre func-
tions; δ+` and δ−` are respectively spin-up and spin-down
phase shifts of the `th partial wave.

3.2 Electron inelastic scattering

The electron inelastic scattering is described by a dielec-
tric functional approach in which the double differential
scattering cross section is given by

d2λ−1
in

d (~ω) dq
=

1
πa0E

Im
{
−1

ε (q, ω)

}
1
q
, (3)

where λin is the electron inelastic mean free path (IMFP),
~ω the energy loss, ~q the momentum transfer, a0 the
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Bohr radius, E the electron energy, and ε (q, ω) the dielec-
tric function of the solid. Integrating equation (3) in (q,ω)
space enables the numerical derivation of IMFP and, thus,
~ω and θ can be sampled. Details of the calculations can
be found in our previous work [11]. The energy loss func-
tion, Im {−1/ε (q, ω)}, is modeled by Lorentz oscillators
[19]:

Im
{
−1

ε (q, ω)

}
= Im

{
−1

1 +
∑
j χj (q, ω)

}
, (4)

where χj (q, ω) is the complex electronic susceptibility of
the jth oscillator,

χj (q, ω) = Π2
j

fj
ω2
j (q)− ω2 − iωΓj (q)

, (5)

where Πj =
√

4πnje2/m is plasmon frequency, e the elec-
tron charge, m the electron mass; fj , ωj (q) and Γj (q) are
oscillator parameters which can be known via the follow-
ing dispersion relations,

~ωj (q) = ~ωj (0) + α~2q2/m; (6)

Γj (q) = Γj (0)
(
1 + βq2

)
, (7)

where α and β are constants for a particular material.
For SiO2 α ≈ 0 and β ≈ 6 Å

2
. The values at q = 0 of

these parameters can be obtained by fitting the optical
energy loss function with equation (4) to the experimental
data [20,21].

For an insulator, the bandgap modifies the energy loss
function and it can be written as [22]:

Im
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}
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j χj (q, ω)

}
θ (~ω − Eg) ,

(8)
where Eg = 8.9 eV for SiO2.

3.3 Electron-phonon interaction

Phonons can be either created or annihilated when elec-
trons are transported in a solid sample. The frequencies
for an electron of energy E and effective mass m∗ to cre-
ate and annihilate a longitudinal optical (LO) phonon of
energy ~ω, f+ and f−, can respectively be given by [23]
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(10)
where ε and ε∞ are respectively the static and optical

dielectric constants. For SiO2, ε = 3.9 and ε∞ = 2.25.
Thus, the interactions of the transporting electrons in

SiO2 of energy less than 30 eV with two LO-phonon modes
of the energy of ~ω1 = 0.06 eV and ~ω2 = 0.153 eV [15,19]

are considered through equations (9) and (10).

3.4 Calculation procedure

In our simulation, the dielectric function approach is used
to describe the electron inelastic scattering, in which the
dielectric function of the insulator needs to be known. On
the microscopic level, the motion of the bound electrons
(those intrinsic to the insulator) relative to the nucleus can
be theoretically approximated as the damped harmonic
oscillation, which polarizes the atom due to the formation
of the dipole between nucleus and electron. In combining
the damped harmonic oscillation and the atom polariza-
tion, the Lorentz oscillator is used to model the electronic
susceptibility χ in equation (5). Each oscillator has three
important parameters, i.e. f (strength), ω (frequency) and
Γ (life time). Beside these oscillator parameters, we also
need to know how many electrons contribute to the same
oscillator, i.e. we have to know the electron concentra-
tion n. So n electrons oscillate in the same manner, such
that their collective motion can be seen as a plasmon,
with the frequency given by Π =

√
4πne2/m. The bound

electrons could have numerous oscillation modes, requir-
ing the introduction of many Lorentz oscillators. Then,
the dielectric function of the insulator can be expressed
as ε = 1 +

∑
j χj where the subscript j runs over all

the electronic-susceptibility components corresponding to
the Lorentz oscillators. With the knowledge of the dielec-
tric function, the electron inelastic scattering can then be
described.

In particular, we used 95 oscillators to fit the opti-
cal energy loss function of SiO2. The fitting result can
be found in reference [15]. During the simulation, the
incidence primary electrons start at the entrance of the
capillary with the beam current of 0.16 nA. The start-
ing positions of the primary electrons are determined by
random numbers, and are uniformly distributed at the
entrance of the capillary. This is close to the real condi-
tion in which the focused electron beam is scanned very
quickly at the entrance. The incidence direction is then
determined by the angle of the initial electron velocity
vector and the central axis of the capillary, which is taken
as 2◦ (see Fig. 3). After the primary electrons are incident
into the hole of the capillary, it is possible for them to hit
the surface of the inner wall, whereas the specific hitting
position will be different from the intersection between the
initial incidence direction of the primary electron with the
surface of the inner wall, because the influence of charging
on electron trajectory are taken into account. Moreover,
the duration of the primary electron irradiation on the
capillary is taken as 40 ms with the total number of the
incident electrons of 4× 107.

4 Results and discussion

Focus now switches to the secondary electron emission
from the SiO2 macro-capillary which, having the same size
as that of the borosilicate glass macro-capillary used in the
experiment. The emission is induced by the irradiation
of an electron beam scanning across the entrance with a
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Fig. 3. The schematic graph of the irradiation of the primary
electrons on the internal wall of the SiO2 macro-capillary with
the tilt angle of 2◦ between the axis and the electron incident
direction. The capillary has the length of 12 mm, the inner-
diameter of 90 µm and the outer-diameter of 130 µm, and
hence the aspect ratio of about 100.

tilt angle of 2◦. During the scanning, the internal wall
and also the top surface suffer electron irradiation, so the
total secondary electron emission from the capillary can
be seen as the summation of that originating respectively
from these two parts. The secondary electron yield of the
capillary can be simply estimated by

δ = δwall · πr21/πr22 + δtop ·
(
πr22 − πr21

)
/πr22

= δwall × 0.47 + δtop × 0.53, (11)

where δwall and δtop are respectively the secondary elec-
tron yields of the internal wall and the top surface. In our
case r1 = 45µm and r2 = 65µm are the inner and outer-
radiuses of the capillary respectively (see the schematic
graph of the capillary entrance in Fig. 3).

The initial imaging was of the macro-capillary, whose
shape and size has been previously stated, by using a
SEM. In the imaging, the primary electron beam irradi-
ates the capillary entrance almost vertically (only with a
tilt angle of 2◦ relative to the capillary axis), as shown
in Figure 3. For the SEM images obtained at different
primary energies, the image contrasts are distorted and
differ each other. A common feature, irrespective of the
energy dependence of the image contrast, amongst all the
SEM images, is that the contrast is symmetrical relative
to the dash line shown in Figure 4. Note that this dash
line is only an auxiliary line and has no practical mean-
ing; meanwhile, its position and orientation in Figure 2c
are exactly the same as in Figure 4. This suggests the
trapped charges resulting from the primary electron irra-
diation are also distributed symmetrically relative to this
line – the left-wall and the right-wall share the same charge
distribution.

Another problem for the incident primary electron
beam is that it only has the momentum components

Fig. 4. Schematic graph of the cross section of the SiO2 macro-
capillary which is perpendicular to the capillary axis.

parallel with the incidence plane, one is along the cap-
illary axis and the other along the surface normal of the
inner wall (Fig. 3). Due to the very limited tilt angle of
2◦ and the keV energy scale of primary electrons, the pri-
mary electron beam’s momentum component along the
surface normal of the inner wall will be rather limited,
such that the maximum depth penetrated into the wall
for the primary electrons will be quite small. Based on
these practical situations, line-shape charge distributions
are assumed for both the left-wall and the right-wall.

The large aspect ratio of the capillary means that the
region of the top circular entrance will not allow many
secondary electrons to escape from the capillary hole
successfully. Here, it was first assumed that the amount
of the secondary electrons escaping from the capillary
hole through the entrance is negligible compared with
that of the primary electrons incident into the capillary
through the entrance, such that the primary electrons inci-
dent into the inner wall will mostly be trapped. There-
fore, the amount of primary electrons penetrated into
the right-wall is saved for different sites and half of the
saved penetration-amount distribution was used as the
line-shape trapped charge distribution for both the right-
wall and the left-wall.

Furthermore, the line-shape trapped charges, which are
located on the surfaces of the left-wall and the right-wall,
can further be seen as located on two parallel foils, with
which the electric field distribution can be obtained by the
mono-image charge method, as described in our previous
work [15]. Under such an electric field, the flight of the
secondary electrons emitted from the inner wall is tracked
within a cylindrical geometry having the same size as the
capillary hole with only those passing through the top circu-
lar entrance considered as effective signals. Tracking is ter-
minated for particles which collide with the inner wall or
particles which break the cylindrical geometry. Such colli-
sions may broaden the charge distribution perpendicular to
the incidence plane. However, considering the macroscopic
size of the capillary, the line-shape charge distribution men-
tioned above was still used. The influence of the electric field
on the energy and the trajectory of the incident primary
electrons have also been taken into account in the same way
as that for the secondary electrons once the primary elec-
trons have penetrated the hole.

Figure 5 shows the simulated δwall where charging has
been considered as described above. δwall is very small
compared with the yields of bulk materials which usu-
ally reach the order of the unity [24,25]. This is closely

https://www.epjd.epj.org
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Fig. 5. The simulated secondary electron yields of the internal
wall of the capillary where the charging has been considered
by using the simplified approach with the current intensity of
0.16 nA in the simulation.

related to the small tilt angle and the large aspect ratio,
such that the former factor enables the primary electrons
enters deeply into the hole while the latter allows a limited
vertical range for secondary electrons to be emitted from
entrance hole.

Due to the incorporation of charging, the secondary
electron yield becomes time-dependent. Figure 6 shows
the evolution of the secondary electron yield of the inner
wall of the capillary as a function of time. We note that
the secondary electron yield becomes saturated at about
40 ms, which can also be found in other primary electron
energies. The secondary electron yield shown in Figure 5
counts the secondary electron emission from t = 0 to
t = 40 ms for all the cases, which is to comply with the
principle of SEM imaging that all the emitted secondary
electrons would contribute to the image before it is finally
shown on the screen.

On the other hand, in modern SEMs, the beam current
could range from pA to µA, and the use of the beam cur-
rent of 0.16 nA is very normal. In addition, before the
steady state is reached, not only charging but also its
influence on secondary electron emission is always vary-
ing. In order to incorporate the influence of the charging
on secondary electron emission more accurately, the sim-
ulation regularly updates the charging status many times
throughout the entire primary electron irradiation pro-
cess. Specifically, we consider a short time duration ∆t
within which only a small number of primary electrons
are incident into the capillary: within the first ∆t, the
influence of charging on secondary electron emission is
neglected, and at the end of the first ∆t, the charging
status can be obtained according to the primary electron
irradiation in the ∆t; within the second ∆t, the influence
of charging (the charging status is taken as that obtained
at the end of the first ∆t) on secondary electron emission
is taken into account, and the charging status at the end
of the second ∆t can be obtained according to the primary
electron irradiation in these two short time durations. In
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Fig. 6. The evolution of the secondary electron yield of the
inner wall of the capillary, emitted in the backward direction,
as a function of the primary electron irradiation time.

Figure 6, the charging status is always taken from the
previous primary electron irradiation. In such a manner,
the simulation is pushed forward until the total simulation
time reaches the required one.

We found a strong enhancement in the secondary elec-
tron emission near the capillary edge for the top surface
and this is comparable to the line scan profile of a trape-
zoidal line structure [26–28]. However, it is necessary to
mention that the difference between the outer and inner
radiuses of the capillary, i.e. r2 − r1, is still in the order
of µm, which guarantees the majority of secondary elec-
tron emission will not be influenced by the capillary edge.
In addition, the tilt angle of as small as 2◦ is negligible
for the secondary electron emission from the top surface.
Therefore, δtop can be represented by the secondary elec-
tron yield of a bulk sample induced by the vertical electron
irradiation. Figure 6 shows the simulated secondary elec-
tron yield as a function of the primary electron energy,
where the primary electrons vertically irradiate a SiO2

bulk without taking charging into account.
According to equation (11), however, δtop dominates the

secondary electron emission for the SiO2 macro-capillary.
This conclusion is obtained by the simple comparison of
the results shown in Figures 5 and 7. The linear transfor-
mation of the image contrast into the secondary electron
yield shows that the variation tendency of δtop as a func-
tion of the primary electron energy (Fig. 7) qualitatively
agrees with the SEM images [10,28]. This suggests that
the present analysis is reasonable but due to the complex-
ity of the present problem, this work is only a preliminary
consideration and more rigorous analysis from a theoreti-
cal perspective is still needed.

5 Conclusions

A Monte Carlo method has been applied to the simu-
lation of the secondary electron emission from a SiO2
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Fig. 7. The simulated secondary electron yields of a SiO2 bulk
under the vertical irradiation of the primary electrons, where
charging has not been considered.

macro-capillary due to electron irradiation. For the analy-
sis of the present charging problem, a simplified approach
was employed to deal with the charging of internal wall of
the capillary. These calculations on the secondary electron
yields of the internal wall and the top surface found that,
with a small tilt angle of 2◦, the top surface that domi-
nates the secondary electron emission for the SiO2 macro-
capillary.
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