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Abstract

The transmission of 2-keV electrons through a polyethylene terephthalate (PET) nanocapillary
with a diameter of 800 nm and a length of 10 um is studied. The transmitted electrons are detected
using a microchannel plate (MCP) with a phosphor screen. It is found that the transmission rate
for the transmitted electrons at the incident energy can reach up to 10% for an aligned capillary in
the beam direction, but drops to less than 1% when the tilt angle exceeds the geometrically
allowable angle. The transmitted electrons with the incident energy do not move with changes in
the tilt angle, so the incident electrons are not guided in the insulating capillary, which is different
from the behavior of positive ions. In the final stage of transmission, the angular distribution of the
transmitted electrons within the geometrically allowable angle splits into two peaks along the
observation angle perpendicular to the tilt angle. The time evolution of the transmitted complete
angular distribution shows that when the beam is turned on, the transmission profile forms a single
peak. As the incident charge and time accumulate, the transmission profile begins to stretch in the

plane perpendicular to the tilt angle and gradually splits into two peaks. When the tilt angle of the
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nanocapillary exceeds the geometrically allowable angle, this splitting tends to disappear.
Simulation of charge deposition in the capillary directly exposed to the beam indicates the
formation of positive charge patches, which are not conducive to guiding, unlike positive ions.
Based on the simulation results, we can explain our data and discuss the possible reasons for the

splitting of the transmission angular profiles.
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1. Introduction

The discovery of the guiding effect began in 2002 with the study of the transport of charged
particles in insulating nanocapillaries M When slow, highly charged ions (3 keV-Ne™) are
transported through an insulating membrane (polyethylene terephthalate, PET) with
nanocapillaries, even if the angle between the normal direction of the membrane plane and the
direction of the incident ion beam (referred to as the tilt angle) reaches 20< most of the emitted
ions retain their initial energy and charge state. This provides a possibility for the development of
new charged particle beam optics. Early studies on the transport of positive ions in insulating

nanocapillaries and single glass capillaries ™

revealed the mechanism of the guiding effect: the
interaction between positive ions and the inner walls of capillaries causes positive charges to
deposit on the inner walls, forming charge spots through self-organization, which generates a
Coulomb field that repels subsequent incident ions, allowing subsequent positive ions to pass
along the axis of capillaries without impacting the inner wall, thus avoiding charge exchange and

energy loss during the transport process %4,

At present, the physical mechanism of positive ion transportation has been studied clearly, and the
effects of Coulomb field of deposited charge spot, image charge force and near-surface scattering
on the transport of™®?? have also been revealed. The effect of image charge force™* on ion
beam shaping has been found in the experiment of Ne'™ ions passing through mica microporous
membranes with rhombic and rectangular holes. In the experiment of 70 keV Ne™ ions passing

through a mica microporous membrane with diamond-shaped pores, a banana-like image of
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transmitted neutral particles was observed, indicating that the scattering process plays an

important role in ion transmission for higher energy ions ™%,

At present, the physical mechanism of positive ion transportation has been clearly studied 8%,
The roles of the Coulomb field of deposited charge spots, image charge force, and near surface
scattering in the transport process have also been revealed. In the experiment of Ne’* ions
transmitting through mica membranes with capillaries of rhombic and rectangular cross-sections,
it was found that the image charge force ™3I can shape the ion beam. In the experiment of 70
keV Ne™ ions transmitting through a mica membrane with capillaries of rhombic cross-section, a
banana shape formed by the transmission neutral particles was observed, indicating that, for
high-energy ions, the scattering process plays an important role in transport %],

However, the transport mechanism of negative charged particles in insulating capillaries is still
controversial 1. When negative ions with energy above 10 keV transmit through insulating
capillaries %! both the scattering process and the charge exchange process play major roles.
The angular distribution of transmitted ions shows a bimodal structure: the negative ions form a
peak along the initial beam direction, while the scattered neutral particles and positive ions form
another peak along the axial direction of the capillaries. At present, the negative ions studies are
mainly those with energies greater than 10 keV, and charge deposition does not play a major role
in the particles transport. There is no experimental data for negative ions with energies below 10
keV, and whether they have a guiding effect similar to that of positive ions has not yet been
concluded. At the same time, researchers have conducted numerous studies on the transmission of
low-energy electrons in the energy range of 0.05-2 keV through insulating capillaries ¥*!. The
experiments on low-energy electrons transmission through Al,O; membrane with nanocapillaries
show that® ! elastic scattering electrons are emitted along the axial direction of the
nanocapillaries, and the electron transmission rate decreases with the accumulation of incident
charge (charging time). In the experiments of low-energy electrons transmission through PET
membrane with nanocapillaries ®°*, only the electrons near the initial energy were measured. At
the beginning of charging process, there were almost no transmitted electrons. After a period of
silence (several minutes to tens of minutes), the intensity of transmission electrons increased
rapidly, reached its highest value, and then decreased slowly, which could be regarded as stable.
The energy of the transmitted electrons oscillates rapidly in the rapid rise stage of the intensity and
remains at a value slightly smaller than the initial energy®*! in the stable stage of the intensity.
The simulation of electron transport ® shows that the deposited charges do not play a major role
in this process, and the main transmission characteristics are caused by the electron scattering. The
calculation of the transmission rate shows that the transmission rate decreases with the increase of
the incident charge, which is consistent with the experimental results of low-energy electron
transmission through Al,O5 nanocapillaries **, but inconsistent with the experimental results for

[32,33

PET nanocapillaries ®>*!. In terms of conductivity, there is only a slight difference of the volume
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conductivity between PET and Al,Os; In terms of membrane structure, there is little difference in
the parameters of nanocapillaries between PET membrane and Al,O; membrane used in the
literature. The factors that cause the large difference in the charging process between the two need
to be studied.

In the above study of negative charged particles [25-30.32-40]

, @ one-dimensional electrostatic energy
analyzer was used in the experiment. Due to the limitation of the entrance slit, it can only measure
the one-dimensional angular distribution by changing the detection angle of the detector and
cannot measure the evolution of the full angular distribution of transmitted particles over time
during the charging process. In order to study the controversial issue of how charge deposition
affects the transport of low-energy electrons in insulating nanocapillaries, a two-dimensional
position-sensitive detector composed of the microchannel plates and a phosphor screen was used
to measure the two-dimensional angular distribution of 2 keV electrons transmission through PET
nanocapillaries and its evolution with charging. It was found that the angular distribution of
transmitted electrons splits into two electron spots in the observation direction perpendicular to the
tilt angle, and the two electron spots approach each other and eventually coincide as the tilt angle
increases. The simulation of charge deposition caused by electrons shows that low-energy
electrons cause the emission of a large number of secondary electrons, which leads to a
high-density hole region with positive charges within 1 nm of the material surface. Meanwhile, the
incident electrons have a greater probability of depositing within tens of nanometers below the
material surface, forming a negative charge region. The deposition of charges with opposite
polarities leads to a complex charging behavior of transmitted electrons. The possible reason for

the splitting of the angular distribution of the transmitted electrons is also discussed.

2. Experimental equipment

The experiments were performed on the low-energy charged particle beam experimental platform
of Lanzhou University. A schematic diagram of the experimental setup is shown in Fig. 1. The
electron beam is generated by a LaBg electron gun. To prevent the detector from collecting the
photons generated by the filament, a 90 <electrostatic deflector is used to deflect the electron
beam. The beam direction is then adjusted in the horizontal and vertical directions by the
electrostatic deflector, focused by the Einzel electrostatic lens, and finally collimated by a pair of
adjustable slits and a solenoid coil into the target chamber. The target chamber is made of p metal,
which effectively shields the external static magnetic field. The PET membrane target is mounted
on a five-dimensional adjustment device, which allows movement in three spatial dimensions and
rotation in horizontal and vertical planes. After transmitting through the membrane, the electrons
pass through an electron energy analyzer composed of three grids and are detected by a

two-dimensional position-sensitive detector made of MCPs and a phosphor screen. 3D Homhertz
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coils are placed around the experimental setup to counteract the geomagnetic field. The vacuum in

target chamber is maintained at better than 3 x10°® mbar (1 bar = 10° Pa) during the experiments.
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Figure 1. A schematic drawing of the experimental setup, the tilt angle w between the axes of
capillaries and the electron beam, the observation angles ¢ and ¢ given with respect to the electron
beam are defined.

In the experiment, the angle corresponding to the maximum electron transmission intensity was
determined by rotating the PET membrane in two rotational dimensions, with the axis of
nanocapillaries aligned with the electron beam’s incident direction. Therefore, this angle was
defined as 0 < The tilt angle v is the angle between the axis of the nanocapillaries and the primary
electron beam. The observation angles ¢ and ¢ are defined with respect to the electron beam
incident direction, where ¢ and w lie in the same rotational plane, and @ lies in the plane

perpendicular to .

The PET membrane was irradiated with high-energy ions to produce tracks and then etched with
NaOH solution to transform the tracks into nanocapillaries, thus obtaining the PET nanocapillaries
used in the experiments. The membrane thickness is 10 um, the pore diameter is 800 nm, and the
corresponding geometric opening angle, calculated from the aspect ratio, is 4.6 < The density of
nanocapillaries in the membrane is 2.4 x10” mm?, the average spacing between nanocapillaries is
1.2 um, and the axial divergence angle of the nanocapillaries is less than 0.5 < corresponding to a
geometric transmission rate of 12.3%. The volume conductivity of PET is 1.0 x10° Q! -m™* Ul
the surface conductivity is 1.0 x10*® Q* -m2 and the dielectric constant is about 3.3, The
front and back surfaces of the membrane are coated with 10 nm thick gold layers to prevent
surface charging.

The MCP detector was used to measure the primary beam of the 2 keV electron beam. By keeping
the parameters of the beam transport unchanged and reducing the filament heating power, the
electron beam intensity was maintained within the allowable range of the MCP detector. The
two-dimensional angular distribution image of the electron primary beam and its projection on the
two planes of ¢ and 6§ are shown in Fig. 2, and the beam spot size is 1.0 mm > 1.0 mm. The
electron beam is measured using a Faraday cup on the target holder. Increasing the filament
heating power increases the electron beam intensity to the order of pA. When the beam current

reaches a steady state, the beam spot size measured by the Faraday cup is 2.0 mm < 1.8 mm, and
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the intensity is -0.95 pA/mm? meaning 3 electrons enter a single nanocapillaries per second
(3e/capillary/s). The divergence angle of the electron beam, calculated from the beam diameters at

the target and detector positions, is less than 0.3 < The geometric transmission angle of the
electron beam through the membrane is defined asin our previous work?¥, that is, Ogeot =

\/O-azsp + 02, + 0%, where Oaspr Obeam@NU0ys are the geometric opening angle (4.6 <, the

electron beam divergence (0.3 <, and the axial divergence (0.5 <} of the nanocapillaries,
respectively. The calculated geometric transmission angle is about 4.6 < which is approximately

equal to the geometric opening angle of the nanocapillaries.
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Figure 2. A primary beam profile of 2 keV electrons and the corresponding projections on the
planes of ¢ and 6.

3. Experimental result

By measuring the energy distribution of transmitted electrons, it was found that the energy
distribution of transmitted electrons is essentially the same as that of incident electrons. To avoid
the influence of secondary electrons (the sources of secondary electrons are more complex ?4), we
focused on the transmitted electrons with incident energy. In the subsequent measurements, a
voltage of -20 V was applied to the central grid of the electron energy analyzer to filter out the

low-energy secondary electrons.

The two-dimensional angular distribution images of 2 keV electrons transmitted through PET
nanocapillaries at different tilt angles () when the charge reaches a steady state are shown in Fig.

3. Each image is accumulated by 300 e/capillary of incident charge, corresponding to a time
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duration of 100 s. At the observation angle (¢), the center of the transmitted electron angular
distribution shifts slightly with the tilt angle. Within the geometric opening angle, the image splits
into two spots along the observation angle (#). As the tilt angle () increases from 0 < the two
electron spots become smaller in size and intensity, move closer together, and finally merge into a
single electron spot when the tilt angle () is approximately equal to the geometric transmission
angle (=5 9. As the tilt angle () continues to increase, one electron spot remains on the
transmission angle distribution image and continues to shrink, eventually disappearing. When the
tilt angle moves to the positive side, the center of the angular distribution of the transmitted
electrons shifts to the negative observation angle; when the tilt angle moves to the negative side,

the center of the angular distribution of the transmitted electrons shifts to the positive observation
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Figure 3. Two-dimensional transmission angle distribution of 2 keV electrons through PET
nanocapillaries in a stationary state at different tilt angles: (a) Two-dimensional transmission angle
distribution; (b) 6 plane transmission angle distribution projection.



The transmission rate of 2 keV electrons as a function of the tilt angle () at steady state is shown
in Fig. 4. The angle between the red dashed lines represents the geometric transmission angle.
When the tilt angle is 0 < the electron transmission rate can reach 10%. When the tilt angle is
smaller than the geometric transmission angle, the electron transmission rate decreases rapidly
with the increase in the tilt angle. When the tilt angle exceeds the geometric transmission angle,
the transmission rate increases slowly with the tilt angle. The charging process of electrons
transmitted through the PET membrane was measured at a tilt angle of 0 < The time evolution of
the full angular distribution of transmitted electrons is shown in the Fig. 5(b). Prior to the
measurement, the PET membrane was fully discharged. Each image in the figure corresponds to
an accumulated incident charge of 80e/capillary and a time duration of 27 s. The image shows that
there is only one transmitted electron spot at the beginning of the charging process. As the
incident charge accumulates (charging time increases), the electron spot begins to stretch along the
@ direction and gradually splits into two transmitted electron spots. The electron transmission rate
as a function of charging time is shown in Fig. 5(a). During the charging process, the transmission

rate oscillates around 9%.
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Figure 4. The transmission rate of 2 keV electrons in stationary state as a function of , the red
dash lines stand for the geometrical transmission angle.
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Figure 5. The time evolution of transmitted angular distributions of 2 keV electrons at the tilt
angle of 0<through PET nanocapillaries during the charging process: (a) The evolution of electron
transmission rates; (b) projections of the transmitted angular distributions.



Gaussian fitting of the projection of the transmission angle distribution on the ¢ and 9 planes was
performed. In the ¢ plane, the peak position shifts, and the full width at half maximum (FWHM)
oscillates synchronously with the transmission rate. The peak position starts at -0.12 <and
approaches 0 <after oscillation, while the FWHM oscillates and broadens. On the @ plane, the
evolution of the upper and lower peak positions is shown in Fig. 6(a) and (b). As the incident
charge accumulates, the upper spot peak position shifts to about 0.5 < while the lower spot peak
position shifts to about -0.3 < The corresponding FWHMs of the two peaks oscillate around 0.6 <
Similarly, the peak position shifts and the FWHM oscillates synchronously with the transmission

rate.
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Figure 6. At tilt angle 0< as the charging time accumulates, the evolution of upper (a) and lower
(b) peak positions on plane, respectively.

4. Discussion

Unlike the guiding effect of positive ions, electron transport in insulating nanocapillaries involves
more complex physical processes. For example, when the tilt angle exceeds the geometric opening
angle, electrons scattering become the dominant process. However, there is still much
controversy surrounding the process of charge deposition on the inner wall of nanocapillary

caused by incident electrons !, For nanocapillaries made from different insulating materials,
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the measurement results of the electron transmission rate as a function of time indicate different
polarities of the deposited charge. Additionally, there are discrepancies between the theoretical
simulation and the experimental results of electron transport ?"*4. The collision of electrons with
the inner wall of the nanocapillary generates a large number of secondary electrons, further
complicating the charging process. To study the charge deposition on the inner wall of
nanocapillary caused by electrons, the physical processes of electron scattering, secondary
electron excitation, and incident electron deposition were considered. The charge deposition and
its spatial distribution on the inner wall of nanocapillary caused by 2 keV electrons were
calculated using "CASINO" software 174,

In CASINO, the Monte Carlo method is used to calculate the electron track in detail, and the
physical process between the electron and the sample are modeled using random numbers and
probability distributions . The electro tracking ends when the electron is either emitted from the
sample or captured by the sample (i.e., when the electron’s energy drops below a certain
threshold). In the simulation of secondary electrons, the work function of the sample is used as the
threshold. The energy loss during each step of electron transport includes the excitation of
plasmons, inter- and intra-band transitions, and core excitations. When the incident electron
energy is low, the electron energy loss in the sample is well described by the improved Bethe
formula %, The residual energy loss in the software is used as an adjustable parameter to modify
the improved Bethe formula, compensating for the average energy loss rate when the electron
energy is lower than the work function of the sample . CASINO treats the ionized valence
electrons and the electrons excited by plasmons in the sample as secondary electrons. The fraction

of ionized valence electrons in the sample can be calculated using Mdler's equation 2.

Fig. 7 shows the three-dimensional model of the PET sample used in CASINO, with a length and
width of 400 nm and a height of 100 nm. The electron beam energy was set to 2 keV, the incident
angle to 4 < and the angular divergence to 0.3 < In CASINO, each incident electron is treated as
an independent particle that does not affect others. Therefore, the absolute current of the beam is
irrelevant in the simulation, and only the number of electrons needs to be set. For statistical
purposes, we simulated 1 million electrons. Similarly, the beam diameter used in the simulation
has no effect on the results. The beam diameter in the simulation was set to 1 nm. The calculation
results are shown in Fig. 8. The deposited charges induced by incident electrons consists of the
deposited incident electrons (Fig. 8(a),(b)) and the excited surface holes (Fig. 8(c),(d)). The
deposition probability of incident electrons is 32.6%, and their positions are mainly within the
depth range of 0 - 80 nm below the surface. The projection distribution of the intensity with
respect to depth is shown in Fig. 8(b), with the intensity center at approximately 30 nm. The
excitation probability of surface net holes is 77.19%, and their distribution depths are in the range
of 0 - 1.5 nm, with greater intensity closer to the surface. The existence of a large number of holes

on the surface results in a positively charged collision zone between the incident electrons and the
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surface. The deposition of incident electrons inside the PET makes the material negatively charged.
The attraction of surface positive charges to the incident electrons causes the transmission of
low-energy electrons in the nanocapillaries to exhibit geometric transmission characteristics (Fig.
4), while electron scattering dominates® outside the geometric opening angle of the
nanocapillaries. This prevents the electron transmission from having a guiding effect like that of

positive ions. This is consistent with our current experimental measurements.

Depth

Electron beam

Figure 7. The 3-dimensional model of PET sample used in CASINO.
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Figure 8. Calculation results of charge deposition on the surface of PET material caused by 2
keV electrons at an incidence angle of 4< (a) The two-dimensional distribution of the deposited
electrons and (b) its intensity distribution projection at depth; (c) the two-dimensional distribution
of the holes, and (d) its intensity distribution projection at depth.

The center of the angular distribution of transmitted electrons on the plane of the observation
angle ¢ moves opposite to that of the tilt angle of the nanocapillary (Fig. 3). This is due to the
existence of positive charge spots on the inner wall where the electron beam directly collides,
attracting the electron beam. When charging at a 0 <tilt angle, the FWHM of the transmitted beam
spot widens as charge accumulates (Fig. 5(b)), which is also caused by the attraction of positive

charges on the inner wall. The oscillation phenomenon observed during the charging process
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(Fig.5 (a), Fig. 6) is due to the rapid recombination of surface positive charges and internal
negative charges after they accumulate to a certain intensity, followed by their cyclical
accumulation. Positive charges on the inner wall attract incident electrons to the surface, reducing
their transmission probability and causing the transmitted electron spot to expand. Conversely,
negative charges inside the body repel electrons entering the surface, increasing their exit
probability and causing the transmitted electron spot to shrink. The competition between these
effects results in complex charging oscillations.

For the phenomenon where the transmission angle distribution splits into two electron spots along
the 0 direction (Fig. 5(b), Fig. 6), it is considered that small-angle bending is inevitable when the
membrane is fixed, as the thickness of the PET membrane is only 10 pum. As shown in Fig. 9, the
PET membrane has a slight bend in the 0 plane, which causes the electron beam to enter the
nanocapillaries at a certain incident angle in the 6 direction. For the upper part of the membrane,
the incident electrons cause the upper surfaces of the nanocapillaries to become positively charged,
attracting the electrons and causing them to deflect upward. For the lower part of the membrane,
the incident electrons cause the lower surfaces of the nanocapillaries to become positively charged,
attracting the electrons and causing them to deflect downward. As the charge accumulates, the
positive charges on the upper and lower surfaces of the nanocapillaries gradually build up,
increasing their attractive effect on the electrons. This causes the upper and lower electron spots to
move farther apart until the charging reaches a stable state. After increasing the tilt angle, in the
nanocapillaries on the upper part of the curved surface, the number of electrons colliding with the
upper wall decreases, while the number of electrons colliding with the side wall increases. In the
nanocapillaries on the lower part of the curved surface, fewer electrons collide with the lower wall,
and more electrons collide with the side wall (the same side as the upper nanocapillaries). The
charge distribution on the inner walls of the nanocapillaries in the upper and lower parts of the

curved surface becomes similar, resulting in a single electron spot again.

Transmitted
electrons

Primary electrons

Figure 9. Schematic diagram of the distribution of transmitted electrons at 0<tilt angle.



The concave structure of the membrane can focus the ion beam, and the results of this paper show
that the same concave structure may cause a splitting effect on the electron beam. The opposite
transmission effects of the electron beam and ion beam will serve as powerful experimental
evidence to prove the different charging mechanisms of the two, which is expected to resolve the
controversy surrounding the charging mechanism of the electron beam. In the future, the author
will precisely set the bending angle in the 0 plane, conduct comparative experiments of the
electron beam and ion beam, verify the hypothesis presented in this paper, and measure the
differences in the electron and ion charging phenomena. At the same time, the results of this paper

provide both data and theoretical support for the development of particle beam optics.

5. Conclusion

In this paper, the measurement results of 2 keV electron transport in 800 nm diameter PET
nanocapillaries are presented. The results of the full angular distribution at steady state show that
the center of the angular distribution of the transmitted electrons moves in the opposite direction
to the tilt angle of the nanocapillaries, and no guiding effect is observed, as in the case of positive
ions. The results of charging evolution at a 0<tilt angle show that the FWHM of the transmitted
beam spot widens with the accumulation of charging time. An oscillation phenomenon exists
during the charging process, and the peak position and FWHM of the transmitted electron spot
oscillate synchronously with the transmission rate. CASINO was used to simulate the deposition
of charges on the surface of PET. The simulation results showed that the surface of the
nanocapillary was excited by electrons, producing a large number of net holes, thus forming a
positive charge accumulation. Some of the incident electrons deposit deeper below the surface,
forming a layer of negative charge. Based on this, the characteristic shift in the angular
distribution center is explained as follows: there is a positive charge spot on the side where the
electron beam directly collides with the inner surface of the nanocapillary, which attracts the
electron beam. The incident electrons are drawn to the positive charges on the surface of the
nanocapillary, resulting in the geometric transmission of the low-energy electrons. The electron
scattering process dominates outside the geometric opening angle of the nanocapillary, which is
not conducive to the generation of the guiding effect. The transmission broadening feature of the
charging evolution is caused by the positive charge on the nanocapillary surface attracting
electrons and expanding the transmitted electron spot. The oscillation is caused by the positive
charge on the surface of the nanocapillary attracting the incident electrons, while the negative
charge inside repels them, leading to repeated oscillations. The splitting of the transmitted electron
angular distribution in the 0 plane is considered to be caused by the bending of the membrane. A
new experimental method is proposed to verify whether there is a difference between the charging
mechanisms of electrons and ions. These results provide support for the development of electron

transport control technology using insulating nanocapillaries.
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