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Abstract—The results of spectral analysis of the surface of polysulfone fiber (channel) after transmission of a
10-keV electron beam through it are presented in this work. This work is a continuation of the study of the
dependence of the quantity of electrons transmitted without loss of energy through the array formed of poly-
sulfone hollow fibers, on the angle of rotation of the array about the vertical axis. Data of the analysis demon-
strates significant modification of the internal surface of the channel after its electron irradiation. It is made
clear that, in the case of the long-term irradiation of polysulfone tubes by charged-particle beams, a dark
coating is formed on the surface layer of the channel which can have a significant impact on the transmission
capacity and controllability of the channels in the context of the control of charged particles. Comparison of
the elemental composition of the surface of the fiber before and after the grazing interaction of a beam of elec-
trons with an energy of 10 keV with it reveals an increase in the carbon concentration in the irradiated fiber of
50 wt %, and an oxygen content increase of 40 wt %. The sulphur amount does not change, and remains at
the level of about 10 wt % both in the irradiated and in nonirradiated sample.
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INTRODUCTION
The possibility of controlling charged-particle

beams by dielectric channels was for the first time
demonstrated in [1] and received the name “guiding”.
To this date, in this field of research, the question of
the properties of dielectric surfaces which are used for
controlling charged-particle beams [2–4] has not been
resolved, and also the most effective control structures
and configurations are being sought for [5–19]. How-
ever, works are lacking, in which the occurrence of
modification of the surface of used channels as a result
of irradiation of the dielectric channel by charged par-
ticles was systematically investigated. The question
concerning modification of the surface of dielectrics
after implementation of the guiding is important
because any alteration of the surface properties of the
channels can have an impact on their controlability.

The investigation carried out in this work is a con-
tinuation of earlier work [20], in which the transmis-
sion of fast electrons (with an energy of 10 keV)

through an array formed from 36 polysulfone hollow
fibers with an internal diameter of 200–220 μm of
each channel, with a wall thickness of 60 μm, and
7 mm long, is studied. To prevent charging of the
channel inputs, the front face of the array is coated by
a thin (less than 100 nm) silver layer. The controlling
properties of this array in relation to a beam of fast
electrons are demonstrated. The present work is con-
cerned with investigation of the internal surface of
polysulfone fibers of the array after performing the
indicated experiment.

EXPERIMENTAL

Figure 1 presents schematics of the array formed
from polysulfone fibers and the result of investigation
of the guiding of electrons with an energy of 10 keV
[20]. In this work, the experimental results of investi-
gating the transmission of electrons with an energy of
10 keV through the dielectric channels which are poly-
323
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Fig. 1. Results of examination of the guiding for 10-keV electrons, obtained in [8]: (a) schematics of an array formed of polysulfone
fibers (on the left) and view to scale of the end face (on the right); (b) comparison of the proportion of electrons of the incident
beam, transmitted through the dielectric (experimental data, circles) and metallic channel (calculation, squares) without loss of
energy; (c) time dependence of the quantity of electrons transmitted through an array of channels, without loss of energy I.
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sulfone hollow fibers collected into a single array were
presented. The array of channels was tilted relative to
the axis of the incident beam, and the current of the
transmitted beam was measured at the output, and the
proportion of electrons which lost less than 10% of
their initial energy was also estimated. These criteria
are necessary for ascertaining the capabilities of using
channels of the investigated dielectric material as
beam-optics components. It should be noted that the
quantity of the electrons transmitted through the
channel (I) without a loss of energy had the character-
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Fig. 2. Image of the coating formed on the inner wall of the
polysulfone fiber after irradiation. Regions of measure-
ment of the composition, located at a depth of 2 (1); 4 (2);
5 (3); 6 (4) μm, are dotted. 
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istic time dependence demonstrated in Fig. 1c. It is
evident from Fig. 1c that the propagation of electrons
started “instantaneously” (counting started at the
moment of beam switch on) and decreased with time
until complete “closure” of the channel.

In this work, the results of spectral analysis of the
surface of a polysulfone fiber taken individually from
an array composed of 30 hollow fibers with an internal
diameter of the channel of 160 ± 60 μm, after its irra-
diation by an electron beam with an energy of 10 keV,
are presented. The investigations were carried out by
dark-field scanning transmission electron micros-
copy, energy-dispersive analysis, transmission elec-
tron microscopy and diffraction analysis by the micro-
scopes Tecnai Osiris and Tecnai G230ST at an acceler-
ating voltage of 15 kV. To investigate the samples of
polysulfone fibers, it was necessary to obtain a thin cut
which was performed by an ultramicrotome (Leica
EM UC7). A cut across the surface of the fiber was
examined by an FEI Scios focused-ion-beam scan-
ning electron microscope.

The analysis was carried out on a cross section of
the polysulfone tube (Fig. 2). The results demon-
strated the presence of a coating which has a large
number of pores on the internal surface of the channel,
and also a spot of the coating the thickness of which is
400 nm was found closer to the inner surface of the
fiber. Analysis of the composition of the coating was
carried out on various depths from 400 nm to 6 μm
(Fig. 3) from the surface of the channel.

RESULTS AND DISCUSSION

The data of the relationship between the thickness
of the layer of the polysulfone sample and concentra-
tion of the substance in the given layer (for the nonir-
TRON AND NEUTRON TECHNIQUES  Vol. 17  No. 2  2023
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Fig. 3. Plot of the dependence of the oxygen concentration
(circles), carbon (squares), sulfur (triangles), nitrogen
(asterisks) in the coating layer on the depth of location of
the region of measurement of the composition in the irra-
diated sample.
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Fig. 4. Cross-sectional image of the polysulfone fiber.
Regions of measurement of the composition located at
depths of 60 (1); 5 (2); 3 (3); 0.5 (4) μm are dotted.
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radiated fiber) are collected in Table 1. The predomi-
nance of oxygen (56 wt %) and carbon (30 wt %) over
the examined thickness of the coating in comparison
to sulfur and nitrogen (less than 10 wt %) was discov-
ered in the layer composition. Table 2 collects the data
of the relationship between the thickness of the layer of
the polysulfone sample and concentration of the sub-
stance in the layer for the irradiated fiber. Figure 4
presents the dependence of concentration of the sub-
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO

Table 1. Data of the relationship between the thickness of
(for the nonirradiated fiber)

Layer thickness, μm Carbon concentration, %

0.5 74.3
3.0 83.2
5.0 85.1

60.0 83.8

Table 2. Data of the relationship between the thickness 
(for the irradiated fiber)

Layer Thickness, μm Carbon 
Concentration, wt %

Oxy
Concent

2 30.6 56
4 36.3 57
5 29.9 56
6 38.7 54
stance in the layer on the layer depth in the fiber (for
the irradiated sample).

While collating the results of analysis of the com-
position of the irradiated fiber with the nonirradiated
one (Fig. 5), the difference between the carbon con-
centrations in the surface layer (thickness is about
400 nm) and in the deeper layer (60 μm in thickness)
was found (Fig. 6). The analysis was carried out at an
acceleration voltage of 20 kV.

We note that the carbon content has decreased by
50% and the oxygen content has increased by 40% in
every layer of the fiber after irradiation. The sulfur
TRON AND NEUTRON TECHNIQUES  Vol. 17  No. 2  2023

 the layer and concentration of the substance in this layer

Oxygen concentration, % Sulfur concentration, %

10.7 12.3
10.8 5.0
9.5 4.6

11.7 4.4

of the layer and concentration of substance in this layer

gen 
ration, %

Sulfur 
Concentration, %

Nitrogen 
Concentration, %

.3 5.8 7.2

.2 6.5 –

.6 5.0 8.5

.0 7.3 –
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Fig. 5. Plot of the concentration of oxygen (circles), carbon (squares), sulfur (triangles) in the layer of the nonirradiated fiber as
a function of depth of location of the region of measurement of the composition.
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Fig. 6. Cross-sectional images of the channel of a polysulfone fiber.
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amount does not change and is equal to about 10 wt %
both for the irradiated and for the nonirradiated samples.

It should be noted that the transmission of elec-
trons which started “instantaneously” after irradiation
by an electron beam, decreased with time until com-
plete “closure” of the channel. Perhaps, “closure” of the
channel demonstrated in the experiment [20] and pre-
sented in Fig. 1c was affected by the formation of the
coating on the internal surface of the polysulfone fiber.

CONCLUSIONS

In this work, the results of spectral analysis of the
surface of the individual polysulfone fiber after its irra-
diation by an electron beam with an energy of 10 keV,
are presented. The comparative analysis of the sub-
stance composition before irradiation and after it at a
depth from 400 nm to 6 μm was carried out.
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
It was made clear that, in the case of the long-term
irradiation of polysulfone tubes by charged-particle
beams, modification of the surface layer (formation of
coating) takes place that can have a significant impact
on the transmission capacity and controllability of the
channels in the field of control of charged particles.
Because the effect of guiding is present only for a while
(about 2 h) [20] for each angle of incidence of the fiber
as related to the axis of the incident beam, it can be
assumed that some of the electrons are facilitate not
only the formation of the charge on the internal sur-
face of the channels, but also the occurrence of more
complex processes in the polymer substance.
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