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We report the guiding of 500 and 1000 eV electrons through insulating polyethylene terepthalate (PET) polymer. Guiding was observed for
foil tilt angles as high as 11◦. The guiding effects were similar to what was previously found for slow highly charged ions (HCIs).
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Reportamos la guı́a de electrones de 500 eV y 1000 eV por el aislamiento del polı́mero de tereftalato de polietileno (PET). La guı́a fue
observada paráangulos de inclinación de hasta 11◦. Los efectos de guiado fueron similares a lo encontrado para iones lentos altamente
cargados (HCIs).

Descriptores:Gúıa de electrones; nanocapilares; PET.

PACS: 64.70.km; 82.35.Lr; 82.35.Cd

1. Introduction

The interaction of highly charged ions (HCIs) on surfaces
has been the focal point of many experiments in the last
few decades [1-3]. In recent years focus has shifted to the
transmission of HCIs through linear structures such as pores
and capillaries. In particular, the transmission of slow HCIs
through polyethylene terepthalate (PET or Mylar, see Fig. 1)
was first studied by Stolterfohtet al. in 2002 [4]. In this ex-
periment the transmission of 3 keV Ne+7 ions through insu-
lating PET was investigated and it was found that Ne+7 ions
are transmitted with high efficiency along the capillary axis
with negligible energy loss or change in the incident charge
state, even for foils tilted to 20◦ with respect to the inci-
dent ion beam direction. This suggests that the inner walls
of the capillaries collect charges in a self-arranging manner
such that electrostatic repulsion inhibits close collisions with
the surface and, in turn, prevents electron capture to the pro-
jectile [4]. This pioneering work has attracted considerable
attraction and several experimental and theoretical investiga-
tions have since been conducted using different samples and
incident ions [4-8]. These studies are of interest because of
their potential application in the field of nanotechnology, and
also from the point of view of fundamental understanding of
ion-surface interactions in insulators.

FIGURE 1. Chemical structure of PET. Formula = (C10H8O4)n.

FIGURE 2. Transmission electron microscope (TEM) image of the
PET foil used for the experiment.

2. Experiment

Motivated by these studies, the transmission through PET
nanocapillaries of 200 nm diameter (D) and 10µm length (L)
(aspect ratio,ξ = L/D = 50) was studied for incident electrons
at energies of 500 and 1000 eV. The PET foils were prepared
at the Hahn-Meitner-Institut, Berlin, in which a foil of thick-
ness 10µm was first irradiated by high energy (∼100 MeV)
Kr or Xe ions. The resulting nuclear tracks were then etched
by NaOH to create capillaries of the required dimension. Fi-
nally a∼30 nm thick gold layer was evaporated onto both
surfaces of the sample (entrance and exit) at an angle of 45◦

to the capillary axis to prevent incident ions from building up
charge on the surface. Figure 2 shows a TEM image of the
sample.
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FIGURE 3. Schematic diagram of the experimental set-up.

FIGURE 4. Angular distribution of transmitted electron intensity of
500 eV electrons atθ = 00 (direct transmission).

In the present work, the nanocapillary foil was mounted
in a goniometer having 2 degrees of freedom. Electrons were
obtained from a simple filament source and collimated to di-
ameter of 1.5 mm. Transmitted electrons were analyzed with
a parallel-plate analyzer located a few centimeters behind the
sample and counted with a channeltron multiplier (CEM).
The background pressure in the scattering chamber was less
than 10−6 Torr. A schematic diagram of the experimental set-
up is shown in Fig. 3. The foil tilt angleψ and observation
angleθ are both measured with respect to the incident beam
direction.

3. Results

First the ‘zero position’ of the sample, where the tilt angle
and observation angle for maximum transmission are defined
to be zero, (ψ = θ = 0◦), was located by varyingψ andθ in
small steps. When this zero position was found, the obser-
vation angleθ was kept at 0◦ and the tilt angle was varied
in small steps to determine the profile for direct transmission
of electrons through the foil by taking the spectrum at each
angle and plotting the integrated counts against the tilt angle
as shown in Fig.4. The full width at half maximum (FWHM)
was found to beΓdirect = 0.65◦ [7].

FIGURE 5. Angular distributions of the integrated normalized
transmitted electron intensities as a function of observation angle
θ for the indicated foil tilt anglesψ for (a) 500 eV and (b) 1000 eV
incident electrons.

FIGURE 6. Plot of the centroidθcent of the angular distributions
vs the foil tilt angleψ for 500 and 1000 eV.

The FWHM due to the direct transmission of electrons
through the foil (Γdirect= 0.65◦) is related to the half width of
the aspect ratio (capillary nominal opening) (Γaspect=0.57◦),
the beam collimation (divergence of beam) (Γcoll ∼ 0.25◦),
and the degree of parallelism (Γpar) of the nanocapillaries
inside the foil by the following convolution formula. [7,9].

Γ2
direct =

√
Γ2

aspect + Γ2
par + Γ2

coll.

Thus, the discrepancy betweenΓdirect andΓaspect is due
to capillary nonparallelism and the beam collimation. By
substituting the measured and calculated values forΓdirect,
Γaspect, andΓcoll we findΓpar ∼ 0.2◦ indicating a high de-
gree of alignment of capillaries inside the foil.

Figure 5 shows the angular distributions of the transmit-
ted electrons for 500 and 1000 eV. The transmitted intensity
was normalized to the incident beam current on the sample
and all data were taken after the guiding had reached its equi-
librium (∼ 15 minutes). From Fig. 5 we observe that electron
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guiding depends strongly on the foil tilt angleψ and the in-
cident electron energy. Specifically, the transmitted intensity
decreases exponentially with tilt angle and with incident elec-
tron energy (for 500 eV guiding was observed up toψ = 11◦,
whereas for 1000 eV only up toψ = 7◦). Furthermore, a plot
of the centroids of the angular distributions of the observa-
tion angles vs. foil tilt angles, displayed in Fig. 6, shows a
linear relationship, agreeing with results observed for HCIs.
From these various results, it can be concluded that electrons
are guided through the PET capillaries in a fashion similar
to HCI.

Angular distributions for direct transmission at
(ψ =θ=0◦) for 250, 500 and 1000 eV incident electrons
show an exponential increase in transmitted intensity with
increasing energy as shown in Fig. 7, a result that is similar
to positive ion guiding [4-6].

To explain the guiding phenomena, Stolterfohtet al. [8]
presented a model dividing the capillary into two regions re-
ferred to asscatteringandguiding. In this scenario incident
ions are first scattered by ions previously deposited in the en-
trance region, of the capillary, retaining some memory of the
tilt angleψ. Then, the ions enter the guiding region where the
deposited charges are evenly distributed along the capillary
walls, and, consequently, the transmitted ions lose memory of
the incident angle as they continue to the capillary exit. At the
exit, the ions experience a potential due to the distribution of
the charges near the exit. This exit field is expected to be radi-
ally symmetric with respect to the capillary axis [8], causing
a radially symmetric deflection of ions at the exit and giving
rise to the Gaussian like profiles seen in Fig. 5. However, the
specific guiding mechanisms of HCIs and electrons through
insulating nanocapillaries are not fully understood, requiring
further development of theoretical formulations and continu-
ing investigations to explain the observed phenomena.

FIGURE 7. Angular distributions for direct electron transmission at
ψ = θ = 0◦) at incident electron energies of 250, 500 and 1000 eV.

4. Conclusion

Electron guiding depends strongly on the capillary foil tilt
angle as well as the incident electron energy. The transmis-
sion intensity at zero degree tilt angle increases with increas-
ing energy, while the relative transmission intensity decreases
with increasing tilt angle. The observation angle and the tilt
angle show a linear relationship, demonstrating that electrons
are guided through nanocapillaries in a manner similar to
positive ions.
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