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The transition from ballistic to electrodiffusive transport of ions through thin polymer membranes has been
investigated by recording single transport events via time-correlated single-particle detection. At the highest
kinetic energies investigated, ballistic transport of potassium ions is observed with no discernible energy loss
to the membrane. At the lowest kinetic energies investigated (several 100 eV) ions are demonstrated to lose
the entire kinetic energy to the membrane. Transport there occurs by electrodiffusion. A transition regime is
observed. The transition energy is shown to depend on the thickness of the membrane.
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I. INTRODUCTION

The transport of electrically charged particles, in particular
cations, through thin membranes is of significant interest
in biophysics, sensorics, and energy storage. Porous ion-
exchange membranes are for instance routinely used in sepa-
ration processes in both chemical and medical applications
[1–3]. These membranes are formed from polymers with
charged groups and therefore they are selectively permeable
for either cations or anions. The ion-exchange membranes
play a vital role in fuel cells [4,5], batteries [6], and sensors
[7–12], where they act as either mediators or barriers for the ion
transport. Furthermore, biological membranes enable transport
processes in the human body; the transport of potassium and
sodium ions through selective ion channels is the basis for
signal transport through cell membranes. The bombardment
of thin films by low-energy ion beams provides access to
information on the binding situation in such materials. For
example, the bombardment of graphene with B, N, and F
ions of energy below 35 eV affects the chemical binding
in the graphene layer [13]. Bombardment of amorphous
Zr65Al7.5Cu27.5 films with keV Kr ion beams leads to surface
smoothing reflecting the contribution from surface diffusion
but also ballistic effects [14,15].

A more fundamental aspect of transport processes pertains
to the scaling laws for the mean displacement of the transport
quantity. For mass transport, i.e., “normal” diffusion, the
mean square displacement 〈x2〉, scales linearly with time.
A deviation from this behavior is often termed “anomalous
diffusion” [16,17]. A pragmatic approach to classifying mass
transport is based on the proportionality 〈x2〉 ∼ tn, where n is
a parameter with n � 0 [18]. Often only the range 0 � n � 2
is considered. Here, the regime n � 1 is termed subdiffusive;
the regime n � 1 is termed superdiffusive. Subdiffusion is
often observed in confined geometries, e.g., in channels with
characteristic particle-particle interactions [19]. In lithium
metaphosphate glasses the spatial extent of subdiffusion of
lithium ions has been correlated with the average size of cages
between percolation barriers caused by the glass network [20].
Lithium ion transport has been shown to be subdiffusive on
time scales shorter than 10−2 s in dilithium ethylene dicar-
bonate [21]. The most classical case of superdiffusion—from
our perspective—is ballistic transport, where the mean square
displacement scales as 〈x2〉 ∼ t2. It seems worth mentioning

that in pioneering work Richardson investigated the spatial
distribution of smoke in the atmosphere. He reported that
the squared variation of nearest-neighbor separation scales
as σ ∼ t3, which is today sometimes considered an early
example of anomalous diffusion [22]. A prominent class
of superdiffusive transport processes is the Lévy flight, for
which the exponent n is in the range 1 < n < 2, e.g., for the
laminar flow of tracer particles [23]. There is considerable
effort in understanding the transition between the different
transport regimes mentioned above. There are reports on the
time dependence of transport characteristics, where transport
is subdiffusive at short times but superdiffusive at longer times;
see, e.g., [24]. A special case of subdiffusion is the so-called
single-file diffusion (SFD) which is relevant for transport in ion
channels. Sane et al. reported the transition from SFD, where
〈x2〉 ∼ t0.5, to regular (Fickian) diffusion, where 〈x2〉 ∼ t [25].

Conceptually there must be a transition from diffusive
to ballistic transport under certain experimental conditions.
However, to the best of our knowledge a clear demonstration
of such a transition from diffusive to ballistic transport has
not apparently been reported in the literature so far. Evidently
examples for superdiffusion have in general been observed in
gaseous media; examples for subdiffusion on the other hand
have been reported in solid media. This seems to suggest that
the best conditions for identifying the transition may be met
in soft matter, possibly a thin polymer film.

One of the ingredients for understanding the transport
characteristics concerns the balance of energy. Clearly, a
fast bullet is supposed to penetrate a sheet of paper without
significant loss of kinetic energy (neglecting frictional losses).
Similarly a fast ion beam will penetrate a thin polymer
membrane provided the kinetic energy is high enough. On the
other hand a thermal ion beam may attach to the surface of the
membrane via soft landing. Subsequently the ions may diffuse
through the membrane, reach the back side of the membrane,
and eventually leave it. In the current work we will present the
results of an investigation where the transport characteristics
of a pulsed ion beam through a polymer membrane of several
100 nm thickness is investigated as a function of the kinetic
energy of the ion beam. We will demonstrate that at high
kinetic energy ions do not lose energy to the membrane; at
lower kinetic energy (but still far above the thermal regime)
they lose basically the entire kinetic energy to the membrane.
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FIG. 1. (Color online) Sketch of the experimental setup contain-
ing the ion source (IS), the repeller lens (Rep), the abstraction
lens (AL), the lenses (L1–L3), the electric mirror (S1–S3), and
the free-standing PPX sample and the acceleration lenses (Ret1 and
Ret2), the flight tube (TOF), and the detector (MCPs). The path of
the ion beam is indicated by a solid line (continous beam) from the
IS to the pulsed mirror and a dashed line (pulsed beam) from there to
the detector.

As a measure of energy dissipation we take the time of flight
of individual ions “flying” through the polymer membrane.

II. EXPERIMENTAL SETUP

The transport of potassium ions through free standing
poly(para-xylylene) (PPX) membranes is investigated in an
ultrahigh-vacuum chamber operated at a pressure of p <

10−8 mbar. The setup consists of three different regions: the
ionization chamber, the pulsing chamber, and the sample
chamber. These components are schematically illustrated in
Fig. 1.

The continuous ion beam is generated by thermionic
emission of potassium ions from synthetic leucite K[AlSi2O6].
Leucite is produced by tempering K2CO3, Al2O3, and SiO2 in
a molar ratio of 1:1:4. It is mixed with molybdenum powder in
a ratio of 1:4 to optimize the heat flow through the emitter and
to ensure that the material shows a homogeneous temperature.
The mixture is pressed into a steel pot and tempered in vacuum
(p = 10−6 mbar) with a temperature of 1200 °C for 12 h. The
steel pot containing the leucite is welded onto a device that
allows the material to be heated.

In the experiment, the potassium ions are emitted from the
top of the ion source. For all experiments described in this
paper a heating current of 3.2 A is applied to the emitter. The
potassium ions leaving the emitter are repelled by a positive
voltage applied to the repeller lens (Rep) and accelerated
towards the abstraction lens. The voltage applied to the repeller
defines the kinetic energy of the ions. In the experiments
described in this paper, the repeller voltage is varied between
500 and 2200 V. To adjust the ion beam position in the x

and y directions static voltages between 0 and ±300 V are

applied to the two half lenses L1 and L2. Lens L3 and the
aperture with an electroformed copper mesh (transmission of
95%) on the central opening are set to ground potential to
ensure a well-defined field in front of the mirror in the pulsing
chamber. After passing the aperture the ion beam enters the
pulsing chamber. In its middle an electric mirror, consisting of
three lenses S1, S2, and S3 with an angle of 45° towards the
propagation axis of the ion beam, is fixed. By applying a pulsed
voltage to lens S2, an ion pulse is created. To obtain these ion
pulses, a TTL (Transistor-Transistor Logic)-pulse with a width
of 1 µs is used as a control signal for a high-voltage transistor
switch (Behlke HTS 31-GSM). The leading and trailing edges
switch the positive voltage at S2 on and off. The applied
positive voltage has the same value as URep and the pulse
repetition rate is 15 kHz. The ion pulses thus generated enter
the sample chamber, where each lens has identical central
bores of a diameter of 1 mm; these bores are covered with
high-transmission electroformed meshes to ensure that that no
external electric field gradients exists. After the mirror the ions
pass three grounded copper lenses before arriving at the sample
holder. The sample holder has two identical bores; one of the
two is covered with the polymer membrane while the other
remains open. Thus it is possible to easily change between
sample and reference measurements. Another copper lens is
mounted 8 mm behind the sample. The sample mount and the
two engirding lenses are set to ground potential. This ensures
that the membrane does not experience any external electric
field gradient.

Ions transmitted through the membrane are accelerated
towards another electrostatic lens Ret1 covered by a mesh
set to a potential of −1000 V. Subsequently the ions pass an
electrostatic lens Ret2 and a time-of-flight tube (TOF) operated
at a potential of −2400 V. Finally the ions are detected by a
pair of microchannel plates (MCPs) in chevron arrangement
[18]. The MCP detector has a time resolution on the order of a
few nanoseconds. An amplifier/discriminator (Ortec 9302) is
employed to convert the MCP signal into a negative standard
NIM (Nuclear-Instrumentation Module) signal. This signal is
used as the STOP signal for a time-to-amplitude converter
TAC (Ortec TAC/SCA 567) with a time range of 50 µs. A
TAC operates by receiving two input pulses, called START
and STOP, and then outputting a pulse, the amplitude of
which is proportional to the time interval between the rising
edge of the START and STOP signals. The start signal for
the TAC is obtained by using a TTL signal having the
same starting time as the pulse for the Behlke switch. To
measure the time-of-flight-mass spectra (TOF spectra) the
TAC output pluses are passed to a multichannel buffer (Ortec
926 ADCAM MCB) that converts the analog output pulse with
an analog-to-digital (A-D) converter into its digital equivalent
and saves it internally into 8192 channels leading to an initial
bin width of 6.1 ns/channel. These data are transferred via
a USB interface and processed in the program MAESTRO 32

installed on a personal computer. Ultimately, for presentation
the TOF data covering 50 µs are bundled into 512 bins leading
to a final bin width of 97.66 ns/bin.

The samples investigated are membranes of the polymer
poly(para-xylylene) with a thickness of 830 nm ± 15 nm and
1.30 µm ± 20 nm. The membrane thickness is determined
by profilometry. PPX films are prepared by chemical vapor
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FIG. 2. (Color online) Time of flight through an 830 nm PPX
membrane for kinetic energies of the potassium ions of 500–700 eV.
The light (left) and dark (right) blue rectangles are used to indicate
the two regions of interest observed for the ion transport through the
membrane.

deposition via the Gorham process [26]. To this end para-
cyclophane is pyrolyzed at 650 °C and approximately 1 mbar.
The reactive intermediates are deposited at room temperature
onto a quartz slide. Finally the membrane is transferred to one
of the two bores of the slidelike copper plate already described
above. It is this region of the sample which constitutes a
free-standing membrane. More details have been reported in
Refs. [27,28]. Throughout this work we use the term membrane
as a synonym for a “free-standing polymer membrane.”

III. RESULTS AND DISCUSSION

The time-correlated transport of potassium ions through a
free-standing PPX membrane with a thickness of 830 nm and
one with a thickness of 1.30 µm was investigated for kinetic
energies of the ions between 500 and 2200 eV. As a first result
we present the time-of-flight spectra for ions being transported
through the 830 nm PPX-membrane (Fig. 2). For all energies
up to 650 eV the spectra show two different peaks in the TOF
spectra as marked by light blue (left) and dark blue rectangles
(right) in Fig. 2. For the lowest energy depicted here, the
second peak is more dominant with a maximum count rate
of 5.2 × 10−3 s−1 and time of flight of 9.95 µs, whereas the
first peak with a flight time of 7.70 µs and a maximum count
rate of 1.6 × 10−3 s−1 is significantly smaller. These two peaks
indicate that there have to be two different transport processes
taking place at the same time. The first peak accounts for
ions that exit the membrane with the same energy as they

FIG. 3. (Color online) Kinetic energy analysis of an 830 nm
PPX membrane for an initial energy of 600 eV. The black trace
is the measured spectrum with the membrane. The red time-of-flight
spectrum (the first large peak) is a reference spectrum without the
membranes in the beam’s pass.

impinged on it as seen in the reference spectrum [red (gray) in
Fig. 3]. This type of energy-lossless transport is comparable to
the ballistic transport seen in electron gases [29]. The second
peak is caused by ions that have a smaller energy than the
initial ions, indicating that an electrodiffusive mechanism is
responsible for this kind of ion transport.

Increasing the kinetic energy of the ions by 50 eV to 550 eV,
one observes a steep growth of the first peak, the count rate
for which is now γ = 1.4 × 10−2 s−1, and a smaller growth
in the count rate of the second peak (γ = 6.6 × 10−3 s−1).
Comparison of the count rates for energies of 550 and 600 eV
shows that the count rate of the second peak starts to decrease
and only 54 % of the peak area is thus caused by this kind
of transport. Therefore in this energy range a significant
change in the transport is observed. For higher energies the
ballistic transport mechanism is clearly favored. This claim is
strengthened by the time-of-flight spectra for ion energies of
650 and 700 eV; here the peak caused by a ballistic ion trans-
port has a maximum count rate of γbal, 650 eV = 1.6 × 10−2 s−1

and γbal, 700 eV = 1.8 × 10−1 s−1 and the electrodiffusive peak
starts to vanish (γdif, 650 eV = 2.4 × 10−3 s−1, γdif, 700 eV =
4.2 × 10−3 s−1). Even though the count rate for the diffusive
peak maximum is slightly increased for an energy of 700 eV,
the peak area is decreasing. This behavior indicates that the
transport is strongly dependent on the energy.

The time of flight of the ballistic peak in general decreases
with increasing kinetic energy of the ion beam, as would
be expected for a ballistic process. Note, however, that this
total TOF does not originate only from a drift region but also
from acceleration and deceleration regions; it also contains
an electronic offset. We will discuss the actual TOFs in some
more detail below.

To obtain further information on the energy distribution
in the TOF spectra we performed a kinetic energy analysis.
Figure 3 show this analysis for an impact energy of 600 eV
both with the membrane present (black curve) and without the
membrane in the beam path [the grey (red) peak].

052602-3



SUSANNE SCHULZE AND KARL-MICHAEL WEITZEL PHYSICAL REVIEW E 92, 052602 (2015)

FIG. 4. (Color online) TOF spectra for a free-standing 1.3 µm
PPX membrane. The light (left) and dark (right) blue rectangles are
used to indicate the two regions of interest observed for the ion
transport through the membrane.

As one would expect, the reference measurement shows
that the ions in the absence of the membrane exhibit a
flight time that is theoretically calculated for ions having
energies of 600 eV taking into account the full geometry of
the spectrometer. If, however, the membrane is placed in the
beam path, this situation changes drastically. Now we obtain a
two-peak spectrum, where only the first peak accounts for ions
having the same energy as in the initial reference experiment.
The second peak caused by potassium ions with a time of
flight between 8.78 and 25.56 µs accounts for ions leaving
the membrane with kinetic energies ranging from 125 eV to
40 meV. Thus, these ions are significantly slowed down, but
only a small fraction of the ions leaves the membrane with
thermal energy. The finding of ions with lower kinetic energy
than the initial energy is an indicator of an electrodiffusive
transport mechanism.

To further investigate the transport properties and their
dependence not only on the impact energy but also on the
thickness of the free-standing PPX membrane, we examined
a membrane with a thickness of 1.3 µm (Fig. 4). For a kinetic
energy of 900 eV the time of flight for the peak maximum of
the ballistic ions [light blue (left) rectangle] is t = 6.04 μs with
a count rate of γbal = 7.0 × 10−4 s−1 and the electrodiffusive
TOF is 9.56 µs with a count rate of γdif = 6.4 × 10−4 s−1.
Increasing the impact energy to 1300 eV shows a decrease
in the electrodiffusive peak [dark blue (right) rectangle,
γdif = 4.4 × 10−4 s−1] and simultaneously an increase in the
peak caused by ballistic ions (γbal = 1.0 × 10−3 s−1). For an

FIG. 5. (Color online) Kinetic energy analysis for an impact
energy of 1600 eV. The red curve shows the reference measurement.
The black curve is the spectrum for a 1.3µm PPX membrane. The blue
lines are the result of simulations based on 〈ε〉 = 39 meV (dashed)
and 〈ε〉 = 78 meV (solid).

impact energy of 1600 eV the ballistic ions show a count
rate of γbal = 2.5 × 10−3 s−1 at a flight time of t = 4.58 μs
and the electrodiffusive peak exhibits a count rate of γdif =
6.4 × 10−4 s−1 at its maximum. The TOF spectrum for ions
with an energy of 1900 eV shows a two-peak spectrum
having times of flight of t = 4.68 and 14.93 µs. These two
peaks can be attributed to a ballistic and an electrodiffusive
transport process, even though the diffusive pulse exhibits
only a low signal intensity (γdif = 6.6 × 10−4 s−1) compared
to the ballistic peak (γdif = 4.9 × 10−3 s−1). If the impact
energy is increased to 2200 eV the TOF for the ballistic signal
decreases further (t = 4.48 μs) and the count rate increases to
γbal, 650 eV = 6.7 × 10−3 s−1.

What becomes apparent when we compare the ballistic
count rates for the 1.3-µm-thick membrane with the 830 nm
sample is a slower growth of the count rate for the thicker
membrane. The electrodiffusive peak for an impact energy of
2200 eV has a maximum count rate of γdif = 6.2 × 10−4 s−1

and is therefore only slightly visible in the TOF spectrum. This
behavior of the vanishing electrodiffusive transport indicates
that this membrane, like the 830 nm membrane, shows a strong
dependence of the transport mechanisms on the impact energy
of the ions.

Figure 5 shows the TOF spectra for kinetic energies of
1600 eV for potassium ions transported through the membrane
(black curve) and ions without the membrane in the beam
path [red (gray) curve]. The kinetic energy for the red (gray)
curve and the first peak of the PPX measurement are in good
agreement with the ions having a kinetic energy of 1600 eV.
This ion peak thus originates from ions being transported
ballistically through the membrane. The energies of the second
ion peak in the TOF spectrum were calculated to be in the range
of thermal energy up to around 5 eV, therefore indicating that
a diffusive process is responsible for this kind of transport
through the membrane. In order to further analyze the energy
distribution of the ions contributing to this transport process
we have performed additional simulations. These simulations
start from an energy distribution given by

P (εi) = Po exp [−εi/〈ε〉], (1)
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FIG. 6. (Color online) The ion yield for both PPX membranes as
a function of the kinetic energy of the impinging ions. The error bars
indicate the estimated uncertainty of ±3% based on the variation of
the relative ion yields with time.

where εi is the energy of the particle, 〈ε〉 is the average energy
of the ensemble, and Po is a normalization constant. This
probability distribution has to be transformed from the energy
domain into the time-of-flight (τ ) domain by

P ′(τi) = P (εi)∂ε/∂τ. (2)

The result of such simulations is shown in Fig. 5 as blue
lines for two different average energies. The dashed blue line
corresponds to an average energy of 39 meV [(3/2)kT at
room temperature], while the solid blue line corresponds to
an average energy of 78 meV. Evidently the latter simulation
is in reasonable agreement with the experimental data. It
seems worthwhile to emphasize that the maximum of the
probability distribution in the TOF domain appears at a TOF
which corresponds to an energy larger than that energy for
which the maximum appears in the energy domain. This is
the inherent result of the transformation given in Eq. (2).
The pivotal conclusion from this analysis is that the ions
contributing to this slow part of the signal are characterized
by an average energy which is only to a minor extent larger
than true thermal conditions. Note that under the experimental
conditions chosen electric stray fields can easily affect the
kinetic energy of charged particles by some 10 meV. In fact
the simulations show that stray fields have apparently been
quite effectively reduced in our setup. Ultimately we will
concentrate on the relative yields from the quasiballistic and
the diffusive contributions to the total TOF distributions.

Both membrane thicknesses indicate that for a pulsed ion
beam both an electrodiffusive and a ballistic transport process
have to be considered.

The difference between these two thicknesses becomes
apparent when one considers the ion yield for each peak
versus the total ion yield (Fig. 6). The 830-nm-thick membrane
shows a very steep incline in the ballistic ion yield at very low
kinetic energies, and the point where the ion yields for both
the electrodiffusive (black filled squares) and the ballistic (red
filled circles) transport process are the same (crossover point) is
reached at approximately 600 eV. The 1.3 µm PPX membrane

shows a slower increase over a larger kinetic energy interval in
the ballistic ion yield (red open circles). The thicker membrane
exhibits the crossover point at approx. 1550 eV. So increasing
the membrane thickness by 500 nm moves the crossover point
by 950 eV. Not only is the crossover point shifted, but the
increase in the peak caused by ballistically transported ions
is slower for the thicker PPX sample. So in the energy range
investigated in this paper only the thinner sample shows a
ballistic ion yield of 100%, whereas for the thicker sample
the maximum ballistic yield is 78% and the electrodiffusive
yield (black open squares) is 22%. This behavior could be
attributed to the fact, that due to the bigger membrane thickness
the count rate of the diffusive peak (Fig. 4) decreases slower
and therefore the diffusive part of the transport is still more
dominant. Therefore it can be concluded that by looking at the
transport characteristics it is possible to analyze the thickness
of PPX membranes and also to show that there is a thickness
dependent transition from the electrodiffusive transport to the
ballistic transport.

Recent papers have shown that ballistic electron transport
is actually a quite common phenomena in both doped and pure
graphenes [30,31]. Baringhaus et al. found that 40-nm-wide
graphene ribbons epitaxially grown on silicon carbide
are room-temperature ballistic conductors over a length
scale greater than ten microns [31]. This length scale is com-
parable to the thickness of our PPX membranes and therefore
shows that ballistic transport is possible even for such long
distances. When talking about ballistic transport in connection
with the results shown here it is important to keep in mind that
the measurements described in this paper enable us to compare
energies with or without the membrane in the beam’s pass.
We cannot distinguish between an impinging ion being
immediately and ballistically transported through the
membrane and an impinging ion, which through elastic
scattering forces an ion that was already present in the
membrane out of it.

IV. SUMMARY

The transport characteristics for potassium ions in a thin
PPX polymer membrane have been investigated by bombard-
ing the membrane with a beam of K+ ions of well-defined
kinetic energy. The attachment of alkali-metal ions to the front
side of the membrane leads to a surface potential as defined by
the source potential of the ion beam. Single transport events
have been recorded by time-correlated detection of single ions
behind the membrane. The start signal for the time correlation
is defined by an electric field pulse which enforces a chopping
of the ion beam.

At the highest kinetic energies investigated (> 1000 V)
ballistic transport of potassium ions is observed with no
discernible energy loss to the membrane. At the lowest kinetic
energies investigated (several 100 eV) ions are demonstrated
to lose the entire kinetic energy to the membrane. Transport
there occurs by electrodiffusion. Thus, the current work has
demonstrated the transition from ballistic to electrodiffusive
transport as the impact energy decreases. The transition energy
is observed to depend on the membrane thickness; the thicker
the membrane the higher the kinetic energy required to induce
ballistic transport.
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