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We studied the dynamic properties of ion guiding through nanocapillaries in insulating polyethylene tereph-
thalate. The angular distribution of the transmitted ions was measured as a function of the charge deposited on
the sample surface, which is a measure of time. The time evolution of the angular transmission profiles was
acquired for the capillary diameters of 200 and 400 nm. The tilt angle was varied from 0° to 6.5°. The
transmission profiles appear as a superposition of essentially three localized peaks which exhibit significant
changes in intensity as time varies. This observation provides evidence for the formation of temporary charge
patches produced in the interior of the capillary besides the primary charge patch created in the entrance
region.
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I. INTRODUCTION

In the past few years, the guided transmission of highly
charged ions through nanocapillaries in insulating materials
has attracted considerable attention. The guiding phenom-
enon involves charge-up effects that cause highly charged
ions preserving their incident charge state during the trans-
mission through the capillaries. The ions do not suffer close
collisions with the capillary wall even when they are tilted
with respect to the incident beam direction. This behavior is
in contrast with results of the pioneering work with capillar-
ies in metals �1,2�.

Investigations of the ion guiding phenomenon in insulat-
ing materials have been started using capillaries in PET poly-
mers �3–8�. Due to the increasing interest in this subject,
several laboratories performed studies of capillary guiding
with polyethylene terephthalate �PET� �9–11�, SiO2 �12�, and
Al2O3 �13–15�. Moreover, electrons were used as projectiles
guided through capillaries in Al2O3 �16� and PET �17�. Ta-
pered single-glass capillaries have been applied to produce
submicrometer sized beams �18� that can be used for surface
modification or to manipulate biological cells.

The capillary guiding phenomena can be understood in
terms of a self-organizing process of charge deposition by
the incident ions at the inner wall of the capillaries �3�. For a
tilted foil the deposited charge in the entrance region in-
creases until the electrostatic field is sufficiently high for a
deflection of the ions towards the direction of the capillary
exit. Then, the charge deposition reduces to an amount suf-
ficient to maintain the field for the ion deflection to the exit.
An increase of the incident current does not affect much the
entrance charge patch, since the additional current flows
away along the surface following a strongly nonlinear con-
ductivity law �19�.

The capability of insulating capillaries to guide ions is
referred to as the guiding power. The fraction of transmitted
ions at equilibrium generally decreases exponentially with

the square of the tilt angle �. The guiding power can be
quantified by the characteristic guiding angle �c for which
the normalized transmission fraction drops as f��c� / f�0�
=1 /e �19,20�. The guiding angle is a convenient parameter to
characterize the guiding power which decisively depends on
the material.

Monte Carlo simulations �23,24� have explicitly shown
that most of the deposited charge is located near the entrance
region. Additional weaker patches may temporarily be pro-
duced after the formation of the first patch. The temporary
patches play a significant role in the guiding process during
the pre-equilibrium period. They change their position and
strength so that dynamic properties of the ion guiding be-
come important. Experimentally, the dynamic effects can be
observed by measuring transmission profiles as a function of
time. Experimental studies concerned with the dynamic as-
pects of the capillary guiding �19,25,26�, have shown that the
formation of temporary patches can be revealed by studying
angular shifts of the transmission profiles.

In the present work, we investigate the dynamic proper-
ties of 3 keV Ne7+ ion guiding through capillaries in insulat-
ing PET. Preliminary results of this work have been reported
elsewhere �21�. The angular transmission profiles exhibit
three distinct peaks whose positions are rather stable. The
peak intensities strongly change in a characteristic manner
resulting in a damped oscillation of the mean emission angle.
At equilibrium, this angle reaches a value equal to the tilt
angle of the capillary. The observations are interpreted by
means of temporary charge patches formed inside the capil-
laries.

II. EXPERIMENTAL METHOD

The experiments were conducted in an ultrahigh vacuum
chamber mounted at the 14 GHz Electron Cyclotron Reso-
nance �ECR� ion source of the ZERNIKE-LEIF facility at
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the KVI Groningen �Netherlands� �27�. The experimental
setup is shown in Fig. 1. For the present experiments the
base pressure in the chamber was some 10−8 mbar. The
chamber was operated on high voltage to allow for the de-
celeration of the incident Ne7+ ions from 49 to 3 keV along a
set of deceleration lenses. The current was varied within the
range of 10–1000 pA. The beam was collimated to a diam-
eter of 1 mm with a divergence better than 0.2° full width at
half maximum �FWHM�.

The capillary foils were mounted on a target ladder that
could hold four samples. The target ladder was fixed at a
goniometer, which allowed for tilting the capillaries relative
to the incident beam in two directions specified by the angles
� and � �Fig. 1�. The tilt angle � was varied to change the
angle between the incident beam and the capillary axis. The
azimuthal angle � was kept constant after its zero value was
determined. The PET target foils were mounted on circular
frames with an inner diameter of 7 mm. The target could be
moved by the goniometer in two dimensions �up-down and
left-right� with respect to the incident ion beam. Thus the ion
beam could be positioned at different spots within the target
area �of 7 mm in diameter�. With the beam diameter of
1 mm FWHM the ion beam could be located at five well-
separated spots. One beam spot was used for the adjustment
of the zero position of the angles � and � with an accuracy
of �0.2°. The remaining four spots were used for the experi-
ments. Hence the results described below for each tilt angle
and diameter were obtained with fresh capillaries, which
have not been irradiated since the last beam time of about
three months ago.

The ions transmitted through the capillaries were mea-
sured using an electrostatic 180° analyzer, which was rotated
by the angle � in the same plane as the tilt angle �. The
quadratic entrance slit of the analyzer has an opening of

0.4 mm and was located 75 mm away from the target posi-
tion. Hence the angular resolution of the analyzer is obtained
as 0.2° FWHM. With the analyzer a Gaussian-like angular
profile with a FWHM of 0.6° was measured for the direct
incident beam �without the capillary target�. This width is a
composition of the beam width, its divergence, and the an-
gular resolution of the analyzer.

The energy resolution of the analyzer was 0.5%, which
was high enough to separate the charge states of the trans-
mitted ions. In fact, the energy resolution was significantly
higher than required for the present experiments. With this
high resolution the analyzer reading was sensitive to energy
shifts of the incident beam due to fluctuations of the plasma
potential in the ECR source. Therefore during the experi-
ments care was taken to adjust the analyzer settings for small
temporal changes of the plasma potential.

For the present experiments, two PET samples with the
capillary density of 4�106 cm−2 were used as prepared at
the Ionenstrahllabor �ISL� in Berlin �22�. The thickness of
the samples was 12 �m. The two samples differ in the cap-
illary diameters which were 200 and 400 nm. The density of
the capillaries implies a geometric opening of 0.12% and
0.48%, respectively. The mean distance was about 5 �m be-
tween neighboring capillaries. It is evident that an overlap of
adjacent capillaries is unlikely to happen. Gold was evapo-
rated under 30° on the front and the back side of the PET foil
forming a film of �20 nm thickness to avoid a macroscopic
charge up of the sample surfaces.

Care was taken to minimize the nonparallelism of the cap-
illaries. The angular spread of the capillary inclination was
estimated to be 	0.2° FWHM which was significantly
smaller than the aspect angles of 1° and 2°, respectively. This
small FWHM is a decisive condition for the present experi-
ments where the time evolution of angular profiles were
measured for the transmitted ions. When the capillaries are
not parallel, the ions are first transmitted at angles smaller
than the capillary tilt angle, because the ion transmission is
favored through nonparallel capillaries with smaller tilt
angles. This effect has previously been observed �6� with
nonparallel capillaries �FWHM of 2°� where ions were first
emitted at 0° although the capillary sample was tilted by 5°.

III. EXPERIMENTAL RESULTS

In the following, we focus our attention on Ne7+ ions,
whose incident charge state was preserved during the pas-
sage through the capillary. The left columns of Figs. 2 and 3
contain a series of transmission profiles for capillary diam-
eters of 200 and 400 nm, respectively. A transmission profile
is an angular distribution dY�� ,�� /d
 of Ne7+ ions transmit-
ted through the capillaries as a function of the observation
�or emission� angle � with �=0. The angles � and � are
defined relative to the incident beam direction so that d

=d�d�. For the examples shown in Figs. 2 and 3 the tilt
angle of �=5° was chosen.

Each transmission profile is normalized to an integrated
current of Qd=1 nC, i.e., the beam charge deposited on the
front surface of the PET target foil. For a given incident
beam current the deposited charge is a measure of time. Each

FIG. 1. Experimental setup used in the experiments. Ions from
the ECR ion source are decelerated in a lens system and directed on
the capillary sample mounted on a target ladder. The target foil can
be tilted by the angles � and � and shifted perpendicular to the
plane in the x direction and the z direction as indicated. The trans-
mitted ions are measured by an electrostatic analyzer rotated by the
angle �.
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graph indicates the total charge Qd collected till the instant
when the profile is measured. The charge deposited during a
scan of a profile is smaller than the charge collected between
two successive scans.

The transmission profiles exhibit three peak structures,
whose positions appear to be rather constant. Hence we fitted
the experimental data by a superposition of three Gauss func-
tions. The location of the central peak was assumed to be
equal to the tilt angle of 5° and it was kept constant. Also, the
FWHM’s of the individual peaks were assumed to be con-
stant being equal to 1.5° and 1.65° for 200 and 400 nm cap-
illaries, respectively. However, in contrast to our preliminary
analysis �21�, the positions of the first and third peak were
now treated as adjustable parameters, as well as the all peak
heights. The fits exhibit that the positions of the first and
third peaks were rather constant, i.e., the centroid values
were found to be at 3.7° �0.2° and 6.4° �0.3°, respectively.
Thus these peaks are displaced with respect to the tilt angle
of 5° by �1.4°. For 200 nm capillaries this value is larger
than the aspect angle of 1°.

For the 200 nm capillaries �Fig. 2� the third peak appears
at the observation angle 6° within a charge deposition of less

than 75 nC �see Figs. 2�a� and 2�b��. It readily moves to its
final position near 6.5° as the charge deposition exceeds
75 nC. For the 400 nm capillaries the third peak initially
appears at the observation angle of 6.5° �see Figs. 3�a� and
3�b�� and it moves to its final position near 6.3° as the charge
deposition exceeds 75 nC. Hence an individual peak may
move in the beginning, but its position becomes stable after
some charge deposition.

From the transmission profiles it is seen that the indi-
vidual peaks change significantly in intensity with increasing
charge deposition. Consequently, the mean values of the
emission angle are varying as shown in the right columns of
Figs. 2 and 3. The mean emission angle is obtained by the
well-known expression ���dY /d
�d� /��dY /d
�d�. The re-
sults exhibit oscillatory displacements within the range from
3.8° to 6.3° for 200 nm and from 4.2° to 6.3° for 400 nm
capillaries. This indicates that at the extremes �reversal
points� either the first or third peak dominates. In between
the reversal points the profiles appear as a superposition of
three peaks of similar intensity �in particular see Figs. 3�b�
and 3�d��. Note that the labels �a� to �e� in the left column
correspond to the same labels in the right column.

When the charge deposition progresses, the oscillations
are damped. For the 400 nm capillaries the damping is stron-
ger than that for 200 nm and hence more oscillations are
visible for the smaller diameter. Altogether, for 200 nm the
mean emission angle exhibits four extremes �minima and
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maxima� resulting from its oscillation, whereas for the
400 nm capillaries only three extremes are visible. After con-
siderable damping the mean emission angles do not change
any more. Finally, the mean angles coincides with the tilt
angle of 5° and the central peaks become dominant. For the
400 nm results �Fig. 3� we note that the equilibrium may not
be fully reached, i.e., the side peaks may still decrease with
respect to the center peak.

In Fig. 4 the mean angles of the 200 nm capillaries are
compared for different tilt angles. It is seen that for 3° and 5°
the oscillatory structures are similar. In fact, the 0° curve also
shows �the same� tiny oscillations, which suggest that the
capillaries are tilted by the small amount of 	0.1°. This
value lies within the experimental uncertainties of the tilt
angle setting. To guide the eye, the corresponding zero points
�nodes� of the mean emission angles are connected by
dashed lines as shown in Fig. 4. It is seen that the corre-
sponding nodes are shifted to higher values of the deposited
charge as the tilt angle increases from 0° to 5°.

In Fig. 5 the mean angles of the 400 nm capillaries are
plotted for 0°, 3°, 5°, and 6.5°. The oscillation for 400 nm
look similar as those for 200 nm although less extremes are
visible. Also, the first node is shifted to higher values of the
deposited charge as the tilt angle increases from 0° to 5°,
while the 6.5° node turns back to lower charges. Moreover,
the second node is shifted to higher charge values also for
6.5°.

To obtain more information about the differences between
the 200 and 400 nm capillaries and the shift of the nodes we
compare the evolution of the emission angle with that of the
total ion yield Y, which is obtained by integration of the
transmission profiles �represented by the differential yield
dY�� ,�� /d
�. Since the angular measurements were re-
stricted to one dimension, the integration could be performed
only with respect to the angle �. The integration over � was
replaced in an approximation by the multiplication with the
constant angle ��, which was assumed to be equal to the
corresponding equilibrium angle ��.

As shown previously �19� the charge evolution of the total
ion yield can be approximated by the exponential function

Y�Qd� = Y0�1 − exp�−
Qd − Qs

Qc
	
 , �1�

where Qs is a threshold value and Qc is a characteristic
charge for which 	63% of the equilibrium value Y0 is
reached. Since the equilibrium is approached asymptotically,
it is not possible to define a point where it is fully reached.
Considering the values of 80–90 % �corresponding to the
experimental uncertainties of 	20%� one may assume that
the equilibrium value is reached at about 3 times Qc.

We determined the values of Qs and Qc by fitting the
corresponding total ion yield with the expression in Eq. �1�.
In Fig. 6 the fit functions are shown in conjunction with the
numerical values of Qs and Qc. It is seen that the sum Qsc
=Qs+Qc increases with increasing tilt angle. �Note that Qsc
�Qc since Qs�Qc.� Also, Qsc is significantly larger for
200 nm capillaries than that for 400 nm. This may be attrib-
uted to the fact that more charge must be deposited on the
sample surface in order to introduce the same charge into the
200 nm capillaries than into the 400 nm capillaries, as dis-
cussed in more detail further below.

In Fig. 6 it is seen that the experimental data overshoot
the corresponding fitting functions in the range of 25–50 nC.
The overshot is clearly visible in the results for 400 nm cap-
illaries in the right hand column, but it can also be seen in
the left hand column. The position of the overshot varies
slightly with the tilt angle, similarly as Qsc. It appears that
the transmitted ion yield also exhibits some oscillatory be-
havior.

Let us now focus on the angular oscillations for the dif-
ferent tilt angles. In Figs. 4 and 5 the charge Qsc is marked
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by arrows labeled “Qsc.” It is seen that the arrows are shifted
in the same sense as the corresponding nodes of the mean
emission angle. Moreover, the arrows reveal that the main
oscillations occur before reaching the equilibrium. After the
equilibrium is approached within 10%, smaller damped os-
cillations are still present. This shows that the oscillations of
the mean angle and the evolutions of the corresponding ion
intensity are closely related.

Next, we consider the differences between the results ob-
tained with 200 and 400 nm capillaries �Figs. 4 and 5�. With
a tilt angle of 5° the characteristic charges are determined to
be Qsc=110 and 20 nC for 200 and 400 nm capillaries, re-
spectively �Fig. 6�. These charge values show that within the
deposition of �3Qsc a total number of 3 and 2 extremes are
covered for the 200 and 400 nm capillaries, respectively.
Hence the number of oscillations is larger for the 200 nm
capillaries.

We recall that Qsc is a charge deposited at the surface of
the capillary sample. To calculate the charge that is inserted
into the capillaries, we have to take into account the geomet-
ric capillary openings. The opening of the capillaries in-
creases by the factor of 4, i.e., the number of inserted el-
ementary charges are 105e and 420e per nC for the capillary
diameters of 200 and 400 nm, respectively. Thus with re-
spect to the charge deposition within the capillary, the
present results show that the mean angle for the 200 nm
capillaries oscillates faster than that for 400 nm. Hence there
are obvious differences between the results of the two capil-
lary diameters. We shall return to this point in the following
discussion

IV. DISCUSSION AND CONCLUSIONS

In the present analysis, the time evolution of transmission
profiles is studied for 3 keV Ne7+ ions using PET capillaries
with a diameter of 200 and 400 nm. The profiles exhibit
oscillatory displacements of the mean emission angle, which
are similar for different tilt angles. A repetition of the mea-
surements revealed that the oscillations and peak structures
in the transmission profiles are reproducible. Also, the oscil-
lations are similar for the different capillary diameters.
Hence we may state that the peak structures and the oscilla-
tions are general phenomena for the present PET capillaries.

We attribute the oscillatory behavior to temporary charge
patches formed inside the capillaries. This conclusion is
based on the finding that at the reversal points, the emission
angles  are found to be negative or to exceed the aspect
angle of 1° for 200 nm capillaries. Recall that the observa-
tion angle � is defined relative to the incident beam direction,
while the emission angle =�−� is defined relative to the
capillary axis.

Let us first consider ion transmission through the 200 nm
capillaries. In Fig. 7 a tentative scenario of the patch forma-
tion is shown. The ions incident with an angle of 5° produce
the relatively stable charge patch in the entrance region of
the capillary. When sufficient charge is deposited in the en-
trance patch, the ions are deflected to the exit of the capillary.
In fact, the ions are temporarily moving from one corner in
the entrance region to the opposite corner of the exit region.

Hence relative to capillary axis the ions leave the capil-
lary under the emission angle of �1° equal to the aspect
angle of the 200 nm capillaries. Thus it follows that the
emission angle of �6° relative to the incident beam direction
is larger than the tilt angle �Fig. 7�a��. As the entrance charge
patch further increases the ions are directed to the opposite
wall near the exit region whereby a secondary charge patch
is produced. Thus the ions are deflected so that the emission
angle relative to the incident beam direction becomes smaller
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FIG. 7. Tentative scenario of temporary patches produced in the
interior of the 200 nm capillaries. The labels �a�–�e� correspond to
those given in Fig. 2. The dominant rather stable patch is created in
the entrance region. Further patches are temporarily produced in the
interior of the capillary. Note that for graphical reason the aspect
ratio is strongly reduced and thus angles are enhanced. �Details are
given in the text.�
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than the tilt angle �Fig. 7�b��. When the charge in the en-
trance patch further increases the secondary patch moves into
the interior of the capillary and a tertiary patch is produced.
Then, the ions are deflected into the same direction as in the
first stage �a� but with an angle larger than the aspect angle
�Fig. 7�c��. After formation of the tertiary patch, the charge
deposition is reduced and the deflection by the entrance
patch becomes weaker. Also, the tertiary patch loses signifi-
cance �Fig. 7�d��. Finally, the ions are guided along the cap-
illary axis by the remaining charge in a small secondary
patch near the capillary exit �Fig. 7�e��.

Next, we consider the possible scenario for the 400 nm
capillaries. In this case, the aspect angle is 2° and the ions
can leave the capillary under larger angles without forming a
temporary patch. At the beginning, the ions are deflected
only by the entrance patch and leave the capillaries under the
mean angles of 	1.3° �Fig. 8�a��. As the entrance charge
patch further increases, a secondary charge patch is formed
at the opposite wall. The angle relative to the incident beam
direction becomes smaller, i.e., the ions are leaving the cap-
illary under the angle of 0.1° as shown in Fig. 8�b�. When the
secondary patch increases, the ions are deflected to a nega-
tive angle of −0.6° so that the ions are leaving the capillary
with an angle smaller than the tilt angle �Fig. 8�b��. Now, the
ions have to leave the entrance patch under a relatively large
angle of �2° which may lower the charge deposition near
the entrance. Thus the ion deflection is reduced and the ter-
tiary patch is not likely to be produced. Hence the case de-
picted in Fig. 7�c� does not occur. Rather the situation be-
comes similar to Fig. 8�b� with an emission angle slightly
larger than the tilt angle because of the weak deflection in the
secondary patch �Fig. 8�d��. Finally, the ions are guided
along the capillary axis by the remaining charge of the sec-
ondary patch as shown in Fig. 8�e�.

Comparing the different capillary diameters we recall that
less charge patches are produced for the 400 nm capillaries.
Also we note that in the 200 nm capillaries the formation of
the secondary patch needs a smaller emission angle from the
entrance patch than in the 400 nm capillaries, i.e., about 1° in
comparison with 2°. Hence the secondary patch is expected

to be formed more rapidly. Thus it appears plausible that for
200 nm capillaries the mean angle oscillates more rapidly as
noted above.

Recently, the formation of temporary patches has experi-
mentally been studied �25,26� yielding results which are in
qualitative agreement with the present data. Moreover, the
essential features of the simulations �23,24� are in agreement
with the present experimental results. The temporary patches
are important in the pre-equilibrium period, whereas at equi-
librium the ions are transmitted predominantly along the cap-
illary axis. However, some details of the temporary patch
production are different from the present results. In fact, dis-
crepancies are expected for capillaries of different material
and aspect ratio.

Kanai et al. �26� noted that their number of charge patches
differ from those considered by Skog et al. �25� and attrib-
uted this finding to differences in the capillary aspect ratios
used in the two experiments. Similar observations were made
in the present studies where the number of patches differ for
the capillaries of 200 and 400 nm. Moreover, differences oc-
cur in the oscillatory behavior of the transmitted ions. In the
present data �and in most results by Kanai et al. �26�� the
transmission starts at an angle close to the tilt angle and
moves rapidly to larger angles �Figs. 2 and 3�. This finding is
in contrast to the work by Skog et al. �25� wherein the ion
transmission starts at angles smaller than the tilt angle. The
latter unexpected observation was attributed to the fast cre-
ation of a temporary patch at the capillary exit. On the other
hand, we recall the possibility of nonparallelism capillaries,
which favor the ion transmission at smaller angles.

Finally, we focus our attention on the transmission pro-
files which are composed of three distinct peaks of compa-
rable intensity. The occurrence of peaks with rather fixed
positions may be counterintuitive, since the transmission
profile is continuously moving with an oscillatory behavior.
However, the distinct peaks were identified in several mea-
surements after changing the tilt angle and the capillary di-
ameter. Recall that the peak positions �except the center
peak� were treated as variable fit parameters. We found time
intervals wherein the peak locations remain fixed and cases
where they vary somewhat with time. One is tempted to
attribute each peak to a certain charge patch produced in the
capillary. However, such an assignment has its limits and
needs further studies.

We suggest that the distinct peaks are due to groups of
trajectories entering the capillary at different distances from
the entrance patch. Ions in one group of trajectories may be
guided directly to the capillary exit whereas ions of another
group may be deflected by a temporary patch. In fact, the
deflection of different groups of trajectories involving tem-
porary patches and the formation of two separated peaks in a
transmission profile have theoretically been demonstrated for
a single capillary �24�. It should be added that we also tried
to fit the measured profiles with two Gauss functions of vari-
able positions and widths. Such fit is possible, but the repro-
duction of the experiment was not satisfactory in specific
cases �e.g., see the profiles in Figs. 3�b� and 3�d��.

In conclusion, we observed pronounced oscillations in the
time evolution of transmission profiles for ions passing
through nanocapillaries. Unexpectedly, the profiles were

5°

1.3° (a)

0.1° (b)

5°

-0.6° (c)

0.1° (d)

5°

0° (e)

5°

5°

FIG. 8. Tentative scenario of temporary patches produced in the
interior of the 400 nm capillaries. The labels �a�–�e� correspond to
those given in Fig. 3. Further figure caption as in Fig. 7.
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found to be composed of distinct peaks whose origin needs
further experimental and theoretical work. Emphasis is given
to studies of capillaries with different diameters. In particu-
lar, the formation of different numbers of temporary patches
for capillaries of different diameters and aspect ratios ap-
pears to be an interesting observation that deserves further
attention. Moreover, clarifying studies are required to inves-
tigate the influence of effects due to statistical fluctuation in
surface properties between neighboring capillaries.
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