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We studied blocking effects on ion guiding through nanocapillaries in highly insulating poly-
ethylene terephthalate (PET). The experiments were initiated in view of a previous study with
capillaries in polycarbonate (PC) for which strong blocking effects were observed, whereas for PET
these effects could not be detected. The aim was to find out whether the different results are caused
by differences in the PET and PC materials or by differences in the areal densities of the capillaries.
Transmission experiments of 3-keV Ne”* ions were performed for a variety of PET samples with
an areal capillary density ranging from 3 to 60x10% cm™2. The tilt angles were close to zero de-
gree because previous blocking effects were found to be largest at small angles. Our results clearly
show that blocking effects also exist for PET and that they are sensitively dependent on the areal
capillary density, i.e., the mean capillary distance. The potential produced by the charges accu-
mulated in neighboring capillaries is calculated showing that it plays an important role in the ion
blocking. Also, model calculations are performed providing expressions to determine the direct ion

transmission for small tilt angles and divergent ion beams.

I. INTRODUCTION

In recent years the guiding of highly charged ions in
capillaries with diameters of a few hundred nm has re-
ceived considerable attention. Capillaries in highly insu-
lating materials like polymers accumulate ions at the wall
so that charge patches are created. Sufficient charge col-
lection produces a repulsive electric field, which results in
the deflection of subsequently passing ions. The deflec-
tion occurs at relatively large distances to the capillary
wall so that electron capture into the projectile is inhib-
ited. Thus, the ions are guided along the capillary axis
maintaining their incident charge state during their pas-
sage even when the capillary axis is tilted with respect
to the incident beam direction. The essential property
of the ion guiding is the self-organizing process, which
governs the charge deposition inside the capillaries [1].

Initial studies of ion guiding phenomena in insulat-
ing materials were performed using capillaries in poly-
ethylene terephthalate (PET) [1-3]. During the past
years the interest in this field increased and several labo-
ratories performed experiments using different materials
such as PET [4-9], polycarbonate (PC) [10], SiO5 [11],
and AlxO3 [12-14]. Moreover, electrons were used as pro-
jectiles guided through capillaries in Al;O3 [15, 16] and
PET [17, 18].

In addition to multitude capillaries, guiding of highly
charged ions were studied between flat glass plates [19]
and in single capillaries with constant diameter [20, 21].

Also, single capillaries in tapered geometry were ap-
plied with the intention to produce sub-micrometer sized
beams [22, 23]. In a recent investigation the temperature
of a single capillary was varied to control the influence
of the surface conductivity [24]. Apart from the exper-
imental work, a series of theoretical studies [25-29] has
provided detailed information about the guiding mecha-
nisms.

In previous experiments particular attention has been
given to the dynamic properties of the ion fraction guided
through the capillary [30-33]. Due to the formation of
the entrance charge patch, the ion transmission starts de-
layed after a certain threshold and rises to a maximum
where stationary (equilibrium) conditions are expected
to be reached and maintained. Commonly one consid-
ers the system in equilibrium when the fraction of trans-
mitted ions remains constant after reaching a maximum
transmission. For instance, stationary conditions have al-
ways been observed in ion transmission experiments per-
formed with PET. Only recently, experiments with PC
capillaries have shown that after reaching a maximum the
transmitted ion fraction decreases with increasing charge
insertion [34]. This observation has been referred to as a
blocking effect on the ion transmission.

In the previous study [34] it has been confirmed that
the blocking effects are absent for PET capillaries even
for a considerable amount of inserted charges. It should
be noted, however, that the number of capillaries per
unit area in PET was an order-of-magnitude smaller than
in PC. (Throughout this work the number of capillaries
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per unit area will be referred to as areal capillary den-
sity or simply as capillary density.) The areal density of
the PET capillaries was 6x10% cm™2, whereas it was 1
- 5x10% cm~2 for PC capillaries [34]. Hence, the ques-
tion arose whether the blocking effects are produced by
the difference in the PC and PET material properties or
by the difference in the areal capillary densities. Note
that the capillary density determines the mean distance
of neighboring capillaries.

To address this question, it is useful to first consider
further information from previous studies. For instance,
it was found that the blocking effect in PC capillaries in-
creases with decreasing tilt angle [34], i.e., the blocking
effect maximizes for untilted capillaries. This finding is
unexpected as the amount of charge deposited into the
capillary increases with tilt angle. However, for non-zero
tilt angle the charge is accumulated primarily in the en-
trance charge patch, whereas the charge deposited in the
center of the capillary is relatively small [29]. It appears
that the charge in the center of the capillary has an im-
portant effect on the ion blocking.

In recent simulations [28] it was concluded that the
charge accumulated in a single capillary is not sufficient
to create a repulsive field strong enough to reject the
incident ions. This finding suggests that ion blocking is
enhanced by the multitude of capillaries present in the
neighborhood. Such collective neighbor effects were con-
sidered in simulations of ion guiding [25]. Experimen-
tally, the neighbor effect is expected to be enhanced,
when the distance to the capillary neighbors is reduced
by increasing their areal density.

In the present work, we investigate the fraction of
transmitted ions for capillary densities varying by more
than one order of magnitude. The experiments are per-
formed with PET capillaries to find out whether blocking
effects exist also for this material. The data are acquired
for tilt angles close to zero degree, since the blocking is
largest for untilted capillaries. The experiments confirm
that the blocking effect is strongly influenced by the mean
distance of the capillaries. The ion blocking is attributed
to the collective field produced by the charge accumula-
tion in neighbor capillaries.

II. EXPERIMENTAL METHOD

The experiments were performed in an ultra-high vac-
uum chamber mounted at the 14 GHz Electron Cy-
clotron Resonance (ECR) ion source of the distributed
LEIF-Infrastructure ZERNIKE-LEIF at KVI Groningen
(Netherlands) [35]. The experimental method has been
described in detail before [32] so that only a few details
are pointed out here. The vacuum chamber was used in
a high-vacuum mode, i.e., the base pressure was a few
1078 mbar. The apparatus was set on high voltage to
allow for the deceleration of the incident Ne”™ ions from
49 keV down to 3 keV. The ion current was varied within
the range from 10 to 3000 pA. The beam was collimated

to a diameter of 1.3 4+ 0.2 mm with a divergence of about
+ 0.25°.

(a) 3x10° em™

(b) 5x10° em™

FIG. 1: SEM images of sample surfaces showing the capillaries
used in the present experiments. The number given in each
panel is the capillary density as also listed in Table 1.

Cylindrical parallel oriented capillaries were prepared
by irradiating 10 £ 1 pym PET foils with 2.2 GeV gold
ions at the GSI Helmholtzzentrum in Darmstadt [36].
The applied ion fluence was varied by a factor of 20 be-
tween 3x10% and 6x107 ions/cm?. The irradiated foils
were etched in 6N NaOH, converting each ion track into
a cylindrical capillary. The duration of the etching was
controlled such that the diameter of the capillaries was
140 + 15 nm. A gold layer was evaporated in four di-
rections under 30° on the front and the back sides of the
PET foils forming a film of ~20 nm thickness to avoid
a macroscopic charge up of the sample surfaces. Fig-
ure 1 presents images obtained with scanning electron
microscopy (SEM) to show the areal density d. of the
capillaries. Due to the stochastic nature of the ion beam
the capillary entries are statistically distributed over the
surface. The densities and mean distances of the PET
capillaries are summarized in Table I.

TABLE I: Areal density d. and mean distance [, of the PET
capillaries used in this work. For all samples the capillary
diameter is 140 nm and the length is 10 pm.

Sample|d, (cm™?)|l. (um)
a 3 x 10° 6

b 5 x 10° 4.5

c 3 x 107

d 6 x 107 1




The capillary foils were mounted at a goniometer,
which allowed for tilting the capillaries relative to the
incident beam in two directions specified by the angles 1)
and ¢. The tilt angle 1 is an important parameter in the
present study. The azimuthal angle ¢ was kept constant
after its zero value was fixed using a laser for alignment.
The PET target foils were spanned into circular frames
with an inner diameter of 7 mm. By shifting the frame
with the goniometer, the incident Ne”™ ion beam could
be positioned at different spots within the target area.
Hence, the results described below were obtained with
unirradiated capillaries if not otherwise stated.

The neon ions emerging from the capillaries were an-
alyzed with respect to their charge state, energy, and
emission angle using an electrostatic 180° spectrometer,
which could be rotated by an angle 6 in the same plane as
the tilt angle ¥. In the experiments the angular distrib-
ution of the transmitted Ne”* ions was measured for tilt
angles near 0°. The angular resolution of the analyzer
was 0.2° FWHM. For the direct incident beam (without
the capillary target) a Gaussian-like angular profile with
a FWHM of 0.5° was acquired. This width is expected to
be a composition of the beam diameter, its divergence,
and the angular resolution of the analyzer.

III. EXPERIMENTAL RESULTS
A. Transmission profiles

In the following, we present transmission profiles of 3-
keV Ne’™ ions, whose incident charge state was preserved
during the passage through the capillary. A transmission
profile represents an angular distribution dY (6, ¢)/dS2 of
Ne™ ions transmitted through the capillaries as a func-
tion of the observation (or emission) angle 6. We recall
that ¢ = 0° was fixed in the experiments. Figures 2 show
a series of selected transmission profiles for the tilt angles
of ¢ &= 0°. The columns from left to right show profiles
obtained with increasing capillary density (values given
in the upper panels).

Each transmission profile is normalized to an integral
current of Qg = 1 nC, where @4 is the total charge de-
posited by the beam on the front surface of the target
foil. For a given incident beam current the deposited
charge is a measure of time. Each graph indicates the
charge )4 collected until the instant when the profile is
measured. Hence, the results in a given column represent
the temporal evolution of the transmission profile for the
corresponding capillary density.

From Fig. 2 it is seen that the peak position of
the transmission profiles is rather constant with increas-
ing charge deposition, i.e., there are only small devia-
tions of the profile position from the center value rep-
resented by the vertical dashed line. In Fig. 3 the
peak positions are shown as open circles representing the
mean emission angle obtained by numerical integration
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FIG. 2: Transmission profiles for 3-keV Ne’™ ions passing
through capillaries in PET. The number given at the top of
each column is the density of the capillaries. The parameter
Qa is the charge deposited by the incident beam at the front
of the capillary sample.

0 = /9 (dY/dQ)dl/ | (dY/dY)do [32]. The data are

plotted as a function of the charge @, inserted into a
single capillary, which will be used in the following in-
stead of the deposited charge @ (Fig. 2). The charges
Qin and Qg are related by Q;, = Qq(d/D)? where d is
the diameter of the capillary (140 nm) and D is the diam-
eter of the ion beam (1.3 mm). More information about
the integration procedure and the charge conversion is
given in a recent study [37].

From Fig. 3 it is seen that the mean emission angle
changes slightly when the charge insertion increases. The
variation of the mean angle reveals the formation of tran-
sient charge patches as has been discussed in detail pre-
viously [30-33]. Transient charge patches can be pro-
duced when the tilt angle deviates from zero. It should
be pointed out that due to experimental uncertainties,
it is difficult to set the capillary tilt angle exactly to
zero. The tilt angle can only accurately be determined
by the analysis of the data after the experiment. The
actual tilt angle can be observed after sufficient charge
is inserted into the capillary (i.e., asymptotically after
reaching equilibrium conditions) since asymptotically the
transient charge patches have essentially disappeared. In
Fig. 2 the asymptotic peak positions vary within 4+ 0.3°,
which may be considered as the experimental uncertainty
of setting the capillary at a given tilt angle.
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FIG. 3: Position (open circles) and width (full circles) of the
transmission profiles shown in Fig. 2. The data are plotted
as a function of the charge @Q;, inserted into a single capillary.
The density of the capillaries is given in each graph.

Moreover, from the experimental analysis the full
width at half maximum (FWHM) oy of the transmis-
sion profiles can be determined. In Fig. 3 the profile
widths are plotted as curves represented by full circles.
The curves show that widths are first increasing with in-
creasing charge insertion and approach stable values for
further charge insertion. We note that for the present
tilt angles close to 0° the width oy varies between 1° to
2° which is smaller than the width observed for non-zero
tilt angles, as summarized in previous scaling laws [6].
Also, it is noted that the width of the profiles essentially
does not change when the areal density of the capillaries
is varied.

Diverse effects are responsible for the width of the
transmission profiles, which have been discussed previ-
ously [6, 25]. One may suppose that the non-parallism
of the capillaries produces the dominant contribution to
the width of the emission profiles. However, this supposi-
tion is incorrect since under guiding conditions the non-
parallism results in a width independent of the charge
state and energy of the projectile, which is clearly against
experimental observations [6].

Returning to Fig. 2 we note that the transmission
profiles vary in intensity when the charge deposition in-
creases. Each profile is multiplied by a factor, which
reveals its intensity variation. In the first column the
multiplication factor is always 20 indicating that the pro-
file intensity is essentially constant. However, in the last
column the multiplication factor changes from 1 to 20 in-
dicating a significant intensity loss with increasing charge
deposition. This loss of intensity is a signature for the
ion blocking [34]. Hence, we may conclude that blocking

effects also exist for capillaries in PET so that there is no
principle difference between the capillaries in PET and
PC.

B. Recovery of the ion transmission

In the following, we address the question whether the
loss of the ion transmission is transient or permanent.
In principle the loss of transmission could be permanent
due to fundamental material changes in the capillary in-
terior. Thus, we consider the total ion yield Y; transmit-
ted through the capillaries, which is obtained from the
integration of the transmission profiles

_ [dY(0,9)
Y, */T dq. (1)

Since in this work only the ion yield with respect to the
angle # was measured, the integration over the angle ¢
was performed assuming that its dependence is described
by a Gaussian function. The width o4 of the Gaussian
was set to be equal to the width oy of the transmission
profile obtained for sufficiently large charge deposition.
Then, the total yield was obtained by numerical integra-
tion of the experimental data.

As mentioned, we may consider the possibility that
the loss of transmission is permanent. The ions could be
blocked by an enhanced collection of charges inserted into
the capillaries. In the case that the deposited charges re-
tain a certain mobility, it is expected that after some time
the charges are removed and the capillaries become again
transparent. On the other hand, it may be possible that
due to specific material properties the capillaries remain
charged so that they permanently inhibit the passage of
the ions.

To find an answer to these questions, the ion transmis-
sion at a fresh spot on the capillary sample was repeated
after a 15 hour pause with the same capillaries as used
before. After this pause it is expected that the majority
of mobile charges are removed from the capillary inte-
rior. The measurements were performed with the highest
available capillary density of 6 x 107 cm™2 (Table I) to
enhance the blocking effect.

In Fig. 4 the total intensity of the transmitted ions
is plotted as function of the inserted charge Q;,. Figure
4(a) and Fig. 4(b) show the results obtained with the
fresh and used capillaries, respectively. (We recall that
the transmission profiles associated with the fresh capil-
lary measurement are shown in the last columns of Fig.
2.) For the fresh capillaries the ion intensity rises initially
very rapidly to a maximum from where it drops contin-
uously by more than an order of magnitude. The initial
increase of the ion intensity is expected to be due to a
guiding effect that compensates the intensity loss due to
a small non-zero tilt angle. This intensity loss can be
understood from Fig. 10(a) presented in the appendix.



- U7 T 13 kev Ne” via 140 nm PET|' | A

50

i (a) fresh sample |_ (b) recovery after |
\ H 15 hours
20+ \ | |
\

10 \

kY - *u

IS

Transmitted Ne”* lons (Rel. Units)
.I
oo el

0O 10 20 30 40 0 10 20 30 40 50
Inserted Charge (fC)

FIG. 4: Recovery of the capillary transmission after a 15 hour
pause. The data were measured using 3-keV Ne”* ions trans-
mitted through PET capillaries with a density of 6x107 cm™2.
In (a) the ion transmission for a fresh spot on the capillary
sample is shown. In (b) the repetition of the experiments at
the same spot is presented. The data are plotted as a function
of the inserted charge Qiy,.

In Fig. 4(b) the repetition of the measurement shows
the same qualitative behavior as the original experiment.
After an initial rapid increase, the ion intensity decreases
due to blocking effects. The similarity of the two curves
in 4(a) and Fig. 4(b) indicates that the transmission
properties of the capillaries are essentially recovered after
the 15 hour pause. This shows that most of the charges
within the capillary interior are removed. However, cer-
tain differences between the two curves persist revealing
that some rest charge remained within the capillaries.
Nevertheless, it may be concluded that the differences
between PET and PC [34] are not caused by differences
by the material properties. Thus, it is likely that the
blocking is influenced by the capillary density. The role
of the capillary density for the ion transmission will be
analyzed next.

C. Capillary density effects on the ion blocking

In the following we study the temporal evolution of
3-keV Ne’" ion transmission for different capillary den-
sities. As before, the total ion yield Y; was determined
by integrating the transmission profile partially shown in
Fig. 2. However, for a better comparison of the data ob-
tained with different capillary densities, we normalized
the total intensity of transmitted ions. In the following,
we consider the fraction of transmitted ions obtained by
dividing Y; by the total number of ions Y;,, incident into

the multitude of capillaries involved:

Y

=y (2)
The number of incident ions Y},  J. is proportional to
the capillary density J. so that f; contains a division by
that density. We note that the quantities Y; and Y;,, were
measured only on a relative scale so that the fraction f;
depends on a proportionality factor. However, the results
for each capillary density involve the same proportional-
ity factor, which will be determined below in comparison
with the model calculations performed in the appendix.
In Fig. 5 the results for the transmitted ion fraction
are plotted as a function of the inserted charge. Each
graph labeled (a) to (d) is associated with a certain cap-
illary density in accordance with the notation in Table I.
All curves exhibit a rapid increase at the beginning of the
charge insertion, which can be attributed to small devi-
ation from the 0° tilt angle as already discussed for the
data in 5(d) in the preceding section. As mentioned, the
guiding effect compensates the initial loss of the trans-

mitted ions.
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FIGC. 5: Fraction f; of 3-keV Ne”™ ions transmitted through
capillaries in PET plotted as a function of the inserted charge.
The tilt angle is close to 0°. The areal capillary density is
given in each graph.

After the guiding has reached equilibrium, we expect
that for small angles the transmitted ion fraction reaches
a maximum, which is nearly unity. However, the diver-
gence of the beam leads to some loss of ions within the



capillaries. For the present divergence of + 0.25° the
transmitted ion fraction was determined to be 0.7 as a
result of calculations in the appendix. Thus, the un-
known proportionality factor involved in f; was fixed by
setting the maximum of the data in Fig. 5(a) equal to
0.7. Then, the curves for the other densities could be
put on an absolute scale, too.

From Figs. 5(a) and 5(b) it is seen that the trans-
mitted ion fraction for the lower densities of 3x10% and
5x10% cm~2 are rather constant, whereas the results in
Figs. 5(c) and 5(d) for the higher densities of 3x107 and
6x107 cm~2 decrease strongly with the inserted charge.
Hence, it is obvious that the observed blocking effects
are much stronger for the high densities than for the low
densities.

The strong decrease of the ion transmission can be un-
derstood in terms of a self-enhancing effect involved in
the ion blocking process. Ion blocking is the result of a re-
pelling field produced by the charge deposited in the cap-
illary interior. This quantity will be denoted as absorbed
charge in the following. When the capillary density in-
creases, the repelling field is enhanced by neighbor contri-
butions. Then, the ion blocking is enhanced so that the
charge absorbed within the capillaries increases, which
in turn increases the repelling field and so on. Hence,
we expect blocking effects beyond proportionality when
the capillary density increases. The reason for the nearly
instant inset of the ion blocking for the higher density
capillary will be discussed in more details below in con-
junction with model calculations.

The self-enhancing effect of the ion blocking can be re-
vealed in more detail by means of the amount of charge
Q. absorbed in the capillary interior. This charge is ob-
tained from the absorbed charge current

Ja — Jdin — Jt (3)
where J;, and J; are the incident and transmitted cur-
rent, respectively. The absorbed charge is deduced by
the time integration

Qult) = /O Ju(t) dt (4)

which can be replaced by the integration over the incident
charge USing t= Qin/jin (and dt = inn/jin)

Qin
Qu(Qin) = /0 Fa( @) dQh, (5)

where we introduced the current fraction f, = J,/J;n =
1 — f; obtained from the transmitted fraction f; given in
Fig. 5

The results of the integration are plotted in Fig. 6
where the absorbed charge @), is given as a function of
the inserted charge @Q;;,. The figure shows four curves
each of which is attributed to a density of the capillaries.

Absorbed Charge (fC)

Inserted Charge (fC)

FIG. 6: Charge Q. absorbed in a single capillary during the
transmission of 3-keV Ne”™ ions as a function of the inserted
charge Qin. The results are obtained from the data in Fig. 5
using Eq. (5). The curves labeled a, b, ¢, and d correspond
to the areal densities indicated in Fig. 5.

For the two lower capillary densities (3x10% and 5x10°
cm~?2) the absorbed charge amounts to about 30 % of
the inserted charge for values smaller than ~ 35 fC. How-
ever, for the higher capillary densities (3x107 and 6x 107
cm™?) the absorbed charge amounts to values as large as
80 % of the inserted charge. This large value for the ab-
sorbed charge is the reason for the self-enhanced blocking
process. Indeed, this is likely due to the blocking effects
observed in Fig. 5 (¢) and (d) which are much stronger
than those found in Figs. 5 (a) and 5 (b).

It should be pointed out that the absorbed charge stays
only transiently within the capillary. Electric fields, pro-
duced by the absorbed charges, transport these charges
out of the capillary interior to the exits where they are
finally depleted at the gold film covering the sample sur-
faces [28]. Therefore the absorbed charge splits into two
components

Qa = Qd + Qc (6)

where ()4 is the charge depleted at the sample surface
and Q. is the collected charge remaining within the cap-
illary. The electric field increases with increasing charge
absorption so that the charge depletion increases, too.
Therefore, the actual charge Q. collected in the capillary
is smaller than @),. The latter charge can be used as a
reasonable estimate for the collected charge only in cases
for which the charge transport is small. Otherwise, @,
has to be used as an upper limit of the actual charge
present in the capillary.



IV. ION BLOCKING BY NEIGHBOR
CAPILLARIES

In this section we describe a model that estimates the
potential produced by neighbor capillaries leading to a
partial or full blocking of the inserted ions. To obtain
the potential produced by all charges, their Coulomb po-
tentials are summed as follows

N4 _Gin
V(r) = zz: r—1 + zﬂ:z; I+ ri] + images (7)

where the first and second term refer to the given cap-
illary and neighbor capillaries, respectively. The index
1 runs over the charges in a single capillary and the in-
dex n runs over the number of neighbor capillaries. The
number of capillary neighbors labeled n was limited to a
finite value beyond which more capillaries could be added
without a noticeable change of the potential.

Within the present model, capillaries are assumed to
have a square opening with size a and length L. The
square shape is chosen to achieve an analytic expression
for the potential of a rectangular, homogeneously charged
surface of the capillary interior. The summation over i
in Eq. (7) is replaced by an integration, which can be
solved analytically. The width of the opening is set to be
a = d\/m/2 so that the entrance areas of the square and
circular openings are equal.

In Eq. (7) the term denoted images is added to ac-
count for the grounded metal layer evaporated on the
front and back side of the PET foil (noted in the experi-
mental section IT). The grounded metal layers are taken
into account by adding a reasonable set of image charges
(in fact, images of the charged surfaces) with alternat-
ing sign on both sides, using the metal layer as a mirror.
More details will be presented in a future publication.

The replacement of the circular capillary by a square
capillary is expected to be a reasonable approximation as
the average distance between neighbor capillaries is sig-
nificantly larger than the capillary diameter. Note that
this simple model provides the potential inside a capillary
due to an arrangement of charged rectangular surfaces in
it, and a large ensemble of neighboring capillaries iden-
tically charged. However, it does not account for how
these charge arrangements are created.

At the simplest arrangement, the deposited charge is
assumed to be distributed homogeneously within the cap-
illary. Moreover, only the upper and lower wall of the four
capillary sides are covered by charges. The resulting po-
tential for a single capillary is in reasonable agreement
with the results obtained from the recent simulation [29].

Figure 7 shows potentials from the model calculations
for the capillary densities used in the experimental work
(Table I). The potentials are given at the capillary center
along its length L. The potential labeled s refers to a sin-
gle capillary. The charge of 35 fC, inserted into the cap-
illary, is converted to absorbed charges using the curves

" "lions via 140 nm at w=0°
Q,=35fC

Potential (V)
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FIG. 7: Potential along the longitudinal axis in the center of
the capillary. The curve labeled s refers to a single capillary,
The curves labeled a, b, ¢, and d are obtained with capillary
densities given in Table I. The inserted charge is 35 fC. The
horizontal dashed line at 428 V indicates the potential barrier
which cannot be passed by 3-keV Ne”* ions. The dotted lines
indicate that the potential cannot exceed the 428 V line.

in Fig. 6. The horizontal dashed line represents the po-
tential barrier 7},/q = 428 V which cannot be overcome
by ions incident with kinetic energy of 7T, =3 keV and
charge ¢ = 7. It is seen that the potentials for the lower
capillary densities ( 3x10°% and 5x10° cm~2) are smaller
than this barrier, whereas in the middle of the capillary,
the potentials for the higher capillary densities (3x107
and 6x107 cm~2) are larger than this barrier. Hence, for
the high density samples the potential is dominated by
the neighbors, while in case of the low density samples
the potential is only slightly modified by the neighbors.

Further results are calculated for the maximum poten-
tial located in the middle of the capillary at 5 pm. In
Fig. 8 the data are plotted as a function of the inserted
charge which is again converted to the absorbed charge
by means of Fig. 6. The figure shows a dashed dot-
ted line at 45 V, which crosses the curves labeled d, c,
b, and a near the inserted charges 2, 4, 28 and 37 fC,
respectively. Looking back at Fig. 5 one can see that
the transmission starts to drop at ~1, ~2, 25, and 33 {C,
respectively. It is likely that at the potential of 20 - 40 V
the deceleration of the incident beam leads to an increase
of the beam divergence which in turn increases the ion
absorption at the capillary wall. Thus, the present model
calculation explains the much faster ion blocking within
the capillaries of higher densities observed in Fig. 5.

In addition, Fig. 8 shows that the curves associated
with the lower densities do not cross the potential barrier
indicated by the horizontal dashed line at 428 V. This is
in accordance with the experimental results that the ion
blocking is small for these densities. However, the curves



for the higher densities cross the potential barrier at in-
serted charges higher than ~ 15 fC. Consequently, the
ion blocking is found to be significant for these densities
[see Fig. 5(c) and Fig. 5 (d)].

The finding that the potential exceeds the barrier at
428 V should lead to a total suppression of the ion trans-
mission through the capillaries. In fact, a potential larger
than 428 V cannot be created by 3-keV Ne’* ions so
that the model is not applicable in this case. Rather,
Figs. 5(c) and 5 (d) show a non-zero transmission even
for large charge insertion. There are two reasons for this
observation. First, the present model is performed with a
constant current density of the incident ion beam. How-
ever, the ion beam is expected to have a density distribu-
tion described by a Gaussian function with a finite width.
At the edges of the ion beam the neighbor potential is
reduced so that it may become lower than the potential
barrier. This would lead to a partial transmission of the
ions through the capillary.

lons via 140 nm atq:=0°| '

Maximum Potenital (V)
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FIG. 8: Maximum potential in the middle of the capillary at
5 pm as a function of the inserted charge. Note that Fig. 6 is
used to convert the inserted charge into the charge accumu-
lated in the capillary. The curves labeled a, b, ¢, and d are
obtained with the same capillary densities as in Fig. 7 where
also the horizontal dashed line is explained. The dashed dot-
ted line at 45 V indicates the potential at which the blocking
starts (see text).

Second, as indicated by Eq. (6) in the previous subsec-
tion, the absorbed charge @), should be regarded as an
upper limit for the charge really present within the capil-
laries. This absorbed charge is reduced by the transport
of the charge Q)4 to the capillary exits, where they can
be depleted at the grounded metal layer. In fact, the
electric field directed along the capillary axis, responsi-
ble for the charge transport, can be deduced by differ-
entiating the corresponding curves in Fig. 7. For the
higher densities the longitudinal field exceeds the value

of 0.1 V/nm in the vicinity of the capillary exits. This
number is close to the electrical break-through value for
PET [28]. Hence, for the high capillary densities, the ab-
sorbed charge is transported with a high probability to
the grounded metal layers. The removal of the absorbed
charge becomes relatively large for the highest capillary
density so that it may be understood that the blocking
effect for the density of 6x107cm™2 is not much higher
than that for 3x107 cm™2.

In particular, we note that in Figs. 7 and 8 the results
labeled ¢ and d are upper limits for the potentials. On
the other hand, it is expected that the curves labeled
a and b, corresponding to the lower densities, represent
realistic values. Altogether, the present model shows at
least qualitatively that neighbor effects may be weak for
capillaries of densities smaller than 107 cm~—2. However,
they are important for capillary densities larger than this
critical value.

V. CONCLUSIONS

The transmission of 3-keV Ne”*t ions through PET
capillaries was measured to study blocking effects on the
ion transmission for different capillary densities. The
work was motivated by recent observations that PC cap-
illaries exhibit strong ion blocking effects whereas these
effects where absent for capillaries in PET [34]. Since
the PC samples contained capillaries at a higher density
than for the PET samples, the question arose whether
the differences between PC and PET are produced by
the different material properties or different densities.

The experiments clearly revealed that there is no prin-
ciple difference between the PC and PET materials.
Rather, the ion transmission is strongly influenced by
the capillary density. For the lowest density of 3x10°
cm ™2 the ion transmission was found to be practically
constant in agreement with the previous results obtained
with PET capillaries at the same density [34]. Thus,
these low-density samples show no blocking. Similarly,
the blocking effect is marginal for the PET samples with
a capillary density of 5x10% cm~2.

However, drastic blocking effects on the ion trans-
mission are observed for PET capillaries with densities
higher than 107 cm—2. Hence, the loss of transmission
becomes increasingly important for a mean capillary dis-
tance of 2 um and below (Table I). It appears that block-
ing become significant when the mean distance to adja-
cent capillaries is smaller than the capillary half length.
The significant increase of the ion blocking can qualita-
tively be explained by a self-enhancing process involved
in the ion absorption within the capillary. The blocking
leads to an increased absorption of incident charge in the
capillary interior which, in turn, increases the potential
responsible for the blocking and so on. It should be added
that the absorbed charge is removed by the longitudinal
field determined by the derivative of the potential. When
the potential or field increases, more charges are removed



so that the self-enhancing process is weakened. There-
fore, it may be understood that the blocking effect for
the density of 6x107cm™2 is not much higher than that
for 3x107 cm™2.

In view of the strong losses observed in the ion trans-
mission the question arises why blocking effects in PET
capillaries have not been reported in earlier work. We
found here that the capillary density is an important pa-
rameter, which governs ion blocking. However, it cannot
be excluded that other parameters are important as well.
In particular, we expect that the conductivity of the in-
ner capillary wall plays a certain role. Further work is
needed to inquire about the material properties influenc-
ing the ion transmission at high capillary densities.

Finally, in model calculations it was shown that the ion
blocking may strongly be influenced by capillary neigh-
bors. In accordance with the experimental results it was
shown that for smaller capillary densities the blocking
effects are relatively small. On the other hand, block-
ing effects are found to be significant for higher densi-

ties also in agreement with the experimental results. In
fact, the calculations overestimate the blocking since the
charge transport to capillaries exits was not included in
the model. A more realistic modeling could be performed
by incorporating the neighbor capillaries into simulations
of the ion guiding [25]. In particular, future studies are
needed for tilt angles of a few degrees, which were not
treated in the present work.
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VI. APPENDIX: MODELS FOR DIRECT ION
TRANSMISSION

In this appendix, we perform model calculations to
analyze the direct ion transmission through a capillary,
i.e., for ions that follow straight-line trajectories within
a field-free capillary. As noted the experiments deal with
ion transmission through capillaries with tilt angles of
nearly zero degree. The direct transmission of the ion
beam is strongly affected by any deviation from zero de-
gree. Moreover, even if the tilt angle is exactly equal to
zero, some intensity is absorbed within the capillary due
to the fact that the ion beam slightly diverges. Here,
we provide simple expressions, which allow for evaluat-
ing the ion transmission through a slightly tilted capillary
involving a small beam divergence.

FIG. 9: Schematic drawing for the transmission of a direct
beam through a slightly tilted capillary

As noted before, the fraction of transmitted ions is
given by f; = Ji/Jin, where J;, is the current, which
enters into the capillary entrance and J; is the transmit-
ted current leaving the capillary exit. The capillary has
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a length L and a diameter d as shown in Fig. 9. An
important quantity is the aspect ratio L/d defining the
angle ¢, by tan ¢, = d/L.

First, we consider a beam originating from a small
source area s at a distance [ from the capillary (Fig. 9).
The current ejected from the source into the solid angle
Q is given by Js = j:£2, where j, is the current density
characteristic for the source. The solid angle is obtained
as Q = 0 /I?> where o is the area limiting the beam. The
beam entering into the capillary is limited by the cap-
illary opening o9 = md?/4. The transmitted beam is
determined by the overlap o, of two circles representing
the entrance and exit opening of the capillary seen by an
observer at the source point. The circles are displaced by
the distance y,,, = Ltan (Fig. 9).

Thus, the fraction of ions transmitted through the
tilted capillary is obtained as f, = o./0o9. The over-
lap o, can be determined in closed form [29] yielding an
expression, which depends only on the normalized quan-
tity 0 = ym/d = tanip/tan¢,. For d < L one may set
0 = /¢4, which is referred to as the relative tilt angle.
In Fig. 10(a) the exact results for transmitted ion frac-
tion fy is shown as a function of relative tilt angle o. As
expected, the effective opening is equal to unity for ion
impact along the capillary axis and tends to zero when
the tilt angle approaches the capillary aspect angle (for
0 — 1). It is noted that the transmission drops to 1/2 at
the relative angle of o = 0.4.

As shown previously [29], the exact transmission func-
tion can be approximated by the simple empirical expres-
sion

fo=0-0* (8)

for p <1 and fy = 0 elsewhere, where x = 1.38. In Fig.
10(a) the approximate results from Eq. (8) are shown as
a dashed line. The two curves coincide very well.

Next, we assume that the incident beam is absorbed
within the capillary due to the divergence of the ion
beam. It is characterized by the divergence angle 4
assuming that most of the ions are emitted within + 4.
Here, an untilted capillary is considered, i.e., the capil-
lary axis lies in the center of an extended source area
governed by the beam diameter (~ 1.3 mm). Small frac-
tions of the ion beam are emitted from ring elements with
the area As = 27 rAr where r = [tan) determines the
tilt angle ¢ (Fig. 9). As above, the relative tilt angle
0 &~ P/d, is used. Moreover, we introduce the relative
divergence angle g = tan 4/ tan ¢ ~ Vq/ ¢ .

The fraction f; of ions transmitted by a diverging
beam is obtained by integration over the ring elements
or, equivalently, over p

1
fd:/o fy (0) js(0a, 0) 0do 9)

where [ jsodo = 1. The upper limit of the integration is
unity, since fy(0) = 0 for ¢ > 1 [Eq. (8)]. The transmit-
ted ion fraction f; is evaluated numerically using both
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FIG. 10: Exact and approximate results for the transmitted
ion fraction represented by a solid and dashed line, respec-
tively. In (a) the transmitted ion fraction is given as a func-
tion of the relative tilt angle g and in (b) the transmitted ion
fraction is given as a funcrion of the relative divergence angle
0d.

a Gaussian function and a step function for js with the
full width wy = 214, which yielded similar results. The
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numerical results from the Gaussian function are repre-
sented by the solid line in Fig. 10(b) plotted as a function
of the relative divergence angle gg.

The numerical results can be approximated by the ex-
pression

(10)

1=

fd:%(lfgd)XnL
for gg <1 and fq =1/(403) elsewhere. Again, y = 1.38.
The results from Eq. (10) are given as a dashed line
in Fig. 10(b). The agreement between the original and
approximate expressions is very good.

As an example, for the present capillary experiments
g = £0.25° and ¢, = arctan(0.014) = 0.8° so that g4 =
0.31. For this case Eq. (10) yields a transmission of fg =
0.7 corresponding to 30% of ions absorbed within the
capillary. This number is in accordance with the result
of a previous simulation [29]. We recall that this value
for f; was used to normalize the fractions presented in
Fig. 5.

To combine the ion transmission by the non-zero tilt
and divergence angle we set

fe = fy fa (11)

which is a reasonable approximation for f; < 1.





