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Scaling laws for projectile energies up to 50 keV
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The guiding of multiply charged Ne’* ions through nanocapillaries in highly insulating polymers was
investigated. Highly parallel capillaries with a density of =107 cm™ and diameters of =100 nm were uti-
lized. The widths of the angular profiles were measured for Ne’* ions transmitted through the capillaries.
Moreover, the fractions of transmitted ions were measured as a function of the capillary tilt angle. The results
were used to evaluate the characteristic guiding angle, which is a measure of the guiding power specitying the
ability of a material to guide ions. Results for the polyethylene terephthalate (PET) and polycarbonate (PC)
samples were compared to verify the role of the material of the capillary wall. Relatively high projectile
energies of up to 50 keV were used to extend the validity of previous scaling laws based on the projectile
charge-to-energy ratio. The profile widths and the guiding angles for both polymers are found to compare well

with the scaling laws showing that PET and PC have nearly equal guiding properties.
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I. INTRODUCTION

In past few years, the guiding of highly charged ions
through capillaries of mesoscopic dimensions has received a
great deal of attention. Pioneering results for ion transmis-
sion through capillaries have been achieved with conducting
materials [1-3]. First studies of the guiding phenomena have
been performed with capillaries in highly insulating polyeth-
ylene terephthalate (PET) polymers [4-9]. For capillaries
tilted with respect to the incident-beam direction, the ion
guiding involves the deposition of positive charges at the
inner wall of the capillaries in a self-organizing process [4].
The charge deposition in the entrance region continues until
the electric field becomes sufficiently large to deflect the ions
in the directions of the capillary exit. For the subsequent ions
the charge deposition is reduced to an amount just necessary
to maintain the ion guiding.

Since the ions are deflected at relatively large distances
from the capillary wall, the transmission of highly charged
ions occurs with negligible charge exchange. Thus, the major
fraction of ions are guided through the capillary in its inci-
dent charge state. Due to the increasing interest in this sub-
ject, several laboratories started investigations of capillary
guiding using PET [10-12], polycarbonate (PC) [13], SiO,
[14], and Al,O5 [15-19]. Moreover, electrons were used as
projectiles guided through capillaries in Al,O; [20] and PET
[21]. Also, single-glass capillaries [22-24] have been applied
with the intention to produce submicrometer-sized beams
that can be used for surface modification or to selectively
damage the different constituents of biological cells.
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Monte Carlo simulations [25,26] have explicitly shown
that most of the deposited charge is located near the entrance
region. Evidence has been provided that the discharge of the
entrance patch is governed by a strongly nonlinear law
[27,28]. In recent studies [29-31] particular attention has
been devoted to dynamic properties of the capillary guiding
involving additional weaker patches temporarily produced
behind the entrance patch (Fig. 1). However, at equilibrium,
the electric field within the inner part of the capillary plays a
minor role, since an infinite homogeneously charged tube is
field free (similarly as in a Faraday cage). Nevertheless, due
to the loss of symmetry at the end of the capillary an electric
field is produced by the charges deposited within the capil-

Guiding Region

Scattering Region Aa

FIG. 1. Capillary guiding of ions in an insulating capillary. In
the entrance region the main charge patch is created that deflects the
ions to the capillary exit. The quantity U is a characteristic potential
across the capillary diameter and # is the tilt angle. The exit region
is affected by a symmetric potential of depth U, in which the ions
can gain perpendicular velocity v . More information is given in
Ref. [28].
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lary. Thus, in the exit region, the ions are defocused, leading
to a widening of the transmission profile.

The capability of insulating capillaries to guide ions is
referred to as the guiding power [32,33]. The fraction f(i)) of
transmitted ions at equilibrium generally decreases with tilt
angle . The guiding power can be quantized by the guiding
angle i, for which the normalized transmission fraction
drops as f(i,.)/f(0)=1/e. This definition of the guiding angle
has been motivated by the observation that the tilt-angle de-
pendence of the transmitted fraction can well be described by
a Gaussian function [6,8]. The guiding angle and the angle
due to the width of the transmission profile (also referred to
as characteristic angles) may be governed by the dominant
charge patch in the entrance region. Thus, a linear relation-
ship between the characteristic angles is expected.

Systematic studies of the capillary guiding in PET have
been performed with a variety of highly charged ions to de-
termine the profile width and guiding angle. Both character-
istic angles were found to follow a unique scaling law when
plotted as a function of the projectile charge-to-energy ratio
[28,34]. In particular, a linear relationship was found be-
tween the characteristic angles suggesting that they are pro-
duced by the same charge patch in the entrance region.

The guiding angle is primarily governed by the ability of
the material to store charges in the entrance patch, whereas
the width of the transmission profile depends on further cap-
illary parameters. Recently, it has been shown [34] that the
width of the transmission profile depends on the capillary
density, since it may be enhanced by the charges in neigh-
boring capillaries [26]. Also, it is expected that the capillary
material has a decisive influence on the ability to store
charge in the entrance region. Indeed, varying results for the
guiding angle and profile width were reported by different
laboratories [10,12-15,17,19].

In the present work, we study the polymers PET and PC
to verify the influence of the capillary material on the capil-
lary guiding. The guiding angle and profile width of the
transmitted ions were measured as a function of the tilt
angle. The primary goal was the verification of the scaling
laws for higher Ne’* energies of up to 50 keV, corresponding
to the projectile charge—to—energy ratio down to 0.14 kV~'.
The characteristic angles of both polymers PET and PC were
found to agree with the previous scaling law, establishing its
validity for a larger energy range.

II. BASIC FORMALISM

Figure 1 shows schematics of the capillary guiding in
conjunction with the parameters used in the present analysis.
We consider the doubly differential ion yield dY (6, ¢)/d(},
where 0 and ¢ are angles defined relative to the incident
beam as angular deviations in the horizontal and vertical
directions, respectively. Previous model calculations [6,8]
have shown that the angular distribution of the transmitted
ions at ¢=0 may be described by a Gaussian-type function

dY(0)  dY ( sin? a)

aQ - a0 sin” @,

(1)

where dY,,,./d(Q is the maximum yield for @=0. The angle
a, represents the width of the emission profile. The ion emis-
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sion angle a=— 0 is measured relative to the capillary axis.
As the observation angle 6, the tilt angle  is defined relative
to the beam direction (Fig. 1).

Next, we consider the total yield Y () of the transmitted
ions obtained by integration over the angles 6 and ¢. The
total yield Y(i) can be converted to the fraction f(¢) of
transmitted ions, which is defined as the ratio of transmitted
to incident ions. Similarly as the transmission profile, the
fraction of transmitted ions can be expressed by a Gaussian-
type function [5,6]:

) =——=fyex (2)

Y() (
Yin p

sin’ ¢>
sin? ,)°

where fy=1 is the transmitted fraction at ¢=0. The quantity
i, can be identified as the guiding angle, which is a measure
of the guiding power of the capillary. It is obtained from the
drop of the transmitted ion fraction to the 1/e value, as men-
tioned before.

It has recently been shown [28,34] that the profile width
angle «, and the guiding angle . can be obtained from the
simple expressions

. [ 4 . [, 4
.= sin . = UET and @, =~ sin a,= UIE_, (3)

P p

where g and E, are projectile charge and energy, respec-
tively. Note that the relevant angles are sufficiently small so
that one may set sin .=~ ¢, and sin «,=~ «,. The free-model
parameter U is an effective potential difference across the
capillary diameter produced by the charge deposited in the
entrance region. Similarly, the free-model potential U, is re-
sponsible for the ion defocusing in the exit region of the
capillary (Fig. 1). If U, is produced by charges deposited in
the entrance region, the exit potential is expected to be sym-
metric [26]. On the other hand, if it is produced by charges
transported to the exit region, it may have a shape similar to
that of the entrance potential [31]. In the latter case, however,
Eq. (3) remains valid.

The first expression in Eq. (3) implies that for =1, the
perpendicular energy E, =E, sin ¢ of the incident ion is
equal to the potential energy qU. For /> . the quantity E |
is larger than gU and the incident ion is lost by deposition
onto the capillary wall. For ¢/<<, the ions are deflected and
can be transmitted through the capillary. Similar conditions
are valid for the second part in Eq. (3).

From the expressions in Eq. (3) we keep in mind that the
profile width and the fraction of transmitted ions are gov-
erned by expressions which differ only by the potentials U
and U,. Hence, the results for the profile width and the guid-
ing angle are expected to follow the same scaling law. We
shall come back to this point in the section devoted to the
analysis of the experimental results (Sec. IV).

III. 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
the KVI Groningen (Netherlands) [31,35]. For the present
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FIG. 2. Scanning electron microscopy images showing openings
of capillaries. Note the scale of 1 wum on the right-hand bottom.
The sample in (a) prepared with PET at HMI contains capillaries
with a diameter of ~100 nm and a density of 4 X 10° cm™2. The
sample in (b) prepared at GSI with PC contains capillaries with a
diameter of ~60 nm and a density of 10’ cm™2. In (a) and (b) the
foil surface is covered with a gold layer of 30 and 10 nm thick-
nesses produced by an evaporation and a sputtering technique,
respectively.

capillary experiments we could not bake the chamber so that
the base pressure in the chamber was a few 10 mbar. The
chamber was operated on high voltage to allow for the de-
celeration of the incident Ne’* ions from ~50 keV to an
energy as low as 3 keV along a set of lenses. The current was
as high as a few nA. The beam was collimated to a diameter
of 1 mm with a divergence better than 0.2° full width at half
maximum (FWHM).

For the experiments, cylindrical capillaries in insulating
polymers were prepared in the Tonenstrahllabor (ISL) at the
former Hahn-Meitner-Institut (HMI) (now Helmholtz-
Zentrum Berlin) and the Department of Materialforschung of
the Helmholtz-Zentrum fiir Schwerionenforschung (GSI). At
HMI the capillaries were produced in PET by etching tracks
of 250 MeV krypton ions [32]. The PET foil of 12 um
thickness contains capillaries with a density of 4
X 10% cm™ and a diameter of 100+ 10 nm. A scanning
electron microscopy image of the PET surface is given in
Fig. 2(a). At GSI capillaries were produced in PC samples by
etching the tracks of 2 GeV gold ions [36]. The PC foil of
10 pum thickness contains capillaries with a density of
107 cm™ and a diameter of 60+ 6 nm as shown in Fig.
2(b).

The density of the capillaries in both polymers implies a
geometric opening of ~0.03%. The mean distance was about
3 um between neighboring capillaries so that an overlap of
adjacent capillaries is unlikely to happen. (Note that for the
images in Fig. 2 we selected sample pieces which exhibit a
relatively large number of capillaries.) To avoid the macro-
scopic chargeup of the sample surfaces, gold was deposited
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on their front and the back sides, forming films of 10 and 30
nm thicknesses on PC and PET, respectively.

With the conducting surfaces it was possible to verify the
insulator properties of the capillaries by applying a high volt-
age between the front and back sides of a PET foil. A voltage
break through was found to start at about 1.1 kV. Since, the
PET foil has a thickness of 12 um, the breakthrough sets in
at the electric field of ~0.1 V/nm. Thus, for a capillary of
100 nm diameter, the maximum voltage across the inner
opening of the capillary is ~10 V. Note that this value does
not apply for the bulk of the PET sample, but for the inner
surface of the capillaries. Hence, 10 V is an upper limit for
the potentials created in the entrance and exit regions of the
capillaries.

Care was taken to minimize the nonparallelism of the cap-
illaries. For the production of the ion tracks, well-collimated
ion beams of low divergence were used. The high energy of
the ions ensured that the angular spread due to Rutherford
scattering in the polymer is negligible. Within the following
experiments the angular spread of the capillary inclination
was estimated to be =0.2° FWHM, which was smaller than
the aspect angles of ~0.45°. This small FWHM is a decisive
condition for the present experiments where relatively high
projectile energies were used. With the PET capillaries ex-
periments were performed using Ne’* ions of 3 keV, whereas
with the PC capillaries higher energies of 10, 20, and 50 keV
were applied. For 50 keV Ne’* the characteristic guiding
angle is of the same order of magnitude as the aspect angle
and the capillary inclination. It is evident that such a small
guiding angle can only be measured adequately with highly
parallel capillaries.

The PET target foils were mounted on circular frames
with an inner diameter of 7 mm which, in turn, were
mounted on a target ladder. It can hold four samples, from
which two were used in the experiment. The target ladder
was fixed at a goniometer, which allowed for tilting the cap-
illaries relative to the incident beam in two directions speci-
fied by the angles ¢ and ¢. 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 target could be moved by the
goniometer in two dimensions with respect to the incident
ion beam. Thus, within the target area the ion beam could be
positioned to spots not used before in the experiments.

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
entrance diaphragm of the analyzer has an opening of 0.4
mm and was located 75 mm away from the target position.
Hence, the angular resolution of the analyzer is obtained as
0.2° FWHM. With the analyzer a Gaussian-type angular pro-
file with a FWHM of 0.4° was measured for the direct inci-
dent beam (without the capillary target). This width is a com-
position of the beam width, its divergence, and the angular
resolution of the analyzer. The energy resolution of the ana-
lyzer was 0.5%, which was high enough to separate the
charge states of the transmitted ions. In the following we
study exclusively Ne’* ions transmitted through the capillary
in their incident charge state.
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IV. EXPERIMENTAL RESULTS

In this section, we discuss transmission profiles which
represent the transmitted ion intensity as a function of the
observation angle 6 (defined relative to the incident-beam
direction). First, we present profiles for 3 keV Ne’* ions,
which have frequently been used in previous studies
[4-6,27,34]. During the experiment an important parameter
was the charge O, deposited at the front surface of the cap-
illary sample (covered with Au). This charge is simply ob-
tained by time integration of the incident ion current. In this
work, all results were achieved under equilibrium conditions,
i.e., for sufficient charge accumulation at which the transmit-
ted ion intensity does not change any more. The dynamic
properties of the ion guiding in the pre-equilibrium stage are
described elsewhere [31].

Figure 3 depicts transmission profiles which were normal-
ized to the deposited charge of Q,=1 nC. Data were ob-
tained for an untilted foil with =0° and for a tilt angle of
y=5°. We note that the intensity of the transmission profiles
decreases with increasing tilt angle. This decrease is gov-
erned by the guiding angle i, at which the intensity of the
transmission profile drops to the value of 1/e. For Fig. 3 the
guiding angle is determined to be 5.2°. In Fig. 4 transmission
profiles obtained with the PC sample are presented. The data
are taken for Ne’* with relatively high impact energies of 10,
20, and 50 keV. The data were measured within the tilt-angle
range of 0°—2.5°. The resulting guiding angles will be dis-
cussed further below.

To analyze the experimental results we make use of Eq.
(1) in accordance with previous observations [4—7] showing
that a transmission profile can well be fitted by the Gaussian-
type function. When fitting the experimental data the width
«a, of the Gaussian function is treated as an adjustable param-
eter. As seen from Figs. 3 and 4 the measured transmission
profiles agree well with the Gaussian fit function given by
Eq. (1).

At this point we introduce a change in the definition of the
profile width. In the literature it is common practice to use
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FIG. 3. Transmission profiles of Ne’* ions through capillaries
with a diameter of 100 nm in PET measured for tilt angles ¢=0°
and 5°. The incident energy was 3 keV. The experimental data were
fitted by Gaussian functions given as solid lines.
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FIG. 4. Transmission profiles of Ne’* ions plotted as functions
of the observation angle 6. The ions were transmitted through cap-
illaries with a diameter of 60 nm in a PC sample. The tilt angle ¢
was varied in the range of 0°—2.5°. The incident energies were 10,
20, and 50 keV. The experimental data are fitted by Gaussian func-
tions given as solid lines. Note that some peaks are enhanced by the
factors indicated at the graphs.

the FWHM o, which is obtained by sin U,:Z\fm sin «,. In
Figs. 3 and 4 the fit results of the FWHM o, are given at the
transmission profiles. The width is seen to increase with the
tilt angle . Also, Fig. 4 indicates that the profile width for
nonzero tilt angles decreases with increasing projectile en-
ergy; e.g., for 10 keV the width amounts to o,~ 1.13°, which
drops to 0.61° at 50 keV. The energy dependence of the
profile width can be reproduced by model calculations as
will be shown in the section devoted to the scaling laws (Sec.
V).

Next, we determine the fraction of transmitted ions by
integration of the transmission profiles. In the present experi-
ments using an electrostatic spectrometer, the transmission
profiles were measured for ¢»=0 as a function of the obser-
vation angle 6. Since only the single ¢=0 angle was mea-
sured, an extrapolation in the unobserved ¢ region was re-
quired. This was done assuming that the profile in ¢
direction can be fitted by a Gaussian function as well as for
the 6 direction (Figs. 3 and 4). Hence, the integration can be
performed analytically:

T dY
42 do 7%

Y(y) = (4)

where oy and o, are the FWHMs in 6 and ¢ directions,
respectively. Since in the experiments no information was
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FIG. 5. Fraction f(¢) of transmitted Ne’* ions derived from the
transmission profiles given in Fig. 4, where  is the tilt angle. The
data given for the projectile energies of 10, 20, and 50 keV were
normalized to unity for /=0. The solid lines represent Gaussian fit
functions. The guiding angle ., given at each graph, characterizes
the 1/e drop in the corresponding Gaussian function.

available about o, we have set oy=0y=0, for simplicity.
More details about the integration procedure are given in
Ref. [28].

The total yield Y (i) was converted to the fraction f() of
transmitted ions by means of Eq. (2). In Fig. 5 the transmit-
ted fractions of Ne’* ions are plotted as a function of the tilt
angle ¢, which shows that this fraction decreases with the tilt
angle. For the further analysis, we make use of Eq. (2) pre-
dicting that the experimental fraction of transmitted ions can
be fitted by the Gaussian-type function [6,8,20]. The fit pro-
cedure determines the characteristic tilt angle ¢, referred to
as guiding angle.

Figure 5 indicates that the Gaussian fits compare well
with the experimental data of the transmitted ion fractions.
The guiding angles obtained from the fits are given at the
corresponding curves. In Sec. V, the guiding angles will be
analyzed.

V. SCALING LAWS

In this section, we compare all data achieved for the guid-
ing angle ¢, and the profile width o, with the results of
scaling laws found previously. Following the prediction of
Eq. (3), the characteristic angles are plotted as a function of
(q/E,)'"?, where g/E, is the charge-to-energy ratio of the
projectile. In Fig. 6 the results are presented showing that the
data sets follow universal curves. It should be pointed out
that the presentation of the previous data sets is limited to the
projectiles Ne’* and Ne’*. As explicitly shown before
[28,34], the characteristic angles for quite different projec-
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tiles, such as Xe?>* and Ar'**, follow the same scaling law as
depicted in Fig. 6. This indicates that the (q/E,)"? is an
appropriate scaling parameter for the characteristic angles.

However, only one previous data point existed at the
higher limit of the (¢/E,)"* range of 0.37-8.4 kV~"2, in
which the present results with the PC capillaries were ac-
quired. This range corresponds to the high energies of 10, 20,
and 50 keV for Ne’* (Fig. 4). Moreover, the data point at
1.53 kV~"2 corresponds to the measurement with the PET
capillaries using 3 keV Ne’* ions (Fig. 3). The present results
are in excellent agreement with the previous data point. The
PC results for (g/E,)"?=0.84 kV~"? (10 keV Ne'*) com-
pare well with the corresponding value obtained previously
with PET. This shows that the guiding properties of PC and
PET are practically the same.

We should mention that the previous data [28] (and the
scaling rules) have been obtained with a capillary diameter
of 200 nm, whereas the present results were measured with
diameters of 60 and 100 nm. We also performed measure-
ments with larger capillary diameter (in PET) partially given
in Ref. [31]. Our experiments suggest that at least the guid-
ing power was greatly independent of the capillary diameter.
However, the profile width may depend on specific param-
eters such as the capillary diameter and density [34]. We
shall postpone these open questions to a future study.

With constant potentials U and U,, the expressions in Eq.
(3) predict a linear relation between the characteristic angles
and (¢/E,)". Indeed, in Fig. 6 the experimental data exhibit
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FIG. 6. Scaling laws for the guiding angle ¢, and the width o,
(FWHM) of the transmission profile, shown in (a) and (b), respec-
tively. The angles are plotted as a function of the square root of the
charge-to-energy ratio q/E,. The present results are given as solid
circles. The previous data, shown as open circles and squares, are
taken from Ref. [28]. The solid lines represent fit functions dis-
cussed in the text.
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a nearly linear increase with the scaling parameter. However,
there are deviations from the linear dependence, in particular,
in the small (g/ Ep)” 2 range, in which the present data were
taken. Improved agreement between the experimental data
and universal curves is achieved with

0.7 0.7
¢C=u<i> and 0',=u,<i) ) (5)
E, E,

where u and u, are treated as adjustable parameters. In Fig. 6
the fit results are shown as solid lines deduced with the val-
ues u=2.9 deg kV®7 and u,=1.65 deg kV°7. From Eq. (5) it
follows that the ratio of the characteristic angle is constant,
ie., ./0,=1.75. We note that the exponent in Eq. (5) is
adjustable, but with a rather narrow variance. In the previous
study of the scaling laws [28,34] the exponents in Eq. (5)
were slightly different, i.e., 0.65 instead of 0.7. We are con-
vinced that the present exponent of 0.7 is more adequate, as
an extended range of (¢/E,)"? values was used for the fit
procedure.

Figure 6(a) shows that the universal curve reproduces all
experimental results for the guiding angle within the experi-
mental uncertainties. In fact, the guiding angle is determined
with high accuracy, since the transmitted ion fraction is gov-
erned by an exponential function depending on the square of
the guiding angle; see Eq. (2). A small variation in the guid-
ing angle strongly affects the transmitted intensity. Hence,
the uncertainties in ¢, are estimated to be less than 10%.

Similarly, the transmission profile depends exponentially
on the square of the width o,. The uncertainties of o, are
about 15%. We note that the profile widths, presented in Fig.
6, are obtained with a nonzero tilt angle. Also, it should be
realized that the observed width o, for the high projectile
energies (Fig. 4) are comparable with the width of 0.4° mea-
sured for the incident beam (see Sec. III). Thus, the mea-
sured profile width was subtracted in quadrature by the beam
width. This procedure affected primarily the profile width for
the highest energy of 50 keV. After this reduction we ob-
tained a profile width, which is in good agreement with the
universal curve.

Scaling formula (5) can be deduced from Eq. (3) with the
assumption of a (q/Ep)O'4 dependence of the potentials U and
U, The equal g/E, dependencies imply a constant ratio
U,/U=0.12 of the effective potentials in the capillaries.
Hence, the potential U, in the exit region is nearly an order of
magnitude smaller than the potential U in the entrance re-
gion. For instance, at (¢/E,)"?=1 kV~''? the potentials were
determined to be U=2.3 V and U,=0.29 V. This difference
in the potentials is plausible, since the main charge patch is
deposited in the entrance region of the capillaries. The
charge transported further inside the capillary is expected to
be smaller [34].

Finally, we compare the predictions of the scaling laws
with results from other laboratories. The early measurements
using PET [4] yielded a relatively large guiding angle and
profile width, exceeding the present scaling law by nearly a
factor of 2. The guiding angles obtained by Vikor ef al. [10]
with PET and Juhdsz et al. [19] with Al,O5 are consistent
with the scaling law. The guiding angles measured with SiO,
by Sahana er al. [14] and with Al,O5 by Skog et al. [17] are
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significantly smaller (by about a factor of 2.5) than those
predicted here. We recall that small changes of the guiding
angle strongly affect the transmitted ion fraction.

Recently, Li ef al. [13] using a PC polymer measured a
guiding angle of 12.6° for 40 keV Xe’* ions. This value is
unexpected, since it is more than an order of magnitude
higher than the results of the scaling law and the present
experiment. Recall that with PC capillaries the guiding angle
of 0.78° was obtained here for 50 keV Ne’*, which has
nearly the same properties as 40 keV Xe’*. (Note that the
scaling law is independent of the projectile mass).

For 150 nm capillaries, used in the previous experiments
[13], we would expect a voltage breakthrough limit of
~15 V (see Sec. III). With 40 keV Xe’* ions the perpen-
dicular energy for the incident angle of 12.6° is equal to
E =109 keV. To deflect these ions with the charge state of
7, the potential of 272 V would be needed in the entrance
region. This potential appears unrealistic, as it is a factor of
~20 higher than the estimated value for the voltage break-
through.

VI. DISCUSSION AND CONCLUSION

In this work we study capillary guiding of multiply
charged ions, which has received a remarkable attention in
the past few years. The present work is devoted to two major
goals. First, the scaling laws for the characteristic angles i,
and o, are extended for relatively high projectile energies, for
which no previous data have been available. Second, the
characteristic angles were determined for capillaries in the
different polymers to study the effect of the capillary mate-
rial. The present work provides clear conclusions: (i) the
high-energy data follow the same scaling laws as established
previously and (ii) the results for the polymers PET and PC
are the same within the experimental uncertainties.

Particularly, in accordance with previous studies [28,34],
it was shown that the characteristic angles can be scaled by
the charge-to-energy ratio of the projectile. This is plausible
since g/E, is a well-known scaling parameter for ion trajec-
tories in an electrostatic field. We deduced the explicit
(q/E,)*7 dependence for the angles o, and ¢, which is
likely be created by a (weak) (q/E,)** dependence of the
potentials U, and U. This finding may be explained by
screening effects. Ions incident at higher energies penetrate
more deeply the surface, resulting in a reduction in the
charge available for the creation of the deflection fields U
and U, [28].

The observation of the constant ratio of the potentials U
and U, suggests that both potentials are affected by the same
screening effect. This provides evidence that the potentials in
the entrance and exit regions are produced by essentially the
same charge near the entrance patch. Indeed, this conclusion
is relevant for capillaries of higher densities =10% cm™
[28]. For such densities the cumulated effect of the charges
in adjacent capillaries is expected to play a role [26]. The
charge patches in neighboring capillaries increase the field in
the exit region, while they barely affect the field in the cor-
responding entrance region.

However, the field increase by adjacent charge patches is
not likely for capillaries of low density. The present experi-
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ments were performed using relatively low capillary densi-
ties of =107 cm™ so that the entrance patches of neighbor-
ing capillaries are expected to play a minor role. In this case,
the charges transported in the direction of the exit region
govern the exit potential. Thus, as shown recently [34], for
low capillary densities the width of the transmission profiles
may not be proportional to the corresponding guiding angle.
Nevertheless, it appears that for decreasing profile width the
guiding angle decreases, too.

Also, the guiding angle for materials other than PET and
PC may deviate from the present results. Indeed, some of the
characteristic angles reported in the literature exhibit signifi-
cant discrepancies. The guiding angle for a given g/E), ratio
is governed by the ability of the material to store charges in
the entrance region, which, in turn, is affected by the con-
ductivity of the material. For instance, the same PET samples
used at different laboratories yielded significantly different
guiding angles due to differences in the surface treatments
[32]. Also, as noted in Ref. [14], SiO, has a somewhat larger

PHYSICAL REVIEW A 79, 042902 (2009)

electrical conductivity, which may limit the charge collection
in the entrance patch and, hence, may be responsible for the
small guiding power and exit width observed. We suggest
further work to investigate the influence of the material and
its surface treatment on the guiding properties. In particular,
it would be favorable to find materials which meet the need
for an enhanced guiding power and sharpness of the trans-
mission profile.
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