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INTERACTION OF FAST HIGHLY CHARGED IONS WITH INSULATING
STRAIGHT AND TAPERED GLASS CAPILLARY SURFACES

Asmaa Mohammed Ayyad, Ph.D.

Western Michigan University, 2013

Transmission of fast highly charged ions through insulating single straight
cylindrically-shaped and tapered funnel-shaped glass capillaries of microscopic
dimensions has been studied using MeV/u proton and oxygen beams. The beams,
obtained from the WMU tandem Van de Graaff accelerator, were transmitted through the
capillaries and then counted with a silicon surface barrier detector.

The interaction between 1 and 3 MeV protons and 12, 16 and 24 MeV O°" ions
and the inner walls of the straight and tapered glass capillaries was investigated by
measuring the transmission energy dependence. The straight capillaries had diameters of
0.18 and 0.14 mm and lengths of 14.4 and 11.2 mm, respectively, for an aspect ratio of
80 for both samples. The tapered capillary had an inlet diameter of 0.71 mm, an outlet
diameter of 0.1 mm and a length of 28 mm for an outlet to inlet area ratio of 20x10°.
The obtained data were reproducible for the energies used and the results indicate that the
incident ions traverse the capillaries without significant energy loss. The transmission
dependence on the incident charge state was examined using 16 MeV O°* to 0" ions on

the tapered capillary. The results obtained show that the incident charge state has the



maximum transmission through both capillaries with the existence of small fractions of

ions (< 1%) that capture an electron or lose one, two or three electrons.
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CHAPTER I

INTRODUCTION

The interaction of highly charged ions (HCIs) with conducting (1,2) and
insulating (3,4) surfaces took considerable attention in the last two decades to understand
the transmission mechanisms as well as the uses in potential technological applications.
The rapid growth of nanotechnology makes it possible to manufacture nano-sized
capillaries as well as the micro-sized capillaries which are used in experiments in order to
understand the HCI interactions with the inner wall of the capillaries that enable the
production of micro- and nano-sized HCI beams that have a wide range of valuable
applications (5, 6).

Since then several studies have been performed on metallic micro-capillary foils
using slow HCls. It was found that a large number of electrons are transferred from the
target valance band into the excited outer most shells of the ion producing a stabilized
hollow atom or hollow ion (7) that can pass through the capillary without suffering from
close collisions with the capillary inner wall. The hollow atoms can be extracted in
vacuum for relatively long lifetimes on the order of nanoseconds (8). These results have
applications in beam capillary spectroscopy (9).

Slow HCIs were also used with insulating capillaries and the results showed
guiding (3), i.e., first the ions hit the inner wall of the capillary and charged it positively,

and then the following ions are deflected towards the capillary exit by the positive charge



build up on the inner surface. Most of the incident ions transmit through the capillary
without any close collision with the inner surface (10). Moreover, the insulating
capillaries were used to study the transmission of fast HCIs (11) and the obtained results
showed that the transmitted beam density was higher compared to the incident beam
density (the transmitted beam was enhanced) and no energy loss was found.

In this work the interaction of fast protons and oxygen ions through insulating
microscopic dimension straight glass capillaries with diameters of 0.18 and 0.14 mm and
lengths of 14.4 and 11.2 mm, respectively, with an aspect ratio of 80 was investigated.
Also a tapered glass capillary with an inlet diameter of 0.71 mm, an outlet diameter of 0.1
mm and a length of 28 mm for an aspect ratio of ~70 and outlet to inlet area ratio of
20x10° was investigated using variable incident energies for protons and oxygen ions
and variable incident charge states for the oxygen ions. The experimental work was

performed at the Western Michigan University Van de Graaff accelerator laboratory.

In chapter Il background studies including the interaction of HCI with insulating
capillaries are summarized. Chapter Il shows the experimental apparatus and the
experimental techniques and chapter IV shows the results for the straight and tapered

glass capillaries in detail.



CHAPTER II

INTERACTION OF HIGHLY CHARGED IONS WITH INSULATING CAPILLARIES

Any interaction between charged atoms and surfaces depends on the atom (ion)
kinetic and potential energy since energy transfer to the electronic system in the target
causes atomic ionization or electronic excitation (12). In the case of slow ions (total
kinetic energies ~ keV) the interaction is limited to the few layers close to the surface
(13) whereas in case of fast ions (total kinetic energies ~ MeV) the ions can penetrate
deeper in the target causing energy loss (14) by the ions and extend the region of

reaction.

Guiding Phenomenon

Interaction of slow highly charged ions (HCIs) of 3 keV Ne’* ions with ~100 nm
diameter capillaries etched in insulating polyethylene terephthalate (PET) was studied in
2002 by Stolterfoht and his group (3). The obtained results show that the transmitted ions
traveled through the capillary without touching the inner surface even though the
capillary was tilted by up to 20° with respect to the incoming ion beam direction (3,15).
Since then this result is known as the guiding effect, where initially part of the incident
ions interact with the capillary inner wall creating charge patches and these patches
produce an electric field that is strong enough to deflect the following ions toward the
capillary exit (16,17,18,19). The created patches are stationary after equilibrium is

reached as long as the HCI beam is bombarding the capillary, and also the last charge
3



patch is extended around the capillary circumference (20). The guided ions maintain their
initial energy and charge state (3,21,22) as described in the following schematic diagram.

When the incident HCI beam enters the capillary the incident ions impact the
surface and leave their charge at the inner wall. Then by tilting the capillary axis with
respect to the incident beam charge patches are produced downstream of the entrance
patch farther inside the capillary creating a repulsive electric field through the capillary
including the exit region. Hence the following ions are guided and centered around the
capillary axis towards the exit. In this case the guided transmitted ions keep their energy

and incident charge state.

Figure 1. Slow HCI guiding scenario through an insulating capillary with colored solid
lines representing the guided ions path, and small dark orange rectangles
representing the charge patches (after Ref. 23) .

In order to understand the guiding mechanisms further different slow ion beams

were used with different samples as shown in the following section.



Slow lon Transmission

Slow ions having energies in the range of a keV were applied to study the guiding
effect experimentally in nano- and micro-scale capillaries composed of different
materials. The main key in ion guiding is the self-organizing process (24,10) where the
incident ions create a charge patch (16,18) at the capillary entrance region by depositing
their charge on the surface resulting in an electrostatic field. Building up of the charge
patch is continued until it is sufficiently large to deflect the ions towards the capillary exit
(25) after which the charge buildup at the entrance decreases to a rate just to keep the
field. Later, while the ions traverse the capillary, temporary weaker charge patches are
created inside that eliminate collisions with the inner wall, so the ions do not re-scatter

from the capillary wall but are deflected and directed towards the exit (16,26) .

The exact number of charge patches depends on the material properties, the
charge and the energy of the incident beam (16). Increasing the incident current (10) or
the capillary density (27) does not change the charge patch at the entrance region.
Increasing the incident energy of the ions reduces the width of the transmitted guided
beam (21,28). On the other hand the guided beam keeps its initial charge state while
guided through the capillary (29,30).

In subsequent experiments capillaries other than PET were used, i.e., highly
ordered parallel SiO, nanocapillaries (20,31), polycarbonate nanocapillaries PC

(32,33,34), and slow positive ions (35) through Al,O3 nanocapillary foils with the results



also proving the existence of the guiding effect. Negative ions with Al,O3 nanocapillary
foils (36) were also investigated and the results show that the transmitted ions were
neutralized or ionized into positive ions. Moreover, a single cylindrically-shaped glass of
macro-sized capillary was used with slow ions and the results showed the guiding effect
with the sample tilted up to 5° with respect to the incident beam direction (37). Also, a
dielectric (quartz) tube (38) and single tapered-shaped glass capillaries were used (39,40)
showing that a slow ion beam can be guided by charge patches and the resulting electric

field (41) and also the guided beam was focused due to the taper angle (42).

Electron Transmission

Transmission of electrons through nano- and-macro sized capillaries was
investigated to compare the results with the slow ions for further understanding of
interactions with insulating surfaces. Transmission of electron beams with incident
energies between 200 and 350 eV through alumina nanocapillaries provided the first
evidence of electron guiding through nanocapillaries (43).

Faster electron beams with incident energies of 500 and 1000 eV were used with
polyethylene terephthalate nanocapillaries (PET), with the results also showing guiding
but with significant energy loss (44) due to collisions with the inner walls of the
capillaries pointing to inelastic scattering. Moreover, single straight glass macroscopic-
sized capillaries, with electron energies between 1100 to 1500 eV (45) and 300 to 1000

eV (46) and a tapered glass capillary with energies 500 and 1000 eV (47) were used to



investigate the transmission and compare it with nano- and-micrometer sized foils. The
results showed that the transmitted electrons suffer a significant energy loss (46) like the
PET foils (44), and the tapered capillary showed guiding for the high energies and less
transmission for lower energies (47).

The main reason behind the energy loss is the interaction with the capillary inner
wall. Figure 2 explains the electron interactions with the capillary wall, where incident
electrons are repelled by the Coulomb forces from existing charge patches as for slow
ions (18) and transmitted through the capillary towards the exit. Higher energy electrons
might interact with the capillary inner wall then be scattered from atoms near the surface
and then transmitted through with energy loss or penetrate deeper into the bulk material
and then be either transmitted through the capillary with a larger energy loss or be lost

into the bulk of the capillary (48).



Figure 2. Electron transmission scenarios through a straight capillary. The dashed lines
represent the path of Coulomb scattered electrons from surface charge build
up, the dotted line represents the path of scattered electrons from atoms close
to the capillary surface, and the solid lines represent the paths of electrons
penetrating deeper into the bulk of the capillary and losing energy followed
by either transmission (green line) or loss (brown line) into the bulk (after
Ref. 48)

Transmission Factor

Fast lons

Experimental studies including the interaction of fast HCIs with insulating
surfaces were conducted in parallel with studies for slow HCIs. In 2003 Nebiki and his
group injected 2 MeV He" ions into a single tapered glass capillary with an inlet diameter
of 0.8 mm, outlet diameter of 0.3 um and a length of 50 mm (11). The idea behind using
the tapered capillary with fast ions followed that of a glass polycapillary bundle that was
successfully used to enhance x-ray microbeams (49). The tapered capillary is a single

glass tube that gets narrower towards the outlet; more details about fabrication can be
8



found on page 24 in this thesis. The experimental results showed that the transmitted
ions did not lose energy and the transmitted beam density was enhanced compared to the
incident beam density.

Several experiments took place to better understand the focusing effect using
mostly single glass capillaries. The experimental results showed that most of the
transmitted ions kept their kinetic energy (42,50,51,52,53) and incident charge states
(54,55, 56) before and after the capillary was tilted with respect to the incident beam
direction. There was no delay in the transmission unlike the slow ions as a sign of no
charge build up being required for the ions in order to traverse the capillary without
energy loss.

Hence the fast HCI transmission scenario through tapered capillaries could be
explained as follows: the injected ions are transmitted through the capillary in a path
parallel to the axis without interaction with the inner wall keeping their energy and
charge state. Some ions do hit the inner wall near the exit due to the fact that the outlet is
smaller than the inlet and bent towards the exit with a slight loss in energy. Moreover,
some ions interact with the inner wall before the curvature inside the capillary (shown in
figure 9) and suffer from multiple small angle scattering in different positions before they
are able to exit the capillary with higher energy loss.

The transmission factor (sometimes referred to as the enhancement or focusing
factor) is defined as the ratio of the transmitted current density to the incident current

density. Hence the inlet and the outlet diameters of the tapered capillaries are the main



keys in determining the transmission of charged ion beams. The transmission effect in
the tapered capillary is mainly due to the small-angle scattering from the capillary glass
surface layer, since the capillary inner shape determines the escape probability of the
scattered ions from the wall (51,57). The materials used to fabricate the capillary have an
influence on the focused beam, e.g., lead glass can transmit the beam with slightly higher
probability compared to borosilicate glass, but the transmission ratio was enhanced by a
factor of two when the taper angle was constant throughout the capillary, i.e, conically-
shaped capillary (58). On the other hand it was found that the transmission factor is

current independent (51).

Slow lons and Muons

The tapered glass capillaries were also used in applications to produce micro- and
nano-meter sized beams of keV even though the transport mechanism of the fast ions is
different. In the slow ions case, first the incident ions charge the front entrance of the
capillary as explained earlier. The created additional charge patches in a self-organized
charge up procedure farther along inside the capillary direct the ions towards the exit.
Then the following ions are guided through the capillary keeping their incident kinetic
energy and charge state (40). The capillary outlet is smaller than the inlet hence the
transmitted ion beam density is enhanced with an output size similar to the capillary

outlet inner diameter depending on the capillary taper angle (40,59).

10



Muons are used to study the magnetic properties of various materials like
chemical compounds and biological samples due to their interaction with the local
magnetic field of the samples. The obtained beams by the conventional methods
(accelerator facilities) are relatively large for that purpose. Hence tapered glass
capillaries were applied to enhance positive and negative muon beams in atmosphere. It
was found that the enhancement factor could be higher if the tapered material is heavier
(42,60). On the other hand, a straight glass capillary was used to adjust the direction of a
slow ion beam mechanically (56) indicating that the need for the traditional optical tools,
i.e., electric or magnetic deflection to position and adjust the beam direction for

applications is minimized.

Applications

A transmitted micro- or nanometer sized ion beam has been used to analyze
microsized areas of materials surfaces. The tapered glass capillary has been used as a
compact, inexpensive and an easy-to-use device beside having the advantage of
producing the needed output to focus slow and fast ion beams by the conventional
methods.

Tapered glass capillaries are considered as a tool to enable surgery in an arbitrary region
of any cell. The target can be determined very precisely by using a microscope after the
beam energy is tuned, so that the deposition length along the beam direction is well

defined. Then the desired beam (high energy) is injected into the target without air

11



between the beam and the cell (5,42). Beside cell surgery tapered glass capillaries were
used to focus fast ions used in bacterial physiology (61). Moreover tapered glass
capillaries were used in nuclear reaction analysis in producing high energy beams with a

spot size on the order of um (62).

12



CHAPTER IlI

EXPERIMENTAL TECHNIQUE

To study the interaction between fast highly charged ions (HCIs) and insulating
glass macrocapillaries high energy beams of 1 and 3 MeV protons and 12, 16 and 24
MeV O°* to O% were used. The beams used in the experimental work were obtained
from the Western Michigan University (WMU) tandem Van de Graaff Accelerator.
In this chapter the beam production, experimental set up and the sample

preparation are described.

WMU Accelerator

The tandem Van de Graaff accelerator shown in figure 3 has two main sources to
produce negative ions, an Alphatross source and the source of negative ions by cesium
sputtering (SNICS). The Alphatross source makes it possible to produce negative ions
from gases, mainly He. This source is reliable and it has a long operational time (~ 1600
hours) before maintenance is required. The SNICS source produces negative ions from
solids, and is also a reliable source and with longer operational times (~two years) in the
absence of any accident. The negative ion beam from either source is attracted to the
positive terminal of the accelerator where electrons are stripped by either a carbon foil or

oxygen gas (used more often). More details about beam production are in the next

13



section. In this work the SNICS source was used to produce the proton and oxygen
beams

There are four different beam lines at the facility, looking downstream from left to
right in the schematic: the electron spectrometer chamber beam line at 30° L, a surface
analysis chamber at 0° a recoil ion chamber at 15° R and a scattering chamber at 30° R.

The electron spectrometer chamber was the experimental chamber for the present work.
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Beam Production

The beam was obtained using the SNICS source by heating the cesium metal in
the oven to ~ 160° C following which cesium vapor rises in the vacuum into an enclosed
area between the cooled cathode and the heated ionizing surface as shown in figure 4.
Some of the cesium atoms are ionized by contact with the hot conical ionizer, while other
cesium atoms are attracted to the sputtering cathode which was packed with (TiH,) to
produce protons or (Al,O3) to produce oxygen. The cathode was held at -6 kV with
respect to the ionizer. The energetic cesium ions sputter atoms from the surface of the
cathode and these atoms collide with the cesium atoms near the cathode and capture an
electron and then become negative ions. Negative ions are repelled by the cathode and
accelerated towards an extractor electrode which was at +13 kV and subsequently

towards a final focus electrode.

CATHODE  Cs'FOCUS IONIZER
z ‘//! EXTRACTOR

)
CATHODE
HOLDER

)

FOCUS
OVEN ELECTRODE

Figure 4. Schematic diagram of the SNICS source.
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The obtained negative beam was analyzed by a 20° inflection magnet, and then
injected into the low energy side of the accelerator tube shown in figure 3. Voltages up
to about 5.5 MV (V;) can be maintained on the terminal located halfway along the inside
of the accelerator tube. The negative ions were stripped at the terminal to become
positive ions using either a gas stripper (used in this work) or a carbon foil located in the
center of the tube and then accelerated to an energy of E = (g+1) Vi, where q is the
charge of the positive ion. The ions were focused onto a set of slits upstream from the 90°
analyzing magnet. The produced ion beam consists of several charge states of different
energies which were analyzed by the 90° analyzing magnet in order to select the desired
energy and charge state. The analyzing magnet bends the beam and forms an image at

the second set of slits.

The current produced by the beam striking the feedback slits just downstream
from the 90° analyzing magnet was converted into a signal that was sent to the corona
system in order to stabilize the terminal voltage. Then a switching magnet was used to

select the proper beam line (30° L in this work) in the target room.

The desired beam was focused by a quadrupole lens on the 30° L line just past the
switching magnet in the target room by monitoring the beam current on a four-jaw slit
assembly located upstream of the experimental chamber as shown in figure 3 and 5, and
on a collimator inside the experimental chamber upstream of the sample as shown in

figure 5. The current on the sample was in the range 1 to 10 pA.
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Experimental Setup

The desired beam entered the experimental chamber which was at a vacuum of
~10® Torr and struck the sample through a collimator of ~0.15 cm diameter located ~9
cm upstream of the sample as shown in figure 5. The sample was mounted onto an
aluminum holder which was placed on a goniometer. The goniometer has two degrees of
rotational freedom for precise positioning: one was rotation about the vertical axis (y)
from -20° to +20°, and the other was azimuthal rotation about the horizontal axis from 0°
to 360° with respect to the incident ion beam. The goniometer rotation can be controlled

manually or automatically by LabView software.

Movable Si

SBD

Transmitted . 640
1 Beam
1

Detector
Position |

Slits ~ CoIIimatoré
6.5cm2 : ~0.15¢cm:
. Diameter |

QOCm; 8.6.cm 210 cm 110 cm
e '«

v

Figure 5. Schematic diagram of the experimental setup.
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Rotation about the horizontal axis was used for alignment purposes only. Here, a TV
monitor was held by the goniometer manual control showing the sample position on the
telescope using a camera mounted on the telescope, and the sample was rotated around
the horizontal and vertical axes manually to find the best aligned position with respect to
the incident beam direction, which was then fixed as the zero position. The measured
zero was not the same for each data set due to alignment. Rotation about the vertical axis
only was used in collecting data and it was controlled automatically by the LabView
software.

The transmitted ions were analyzed by a magnet located ~2 m downstream from
the sample. The strength of the field in the magnet was changed according to equation 1

depending on the energy and charge state of the incident beam.

Br=Bo (o) T, L

Bn: the new magnetic field. Bo: the previous magnetic field.
On: the new charge state Jo: the previous charge state
M: the new mass Mo: the previous mass

En: the new incident energy Eo: the previous energy

Table 1. Equation 1 parameters

The analyzed beam was detected ~1 m downstream from the magnet by a
movable silicon surface barrier particle detector (SBD) with a vertical aluminum slit ~

0.7 cm wide installed onto the front of it. The detector could be moved manually around
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the magnet in a circular path, starting from the zero position (at ~380 units) where a
neutral ion can be detected and up to ~1000 units depending on how many charge states
are expected. However it was found that 100 units in detector position are equal to a
rotation of about 3° or a displacement of ~3.3 cm. Table 2 shows the equivalent angles in

degrees and distance in centimeters to the detector position units.

Detector Position Angle 0 Distance

(arb. units) (degrees) (cm)
380 0.0 0.0
400 0.6 0.7
500 3.6 4.0
600 6.6 7.3
700 9.6 10.6
800 12.6 13.8
900 15.6 17.1

Table 2. Detector position units converted to angles (deg) and displacement (cm).

In the case of O°" ions, the incident charge state 5* was set to appear at detector
position 700 according to the magnetic field applied using equation 1, while the lower
(4") and the higher (6%) charge states were detected about 60 units from the main charge
state (5%). This means that 4" appears at ~640 units or about 1.8° from the 5 position and
6" appears at ~760 units, again about 1.8° from the 5 position, and so on. Figure 6
shows plots of the charge state distributions for 1 MeV protons and 16 MeV O°" versus
the detector position at sample tilt angles y = -0.6° and +0.3° (measured zero) for protons
and oxygen ions, respectively. The H* peak and O°* peak, which are the main incident

charge states, appear where the magnet was set for the peaks to be at detector position
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700 and the other charge states for the oxygen beam appear where they are expected to

be, i.e., 4" is at 635, 6" at 760, 7" at 825, and 8" at 890.
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Figure 6. Normalized intensity to the incident current on the sample of the transmitted ions as a
function of detector position for (a) 1 MeV protons and (b) 16 MeV O°* ions.

A block diagram of the electronics used in the experiment is shown in Figure 7.
The output signals from the silicon surface barrier detector were first input to a
preamplifier (ORTEC 109A) and then input to the amplifier (TC 244). The bipolar
signal was input to the oscilloscope to monitor the peak width and height, and to the
counter. The unipolar signal was input to a multi-channel analyzer (MCA) and then
sorted into a spectrum of number of counts versus the channel number. The current on
the sample was read by a programmable electrometer (Keithley 617) with an output
signal depending on the intensity of the sample current, and which gives a maximum 2V
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DC output signal for full scale. This voltage output was dropped across a 1 MQ resister
to convert the voltage into a current. The current was then converted to logic pulses
using a digital current integrator (DCI, ORTEC 439).

The MCA was used in the coincidence mode receiving a logic signal from the
TIMER/COUNTER and the voltage signal from the amplifier to collect spectra for a
certain number of counts for each detector position and for each tilt angle. The samples
and the holder were coated with a conducting material to enable reading the current. The
transmitted intensities were normalized to the current incident on the sample according to

the formula in equation 2.

Goniomete
relass _Tr_arlsrﬂlt_teﬂ _>n]4>> Ampllfler
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Figure 7. Schematic block diagram of the electronics
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(Number of counts)x (DCI scale) x( Keithley scale)

Normalization Factor =
(incident charge)x (e) x (Current)

The normalized intensities that appear on the computer monitor as peaks represent
certain energies and figure 8 shows the energies used as a function of channel number
with the red line indicating the linear fit results. Then using the straight line formula the
energy for each spectrum was converted into channel number. Table 3 shows the

converted values for the energies used.

(a) Straight Capillary (b) Tapered Capillary
25 - +
>
2 20 - +
>
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(b}
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Figure 8. Energy as a function of channel number for: (a) the straight capillary and (b) the
tapered capillary with the red line indicating the results of a linear fit.
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Capillary Energy (MeV) Channel Number

12 435+1
Straight 16 5851

24 886+ 1

12 433 +1
Tapered 16 586 + 1

24 8831

Table 3. The incident energies converted to channel number

Sample Preparation

Borosilicate is a type of glass for which the constituents are silica and boron
dioxide ~ (80.6%) SiO,, (13.0%) B,0s3, (4.0%) Na,O and (2.3 %) Al,O3 with a density of
~2.23 gm/cm®.  Borosilicate glass has a low thermal expansion and a softening
temperature ~821° C, making it a good candidate for studying the interactions of the fast
HCls with the samples where it cannot be melted or damaged easily due to the relatively
low intensity of the beam. In this work single macroscopic-size borosilicate glass
capillaries of straight and tapered shapes were used. A photograph of the capillaries is
shown in figure 9.

The first sample was a straight glass capillary shown in figure 9a. Two straight
glass capillaries were used: Capillary I, which had an inner diameter d of ~0.18 mm, and
a length | of ~14.4 mm, and Capillary Il, having an inner diameter d of ~0.14 mm and a
length | of ~11.2 mm. Both samples have the same aspect ratio I/d ~80. The straight
glass samples were prepared at the Institute of Nuclear Research of the Hungarian
Academy of Sciences (ATOMKI), Debrecen, Hungary by Dr. Reka Béreczky. The
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sample was made by heating a straight glass tube of ~1 cm diameter and stretching it with
a constant force at the two ends. A special diamond cutter was used to cut the capillary in
order to get the desired length. The inner diameter was measured using an optical
microscope. The sample was fixed into an aluminum disk holder perpendicular to the
capillary and then both the sample and the holder were covered with a thin layer of
graphite to carry away the excess charges deposited on them and to prevent the build-up
of charge on the sample (37).

The second sample was a tapered glass capillary shown in figure 9b, having an inlet
diameter of ~0.71 mm, an outlet diameter of ~0.1 mm and a length of ~28 mm with an
aspect ratio of 70 and an outlet to inlet area ratio of ~20 x10. It was prepared at the
RIKEN laboratory in Japan by Dr. Tokihiro lkeda. The sample was made with the same
procedure as the straight sample except that the tapered angle was controlled by tuning
the temperature and the force (11, 39). The capillary was fixed perpendicular into an

aluminum holder and coated using a thin layer of conducting silver paint.

(a) Straight Glass Capillary (b) Tapered Glass Capillary

Figure 9. Pictures of the samples for (a) the straight and (b) the tapered glass capillaries.
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CHAPTER IV

INTERACTION OF FAST PROTONS AND OXYGEN IONS WITH GLASS
CAPILLARIES

The interaction between HClIs and insulating solid surfaces was investigated
intensively experimentally (3,10,11,15-16,18-23,27-48-50-59) and theoretically (4,17,24-
26) in the last decade. The motivation was to understand the fundamental transmission
mechanisms and to study the several applications as mentioned in chapter II.

In this chapter the transmission of 1 and 3 MeV protons and 12, 16 and 24 MeV
0% jons through cylindrical and tapered shaped single glass capillaries of macroscopic
dimensions is discussed. A collimated beam of ~1.5 mm diameter obtained from the
WMU tandem Van de Graaff accelerator struck the front surface of the capillaries, which
were coated with a thin layer of graphite for the straight capillary and silver for the
tapered capillary. These coatings enabled reading the current on the sample and carrying
away the excess charges deposited on them. The transmitted ions were analyzed by a
dipole magnet located downstream from the capillary outlet to separate the emerging
charge states as shown in figure 5. Following that, a silicon surface-barrier particle
detector was used to count the transmitted ions to measure the intensities versus the
magnetically analyzed position. The spectrum recorded at each detector position was
normalized to the incident current on the sample according to equation 2. The
transmitted intensities were measured for different incident tilt angles relative to the

incident beam.
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Proton Transmission through Straight and Tapered Capillaries

The transmission of 1 and 3 MeV protons through single straight glass capillaries
of 0.18 and 0.14 mm diameter with an aspect ratio of 80 was investigated as a function of
detector position and tilt angle. Also a tapered glass capillary with an inlet diameter of
~0.71 mm, an outlet diameter of ~0.1 mm and a length of ~28 mm with an aspect ratio of
~70 was investigated to understand the transmission mechanisms and compare with the

straight capillary.

Transmission through the Straight Capillaries

The results for 1 and 3 MeV protons are shown in figure 10 where the y-axis
represents the actual counts and the x-axis represents the energy in MeV. The energy
values were obtained by converting the channel numbers in the actual spectra into energy
according to the peak position assuming that the incident beam did not lose energy at

detector position 700.
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Figure 10. Spectra for 1 and 3 MeV protons at tilt angles of y = -0.9° and -0.6°, respectively, the
measured zero angles for each energy, showing the peaks at detector positions: (a) and
(b) 660, (c) and (d) 700, and (e) and (f) 740, with the dashed red line drawn at the
incident energy.

Panels (c) and (d) in figure 10 show a sharp peak at detector position 700, where
the main incident energy and charge state was set according to equation 2 (the detector
position 700 is equivalent to 6 = 9.6 in degrees and a displacement of = 10.6 in cm as
shown in table 2). The sharp peaks represent the transmitted ions through the capillary
which were assumed to occur without energy loss. Panels (a) and (b) show scattered ions
at the detector position 660 (0 = 8.4°) before the main peak, and panels (e) and (f) show a
peak at position 740 (0 = 10.8°) after the main peak, where drops in the number of counts
by more than three orders of magnitude occur compared to the number of counts in
panels (c) and (d). Also, the peaks in panels (e) and (f) are shifted to the left, indicating

that the transmitted ions lost = 0.11 MeV (~ 11%) in panel (e) and = 0.42 MeV (~14%) in
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panel (f) while traversing the capillary due to scattering from the capillary edges. Table 4

shows the centroid and the full width half maximum (FWHM) values for each peak.

Energy Detector Position Centroid (MeV) FWHM (MeV)
660 0.90 £ 0.01 0.12+0.01

1 MeV 700 1.00 0.02+0.01
740 0.89+0.01 0.13+0.01
660 2.69 +£0.01 0.55+0.01

3 MeV 700 3.00 0.03+0.01
740 258 +£0.01 0.45+0.01

Table 4. The centroid and FWHM values for the proton beam through the straight capillary.

Capillary 1 which had an inner diameter of 0.18 mm and a length of 14.4 mm was
used first with 3 MeV protons, and capillary Il with a diameter of 0.14 mm and a length
of 11.2 mm was later used with the same beam energy and a new detector. The
transmitted spectra for 3 MeV protons for capillaries | and 11 are shown in figure 11. The
maximum intensity appears at detector position 700 as expected for both capillaries.
However, the intensity falls off giving fewer counts as the tilt angle increases or decrease
beyond the measured zero at y = 0.4° on both sides of the peak for capillary I and at y = -
0.6° for capillary 11. Both capillaries have the same aspect ratio as mentioned earlier and
the transmission width in the figure is about 1° and the drop in intensity is about two

orders of magnitude for both capillaries as seen in panels (a) and (b).
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The peaks shown in figure 11 were integrated then plotted as a function of tilt

capillaries.
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Figure 11. Normalized intensity of the transmitted ions as a function of detector position for 3
MeV protons at several tilt angles for (a) capillary 1 and (b) capillary Il.

angle as shown in figure 12. Panel (a) shows the spectrum for capillary | and panel (b)
shows the spectrum for capillary Il. Fitting a symmetric Gaussian to the data (solid red
line) gives the FWHM values of each curve; these values are similar within the

uncertainties as seen in the figure and the maximum intensity is ~4 x10® for both
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Figure 12. Integrated peak intensity as a function of tilt angle  (deg) for 3 MeV protons, with the
solid red line indicating the results of a Gaussian fit for (a) capillary I and (b) capillary
.

The centroid values have different values since the data were taken at different
times and with slightly different but unintentional alignments. The results shown in
figures 11 and 12 indicate that the data are reproducible using two samples with the same
aspect ratio.

Capillary 11 was used to investigate the transmission of 1 MeV protons to

compare the results with the 3 MeV protons. The normalized intensities of the
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transmitted protons versus the detector position are shown in panel (a) of figure 13 along

with the results for 3 MeV from Fig. 11 shown in panel (b).
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Figure 13. Normalized intensity of the transmitted ions as a function of the detector position on
capillary Il at several tilt angles: (a) 1 and (b) 3 MeV protons.

The maximum intensity is ~4 x10” for 1 MeV shown in the upper panel and ~2
x10 for 3 MeV shown in the lower panel, appearing at v = -0.6° (measured zero) and
detector position 700 in both cases. Tilting the sample between -1.5° and 0.0° indicates
that the intensity falls off on both sides as the tilt angle goes away from y = -0.6° by at

least two orders of magnitude for both incident energies. Figure 14 shows the integrated

32



peak intensities as a function of tilt angle. Fitting a symmetric Gaussian to the data (solid

red line) gives the FWHMSs which are the same within the uncertainties.
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Figure 14. Integrated peak intensity for capillary Il for (a) 1 and (b) 3 MeV protons, with the solid
red line indicating the results of a Gaussian fit.

Transmission through the Tapered Capillary

As mentioned earlier the same setup and energies were used with the tapered
capillary to compare the protons transmission through the two different capillaries.
Figure 15 shows the actual number of counts versus energy in a similar way as shown in
figure 10. Panels (c) and (d) show a sharp peak at detector position 700 (0 = 9.6°) which
represents the transmitted ions through the tapered capillary without energy loss. The

peak in panel (c) for 1 MeV shows fewer counts by a factor of three compared to the peak
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in panel (d) for 3 MeV. Panel (a) shows scattered ions shifted to the left at the detector

position 680 (0 = 9.0°) just before the main peak with a few counts compared to panel (c),

while panel (b) at the same position (0 = 9.0°) shows a peak shifted to the left with two

orders of magnitude fewer counts compared to panel (d). Panels (e) and (f) show a peak

at position 730 (0 = 10.5°) after the main peak also shifted to the left indicating that the

transmitted ions lost energy while traversing the capillary due to scattering from the

capillary edges and the number of counts drops off by less than three orders of

magnitude.
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Figure 15. Spectra for 1 and 3 MeV protons at tilt angles of y = +0.7° and +0.6°, the measured
zero angles, respectively, showing the peak at detector positions: (a) and (b) 680, (c)
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The peak shown in panel (e) is slightly shifted to the left by about 0.1 MeV or 1%
indicating that the transmitted ions traverse the capillary without a significant energy loss
and the peak in panel (f) is shifted to the left by about ~0.44 MeV or ~15%. The centroid
and the FWHM values of the peaks in figure 15 are given in table 5. The centroid values
show that the transmitted protons for 1 MeV lost 2% and the 3 MeV lost 3% of their
incident energy at detector position 680, and less energy loss for 1 MeV ~1% at detector
position 730 while the 3 MeV lost ~15% of its energy. On the other hand the peak width
is the same within the uncertainties for 1 MeV, while the values are not the same within

the uncertainties for the 3 MeV as shown in table 5.

Energy Detector Position Centroid (MeV) FWHM (MeV)
680 0.98 + 0.01 0.08 £ 0.01

1 MeV 700 1.00 0.07+0.01
730 1.00+0.01 0.08 £ 0.01
680 291 +0.01 0.22+0.01

3 MeV 700 3.00 0.19+0.01
730 2.56 £ 0.01 0.43+0.01

Table 5. The centroid and FWHM values for the proton beam through the tapered capillary.
Figure 16 shows the transmitted protons at several tilt angles versus the detector
position for both energies. The maximum intensity is ~1 x10” for 1 and 3 MeV as shown

in panel (a) and (b), respectively. Tilting the capillary between 0.0° and +0.9° indicates

35



that the intensity falls off on both sides of the peak as the tilt angle goes away from y =
+0.7° (measured zero) by three orders of magnitude for 1 MeV as shown in panel (a).

Tilting the capillary between -0.3° and +0.9° indicates that the intensity falls off on both
sides as the tilt angle goes away from y = +0.6° (measured zero) by at least two orders of

magnitude for 3 MeV as shown in panel (b).
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Figure 16. Normalized intensity of the transmitted ions as a function of detector position for the
tapered capillary at several tilt angles for: (a) 1 and (b) 3 MeV protons.

The FWHM values in detector position units for each peak shown in figure 16 for

the tapered capillary along with the results from figure 13 for the straight capillary as a

36



function of tilt angle are shown in figure 17. The FWHM values for both capillaries and

both energies are about 13.4 units in detector position which is about 0.4° and 0.44 cm.
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Figure 17. The FWHM values with error bars in detector position units for the straight and
tapered capillaries for 1 and 3 MeV protons as a function of tilt angle vy in degrees,
with the dashed black line indicating the results of a linear fit.

Figure 18 shows the integrated peak intensities as a function of tilt angle for 1 and
3 MeV protons for the tapered capillary along with the results for 1 and 3 MeV protons
for the straight capillary from Figure 14. Panels (a) and (c) show the results for 1 MeV
on the straight and the tapered capillary, respectively, and panels (b) and (d) shows the
results for 3 MeV also for the straight and the tapered capillaries, respectively. The
FWHM values are the same within uncertainties for the tapered capillary for the energies
used; also they are the same for the straight capillary at the energies used with the tapered
capillary having a narrower width due to the different shapes of the capillaries. There is a

drop in intensity by a factor of two between the different energies for the same capillary
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as shown in panels (a) and (b) for the straight and panels (c) and (d) for the tapered
capillaries indicating that with lower energy the higher the transmission. Also the
straight capillary has about four times more intensity than the tapered capillary for the

same energies probably due to the capillary size and shape.
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Figure 18. The integrated peak intensity for the straight and the tapered capillaries at (a) and (c) 1

MeV and (b) and (d) 3 MeV protons, respectively, as a function of tilt angle y (deg),
with the solid red line indicating the results of a Gaussian fit.
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Oxygen Transmission through Straight and Tapered Capillaries

The transmission of oxygen ion through the straight capillaries which have an
aspect ratio of 80 and the tapered capillary that has an aspect ratio of 70 was investigated
to study the dependence of energy and charge state and to compare the results with the
hydrogen in order to better understand the transmission mechanisms. The proton (H")
has no electron so it is structureless, while the oxygen (O°*) has two electrons in the K
shell and one in the L shell, which makes it structured compared to the proton. For these
purposes three different beam energies for oxygen ions were used, specifically, 12 (0.75
MeV/u), 16 (1 MeV/u) and 24 (1.5 MeV/u) MeV with the straight and the tapered
capillaries keeping the incident charge state (5+) fixed. Then the incident energy was
fixed at 16 MeV (1 MeV/u) and the incident charge state was varied (5+, 6+, 7+ and 8+)

with the tapered capillary only.

Transmission through Straight Capillaries

Straight capillary 1l was used to investigate the transmission of 12, 16 and 24
MeV O°* starting with 16 MeV O°* (1 MeV/u) to compare the results with 1 MeV
protons for better understanding of the transmission mechanisms. Figure 19 shows the
actual counts for 16 MeV O°" ions on capillary Il as a function of the detected energy,
with the channel number being converted into energy as described earlier in chapter IlI.
Panel (b) shows a sharp symmetric peak for 5+ with the maximum number of counts at
detector position 700 (= 9.6°), which represents the primary incident energy and charge

state. Panel (a) shows a peak representing the captured ions 4+ at detector position 635
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(=8.7°) having about the same energy with three orders of magnitude fewer counts

compared to panel (b).
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Figure 19. Spectra for 16 MeV O°* ions at tilt angle y = +0.3° (measured zero) showing the peak
at detector position (a) 635 for 4+, (b) 700 for 5+, (¢) 755 for 6+, (d) 820 for 7+, and
(e) 890 for 8+, with the dashed red line drawn at center of the main peak.

In panel (c) 6+ appears at detector position 755 (= 11.3°) showing an asymmetric

peak with the number of counts dropping down by about two orders of magnitude

compared to panel (b). Moving the detector farther, another peak comes at the position

820 (=13.3°) as shown in panel (d). This peak represents 7+ with more than three orders

of magnitude fewer counts compared to 5+. Moving the detector even farther shows

41



scattered counts appearing at the detector position 890 (=15.3°) as shown in panel (e)

representing 8+.

Figure 20 shows the actual counts for 12 MeV O°* as a function of the detected
energy obtained by converting the channel numbers into energy as mentioned in chapter
I1l. Panel (b) shows the sharp symmetric peak that represents the primary incident
energy and charge state. Panel (a) shows a peak representing the captured 4+ ions having
about the same energy as 5+ with more than two orders of magnitude fewer counts
compared to panel (b). The peak at detector position 765 in panel (c) represents 6+ also
with more than two orders of magnitude fewer counts compared to panel (b). Moving the
detector to position 830 where 7+ is expected a peak with the number of counts dropping

off by more than three orders of magnitude compared to 5+ is shown in panel (d).
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Figure 20. Spectra for 12 MeV O°* ions at tilt angle y = +0.6° (measured zero) showing the peak
at detector position (a) 635 for 4+, (b) 700 for 5+, (¢) 765 for 6+, and (d) 830 for 7+,
with the dashed red line drawn at the center of the main peak.

Figure 21 shows the actual counts for 24 MeV O°* as a function of the detected
energy obtained also by converting the channel numbers into energy as in figure 19 and
20. Panel (a) shows a symmetric peak representing the main incident beam O°*. The
peak shown in panel (b) represents 6+ with about the same energy as the main peak
shown in panel (a) and the number of counts is fewer by about two orders of magnitude.
Panel (c) shows scattered counts at detector position 830 where 7+ is expected to be, and

panel (d) shows scattered counts for detector position 890 where 8+ is expected to be.
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Figure 21. Spectra for 24 MeV O°* ions at tilt angle y = 0.0° showing the peak at detector
position (a) 700 for 5+, (b) 760 for 6+, (c) 830 for 7+, and (d) 910 for 8+, with the
dashed red line drawn at the center of the main peak.

From the actual spectra of 12, 16 and 24 MeV O°* on capillary Il the centroid and
the FWHM values for each detected charge state were calculated and are shown in table
6. The centroid values show that the peaks representing the transmitted ions are shifted
to the left indicating a loss in energy by ~ 0.16% for 12 MeV, 1.4% for 16 MeV and
0.42% for 24 MeV for the primary charged state due to the high counting rates on the
detector. Also shown in the table, the incident 12 MeV O°* includes the charge states

between 4+ through 7+ with energy losses ~0.18% for 4+ ,~0.25% for 6+ and ~1.25% for



7+. The incident 16 MeV O°* includes the charge states between 4+ through 8+ with
energy loss of ~2 % for all detected charge states. Moreover the incident 24 MeV O°*
shows the charge states between 5+ and 7+, with less than 1% energy loss for 6+ and

about 1.3 % for 7+ also due to the high counting rate at the detector.

Energy Cshtzrtge Detector Position | Centroid (MeV) FWHM (MeV)

4+ 635 11.98 £+ 0.01 0.22+0.01

12 5+ 700 11.98 £ 0.01 0.20+£0.01
MeV 6+ 760 11.97 +0.01 0.25+0.01
7+ 830 11.85+0.01 0.42 +0.02

4+ 635 15.72 £ 0.01 0.32+0.01

5+ 700 15.78 £ 0.01 0.25+0.01

I\/Ilfv 6+ 755 15.75+0.01 0.30+0.01
7+ 820 15.70 £ 0.02 0.60 +0.02

8+ 890 15.62 + 0.02 0.68 + 0.06

5+ 700 23.90 £ 0.01 0.29+0.01

I\/fe4V 6+ 760 23.87£0.01 0.25+0.02
7+ 830 23.66 = 0.03 0.98 + 0.06

Table 6. The centroid and FWHM values for incident 12, 16 and 24 MeV O°* ions on straight
capillary 11.

Figure 22 shows the normalized intensity for the three incident energies as a function of
detector position at several tilt angles. The primary incident charge state 5+ has the
maximum transmission through the capillary for all incident energies and the
corresponding peaks appear to a have narrower spread in detector position units than the
other charge states. The intensity falls off by about three orders of magnitude on both

sides of the 5+ peak, about two orders of magnitude for 6+ , and about one order for 4+
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and 7+. On the other hand 8+ shows the least intensity by about four or five orders of
magnitude compared to 5+. Also, 5+ is found to have more transmission compared to 6+
by about two orders of magnitude and three orders compared to 7+. Tilting the sample
around the measured zero by small angles does not change the width of the 5+ peak but

the intensity falls off on both sides of the peak by about three orders of magnitude for all

energies.
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Figure 22. Normalized intensity of the transmitted oxygen through capillary Il as a function of
detector position at several tilt angles for: (a) 12, (b) 16 and (c) 24 MeV O ions.

The captured ions 4+ show more counts at 12 and 16 MeV than at 24 MeV, while

the three-electron loss ions (8+) show fewer counts at 12 and 16 MeV compared to 24
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MeV as seen in figure 22, which indicates that as the energy increases the intensity for
capture (4+) decreases, while for loss (6+ to 8+) the intensity increases as the energy
increases. These results agree with the results found by Schlachter et al. (63) which
indicates that the single-electron-capture cross sections decrease with increasing energy
and with Graham et al. (64) where the electron-loss cross section increase with increasing

energy.

Transmission through the Tapered Capillary

The tapered capillary was used with the same set of energies as straight capillary
Il to compare the results of the two different capillaries for better understanding of the
transmission mechanisms. Figures 23, 24 and 25 show the actual counts for 12, 16 and
24 MeV O, respectively, as a function of energy, where the channel number was

converted into energy as described earlier in chapter IlI.
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Figure 23. Spectra for 12 MeV O°* ions at tilt angle y = +0.6° (measured zero) showing the peak

at detector positions: (a) 630 for 4+, (b) 700 for 5+, (c) 760 for 6+, and (d) 820 for
7+, with the dashed red line drawn at the center of the main peak.

the few scattered counts represent 7+.

Panel (b) in figure 23 shows a symmetric sharp narrow peak at detector position
700 representing the main incident beam. Panel (a) shows a wider peak at detector
position 630 that represents 4+ shifted to the left, while panel (c) shows a peak that
represents 6+ with about the same energy as the primary beam with more than two orders

of magnitude fewer counts compared to the counts in panel (b). At detector position 820
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In figure 24 panel (b) shows a symmetric peak at detector position 700 with the
maximum number of counts representing 5+. Panel (a) shows scattered counts at detector
position of 4+, and panel (c) shows a wider peak representing 6+ at detector position 765
with about three orders of magnitude fewer counts compared to 5+. Panels (d) and (e)

show scattered counts at detector position 830 and 900 representing 7+ and 8+,

respectively.
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Figure 24. Spectra for 16 MeV O°* ions at tilt angle y = +0.6° (measured zero) showing the peak
at detector positions: (a) 630 for 4+, (b)700for 5+, (c) 765 for 6+, (d) 830 for 7+, and
(e) 900 for 8+, with the dashed red line drawn at the center of the main peak.

The actual counts as a function of energy for 24 MeV O°* are shown in figure 25

with panel (a) showing a nearly symmetric peak at detector position 700 with a tail to the

49



left representing the primary charge state 5+. At detector position 765 in panel (b) the
statistics represents 6+ with the same energy as the primary beam and the number of
counts dropping off by about three orders of magnitude. Panels (c) and (d) show

scattered counts at detector positions 840 and 900 representing 7+ and 8+, respectively.
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Figure 25. Spectra for 24 MeV O°* ions at tilt angle y = +0.6° (measured zero) showing the peak
at detector positions: (a) 700 for 5+, (b) 765 for 6+, (c) 840 for 7+, and (d) 910 for
8+, with the dashed red line drawn at the center of the main peak.

The centroid values show that the peaks representing the transmitted ions are

shifted slightly to the left indicating a loss in energy by less than 1% for the detected 5+
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and 6+ charge states and ~ 2% for 4+ at 12 MeV due to the high counting rate on the
detector. The FWHM values have the narrowest width for 5+ compared to the other

detected charge states for all the used energies.

Energy ng:ge Detector Position | Centroid (MeV) FWHM (MeV)

4+ 630 11.69 + 0.02 0.58 +0.02

l\/IleZV 5+ 700 11.92 £0.01 0.18 £0.01
6+ 760 11.92 £0.02 0.24 +0.01

16 5+ 700 16.00 £ 0.01 0.26 +£0.01
MeV 6+ 765 15.93£0.01 0.56 +0.01
24 5+ 700 24.00 £ 0.01 0.29+0.01
MeV 6+ 765 23.93 +0.01 0.42 £ 0.02

Table 7. The centroid and FWHM values for incident 12, 16 and 24 MeV O ions on the
tapered capillary.

Figure 26 shows the normalized integrated intensity for all incident energies as a
function of detector position at several tilt angles. The primary incident charge state (5+)
has the maximum transmission through the capillary for all energies. The intensity falls
off by about four orders of magnitude on both sides of the 5+ peak, less than two orders
of magnitude for 6+, and less than about one order of magnitude for 7+ at 12 and 16
MeV, whereas 7+ has about the same intensity as 6+ at 24 MeV and the drop off is about
two orders of magnitude on both sides of the peak. For 4+ a peal appears strongly at 12
MeV and the counts fall off by about one order of magnitude. A peak for 8+ appears at

16 and 24 MeV but is stronger at 24 MeV.
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Figure 26. Normalized intensity of the transmitted oxygen ions through the tapered capillary as
function of detector position at several tilt angles for: (a) 12 (b) 16 and (c) 24 MeV O°*

Figure 27 shows the FWHM in terms of detector position as a function of tilt
angle for all the energies used for the straight and the tapered capillaries. Panels (a) and
(c) show that the FWHM values are the same within uncertainties for the primary charge
state 5+ at all the energies for the straight and tapered capillaries. Panels (b) and (d)
show that the FWHM for the next higher charge state 6+ is about the same for all the
energies used for the same capillary, it is wider compared to the primary charge state, and

also the tapered capillary has a wider width compared to the straight capillary.
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Figure 27. The FWHM as a function of tilt angle  (deg) for 12, 16 and 24 MeV O°* ions for (a)
5+ and (b) 6+ for the straight capillary and (c) 5+ and (d) 6+ for the tapered
capillary.

Figure 28 shows the integrated peak intensity as a function of tilt angle for 12, 16
and 24 MeV for the straight capillary in the upper panels and for the tapered capillary in
the lower panels. For the straight capillary the peak intensity drops off by a factor of
three in changing the energy from 12 to 16 MeV as shown in panels (a) and (b), and from
16 to 24 the peak intensity falls off again by a factor of two as seen in panels (b) and (c).
For the tapered capillary shown in the lower panels the peak intensities are about the

same for all the energies taking into account the peaks width.
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The FWHM values for all the incident energies are about the same within the
uncertainties for the straight capillary as shown in panels (a), (b) and (c). Also it is the
same within uncertainties for the tapered capillary as seen in panels (d), (e) and (f).
Moreover, the straight capillary shows a wider width in terms of tilt angle compared to

the tapered capillary.
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Figure 28. The integrated peak intensity as a function of tilt angle y (deg) for the straight
capillary at (a)12 (b)16 and (c) 24 MeV (multiplied by a factor of 5), and for the
tapered capillary at (d) 12 (e) 16 and (f) 24 MeV, with the solid red line indicating
the results of a Gaussian fit.

The integrated area of each detected charge state for both capillaries is shown as a
function of energy in the figure 29. As the energy increases the peak area decreases for
the capture events in both capillaries as seen in panel (a). Panel (b) shows that the

primary incident charge state (5+) increases for the tapered capillary and decreases for
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the straight capillary and the same occurs for (6+) and (7+) as seen in panels (c) and (d)
which agrees with the results from Refs (63,64) for capture and loss as discussed earlier

in this chapter.
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Figure 29. The integrated peak area for the straight and tapered capillaries as a function of energy
for O°* as the primary incident charge state.

Charge State Dependence

As mentioned earlier the charge state dependence was studied using the

tapered glass capillary where the incident energy was fixed at 16 MeV and the incident
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charge state was varied from 5+ to 8+. The normalized intensities as a function of
detector position for 16 MeV O°* through O®* are shown in figure 30.

The intensities for the primary incident charge states are shown as: panels (a) 5+,
(b) 6+, (c) 7+ and (d) 8+. The transmitted intensity for the primary incident charge state
is 2x10" in each panel. Also the intensity of the main peak (primary charge) falls off by
about four orders of magnitude at the peak sides in each panel. For each primary incident
charge state there is only one captured electron due to the speed of the incident ion, i.e.,
for 5+ as the primary incident ion 4+ is the only captured ion and for 6+ as the primary
incident ion 5+ is the only captured ion. The intensity of the captured ion is less than the
primary incident ion by three orders of magnitude for the incident charges 5+ and 6+ as
shown in panels (a) and (b), and about two orders of magnitude for 7+ and 8+ as shown
in panels (c) and (d). On the other hand, each primary incident charge state has a loss
depending on how many electrons it can lose, i.e., 5+ can lose 3 electrons, 6+ can lose 2
electrons and 7+ can lose only one electron. The intensity of the first lost ion is about
two orders of magnitude less in panel (a); it is about three orders less in panel (b) and
about four orders less in panel (c). The second lost electron has a drop in intensity by
about three orders of magnitude in panel (a) with 5+ as the primary charge and about four
orders of magnitude in panel (b) with 6+ being the primary charge. Panel (a) shows the
only third lost electron with a drop in intensity by about four orders of magnitude

compared to the primary charge 5+.
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Figure 30. Normalized intensity as a function of detector position for 16 MeV oxygen: (a) 5+, (b)
6+, (¢) 7+ and (d) 8+.



Figure 31 shows the integrated peak areas as a function of incident charge state
for 16 MeV O%". As seen in the figure the incident charge state increases the area of the

capture increases, and the area of the loss decreases which agrees with Ref. (64).
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Figure 31. The integrated peak area as a function of incident charge state for 16 MeV O%".

The FWHM for each peak in figure 30 in terms of detector position is plotted as a
function of tilt angle  (deg) in figure 32. Panel (a) shows the primary incident charge
state, panel (b) shows the capture and panels (c) and (d) show the first and second lost
electrons. The FWHM is about 12 units (~0.40 cm) for the primary incident charge state
which is less than the slit width (~0.7 cm). The captured ion width is ~ 14 units (~ 0.46
cm) and the first loss width is ~19 units (~ 0.63 cm) which is about the slit width. The
second lost is even wider ~ 24 units (~0.79 cm) as seen in the figure which is more than

the slit width.
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Figure 32. The FWHM in detector position units as a function of tilt angle y (deg) for 16 MeV
O ions.

Figure 33 shows the integrated peak intensity as a function of tilt angle for 1 MeV
protons in the upper panel and 16 MeV/u O%* in the lower panel for the tapered capillary.
The FWHM values are the same within uncertainties for both beams and also the peak
intensity is about the same. These results indicate that the transmission of protons and

oxygen ions through tapered capillary is about the same.
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Figure 33. The integrated peak intensity as a function of tilt angle y (deg) for the tapered
capillary for (a)1 MeV protons and (b) 16 MeV O°" ions, with the solid red line
indicating the results of Gaussian fits.

Transmission Factor

Several techniques were used to enhance or focus slow and fast ion beams due to
the potential applications as mentioned in chapter 1l. Recently a tapered glass capillary
was used to focus 2 MeV He™ ions (11) and the results show that the beam density can be
enhanced without significant energy loss. In this section the transmission factor for 1 and
3 MeV protons and 12, 16 and 24 MeV O° ions through the straight and tapered

capillaries is calculated as well as showing a comparison between the two capillaries.
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The transmission factor (T) is the ratio of the transmitted current density to the
incident current density given by the following formula:

T = Jour _ (o/1)
Jin (ro/ri)?

The parameters used are defined as:
li: the incident current
l,: the transmitted current
ri: the inlet radius
ro: the outlet radius
The outlet area to the inlet area for the straight capillary is unity and for the
tapered capillary it is 20 x 10, The transmission factor calculations for 16 MeV O°* on

the tapered capillary are shown below:

I, = (r—p)2 x I, = 0.15 x 10~ 12A

Tcol

reap: the capillary inlet radius
reol: the collimator radius

Is: current on the sample

Nxde _ 0.61x10"15A

I, =

E: the electron charge (1.6 x10™ C)
g: the incident charge, 1 for protons and 5 for oxygen ions
t: time (sec)
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Then the output current density to the input current density ratio is:

_ 0.61 x 107154/0.15 x 107124

=0.2
20x 1073 0.20

The same method was used to calculate T for the straight and tapered capillaries
for all the energies investigated for the protons and the oxygen ions. The transmission

factor percentage values are shown in table 8 and plotted as a function of energy in figure

34.
. Transmission factor
Beam Capillary Energy (MeV) %
1 23
Straight
3 11
Proton
1 12
Tapered
3 19
12 12
Straight 16 3
24 8
Oxygen
12 12
Tapered 16 20
24 24

Table 8. The transmission factor in percent for all the energies used on the straight and tapered
capillaries. The uncertainties in the transmission factor is estimated to be ~15% due to
all sources of error.

As shown in figure 34 panel (a) the transmission factor decreases with increasing
energy for the straight capillary and increases with increasing energy for the tapered
capillary for protons. On the other hand, the transmission factor is about the same for 12

MeV/u O>* (0.75 MeV) for the straight and tapered capillaries, then it increases with
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increasing energy for the tapered capillary and decreases for the straight capillary as for

protons.
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30~ —e— Tapered Capillary
[
;\-:\ 20 H ®
= i
&= 10 I ¢
0
S
L
c 0 17 T T T T I
2 (b) Oxygen (5+)
S 20 1 —
F £
10 -
/‘
0 n }
1 | 2 | 3
Energy (MeV/u)

Figure 34. The transmission factor in percentage as a function of energy in MeV/u for the
straight and tapered capillaries for: (a) protons and (b) oxygen ions.
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CHAPTER V

CONCLUSION

The interaction of fast protons and oxygen ions with insulating single straight-
and funnel-shaped glass capillaries of microscopic dimensions was investigated in this
work to understand the transmission mechanisms. Protons and oxygen ions were used
with variable energies and variable charge states for the oxygen ions, in order to
understand the transmission energy dependence and charge state dependence using both

capillaries.

Fast protons and oxygen ions traverse the straight and tapered glass capillaries
with no significant energy loss and the results were reproducible for the used energies.
The protons transmission was higher for the lower energy, i.e, 1 MeV, in both capillaries,
although the transmission through the straight capillary was higher due to its size and
shape. The oxygen results for the straight capillary showed that the transmission at the
lower energy is higher compared to the high energy and the same is for protons.
However, the transmission through the tapered capillary was about the same for all the
used energies. The transmission FWHM values in terms of angle (degrees) is about the
same within uncertainties for protons and oxygen ions at all the energies used for the
straight capillary and the same true for the tapered capillary. Never the less, the tapered
capillary showed a narrower width because of its shape. The transmission FWHM in
terms of detector position (displacement) is about the same in both capillaries for all the

used energies.
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The charge state dependence study showed that the primary incident charge state
(q)" had the maximum transmission through the tapered capillary. The first lost electron
(g+1)" had the next highest transmission and only one captured electron (g-1)" was
possible. The peak widths in terms of displacement show that the width for charge
changed probabilities were broader than for the primary incident charge estate. The
width of charge changed cross section went in ascending from capture to one electron

loss and two electron loss.

The transmission factor values indicates that as the energy increases the
transmission factor increases using the tapered capillary and it decreases using the
straight capillary. For better understanding another tapered capillary with different

dimensions should be used to prove this result with higher energies.
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