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Abstract 

We study the transmission properties of fast cluster ions (Cn
+ (n=2-4) with velocities 

ranging from 0.89 to 1.79 a.u.) through a single tapered capillary with an outlet diameter of 

13.7 µm. We investigate the projectile-velocity dependence of the transmission fraction from 

the measurements of transmitted particle energy spectra. It is found that the 

non-fragmentation fraction of C2
+ projectiles increases with decreasing velocity, indicating 

that fragmentation occurs mainly via close collisions with the surfaces of the capillary wall. 

For Cn
+ (n=2-4) ions with the same incident velocity, the cluster-size dependence of the 

non-fragmentation fraction shows even-odd alternation, implying that the fraction includes 

contributions from stable clusters surviving the grazing scattering process at the capillary 



 2

surface. We also find that the angular distribution of transmitted particles is narrower for 

cluster projectiles compared with atomic projectiles. 

 

1. Introduction 

Charged particle microbeams are powerful tools for microstructural analysis of materials at 

micro- and nano-scales, with widespread nanotechnology applications for fabrication, 

manipulation, and lithography of materials. Recent studies focus on biological applications, 

such as mapping or imaging of atomic and molecular particles in cellular material. Standard 

techniques for producing microbeams for radiobiological research employ collimation with 

pinhole apertures or focusing with electrostatic and/or magnetic lenses. Recent developments 

for producing charged particle microbeams include a tapered glass capillary with a 

micron-sized outlet diameter [1-6]. The capillary-microbeam method allows for visual 

pinpoint-irradiation of a selected target area under in-air environment [7-10]. 

Compared with standard methods, the capillary microbeam method allows to easily 

produce focused beams, for various types of charged particles in a wide energy range (keV to 

MeV), without special adjustment or handling. Capillary transmission studies for various 

types of incident beams, such as slow and fast ions [1-3], fast electrons [4,5], and slow 

positrons [6], demonstrate that the transmission process depends on the projectile velocity 

and is independent of the projectile mass. The latter result implies that the capillary method is 

applicable of producing microbeams of heavy particles such as clusters. The application will 

lead to the development of new techniques for ion beam material analysis such as secondary 

ion mass spectrometry (SIMS) or ion beam microfabrication. It is of practical importance to 

study the beam quality in relation to beam composition (type of transmitted particles), 

monochromaticity (outgoing energy distribution), and angular distributions (beam spot size).  
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In this work, we study the capillary-transmission properties for small-sized cluster 

projectiles of Cn
+ (n=2-4) with velocities between 0.89 and 1.79 a.u.. In particular, we 

investigate energy spectra and beam spot sizes of transmitted particles through the capillary.  

 

2. Experiment 

Figure 1 shows the experimental arrangement. Carbon clusters from a Cs-sputter ion source 

were accelerated with the 1 MV Tandetron accelerator at the University of Tsukuba. We 

employ the following projectile beams: 0.24-0.96 MeV/atom C2
+ ions, 0.24 MeV/atom C3

+ 

ions, and 0.24 MeV/atom C4
+ ions. The projectile beams were collimated by two sets of 

aperture slits and transported to an experimental chamber. To avoid dissociation of incident 

cluster beams resulting from residual gas collisions, the base pressure of the beam line and 

experimental chamber was kept below 10-5 Pa. The well-collimated beams were transmitted 

through a glass capillary mounted on a goniometer that allows for the adjustment of two 

independent capillary tilting angles (θ, φ) within ±1.5° relative to the beam direction. To 

avoid macroscopic charge-up at the capillary inlet due to beam irradiation, an aperture slit 

(with a 0.6-mm diameter hole and smaller than the 0.8-mm inner capillary diameter) was 

placed just before the capillary.  

The tapered capillaries were manufactured from borosilicate glass tubes with outer and inner 

diameters of 2 mm and 0.8 mm, respectively: they were produced by heating and stretching 

glass tubes. Special care was taken in cutting the tip of the stretched glass tube to produce a 

flat cross-sectional shape of the capillary exit. Figure 2 shows details of the capillary exit. 

The capillary outlet diameter was 13.7 µm. The capillary taper angle in the exit region was 

0.1 degree or less.  
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We measured the outgoing energies of the transmitted particles through a capillary by a 

solid state detector (SSD). To minimize energy loss of the transmitted particles in the SSD 

entrance window, we used a passivated implanted planar silicon (PIPS) detector with a 

window thickness of less than 500 Å (CANBERRA, Model No. PD50-12-100AM). The 

detector was located at 9.1 mm downstream from the exit of the capillary. The SSD 

arrangement allows for detecting almost all transmitted particles through the capillary. Since 

PIPS detector active area is 50 mm2, the SSD acceptance angle (centered on the beam 

direction) is estimated to be about 47 degrees, which is much larger than the divergence angle 

of transmitted particles (as seen in Fig. 6). To avoid peak broadening of energy spectra due to 

cluster-impact radiation damage, we changed the SSD beam impact positions for each energy 

spectrum measurement. SSD-signal count rates were kept less than 20 counts per second.  

Furthermore, we measured beam spot of transmitted particles with a solid-state nuclear track 

detector (CR-39), located 6.0 mm from the capillary exit, and obtained beam spot profiles by 

measuring etch pits for irradiation with about 600-800 particles. The chemical etching 

condition for the CR-39 detector was 7N KOH at 70 °C for 20 minutes. 

By adjusting the capillary axis with respect to the beam direction, we measured energy 

spectra of the transmitted particles and determined the optimal capillary-axial adjustment for 

achieving maximum transmission fraction of the incident cluster ions without fragmentation.  

 

3. Results and discussion 

Figure 3 shows typical capillary-transmission energy spectra for C2
+ projectiles at three 

different incident energies of 0.48, 0.96, and 1.92 MeV. The energy spectra of projectile 

beams before capillary-transmission are shown by broken lines. For incident cluster 

projectiles, the dissociation fraction is less than 5%. The outgoing energy spectrum exhibits 



 5

two peaks, namely a full energy peak corresponding to direct transmission of C2 ions without 

fragmentation (non-fragmentation process), and the other peak located at half of the incident 

energy corresponds to C1 fragments of C2 (fragmentation process). To understand the 

collision processes in the inner wall of capillary, our attention is directed to the energy 

spectra shape and relative peak intensity. One can see a low energy tail in the C1-fragment 

peaks, which becomes more significant with increasing the incident energy. The latter 

suggests an increase of scattered particle transmission in the capillary bulk with increasing 

incident energy. In contrast, no significant tails are observed in the peak corresponding to C2 

detection. This evidently implies that the peak arises from the detection of non-fragmented C2, 

and not from the mutual detection of two fragmented carbon atoms (pile-up effects).  

Interestingly, the ratio of C2 to C1 peak intensities depends on the incident energy. To see 

the velocity dependence in more detail, Fig. 4 displays the fraction of the transmitted C2
+ ions 

relative to the total number of transmitted particles (hereafter referred to as the 

non-fragmentation fraction) as a function of the ion velocity. The non-fragmentation fraction 

significantly increases with decreasing ion velocity. This characteristics agrees qualitatively 

with the result by Stolterfoht et al. for molecular-beam transmission studies with 100 nm 

diameter PET nanocapillaries [11], who observed the transmission phenomenon without 

fragmentation for low-velocity (1 keV) H2
+ and H3

+ molecular ions. Note that the outlet 

diameter or aspect capillary ratios in this work are completely different to those used in Ref. 

[11]. We have yet to perform a detailed correlation between the non-fragmentation fraction 

and capillary-diameters or aspect capillary ratios.  

Next, we consider the cluster-size dependence of the transmission fraction. Figure 5 shows 

results of transmission energy spectra for C3
+ and C4

+ projectiles with the same velocity of 

0.89 a.u.. For C3
+ projectiles, three peaks are observed: the higher energy peak corresponds to 

direct transmission C3
+ ions, and the two lower energy peaks correspond to dissociated C1 
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and C2 fragments. The low energy tail of the C2 peak is similar to that of C1, implying that the 

C2-peak is associated with pile-up effects; i.e., the mutual detection of two fragmented carbon 

atoms rather than non-dissociated C2 molecules. It is seen that the relative peak intensity of 

C3 is dominant compared with that of both fragments. A similar feature is observed for C4
+ 

projectiles. Comparing relative intensities among the fragment peaks, C1-fragment peak is 

dominant and decreases monotonically for larger fragment-sizes. This also provides evidence 

for pile-up detection of atomic fragments rather than molecular particles, as seen in the result 

for C3 projectiles.  

Comparing non-fragmentation fractions for different cluster-sized projectiles with the same 

velocity, we observe that fractions are 62 %, 68% and 55% for projectiles of C2, C3, and C4 

ions, respectively, with 0.24 MeV/atom energy (the corresponding velocity is 0.89 a.u.), 

indicating a well-known even-odd oscillation structure [12]. The latter structure is probably 

due to the dependence of non-fragmentation Cn clusters on cluster stability even for capillary 

surface scattering. In other words, part of the direct transmission component is due to a 

contribution of grazing scattered molecular Cn with the inner capillary wall. This opens the 

possibility of using the capillary as a filter for molecular beams of special structure and 

alignment. 

Figure 6 shows beam profile measurements of transmitted particles through a capillary for 

projectiles of atomic C1
+ and polyatomic cluster ions of Cn

+ (n=2-4) with the same energy of 

0.24 MeV/atoms; the profile results from measurements of etch pits of the nuclear track 

detector (CR-39). The profile consists of two components: a direct beam component and a 

scattered beam component. The direct beam component is mainly due to primary beam 

transmission without cluster-fragmentation; the spot size is almost the same as the capillary 

outlet diameter. The scattered beam component is due to dissociated fragment transmission, 

with lower intensity than the direct beam component. Atomic C1
+ projectiles exhibit beam 
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profiles that are similar to those of fast hydrogen ions [13]. To identify the type of transmitted 

particles detected in the scattered region, we performed detailed analyses of etch pit 

diameters of the CR-39 detector. Compared with the direct component, the scattered 

component pit diameter is smaller; this difference is attributed to radiation damaging effects 

or amount of energy deposition. From this result, we conclude that dissociated fragments 

mainly contribute to the scattering component. 

We observe a significant difference between the scattered beam component angular 

distributions of atomic C1 and cluster Cn
+

 (n=2-4) projectiles. The cluster projectile 

distribution is narrower compared with atomic C1 projectiles, implying suppression of 

dissociated fragment transmission. This suppression is associated with the following factor, 

namely an increase of the internuclear separation of fragment-pairs by Coulomb repulsion. 

Therefore, the transmission suppression may occur for the outgoing fragments with an 

angular spread exceeding the acceptance angle of the capillary outlet. Hence, one can use a 

tapered capillary for cluster projectiles to reduce the angular spread of transmitted particles 

through the capillary.  

 

4. Summary 

We studied the capillary-transmission properties for MeV-energy cluster beams of Cn
+ 

(n=2-4) ions. The capillary-transmission occurs via non-fragmentation and fragmentation 

processes. We found that the non-fragmented primary cluster fraction clearly correlates with 

projectile velocity: the fraction increases with decreasing velocity. This result indicates that 

cluster ions with low velocity contribute significantly to the non-fragmentation process. For 

different size projectiles of Cn
+ (n=2-4) ions with the same velocity, the fraction as a function 

of the cluster size shows an even–odd alternation that is probably due to the contribution of 
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stable clusters surviving the grazing scattering process at the capillary surface. We also found 

that the transmission of cluster beams through a capillary have a smaller beam divergence 

compared with atomic beams; this property is advantageous for realizing beam-implantation 

into desired irradiation areas. The present cluster-microbeam method is applicable as a new 

probe for micro-ion-beam material analyses, including micro-SIMS or ion beam 

microfabrication.  
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Figure Captions 

Fig. 1  Schematic diagram of the experimental setup. 

Fig. 2  Distributions of the capillary taper angle as a function of capillary distance from the 

exit. Photographs show the cross-sectional shape of the capillary exit (left) and the side view 

of the capillary near the exit (right).  
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Fig. 3  Energy spectra of transmitted particles through the capillary with 13.7 µm diameter 

for C2
+ projectiles with the energies of 0.24 0.96, and 1.92 MeV (solid lines). The broken line 

corresponds to energy spectra of incident beams without the capillary.  

Fig. 4  Relative ratio of the C2-transmission (number of the transmitted C2 ions divided by 

the total number of the transmitted particles ) as a function of projectile velocity.  

Fig. 5  Energy spectra of transmitted particles for C3
+ and C4

+ projectile ions with the same 

velocity of 0.89 a.u. (solid lines). The broken line corresponds to incident beam energy 

spectra.  

Fig. 6  Two-dimensional distributions of the fraction of dissociated fragments transmitted 

through the capillary of 13.7 µm diameter for four different projectile species with the same 

velocity (0.89 a.u.). The bar graph shows a fraction of the scattering component as a function 

of distance from the beam spot center. 
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Fig. 2       Tsuchida et al.
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