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Abstract 

A novel technique to introduce high energy ion beams to atmospheric environment is 

presented, which enables in-air PIXE measurements. Slightly tapered glass capillary optics is 

applied to work as a differential pumping orifice as well as a focusing lens. The flux intensity 

is enhanced by at least one order of magnitude due to the focusing effect. Using capillaries of 

10-20 microns outlet diameters, we obtain several hundreds pA of 4 MeV-He++ ion beam and 

apply it to PIXE analysis of the seabed sludge without any sample treatments. A comparison 

of spectra between wet and dry sludge samples suggests the usefulness of our new technique. 
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Introduction 

Particle Induced X-ray Emission Spectrometry (PIXE) is a well-known analytical method 

and its application ranges a variety of fields[1]. The extremely high multi-elemental 

sensitivity of PIXE measurements makes it ideal for e.g. an environmental pollution monitor. 

However, since the measurements usually must be carried out in vacuum, we encounter 

difficulties in many cases. For instance, wet samples or liquid samples are difficult because 

they are not compatible with vacuum, and complex procedures of sample preparation are 

often needed. In-air PIXE attracts increasing interests because we can collect PIXE data 

without such procedures. In order to carry in-air PIXE measurements many attempts have 

been done [2-4]. The most popular is to use a very thin polymer or metal foil as the boundary 

of vacuum and air. High energy ion beams penetrate the foil and hit the sample in the air 

having enough beam energy and flux intensity for analyses. Once the foil breaks, however, 

causing big damage to the accelerator. The risk is often avoided by using extra parts such as 

fast valves. 

 

The glass capillary optics is an interesting and useful lens for ion beams. Fabrication 

procedures of the optic and the fundamental ion transmission characteristics have been 

reported elsewhere[5]. High energy ion beams of MeV range are effectively focused by the 

capillary, and most interestingly the energy loss of ions in the course of transmission is 

negligibly small. The capillary was originally designed as an artificial channel for ions, but 
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the results of our preliminary experiments briefly described above indicate that the 

mechanism of ion deflection at the wall surface is not merely by the nuclear-nuclear 

interaction but probably also by the electric charge effect [6]. 

 

In the present paper, we describe a new attempt to utilize the glass capillary optics for in-air 

PIXE analysis of wet samples such as the seabed sludge. In this application the capillary 

works as a focusing lens of the ion beam as well as an orifice for differential pumping. We 

show that the ion beam is successfully introduced to the atmospheric environment, and in-air 

PIXE measurements can be carried out without any difficulties, although more optimization 

of the experimental conditions is needed. 

 

Results and discussion 

The glass capillaries used in the present study have an inlet diameter of 0.8 mm and an  

outlet diameter of 10-20 microns, and a length of a few cm. The taper angle is therefore 

about 1 degree. The glass capillary molded into an aluminum pipe is mounted on a 4-axis 

goniometer. The goniometer adjusts x, y positions and the tilt angle of the capillary with 

respect to the ion beam line. The conductance of the capillary is roughly estimated to be in 

the order of 10-6 l/s when the outlet diameter is 10 microns, which is small enough provided 

that we use a 100 l/s turbo-molecular pump as the differential pump. Typical He++ ion beam 

current before and after the capillary is 10 nA and 200 pA, respectively. This corresponds to 
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an enhancement of the beam flux intensity by ~2 orders. The ion beam current at the sample 

stage was a function of the capillary-sample stage distance, in accordance with the literature 

values of ion range in air [7]. Figure 1 shows the actual arrangement of the glass capillary 

(A), x-ray detector (B), and the sample: a seabed sludge droplet (C). The top of the capillary 

is barely seen but it is only 1 mm or less apart from the sample surface. The distance between 

the detector and the sample is also set as close as possible but it is limited to ~2 cm by the 

detector housing diameter. Though proton beams of 2-3 MeV are usually used for PIXE 

analysis, we used a He ion beam in the present study because of some regulations in our 

laboratory. 

 

In order to check the feasibility of in-air PIXE analysis, we first measured a 

Ga0.7In0.3N0.01As0.99 quaternary crystal sample mounted on a ~20 microns thick carbon foil. 

Resulting spectra are shown in Fig.2 for incidence energies of 2 and 4 MeV. We notice that 

the 4 MeV spectrum (Fig.2 (a)) is much better than the 2 MeV spectrum (Fig.2 (b)) because 

of the ionization cross section difference. In the 4 MeV spectrum we see 3 peaks that cannot 

be assigned to GaInNAs. Peak (A) corresponds to Si, and this is most likely from the glass 

capillary itself. Since the glass wall thickness near the top of capillary is around 10 microns, 

Si x-rays emitted inside the capillary have some possibilities to penetrate the wall towards 

the detector, also there is a small probability that x-rays generated inside the capillary come 

out through the outlet and reflect at the sample surface, or scattered ions can hit the outside 
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of the capillary. These ions can excite Si x-rays. Peak (B) looks like a shoulder but its energy 

corresponds to Ar. This may be due to Ar gas in the air. Peak (C) is clearly from Fe. We 

suppose that this is again due to scattered ions or reflected x-rays. In spite of these possible 

drawbacks, the present technique has a great merit that external microbeams are easily 

obtained. 

 

Uranouchi Bay of Kochi prefecture, Japan is a scenic resort and also well-known for 

fish-farming. People grow various fish like sea bream and young yellowtails. In spite of the 

beautiful scenery, the seabed of this bay is not very clean. In Fig.3 a PIXE spectrum of the 

seabed sludge (b) is compared with a reference spectrum obtained from the sea water (a). 

Measurements were done in vacuum. As clearly shown in the spectrum, the seabed sludge 

contains several heavy metal elements such as Fe, Ti, V, Mn, Cu, and Zn, which are not seen 

in the sea water spectrum. We are not sure about the source of these elements, but it is likely 

that these are due to the long time accumulation of the leftover of fish-foods. 

 

Figure 4 compares PIXE spectra from dried (a) and liquid (b) seabed sludge, both measured 

in the air. We see overall agreements in two spectra, but relative intensities differ 

considerably from each other. Particularly the Cl-K x-ray intensity in (a) is larger than in (b) 

by one order of magnitude. The origin of this difference is not clear, but one possibility 

would be that most elements are condensed to a superficial layer in the course of drying, thus 
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giving relatively high counting rates in (a). In contrast with this, most elements are 

distributed diluted in the water in (b), and the incoming ions lose their energy until they reach 

the target atoms, thus resulting in a lower x-ray generation cross sections. It is interesting to 

note that the Si-K x-ray intensity is alike in both cases. This suggests that this Si signal 

results from some artifacts as mentioned earlier. In any case, comparing Fig.4 with Fig.3, we 

admit that the quality of in-air measured PIXE spectra is far inferior to those measured in 

vacuum. In order to obtain useful quantitative results by in-air measurements, we need to 

optimize the experimental conditions, such as ion species, the ion beam energy, the way to 

hold the samples, the environment around the sample, etc. 

 

Conclusion 

We have proposed a unique and simple way to obtain PIXE spectra from virtually any type of 

samples: solids, liquids and gases, and demonstrated the feasibility by showing results of 

seabed sludge measurements. The present facility is certainly useful for PIXE analysis of 

various samples that are not compatible with the vacuum environment. However, some 

improvements are clearly needed for practical use of the facility; the use of a 2~3 MeV 

proton beam instead of a 4 MeV He++ beam enhances the detection sensitivity and ion beam 

ranges in the air, the environment around the sample should be flowing He gas in order to 

enhance the ranges of ions and x-rays, as well as to avoid dust particles or water vapor 

interfering with the measurements.  
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Figures caption 

 

Fig. 1. Photograph of (A) the glass capillary optics, (B) the X-ray detector and (C) the liquid 

sludge droplet. 

 

Fig. 2. In-air PIXE spectra of the GaInNAs sample using (a) a 4MeV He++ and (b) a 2MeV 

He+ beam. The ion beam dose is 3μC. 

 

Fig. 3. PIXE spectra of (a) sea water and (b) seabed sludge. These spectra are measured in 

vacuum after complicated preparation procedures of the samples. The ion beam is 4 

MeV-He++ and the dose is 1.4μC. 

 

Fig. 4. Comparison of in-air PIXE spectra. (a) dried sludge and (b) liquid sludge sample. 
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