
  
When a solid surface is irradiated with a single 

highly charged ion (HCI), various effects characteristic of 
HCI-surface interaction will take place such that hundreds 
of electrons are emitted from the nanometer-sized area 
around the impact site, secondary particles (ions and neutral 
species) and photons are also emitted, and the atomic 
structure of nanometer-sized area over the surface in the 
depth range of few atomic layers is modified.  Much 
attention has been paid to Er2O3 thin film fabricated by 
Metal Organic Chemical Vapor Deposition (MOCVD) for 
the coating material of a thermonuclear reactor blanket.  It 
is known that the luminescence of Er2O3 provides 
information on its crystallinity.  We have observed spectral 
distributions of luminescence of Er2O3 thin film during the 
irradiation with highly charged ions (HCIs) produced by an 
electron beam ion source (EBIS). 

We used Kobe EBIS installed at the Kobe 
University for the production of HCIs.  The Kobe EBIS is 
designed for the application of ion beam processing of 
materials so that it is constructed and operated easily 
without demanding expertise of EBIS using a separate, 
commercially available super-conducting magnet.  
Maximum designed values of electron beam energy and
electron current are 40 keV and 300 mA, respectively. For 
the present experiment, the acceleration potential of HCIs 
extracted from the Kobe EBIS is 3kV, and beam current is 
in the range of 100 pA. Spectral distribution of light 
emission from the sample irradiated with HCI (Ar +, = 6 
~11) was measured using a polychromator with the effective 
wavelength range of 420 ~ 670 nm.   
 Secondary ions released from the surface irradiated 
with HCIs were also observed in the present experiment.  
A quadrupole mass analyzer (QMS) modified for the 
detection of emitted ions by replacing the ion source with an 
electrostatic lens system, so that the QMS will detect only 
ions emitted from the sample surface. 
 In the present experiment, Si and graphite (HOPG) 
were used as samples as well as Er2O3.  The preceding 
results on the charge state dependence of emission intensity 
in the 650 – 670 nm region using a bandpass filter showed 
strong charge state dependence ( I ~ q4 ), however, the 
spectral measurements with a grating spectrometer have 
shown that the Balmer light from excited atomic hydrogen 
released from the surface under potential sputtering process 
of HCI is the main contribution to the light intensity.  On 
the other hand, the intensity of band spectrum characteristic 
to bulk transitions in Er2O3 crystal has a weak charge state 
dependence. 

  Then we observed spectral distribution of light 
emission from other samples during irradiation with HCIs.  
Fig.1 shows an emission spectrum from Si irradiated with 
Ne6+ HCIs.  Emission lines of Balmer series are significant, 
and the resonance line of Na (D line) is also remarkable.  
The origin of Na is contamination.  These lines always 
exist in the spectra of Er2O3 samples.  The origin of Balmer 
lines come from desorbed hydrogen atom in excited state 
which created from hydrogen or water molecules adsorbed 
on the surface by potential sputtering process of HCIs.  On 
the spectrum from HOPG, the D line was not observed.  
Fig. 2 shows a secondary ion mass spectrum obtained from 
the Si surface irradiated with Ar11+ HCIs.  Besides proton 
and Si ions, Na ions are detected.  The signal of hydrogen 
molecule is also recognized, however, the intensity is much 
less than that of proton signal.  Considerable signal of Na  
urges us to clean the sample surface thoroughly.   

  
  
  
  
  
  
  
  
  
  
  
 Fig. 1. Emitted light spectrum in the visible region during 

irradiation of Si surface with Ar highly charged ions. 
  
  
  
  
  

  
  
  
Fig. 2. Secondary ion mass spectrum obtained from the Si 

surface irradiated with Ar highly charged ions.
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A thermal plasma having a high gas-plasma viscosity can 
significantly suppress the gas flow rate in the discharge 
channel. Thus a cascade arc (plasma window) could be used 
as an interface to separate a vacuum chamber from the 
atmosphere without needing a large differential pumping 
system [1]. As a result, many applications of plasma 
windows are expected. For example, the following processes 
could be carried out under atmospheric conditions using 
plasma windows [2]: (1) welding, cutting, and fine 
processing using an electron beam, (2) creation of novel 
materials and nanoprocessing by ion implantation, and (3) 
imaging of living biological cells with soft x-rays. 
Hershcovitch et al. transmitted an electron beam into air 
through a plasma window and welded a stainless steel plate 
in the atmosphere. 

In order to realize a practical arc plasma source having a 
high potential as the vacuum interface, we have investigated 
the TPD (Test Plasma by Direct current discharge) device at 
NIFS [3]. This apparatus that is one of the cascade arc type 
discharges. The He or Ar dc discharge is initiated between 
an anode and a cathode. Intermediate floating electrodes are 
installed to stabilize the cascade discharge.In this study, by 
modifying the electrodes of TPD device, atmospheric 
thermal Ar plasmas are generated. The aim is to enhance the 
performance of the plasma window as a vacuum-atmosphere 
interface by producing dense, high-temperature plasmas 
(exceeding 4 eV and 1017 cm–3).

FIG. 1 is a schematic of the TPD cascade arc discharge. 
The cathode is a needle-shaped CeW rod that is 3.2 mm in 
diameter, and the anode is made of tungsten with an opening 
of 3 mm in diameter. The intermediate electrodes consist of 
ten plates made of stainless steel or molybdenum. These 
openings form a throat around the cathode so that the gas 
can flow smoothly Their potentials are electrically floating 
and are thus determined by the plasma itself to maintain a 
stable discharge. Argon gas is fed into the discharge section 
at a constant flow rate of 3.3 L/min. A power supply 
provides a discharge current of up to Id = 100 A. The 
plasmas between the cathode and anode expand in an
expansion section exhausted by a mechanical booster and a 
rotary pump. The discharge is initiated in a glow mode (with 
Id = 1 A at Vd = 1 kV). Subsequently the cathode is 
self-heated up to the working temperature, resulting in a 
transition from the glow mode to the cascade arc discharge 
(with Vd~130 V) accompanied by intense plasma emission. 
FIG. 2 shows a comparison of the plasma emission for the 
(a) glow and (b) cascade arc discharge modes. The plasma 
parameters were characterized by means of emission 
spectroscopy.

Before plasma initiation, the gas pressure is fixed at Pd =
33 kPa. With increasing discharge current, the pressure 

increases and reaches Pd = 118 kPa at Id = 20 A. The 
pressure Pe in the expansion section is 290 Pa. 
Consequently, the ratio of the pressures in the cathode side
to that in the expansion region is 1/407, with and without the
booster pump, respectively.

The steep pressure gradient between the discharge and 
expansion chamber is caused by plasma plugging owing to 
the high viscosity of the thermal plasma. Since the gas flow 
rate is constant, any pressure increase in the discharge 
pressure indicates that the gas/plasma temperature is also 
increasing. Assuming that the initial gas temperature is 300 
K, a equation of state yields a gas temperature of 1100 K 
around the cathode. At 100 kPa the viscosities at 300, 1100, 
and 10 000 K are 2.3×10–5, 5.8×10–5 and 2.7×10–4 Pa·s, 
respectively. In addition, the viscosity of charged particles 
may contribute to the plugging effects. As a result, gas flow 
through the plasma channel is significantly suppressed.
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Fig. 1. Schematic of the TPD cascade arc discharge.

 
Fig. 2. Photos of plasma emission taken from end viewing port. 
(a) glow mode and (b) cascade arc discharge.
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