
The plasma boundary in terms of the neutral ionization
is investigated for a detached plasma sustained by ECH (elec-
tron cyclotron heating). Since intense line radiation implies
occurring vigorous atomic processes, the radial ionization lo-
cation of neutrals can be approximated by the primary line
radiation location. We first determine the electron tempera-
ture Te and density ne at such a location from a line intensity
distribution of neutral helium. We then compare those param-
eters with the Te and ne profiles measured by the Thomson
scattering system so that the primary line radiation location is
located.

The temporal development of the discharge used for this
study is shown in Fig. 1. Helium is used as the working gas
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Fig. 1: Temporal development of the discharge used in the
present analysis. The results of the spectroscopic analysis are
also shown.

and the gas-puff rate is feed-back controlled to follow the pre-
set waveform of the line-integrated ne measured by the inter-
ferometer. As the central ne, ne0, increases, the central Te,
Te0, is lowered as seen in Fig. 1(b).

The divertor detachment is observed at around t = 5 s
and terminated by the ICH (ion cyclotron heating) input at t =
6 s which is judged by the ion saturation current measured by

the electrostatic probes on the divertor plates. It is observed
that ne0 is stepwise increased during the detachment, and is
gradually decreased after the re-attachment. Our interest is
whether the ionization location of neutral atoms is displaced
during the period of the divertor detachment. If the plasma
shrinks as a result of the detachment, the ionization location
could be inward shifted accordingly.

The nine emission lines indicated in Fig. 2 are used to
determine Te and ne [1]. Figure 1 (c) shows the temporal

10-3

10-2

10-1

100

in
te

ns
ity

 (W
 m

-2
 n

m
-1

 s
r-1

)

700600500400
wavelength (nm)

33 P

43 D

41 D
31 P

41 S

33 D

31 D

33 S
31 S

Fig. 2: Example of the measured spectra. The nine emission
lines used in the analysis are indicated by the labels showing
the upper state of the transition.

variations of Te and ne determined from helium lines. The
both results respectively show similar temporal variations to
their central values in Fig. 1 (b). This result indicates that the
primary ionization location is determined by neither local Te
nor ne. It is noted that the agreement between the locations
independently determined by Te and ne is satisfactory, that
supports the reliability of the present diagnostic methodology.

A remarkable characteristic is that the primary ioniza-
tion location is virtually fixed as seen in Fig. 1 (d) while the Te
and ne values change in the course of time. It is also noticed
that no displacement of the emission location is seen in the
period of the divertor detachment. These results suggest that
the primary ionization location is determined by the magnetic
field structure and is irrespective of the plasma conditions.

1) M. Goto and K. Sawada: J. Quant. Spectrosc. Radiat.
Transf. 137, 23 (2014).

  
Development of shorter wavelength light sources has 

been motivated by their applications for technology and 
science in the extreme ultraviolet (EUV) and soft x-ray 
spectral regions. Challenging topics include the three-
dimensional imaging and single-shot flash photography of 
biological structures in living cells. A laboratory-scale table-
top laser-produced plasma (LPP) source has been developed 
using a liquid nitrogen jet with zone plate focusing for 
microscopy and has achieved a resolution less than 25 nm 
with synchrotron-like quality images. An exposure time 
longer than a few seconds, however, is required that allows 
Brownian motion of the target cells in the solution. To 
circumvent thermal effects a high brightness light source is 
thus required for single-shot imaging.  

The emission, which is attributed to the transition of n 
= 4−n = 4 (Δn = 0) unresolved transition array (UTA) 
spectral structure from LPPs of other elements could also 
provide light sources for x-ray microscopy in the water 
window, 2.3−4.4 nm, and the carbon window, 4.4−5.0 nm. 
The peak wavelength of n = 4−n = 4 UTA spectral structure 
depends on the atomic number and follows a quasi-
Moseley’s law: a higher Z gives a shorter peak wavelength.1) 
The highest Z non-radioactive element that can be used is 
bismuth (Bi, Z = 83) and its peak wavelength observed in a 
150-ps pulse duration LPP lies in the water window around 
4.0 nm. On the other hand, theoretical calculations, which 
assume that the spectra simply mirror gA distributions, 
where g is the statistical weight and A is the Einstein A 
coefficient, have predicted an UTA emission feature at 3.2 
nm in Bi plasmas with an electron temperature Te higher 
than 1 keV that could not be observed in previous 150-ps 
LPP studies.2) Bi plasmas radiate strongly near 3.9 nm while 
at electron temperatures higher than 900 eV, strong UTA 
emission around 3.2 nm is expected. This result is supported 
by LHD Bi experiment.3) Besides requiring lower laser 
fluxes as they originate from lower ion stages, plasma 
emission based on these transitions has the advantage of 
being less optically thick since it is well known that the 
emission from n = 4−n = 5 (Δn = 1) transitions shifts almost 
monotonically to higher energy with increasing ion stage so 
that radiation trapping amongst overlapping transitions is 
not a problem. In addition, the emission from satellites, 
which are favored in emission from solid targets, can to 
some extent fill in the regions between the resonance arrays 
in adjacent stages giving an almost continuous distribution 
of intensity. Zr is an important element in astrophysical and 

nuclear physics and consequently many experiments and 
calculations have been performed in the past decades. 
According to the previous LPP experiment, the Zr plasma 
has a potential of the high output energy under lower laser 
fluxes and lower power density. For middle-Z and/or high-Z 
elements, accurate theoretical calculations are difficult due 
to relativistic effects and the lack of suitable experimental 
data for benchmarking their precision. 

Optically thinner LHD plasma spectra from Zr at the 
electron temperature of 300−400 eV are shown in Fig. 1. It 
is noted that the strong line emission at 3.37 nm is 
originated from C4+. The origin of a number of transition 
arrays observed in LHD plasmas that dominate zirconium 
spectra in the 2−6 nm region are almost identified as 
resulting from resonant 3dn−3dn-14p and 3dn−3dn-14f 
transitions. According to the collisional-radiative (CR) 
model, the ion fraction is expected to be around q = 2x+. 
The spectral structure would be reproduced by use of the 
atomic code of HULLAC in near future. 4) 
 

Fig. 1. EUV spectrum of highly charged Zr ions at the 
electron temperature of 300−400 eV in LHD. 

Fig. 2. Electron temperature dependence of the ion 
fraction at the electron density of 6 × 1013 cm−

3 by 
collisional-radiative (CR) model.  
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