
  
In the LHD experiments, the particle balance in the 

plasma edge region is important for the study of the high-
performance confinement.  Since the magnetic field 
strength and direction vary with the position and are known 
in the LHD plasma, the Zeeman-splitting of spectral lines 
carries the information of the position of excitation, which is 
almost the same as that of ionization.  This information is 
helpful for investigating the particle balance in LHD.  In 
the case of hydrogen plasma, however, the structure of 
Zeeman-splitting is masked by the Doppler broadening.  
For that reason, we developed a system of “Doppler-free” 
saturation spectroscopy at the Balmer-alpha line of atomic 
hydrogen.  In our previous study, the precise phenomena of 
saturation spectrum of the atomic hydrogen Balmer-alpha 
line with and without Zeeman-splitting were investigated.  
Since the LHD plasma will be switched to deuterium plasma, 
we have investigated the saturation spectrum of atomic 
deuterium Balmer-alpha line in this year. 

The plasma source was a helicon wave discharge 
machine installed in Hokkaido University.  The discharge 
part consisted of a 16 mm inner diameter and 300 mm 
length quartz tube wound a helical antenna.  The quarts 
tube was connected to a vacuum chamber, of which depth 
was 300 mm.  The vacuum chamber and the quarts tube 
was filled with 7.2 Pa deuterium gas and the rf power fed to 
the helical antenna was 250 W continuously.  The 
discharge was maintained without external magnetic field.  
The light source for saturation spectroscopy was a tunable 
diode laser with an external cavity (TOPTICA DL100pro).  
The laser beam was injected to the deuterium plasma as a 
pump beam.  The transmitted laser beam was attenuated by 
a ND filter and was reflected by a mirror to be reentered to 
the plasma on the same chord as a probe beam.  The 
intensity of the pump beam and the probe beam were 9.2 
mW and 0.4 mW, respectively.  The absorption length was 
approximately 30 cm.  The transmitted probe beam was 
picked up by a beam sampler and detected by a photo diode. 

Figure 1 shows the observed absorption spectrum and 
calculated absorption spectrum based on the Einstein’s A 
coefficients of the deuterium Balmer-alpha line listed on the 
NIST Atomic Spectra Database.  The horizontal axis 
shows the relative frequency from the 2P3/2-3D5/2 (656.1067 
nm) transition. The calculation was carried out with 
Doppler-broadening at the temperature of 650 K.  The 
experimental and calculated spectrum showed good 
agreement except Lamb dips on the experimental spectrum.  
It was confirmed that the Doppler-broadening was narrower 
than the hydrogen plasma that generated similar condition.  
Figure 1 also shows calculated absorption spectra of the 
individual fine structures.  The frequencies of the Lamb-

dips of the experimental spectrum showed good agreement 
with the center of each absorption peaks.  The Assigned 
transitions were labeled in Fig. 1.  The dip at 7.21 GHz 
also found but this dip was slightly different frequency of 
weak 2P1/2-3S1/2 (6.98 GHz) absorption.  This dip can be 
explained as a crossover dip which observed at the midpoint 
of two adjacent transitions with a common lower level by 
the saturation spectroscopy.  In this case, 2S1/2-3P1/2 (5.57 
GHz) and 2S1/2-3P3/2 (8.86 GHz) are the related transitions.  
This crossover dip was observed clearly while other 
crossover dip could not be found.  The obvious crossover 
signal between 2S1/2-3P1/2 and 2S1/2-3P3/2 transitions was 
also found in the hydrogen saturation spectrum. 

The saturation parameter S0 can be derived from the 
relative depth of the Lamb dips by the equation, 

S0 = (1- / 0)-2 -1, 
where  is the depth of Lamb dip and 0 is the peak 
absorption of the each fine structure.  Derived saturation 
parameters are listed in Table I.  The saturation parameter 
is proportional to the spectral energy density of pump beam 

, Einstein’s B coefficient, and inverse of the effective 
relaxation frequency of the upper and the lower levels 1/R*, 

S = B12 / R*. 
The differences of saturation parameters between each 
transition reflect these parameters. 

Fig. 1:  Absorption spectrum of atomic deuterium Balmer-
alpha line with Lamb dips (experimental) and calculated 

absorption spectrum (total and each fine structure). 
 

Table I: Saturation parameters of observed Lamb dips 
Transition Bik(arb.unit) 0 S0 
2P3/2-3D5/2 9.7 0.25 2.4 0.25 
2S1/2-3P1/2 2.2 0.03 0.27 0.25 
2S1/2-3P3/2 4.5 0.08 0.54 0.36 
2P1/2-3D3/2 10.8 0.06 1.30 0.1 

 

  
Microwave to millimeter-wave diagnostics have been 

well developed by the advancement of devices using 
integrated circuit and micro-fabrication technologies and of 
computer technologies. Microwave imaging is one of the 
attractive methods to visualize dynamic behavior of plasma 
fluctuations [1, 2]. The purpose of this research is to develop 
components and systems for these diagnostics, and apply to 
the LHD experiment.  

Recently, we have started a study of synthetic imaging 
as well as of optics imaging. The advantage of synthetic 
imaging is that the image can be reconstructed without need 
of large lenses having high optical quality. The synthetic 
imaging is applied to a remote-sensing, so called, synthetic 
aperture radar (SAR). Two types of SAR system have been 
operated as strip-mapping mode and spotlight-mode SARs. 
In the former type, the processing of the reflected signals 
allows the effective synthesis of a very large antenna, which 
provides high resolution. The latter technique is interpreted 
as a tomographic reconstruction problem.     

The resolution of the SAR image, in the range and the 
azimuth directions, is determined by the bandwidth as well 
as the carrier wavelength. In conventional microwave SARs 
the frequency and the bandwidth are assigned by the 
Administration of Radio under the Ministry of Internal 
Affairs and Communications in Japan. However, there is no 
bandwidth limitation in the infrared region. We have 
developed an ultra-wideband microwave-modulated laser 
radar which is designed and fabricated for the improvement 
of spatial resolution both in the range and the azimuth 
directions [3]. The frequency modulation (1-18 GHz chirp) 
is applied to an infrared laser source in 1550 nm wavelength. 
Considering the influence of radiation pattern for microwave 
antennas case, there is no side lobe in laser beam 
transmission. Ambiguous signal and interferences which are 
returned from the ground can be suppressed.  

A prototype of laser-radar system with a fiber collimator 
for transmitting and receiving optics has been constructed as 
shown in Fig. 1. The transmitter unit contains both optics and 
control electronics. The wave is amplified by a fiber 
amplifier and irradiated by a transmitting optics (a beam 
expander with a fiber collimator). The reflected wave is 
picked up by a receiving optics and injected to a receiving 
unit via a fiber amplifier. A tunable filters with bandwidth of 
1 nm is inserted between amplifiers in order to improve the 
signal to noise ratio (SNR). 

 

A vector network analyzer is used to obtain S21 signal 
between the microwave modulation input and that of 
received signal. The system is applied to the measurement of 
the distance (position) of an object. It is proved that the 
spatial resolution is ~ 1 mm during 5-20 m. As an initial 
experiment, we have succeeded to obtain 3D image of object 
by scanning a laser beam in two dimensions as shown in Fig. 
2 [4]. In order for the spotlight-mode operation, the direction 
of the incident beam is controlled by a gimbal rotor unit or a 
fast scanning optics.  
 
 
 
 
 
 
 

 
 
 

Fig. 1.  Schematic of synthetic imaging system using 
microwave-modulated infrared laser. 

 
 
 
 
 

 
 
 
 
 
 
 
 
 

Fig. 2.  An example of laser imaging. 
 

In conclusion, we have developed an ultra-wideband 
(1-18 GHz) microwave-modulated laser radar (1550 nm 
wavelength), which is designed and fabricated for the 
improvement of spatial resolution both in the range and the 
azimuth directions. The application of the system to plasma 
diagnostics (such as diverter plasmas) is being investigated. 
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