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A tangential viewing phase contrast imaging (T-PCI) system is being designed for the JT-60SA tokamak to 
investigate microturbulence. In order to obtain localized information on the turbulence, a spatial-filtering 
technique is applied, based on magnetic shearing. The tangential viewing geometry enhances the radial 
localization. The probing laser beam is injected tangentially and traverses the entire plasma region including 
both low and high field sides. The spatial resolution for an ITB discharge is estimated at 30~70% of the minor 
radius at k= 5cm-1, which is the typical expected wave number of ion scale turbulence such as ITG/TEM.  
 
 

 

I. INTRODUCTION 

This paper describes the conceptual design study of a 
tangential phase contrast imaging (T-PCI) diagnostic for JT-
60SA1 to measure microturbulence. JT-60SA is a super 
conducting tokamak, which will start operation in 2019. JT-60SA 
will cover an operational range of normalized collisionality, 
normalized beta and normalized ion Larmor radius relevant to 
both ITER and DEMO. 

The investigation of microturbulence is one of the most 
important areas of magnetic fusion research. Turbulence plays a 
crucial role in all transport channels such as energy, particle, 
impurity and momentum. While simulation studies based on 
gyrokinetic and gyrofluid turbulence modeling are widely 
performed, simulation validation through turbulence 
measurements is limited. This is due in part to the difficulty of 
measurements of turbulence. In the last two decades, microwave 
reflectometry2 and beam emission spectroscopy (BES) have 
arguably been the most common techniques. Reflectometry can 
measure turbulence with very fine resolution, down to 1% of the 
minor radius. However, the measurement location depends on 
plasma density and on the magnetic field profile. Reflectometry 
is very suitable for measuring edge turbulence, where the density 
gradient is steep. BES is a powerful technique that can generate a 
direct two dimensional picture of the turbulence3. BES can 
measure core turbulence, when a heating or diagnostic neutral 
beam is available and the signal is strong enough. A fine spatial 
resolution (1~10% of minor radius) is possible when the viewing 
geometry is optimized. Both microwave reflectometry and BES 
are being planned for JT-60SA1. 

Compared with microwave reflectometry and BES, PCI has 
the advantage of unrestricted applicability. Operation is not 
limited by any plasma condition or heating scheme. Also, PCI 
has good access to core turbulence, which is appropriate for 
comparisons with gyrokinetic and gyrofluid simulations. Phase 
contrast imaging is a laser-based homodyne scattering technique 

that is very sensitive to small amplitude turbulence. Given the 90 
degree phase difference to first order between scattered and un-
scattered components, the small phase variations due to the 
change in refractive index caused by electron density fluctuations 
can be converted into measurable intensity variations by 
changing that phase difference with a spatial filter. The image of 
the turbulence is then projected onto the detection plane. 
However, due to the large scattering volume, in the basic PCI 
technique, the measurement is line integrated. In order to obtain a 
local image of the turbulence, an additional selection technique 
based on magnetic shear is necessary, which is used in LHD4,5, 
TCV6,7 and DIII-D8. This technique makes use of the strong 
asymmetry of the turbulence and magnetic shear. This is 
described in section II. 

In PCI, the minimum measurable k is determined by beam 
width, while the maximum measurable k is determined by the 
spacing of the detector array and size of the collection optics. The 
k dynamic range can be enhanced by adjusting the magnification. 
Usually, the infrared region around 10m is used for PCI. This is 
because stable and powerful CO2 lasers and highly sensitive 
semiconductor detector arrays are available in this wavelength 
region. 

II. PRINCIPLE OF PCI WITH MAGNETIC SHEAR 
TECHNIQUE AND SYSTEM DESCRIPTION 

Figure 1 shows the principle of the magnetic shear technique. 
The magnetic shear technique was first applied to PCI in 
Heliotron E9. The wavelength of the turbulence in the magnetized 
plasma perpendicular to the magnetic field is of the order of the 
electron or ion Larmor radius, while the wavelength parallel to 
the magnetic field is of the order of the connection length, i.e., 
much longer. This restricts the detectable wave vector to one 
direction at each spatial point, which twists in space due to the 
twisting of the magnetic field. As a result, the scattered 
components focus at different positions on the focal plane  
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Fig.1 Principle of magnetic shear technique 
k0 is wavenumber vector of injected laser beam, B1,B2 are vector of 
magnetic field at position 1 and 2. Measured wavenumber 
components are B1xk0 and B2xk0. 

 
 (Fourier plane) and have different propagation directions in the 
image plane, as shown in Fig.1. In TCV and DIII-D the wave 
vector direction is selected with slits, and the turbulence is 
measured by 1D detector arrays6,7,8. In LHD, a two dimensional 
image of the fluctuations is measured by a 2D detector array, and 
the location selection occurs by digital spatial Fourier 
transform4,5,10. For an equal number of pixels, the 1D slit 
technique has better k resolution and dynamic range and the 
spatial profile of the turbulence can be obtained by rotating the 
slit between shots or dynamically in the steady state phase of the 
discharge. The Maximum Entropy Method is suitable to get the 
2D k spectrum from a limited number of pixels10. Using the 2D 
technique, the complete spatial profile of the turbulence is 
obtained at each instant.    

The magnetic shear technique works best for large variations 
of the projected field angle (the precession of the magnetic field 
around the laser beam). This is the case for LHD with a vertical 
view4, for which the projected field angle changes by +-50 
degrees. In a conventional tokamak, however, the angle variation 
is about +-10 degrees for a vertical view. On the other hand, in a 
tokamak a tangential view yields a large variation of the 
projected field angle, so that spatial resolution is dramatically 
improved6. In general, the region of near-tangency to the 
magnetic field offers the best localization.  

Figure 2 shows the beam path of the system. The CO2 laser 
beam is transmitted from the laser room to the torus main hall. 
Then, the beam is injected tangentially. After passing through the 
vacuum vessel, the beam goes to the detection box. A CO2 laser 
two color interferometer for electron density measurements is 
planned for the same port section but a different port window 
with a double pass arrangement1,11. The two CO2 laser 
diagnostics do not interfere with each other. 

Figure 3 shows a schematic view of the detection system as 
currently envisioned. The laser beam is focused on the groove of 
the phase plate, which introduces a 90 degree phase difference 
between scattered and unscattered components. The groove of the 
phase plate will be coated to attenuate the unscattered 
components in order to prevent detector saturation and enhance 
the contrast. The beam is feedback controlled to keep the 
focusing spot on the groove of phase plate. This technique was 
already developed for DIII-D8 and TCV6,7. The beam is  

 
Fig.2 Design of beam transmission of JT-60SA T-PCI 

 
Fig.3 Detection system 

 
envisioned to be split and sent to the 1D and 2D detection areas. 
The 1D detection system measures a wide k range of fluctuations. 
A remotely controlled rotating slit selects the location of interest 
as shown in Fig.1. The 2D detection system measures the entire 
fluctuation profile simultaneously as illustrated in Fig.1 (case 
without slit). L1 is located at the first image plane and adjust the 
beam width. The three-lens arrangements allow varying the 
magnification in order to vary the k dynamic range. The detector 
will likely be a liquid nitrogen cooled Mercury Cadmium 
Telluride (MCT) semiconductor detector. Cooling is necessary to 
minimize the thermal noise and detect weak signals. The 2D 
system may use a photoconductive (PC) type and the 1D system 
a photovoltaic (PV) type, as the former's typical bandwidth 
(~2MHz) can cover the ion temperature gradient (ITG)/trapped 
electron mode (TEM) region, while the latter can extend to 
higher frequencies and cover the electron temperature gradient 
(ETG) region.  

In JT-60SA, deuterium gas and deuterium neutral beams 
will be used from the second initial research phase1. Therefore, 
semiconductor devices such as MCT detectors, amplifiers and the 
beam feedback control system should be protected against 
neutron and gamma ray irradiation. The expected fluence is now 
being calculated to design the shielding. Approximately 12cm 
thick borated polyethylene to reduce the 2.45MeV D-D neutron 
fluence by one order of magnitude and 1cm thick lead plate to 
reduce gamma ray fluence about a factor of three will likely be 
necessary. The system should be one week maintenance free. The 
liquid nitrogen should be fueled automatically. Shielding and a 
liquid nitrogen fueling system are now under development for 



   

LHD deuterium experiments. The experience in LHD will be 
used to design the JT-60SA system. 
 

III. GEOMETRY AND SPATIAL RESOLUTION 
 

Fig.4  Spatial resolution of T-PCI in JT-60SA 
(a) Schematic view of the bema path, (b) normalized position 

along the beam, (c) projected magnetic field angle and (d) 
spatial resolution. Z coordinate is along beam axis. 

 

The achievable spatial resolution has been estimated for the 
equilibrium of an ITB discharge in JT-60SA. The beam path in 
the vessel is for the present available port as shown in Fig.2. 
Figure 4 (a) shows a top view of beam transmission. The beam is 
injected tangentially and horizontally. In TCV, the tangency point 
is close to the magnetic axis and the rapid projected angle 
variation there yields a spatial resolution down to 1% of the 
minor radius. However, presently, such a view is not available in 
JT-60SA. The tangent radius is 1.755m and is inside the inner 
boundary. As shown in Fig.4 (a) and (b), the beam traverses the 
entire minor radius four times, twice on the low and twice on the 
high field side. The measured k is predominantly poloidal close 
to the edge and radial close to the plasma center. This enables the 
investigation of ballooning effects on turbulence and possibly 
toroidal correlation. Figure 4 (c) shows the variation of the 
projected magnetic field angle onto the detection plane, which is 
perpendicular to the beam axis. The angle varies by around +-40 
deg. as shown in Fig.4 (c). This is almost comparable with the 
LHD vertical view, for which the angle variation is +-50deg4. In 
contrast to JT-60SA, the beam traverses the entire minor radius 
only twice in LHD PCI system4.  

Spatial resolution is calculated as follows. As shown in Fig.1, 
scattered components are focused at different positions in the two 
dimensional focal plane. A slit can select particular scattered 
components. We consider a diffraction-limited system, i.e., an 
optimal slit with a width equal to the width of the focal spot. The 
corresponding angular resolution, defined as the 1/e2 width, 
yields the spatial resolution through the curves of Fig. 4(c). The 
focal spot is a crucial parameter, a smaller one yielding better 
spatial resolution and requiring a larger beam width in the plasma. 
Presently, the designed beam width defined by 1/e2 intensity is 
10cm. The window and mirror sizes are large enough for the 
probe beam and scattered components. Figure 4 (d) shows the 
calculated spatial resolution along the beam path for k=2-20cm-1.  

Better spatial resolution is achieved on the low field side. 
According to a gyrokinetic linear calculation for a JT-60U 
discharge12, the unstable region at =0.25 is ki=0.1-1, where k is 
the poloidal wavenumber and i is the ion Larmor radius; 
ki=0.1-50 at =0.5 and ki=0.1-100 at =0.75. Typical 
parameters for a deuterium discharge of JT-60SA will be Ti=1-
10keV and Bt=2.25T. This corresponds to i=0.2-0.64cm. The 
dominant part of ion scale turbulence such as ITG and TEM 
typically occupies ki=0.1~2, i.e., k <5cm-1. Table 1 shows a 
summary of the spatial resolution for k=2-10cm-1. From the 
experience in LHD, TCV, and DIII-D, it is thus promising to 
measure ion scale turbulence such as ITG/TEM using PC type 
MCT. As shown in Table 1, at k=5cm-1 the spatial resolution is 
30-70% of the minor radius. This spatial resolution is sufficient 
to investigate the correlation between ion scale turbulence and 
transport. Also, synthetic diagnostics13 will help to understand the 
turbulence characteristics.  Far better spatial resolution is 
obtained for higher k, but in this case, increase of the phase 
contrast and use of a PV type detector are likely to be essential. 
 

Table 1 Summary of spatial resolution for ITB discharge 
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