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Abstract. 

A core fluctuation diagnostic based on the phase-contrast imaging (PCI) technique has been designed for the JT-60SA 
tokamak, with the assistance of a synthetic diagnostic coupled to a gyrokinetic code. Using a tangentially viewing geometry, 
this system would be able to resolve small-scale microturbulence as well as macroscopic fluctuations, with good spatial and 
temporal resolution, throughout the plasma cross-section and in all plasma regimes. The spatial resolution will be optimal (<5% 
of the minor radius) in the pedestal region and near the magnetic axis. The accessible wave-number range will cover the main 
ion-scale instabilities predicted to be at play, and optionally also the electron-scale ones. The new superconducting tokamak 
JT-60SA, which is due to begin operating in 2021, will be the largest tokamak ever built and the most significant intermediate 
step in magnetic-confinement fusion before the inception of ITER operations. Turbulence is the primary cause of anomalous 
transport, one of the primary limiting factors in controlled nuclear fusion. Understanding and possibly controlling turbulence 
thus remain paramount to the fusion quest, and JT-60SA offers the possibility of performing such studies for the first time in a 
true reactor-relevant environment, providing also a unique opportunity for code validation. This proposal is supported by a 
direct modelling effort, employing the gyrokinetic code GENE and a PCI synthetic diagnostic. Linear and nonlinear flux-tube 
simulations have been performed for a typical high-performance scenario, to identify the spectral and spatial areas of interest 
and illustrate the potential for fruitful theory-experiment comparison. While only electrostatic simulations could be carried to 
full completion with the computing resources deployed for this study, the work has highlighted the importance of including 
electromagnetic effects for proper comparisons.  

1. INTRODUCTION AND MOTIVATION 

Anomalous transport due to small-scale turbulent fluctuations in density, temperature, and electric and magnetic 
fields is the main limiting factor to energy and particle confinement time in present tokamak fusion devices. 
Reduction and control of turbulent transport losses would be highly desirable to enhance the performance of ITER 
and potentially to limit the size of future fusion devices such as DEMO. Since the purpose of JT-60SA is to provide 
substantial contributions for optimizing performance in ITER and DEMO [1-2], investigation of the physics of 
turbulence as well as of options for turbulence mitigation to improve confinement is an important part of the JT-
60SA research plan [3]. 

There are several diagnostics that can measure turbulence. One of the most flexible techniques is phase-contrast 
imaging (PCI), currently used in both tokamak [4-7] and stellarator [8-9] devices to probe ion-scale turbulence as 
well as coherent fluctuations such as MHD modes. The diagnostic performs measurements of small-scale electron-
density fluctuations, integrated along the path of a laser beam that is injected through the plasma, and provides a 
direct spatial image of the plasma in the plane perpendicular to the direction of propagation of the beam. 
Longitudinal localization can be achieved by exploiting the geometry of the measurement and the twisting of the 
magnetic field, for tangential injection of the laser beam with respect to the magnetic field. PCI measurements are 
not dependent on specific plasma conditions and can be performed from edge to core, which makes the technique 
an ideal choice for the essential task of validation and comparison with theory, specifically with simulations using 
gyrokinetic codes [10-11]. 

A proper study of the turbulence phenomena requires both a theoretical and an experimental approach, the former 
by means of simulations and the latter by performing measurements of the fluctuating quantities. From the theory 
side, these simulations are important for yielding predictions concerning yet unexplored scenarios and for 
designing future fusion reactors, as well as to link experimental observations - particularly regarding transport and 
confinement - to first principles and to the underlying physical mechanisms. However, while the underlying 
models in the gyrofluid and gyrokinetic codes have become gradually more accurate over time, discrepancies are 
still observed between what is calculated numerically and what is measured experimentally. To further improve 
these codes, which would give us a better understanding of the turbulence phenomena, fluctuating turbulent 
quantities need to be measured in many different scenarios, and both at the edge and in the core. The proposed 
tangential PCI (TPCI) diagnostic for JT-60SA offers a unique opportunity to study turbulence for the first time in 
a reactor-grade device, in a variety of scenarios that should help answer critical questions for ITER and DEMO. 
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This paper presents the basis for the design of a TPCI diagnostic for JT-60SA, following an earlier, preliminary 
proposal [12], to measure ion- and possibly electron-scale turbulence, as well as initial gyrokinetic modeling that 
confirms the appropriateness of the proposal. Section 2 briefly describes the PCI technique and the principles 
underlying the localization achieved by TPCI. The design criteria and the design choices deriving from them are 
discussed in section 3, followed by details of the achievable spatial resolution in section 4, of considerations on 
imaging conditions and sensitivity in section 5, and an overview of the proposed hardware layout in section 6. 
Gyrokinetic modelling performed in support of the project is presented in section 7. Brief conclusions are offered 
in section 8. 

 
2. PRINCIPLES OF THE PHASE-CONTRAST TECHNIQUE 

A phase-contrast imaging apparatus is essentially a homodyne interferometer in which the laser beam itself acts 
as a local oscillator [13]. The advantage of the internal-reference concept is that the reference and the measuring 
components share the entire optical path, rendering the measurement largely insensitive to mechanical vibrations. 
This greatly enhances its sensitivity and allows it to measure very small phase changes. By responding to very 
small changes in the refractive index of a dielectric medium, PCI allows the measurement of turbulent electron 
density fluctuations. Interference occurs between the unscattered component of the beam (conveniently phase-
shifted by an optical element commonly termed phase plate), which acts as a local oscillator (LO), and the 
components scattered at finite angles, and contrast can be enhanced by attenuating the former appropriately, 
resulting in enhanced sensitivity. 

A fundamental limit of the technique is that the lack of an external reference precludes the measurement of absolute 
phase changes: only phase differences across the width of the beam can be measured. The maximum perpendicular 
wavelength that can be resolved is then of the order of the beam diameter. However, of all internal-reference 
techniques (Schlieren, scintillation, and dark ground are other examples), PCI has been demonstrated to be the 
only one to exhibit a uniform complex transfer function in wave-number space, making it a true imaging technique 
in the relevant wave-number range [5]. 

There is no strict upper wave-number limit. However, beyond a certain wave-number threshold, there occurs a 
transition from the Raman-Nath (or geometric-optics) regime to the Bragg regime, giving rise to the so-called 
Talbot effect, where the medium under investigation is no longer imaged as a whole. This can be restated by saying 
that the depth of focus of the measurement becomes shorter than the depth of the medium (i.e., the length of plasma 
resolved by the measurement). This threshold is kmax~(πk0/L)1/2, where k0 is the laser-beam wave number and L is 
the effective integration length. In practice, as will be discussed later, with tangential launching and localization 
using magnetic shearing, this limit becomes very generous and in all practical cases one can always operate in the 
Raman-Nath regime. 

In practice, the maximum wave number that can be resolved unambiguously is set by the Nyquist condition on the 
spatial sampling, i.e., by the number of detector elements and their spacing in the object plane. For a given beam 
width and detector dimension, spatial resolution can be increased by enhancing the magnification through a set of 
lenses placed before the detector, and projecting only a fraction of the beam onto the detector. The cost is, however, 
a reduced field of view and a reduced diameter of the cylindrical interaction volume in the plasma. 

Because of the line integration, the measured intensity modulation will be a sum of all fluctuating components 
along the beam path. In this setup, PCI will therefore not have any longitudinal localization. However, by 
considering the anisotropy of turbulent structures in magnetically confined fusion plasmas along with the twist of 
the magnetic field, some longitudinal localization can be achieved. Fluctuations with finite wave number in the 
direction of beam propagation are averaged out upon integration. It follows that the measured intensity modulation 
is mainly sensitive to wave vectors perpendicular to the beam. Furthermore, particles that are confined in a 
magnetic-confinement fusion device are transported rapidly along the field lines while drifting slowly 
perpendicular to them. As a consequence, the turbulent structures are elongated along the field lines and the wave 
vector of the turbulent fluctuations is almost entirely perpendicular to the magnetic field. The wave vectors 
detected by the PCI diagnostic, k, are therefore related to fluctuation contributions that are perpendicular both to 
the beam propagation direction and to the total magnetic field, i.e., k∝B×k0. Since the magnetic field in the fusion 
device twists, it follows that k will rotate by an angle that is a function of the coordinate z along the beam path, as 
illustrated in Fig. 1. The k direction can be selected by spatial filtering in a focal plane – within a minimum width 



 

 

determined by diffraction – and the 
result will then be that the 
measurement will be limited to a 
specific segment of the full beam 
path in the plasma. Note that the 
nature of the PCI measurement 
imposes that for a given k direction 
both signs be retained, so the 
rotation angle can only vary from 0 
to π, or equivalently from – π to π. 

Optimal linear localization is 
achieved where the projected 
magnetic field angle varies the 
most, which occurs close to the 

point of smallest angle (near-tangency) between the injected laser beam and the magnetic field [7,14]. When 
converted to a resolution in flux coordinates, the effect is amplified further, since the point of smallest angle is 
essentially coincident with the point of tangency to the flux surface, where the derivative of the normalized flux 
with respect to the linear path coordinate vanishes. The statement that the measured wave vector is perpendicular 
to the beam direction is only true to within the wave-vector indeterminacy due to the finite integration length Lz: 
that is, kz=k∙k0/k0 ≤1/Lz. The smallness of the kz component is a key factor permitting localization, but that same 
localization limits how small that component can be. This results in a minimum achievable resolution at the 
tangency point, which can be estimated with the following simple argument. In a tangential configuration, for a 
given wave vector k one wants to diagnose, the kz component is determined primarily by the curvature of the 
toroidal magnetic field: kz~kz/R, where z is the distance from the tangency point and R is the major radius. This 
results in the relation k∆z/R≤1/(2∆z), i.e., ∆z~[R/(2k)]1/2, which, translated to an approximate normalized minor 
radius ρ~(∆z)2/(2Ra) (a being the plasma minor radius), results in a radial resolution ∆ρ~1/(4ka), which of course 
is invariably much smaller than unity. 

This localization technique has been applied successfully in particular to the TCV tokamak, in numerous studies 
detailing the dependence of turbulence on plasma shape and the characteristics of geodesic acoustic modes [15-
17]. 

The mechanisms underlying the measurement localization are exemplified in Fig. 2(a), by the steep derivative of 
the curve near the point of near-tangency to the magnetic field (path distance=0) and the even steeper 
corresponding derivative in Fig. 2(b), on the high-field-side (HFS) edge for the JT-60SA case (see next section). 

The worst localization in this 
case is found on the low-field-
side (LFS) edge, where the curve 
is shallowest (blue lines). As the 
derivative of ρ vs the linear 
coordinate also goes to zero at the 
lowest ρ point (another point of 
tangency to the flux surface), 
excellent ρ resolution is obtained 
there too (red lines). Note that the 
finite-kz effect discussed above is 
included in the calculation of the 
resolution, here and in all 
subsequent plots. Henceforth we 
will only concern ourselves with 
this tangential PCI setup.  

For a given choice of 
measurement location a 
particular wave-vector direction 
in the poloidal plane will also be 
selected, so in general it is not 

 
FIG. 2. Rotation angle of k vector in the plane perpendicular to the beam 
propagation direction (cf. Fig. 1), vs linear distance along the beam path, for the 
full-current, inductive double-null 41-MW JT-60SA scenario (scenario 1) with the 
optimal TPCI geometry discussed in section 3, and k=4 cm-1; the two vertical bands 
of identical width denote the achievable angular resolution determined by 
diffraction. (b) Same quantity plotted as a function of normalized minor radius 
(square root of poloidal flux); the horizontal bands denote the achievable radial 
resolution at the two chosen locations. 

 

 
FIG. 1. Principle of the magnetic-shear technique to achieve longitudinally 
localized measurements. 

 



 

possible to access the full 2D wave-
number spectrum at all radial 
locations. However, as will be shown 
later, the particular geometry 
envisioned on JT-60SA gives access 
to both radial and poloidal wave 
vectors in the edge region, while the 
radial component alone is primarily 
measured in the vicinity of the 
magnetic axis. 

In practice, localization can be 
achieved in two ways. If a one-
dimensional detector is used, the 
desired part of the beam that should be 
used in the measurement is selected 
by a rotatable filter that only allows 
components with wave vectors within 
a certain range of angles to pass [5,7]. 
If, instead, a two-dimensional 
detector is employed, this selection 
can be performed numerically 
through a Fourier decomposition of 

the wave numbers, and then applying the appropriate selection rule [18]. While the former case usually provides 
a higher wave-number resolution and dynamic range, the two-dimensional technique gives a complete radial 
profile of the fluctuations for each time instant. A profile of the fluctuations can also be achieved with the one-
dimensional array, but this requires rotating the spatial filter, the image orientation, and the phase plate (if it is a 
1D plate, as is generally the case) between reproducible shots or dynamically during the steady-state phase of a 
shot. 

3. DESIGN CRITERIA FOR IMPLEMENTATION ON JT–60SA 

While other options are possible and are currently under study, the current assumption is that the CO2-laser 
wavelength 10.6 µm is going to be chosen, replicating all existing fusion PCI systems and reflecting a satisfactory 
compromise between signal level, demands on optical specifications, parameter range, cost, and technical 
complexity. 

Ideally, the beam geometry for the TPCI diagnostic should be selected to achieve the best localization possible, 
while covering a large fraction of the plasma, and preferably include both poloidal and radial wave vectors that 
could be separated through filtering. Equatorial port assemblies P1 and P8 have been designated for the possible 
implementation of a TPCI system on JT-60SA. These are tangential ports, which therefore fulfil the primary 
requirement of tangential launching to achieve spatial localization. Each of the assemblies features several ports, 
and two primary options were considered: two symmetrical ports, resulting in a horizontal beam, or two vertically 
displaced ports, resulting in a slightly inclined beam. As shown in Figs. 3 and 4, the former case places the 
tangency point outside the last closed flux surface (LCFS) and in fact restricts the usable beam diameter owing to 

obstruction from the inner wall; the 
inclined beam on the contrary has 
the tangency point just inside the 
LCFS, providing optimum 
localization in the all-important 
pedestal region, with the entire 
beam’s cross-section clearing the 
wall comfortably and in fact 
entirely inside the LCFS in many 
scenarios. An additional advantage 
of the inclined path is that it passes 
appreciably closer to the magnetic 
axis (as it is then essentially 
symmetrical with respect to the 
midplane), where the spatial 

 
Fig. 4. Mapping of TPCI beam path (for the central beam ray) to flux coordinate 
for two different beam geometries. 

 

 
Figure 3. Schematic top view of JT-60SA, showing the wall (tile) locations 
(black), the plasma boundary and magnetic axis (dashed) for scenario 1 
(magenta), and the possible TPCI beams in the horizontal (blue) and inclined 
(red) options. 

 



 

 

localization is also good, thereby extending access to the entire plasma cross section (Fig. 4). This option was 
therefore chosen. 

Because of the tangential configuration, the beam passes multiple times through the plasma (i.e., through each flux 
surface). In the hypothetical case of a tangency point on the LFS of the magnetic axis (as in TCV [14]), two passes 
through each accessible flux surfaces would occur. In our case, with the tangency point essentially at the LCFS on 
the HFS, the passes become four, as shown in Figs. 3 and 4. Generally speaking, it is beneficial to maximize the 
beam size, as the longest measurable fluctuation wavelength is determined by that size. The maximum width is 
limited by diffraction and is limited in practice by the port size. The diameter of both the entry and exit ports is 20 
cm. Because of beam divergence, the effective aperture stop of the optical system is specifically the exit window. 
This is particularly true because of the nature of the measurement, which involves scattering: one must also ensure 
that all the scattered beamlets from the edge of the beam pass through the aperture stop. As the divergence 
increases with k, a maximum k must be decided on to make this assessment. We choose k=5 cm-1, as suggested by 
gyrokinetic simulations discussed in section 7. The linear distance between the point of entry of the beam into the 
plasma and the exit window is Lmax=11.1 m. The transverse distance travelled by a beamlet is Lmax k/k0~1 cm. We 
conclude that the effective window diameter available to the unscattered beam should be 20-2=18 cm. We should 
stress that this does not imply that fluctuations with k>5 cm-1 are not measurable, only that they would be 
measurable over a reduced spatial extent. 

The response function of PCI in k space depends on two parameters: Q=kcw0/2 and α=w0/a, where kc is the critical 
wave number in the phase-contrast transfer function, w0 is the 1/e radius of the laser beam's amplitude profile 
(assumed to be Gaussian), and a is the effective window radius (9 cm in our case). It was shown in [5] that Q~1.5 
and α~1 are generally optimal choices. 

4. SPATIAL LOCALIZATION OF THE 
MEASUREMENT 

In Fig. 5 we present a comprehensive view of the 
spatial localization properties for a particular 
scenario (scenario 1) and a particular wave 
number. Several observations may be made by 
inspecting this figure. First of all, for a range of 
wave-vector orientations there are two locations 
along the beam that satisfy the selection rule. 
These two locations (distinguished by the line 
type, solid versus dashed) are separated by a 
significant distance, of the order of 4 m. This 
effect (which was overlooked in [12], whose 
Figure 4 is therefore partly incorrect) is due to the 
quadruple pass through the plasma. The split 
localization into two segments, featured for part of 
the measurement, adds some degree of 
complication. Firstly, the localization in terms of 
minor radius is reduced, as the two segments can 
be located at different radii; secondly, the 
considerable distance between the segments 
introduces a non-uniform transfer function in k-
space, due to the fact that the separation may be 
larger than the depth of focus of the system. 
Specifically, if one of the segments is in focus - 
i.e., is made to lie in the object plane - the signal 
from the second one will be multiplied by a factor 
AL=cos[k2L/(2k0)], where L is the distance 
between the segments. This differs negligibly 
from unity only when the Raman-Nath condition 
is satisfied over the whole L distance, i.e., L is 
shorter than the depth of focus. For L=4 m, this 
requires k<5.4 cm-1, which is a rather tight 
constraint. The transfer function for a split-

 
Fig. 5. (a) Linear distance from the tangency point, (b) radial 
flux coordinate, (c) aggregate radial resolution, and (d) radial 
component of the measured wave vector, vs the rotation angle 
of the wave vector (selectable by filtering) with respect to a 
horizontal axis, for k=4 cm-1 in scenario 1. The solid curves 
refer to the HFS and the dashed curves to the LFS.. 



 

segment case can be approximated by 
T(k)=Lz1+Lz2cos[k2L/(2k0)], Lz1 and Lz2 being the 
effective integration lengths for the two segments. 
While a k-dependent transfer function implies a 
scrambling of the image, a spatial Fourier analysis 
makes it possible to deconvolve the measurement 
and recover the spatial distribution.  

Figure 5(b) shows that the ρ values of the two 
segments in the split-segment regions are quite close, 
so that the delocalization is very limited. The 
achievable localization degree for each segment is 

shown in Fig. 5(c). An alternate visual representation of the localization can be gleaned from Fig. 6. Some 
scrambling of the wave-vector orientation in flux coordinates does occur, as evidenced by Fig. 5(d).  

It should also be pointed out that in the double-segment cases the two segments are invariably on the HFS and 
LFS, respectively (see Fig. 7). The split segments can potentially be separated by performing two separate phase-
contrast measurements at two different image locations (by splitting the transmitted beam after focusing and after 
spatial filtering), corresponding to object locations centered in the two segments. If S1(k) and S2(k) are the 
fluctuation spectra at the two locations, the spectra of the signals measured by the two PCI measurements will be, 
respectively, P1(k)=Lz1S1(k)+Lz2S2(k)cos[k2L/(2k0)] and P2(k)=Lz1S1(k)cos[k2L/(2k0)]+Lz2S2(k). From these two 

measurements, S1(k) and S2(k) can be separately derived, 
provided the cosine term is not close to unity. As L is essentially 
constant (or at any rate varies by less than the depth of focus) this 
approach appears feasible, at the cost of additional cost and 
complexity. 

Different ExB drift velocities could also conceivably be 
measured at the two locations, and the resulting Doppler shifts 
may allow distinguishing the two segments through frequency 
analysis, without resorting to the dual-image method.  

The localization and wave-vector spread are plotted more 
directly in Fig. 8, still for the reference value of  
k=4 cm-1. In the top panel, the effective resolution is shown as a 
function of ρ. This is a single-segment resolution (solid lines) or 
the combined resolution resulting from double segments (open 
symbols). 

For each value of ρ there can be up to four passes, i.e., either two 
double segments or two singles and a double. The two regions 
with single passes are close to the edge and are essentially 
overlapping (they are formally distinguished by a continuous and 
a dashed curve, but the difference is undetectable); these 
correspond to the broad region in k vector angle visible in Fig. 5 
around the tangency area. These are in several ways the most 
interesting regions: they feature excellent radial resolution (<0.1) 
and a well-defined wave-vector orientation, which becomes 
purely radial at the tangency point, giving access also to zonal 
flows and geodesic acoustic modes, as well as avalanche 
phenomena; in addition, the image scrambling discussed above 
does not occur. Elsewhere, scrambling does occur and the 
resolution is not as good, but for most of the plasma it is still 
below 0.25, permitting a clear differentiation of edge, core and 
mid-radius. The resolution becomes very good near the magnetic 
axis. For one of the two double-segment regions (the second one 
shown in Fig. 8) the wave-vector orientation is also well defined 
throughout the plasma, and a predominantly poloidal orientation 

 
Fig. 6. TPCI measurement location, including aggregate radial 
spread from diffraction as well as from double segments where 
relevant, for k =4 cm−1 in scenario 1. 

 
Figure 7. Localization of the TPCI measurement 
in the poloidal plane, for k =4 cm−1 in scenario 
1, for 5 different orientations of the spatial filter. 
The blue, red, and black cases are double-valued 
whereas the magenta and cyan ones are single-
valued. The poloidal projection of the beam path 
is also shown. 



 

 

is found near the edge, complementing 
the single-segment measurement. 

As mentioned in section 2, resolution 
improves with increasing k, and this is 
quantified in Fig. 9. Under most standard 
conditions, the ion sound gyroradius in 
JT-60SA will be between 0.2 and 0.6 cm. 
Therefore k=2 cm-1 corresponds to 
kρi~0.4-1.2, while k=20 cm-1 reaches into 
the electron-scale region. 

The variation of the results with the JT–
60SA scenario considered is illustrated 
by Fig. 10. While variations between 
scenarios are sometimes significant, the 
basic capability of the system to resolve 
fluctuations in the main regions of the 
discharge is confirmed. 

In the current analysis we are considering 
exclusively the closed field lines inside 
the LCFS. In fact, the laser beam of 
course traverses the open field lines of the 
scrape-off layer (SOL) twice and the 
TPCI measurement could be affected by 
fluctuations in this region. This region is 
difficult to characterize or constrain 
because it obeys different rules from the 
confined plasma, and it is accordingly not 
considered in the present study. 

5. IMAGING PROPERTIES AND 
MEASUREMENT SENSITIVITY 

The PCI technique, in its standard form, 
is predicated on a number of 
approximations, the main ones being 
those of small-angle scattering and of geometric optics. The wave numbers at play automatically satisfy the former 
condition. The latter condition, also known as the Raman-Nath condition, reads k2Lz/(2k0)≪1. This has to be 
satisfied for any line integration over a length Lz. The 
localization properties of TPCI tend to restrict the 
integration length, making this condition automatically 
easier to satisfy. In Fig. 11 is plotted the integration 
length, for all segments, as a function of ρ for a few 
different values of the wave number. Only for the highest 
wave number considered here, i.e., 20 cm-1, is the 
Raman-Nath condition marginally violated in one region 
of the plasma cross section. 

For the reasons outlined above, we design the JT–60SA 
system initially to extend to a maximum wave number 
20 cm−1. This covers comfortably the ion-temperature-
gradient (ITG) and trapped-electron-mode (TEM) 
regions of the spectrum and reaches in fact into the 
electron-temperature-gradient (ETG) region. An 
extension to a maximum wave number 60 cm−1 is left as 
an upgrade option. 

 
Fig. 9. Aggregate radial resolution (solid lines: single-
segment regions; symbols: double-segment regions) vs 
radial coordinate for different wave-number values, for 
scenario 1. 

 
Figure 8. (a) Total radial resolution (solid lines: single-segment regions; 
symbols: double-segment regions); (b-c-d) radial wave-vector component 
for the single-segment and two double-segment regions, vs radial 
coordinate, for scenario 1. 



 

The sensitivity of the PCI 
measurement is limited by noise. In a 
well-designed system, the noise will be 
supplied primarily by the detector-
preamplifier system, and an optimized 
electronics design will specifically 
ensure that detector noise is dominant. 
Additional parameters affecting the 
sensitivity are the laser power reaching 
the image and the level of contrast 
provided by the phase plate, i.e., the 
attenuation of the unscattered signal 
prior to recombination with the 
scattered signal; namely, sensitivity 
improves with increasing power and 
increasing contrast [5]. 

The detector will most likely be of the 
photoconductive or photovoltaic type. 
The specific detectivity (D*) parameter 
characterizes the aggregate noise 
originating intrinsically in the detector 
plus the background photon noise. In 

addition, one must consider the shot noise associated with the quantum nature of the radiation or, equivalently, of 
the charge carriers generated by it. At sufficiently large power levels, shot noise will dominate and this is ultimately 
the most advantageous regime to be in. 

Figure 12 shows the minimum measurable phase (and, equivalently, the minimum measurable line-integrated 
density fluctuation) for two typical optimized detector configurations that are known to be achievable. The 
photoconductive case assumes a detector area 0.25 mm2, a quantum efficiency 80%, voltage-mode operation with 
responsivity 20 kV/W, D*=4x1010 Jones, and a saturation power density 1 mW/mm2. For the photovoltaic detector 
we have assumed an area 0.01 mm2, current-mode operation with responsivity 4 A/W, D*=4x1010 Jones, and a 
saturation power density 100 mW/mm2. In both cases a 1-MHz bandwidth has been assumed, even though 
photovoltaic detectors can in principle be designed for a considerably larger bandwidth. The four curves shown in 
each case are for LO transmission values (ρpp) provided by reflection from three common phase-plate substrates, 
i.e., Ge (36%), ZnSe (17%) and BaF2 
(2.7%), plus a unity transmission 
case corresponding to a metal-coated 
substrate. The x axis represents the 
power impinging on each detector 
element if there is no attenuation 
from the phase plate, and can 
therefore be converted readily into 
the needed laser power, once the 
attenuation through the optical 
system is accounted for. The high 
sensitivity of the technique is quite 
apparent, reaching into the μrad 
level. With integration lengths 
typically in the 10-cm range, 
fluctuation levels as low as 
δne/ne~10−5 can typically be 
measured. 

6. PLANNED HARDWARE 
LAYOUT 

Relative proximity of the light-
detection equipment to the vessel is  
essential to limit the size and 

 
Figure 10. Aggregate radial resolution (solid lines: single-segment regions; 
symbols: double-segment regions) vs radial coordinate for different JT–60SA 
scenarios, for k=4 cm-1. 

 
Figure 11. Integration lengths for all distinct segments (as selected by spatial 
filtering) vs flux coordinate, for scenario 1 for four different wave numbers. 
The dashed lines denote the upper limits set by the Raman-Nath condition. 

 



 

 

complexity of relay optics, 
although a modicum of distance 
is desirable to contain the 
required neutron and γ-ray 
shielding (layers of borated 
polyethylene and lead) to a 
manageable size. All the main 
components of the detection 
system, including the focusing 
and imaging optics, are 
envisioned to sit on a 
conventional optical table. A 
preliminary proposal was made 
to place all this equipment, in 
addition to the beam-generation 
hardware, on an upper stage 
planned to sit atop the vessel. 
This is currently being re-
evaluated. The beam-generation 
hardware in particular may be 
placed outside the torus hall. A 
CO2 laser of approximately 100-
W cw power will be the light 
source (this power is calculated 
to permit the system sensitivity 
to reach the 1014 m-2 level in line-
integrated density, typically 

corresponding to δn/n~10-5). The beam will be relayed to the vacuum vessel by a set of plane mirrors, and a simple 
Newtonian telescope arrangement, placed near the torus, will be used to expand the beam to its ultimate 18-cm 
diameter. 

The beam will enter the vessel through an oversized, anti-reflectively coated ZnSe window mounted on port 
assembly P1. The beam will then exit the vessel through an identical ZnSe window on port assembly P8 (Fig. 13) 
and will be relayed to the optical table by plane mirrors of increasing size to accommodate the diverging scattered 
beamlets. The mirror mounts will all be supported by solid structures not connected to the vessel. Outside the 
optical table, the entire beam path will be enclosed by tubing for fire safety. The primary focusing of the return 
beam will be provided by an off-axis parabolic mirror. Further to this, a set of small optics will first focus the 
beam on the phase plate necessary to achieve the phase-contrast effect, then create a second focal plane for the 
spatial filter required for localization, and finally deliver the beam to a detector array at the image plane. The 
detector will be a photoconductive HgCdTe 
array, followed by closely matched 
preamplifiers. The options of employing either a 
1D or a 2D array and, in the former case, to allow 
the rotation of the spatial filter (i.e., the detected 
k vector) and of the image during a discharge 
will be included. Regular calibrations using 
sound waves in air will be enabled by an 
ultrasound-generating and calibrated ultrasound-
detecting system. 

7. INITIAL GYROKINETIC MODELING OF 
JT-60SA 

First-principles, gyrokinetic simulations of 
density fluctuations in JT-60SA were undertaken to determine the probable turbulence parameter range of interest 
and ascertain whether the proposed TPCI diagnostic would be well suited to investigate it. This determination was 
aided by a specific synthetic diagnostic [19] emulating the response characteristics of the TPCI system. For this 
purpose, we employed the Eulerian (grid-based) local (flux-tube) version of the GENE [10,20] code. The code can 
take into account the exact experimental magnetic geometry, pressure profiles, kinetic multispecies dynamics, and 

 
Fig. 13. Optical path of the proposed TPCI diagnostic. 
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Figure 12. Minimum measurable phase and corresponding line-integrated density 
for typical (a) photoconductive and (b) photovoltaic detectors, for a 1-MHz 
bandwidth, for four different values of phase-plate transmission factor (ρpp). 



 

electromagnetic fluctuations, and retain inter-and intra-species pitch-angle and energy-scattering collisions. The 
synthetic TPCI diagnostic is applied as a postprocessing tool on the electron density fluctuations generated by 
GENE and provides the modeled diagnostic measurement. 

We focused on a high-performance discharge, the so-called scenario 1, featuring a double-null separatrix, 41-MW 
neutral beam injection (NBI) heating, plasma current 2.3 MA, toroidal field on axis 1.7 T, q95=5.6, and βN=3.43. 
The predicted scenario contains carbon impurities and NBI-generated fast ions, modeled here with a Maxwellian 

with temperature 12.06 times larger than that of the bulk electrons. The chosen radial location of the simulation 
was the result of a compromise: the regions of optimal TPCI localization are the pedestal and the magnetic axis, 
the former typically requiring prohibitively large computational resources, and the latter featuring small pressure 
gradients and broadly stable conditions; we thus chose the innermost region with sufficient turbulence levels, 
roughly corresponding to mid-radius. The geometric and species parameters for this location are summarized in 
Table 1. 

We began with a linear study to identify the 
most unstable modes. The grid resolution was 
set to Nx×Nz×Nv×Nµ=32×32×48×8. In this 
grid, x,y,z constitute a field-aligned coordinate 
system where x is the radial and y the binormal 
coordinate, while z is the straight-field-line 
poloidal angle parametrizing the position 
along a given field line. The parameters v|| and 
μ=mv⊥/(2B), where m is the mass of the species 
and B=|B|, are used to discretize the velocity 
space parallel and perpendicular to the local 
magnetic field B. The extension of the 
simulation box in velocity space is set to the 
standard values Lv×Lμ=3vTi×9Te/B, provided 
in units of the local ion thermal velocity 
vTi=(2Ti/mi)1/2. The growth rate γ and real 
frequency ω of the most unstable mode are 
computed as functions of the binormal wave 
number kyρs, where ρs is the ion sound Larmor 
radius. Note that ky is an exact linear mode 
number in an axisymmetric system. The result 

is shown in Fig. 14. The frequency jumps attest to the presence of a multitude of different mode types. The low-k 
branch features a combination of an ITG mode (ω>0) and a TEM (ω<0) – with some micro-tearing modes also 
appearing at the lowest k – whereas the highest wave numbers are well in the ETG mode range (ω<0). There is 
evidence, however, of electromagnetic terms affecting the fundamentally electrostatic modes listed above, and 
finite β can affect the stabilizing effect of fast ions, in particular. One conclusion is therefore that simple 
electrostatic nonlinear simulations may be inadequate for capturing the relevant physics at play. 

 
Fig. 14. Linear growth rate and frequency of the most unstable 
mode, with simple assumptions (green) and then increasing physics 
elements added: finite β (dashed blue), finite parallel-field 
perturbation (solid blue), and finally carbon impurity and fast ions 
(red). 

 
ne [1019 m-3] 6.37 R/LT,e 4.072 R0 [m] 3.25 
Te [keV] 7.8 R/LT,i 4.072 ε 0.52 
ni/ne 0.7635 R/Ln,e 1.78 Zeff 2.0 
nC/ne 0.033 R/Ln,i 1.67 q0 0.93 
nfi/ne 0.036 R/Ln,C 1.97 ŝ 0.86 
Ti/Te 1.0 R/Ln,fi 6.83 βe [%] 4.7 
Tfi/Te 12.06 B0 [T] 2.049 ν* 1.2×10-3 

Table 1. Parameters used in GENE simulations of JT-60SA scenario 1. The suffix “C” refers to carbon impurities and “fi” 
to NBI fast ions. 



 

 

A complete nonlinear 
simulation was nevertheless 
carried out without finite-β 
effects and without fast ions. 
We used Nx×Ny=97×64 radial 
and binormal modes to 
resolve the ion-scale 
turbulence. The grid extent is 
Lx=97 ρs and Ly=131ρs, with 
kx,maxρs= 3.16 and ky,maxρs= 
3.10. Adaptative 
hyperdiffusivities in x and y 

are used to damp out high-k modes that are not correctly resolved in this simulation. The rest of the grid uses the 
same parameters as for the linear simulations discussed before, which were sufficient to obtain converged growth 
rates within 10% for the corresponding linear case. To illustrate the difference in the turbulent fluctuations when 
the nonlinear simulation is made more realistic, we present also the results from an initial electromagnetic case, 
retaining both parallel and perpendicular magnetic field fluctuations. The simulation grid parameters are the same 
as for the three-species electrostatic case, except for an increased perpendicular-velocity-space grid Nμ=16 and 
box length Lμ=18, which is required to reach linearly converged growth rates within 10% when electromagnetic 
effects are included. Also, a larger radial box size Lx=241 ρs is used because of the longer correlation lengths 

obtained in this case. 

A snapshot of the fluctuating density at the outboard 
midplane, taken at the final time of the electrostatic 
simulation, is shown in Fig. 15. The spatial extent and the 
amplitude of the fluctuations are larger for ions than for 
electrons, consistent with the heat-flux levels observed. The 
impurity fluctuation level is largest in amplitude. Radial 
band structures with two periods over the box length, due to 
zonal flows, are visible in all three cases, and the turbulent 
structures are quite densely distributed in the binormal 
coordinate for both ions and electrons. 

The density fluctuations are very different for the 
electromagnetic case, shown in Fig. 16. The turbulence has 
a more complicated distribution and the turbulent eddies 
appear to be more strongly sheared by the zonal flows. The 
overall fluctuation levels relative to the electrostatic case are 
similar for both ions and impurities but are almost twice as 
large for the electrons. 

To model the TPCI measurements we apply a synthetic 
TPCI diagnostic, to process the raw output of the 

gyrokinetic simulation by performing the volume integration and applying the wave-number transfer function of 
the entire diagnostic system. An example of the result (using the fully converged electrostatic simulation) for a 
measurement on the LFS and one on the HFS at mid-radius, is shown in Fig. 17. The obvious conclusion is that 
the main turbulent structures at play are well resolved by the proposed TPCI diagnostic for JT-60SA, validating 
the design choices. 

8. CONCLUSIONS 

This paper has presented a 
robust design basis for a 
density fluctuation diagnostic 
for the JT-60SA tokamak 
based on the phase-contrast-
imaging technique and has 
laid out the motivations for the 

 
Fig. 15. Snapshot of the density fluctuations for ions (left), electrons (middle) and 
carbon (right), taken at the final time of the electrostatic simulation. Relative 
fluctuation levels have been rescaled further by ρ∗=ρs/R. 

 
Fig. 16. Snapshot of the density fluctuations for ions (left), electrons (middle) and 
carbon (right), taken at the final time of the electromagnetic simulation. Fluctuation 
levels have been rescaled by ρ∗=ρs/R 

     

 
Fig. 17. Normalized conditional wave-number and 
frequency spectra (top), and normalized wave-number 
spectra (bottom) obtained by summing over all 
frequencies, for the electrostatic simulation. The wave 
number here refers to the direction defined by the 
spatial filter, which is primarily radial. Results are 
shown for the fictitious conditions in which the spatial 
filter is set for measurements purely on the LFS (left) 
and HFS (right), at mid-radius. Red dashed lines 
indicate the lowest measurable wave number. 
 



 

first detailed mapping of turbulence in a fusion reactor scenario. First-principles numerical simulations support 
the value of the diagnostic and the importance of understanding turbulence and its effect on transport in regimes 
not attained in previous research devices. 
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