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Abstract. This paper describes a conceptual design of the density measurement system on the helical reactor 
FFHR-d1 based on its quantitative operation scenario. The density measurement is required to meet the reactor 
design, and to have a high density resolution of the order of 1017 m-3 with a time resolution of 10 ms and high 
reliability (no fringe jump). “A dispersion interferometer” is designed and a prototype is tested and installed on 
LHD, which can realize a demo relevant density plasma. The prototype demonstrates the feasibility on a demo 
reactor. 

 

1. Introduction 

In recent years the operation scenario on the helical reactor FFHR-d1 [1] has been intensively 
studied and the quantitative requirements for the resolution of control parameters are 
emerging [2,3]. Diagnostics have to be designed to meet a reactor design and to satisfy the 
demanded resolutions. One of the important plasma parameters which is used for plasma 
control is the line averaged electron density  on FFHR-d1. 

One of the plasma start-up scenarios is as follows [2,3]. The scenario expects fueling with 
pellet injection with an interval of about 100 ms. The plasma will be produced and the fusion 
output is increased up to the self-ignition condition by increasing the electron density  
according to the preprogrammed density. The reason why  is used for the feedback control 
is its faster response to the fueling than the neutron yield. The neutron yield gradually 
increases after pellet injections because there is a delay time until the ablated particles at the 
edge region penetrate into the core region and begin the fusion reaction. The relatively slow 
response to the fueling causes difficulty in controlling the fueling with the neutron yield. 
Hence reliability and high resolution are required for the density measurement. It is found that 

 variations of 1×1018 m-3 correspond to those of the fusion output of 0.17 GW, which is 
about 5% of the rated output (3 GW) [2,3]. Consequently,  resolution of an order of 1017 
m-3 with a response time less than 10 ms, which is shorter than the fueling interval, is 
required. 

 

2. Electron Density Measurement System on FFHR-d1 

On present fusion devices, a heterodyne interferometer is usually used for fueling control. It 
inevitably needs a vibration-free structure since the phase shift caused by change in optical 
path length due to mechanical vibrations cannot be distinguished from that caused by a 
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plasma. However, the reactor cannot be equipped with the vibration-free structure for the 
interferometer and optical components must be fixed on the device directly. Although a two-
color interferometer, which equipped with two lasers with different wavelengths, can separate 
the vibration component from the different dependence in the wavelength, the separation of 
the vibrations is not perfect and will not be able to satisfy the required high density resolution.  

The other challenge of the interferometer is to avoid the failure of fringe counting “fringe 
jump,” which leads to incorrect density measurement. This causes uncontrollability of the 
density (and, hence, the fusion output). The reason for the fringe counting failure is the 
2uncertainty of the phase; the total phase shift may be lost if the phase rapidly changes 
more than one fringe and cannot be tracked. 

The density measurement on the reactor should be insensitive to the mechanical vibrations 
and should avoid the measurement failure for safety operation, in addition to the high density 
resolution. Even in a harsh irradiation environment by neutrons and gamma-rays, some 
optical components, in-vessel mirrors, and windows, must maintain their performance for a 
long period. The materials and installation position of the optical components should be 
examined. 

2.1. Measurement Method 

A possible system which can 
satisfy the requirements is a 
combination of a dispersion 
interferometer and a 
polarimeter [4], as 
alternatives to the 
conventional heterodyne 
interferometer. Figure 1 
shows an optical system of 
the dispersion interferometer. 
It is a special interferometer 
which can cancel the 
vibration components by 
itself. One of the 
characteristic points is that the probe beam is the mixture of the fundamental and second 
harmonic, generated with a nonlinear crystal. After passing through a plasma, the second 
harmonic beam is generated from the fundamental again and the interference signal between 
the second harmonic beams is detected. The phase of the two second harmonic beams 1 and 
2 are given as follows. 
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where  is the angular frequency of the laser beam, d is the change in the optical path length 
by mechanical vibrations, c is the light speed, cp is the constant value, and L is the path length 
in a plasma. Since the phase of the interference signal is the subtraction of phases of the two 
second harmonic beams 1 - 2, the phases caused by the mechanical vibrations 2d/c are 
cancelled and the phases due to the plasma only remains in the interference signal. In this 
way, the dispersion interferometer is insensitive to the mechanical vibrations and meets the 
requirements from the reactor design. Immunity to the vibrations can also improve the density 
resolution. Since the phase shift due to a plasma is proportional to the wavelength , the short 

Fig. 1: Optical system of a dispersion interferometer 
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wavelength can reduce the phase shift (less than 2if possible). However, the vibration 
component 2d/cd/ becomes larger and the signal to noise ratio degrades in the case 
of the heterodyne interferometer. In contrast, the short-wavelength dispersion interferometer 
can reduce the phase shift without increasing vibration terms. Even when the phase shift is 
larger than 2, fast sampling which reduces the phase shift less than one fringe between 
sampling intervals can avoid the fringe jump. 

Even if the fringe counting failure occurs, a polarimeter, which measures the Faraday rotation 
(∝neB), can correct the fringe number of the dispersion interferometer. Since the Faraday 
rotation angle is generally smaller than 2, there is, in principle, no possibility of a fringe 
counting failure. On the other hand, the density resolution of the polarimeter is not enough 
because of the small rotation angle. The main purpose of the polarimeter is to correct the 
fringe counting of the dispersion interferometer, which has high density resolution for the 
fueling control. 

2.2. Selection of wavelength of laser 

One of the operational density ranges in FFHR-d1 is 2-3×1020 m-3 [3]. The appropriate laser 
source for the dispersion interferometer and the polarimeter on FFHR-d1 is a Nd:YAG laser 
(wavelength of 1.064 m) in terms of the phase shift (maximum: 1.7 fringe), the available 
laser power, and the Faraday rotation angle (2.4 deg.). The wavelength of the CO2 laser, used 
often on present fusion devices, is too long. The phase shift is much larger than 2 and it is 
difficult to avoid the fringe counting failure. The Faraday rotation angle is too large to couple 
with the Cotton-Mouton effect, which brings down the error in the density evaluation. The 
required resolution of the Faraday rotation of the Nd:YAG laser light which can distinguish 
one fringe for correction is 1.4 deg. This is two orders higher than the present resolution 
(~0.01 deg.). Maintaining the reflectivity of the first mirror at 1 m is a challenge. Since 
FFHR-d1 has inboard ports, even first mirrors at the inboard side can be deeply in-planted 
into ports to avoid sputtering by plasma and strong radiation field. The lifetime of the first 
mirror will be determined by impurity deposition on the mirror surface, which causes 
reflectivity degradation. 

2.3. First mirror and window 

Life time of the dispersion and the polarimeter will be determined by the degradation of the 
first mirrors and the windows. Considering an operating rate of the reactor, the lifetime of the 

  

Fig. 2: Fringe shift and the Faraday rotation angle of the CO2 laser and Nd:YAG laser light 
in the FFHR-d1. 
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dispersion interferometer, and the 
polarimeter should be longer than 
several years. Hence the materials, 
structure and installation positions 
should be examined not to be 
degraded by interactions with a 
plasma and radiation deterioration: 
the neutron and gamma-ray 
irradiation. 

A possible layout of the line of sight, 
the in-vessel mirrors and windows 
for the dispersion interferometer are 
shown in Fig. 3. The line of sight of 
the dispersion interferometer is 
horizontal on the equatorial plane, 
while that of the polarimeter will be 
tangential because there is no 
Faraday rotation angle along the horizontal line of sight; the Faraday rotation angle is 
proportional to parallel magnetic field strength to the line of sight. 

Candidates for window material are quartz and sapphire for 1 m wavelength. It is reported 
that the transmissivity of sapphire and quartz reduce by 10% for neutron flux of 1017 n/cm2 
and for gamma-ray flux of 8 MG, respectively [5]. Supposing that in-vessel mirrors will be 
replaced when the transmissivity falls by 10%, the neutron and gamma-ray fluxes at the 
installation position should be smaller than 3×109 n/cm2s and 0.9 kGy/h, respectively, for one-
year use of the window. The neutron flux at the outboard side entrance of the equatorial port 
is expected to be in the order of 1010 n/cm2s [6]. The equatorial port filled with shielding 
structure and labyrinth for an optical path, if necessary, will realize the required radiation 
level. The labyrinth structure can make the neutron and gamma-ray fluxes one or two orders 
smaller [7]. For safety tritium and vacuum boundary, single window is not allowed. 
Considering the possibility of breakage of the window, an additional window or a vacuum 
valve will be necessary. Since the transmittency of quartz and sapphire are high (> 85 %), a 
double window will be acceptable. The mechanical reliability of the valve should be 
examined on ITER. The laser power of the dispersion interferometer and the polarimeter is 
not too high to break the two windows simultaneously, and hence, the valve will not be 
necessarily required.  

The reasons for the degradation of the first mirror are the erosion by plasma particles and 
deposition of the impurities on the mirror surface. Hence the in-vessel mirrors are placed as 
far from the plasma as possible to reduce the solid angle and the direct bombardment by 
plasma particles. This also aims to reduce the radiation level. The impurity deposition on the 
inner wall of the beam duct is sputtered further and may be transported to the mirror position. 
Fin structures [8] as shown in the Fig. 3 can suppress the impurity transportation to the 
mirrors. In addition to this passive suppression method of the impurity deposition, an active 
method, such as mirror cleaning by RF plasma [9], should be considered. The efficiency and 
reliability of the cleaning will be examined on ITER. As for irradiation effect to the metallic 
mirror, the reflectivity of a molybdenum mirror irradiated by neutrons up to 1.4×1020 n/cm2 
was not degraded [10]. Hence the irradiation effect on mirrors around the entrance of the 
equatorial port can be negligible. Deformation of mirrors by nuclear heating changes the light 
path and makes the wavefront of the probe beam distorted. The change of the light path 
should be feedback-controlled by steering mirrors during the operation. Because the position 

 

Fig. 3: Possible layout of components for the 
dispersion interferometer on FFHR-d1. 
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sensor, which searches for the strike point of the laser beam, is easily damaged by the 
radiation, it is installed behind sufficient radiation shield. As for the wavefront modification, 
interference efficiency of a usual heterodyne interferometer with the local light, whose 
wavefront is not modified because it does not inject into the vacuum vessel, is decreased 
because of mismatch of the wavefronts. On the other hand, the interference efficiency of the 
dispersion interferometer does not decrease since probe and local beams go through the same 
path and the wavefront are modified in the same way. 

Regarding the diameter of the beam duct in the port, 100 mm will be enough because the 
beam divergence of 1 m laser beam is small. For example, beam diameter at the entrance of 
the equatorial port (12 m away from the plasma center) is 11 mm, supposing that the diameter 
at the plasma center is 10 mm. The small duct diameter is preferable to reduce the streaming 
of the neutron.  

 

3. Prototypes of dispersion interferometer 

While the original dispersion interferometer is free from measurement errors caused by the 
mechanical vibrations, changes in the detected intensity lead to measurement errors. The 
interference signal I is given as  where I1 and I2 are 
intensities of the detected second harmonic beams. For the phase extraction, I1 and I2 are 
necessary. Although they can be measured by calibration without plasma, they easily vary 
during plasma discharge due to beam refraction in a plasma, instabilities of laser oscillation, 
and electromagnetic noises. Hence the phase modulation and phase extraction method using a 
ratio of modulation amplitudes are introduced [11] to be free from the intensity variations.  

A bench test of the Nd:YAG laser dispersion interferometer is ongoing. So far, applications of 
the dispersion interferometer on magnetically confined fusion devices are not numerous, but 
an example was found on TEXTOR [12]. In order to demonstrate the feasibility of the 
dispersion interferometer on the fusion reactor, a prototype has been installed on the Large 
Helical Device (LHD). A longer wavelength of 10.6 m (a CO2 laser) is utilized for a good 
signal to noise ratio on LHD. The unique feature of LHD is a demo-relevant density (> 1020 
m-3) which cannot be sustained in usual tokamaks. Hence LHD is a suitable platform to 
examine a demo-relevant density measurement.  

3.1. Bench test of the Nd:YAG laser interferometer  

Figure 4 shows the optical setup of the bench test of the Nd:YAG dispersion interferometer. A 
laser source is a Nd:YAG laser with an output power of 8 W. Nonlinear crystals to generate 
the second harmonic component are BIBOs for the bench test. Instead of a plasma, a wedged 

 

Fig. 4: Optical setup of the bench test of the Nd:YAG laser dispersion interferometer 
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BK7 plate is scanned to change the phase 
shift. The phase modulator is a 
photoelastic modulator. 

Figure 5 shows the phase shift by a scan 
of the wedged plate. The relation between 
the phase shift  and the scanned distance 
d should be  = 144 d, considering the 
wedged angle (1 ± 0.08 deg.) and the 
refractivity of BK7 at 1.064 and 0.532 
m (n1064= 1.507, n532=1.519). fit = 
140.74 d was experimentally obtained 
and the error of the measured phase shift 
is only 2%, which would be expected to 
be caused by a fabrication error of the 
wedged angle. It is demonstrated that the 
Nd:YAG laser dispersion interferometer 
can reasonably measure the phase shift. 
Figure 6 shows variations of the baseline. 
A phase resolution of about ± 2 deg., 
which is defined by the baseline 
variations, is obtained with a response 
time of 100 s. the phase variations 
correspond to a line density of ± 8×1018 
m-2. Changes in the air temperature 
surrounding the nonlinear crystal and the 
photoelastic modulator seem to cause the 
phase variations. The temperature control of the nonlinear crystal and the photoelastic 
modulator will improve the phase variations for the required density resolution. 

Considering beam attenuation along the beam 
transmission, mainly caused by reflectivity 
degradation due to erosion and impurity deposition, 
the power of the second harmonic beam should be 
increased. While the generated power of the second 
harmonic beam with BIBO (crystal length: 10 mm) is 
about 10 mW, that with PPMgSLT (crystal length: 30 
mm), which has higher efficiency of the second 
harmonic generation, is about 300 mW. Dispite the 
higher efficiency, PPMgSLT is very sensitive to the 
variations of the air temperature and the phase 
variations were larger than those of the BIBO because 
the refractivity of the PPMgSLT is controlled by the 
temperature. Optimization of the nonlinear crystal is 
necessary for improvement of the resolution and 
implementation to the reactor.  

3.2. CO2 laser dispersion interferometer on LHD 

For demonstration of the dispersion interferometer on 
large fusion device, the CO2 laser dispersion 

 

Fig. 5: The phase shift by a scan of the wedged 
plane. 
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the density resolution, of the Nd:YAG 
laser dispersion interferometer. 
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Fig. 7: Arrangement of optical 
system of the dispersion 
interferometer on LHD. 
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interferometer was installed on LHD 
[13], as shown in Fig. 7. The optical 
table, where optical components are 
placed, is fixed on a platform directly 
without vibration isolation system. The 
laser beam is injected from the 
outboard to inboard side on the 
equatorial plane. A retroreflector is 
installed inside the vacuum vessel and 
the laser beam goes back to the optical 
table. For CO2 laser light, a phase shift 
of 2 corresponds to 1.4×1020 m-2. 

Figure 8 shows the baseline of the 
measured phase shift on LHD. The 
density variations for three seconds, 
which is the typical discharge duration, 
is ±2×1017 m-3 with a response time of 
30 s without any vibration isolation 
system, which is indispensable to a 
conventional interferometer. The 
baseline drifts by ±2.5×1017 m-3 for 
30 min measurement. Since the 
nonlinear crystal and the photoelastic 
modulator are used without temperature 
controlling, it is possible that changes 
in the refractivity of the crystal or the 
optical retardation given by the 
photoelastic modulator cause the 
baseline drift. 

The line averaged electron density 
larger than 1×1020 m-3 can be sustained 
by repetitive pellet injections on LHD 
as shown in Fig. 9. Although the phase 
shift caused by such a high density on LHD is larger than 1 fringe, fast data sampling 
frequency to suppress the phase shift smaller than 2 during data the sampling period can 
avoid the fringe counting failure. While the fringe counting failure occurs in the FIR 
interferometer, the dispersion interferometer can successfully measure and demonstrates the 
reliability in the demo-relevant density region. On LHD, the data sampling frequency of 100 
kHz is surficient to avoid the fringe counting failure.  

 

4. Summary 

One of the important plasma parameters is the line averaged electron density for control of the 
fusion output on helical reactor FFHR-d1. Although a quantitatively evaluated operational 
scenario reveals that a density resolution of an order of 1017 m-3 is necessary, a conventional 
heterodyne interferometer will not be able to satisfy the requirements. In addition, fringe 
counting failures are not allowed because the failures lead to uncontrollability of the fueling 
and, consequently, the fusion output. A dispersion interferometer, which is insensitive to 

Fig. 8: A density resolution of the dispersion 
interferometer is determined by the 
baseline variations. 

Fig. 9: The line averaged electron density of a 
pellet injected plasma. No fringe counting 
failure in the dispersion interferometer. 

0 500 1000 1500
-10

-5

0

5

10
±2 deg. (±8×1017 m-2)
(L=3.28 m: ±2.5×1017 m-3)

Time (s)

P
ha

se
 s

hi
ft

 (
de

g.
)

0 1 2 3 4 5
-1

0

1

2

Time (s)

n
e 

(×
10

20
 m

-3
)

#121911

 Dispersion int. 
 FIR laser int.

Fringe counting failure



8  FIP/P8-31 

measurement errors caused by the mechanical vibrations, combined with a polarimeter, will 
be able to satisfy the requirements above. Appropriate wavelength of the dispersion 
interferometer and the polarimeter for FFHR-d1 is 1.064 nm (Nd:YAG laser). A bench test of 
the Nd:YAG laser dispersion interferometer shows a density resolution of 1×1018 m-3, which 
seems to be determined by drifts of the room temperature. The temperature control of the 
nonlinear crystal or the phase modulator will improve the density resolution. For 
demonstration of the feasibility of the dispersion interferometer on a large fusion device, a 
CO2 laser dispersion interferometer is installed. A density resolution of ±2.5×1017 m-3 with a 
response time of 30 s for 30 min is achieved. The fringe counting failure can be avoided by 
data sampling faster than 100 kHz. This system is applicable not only to FFHR-d1 but also to 
other demo reactor designs. 
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