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Abstract 

The Toroidal Interferometer and Polarimeter (TIP) is one of the primary electron density 
diagnostics on ITER. To meet measurement requirements over several thousand seconds, 
environmental factors such as changes in the window temperature, air temperature, and 
humidity, which can cause uncompensated phase drifts, must be minimized. This paper reports 
measurements of the phase shift induced by ZnSe and BaF2 windows as their temperature is 
varied utilizing the TIP prototype. To accomplish these measurements, test pieces of BaF2 and 
ZnSe are placed in a small oven that is located in one leg of the 10.59/5.22 micron two-color 
interferometer TIP prototype. The oven temperature was varied from room temperature to ~90 
ºC, which is slightly higher than the expected window temperatures on ITER. The vibration 
compensated phase shifts measured for these two materials are dvc/dT/L= 0.0121 and -0.275 
deg./°C/cm for BaF2 and ZnSe, respectively.  From these measurements, it was concluded that 
temperature variations of the environmental/secondary confinement barrier window and 
primary vacuum window have to be suppressed within approximately 1°C and 2°C, 
respectively, in order to passively meet the electron density measurement requirements in 
ITER. 
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1. Introduction 

Interferometers provide electron density measurements and 
are indispensable diagnostics on fusion devices [1]. The 
measured electron density data are essential for control of 
fueling and machine protection as well as for plasma physics 
researches such as plasma instability and fluctuation studies. 
ITER will be equipped with two infrared CO2 laser based 

interferometers, the Toroidal Interferometer and Polarimeter 
(TIP) [2][3] and Density Interferometer Polarimeter (DIP) 
[4][5].  

While infrared laser interferometers typically have 
sufficient electron density resolution on present fusion 
devices, with plasma durations of a few seconds to tens of 
seconds [6][7][8][9], the phase measured with these systems 
can show long term drifts (“offset drift”). These drifts can be 
erroneously interpreted as electron density and ultimately set 
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the diagnostic resolution. Hence, the offset drift must be 
characterized and addressed for extended pulse lengths such 
as those expected in ITER and future steady state fusion 
devices.  

Recent studies revealed that the offset drift is primarily 
caused by change of the indices of refraction of air and 
transmissive optics caused by environmental changes 
[2][10][11]. The index of refraction of air depends on 
humidity, temperature, and pressure whereas that of the 
transmissive optics depends on the temperature. Environment 
changes during plasma operation thus induce offset drifts, 
which cannot be distinguished from the plasma-induced 
phase. Variations of environmental factors along the beam 
transmission must be reduced to an acceptable level to achieve 
the required electron density resolution. 

To specify the acceptable variation of the environmental 
factors for ITER TIP system, it is necessary to understand the 
relation between the induced phase shift and the changes in 
indices of refraction of air and transmission optical materials 
present in the system. Previous work began to quantify these 
effects [10][11], however, the contributions of atmospheric 
and transmissive components were not separated. This paper 
focuses on the impact of transmissive optical materials, 
primarily those used as windows in TIP (initially both ZnSe 
and BaF2 were under consideration for primary window 
material with ZnSe ultimately being chosen). This provides 
guidelines for the mechanical and thermal designs of 
components related to window temperatures. The impact of air 
changes has been reported elsewhere, for example, in 
Reference [12].    

Section 2 outlines two-color interferometry and the TIP 
optical configuration. Section 3 describes how a temperature 
change of transmissive material can cause uncompensated 
phase shifts. Based on the dependence of the index of 
refraction on the temperature in the presently available 
literature data, the phase shifts are predicted. In Section 4, the 
impact of window temperature changes is characterized in the 
TIP prototype and comparison with the predicted values is 
made. Additionally, these values are used to define an 

acceptable temperature change of the transmissive 
components, below which passive mitigation of phase errors 
is possible. Section 5 summarizes this paper.    

2. Outline of TIP 

2.1.  Two-color interferometry 

The phase shift, ϕ , measured by an interferometer 
traversing a plasma is caused by the plasma itself and physical 
path length changes from mechanical vibrations, as shown in 
Eq. (1) [1].  

𝜙௜ = 𝑟௘𝜆௜ න 𝑛௘𝑑𝑠
௟೛

଴

+
2𝜋𝑉

𝜆௜

  (1) 

Here, the classical electron radius 𝑟௘ =2.82×1015 m, 𝜆 is the 
wavelength, 𝑙௣  is the path length in a plasma, 𝑛௘  is the 
electron density, 𝑉  is the path length change due to the 
vibration. This phase shift is provided by a phase counter.  To 
extract the plasma-induced phase shift, two-color 
interferometry [1] is typically used. In TIP, a CO2 laser and 
Quantum Cascade Laser (QCL) are used (𝑖 = 𝐶𝑂ଶ and 𝑄𝐶𝐿). 
Solving simultaneous equations for CO2 laser and QCL, the 
line integrated electron density is obtained as shown in Eq. (2).  

න 𝒏𝒆𝒅𝒍
𝒍𝒑

𝟎

=
𝝀𝑪𝑶𝟐

𝒓𝒆൫𝝀𝑪𝑶𝟐

𝟐 − 𝝀𝑸𝑪𝑳
𝟐 ൯

ቈ𝝓𝑪𝑶𝟐 −
𝝀𝑸𝑪𝑳

𝝀𝑪𝑶𝟐

𝝓𝑸𝑪𝑳቉ (2) 

Here, 𝜙஼ைଶ −
ఒೂ಴ಽ

ఒ಴ೀమ
𝜙ொ஼௅  in Eq. (2) is termed the vibration 

compensated phase shift.  

2.2. Optical configuration of the TIP system on ITER 

TIP is a 5-channel interferometer and polarimeter system 
[2][3]. In the present TIP prototype, the wavelengths of the 
CO2 laser  𝝀𝑪𝑶𝟐

 and QCL 𝝀𝑸𝑪𝑳  are 10.59 and 5.22 m, 
respectively; in the actual ITER implementation the QCL will 
be 4.75 m. As shown in Figure 1, the optical tables are 
placed in the diagnostic hall at ITER. The probe beams are 
sent to the tokamak through enclosed beam relay lines. Corner 

 
Figure 1: Transmission optics along the TIP beam relay line 
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cube reflectors (CCRs) in the vacuum vessel reflect the probe 
beams to return the beams to the diagnostic hall. The total path 
length is approximately 120 m for the round trip. 

There are three windows along the beam line for zoning fire 
and radiation control areas and two vacuum windows at the 
vessel. An Environment Barrier (EB) window is placed at the 
entrance to the beam relay line, which is above the optical 
table. At both sides of the gallery, there are Secondary 
Confinement Barrier (SCB) windows. The Primary 
Confinement Barrier (PCB) and vacuum window, which 
consists of two windows for redundancy, are located on the 
tokamak closure plate. The material of all windows is ZnSe. 
The specified temperature range in each area is shown in 
Table 1. The table values are primarily long-term seasonal 
changes and heat transfer from the tokamak, which will be 
operated with 70 ºC cooling water. As mentioned in Sec 3.1, 
the window temperature change during a plasma shot leads to 
the offset drift. However, the window temperature variation 
during a plasma shot (about 400 s for a standard inductive shot 
and > 1,000 s for a non-inductive shot) has not yet been fully 
specified at this moment. According to the progress of the 
temperature change of each window (for example, estimation 
of the temperature change of the vacuum and radiation 
confinement window during a plasma shot requires reliable 
the radiation flux and ECH stray power at the window 
positions, and the temperature increase of the cooling water at 
the window position due the heat load at upstream during a 
shot), the acceptable temperature change determined in this 
paper will be used as guidelines of the beam line design and 
compensation methods.    

3. Impact of window temperature change on the 
vibration compensated phase shift 

3.1. Environmental impact on the phase shift 

The actual phase shift measured with the interferometer 
will also include phase shifts from variations of air and 
transmissive optics (the windows), in addition to those from 
plasma and vibration (See Eq. (1)).   

𝜙௜ = 𝑟௘𝜆௜ න 𝑛௘𝑑𝑠
௟೛

଴

+
2𝜋𝑉

𝜆௜

 

+
2𝜋𝑛௔௜௥(𝜆௜ , 𝑇, ℎ, 𝑝)

𝜆௜

𝐿 +
2𝜋𝑛௪௜௡(𝜆௜ , 𝑇)

𝜆௜

𝑙 

(3) 

Here, 𝑛௔௜௥  and 𝑛௪௜௡  are the indices of refraction for air and 
window material, 𝑇, ℎ, 𝑝 are the temperature, humidity, and 
the pressure, respectively. 𝐿 is the path length in air, and 𝑙 is 
the thickness of the window. The first and the second terms 
are the same as those in Eq. (1). The third and fourth terms are 
phase shifts in air and window, respectively, and depend on 
environmental factors. When the environment is static, the 
third and fourth terms result in a constant offset (which is 
subtracted off in the phase counters at t = 0). Since the line-
integrated electron density is evaluated from the change in the 
phase after t = 0, the constant offset over the plasma shot 
duration does not cause any measurement error. However, 
when the environment changes during the plasma shot an 
offset drift occurs. The offset drift cannot be distinguished 
from the phase shift by a plasma and will lead to measurement 
error [2][10][11].   

3.2. Phase shifts caused by thermal expansion and 
change of the index of refraction 

Figure 2 shows the conceptual beam paths of a two-color 
interferometer including the window with related index of 
refraction and resultant phase. The phase of the measured 
interference signal 𝜙௜  is the subtraction of the phases of the 

Table 1: Temperature range of each area along the TIP beam 
relay line. The location numbers in Figure 1 and Table 1 are 
common. 

Location Temperature 
range (ºC) 

1 Diagnostic hall 22 ± 5 
2 Gallery 18 ~ 35 
3 Port cell 18 ~ 35 
4 Interspace 18 ~ 50 
5 Closure plate/vacuum window 70 ± 5 

 
 

   
Figure 2: Conceptual beam paths of a two-color interferometer 
after the window. 
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plasma and reference chords 𝜙௜
௣௟௔ and 𝜙௜

௥௘௙ . Hence the phase 

of the CO2 laser and QCL interference signal 𝜙஼ைమ

భ்  and 𝜙ொ஼௅
భ்  

at initial temperature  𝑇ଵ are described as  

𝜙஼ைమ

భ் = 𝜙஼ைమ

௉௟௔, భ் − 𝜙஼ைమ

ோ௘௙, భ் = 2𝜋
൫𝑛஼ைమ

భ் − 1൯𝑙

𝜆஼ைమ

 (4) 

𝜙ொ஼௅
భ் = 𝜙ொ஼௅

௉௟௔, భ் − 𝜙ொ஼௅
ோ௘௙, భ் = 2𝜋

൫𝑛ொ஼௅
భ் − 1൯𝑙

𝜆ொ஼௅

. (5) 

Here, 𝑛஼ைమ

భ்  and 𝑛ொ஼௅
భ்  are indices of refraction of the window 

material at the CO2 laser and QCL wavelengths. Then the 

vibration compensated phase 𝜙௖௢௠௣
భ்  at 𝑇ଵ is given from Eqs. 

(1), (4), and (5) as below.  

𝜙௖௢௠௣
భ் = ቈ𝜙௖௢మ

భ் −
𝜆ொ஼௅

𝜆஼ைమ

𝜙ொ஼௅
భ் ቉ = 2𝜋

൫𝑛஼ைమ

భ் − 𝑛ொ஼௅
భ் ൯𝑙

𝜆஼ைమ

(6) 

When the temperature increases by ∆𝑇 = 𝑇ଶ − 𝑇ଵ , the 
thickness of the window 𝑙 changes to (1 + 𝛼∆𝑇)𝑙. Here, 𝛼 is 
the thermal expansion coefficient of the window material. The 
index of refraction of the window material also changes 
according to the temperature change. The index of refraction 
of the window material for the CO2 laser is given by the 
following Eq. (7).  

𝑛஼ைమ

మ் = 𝑛஼ைమ

భ் +
𝑑𝑛஼ைమ

𝑑𝑇
∆𝑇 (7) 

At 𝑇ଶ, 𝜙େ୓మ

௉௟௔, మ் and 𝜙େ୓మ

ோ௘௙, మ் are given as follows. 

𝜙஼ைమ

௉௟௔, మ் = 2𝜋
൬𝑛஼ைమ

భ் +
𝑑𝑛஼ைమ

𝑑𝑇
∆𝑇൰ (1 + 𝛼∆𝑇)𝑙

𝜆௖௢మ

= 2𝜋
𝑛஼ைమ

భ் 𝑙 +
𝑑𝑛஼ைమ

𝑑𝑇
∆𝑇𝑙 + 𝑛஼ைమ

భ் 𝛼∆𝑇𝑙 

𝜆஼ைమ

+ 2𝜋
൬

𝑑𝑛஼ைమ

𝑑𝑇
∆𝑇൰ (𝛼∆𝑇𝑙) 

𝜆஼ைమ

 (8)

 

𝜙஼ைమ

ோ௘௙, మ் = 2𝜋
(1 + 𝛼∆𝑇)𝑙

𝜆஼ைమ

(9) 

For the QCL, 𝜙ொ஼௅
௉௟௔, మ்  and 𝜙ொ஼௅

ோ௘௙, మ்  are obtained in the same 

way. When the window temperature increases to T2, Eqs. (4) 
and (5) become 

𝜙஼ைమ

మ் = 𝜙஼ைమ

௉௟௔, మ் − 𝜙஼ைమ

ோ௘௙, మ்

= 2𝜋
൫𝑛஼ைమ

భ் − 1൯𝑙

𝜆஼ைమ

+ 2𝜋

𝑑𝑛஼ைమ

𝑑𝑇
∆𝑇𝑙

𝜆஼ைమ

+2𝜋
൫𝑛஼ைమ

భ் − 1൯𝛼∆𝑇𝑙

𝜆஼ைమ

+ 2𝜋
൬

𝑑𝑛஼ைమ

𝑑𝑇
∆𝑇൰ (𝛼∆𝑇𝑙) 

𝜆஼ைమ

(10) 

 

𝜙ொ஼௅
మ் = 𝜙ொ஼௅

௉௟௔, మ் − 𝜙ொ஼௅
ோ௘௙, మ்

= 2𝜋
൫𝑛ொ஼௅

భ் − 1൯𝑙

𝜆ொ஼௅

+ 2𝜋

𝑑𝑛ொ஼௅

𝑑𝑇
∆𝑇𝑙

𝜆ொ஼௅

+2𝜋
൫𝑛ொ஼௅

భ் − 1൯𝛼∆𝑇𝑙

𝜆ொ஼௅

+ 2𝜋
൬

𝑑𝑛ொ஼௅

𝑑𝑇
∆𝑇൰ (𝛼∆𝑇𝑙) 

𝜆ொ஼௅

(11) 

The vibration compensated phase 𝜙௖௢௠௣
మ்  at 𝑇ଶ is then given 

by 

𝜙௖௢௠௣
మ் = ቈ𝜙஼ைమ

మ் −
𝜆ொ஼௅

𝜆஼ைమ

𝜙ொ஼௅
మ் ቉ = 2𝜋

൫𝑛஼ைమ

భ் − 𝑛ொ஼௅
భ் ൯𝑙

𝜆஼ைమ

+2𝜋
൬

𝑑𝑛஼ைమ

𝑑𝑇
−

𝑑𝑛ொ஼௅

𝑑𝑇
൰ ∆𝑇𝑙

𝜆௖௢మ

+ 2𝜋
൫𝑛஼ைమ

భ் − 𝑛ொ஼௅
భ் ൯𝛼∆𝑇𝑙

𝜆஼ைమ

+2𝜋
൬

𝑑𝑛஼ைమ

𝑑𝑇
−

𝑑𝑛ொ஼௅

𝑑𝑇
൰ ∆𝑇(𝛼∆𝑇𝑙) 

𝜆஼ைమ

. (12)

 

The change in vibration compensated phase 𝜙௖௢௠௣
భ்→ మ் caused by 

the temperature change from 𝑇ଵ  to 𝑇ଶ  is given by the 
following expression. 

𝜙௖௢௠௣
భ்→ మ் = 𝜙௖௢௠௣

మ் − 𝜙௖௢௠௣
భ்

= 2𝜋
൬

𝑑𝑛஼ைమ

𝑑𝑇
−

𝑑𝑛ொ஼௅

𝑑𝑇
൰ ∆𝑇𝑙

𝜆஼ைమ

+ 2𝜋
൫𝑛஼ைమ

భ் − 𝑛ொ஼௅
భ் ൯𝛼∆𝑇𝑙

𝜆஼ைమ

+2𝜋
൬

𝑑𝑛஼ைమ

𝑑𝑇
−

𝑑𝑛ொ஼௅

𝑑𝑇
൰ ∆𝑇(𝛼∆𝑇𝑙) 

𝜆஼ைమ

(13)

 

The first, second, and third terms correspond to a phase shift 
caused by the difference of the dependence of the index of 
refraction on the temperature between two wavelengths, the 
thermal expansion, and coupling of these two effects. 

3.3. Expected phase shifts 

The published thermal expansion coefficient 𝜶 of BaF2 
and ZnSe are 18.1 [13] and 7.57 × 10-6 1/ºC [14], respectively. 

Table 2 shows the temperature derivative of the index of 

refraction 
𝒅𝒏

𝒅𝑻
 of BaF2 and ZnSe from Reference [15]. Since 

𝒅𝒏

𝒅𝑻
 

Table 2: Dependence of 𝑑𝑛 𝑑𝑇⁄  on the temperature of BaF2 
and CVD ZnSe [15] 

𝑑𝑛 𝑑𝑇⁄  of BaF2 (10-5 /K) 
Temperature  

(ºC) 
3.39 m 

5.22 m 
(interpolation) 

10.6 m 
𝑑𝑛஼ைమ

𝑑𝑇
−

𝑑𝑛ொ஼௅

𝑑𝑇
 Average 

20 -1.59 -1.554 -1.45 0.104 

0.1060 
40 -1.62 -1.584 -1.48 0.104 
60 -1.66 -1.622 -1.51 0.112 
80 -1.68 -1.644 -1.54 0.104 

100 -1.71 -1.674 -1.57 0.104 
 (Standard deviation : 0.03) √2𝜎 = 0.04 

 
𝑑𝑛 𝑑𝑇⁄  of CVD ZnSe (10-5 /K) 

Temperature  
(ºC) 

3.39 m 
5.22 m 

(interpolation) 
10.6 m 

𝑑𝑛஼ைమ

𝑑𝑇
−

𝑑𝑛ொ஼௅

𝑑𝑇
 Average 

20 6.2 6.17 6.1 -0.075 

-0.0895 
40 6.2 6.17 6.1 -0.075 
60 6.3 6.25 6.1 -0.149 
80 6.3 6.27 6.2 -0.075 

100 6.3 6.27 6.2 -0.075 
 (Standard deviation : 0.1) √2𝜎 = 0.14 
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at a wavelength at 5.22 m has not been reported in [15], it 
was obtained by interpolation from those at 3.39 and 10.6 m. 

Since 
𝒅𝒏𝐂𝐎𝟐

𝒅𝑻
−

𝒅𝒏𝑸𝑪𝑳

𝒅𝑻
 depends on temperature, average values 

in the T = 20-100 ºC range are used in the following analysis. 

Since each measured 
𝒅𝒏

𝒅𝑻
 has a measurement error ±𝝈  as 

shown in Table 2, the error in 
𝒅𝒏𝐂𝐎𝟐

𝒅𝑻
−

𝒅𝒏𝑸𝑪𝑳

𝒅𝑻
 is given by 

±√𝝈𝟐 + 𝝈𝟐 = ±√𝟐𝝈 . As shown in Table 2, the signs of  
𝒅𝒏𝐂𝐎𝟐

𝒅𝑻
−

𝒅𝒏𝑸𝑪𝑳

𝒅𝑻
 of BaF2 and ZnSe are opposite, which results in 

a large difference of the total phase shift by the temperature 
change between BaF2 and ZnSe. Figure 3 shows the predicted 
phase shift by temperature change described by Eq. (13) using 
the values in Table 2. The coupling term shown in the third 
figure from the top (green trace) is negligible, compared to the 
other two terms. While phase shifts by index of refraction 
change and by thermal expansion largely cancel each other in 
BaF2, they do not in ZnSe. Therefore, the total phase shift in 
ZnSe becomes larger than that of BaF2.  

4. Experimental characterization of the phase shift 
by window temperature change measured with 
TIP prototype 

4.1. Experiment setup  

Figure 4 shows the setup of phase shift measurement by 
temperature change of the window materials with the TIP 
prototype. As described in Sec. 2.2, this is a two-color 
heterodyne interferometry setup with probe beams of 
wavelengths of 10.59 m and 5.22 m. The present TIP 
prototype was transferred from DIII-D [3] for further bench 
testing. The arrangement of the lasers and optics on the optical 
table are basically the same as those on DIII-D [3], except no 
quarter-wave plate for polarimeter in these tests. A section of 
each window material (3 cm-thick), is put in an oven and 
increased the temperature up to approximately 90 ºC. A thin 
thermocouple between the oven and the test piece measures 
the temperature of the window material. The oven is placed on 
the plasma measurement leg, and phase change by the 
temperature change is measured using the TIP digital phase 
demodulator [2][3].   

4.2. Measured phase shift by temperature change of 
window material 

 Figure 5 shows the measured vibration compensated phase 
shifts in BaF2 and ZnSe when the temperature is increased. 
While the ZnSe test piece has wedge between the laser input 
and output planes, the test BaF2 piece does not. Hence 
intensity (not shown) and phase modulations due to the etalon 
effect were observed in BaF2 as shown in Figure 5 (a-1). Since 
the etalon effect is caused by interference of the multi-

  

 

Figure 3: Predicted phase shift in 3cm-thick window materials 
(a) BaF2 and (b) ZnSe caused by the temperature change T. 
The first, second, and third figures from the top of each material 
are the phase shift by changes of the index of refraction, the 
thermal expansion, and coupling of two effects described in Eq. 
(13), respectively. The fourth figure is the sum of the three 
terms. Shaded area shows error due to the standard deviation  

of 
ௗ௡

ௗ்
  in Table 2.  
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reflection inside the window material, a periodic phase change 
as a function of the wavelength appears according to the 
optical path length change in the window, in addition to the 
linear phase change by the temperature change, which is given 
by Eq. (13). In order to obtain the linear relation to the 
temperature of BaF2, the vibration compensated phase shift 
𝜙௩௖  was fitted with a function 𝜙௩௖ = 𝑎Δ𝑇 + 𝑏 sin(𝑐Δ𝑇 +

𝑑) + 𝑒 sin(2cΔ𝑇 + 𝑓) + 𝑔 . Here, 𝑏 sin(𝑐Δ𝑇 + 𝑑)  and 
𝑒 sin(2cΔ𝑇 + 𝑓) correspond to the etalon effects of 10.59 and 
5.22 m components, respectively. This was considered to be 
a best fitting, as shown in Figure 5 (a-2). Because of the wedge 
angle, the linear relation of ZnSe to the temperature change 
was easily obtained as shown in Figure 5 (b-1) and (b-2). The 
linear coefficients of the vibration compensated phase shift of 
0.0364 and -0.824 deg./°C in 3 cm-thick BaF2 and ZnSe test 
pieces are obtained, respectively, for combination of 
wavelengths of 10.59 and 5.22 m (0.0121 and -0.275 
deg./°C/cm for BaF2 and ZnSe).  

Figure 6 shows comparison of the predicted and measured 
dependence of the vibration compensated phase shift on the 
temperature change. The predicted values are the same as the 
bottom plots in Figure 3 (a) and (b). The measured phase shifts 
of both BaF2 and ZnSe show good agreement with predictions 
calculated from published indices of refraction and their 
temperature dependencies to within the errors shown as 
shaded area. 

4.3. Expected phase shift in ITER ZnSe windows by 
temperature change  

BaF2 is an attractive optical material because the sensitivity 
to the temperature change is one order of magnitude smaller 
than that of ZnSe as confirmed in this work. The Verdet 
constant, which indicates amount of Faraday rotation in a 
material under the magnetic field, is also smaller than ZnSe. 
This reduces the error of the TIP polarimeter, which measures 
the Faraday rotation in a plasma for an independent electron 

density measurement. ZnSe, however, is selected as a vacuum 
window material on ITER from the viewpoint of 
manufacturability of a vacuum sealing flange and robustness 
as a window material.  

Supposing that the temperature changes of EB/SCB 
windows (Figure 1, thickness = 1 cm, double-pass) in the 
diagnostic area and gallery are 1 ºC and the primary vacuum 
window (Figure 1, thickness = 1.4 cm, double windows, and 
double-pass) is 2 ºC during a plasma discharge, the predicted 
uncompensated phase shifts in those windows will be -0.54 
and -3.02 deg., respectively. Because there are one EB and two 
SCB windows, the total phase shift will be -4.64 deg. The 
conservative error budget of TIP is set at 10 deg. [12]. Since 
the target phase drifts caused by other effects such as humidity 
and temperature change along the beam transmission is 
approximately -4 deg. [16], the temperature changes of the 
EB/SCB and primary vacuum windows for passive mitigation 
should be suppressed to approximately 1 and 2 ºC, 
respectively. As described in Sec. 3.1, the phase shift caused 
by the temperature change before the plasma shot is subtracted 
and that does not affect the electron density evaluation. 
Therefore, the window temperature should be maintained 
within the above acceptable temperature changes during a 
plasma duration only described in Sec. 2.2. The PCB windows 
are cooled by cooling water at 70 ºC and the SCB windows 
are located in the thermal insulation firebox, which prevents 
tritium leakage and spread of fire. The diagnostic hall, where 
the EB windows are located, is equipped with air conditioner. 
While these measures are effective in suppressing temperature 
changes, detailed thermal analysis is ongoing.    

5. Summary 

The Toroidal Interferometer and Polarimeter (TIP), which 
is a two-color interferometer and polarimeter, is one of the 
electron density diagnostics on ITER. For long pulse 
operation, the interferometer is challenged by change of the 

 

Figure 4: Position of an oven on TIP optical table and the oven with a ZnSe test piece. 



Plasma Physis and Controlled Fusion XX (XXXX) XXXXXX T. Akiyama et al  

 7  
 

phase offsets due to environmental changes such as humidity, 
air temperature, and temperature of transmissive optical 
material used for a window. The TIP prototype was utilized 
with an environmental control system to develop an 
acceptable environmental range to satisfy the required 
electron density resolution. The phase shift due to the 
temperature change of the transmission optical material is 
caused by the change of the index of refraction and the thermal 
expansion. An oven with test pieces of BaF2 or ZnSe, typical 
window materials used in infrared wavelengths, was placed in 
the beam path of the TIP prototype; the phase shifts caused by 
the temperature change were then measured. The obtained 
dependences of the vibration compensated phase shift on the 
temperature for a wavelength combination of 10.59 and 5.22 
m are 0.0121 and -0.275 deg./°C/cm for BaF2 and ZnSe, 
respectively. To passively satisfy electron density 
measurement requirements on ITER, it is necessary to 
suppress temperature variations within approximately 1 and 2 
°C during a plasma shot by appropriate mechanical and 
thermal designs for the environment/secondary confinement 
barrier windows and primary confinement barrier and vacuum 
window, respectively. If  temperature changes are larger than 
these, active phase compensation in real-time or by post 
process will be required. The phase offsets can be removed 

   

 

Figure 5: (a-1) The temperature and the vibration compensated 
phase shift of BaF2. (a-2) The phase shift of BaF2 as a function 
of the temperature and the linear component extracted by fitting. 
(b-1) The temperature and the vibration compensated phase 
shift of ZnSe. (a-2) The phase shift of ZnSe as a function of the 
temperature. 

  

Figure 6: Comparisons between predicted and measured phase 
shifts by the temperature in BaF2 and ZnSe.   
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through measurement of window temperature and subtraction 
using the values obtained here.    
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