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A B S T R A C T   

Here we re-evaluate the stray radiation loads due to electron cyclotron resonance heating and diagnostic 
gyrotrons in ITER, as well as compute the stray radiation energy flux due to electron cyclotron emission. Mi-
crowave loads due to stray radiation were assessed in the past. We give here more comprehensive estimates, 
including spatial variations in the machine. We show that for the start-up phase in the First Plasma campaign the 
threshold of 100 kW/m2, which diagnostics have to be able to withstand, is not exceeded. For the later cam-
paigns, the stray radiation energy flux during start-up and burnthrough will exceed 450 kW/m2. Stray radiation 
from electron cyclotron emission and from a diagnostic 60 GHz gyrotron can contribute to more than 140 kW/m2 

combined.   

1. Introduction 

ITER will be equipped with a multi-MW electron cyclotron resonance 
heating (ECRH) system consisting of 24 gyrotrons at 170 GHz of 1 MW 
each and a collective Thomson scattering (CTS) diagnostic for energetic 
ions with a 1 MW gyrotron at 60 GHz. ECRH will be used for plasma 
start-up, heating, and mitigation of neoclassical tearing modes. In the 
start-up phase, there will be no absorption of microwave power by the 
plasma. The probing radiation of the CTS diagnostic has a frequency 
below the fundamental electron cylotron emission spectrum and is 
hence not absorbed by the plasma, either. This unabsorbed power may 
be a potential threat to in-vessel components due to exposing them to 
high thermal loads. Studies were conducted [6,16], that assessed the 
loads due to stray radiation, electron cyclotron emission (ECE), and 
directed microwave beam irradiation of the interior of ITER. In the 
assessment of stray radiation the following was assumed. First, the en-
ergy flux was uniformly distributed in the vessel. Second, the apertures 
(e.g. ports, slits, etc.) were considered fully absorbing, so that micro-
waves reaching the aperture never reflect back. 

Here we consider a complete model of the ITER vessel using the 
multiresonator model [13] that descibes a fusion device as a set of 
coupled resonators. The model was validated in Wendelstein 7-X [14, 
15], Wendelstein 7-AS and FTU [5]. In the latter it was shown, that the 

multiresonator model adequately describes the stray field distribution 
not in the direct vicinity of microwave sources, where it underestimates 
the load. 

This paper is organized as follows: Section 2 shows the sensitivity of 
the stray radiation power fluxes on the absorption coefficients of aper-
tures and reflects on the previous analysis [6,16]. Stray radiation ab-
sorption coefficients used in the current analysis are discussed in 
Section 3. The distribution of stray radiation in the tokamak during the 
start-up in the First Plasma (FP) phase of ITER is shown in Section 4. 
Section 5 demonstrates the distribution of stray radiation in ITER during 
the start-up in the later ITER operational phases (PFPO1, PFPO2, DT) 
with installed first wall, divertor, and cryopumps. Section 6 evaluates 
the stray radiation to be expected from the CTS diagnostic. The effective 
absorption coefficient of the vacuum vessel is calculated for correct 
treatment of power losses through ECE in Section 7. Section 8 concludes 
the paper. 

2. Sensitivity of stray radiation energy fluxes to absorption 
coefficients of apertures 

For the analysis we use a multiresonator model [13]. It is assumed in 
the model, that the stray radiation is distributed uniformly in every 
resonator and its energy flux is defined solely by the power balance. So, 
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for every resonator i we can write the following steady-state power 
balance equation: 

Pi = pi

∑N

k=1
Akηk +

∑M

j=1
Sij
(
pi − pj

)
, (1)  

where Pi is the input power of stray radiation from an external source in 
ith resonator, [W]; pi is the stray radiation energy flux in ith resonator, 
[W/m2]; Aki [m2] is the surface area with the absorption coefficient ηki 

of the kth absorbing surface in the ith resonator. The summation is made 
over all N surfaces in the resonator i. Sij [m2] is the interface area be-
tween ith and jth resonator. The summation is carried out over all M 
resonators in the system. 

Sources in Eq. 1 stand for sources of isotropic and randomly polar-
ized stray radiation, not the microwave launchers. Although the total 
power of sources is known, their distribution is difficult to measure. In 
Wendelstein 7-X, by forward modelling of the stray radiation distribu-
tion and fitting it to the sniffer probe measurements, we found that the 
sources of stray radiation are located in the same modules where the 
gyrotrons are. 

It was shown [5] that the multiresonator model works best in reso-
nators without external microwave sources. This is confirmed by the 
experience in Wendelstein 7-X, where the model significantly un-
derestimates sniffer measurements in direct proximity of an ECRH 
launcher. The most likely reason for that is insufficient randomization of 
the stray radiation, where energy fluxes due to directed beam reflections 
dominate over the energy fluxes of uniform and isotropic stray radiation. 

The ITER vessel consists of 9 sectors. In this section, each sector is 
treated as a resonator in the multiresonator formalism so that Eq. 1 re-
sults in nine equations with nine unknowns. Every resonator has three 
types of absorbing surfaces: 75.5 m2 of beryllium (first wall), 7 m2 of 
tungsten (divertor), and on average 4.8 m2 of apertures with a variable 
absorption coefficient. Fig. 1 shows a CAD image of a part of the ITER 
vessel with the tungsten divertor and beryllium wall, as well as with 
apertures. The figure serves only as an example how a sector of ITER’s 
vacuum vessel looks like. The source of stray radiation is ECRH launcher 
in sector 7 and which launches P7 = 6.7 MW. This power was initially 
assumed for the ECRH-assisted start-up and previous results are based 
on it. We use the same scenario in our comparison. 

Currently, only 5.87 MW of ECRH are considered for the start-up in 

the first plasma operation phase, when the upper launcher is used and in 
the later phases 6.7 MW will be used from the equatorial launcher. Fig. 2 
illustrates the connection matrix, which shows the interface areas be-
tween interconnected modules. 

In previous work, the ITER vessel was treated as one resonator and 
the apertures were considered fully absorbing, i.e. any stray radiation 
entering the port or into the space under divertor was considered fully 
absorbed [6,16]. Here we vary the effective absorption coefficient of the 
apertures and discuss the impact of this on the distribution of stray ra-
diation in the vessel. The sensitivity study is shown in Fig. 3. The red 
solid line depicts the average value of stray radiation energy flux in the 
vacuum vessel, and the two dashed lines show the smallest and largest 
levels of stray radiation in any sector of the machine. Depending on the 
assumed absorption of the apertures, the expected level of stray radia-
tion varies by an order of magnitude. In the previous studies, the average 
energy flux was calculated to be 130 kW/m2. Our simulation with fully 
absorbing apertures confirms this result. However, these previous cal-
culations do not account for spatial variation of the stray radiation 
distribution: the highest level is detected in sector 7, where the ECRH 
launchers are located and the lowest are seen in sectors 2 and 3, which 
are most distant from the ECRH launchers. 

Fig. 4 shows a comparison of stray radiation distribution in the vessel 

Fig. 1. A CAD example of a sector of ITER vacuum vessel with divertor 
and apertures. 

Fig. 2. A connection matrix which shows the interface areas between various 
resonators in the system. S1... S9 numerate sectors in ITER. 

Fig. 3. Dependence of the stray radiation distribution in ITER during the start- 
up phase on the effective absorption coefficient of apertures. The red solid line 
outlines the average value of stray radiation energy flux in the machine; the 
lower and upper dashed lines show minimal and maximal values of the stray 
radiation energy fluxes somewhere in the vessel. The assumed input power is 
6.7 MW. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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in two extreme scenarios, when the apertures are fully absorbing or fully 
reflective. In the scenario with fully absorbing apertures, the stray ra-
diation in sectors 2 and 3 (70 kW/m2) is a factor five smaller than in 
sector 7 (> 300 kW/m2). In case of the fully reflective apertures, the 
average stray radiation energy flux exceeds 1500 kW/m2, and the dif-
ference in the energy flux between sectors does not deviate by more than 
15% from the average value. This result is as expected and illustrates 
that the specific treatment of the apertures has a significant impact on 
the results. 

3. Stray radiation absorption coefficient 

Stray radiation absorption coefficients are obtained by averaging the 
absorption coefficients by the incidence angle. The reflection co-
efficients for the field components are given in [7]: 

r‖ =
ϵmcosθi −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ϵm − sinθi

2
√

ϵmcosθi +
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ϵm − sinθi

2
√ (2)  

r⊥ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ϵm − sinθi

2
√

− cosθi
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ϵm − sinθi

2
√

+ cosθi

, (3)  

where ‖ and ⊥ denote the polarization of the incident wave on the sur-
face of the conductor, i.e. whether the electric field of the wave is par-
allel or perpendicular to it. θi is an angle between the wave vector of the 
incident wave and a normal to the surface of the conductor. ϵm is the 
relative dielectric constant: 

ϵm = 1 − j
Z2

0

2R2
s
, (4)  

where Z0 is the impedance of free space and equals to 376.73 Ω. Rs is the 
surface resistance of the metal: 

Rs =

̅̅̅̅̅̅̅̅̅̅
πνμ0

σ

√

, (5)  

where ν is the frequency, μ0 is the vacuum permeability, and σ is the 
conductivity of the metal. One sees that the surface resistance grows as 
the square root of frequency due to the skin effect. Therefore, the mi-
crowave absorption is higher at higher frequency. 

The absorption coefficient for the power is given by the following 
expression: 

η‖ = 1 − r‖r∗‖ (6)  

η⊥ = 1 − r⊥r∗⊥. (7) 

Simplified expressions for the absorption coefficients may be used for 
incidence angles, significantly different from θi = 90◦: 

η‖ =
4Rs

Z0cosθi
(8)  

η⊥ = 4cosθi
Rs

Z0
. (9) 

It is a very good approximation for the ECRH range of frequencies 
and metalls which modern fusion machines (and ITER in particular) are 
made of: steel, tungsten, berillium, copper. Fig. 5 shows a comparison of 
microwave absorption coefficients computed for the frequency of 170 
GHz at room temperature by Eq. 2, 3 with Eq. 6, 7 (solid lines) with the 
absorption coefficients computed using simplified expressions in Eq. 8, 
9. The curves for η⊥ agree well for the entire range of incident angles, but 
the curves for η‖ are very different when approaching θi = 90∘. 

Fig. 4. Distribution of stray radiation in the ITER vessel during 6.7 MW ECRH 
injection without plasma assuming (a) fully absorbing apertures; (b) fully 
reflective apertures. S1... S9 denote sectors 1 to 9 of the machine, the red 
dashed line shows the average level of stray radiation. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Fig. 5. Comparison of the microwave absorption coefficients, calculted using 
Eq. 2,3, 6, 7 (solid red line for η‖ and solid black line for η⊥), and using Eq. 8, 9 
(red dash-dotted line for η‖ and black dash-dotted line for η⊥) for stainless steel 
at 170 GHz as a function of incidence angle. Solid and dash-dotted line are 
practically indistinguishable for almost an entire range of θi. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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The difference starts showing up earlier for conditions with large 
surface resistance Rs, either due to material properties or higher fre-
quency, hence thinner skin depth. Fig. 6 shows the largest incidence 
angle at each frequency, for which the microwave absorption co-
efficients computed using the simplified expressions from Eq. 8 and Eq. 9 
do not deviate from the full expressions from Eq. 2, 3 and 6,7 by more 
than 5% for stainless steel, tungsten, berillium, and copper. 

In order to calculate the absorption coefficient for stray radiation, 
which is assumed to be isotropic and arbitrarily polarized, the absorp-
tion coefficients for parallel and perpendicular polarization have to be 
averaged with an equal weight. The easiest way to do so is in spherical 
coordinates, where the zenith direction coincides with the normal to the 
absorption surface and polar angle θ coincides with the incidence angle 
θi. Then 

ηs =
1

2π

∫ 2π

0

∫ π/2

0

η‖ + η⊥

2
sinθdθdϕ =

∫ π/2

0

η‖ + η⊥

2
sinθdθ, (10)  

where ϕ is the azimuthal angle in spherical coordinate system. Unfor-
tunatelly, the simplified expressions for the absorption coefficients from 
Eq. 8 cannot be used because the integral 

∫ π/2
0 sinθ/cosθdθ diverges 

logarithmically. 
The stray radiation absorption coefficients at 170 GHz used in the 

calculations are listed in Table 1. 
It is not uncommon to read in literature (see [7], for instance) that 

the measured absorption coefficients are greater than computed by 
50%-100%. The reason is related to the surface roughness of the used 
samples. We do not rely on it for the safety-relevant calculations. 

4. Stray radiation during the first plasma operation phase 

ITER plans to start its First Plasma (FP) operational phase with a 
limiter-configuration plasma at reduced magnetic field and plasma 
current not exceeding 1 MA [8]. The start-up will be facilitated by 5.87 
MW of ECRH launched from the upper launcher. The ECRH operation 
duration in the breakdown and burn-through (phase after the break-
down, when sufficient ionization for the current ramp up is achieved) 
may not exceed 300 ms. In order to minimize the stray radiation energy 
fluxes during the breakdown phase, a microwave load will be installed 
in equatorial port 17 in sector 7. The beams from the upper launcher are 
guided into the microwave beam dump via a set of mirrors. It is required 
that not more than 5% of the microwave power is reflected from the load 
and contribute to the stray radiation. In total, the estimated source term 
for stray radiation is 350 kW, accounting for the load reflection, beam 
spill-over, and higher order mode losses in the launcher. The micro-
waves are launched at a toroidal angle of approximately 20∘ to the 
magnetic axis. This has an implication on the source term in Eq. 1: the 
source is equally split between sectors 7 and 8. 

In the FP phase neither blanket modules nor the divertor will be 
installed. Most of the ports will be closed by stainless steel caps, and the 
total wall area of the plasma vessel is approximately 682 m2. The total 
area of the port opennings is estimated as 46 m2, the total absorption 
area of the ports is calculated assuming that the ports have circular 
cross-section and cylindrical shape with an average length of 2.5 m. The 
ports are treated as resonators in the vessel. The absorption coefficient of 
stainless steel is taken from Table 1. The distribution of stray radiation in 
sectors of the vacuum vessel during the plasma start-up phase is shown 
in Table 2. The energy fluxes do not exceed 27 kW/m2 due to the 
installation of the microwave load and high stray radiation absorption 
coefficient of steel. 

It is important to note that a gyrotron is a source of coherent radia-
tion, although multiple gyrotrons emit independently. Without plasma, 
the gyrotron radiation can form a high-contrast interference pattern 
which can lead to creation of local hot spots; see Fig. 3 in [15]. 

5. Start-up in the later stages of ITER operation 

After the First Plasma operation phase, a beryllium wall and a 
tungsten divertor will be installed. The machine will be also equipped 
with the diagnostics and the cryopumps. The latter are very important 
for ITER operation: they are responsible for removing neutralized 
exhaust from the divertor area. Cryopumps are efficient for high vacuum 
environment, but they cannot tolerate large heat loads. Therefore in-
clusion of the cryopumps into the simulation is essential. The stray ra-
diation absorption coefficients are calculated using polarization and 
incident angle averaging of the absorption and are listed in Table 1. 
Since ITER is expected to operate at wall temperature of 300 ∘C, the 
calculations are provided for the absorption coefficients at room tem-
perature and at 300 degress. 

This multiresonator model is based on 55 resonators, including 

Fig. 6. The largest incidence angle at each frequency, for which the simplified 
microwave absorption coefficients calculated using expressions in Eq. 8 and Eq. 
9 do not deviate from those calculated using the expressions in Eq. 2, 3, 6, and 3 
by more than 5% for stainless steel (blue), berillium (red), tungsten (yellow), 
and copper(megenta) at room temperature plotted as a function of frequency. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Table 1 
Material absorption coefficients for 170 GHz used in this study.  

Material 170 GHz 170 GHz 170 GHz 60 GHz  
20 ∘C  100 ∘C  300 ∘C  300 ∘C  

Stainless steel ηs = 2.13%  ηs = 2.19%  ηs = 2.33%  ηs = 1.52%  
Tungsten ηs = 0.71%  ηs = 0.81%  ηs = 1.01%  ηs = 0.65%  
Beryllium ηs = 0.59%  ηs = 0.73%  ηs = 0.99%  ηs = 0.63%   

Table 2 
Stray radiation from ECRH (equatorial launchers) in the start-up phase. 
The ECRH power which is 5.87 MW and the microwave load is taken 
into account.  

Location p, kW/m2 at 100 ∘C  

Sector 1 (Vacuum Vessel) 16 
Sector 2 (Vacuum Vessel) 14 
Sector 3 (Vacuum Vessel) 13 
Sector 4 (Vacuum Vessel) 14 
Sector 5 (Vacuum Vessel) 16 
Sector 6 (Vacuum Vessel) 20 
Sector 7 (Vacuum Vessel) 25 
Sector 8 (Vacuum Vessel) 25 
Sector 9 (Vacuum Vessel) 20  

D. Moseev et al.                                                                                                                                                                                                                                 
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empty equatorial and upper ports, the actual designs of diagnostic shield 
modules (DSM), cryopumps, and ducts. Not all diagnostics will be 
installed simultaneously. However, due to small apertures of the DSM, 
their effect on the global power balance is small and they can be treated 
in the same simulation. The results are presented for the ECRH-assisted 
start-up phase with microwave power of maximum 6.7 MW from the 
equatorial launcher. That phase may last up to 5 seconds. No microwave 
load is foreseen for the equatorial launcher. Upper launchers can in 
principle be used for the ECRH-assisted start-up as well. In that case, the 
results obtained in this section can be linearly scaled down by the ratio 
of power that is not coupled into the microwave load to 6.7 MW. After 
the start-up, most of the ECRH power will be absorbed by the plasma and 
stray radiation from ECRH becomes insignificant. The values for stray 
radiation energy fluxes are presented in Table 3 for two temperature 
regimes: when the vessel is at room temperature and when it is heated 
up to 300 ∘C. SXR in the tables stands for a soft X-ray diagnostic and VIR 
denotes a visible and infrared system. The stray radiation energy fluxes 
in the other resonators are not listed since they serve only secondary 
supportive roles without critical components that can be damaged. 

If the start-up is conducted when vacuum vessel is at room temper-
ature, the values of the stray radiation energy flux are topping above 
450 kW/m2. Here it is important to discuss the aplicability of the mul-
tiresonator model. The model assumes fully isotropic distribution of 
radiation and, obviously, this condition is not always fulfilled in the 
vicinity of ECRH launchers. Based on the experience from Wendelstein 
7-X, the model significantly underestimates the measured sniffer probe 
signals near gyrotron launchers. Therefore, the results for Sectors 7 and 
8 have to be treated with care. We expect that they might be 
underestimated. 

6. Stray radiation loads due to CTS gyrotron 

In contrast to the short duration of stray radiation fluxes during the 
start-up phase, the CTS diagnostics is intended to operate continuously 
during the burn phase of the discharge. It is one of the main tools for 
monitoring energetic ions at ITER [3,9–11,17–20]. It will use a 1 MW 
gyrotron at 60 GHz as a source of probing radiation. Microwave radia-
tion at this frequency is below the fundamental EC resonance and is not 
going to be absorbed by the plasma. Therefore, the in-vessel components 
must be able to sustain long-lasting stray radiation loads from the CTS 
gyrotron. As the gyrotron is expected to operate with a duty cycle of 
50%, we present the simulation results for an average power of 500 kW. 
The values are reasonable, it is also important to remember that the real 
danger is not the electromagnetic load but rather thermal load on the 
components. However, with lower absorption compare to the 170 GHz 

case, the quality factor of resonators increases and stray radiation is 
distributed more evenly. The energy fluxes of stray radiation in reso-
nators that are rather remote from the one where the ECRH launchers 
are located, are higher in comparison with the same setup but more 
absorbing walls. The expected stray radiation energy fluxes are shown in 
Table 4 for the 300 ∘C temperature regime, which is operationally 
relevant for CTS. 

7. ECE stray radiation loads 

Electron cyclotron emission (ECE) on higher harmonics will be a 
significant source of stray radiation in ITER [16]. The exact energy flux 
of stray radiation and ECE-associated power losses are determined by 
solving the radiation transfer equation. More details can be found in the 
review [4]. A number of numerical codes are used to solve the radiation 
transport problems under different assumptions on plasma geometry 
and electron distribution function: SNECTR [22], CYTRAN [21], CYNEQ 
[12], and EXATEC [1]. The codes agree reasonably well, as it is shown in 
the benchmark [2]. In order to evaluate the radiation transfer correctly, 
the wall reflectivity should be known. It plays an essential role because it 
allows accounting for absorption and re-emission of radiation of opti-
cally thin plasma. For a single resonator, the effective wall reflectivity is 
defined as: 

Rw = 1 −

∑N
k=1Akηk

∑N
k=1Ak

, (11)  

where Ak is a surface area of the absorber with the absorption coefficient 
ηk, the summation runs over all N absorbing surfaces of the resonator. 

In the analysis, values ranging from 60% to 95% of the effective wall 
reflectivity are used [16]. The review [4] states, that a tokamak with an 
all-metal wall should have a reflection coefficient of 80% and more. We 
note that the wall loads and the power balance are highly sensitive to the 
absorption coefficient, and differences of a few percent can have a large 
impact. The total ECE power losses range from 13 MW for wall reflec-
tivity of 60% to 5 MW for 95% [16], since most of the emitted power by 
the plasma will be reflected and re-absorbed. However, higher reflec-
tivity also means higher energy fluxes of stray radiation. Here we would 
like to address the issue of defining the effective wall reflection 
coefficients. 

Plasma emission is broadband and reaches its maximum somewhere 
between the 5th and 10th harmonic of ECE (1–2 THz) [2]. The absorption 
coefficients for every frequency must be adjusted due to the skin effect, 
as it is described in Section 3. For the calculations, it is difficult to use 
Eq. 11 directly since we cannot treat all the surfaces of our complex 
model equally. First, for every frequency we calculated the stray 

Table 3 
Stray radiation from ECRH (equatorial launchers) in the start-up phase. The 
ECRH power is 6.7 MW.  

Location p, kW/m2 at 20 ∘C  p, kW/m2 at 300 ∘C  

Sector 1 (Vacuum Vessel) 266 211 
Sector 2 (Vacuum Vessel) 221 170 
Sector 3 (Vacuum Vessel) 212 161 
Sector 4 (Vacuum Vessel) 231 178 
Sector 5 (Vacuum Vessel) 276 219 
Sector 6 (Vacuum Vessel) 345 285 
Sector 7 (Vacuum Vessel) 454 390 
Sector 8 (Vacuum Vessel) 446 383 
Sector 9 (Vacuum Vessel) 340 281 
Cryopump in lower port 4 89 64 
Cryopump in lower port 6 85 61 
Cryopump in lower port 12 140 108 
Cryopump in lower port 16 180 145 
SXR DSM 329 270 
VIR DSM 329 270 
CTS DSM 134 105 
H-α spectroscopy DSM  108 81  

Table 4 
Stray radiation from the CTS gyrotron, average power 500 kW at 60 GHz.  

Location p, kW/m2 at 300 ∘C  

Sector 1 (Vacuum Vessel) 24 
Sector 2 (Vacuum Vessel) 21 
Sector 3 (Vacuum Vessel) 21 
Sector 4 (Vacuum Vessel) 24 
Sector 5 (Vacuum Vessel) 29 
Sector 6 (Vacuum Vessel) 35 
Sector 7 (Vacuum Vessel) 45 
Sector 8 (Vacuum Vessel) 35 
Sector 9 (Vacuum Vessel) 28 
Cryopump in lower port 4 11 
Cryopump in lower port 6 11 
Cryopump in lower port 12 18 
Cryopump in lower port 16 19 
SXR DSM 34 
VIR DSM 34 
CTS DSM 17 
H-α spectroscopy DSM  14  
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radiation energy flux using the model from Section 5 arbitrarily adopt-
ing 1 W source terms in sectors 1–9. Then, a simple torus was used as a 
model of ITER, where all the surfaces could be treated equally; there are 
9 sectors in the model, each sector has a surface area of 87.3 m2 and an 
absorption coefficient ηeff as a free parameter. ηeff was varied to mini-
mize the difference between the stray radiation energy fluxes in the 
vacuum vessel in the most complete model described in Section 5 and 
the simplified model. The effective wall reflectivity was then taken as 1 
− 87.3⋅ηeff/87.3 = 1 − ηeff . By these means, we computed the effective 
reflection coefficient of the vacuum vessel of ITER taking the ports, 
space under the divertor and the cryopumps into account. The result is 
depicted in Fig. 7. 

The effective wall reflectivity is very high. Presumably, in reality the 
value is lower due to surface roughness, which is not taken into 
consideration in the model [17]. Nonetheless, this value of reflectivity 
can be used for conservative estimations of the stray radiation energy 
flux due to ECE. For the uniform broadband wall reflectivity of 95% in 
the ITER reference discharge with 15 MA plasma current, 5 MW of ECE 
losses are obtained and, therefore, the stray radiation energy flux in the 
vacuum vessel is around 110 kW/m2 from ECE only [16]. This corre-
sponds to a constant stray radiation flux of around 40 kW/m2 of elec-
tromagnetic load in every cryopump. 

8. Conclusions 

We presented a detailed analysis of the distribution of stray radiation 
from the heating and diagnostic gyrotrons in ITER, as well as from ECE. 
We show that the stray radiation energy fluxes are important to consider 
and that the level of stray radiation varies greatly from one location to 
another. In the start-up phases in the later plasma operational stages 
PFPO1 and PFPO2, the energy fluxes in some sectors approach 450 kW/ 
m2 which exceeds the current requirement for diagnostics of 268 kW/ 
m2. It has to be taken into consideration that gyrotrons emit coherent 
radiation and, without plasma as a scrambling medium, stray radiation 
is capable of forming high-contrast interference patterns which may 
result in creation of local hot spots. 

In the discharges during CTS operation, the stray radiation from the 
60 GHz probing gyrotron working at the average power of 0.5 MW will 
generate stray radiation of up to 45 kW/m2 in the sector where it is 
installed and up to 19 kW/m2 in the cryopumps. The effective wall 
reflectivity of the ITER vessel was calculated. It is found to be frequency- 
dependent and above 94% for all frequencies. Surface roughness effects 
are neglected. They can contribute to lowering the reflectivity. None-
theless, for stray radiation calculations the present result provides a 
conservative estimate. For a standard plasma scenario such an effective 

reflectivity means ECE losses of around 5 MW and stray radiation in the 
vessel of approximately 110 kW/m2. Cryopumps will be exposed to 
continuous energy flux of more than 40 kW/m2. Thus, mechanisms for 
their protection have to be considered. 
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