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A B S T R A C T   

The results of long-term outgassing test of large quantities of ceramics, which is planned to be used in ITER 
diagnostic ports, are presented. The outgassing rate of boron carbide ceramics produced by Virial Ltd meets the 
requirements of the ITER Vacuum Handbook. Massive use of ceramics in ITER may create a significant gas load 
on the vacuum system that requires accurate analysis. Calculations of gas emission of Equatorial Port #11 were 
performed and it was demonstrated that a significant amount of ceramics can be used for neutron protection. 
Experiments on activation of ceramics and stainless steels by fast neutrons were carried out, which showed a 
rapid reduction of residual radioactivity and absence of hazardous impurities.   

1. Introduction 

One of the main tasks of ITER diagnostic port-plug is the integration 
and neutron protection of diagnostics [1,2], as well as reducing the ra-
diation background in the area of reactor elements requiring access for 
maintenance personnel. The weight restrictions do not allow a signifi-
cant amount of metal to be used for radiation protection. Due to the low 
atomic weight and high absorption cross-section of thermal neutrons, 
boron carbide can serve as an effective flux attenuator for both fast and 
thermal neutrons. Properties of ceramic based on boron carbide essen-
tially depend on the technology of its manufacture. Boron carbide is 
thermally stable, chemically inert, has low density (sintered ceramics 
~2.33 g/cm3, hot pressed 2.52 g/cm3, reaction bonded ~2,64 g/cm3). 
Manufacturers have extensive experience in the production of this ma-
terial but the vacuum properties of ceramics have not been studied in 
detail before. Ceramics samples were submitted by some Russian man-
ufacturers: Virial, Ltd. (St. Petersburg, http://www.virial.ru), 
NEVZ-Ceramics (Novosibirsk, http://www.en.nevz.ru) and RCS Energy, 
Ltd. (Tver’, http://www.ekzivent.ru/). 

Since the conceptual design stage of ITER diagnostic ports was not 
supposed to use ceramics, and in the final stage of port design it is 
planned to use a large number of ceramics, it requires careful confir-
mation of the possibility of using a large number of ceramics in a ITER 

vacuum vessel. I.e., the ceramic should not contain dangerous contam-
inants, and shall meet the requirements of the ITER Vacuum Handbook 
(IVH) [3]. Earlier experiments [4–6] were carried out with different 
types of boron carbide ceramics from different manufacturers, which 
showed that ceramics do not contain impurities prohibited in ITER, its 
thermal properties correspond to the literature data. Vacuum properties 
of small batches of various ceramics have also been investigated in 
Budker Institute of Nuclear Physic (BINP) [4–6]. The BINP has extensive 
experience in the study of materials for fusion using various technologies 
[7], including electron [8–10] and proton [11–13] beams, synchrotron 
radiation [14,15]. 

2. Long-term outgassing test of large quantities of sintered 
ceramics 

The outgassing test was conducted to confirm that the ceramic meets 
the requirements of the IVH [3], i.e. outgassing rate is not more than 
1⋅10− 7 Pa m3⋅s-1 m-2 for hydrogen and not more than 1⋅10-9 Pa m3⋅s-1 m-2 

for all other impurities. Measurements of the outgassing rate into the 
vacuum were performed according ITER Vacuum Handbook Appendix 
17 [16]. In order to obtain reliable data, tests were carried out with a 
large number of ceramics. We used 638 samples of 55*55*5 mm in size, 
with a total area of 4.56 m2 (Fig. 1). These are the most reliable 
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outgassing tests in the ITER IDM database [17]. For comparison, most 
other vacuum tests in the IDM database were performed on one or 
several samples. 

To prepare for conducting measurements, the sample was cleaned 
with ethyl alcohol and in an ultrasonically agitated bath of distilled 
water, baked at 1000 ◦C in vacuum prior to testing. Then, from the 
vacuum furnace, the samples were transferred to a high-vacuum 
measuring stand. 

Vacuum Test Procedure:  

1) Ramp up from room temperature to 200 ◦C: 10 h.  
2) Steady temperature at 200 ◦C for 11 h.  
3) Ramp up to 240 ◦C: 1 h.  
4) Steady temperature at 240 ◦C for 24 h.  
5) Cool down to room temperature: 18 h.  
6) Ramp up to 100 ◦C: 3 h.  
7) Steady temperature at 100 ◦C for testing. 

After reaching a temperature of 100 ◦C, measurements were made. 
Research of dependence of outgassing of sintered ceramics depending on 
duration of stay in vacuum has been conducted. The samples were not 
taken out of the vacuum chamber for over a year (pumping has not been 
turned off) and every 3 months measurements were made (before 
measurements, samples were heated up to 100 ◦C, measurements were 
made at steady temperature at 100 ◦C (Figs. 2 and 3), then samples 
cooled down to room temperature, measurements were repeated at 
room temperature). 

After a year in a vacuum, the outgassing rate is strongly reduced: 
outgassing rate was reduced by three times, to 2.95⋅10− 9 Pa m3⋅s-1 m-2 

(Table 1). Sintered ceramic outgassing rate meets IVH [3] requirements 
with a large reserve. 

3. Outgassing Calculation of ITER Equatorial port #11 

The assembled ITER Equatorial Port Plug (EPP) consists of three 
basic parts (Fig. 4):  

• Six modules of the Diagnostic First Walls (DFW) which develops the 
role of first neutron shielding layer and implements the necessary 
apertures to the plasma required for the operation of the corre-
sponding diagnostic systems assembled in the Port plug.  

• Three Diagnostic Shielding Modules (DSM), which provide the 
neutron shielding to port aperture in order to minimize the activa-
tion and the dose in the Port Cell and Interspace area and ports and 
house diagnostic and service systems. The typical structure of a 
modular DSM is presented in Fig. 5 showing metal (coloured) and 
Boron Carbide (in black, Figs. 6 and 7) surfaces exposed to the pri-
mary vacuum.  

• The EPP structure as main structural element that holds the rest of 
components, that forms the connection to the Vacuum Vessel being 

Fig. 1. 638 bars of sintered ceramics inside high vacuum test-bench before 
measurements. Ceramics produced by Virial. Total surface area of samples is 
4.56 m2. 

Fig. 2. RGA (residual gas analyzer) scan for Virial-sintered boron carbide after 
24 h at 100 ◦C. 

Fig. 3. RGA scan at 100 ◦C for the same ceramics after one year in vacuum (at 
room temperature). 

Table 1 
Dependence of sintered ceramic outgassing rate at 100 ◦C on time in vac-
uum (at room temperature).  

Time in vacuum Outgassing rate [Pa m3⋅s− 1 m− 2] 

5 h 10.4⋅10− 9 

24 h 10.0⋅10− 9 

29 h 9.96⋅10− 9 

8 month 3.9⋅10− 9 

12 month 2.95⋅10− 9  

Fig. 4. EP#11 integrated Port Plug. Inside the port plug structure (PPS) there 
are DSM modules. Port plug section between first and second DSMs is shown. 
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part of the primary vacuum and confinement boundaries and that 
provides the interface (closure plate) for all required penetrations 
and feedthroughs between the in-vessel space and the Port Cell. 

In Ref [18] the acceptable gas load from the equatorial port 
(1.42∙10− 5 Pa m3⋅s-1) is calculated based on Chapter 17.8.1 of Ref [16]. 
In Ref [18] estimates of the exposed area of elements in vacuum and 
total gas emission of the Equatorial port #12 were made. By analogy 
with [18] we will calculate areas of elements in vacuum (Table 2) and 
full gas emission of EP11 (Tables 3 and 4). 

The estimated number of B4C blocks is the three DSMs (DSM#1 
12606 blocks, DSM#2 11930 blocks, DSM#3 15278 blocks) of EP#11 is 
39814 ≈ 40000 blocks. B4C blocks are arranged on shielding trays as 

shown in Fig. 7. Vacuum exposed surface of a single block (size 
46*46*28 mm with a center hole 30.5 mm in diameter, Fig. 6) is 0.0102 
m2. Therefore, the total B4C exposed surface for EP#11 will be 407,1 m2. 
Estimates of the area of individual steel elements and the total area of 
steel in EP#11 are shown in Table 2. 

Separately, it should be noted that in Ref [18] the steel outgassing 
rate is incorrectly estimated (10− 9÷10-10 Pa m3⋅s-1 m-2). It is taken from 
Section 17.9.3 Ref [16], which provides data for room temperature, not 
for 100 ◦C. We use stainless steel outgassing rate assessment for 100 ◦C 
(10-8 Pa m3 s− 1 m− 2) based on average values from vacuum tests, 
including background outgassing of steel walls of high vacuum test 
benches [4–6,17,19]. 

It is to be noted that the calculated value remains below the 
maximum outgassing estimated for a single Equatorial Port Plug 
(1.42∙10− 5 Pa m3 s− 1 [18,19]. 

In November 2020, the ITER Director General approved a Reviewer 
report [20] that limited the port outgassing to 5∙10− 5 Pa∙m3∙s-1, and 
recommended that the ceramic outgassing rate be limited to 1∙10-8 Pa 
m3⋅s-1 m-2. Measurements of ceramic outgassing and calculations of port 
outgassing show that EPP#11 satisfies these requirements. Thus, the use 
of large quantities of boron carbide ceramics in vacuum to protect ITER 
diagnostic ports is acceptable. 

4. Activation of B4C ceramics and SS 316L-ITER Grade by fast 
neutrons 

At the BINP for the development of boron neutron capture therapy of 
malignant tumors [21], an accelerator source of epithermal neutrons 
was proposed and created [11]. The source consists of an electrostatic 
vacuum-insulated tandem accelerator for obtaining a stationary proton 
beam with an energy of 2.3 MeV and a current of 10 mA, a lithium target 

Fig. 5. Typical EP#11 Port Plug DSM Assembly (left – two DFW, center – DSM 
frame and vertical plates with diagnostics, the back side shows trays with ce-
ramics (Figs. 4 and 5)). 

Fig. 6. Sintered B4C block made by Virial.  

Fig. 7. BINP made full scale mockup of shielding tray with hot-pressed blocks 
made by NEVZ. 

Table 2 
Summary of total vacuum exposed surface for SS compo-
nents of EP#11.  

Component Area [m2] 

Vertical plates 33.6 
DSM Frame 36.2 
Backfilling 40.4 
Shielding Trays 157.4 
PPS-DSM interfaces 32.4 
DFWs 13.5 
Port Plug Structures 61.3 
Total 374.8  

Table 3 
Gas load at 100 ◦C at the EPP#11.  

Material Area 
[m2] 

Outgassing rate [Pa m3 s− 1 

m− 2] 
Outgassing load [Pa m3 

s− 1] 

B4C 
ceramics 

407 1∙10− 8 4.07∙10− 6 

Stainless 
steel 

375 10− 8 3.75∙10− 6 

Total 782  0.78⋅10− 5  

Table 4 
Gas load at 100 ◦C at the EPP#11 for cases where ceramics have been in a 
vacuum for over a year.  

Material Area 
[m2] 

Outgassing rate [Pa m3⋅s− 1 

m-2] 
Outgassing load [Pa 
m3⋅s− 1] 

B4C 
ceramics 

407 2,95∙10− 9 1.20∙10− 6 

Stainless 
steel 

375 10− 8 3.75∙10− 6 

Total 782  0.495⋅10− 5  
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for generating neutrons as a result of the 7Li(p,n)7Be threshold reaction, 
and a formation system for obtaining a therapeutic beam of epithermal 
neutrons. 

In the accelerator, a 2.1 MeV 1,4 mA deuteron beam is also obtained, 
and fast neutrons are generated on a lithium target with a yield of 2⋅1012 

second− 1 [22]. The Li(d,n) reaction proceeds in two ways: 7Li(d,n)8Be 
and 7Li(d,n)24He. The neutron spectrum contains two components: with 
an average energy of 13 MeV, due to the first pathway of neutron gen-
eration, and 3 MeV, due to the second pathway. The average neutron 
energy is 5.68 MeV [23]. Two samples of hot pressed boron carbide from 
NEVZ with a size of 46*46*29 mm with a hole in the middle were 
irradiated with a flux of fast neutrons for 20 min. And sintered B4C from 
Virial, tiles 55*55*5 mm and a sample of stainless steel 316L-ITER Grade 
(IG) with a size of 130*130*40 mm, placed at a distance of 10 cm from 
the target. The flux density was 3∙109 neutrons/cm2∙s for 20 min and 
the cumulated fluence was 3.6∙1012 neutrons/cm2. Which roughly 
corresponds to the conditions inside the DSM, where the characteristic 
neutron fluxes are 108÷1011 n/cm2∙s [24]. Inside the ITER port-plug, 
neutrons have a wide energy spectrum, with energies of 0.1÷1 MeV 
dominated; the spectrum is given in the Ref. [24]. 

The activation of the samples was measured with a DKS-96 dosimeter 
(OOO Doza, Russia) applied close to the samples. The dose rate of boron 
carbide samples was 50 μSv/h after the end of irradiation and 0.14 μSv/ 
h (natural background level) after 3 days. The dose rate of the steel 
sample was 1500 μSv/h after the end of irradiation and 1.77 μSv/h after 
3 days. 

The level of induced radiation from activated steel 316 L(N)-ITER 
Grade decreases faster (by a thousand times in 3 days), because first 
the main activity is due to decay of 56Mn with a half-life of 2.58 h. The 
radioactivity of ceramics declines more slowly - a 300-fold decrease after 
3 days. 

ITER requirements for impurities in materials [25]: Co – max 0.05 % 
by weight, Ta - max 0.01 %, Nb – max 0.01 %. Impurities content by 
weight in ceramics previously was measured by using scanning electron 
microscope equipped with energy-dispersive X-ray spectroscopy [4]. 
Hot pressed boron carbide from NEVZ: B4C 99.8 %, O 0− 0.1%, Si ~0.2 
%, Al less 0.01 % by weight. Sintered B4C from Virial: B4C 99 %, O less 
1%, Si less 0.2 %, Al less 0.04 % [4]. 

The results of experiments on activation of ceramics and stainless 
steel 316L-IG by low-energy neutrons are presented in Ref [5]. The 
manganese content in these two types of ceramics was estimated at 
0.0001 % [5]. 

The spectrum of the induced activity of the samples was measured 
with a SEG-1KP-IFTP gamma-ray spectrometer based on a semi-
conductor detector made of highly pure germanium. In Fig. 8 shows the 
spectrum of two samples of boron carbide ceramics, Virial and NEVZ, 
placed close to the detector. Spectrum measurements for 3 min were 
started 32 and 42 min, respectively, after the end of neutron generation. 
The spectrum contains lines of 511 keV (22Na), 843 keV (27Mg), 846 keV 
(56Mn), 1276 keV (22Na), 1368 keV (24Na). These isotopes were pro-
duced by fast neutrons from aluminum in reactions 27Al (n,α) 24Na, 27Al 
(n,spall) 22Na, 27Al (n,p) 27Mg and from manganese in reaction 55Mn 
(n,γ)56Mn. The manganese content in the two types of ceramics is the 
same, so the 846 keV (56Mn) peak has the same height. The aluminum 
content is different, so the other peaks in hot-pressed ceramics are lower. 

In Fig. 9 shows two spectra of a steel 316L-IG sample measured for 1 
min after 28 min (the sample is placed at a distance of 50 cm from the 
detector) and after 3 days 2 h 42 min (the sample is placed close to the 
detector) after the end of neutron generation. Immediately after the end 
of neutron generation, the main dose rate is due to the decay of the 
atomic nucleus 56Mn, after 3 days - atomic nuclei 58Co (811 keV), 54Mn 
and 99Mo. The first isotope appeared in reaction 58Ni(n,p)58Cо (steel 
contains 12 % Ni). Manganese-56 could appear in reactions 56Fe(n, 
p)56Mn and 55Mn(n,γ)56Mn (steel contains 1.85 % Mn). 2.4 % of mo-
lybdenum in steel gives reactions 98Mо(n,γ)99Mо and 100Mо(n,2n)99Mо. 

Studies have shown that boron carbide ceramics meet all ITER 

requirements in terms of chemical composition, vacuum and thermal 
properties. The BINP together with the Russian domestic agency ITER 
(RF-DA) prepared and agreed with the ITER Organization the technical 
specification for B4C ceramics [26], on the basis of which the procure-
ment of ceramics for the ITER diagnostic ports can begin. The BINP is the 
manufacturer and integrator of EP#11 [1] and has already started 
preparing a contract with the ceramic supplier. 

Boron carbide provides good neutron protection due to the main 
(n,α) reaction: 10B + n → 4He + 7Li + γ (93.9 %) +2.79 MeV. With fast 
neutrons (E > 1.2 MeV) there is a secondary reaction 10B + n → 2 4He +
T. Though this reaction has a very less probability compared to n,α re-
action, it has great importance from the viewpoint of reactor waste. The 
ITER organization conducted calculations of the residual radioactivity of 
EPP-11 elements [27]. The specific activity of B4C ceramics is calculated 
to be 1.65∙109 Bq/g. Taking into account the weight of the ceramics in 
the DSM (~1.2 tons), its contribution is no more than 20 % of the DSM 
activity (total weight 10 tons). For example, a steel DSM frame weighing 
4.5 tons would have a similar specific activity of 2∙109 Bq/g [27]. 
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Fig. 8. Gamma-ray spectrum of two samples of boron carbide ceramics after 
activation of fast neutrons. 
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neutron generation (the sample is placed at a distance of 50 cm from the de-
tector) and after 3 days (the sample is placed close to the detector). 
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