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Exhaust behavior of tritium from the Large Helical Device in the first 

deuterium plasma experiment 

The tritium exhaust behavior from the Large Helical Device (LHD) was observed 

in the first deuterium plasma experimental campaign. Tritium in the exhaust gas 

was monitored at the conducted by use of the ionization chamber and water 

bubbler system with the discrimination of chemical forms. The observation 

results indicated that (i) tritium on the surface of the first wall and divertor tiles 

as plasma facing components was released by the hydrogen isotope exchange 

reaction of the glow discharge cleaning operation and the diffusion-limited 

process was suggested in the tritium release behavior from the bulk, (ii) the 

amount of tritium release from the LHD vacuum vessel was about one-third of 

the produced tritium and the mostly produced tritium was still retained at the end 

of plasma experimental campaign, (iii) the ratio of exhausted tritium from the 

LHD vacuum vessel was larger than that in the case of JT-60U based on the 

carbon materials as the plasma-facing components. It indicated that the tritium 

inventory would be reduced and controlled by the kind of plasma-facing 

materials. 
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1. Introduction 

The management and control of tritium in the fusion facilities are one of the key issues 

for public acceptance and the realization of a nuclear fusion reactor. Therefore, the 

behavior of tritium should be understood to control the tritium in a fusion test device. 

The tritium exhaust behavior and tritium inventory on the deuterium plasma experiment 

have been reported by JT-60U, JET, and DIII-D [1-11]. In the deuterium plasma 

experiment by a large fusion test device, a small amount of tritium, which has the 

maximum energy of 1.01 MeV, is produced by d(d, p)t reaction in core plasma. A part 



of produced tritium is exhausted from the vacuum vessel via the vacuum pumping 

system and the rest of the tritium would be retained in the vacuum vessel. These sources 

of tritium can be utilized as a tracer in a fusion test device. One of the applications is to 

quantitatively determine the tritium balance in the vacuum vessel and release pathways 

of tritium from a fusion test device. Other applications are to observe tritium exhaust 

behavior and determine the chemical forms of tritium in the exhaust gas. The 

observation of the tritium behavior in the exhaust gas also indicates the tritium release 

properties from the plasma-facing components. As a result, the tritium inventory and 

behavior in the fusion test device would be revealed.  

At National Institute for Fusion Science (NIFS), the first deuterium plasma 

experiment using Large Helical Device (LHD), which is the largest helical type fusion 

test device equipped with the superconducting magnet system, has been started from 7th 

March 2017 [12, 13]. After starting the deuterium plasma experiment, exhausted tritium 

was observed during the plasma experiment. Exhausted tritium from the vacuum vessel 

has to be recovered by the tritium removal system such as an exhaust detritiation system 

(EDS) from the viewpoints of public acceptance. Thus, EDS has been installed at the 

downstream of vacuum pumping gas lines [14]. All exhaust gas lines from the LHD and 

Neutral Beam Injection (NBI) systems and so on had to be connected to the EDS for 

tritium recovery. Therefore, the inlet of EDS was suitable for the observation of tritium 

behavior in the exhaust gas. 

In this study, we observe the tritium in the LHD exhaust gas by the tritium 

monitoring system and discuss the tritium release behavior and mass balance of tritium 

in the first deuterium plasma experiment.  

2. Plasma exhaust system and LHD operations 

2.1. The vacuum pump system and wall conditioning system in LHD  



The layout of the LHD and the auxiliary system is shown in Fig. 1. The plasma-facing 

components in LHD mainly consist of stainless steel for the first wall and carbon for 

divertor tiles. These materials combination of plasma-facing components are different 

from other large fusion test devices such as JT-60U using the carbon-based first wall [2] 

and JET using the carbon or beryllium wall in the deuterium plasma phase prior to the 

preliminary tritium experiment [8].  

The LHD is equipped with various components of vacuum pumping systems for 

the LHD vacuum pump system, NBI systems for plasma heating, in-vessel cryosorption 

pumps for closed helical divertor (CHD), glow discharge cleaning system and wall 

baking system at 368 K, number of plasma diagnostic devices and so on. These 

components are installed with many independent vacuum pumping systems that are 

operated continuously. However, the produced tritium is mainly exhausted via the 

vacuum pump systems for the LHD vacuum vessel and NBI, and the cryosorption 

pumps for CHD. The vacuum pump systems for LHD vacuum vessel consists of two 

systems: one system has 10 cryosorption pumps and 6 turbomolecular pumps, another 

system has 8 cryosorption pumps and 2 turbomolecular pumps. Two vacuum pump 

systems are installed side by side in a part of the vacuum vessel as shown in Fig. 1. The 

total practical pumping speed of hydrogen gas is estimated to be a few hundred m3/s. 

The vacuum pump system for an NBI mainly consists of a large cryosorption pump 

developed by NIFS and 2 turbomolecular pumps. The NBIs are installed almost equally 

in the rest of the vacuum vessel as shown in Fig. 1. The total practical vacuum pumping 

speed by 5 NBI vacuum pump systems of hydrogen gas is estimated to be a few 

hundred m3/s. It corresponds to the performance of the vacuum pump system for the 

LHD vacuum vessel. The five CHD pumping system by means of the cryosorption 

system was installed in the LHD divertor region to control the neutral gas pressure. The 



practical vacuum pumping speed of hydrogen gas per one system is 9 m3/s [15]. These 

cryosorption pumps were regenerated after plasma experiment in a day or on a 

weekend. The detailed operation procedures are described in section 2.3. 

As for the wall conditioning in the vacuum vessel, the glow discharge cleaning, 

boronization, and wall baking were conducted. The glow discharge cleaning operation 

was carried out after the plasma experiment in a day or weekend as required by the 

researcher. One electrode for glow discharge cleaning was installed in the LHD vacuum 

vessel in the first deuterium plasma experiment campaign. Helium, hydrogen (H2), and 

deuterium (D2) were utilized as the discharge gas. The boronization of the vacuum 

vessel during the deuterium plasma experiment was limited to one operation. The 

discharge cleaning condition is summarized in Table 1. The wall baking operation at 

368 K was also carried out as required. The rate of temperature increase was 5 K/h. The 

baking temperature was kept for a few ten hours. These wall conditioning operations 

were carried out after the regeneration of the CHD cryosorption pump. The gate values 

for the cryosorption pumps were closed during the wall conditioning operation and only 

turbomolecular pumps were used for the exhaust of operation gas and outgas. 

 

2.2. Exhaust detritiation system and tritium monitoring system 

A schematic diagram of the LHD vacuum pumping system and the exhaust 

detritiation system (EDS) is shown in Fig. 2. The exhaust gas lines from all vacuum 

pumping systems are integrated and connected to the EDS for tritium removal. The 

length and volume of exhaust gas lines from LHD to EDS are estimated to be 

approximately 100 m and 1 m3, respectively. The EDS as a tritium recovery system 

mainly consists of the catalytic reactors for the hydrogen conversion to water vapor, 

molecular sieves columns for the recovery of water vapor and temporally gas storage 



system for the regeneration gas from cryosorption pump, etc. The detail process flow 

diagram, the operation, and the specifications of the EDS are described in Ref. 14. 

The tritium monitoring system has been developed and installed at the inlet of 

the EDS as shown in Fig. 2. The tritium monitoring system consists of the water 

bubbler system for the measurement of total tritium amount and the discrimination of 

tritium chemical forms, and the ionization chamber for the observation of tritium 

exhaust behavior. These detection limits were about 10-7 MBq/m3 and 4 x 10-2 MBq/m3, 

respectively. The detail tritium monitoring system is described in Ref. 16. 

 

2.3. Operation of LHD in the first deuterium plasma experiment 

The first deuterium plasma experiment in LHD has started on March 7th, 2017. The 

plasma operation using deuterium gas (D2), “D phase”, was carried out until June 30th, 

2017. Then the plasma operation gas was changed to hydrogen gas (H2), “H phase”, and 

carried out until August 3rd, 2017. The total amount of produced tritium was evaluated 

by three neutron flux monitors [17, 18]. The uncertainty of the neutron flux monitor was 

estimated to be about 10% on the calibration factor [17]. The total amount of produced 

tritium in the first deuterium plasma campaign was estimated to be about 6.4 GBq. The 

detail deuterium plasma operation of LHD with NBI heating is described in Ref. 12. 

The LHD plasma experimental operation in a week was from Tuesday to Friday. 

The operation gas was exhausted by the vacuum pump systems. After the plasma 

experiment in a day, the cryosorption pumps for CHD were usually regenerated and 

then the released hydrogen isotope gas contained with tritium was directory exhausted 

via the turbo molecular pump in the vacuum pump system for LHD vacuum vessel. 

After the plasma experiment on Friday, the large volume cryosorption pumps for the 

NBI system were regenerated at night. Since a large volume of hydrogen isotope gas 



was released from the NBI cryosorption pumps for a few hours, the released hydrogen 

isotope gas was temporally stored in a buffer tank in the EDS. After the regeneration of 

NBI cryosorption pumps, the stored hydrogen isotope gas was introduced into the 

oxidation catalyst reactor by a controlled flow rate to be 0.4% of hydrogen 

concentration at the inlet of the reactor. At the same time, the cryosorption pumps in the 

main vacuum pumping system were regenerated one after another at certain intervals. 

3. Results and discussion 

3.1. Exhaust behavior of tritium 

3.1.1. LHD deuterium plasma operation 

The behavior of tritium in the exhaust gas from the LHD vacuum vessel was measured 

by the ionization chamber. The volume of the ionization chamber and the sampling gas 

flow rate were 10-2 m3 and 1.2 m3/h, respectively. Figure 3 shows the variation of 

tritium concentration in the exhaust gas during the LHD deuterium plasma experimental 

campaign. In the first two months as the initial D phase, the deuterium plasma 

experiment was conducted using deuterium plasma heated by two deuterium beams 

(NBI: #4, #5) and three hydrogen beams (NBI: #1, #2, #3). Thus, produced tritium 

amount by D-D reactions was small, and observed tritium concentration in the exhaust 

gas was low. The maximum tritium concentration was 0.183 MBq/m3. Then the number 

of deuterium beams was increased week by week and the deuterium plasma operation as 

full D phase was started on May 23rd, 2017. The amount of produced tritium in the core 

plasma increased as the number of deuterium beams. The maximum tritium 

concentration was reached at 1.28 MBq/m3 on June 21st, 2017. Then, the plasma 

operation gas and neutral beams were changed to hydrogen from the beginning of July 

as the H phase. Even though tritium was not produced in the core plasma in the 

hydrogen plasma operation phase, a tritium concentration of more than 0.1 MBq/m3 was 



observed in the exhaust gas. Since produced tritium was remained in and on the plasma-

facing components, it would be released from the components during these hydrogen 

plasma operations. 

Figure 4 shows an example of the variation of tritium concentration for 10 days. 

Tritium in the exhaust gas was not observed in the term of the deuterium plasma 

operation, because the main vacuum pumps were consisted of cryosorption type 

pumping system and produced tritium was not exhausted directly. After the plasma 

operation in a day, the gate valves of the cryosorption pumps in the main vacuum pump 

system were closed and then the cryosorption pump for CHD in the vacuum vessel was 

regenerated at night. Tritium was desorbed from the CHD cryosorption pump and 

exhausted by turbomolecular pumps. Thus, the peaks of tritium concentration were 

observed on the night of each day. Some of the deuterium glow discharge cleaning 

operations were conducted after the regeneration of CHD cryosorption pumps and the 

peak of tritium concentration was also observed separately. The cryosorption pump 

system in the NBIs was regenerated on Friday night. At the same time, the regeneration 

of two cryosorption pumps in the LHD main vacuum pump system was also started. 

These regeneration gasses were temporally stored in the gas storage system as shown in 

Fig. 2. After the gas storage operation, the stored gas was introduced gradually into the 

EDS process line in a weekend. The base tritium concentration in a weekend was 

caused by the stored gas. On the same weekend, all cryosorption pumps in the LHD 

main vacuum pump system were regenerated. Therefore, some of the peaks of tritium 

concentration were observed on the base tritium concentration. The base tritium 

concentration and each observed peak signal indicate the pathway of tritium release 

from the vacuum vessel. Therefore, the tritium exhaust pathway can discriminate by the 



analysis of these signals. The tritium exhaust pathway from the LHD vacuum vessel 

using the data is discussed in section 3.2.  

 

3.1.2. Wall conditioning operation: a glow discharge cleaning 

The wall conditioning operations were conducted after deuterium plasma operation in a 

day or a weekend. The typical tritium exhaust behavior by glow discharge cleaning 

operations in the initial D phase is shown in Fig. 5. The glow discharge operations of 

helium and deuterium gas were carried out from 3:00 to 5:00 and from 9:00 to 14:00 on 

May 3rd, 2017, respectively. Each glow discharge operation condition is summarized in 

Fig. 5. In the case of helium glow discharge, tritium release from the vacuum vessel was 

almost undetectable by the ionization chamber. However, it was determined less than 

0.04 - 0.05 MBq/m3 measured by a proportional counter in the helium glow discharge 

with Boronization operation. On the other hand, tritium release could be detected by the 

deuterium glow discharge operation in spite of after the helium glow discharge. The 

tritium release amount was estimated to be about 2.8 MBq. The average tritium release 

rate was calculated to be 0.56 MBq/h. Although the mass of gas species was the same in 

both glow discharge operations, tritium release behavior was different. It would be 

caused by the different tritium release mechanism. It is well-known that the hydrogen 

isotope exchange reaction on the surface by the hydrogen isotope glow discharge 

operation is more effective to remove tritium rather than physical sputtering by the He 

glow discharge operation. 

Figure 6 shows the behavior of tritium release by H2 glow discharge cleaning 

operation in the H phase. The glow discharge cleaning operation condition is 

summarized in fig. 6. The glow discharge cleaning operations were conducted two 

times at an interval of 12 hours on July 10th and 11th 2017. The plasma experiment was 



not carried out between two glow discharge operations. The tritium release amount by 

first and second glow discharge cleaning operations was estimated to be about 13.7 

MBq and 1.9 MBq, respectively. The average tritium release rates were 1.1 MBq/h and 

0.31 MBq/h, respectively. The peak of tritium concentration was observed at the 

initiation of glow discharge in the first glow discharge operation. Then the tritium 

concentration was gradually decreased and approaching the constant value. In the 

second H2 glow discharge cleaning operation, the peak of tritium concentration was not 

observed at the initiation of glow discharge. It would indicate that the tritium on the 

surface was almost removed by the first glow discharge cleaning operation and then 

released tritium by the second glow discharge operation would be migrated from the 

bulk of plasma-facing components. Therefore, the glow discharge cleaning operation 

using hydrogen isotope gases is an effective tritium removal method, however, the long 

operation time is not useful because the tritium release rate decreases with the operation 

time.  

The tritium on the surface is easily released by an isotope exchange reaction. On 

the other hand, since the maximum energy of triton produced by d(d, t)p reaction is 1.01 

MeV, the tritium would be implanted to a depth of few m in the first wall and divertor 

tiles. [19, 20]. Most of the tritium implanted in the bulk must be diffused to the surface 

for tritium release. The carbon is mainly deposited on the surface of the first wall near 

the divertor tiles [21, 22]. On the other hand, the surface of the first wall at the center of 

the saddle portion is eroded by plasma. Also, the outer torus side is deposition-

dominant, while the inner torus side is primarily erosion-dominant. Therefore, the 

tritium release behavior from the LHD vacuum vessel would be a diffusion-limited 

process in bulk metal as well as in the deposition layer on the plasma facing materials.  

 



3.1.3. Wall conditioning operation: wall baking 

The wall baking operation was carried out following to deuterium glow discharge 

cleaning operation as shown in Fig. 5. Figure 7 shows the variation of tritium 

concentration in the exhaust gas, vacuum vessel temperature, gas species measured by a 

mass spectrometer, and total pressure in the mass spectrometer chamber during the 

baking operation. The gas species and total pressure were measured by a quadrupole 

mass spectrometer (MKS Instruments, e-Vision2 RGA) and an ionization vacuum 

gauge (ULVAC, GI-M2). The flat top of the wall temperature at 368 K was kept for 66 

hours. The tritium concentration increased with temperature rise and then fluctuated 

during the flat top. According to the data of a quadrupole mass spectrometer installed on 

the LHD vacuum pump system, the hydrogen isotope gases (m/e=2, 3, 4) increased with 

temperature rise and then gradually decreased during the constant temperature. The 

component of water (m/e=18) also increased with the temperature rise and was 

maintained at a constant during the constant temperature. Therefore, the first peak of 

tritium concentration in Fig. 7(a) would be caused due to the releases of both tritiated 

hydrogen gases and water. After that, the tritiated water would become the main 

outgassing from the vacuum vessel.  However, the fluctuation of the tritium 

concentration during the constant temperature in the baking operation is not clear. 

The tritium release amount during wall baking operation was estimated to be 

about 17.4 MBq, although the deuterium glow discharge cleaning operation was carried 

out prior to wall baking operation. The average tritium release rate was calculated to be 

0.27 MBq/h. The tritium release rate was lower than that of glow discharge cleaning 

operation, however, the tritium release amount was larger because the baking time 

became longer. The baking operation becomes one of the effective tritium removal 

methods in the LHD vacuum vessel.  



In the case of wall baking operation, the hydrogen isotope gases or plasma did 

not present in the vacuum vessel. Therefore, the mechanism of tritium release during 

wall baking operation is a diffusion process from the bulk in the vacuum vessel.  

The chemical forms of released tritium during the LHD plasma experiment and 

wall conditioning operation are discussed in the next section. 

  

3.1.4. Tritium chemical forms in the exhaust gas 

Tritium is one of the hydrogen isotopes and it can form various chemical compounds 

such as water vapor and hydrocarbons by the plasma surface interactions [23]. Thus, the 

tritium chemical forms in the exhaust gas should be discriminated in order to the 

realization of tritium behavior. The water bubbler system installed at the inlet of EDS 

has the function of the discriminating chemical forms of water vapor, hydrogen gas, and 

hydrocarbons. Figure 8 shows the weekly average tritium concentration discriminated 

chemical forms measured by the water bubbler system from March 6th, 2017 to August 

21st, 2017. Three chemical forms were observed in the exhaust gas during the whole 

monitoring period. Since the main operation gas was hydrogen or deuterium gas, tritium 

in the vacuum vessel become tritiated hydrogen isotope gas and they were major 

components gas which constituted about 96.4% in the exhausted tritium chemical 

forms. As the second major gas, the tritiated hydrocarbons were observed and 

constituted about 3.2% in the exhausted tritium chemical forms. Since the divertor tile 

as the plasma-facing components in LHD was made of carbons, the chemical forms of 

hydrocarbons were produced by the chemical sputtering in divertor plasma. Although 

there was not much data of tritiated hydrocarbons in the exhaust gas, Kaminaga et al. 

have reported that the ratio of tritiated hydrocarbons in JT-60U made up 4.3% and 6.3% 

[6]. The ratio of tritiated hydrocarbon in the LHD exhaust gas was about two-thirds of 



that in JT-60U. The plasma-facing materials in LHD mainly consist of stainless steel as 

the first wall and a carbon material as a divertor tile. Thus, tritium behavior is supposed 

to be different from JT-60U based on carbon materials and other fusion test devices. 

The metal first wall would reduce the tritiated hydrocarbons as the refractory organic 

matter in the exhaust gas. 

Tritiated water vapor was minor chemical forms and constituted about 0.4% 

because the average dew point in the exhaust gas was less than 253 K which 

corresponds to the water vapor concentration of 0.1 %. In JT-60U, the range of the ratio 

of tritiated water vapor in the exhaust gas was from 0.2% to 0.5% [1-4, 6]. The ratio of 

tritiated water vapor in the exhaust gas was almost the same between LHD and JT-60U. 

It would indicate that the release of tritiated water vapor was the same source between 

two devices. The vacuum chamber contains water in general. The water would be 

released from the vacuum vessel during the operation of the plasma experiment and 

wall conditioning. The hydrogen atom in water in the vacuum chamber would exchange 

with tritium atom. Thus, the source of tritiated water vapor would be the vacuum vessel. 

Figure 9 shows the relationships between the concentrations of tritiated 

hydrocarbons, water vapor, and tritiated hydrogen gas. The concentration of tritiated 

hydrocarbons was proportion to that of tritiated hydrogen gas. It suggested that a part of 

produced tritium in core plasma slowed down and transported to the divertor region 

along with the scrape-off layer. Then the divertor plasma contained tritium reacted with 

the carbon and tritiated hydrocarbons were generated. Also, tritiated hydrocarbons 

would be generated by hydrogen or deuterium glow discharge operation. On the other 

hand, the behavior of tritiated water vapor might not seem to be related to that of 

tritiated hydrogen gas. The source of tritiated water vapor would be from the metal wall 

because the vacuum vessel contained a small amount of water in the metal wall. Thus, 



tritiated water vapor was increased during the long-term wall baking operation. Besides, 

hydrogen isotopes and oxygen on the stainless steel as the first wall would be spluttered 

and released by the glow discharge operation. Then the tritiated water vapor was 

generated via the chemical reaction between hydrogen isotope and oxygen during the 

glow discharge operation. Therefore, the behaviors of tritiated water vapor would be 

independent of that of tritiated hydrogen gas. 

 

3.2. Tritium balance in LHD and exhaust pathway of tritium 

3.2.1. Tritium exhaust rate from LHD vacuum vessel 

Figure 10 shows the variation of the amount and the ratio of exhausted tritium and 

tritium inventory in the LHD vacuum vessel during the plasma experiment. The amount 

of produced tritium was estimated from the results of neutron measurement. The 

amount of exhausted tritium was measured by a water bubbler system. The tritium 

exhausted rate, which is defined as the ratio of the exhausted tritium and produced 

tritium, was 5.1% in the first week and then gradually increased with the progress of the 

deuterium plasma experiment. It suggested that the produced tritium was implanted in 

the vacuum vessel and not released from that in the initial phase of the deuterium 

plasma experiment. As mentioned in 3.1.2, produced tritium has high energy and it is 

implanted into the deep of few m. Therefore, implanted tritium would be held in the 

bulk of plasma-facing materials in the initial phase of the deuterium plasma experiment. 

Then performing the number of the deuterium plasma experiments and the wall 

conditioning operations, tritium in the materials would be diffused along with the 

operation time, and the tritium exhausted rate was gradually increased toward the end of 

the plasma experiment. The implanted tritium has been continuously released in the H 

phase. The total amount of exhausted tritium was 32.8% of produced tritium at the end 



of the plasma experimental campaign. It suggested that two-thirds of produced tritium 

would be implanted and remained in the vacuum vessel after the first deuterium plasma 

experimental campaign. Since the tritium inventory was increasing even at the end of 

the D phase as shown in Fig. 10, it is likely that the tritium inventory in the vacuum 

vessel is not yet saturated. The tritium inventory in the vacuum vessel is determined by 

the balance of release, decay, and implantation of tritium. The tritium balance will be 

continuously observed to evaluate the time it takes for the tritium inventory in the 

vacuum vessel to reach saturation. Besides, for the investigation of the tritium amount 

and the distribution of tritium inventory, the analysis of the material samples installed in 

LHD vacuum vessel has been started [24]. 

The deuterium plasma experiment has been conducted in various fusion test 

devices. Some of the large fusion test devices have evaluated the tritium balance in the 

vacuum vessel. The tritium exhaust rate in JET, JT-60U, and LHD are summarized in 

Table 2. The plasma-facing materials and wall conditions are also indicated in Table 2. 

These data of JET were evaluated in the deuterium plasma phase prior to the 

Preliminary Tritium Experiment and the Deuterium–Tritium Experiment. In the 

deuterium plasma experiment in the JET graphite phase, about 20% of tritium was 

exhausted from the vacuum vessel [8]. On the other hand, the tritium exhausted rate in 

the beryllium phase of JET became two times larger than that in the carbon phase. In the 

case of tritium balance in JT-60U which has the carbon-based first wall and divertor 

tiles, 28% of produced tritium was exhausted and about 50% was retained in the 

vacuum vessel [2]. In the case of LHD, the tritium exhausted rate was achieved to be 

32.8%. The ratio of exhaust tritium during the plasma experiment in LHD was about 1.2 

times and 1.6 times larger than that of JT-60U and in the carbon phase of JET, 

respectively. However, the tritium exhausted rate in LHD was low in comparison with 



the results of the beryllium phase of JET. The first wall plates in the vacuum vessel of 

LHD are stainless steel, while graphite plates are used for the divertor. The area of 

stainless steel is 700 m2 and the graphite area is 30 m2 which constitutes about 5% of 

the total plasma facing area [22]. Besides, a part of the first wall near the graphite plates 

would be covered by sputtered carbon as mentioned in the section 3.1.2. Thus, the ratio 

of the primary metal wall area in LHD would have been reduced by carbon deposition. 

These results suggest that the larger the ratio of the metal wall as the plasma-facing 

components in the vacuum vessel, the larger the tritium exhausted rate. It is well-known 

that the carbon material is sputtered by plasma and the hydrogen isotopes of H, D, and 

T are incorporated into the carbon redeposition layer [25]. Thus, the tritium inventory in 

the vacuum vessel increases when the carbon tile is used as the plasma-facing 

components. It is considered that the metal wall would reduce the tritium inventory by 

the carbon co-deposition in the vacuum vessel. 

 

3.2.2. Tritium release pathway from LHD vacuum vessel 

As mentioned in 3.1.1, we could observe the tritium release pathway from LHD. Figure 

11 shows the exhausted tritium pathway from the vacuum vessel at the end of the 

plasma experiment. The NBI cryosorption pumps were the main tritium exhaust 

pathway during plasma operation and held more than 50% of the total exhausted 

tritium. Since the NBI is installed evenly over the entire torus vacuum vessel and the 

NBI cryosorption pump has a high pumping speed, produced tritium in the LHD 

vacuum vessel would be transported and absorbed in the NBI cryosorption pump via the 

NBI vacuum ports. On the other hand, the rate of tritium exhaust pathway via the LHD 

cryosorption pumps as the main vacuum pumping system and the CHD in the vacuum 

vessel were merely one-third of the total exhausted tritium because they are installed 



locally in the torus as shown in Fig. 1. The total amount of exhausted tritium via the 

cryosorption pumps for NBIs, LHD and CHD corresponded to 28.1% (about 1.8 GBq) 

of produced tritium. Besides, the ratio of tritium released by wall conditioning operation 

including the He, H2, D2 glow discharge cleaning, the wall baking at 368 K, and the 

boronization operation was only 4.7% (about 0.3 GBq) of produced tritium thought the 

total time of wall conditioning operation was more than 1100 hours as summarized in 

Table 1. In the deuterium plasma operation, the implanted tritium in the vacuum vessel 

is hardly removed by the wall condition operation in the case of LHD.  

4. Conclusion 

The tritium exhaust behavior and tritium balance in the LHD vacuum vessel were 

investigated in the first deuterium plasma experiment. The tracer tritium produced by D-

D reactions in LHD vacuum vessel revealed that (i) tritium on the surface of the first 

wall and divertor tiles as plasma facing components was removed by hydrogen isotope 

exchange reaction and the tritium release from the bulk of the plasma-facing 

components was the diffusion-limited process, and (ii) about one-third of produced 

tritium was exhausted from the LHD vacuum vessel during the plasma operation and 

the large portion of produced tritium was still retained in the LHD vacuum vessel as 

tritium inventory. The estimation of tritium inventory was necessary to clarify the 

tritium balance in the LHD.  

The tritium exhaust ratio in LHD using the stainless steel as the first wall and the 

carbon as the divertor tile was larger than that in JT-60U based on the carbon material 

and less than that in the case of JET using beryllium as the plasma-facing components. 

Also, the ratio of tritiated hydrocarbons in the exhaust gas of LHD reduced in 

comparison with the case of JT-60U. Thus, the selection of metal wall would be one of 



the key factors to control the tritium inventory and to reduce the tritium compounds in 

the exhaust gas. 
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Figure captions     

 

Figure 1. The layout of the LHD vacuum pump, NBI, CHD systems, and glow 

discharge electrode. 

Figure 2. Schematic diagram of the LHD vacuum pumping system and the exhaust 

detritiation system. 

Figure 3. Variation of tritium concentration measured by an ionization chamber in the 

exhaust gas during the plasma experiments. 

Figure 4. An example of tritium exhaust behavior from LHD in ten days. 

Figure 5. The effect of gas species on the tritium release behavior by the glow discharge 

cleaning. 

Figure 6. The tritium release behavior on the repetition glow discharge operation. 

Figure 7. The hydrogen isotopes release behavior on the wall baking operation at 368 K: 

(a) the operating temperature of LHD vacuum vessel and tritium concentration at the 

inlet of EDS, (b) the gas species measured by a mass spectroscopy and the total pressure 

in the mass spectrometer (Q-mass) chamber. 

Figure 8. The behavior of tritium chemical forms in the exhaust gas during the plasma 

experiment. 

Figure 9. The relationships between tritiated hydrogen gas and tritiated hydrocarbons, 

water vapor in the exhaust gas. 

Figure 10. Accumulated tritium amount and the ratio of exhaust and inventory of tritium 

during the first deuterium plasma experiment. 

Figure 11. Tritium exhaust pathway from LHD during the first deuterium plasma 

experiment.  

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.  The layout of the LHD vacuum pump, NBI, CHD systems, and glow 

discharge electrode 

  



 

 

 

 

 

 

 

 

 

 

 

Figure 2.  Schematic diagram of the LHD vacuum pumping system and the exhaust 

detritiation system 

 

 

  



 

Figure 3.  Variation of tritium concentration measured by an ionization chamber in the 

exhaust gas during the plasma experiments. 

  



 

Figure 4.  An example of tritium exhaust behavior from LHD in ten days. 
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Figure 5.  The effect of gas species on the tritium release behavior by the glow 

discharge cleaning. 
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Figure 6.  The tritium release behavior on the repetition glow discharge operation. 
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Figure 7.  The hydrogen isotopes release behavior on the wall baking operation at 368 

K: (a) the operating temperature of LHD vacuum vessel and tritium concentration at the 

inlet of EDS, (b) the gas species measured by a mass spectroscopy and the total pressure 

in the mass spectrometer (Q-mass) chamber. 
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Figure 8.  The behavior of tritium chemical forms in the exhaust gas during the plasma 

experiment. 
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Figure 9.  The relationships between tritiated hydrogen gas and tritiated hydrocarbons, 

water vapor in the exhaust gas.  
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Figure 10.  Accumulated tritium amount and the ratio of exhaust and inventory of 

tritium during the first deuterium plasma experiment. 
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Figure 11.  Tritium exhaust pathway from LHD during the first deuterium plasma 

experiment. 
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Table 1. Operating conditions for glow discharge, Boronization, and baking. 

Wall 

conditioning 

operation 

Operation 

gas  

Discharge 

current 

(Constant 

current) 

Discharge 

voltage 

(Average) 

Operation 

pressure* 

(Average) 

Total 

operation 

time 

(minutes) 

Glow discharge He 15 A 227 V 3.0 Pa 840 

H2 10 A 336 V 0.9 Pa 3600 

D2 10 A 370 V 0.9 Pa 2040 

Boronization B2D8+He 15 A 237 V 2.2 Pa 350 

Baking (368 K) - - - < 10-3 Pa 63300** 

* The pressure was measured by a diaphragm gauge. 

** The total baking operation time contained with the temperature rise and fall time about 37200 

minutes. 

 

  



Table 2. Comparison of tritium exhaust rate in the initial deuterium plasma phase 

among the large fusion test devices. 

Device First 

wall 

material 

Divertor 

material 

Wall conditioning operation Sampling or  

monitoring period 

Tritium 

exhaust 

rate 

Operation 

temperature on 

vacuum vessel  

Remarks Reference 

Baking  

temperature 

Discharge 

cleaning and 

wall coating 

JET Be Be -* Be evaporation Shot by shot sampling (600 sec) 12~45% 573K or 623 K Limiter: Be [7], [8] 

C C   - Long term sampling 

(over a period of many hours) 

20% Limiter: C 

Be Be   Be evaporation 40% Limiter: C 

Be Be   Be evaporation 39% Limiter: Be 

JT-60U C C 573 K Tyler or glow 

discharge (He),  

Tokamak 

discharge, 

Boronization 

July 1991 to October 1993 28% 573 K Produced tritium: 

31 GBq 

[2] 

LHD SUS C 368 K Glow discharge 

(H2, D2, He)  

Boronization 

March 2017 to August 2017 32.8% 293~303 K Produced tritium: 

6.4 GBq 

This 

study 

* No information in ref. 8.              
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