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Abstract. The global gas balance in the various types of steady discharges has been re-examined by measuring 

the partial pressures of hydrogen and helium, and plasma induced permeated flux at various positions. A new 

approach to study the dynamics of particle circulation in steady state tokamak operation SSTO has been 

proposed and demonstrated in QUEST with all metal walls baked at 100°C.  Using perturbations of particle 

source H2 and plasma-wall interaction PWI the system functions of processes of retention and release into/from 

the wall are determined both in time and frequency domains. The time dependent probability function of the 

transition between high and low recycling states has been derived. 

 

1. Introduction 

Understanding for hydrogen (H) retention in steady state tokamak operation (SSTO) in the 

fusion devices is inevitably required from a view point of controllability of the particle 

circulation in a fusion plasma system. It has been well understood that H2 retention strongly 

depends on the plasma facing materials PFMs (carbon or tungsten), surface recombination 

(ku,kd) and diffusion (D) coefficients  of the hydrogen in materials, and their irradiation 

parameters (wall temperature Twall, incident energy, incident ion and neutral fluxes inc, H 

and fluence) [1]. However, there are a few knowledge about them for the long time scale, i.e. 

modification of material surface, erosion and deposition, and co-deposition processes etc. It 

has been reported that steady state operation is strongly affected by transient events, for 

example, ultra low frequency recycling events in TRIAM-1M [2], H-bursty release from a hot 

spot localized on the Mo limiter in TRIAM-1M [3], H enhanced retention and release from 

the hot carbon limiter in TS [4], carbon bursts from the PFMs in LHD [5]. On the other hand, 

in a short pulse duration steady state conditions for H retention have been realized in AUG 

[6]. Particle circulation has been analyzed by the following particle balance equation: 

)()()()()()0()(
0

tQtQtQtQdttPSNtN relretout

t

gaspump      ,   (1) 

where N(t) is the number of hydrogen atoms at the time t in the vessel, Spump is the pumping 
speed, Qgas(t) is the number of H atoms puffed until time t, and Qout(t) corresponds to the out-
gas ones. These are known and measurable quantities. Unknown quantities are Qrel(t) 
(positive sign), H atoms released from the walls due to plasma interaction and Qret(t)(negative 
sign), the H atoms retained in the walls. So far only the sum of them has been derived 
experimentally. The contribution of plasma inventory to the gas balance is generally less than 
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10 %. In AUG with tungsten PFM wall saturation under which Qrel(t) + Qret(t) = 0 is observed 
for 1 sec, i.e. only a few % of Qgas(t) is retained after reaching steady state conditions. How 
does this condition hold in a long pulse discharge? In this study, first, we are aiming at 
measuring or inferring Qrel(t) and Qret(t) by independent methods and understanding their 
behaviors in the long time scale. He partial pressure PHe is monitored for behavior of released 
particles Qrel(t) from the wall in the hydrogen plasma discharges and plasma driven 
permeation probes (PDP) at multi-locations are used to deduce Qret(t) [7]. Secondly, in order 
to understand the particle circulation responding to transient perturbations, dynamical 
approach is developed. This approach aims at determining a system function of a 
“plasma+wall particle circulation system”, especially to understand particle retention and 
release processes. The following pressure P differential equation for hydrogen is analyzed 
experimentally.        

        ,,,,,, incHrelincHretwallthgas

pump

tqtqTtqtq
P

dt

dP



   (2) 

where, pump is the pumping time constant, and qi corresponds to dtdQi
in eq. (1). This 

equation may be affected by the local variation in Twall, inc, and H. Thus, as perturbations, 

an impulse of fueling (qgas) and perturbation of plasma-wall interaction region are considered 

and response of qret and qrel are investigated. In SSTO a transition from a high recycling "HR" 

state after puff to a low recycling "LR" is found. According to eq. (2) the temporal evolution 

and statistical feature of the life time of HR state are investigated. 

This paper is organized as follows: experimental set-up both for global gas balance 

and perturbation methods is described in section 2. The global gas balance will be presented 

in section 3. The retention and release processes on the global aspect are discussed in section 

4. The method of response function to artificial perturbations is examined in section 5. The 

time dependent probability function of the life time of HR is drived in section 6 and finally 

present study is summarized in section 7.  

 

2. Experimental set-up for global gas balance and perturbation methods  

QUEST is a medium sized spherical tokamak [8] with the major and minor radii of 0.68 and 

0.4 m, respectively. The center stack (CS) has an outer diameter Rcs of 0.23 m and the outer 

wall of the vacuum vessel is at Rvout = 1.4 m with the flat divertor plates at z ~ ± 1 m from the 

mid-plane. The vessel temperature Twall can be controlled by the heater system and insulators 

on the vessel. Twall is maintained usually at 100 °C for the whole campaign. The cross 

sectional view of the vessel and diagnostic systems 

are shown schematically in Fig. 1. The vessel 

volume including the extension port is 13.5 m3 and 

the total surface area of the plasma facing 

components PFCs is ~ 35 m2. The vessel is made of 

stainless steel SUS316 and about 30 % of PFCs 

(center stack and top/bottom plates) are tungsten-

coated or made of tungsten block. Pumping systems 

consists of four cryogenic pumps located at 

different toroidal positions and one turbo molecular 

pump at the mid plane. The pump is 2 sec.  Total 

pressure in the vessel is measured by ASDEX 

gauges [9] located below the bottom divertor plate 

(AG2), and the fast ionization gauge (green) or 

AG1 at the wall. Partial gas pressures (H2 and He) 

 

Fig.1. Experimental setup in QUEST. 
PDPs (permeation probes), AG (Asdex 
gauge), inboard and out board gas puff. 
Three (bottom) and one (top) cryogenic 
pumping and one TMP at the horizontal.  
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are measured by a quadrupole mass-analyzer (QMA), located in the TMP extension port. All 

gauges are properly shielded from the magnetic field and are calibrated using standard (H2 

and He) leaks. Two piezo electric valves are used to inject H2 from the inboard or outboard 

mid plane as an impulse with adjustable height and frequency of fpuff. Using pressure build-up 

method and differential pressure gauges in the puff line both qgas and Qgas are calibrated. The 

wall retention rate qret is deduced by the permeated flux pdp (= pdp

pump

HH A
P

dt

dP















 22 ) through 

a PdCu membrane. This PDP system is also absolutely calibrated by a standard H2 leak. 

Typical values of D and ku (upstream) and kd (downstream) are obtained as follows: D = 

(2.9±0.2)×10-9 m2s-1, ku = (1.3±0.5)×10-33 m4s-1, kd = (7.0±0.4)×10-34 m4s-1. The thickness of 

20 m and temperature at 350 ºC of the membrane leads to a few second response time. The 

detection area Apdp is ~ 5×10-4 m2 the total size is 22 × 80 mm2.They are located at four 

different positions, top/bottom divertor plates and side walls. The relative sensitivity for 

probes is also checked at H2 atmosphere (~ 20 mTorr) in QUEST. With the help of TMAP7 

[10] the permeated curves are reproduced, and thus the retention flux, which relates closely to 

qret, is deduced. Multiplying these fluxes by typical surface areas (top/bottom, side walls) Qret 

may be estimated. For gas balance, the time resolution of QMS signals are < 0.3 sec and AG 

is 0.1 sec. 

SSTO plasma could be sustained by fully non-inductive electron cyclotron waves 

ECWs [11]. The EC system consists of toroidally opposite two 8.2 GHz klystrons systems 

(100kW) at fundamental resonance Rfce = 0.29 m in off-axis heating scenario [12]. For ECR 

discharge cleaning (ECRDC) a plasma is sustained by 2.45 GHz ECWs and the resonance 

layer is swept at the frequency fPWI by varying the toroidal field Bt. Thus the interaction 

region between a slab plasma and the divertor plates can be modulated.  Various diagnostics 

are employed in QUEST; more than 100 thermo couples on PFCs, H array viewing CS and 

divertor plates, 64 flux loops to determine positions and plasma shape, an array of hall 

elements for plasma current, an array of divertor probes on the upper divertor plate along the 

major radius, and a reciprocating probe across the SOL layer, reflective microwave 

interferometer for chord integrated density at mid plane, tangential visible camera, and 25 

channel fiber based visible spectrometer for rotation measurement.  

 

3. Global gas balance in long pulse discharges  

The ratio  gaspump QQtR 1)( , is 

introduced, to understand the retention(R>0) 

and release(R<0) performance of the wall in 

the long pulse, where 
t

pumppump dttPSQ
0

)( . In 

Fig. 2(a) R(t) for pure puff in vacuum, 

ECRDC, and SSTO discharges are presented 

as a function of normalized time T, where T is 

the discharge duration(typically 3600 sec for 

ECRDC, and 200-600 sec for others). Since no 

puff is done after plasma termination, Qgas(t) is 

constant for t>T. R~0 was realized for gas puff 

in vacuum, which indicates that particle 

circulation in the vessel can be perfectly 

 

Fig.2. Typical ratio R in vacuum, ECRDC 
plasmas, SSTO plasmas are plotted as a 

function of time and normalized T which 

denotes the actual duration of discharge.  
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controlled in our pumping - fueling system. R(t) for four sequential ECRDC discharges is also 

shown. Discharges were carried out after venting the vessel to recover wall conditions. Since 

Bt was modulated, so all areas of the PFCs except the side walls could be irradiated by 

plasma. In the first discharge (#26933) the wall retention was dominant, and then the H-

release became dominant probably by water release from the wall after sputtering surface 

layers, efficient cleaning was achieved. In sequent discharges R(t) changed, except first phase. 

In the early phase (t < 0.02×T) 0.8×Qgas(t) was pumped by the wall, and then R saturated at 

0.3 which indicates that the recycling is in equilibrium and H atoms should be mainly stored 

in the damaged by irradiation surface areas of thickness, comparable with ion stopping range. 

For SSTO, however, quite different R (large positive) was observed even for the same order 

of Qgas in vacuum case (Fig. 2 b). Although the initial wall pumping of (0.4-0.9)×Qgas is 

similar to ECRDC, a turn over time is t ~ 0.25×T and R remains at 0.6-0.9. The green area 

represents a variation range of SSTO discharges. After plasma termination (T > 1) the wall 

releases apparently excess H, which has been retained in previous discharges. This global gas 

balance method cannot distinguish from whether the wall continues to release H for t<T or 

not.  Using He discharges without H fueling, this was investigated. The R curve in the first H 

discharge after ~60 He discharges for 8 seconds is denoted by the red curve. Although R 

reached ~ 0.8 at the very initial phase, it turned over and decayed monotonically. The R=0 

condition was temporally realized at t~0.75 T, and after that 30 % of Qgas was additionally 

released from the wall. This result supports that H has been already released during the whole 

discharge. In addition to this fact, it can be considered that He leads to enhanced release of H, 

which is might be caused by creating a new channels for already retained H to escape from 

the trapping sites. Thus, in order to resolve potential disadvantage of the global gas balance, 

discrimination between Qret(t) and Qrel(t) 

must be done in SSTO discharge.  

 

4. Effects of the retention flux and FB 

level of recycling on R(t) 

The waveform and absolute value of the 

net retention flux Fret(t) could be deduced 

to fit measured permeation curves, as 

shown in Fig.3 e and f. These discharges 

are examples for H-plasma after several 

tens of He discharges. However, both Hα 

and PH2 could be kept constant by 

feedback control of recycling flux Hα 

(Fig.3-b,d) and therefore, the global gas 

balance R(t) could be almost steady. 

Spikes on the Hα and PH2 correspond to 

the repetition of H2 puff. Since the 

sustained IP was half of the standard one 

(16-20 kA), Ip decayed after 300 s when 

the density increased. Although pdp 

increased monotonically, it is noted that 

the calculated Fret(t)  at all positions 

dropped near t~250-270 sec. On the other 

hand, the puff interval became 10-15 sec 

longer than those of 5 sec 2 sec for t < 

 

Fig.3. Retention fluxes in a long pulse discharge. (a) Ip 

(kA) and nl (m-3), (b) PH2,PHe, (Pa), (c) PAG2 and total 

pressure, (Pa), (d) R(t) and H(a.u),(e) measured pdp, 

(H at./m2s) and (f) evaluated inc at three locations, (H 
at./m2s). 

 

 

 

 

Fig.4. The puff interval vs. discharge time. 
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200 sec, which indicates that wall release 

became significant, as shown in Fig. 4. 

Although no significant change in R(t) was 

seen around this timing, the reduction in 

Fret(t) to the walls and deduced enhancement 

in H-release may contribute to the constant 

R(t). The effects of the FB recycling flux on 

R were investigated in a series of 200 sec 

pure H discharges before and after He 

experiments. Since the pumping system is 

fixed, the increase in Qgas leads to increase 

PH2. As expected, Fret(t) are increased as a 

consequence (colored points in Fig.5.a). 

Two dashed blue lines correspond to 30 and 

60 kW Prf. The maximum in R in both cases 

was observed at PH2~10-5 Pa (Fig5.a, black 

points). Although this tendency is not yet understood, a similar trend of H retention has been 

reported for a carbon film in higher pressure range [13]. In our set-up surface atomic carbon 

concentration was fond to be 20-35% by XPS. If the same scenario is applicable to our PFMs, 

two compete processes must occur, namely, an 

increase in Fret, and a decrease due to passivation 

of the surface with H2 molecules. The former was 

observed and the latter may decrease the influence 

of low-energy hydrogen atoms and ions to create 

more trapping sites for H2 dissociation. 

 

5. System function with respect to perturbations 

 This manuscript is aiming at determining the 

system response function to understand behavior 

of global R(t). Three types of perturbation are 

examined. The response function is simply derived 

from the following relation, 

     

     fSfHfS

     ,

in-inout-in 

  

t

inout dtFtF 
 (3)  

First, the time response function to qgas is 

investigated in stationary ECRDC plasma for 900 

seconds. In this experiment H2 is puffed as a unit 

impulse with adjustable amount NH2 and frequency 

fgas and then <qgas> is given by fgas×NH2. qth is 

derived from eq.(2) before discharge. The output 

signal Fout(t) in eq.(3) is assumed to be a linear 

convolution of a response function tand a 

perturbation Fin(t)(=qgas(t)). In order to decide for 

qrel partial pressures (PH2,PHe) are analyzed as those originated from the release process. For 

the retention process qret, the permeation flux pdp is also used. Figure 6 shows the conditional 

averaged perturbed amplitude of PH2, PHe and pdp at various fgas, which are similar values to 

 

 

 

 

 

 

 

 

 

Fig.6. (a) conditional-averaged time 
evolutions of PH2(Pa), PHe(Pa) and pdp 
(H2/m2/s)at various fgas.  

 

a) 

b) 

c) 

 

 

 

 

 

 

Fig.7. Normalized response functions for 
PH2(solid), PHe(dotted) and pdp(dashed).  

 

 

Fig.5. Retention dependence on PH2 for 

different FB level of Hα. (a) black points – 

averaged R, colored – integrated ГPDP. (b) 

Averaged PHe. Dashed lines are eye guide. 
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those used in a gas feedback control scheme in SSTO. 

With increasing fgas from 25 mHz to 200 mHz time 

averaged quantities increased but their perturbed 

amplitudes decreased. Although PH2 shows a long 

tail suggesting a finite qrela unit impulse response 

form with d  pump  d/texp   can well 

trace the observed ones, as shown in Figs.7-8.  For 

PH2, the functional dependence of is consistent 

with the condition of R~0, as discussed in section 3. 

Small value of R (= 0.2) in ECRDC plasma is 

ascribed to the release and retention processes. 

Although a sharp rise and slow decay of PHe were 

observed in experiments, the modeled one by

 d/texpt 2 with a flat-top reproduced the observed 

onequalitatively. Although pdp is delayed by the 

diffusion time of ~3-4 sec, pdp  d/texpt 32 

with a delay time of 2 sec also agreed with observed 

one. These  can reproduce the fgas dependence of 

amplitude qualitatively. Thus particle circulation in 

ECRDC plasma is well understood by stationary  

By comparison with in SSTO, however, it is 

found that longer time variation in  causes a loss 

of controllability of circulation, namely a very low 

frequency component plays an important role for 

SSTO. This point will be discussed from a view 

point of statistics of recycling in section 6.  

Secondly, effects of the spatiotemporal 

perturbation of plasma-wall interaction PWI on 

non-stationary particle circulation were analyzed by 

the frequency response function H(f) in Eq.(3). The 

experiment has been conducted by combination of 

puff and PWI perturbations in 8.2GHz ECR plasma, 

where circulation became progressively 

uncontrolled. A ring resonance layer causes 

localized PWI regions on the top/bottom W plates. 

This region (R=0.29-0.54 m) was modulated at fPWI 

(= 0.03Hz). The cross power spectra (Sin-out) of PH2 andpdp to PH2 for H2 puff in vacuum (Sin-

in) were analyzed and H(f) was determined, as shown in Fig. 9-a.  It should be noted that 

there is a broad component of HH2(f) for f< fgas =0.1Hz and a large peak at fPWI, which were 

not observed in gas modulation. The former contributes to the progressive rise in H2 release 

rate during the discharge, while the latter indicates that H2 was mainly released from regions 

at R=0.34 or 0.54 m. The peak in Hpdp of the wall-pdp probe was also found at fPWI, as shown 

in Fig.9 b. It indicates that the net flux to the outer wall is affected by the localized PWI far 

from the probe position and suggests an important role of the neutral atom flux for wall 

retention. During the discharge duration the amplitude of pdp grows exponentially at the 

growth rate of ~3.3 mHz. These cause the rise in retention and finally lead to uncontrollability 

of circulation.  

 

 

 

 

 

 

 

 

Fig.8. Output signals using response 
functions;(a) PH2, (b)PHe and (c)pdp 

at various fgas.  

 

b) 

 

 

 

 

 

 

 

 

 

 

 

Fig.9. (a) Frequency response function 
Hpdp to H2 puff in vacuum. Arrows indicate 
fgas and fPWI. Minima for  f>fgas in H(f) 
correspond to hamonics of fgas. (b) The 
amplitude of pdp at fPWI grows with a 
time constant of 3.3 mHz, which causes 
non-stationary particle circulation. 

b) 

c) 

a) 

a) 
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Thirdly, power Prf modulation at frf of 500 

mHz in 50 sec current drive plasma was examined 

to study the effects of enhanced particle loss on the 

particle circulation compared with the H2 puff 

modulation at fgas = 333mHz. Since the plasma 

current is varied from 12 kA to 17 kA by the 

modulation of Prf from 30 kW to 60 kW, the 

position of the last closed flux surface determined 

by a natural divertor [14, 15] moves from 0.94m to 

1.04 m. This causes the variation of PWI region on 

the top/bottom divertor plates. The auto-power 

spectra of PH2 and PHe are shown in Fig. 10 a and 

b. The amplitude of both SH2 and SHe at frf is at 

least by an order of magnitude larger than those at 

fgas, suggesting that the released particles is 

dominant in the low frequency range. It should be 

noted that the fraction of released H2 on PH2 can be 

identified.  The low frequency component in SHe 

also causes the gradual increment of the dc 

component of PHe.. The release process is ascribed 

to the enhanced ion flux toward the flat plates to 

which the SOL field lines connect.  In Fig. 10 c, 

only inner probe which connects to the outer SOL 

region shows the distinct peaks both at frf and fgas. 

Thus, it can be concluded that the response 

function method has advantages for determining 

the fraction of retention-release processes due to 

transient events or their local positions.  

 

6. Transition from HR to LR and their 

statistical feature 

In order to control the recycling process the puff 

frequency fgas or puff interval interval=1/ fgas is fed 

back controlled to keep the recycling flux constant 

in SSTO. Under the well-conditioned wall a 

transition from HR to LR was found on H signal, 

as shown in Fig. 11 a. The LR level is much below 

the FB level denoted by a chain-curve. The 

Hsignal immediately decays with a certain time 

constant (> a few seconds) after each puff (fixed 5 

ms width). Since the fixed amount of H2 is only 

injected, the external pumping system is fixed, and 

the Prf is fixed, the variation in the decay curve 

corresponds to the change in the wall release and 

retention processes. The resident time during 

which HR is remained, interval is found to be an increasing function of the discharge duration 

(Fig. 11 b). The time dependent probability function f(interval,t) is derived from several SSTO 

discharges for divided time windows (Fig. 11 c). It is noted that f(interval) evolves in time 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.11. (a) H transition at various tim e 

slices, (b) interval increases during the 
discharge, (c) time dependent probability 

function  of interval 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.10. Auto power spectra (a) SH2,(b) SHe 

and SIs are plotted. fgas and frf are 333mHz 
and 500mHz, respectively. SIs at R=0.36, 
0.8m and the side wall are shown. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4 (a) Frequency response function Hpdp 
to H2 puff in vacuum. Arrows indicate fgas 

and fPWI. Mimima for  f>fgas in H(f) 
correspond to hamonics of fgas. (b) The 
amplitude of pdp at fPWI grows with a 
time constant of 3.3 mHz, which causes 
non-stationary particle circulation. 
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during the discharge, indicating that the retention and release process is governed by a time 

developing probability function. 

 

7. Summary 

In summary, the global gas balance is examined in QUEST from a view point of how the 

retention ratio R deviates from the ideal zero value in various types of discharges. Since this 

global gas balance method has an intrinsic disadvantage for identifying the retention and 

release processes, additional diagnostics for them have been introduced. Using the PDP 

signals and the TMAP7 code, the retention fluxes can be deduced at various positions and it is 

found that the reduction in the retention flux contributes to the small change in R. The local 

maximum of R with respect to the amount of the fuelled H2 is also investigated by 

independent measurement of the retention flux and released one. The new technique to 

understand the dynamics of the particle circulation in the system has been introduced and 

demonstrated for the various kinds of perturbations. The system response functions can be 

obtained in time and frequency domains and advantages of this method have been shown for 

the quantitative fraction of the retention and release components induced by the local and 

temporal perturbations. In SSTO it is noted that the recycling feature caused by retention and 

release processes evolves in the discharge duration. The time dependent probability function 

for the resident time for HR is derived, which can describe how the particle circulation 

process develops during the discharge. To understand mechanisms dominating time 

dependent feature of the probability function will be the next step along the present study. 
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