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1.   Introduction
Relativistic runaway electrons are generated in the toka-

mak device when electrons are continuously accelerated by an 

electric fi eld to high energy that overcomes the deceleration 

drag mechanisms in a plasma [1]. In particular, many runaway 

electrons can be generated during a major disruption with an 

energy level of up to several tens MeV when suffi ciently high 

toroidal electric fi eld is induced [2]. As a result, runaway 

plasma in which most of the plasma current is driven by run-

away electrons can be formed at the post-disruption phase.

In the International Thermonuclear Experimental Reactor 

(ITER), it is predicted that runaway electron current would 

reach a level of more than half that of the pre-disruption 

plasma current [2,3]. Runaway electrons generated by the 

disruption could damage fi rst wall materials and in-vessel 

components of ITER. For instance, a numerical simulation 

study indicated that beryllium armor would be melted for 

a few millimeter thickness by localized deposition of 10 

MeV runaway electrons with a power density of 50 MWm–2 

[4]. Therefore, to establish ways to avoid the generation of 

runaway electrons is an important topic in ITER [1,5]. And 

in fact, several techniques have been demonstrated to avoid 

runaway electrons generation at disruption [6-11].

It is also important to mitigate the once generated run-

away electrons at the post-disruption phase. A basic approach 

is to keep the runaway plasma in a divertor confi guration to 

avoid unfavorable localized irradiation of runaway electrons 

to the fi rst wall, and to await gradual reductions in the energy 

and population of runaway electrons [12]. These reductions 

can be stimulated by applying a negative loop voltage. How-

ever, such an approach is prevented by the fast growth of 

positional instabilities like the vertical displacement event 

(VDE) [13]. It is also prevented by a failure to achieve the 

desired position and shape control of the plasma. When VDE 

occurs, however, runway electrons are quickly exhausted from 

the plasma due to the spontaneous appearance of large-ampli-

tude MHD activities when the plasma surface safety factor qs 

becomes as small as 2 or 3 concomitant with a decrease in 

the plasma minor radius [14-16]. This is desirable from the 

viewpoint of terminating runaway electrons, but the pulsed 

and localized heat load on the fi rst wall due to the irradiation 

of exhausted runaway electrons as in the study of H. Tamai et 

al. [15] becomes a concern.

Based on the background above, we have investigated an 

approach to mitigate and terminate runaway electrons by the 

use of external actuators, e.g., pellet injection. In a previous 
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study, hydrogen pellet injection into a discharge with runaway 

electrons during the fl at top phase was carried out in the 

TEXTOR tokamak [17]. The discharge was terminated by the 

pellet injection with appearance of stochastic MHD activities 

in the bulk plasma. However, it is not clear whether a similar 

behavior occurs in a post-disruption runaway plasma in which 

most of the current is driven by runaway electrons and the 

bulk plasma temperature is as low as ~10 eV. Impurity pellet 

injection into RF current driven plasmas of the JIPP T-IIU to-

kamak has shown a pellet deposition profi le different than that 

using Ohmic plasmas [18], and current-driven plasmas could 

survive against the impurity pellet injection, while Ohmic 

plasmas were disrupted. However, the conditions were differ-

ent from those in the post-disruption runaway plasmas, since 

the temperature of the target bulk electrons was relatively as 

high as ~300 eV, and the temperature of the non-thermal tail 

electrons produced by RF current drive was non-relativistic 

and as low as 90 keV.

In this paper, the fi rst experiment to study the effects of 

impurity pellet injection on post-disruption runaway electrons 

[19,20] is described. Newly revealed characteristics of a run-

away plasma are also presented.

2.   Evolution of Runaway Electrons and Ex-
ternal Actuators for their Mitigation
The temporal evolution of runaway electrons is approxi-

mately expressed as [14]

dnr/dt = neνcollS(E/Ec
D, Zeff) + nr/τs – nr/τloss , (1)

where nr is the density of runaway electrons, ne the density 

of bulk plasma electrons, νcoll the bulk electron collision fre-

quency, Zeff the effective charge of plasma, and E the electric 

fi eld parallel to the magnetic fi eld. The 1st term and the 2nd 

term on the right-hand side of eq. (1) indicate the generation 

of runaway electrons by the Dreicer process and the genera-

tion by the avalanche process, respectively. Here, the critical 

electric fi eld of the Dreicer process, Ec
D, is expressed as

Ec
D = e3neZefflnΛ / (4πε0

2mevth
2) , (2)

where e is the electron charge, me the electron rest mass, c the 

speed of light, ε0 the dielectric constant of vacuum, lnΛ the 

Coulomb logarithm, and vth the electron thermal velocity. This 

Ec
D provides the condition under which the most of thermal 

electrons run away. The critical electric fi eld of the avalanche 

process Ec
A is written as

Ec
A = e3nTlnΛ / (4πε0

2mc2) ~ 0.12 × 10–20nT , (3)

where nT is the total density of free and bound electrons in a 

plasma. In the avalanche process, new runaway electrons are 

generated by close collision with existing runaway electrons. 

The energy distribution of avalanche runaway electrons would 

have an exponentially folding shape. When E > Ec
A and all 

newly generated avalanche runaway electrons are confi ned in 

a plasma, the time constant for the exponential growth of the 

number of runaway electrons τs is expressed as [21]

τs = 2meclnΛa(Zeff) / eE , (4)

where a(Zeff) = (2 + Zeff) / 3 [22]. Here, the toroidal electric 

fi eld Et = Vloop / 2πRp supplies the accelerating electric fi eld, 

where Vloop is the one turn loop voltage and Rp the plasma 

major radius. In large tokamak devices, it is recognized that 

the avalanche process could be the major process for genera-

tion of runaway electrons during a disruption due to their fast 

growth under a high electric fi eld. For instance, in JT-60U, τs 

is calculated as ~70 ms for E~Et~1.5 V/m (Vloop~30 V), ~7 ms 

for E~Et~15 V/m (Vloop~300 V), in the case of Rp = 3.3 m, lnΛ 

= 18, Zeff = 3. The 3rd term on the right-hand side of eq. (1) 

is the time constant of the loss process τloss, which represents 

any loss and dumping process of runaway electrons.

At fi rst, the slowing down of relativistic electrons by col-

lisional friction with bulk plasma is considered to be a basic 

process for mitigation of runaway electrons. The friction force 

Ffric, which includes contributions from both bulk electrons 

and ions to relativistic electrons, is written by [23] as

Ffric = (e4nelnΛ / 4πε0
2mec2){1 + (Zeff + 1) / γ} , (5)

and then the frictional slowing down time τfric is defi ned as

τfric = γ mec / Ffric ,  (6)

where γ is the relativistic Lorentz factor defi ned as γ = mc2/

mec2 = (1 – β 2)–1/2, β the ratio of the speed of electron v to 

c defi ned as β = v/c, m the mass of a relativistic electron. In 

the high γ region, τfric becomes longer as γ increases, and it is 

noteworthy that Ffric has a weak dependence on γ and hence 

on Zeff. In the case of γ = 40, which corresponds to energy of 

runaway electron Wr of ~20 MeV, and Zeff = 3, τfric = 6.8 × 

1019ne
–1; then τfric~6.8 s for ne = 1 × 1019 m–3 and τfric~0.68 s 

for ne = 1 × 1020 m–3.

Candidates for external actuators include (i) injection 

of massive impurities or hydrogen to increase the friction 

force due to high ne (and Zeff in the case in impurities), (ii) 

plasma heating to modify bulk plasma parameters such as 

ne, Te, Zeff, and E, (iii) applying a negative loop voltage to 

reduce the energy of runaway electrons and to avoid new 

generation by the avalanche process, and (iv) applying an 

error fi eld for excitation of large-amplitude MHD activities. 

As the fi st step, we consider that impurity pellet injection can 

be a good candidate as a quick actuator for increase in ne and 

Zeff. However, since the bulk electron temperature Te is as low 

as ~10 eV for a post-disruption runaway plasma, as measured 

by Thomson scattering diagnostic in JT-60U [24], the ablation 

rate of a pellet by bulk electrons seems very small. So, we 

expect that the pellet ablation occurs due to runaway electrons 

themselves.
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3.  Experiment and Analysis
3.1   Formation of post-disruption runaway 

plasma
Figure 1 shows the schematic for the impurity pellet 

injection experiment into a post-disruption runaway plasma 

in JT-60U, and Fig.2 shows waveforms of the experiment 

(discharge number E38150). A series of impurity neon ice 

pellets (2.1 mm cube (~ 4 × 1020 neon atoms), ~700 m/s, 5 

Hz, low fi eld side mid-plane injection) are injected into an 

Ohmically heated hydrogen discharge with parameters of Ip = 

0.85 MA, Bt = 3.73 T, ap~1.1 m, Rp~3.5 m, Vp~85 m3, qs~13, 

ne(0)~1 × 1019 m–3, Te(0)~2.3 keV, where Ip is the plasma 

current, Bt the toroidal magnetic fi eld, ap the averaged plasma 

minor radius, and Vp the plasma volume, and where “(0)” 

denotes the value at the plasma center. The 1st pellet functions 

as a “killer pellet” [6] to cause an intentional disruption ac-

companied by a runaway plasma phase with a starting current 

of ~0.5 MA. For the period of t = 12.24 s ~ 12.29 s, the 

central ECRF injection (O-mode, fECRF = 110 GHz, PECRF~500 

kW) was applied to study its effects on the runaway plasma, 

but apparent responses were not observed. For t = 12.3 s ~ 

13.15 s in Fig.2, Vloop is less than ~5 V. Since the Ohmic 

current for Vloop ~5 V is estimated to be as negligibly small 

as <10 kA due to the high plasma resistivity for low Te of 

~10 eV and Zeff~3, most of the plasma current is driven by 

runaway electrons. Unfortunately, reliable Te measurement 

for the runaway plasma was not available for this experiment. 

However, in cases in which a suffi cient number of runaway 

electrons were not generated, we usually observed that the 

plasma vanished away even with similar or higher loop volt-

age at the disruption, and this fact supported the notion that 

the plasma current is mainly driven by runaway electrons. 

The plasma current ~0.5 MA corresponds to the total number 

of runaway electrons of Nr = 2πRpIp/ec~2.3 × 1017 electrons. 

In order to study the effects of impurity pellet injection, the 

current control of the runaway plasma was programmed for 

a stable target with a slightly decreased current, as indicated 

by the command value Ip
com in Fig.2. It is noteworthy that 

there were no large amplitude MHD activities at the impurity 

pellet injections during the runaway plasma phase, and thus 

the effects of MHD activities for mitigating runaway electrons 

would not seem to be particularly signifi cant.

Figure 3 shows the changes in plasma shape and posi-

tion. A divertor confi guration was maintained until t~12.95 

s, and then the plasma began to shrink with outer-touched 

limiter confi guration. The analyses and discussions in the 

later sections were made mainly for the period in which the 

divertor confi guration was maintained.

3.2   Deposition of impurity pellets in run-
away plasma and evaluation of the 
charge number

Six successive neon ice pellets were injected into the 

post-disruption runaway plasma, and we observed a clear 

increase in the line-integrated bulk electron density, ∫nedl, 
measured by far-infrared laser interferometry along the central 

vertical chord ch.2 (r/a~0) for the 2nd to 4th pellet injection, 

as shown in Fig.2 (“a” is the plasma minor radius along radial 

direction). These increments of bulk electron density show 

that the impurity neon pellets were deposited in the post-

disruption runaway plasma. However, as seen in Fig.2, the 

post-disruption runaway plasma survived and showed good 

resistance against these impurity pellet injections. Hence, the 

Fig. 1  Schematic of the experiment of impurity neon pellet 
injection in JT-60U to study mitigation effects on a 
post-disruption runaway electrons.

Fig. 2  Waveforms of the experiment of impurity neon pel-
let injection into the post-disruption runaway plasma 
(discharge number E38150). Ip: plasma current, Ipcom: 
command value of plasma current, PECRF: injection 
power of ECRF, Vloop: one turn loop voltage, ∫nedl : 
line integrated electron density, Sneut: photo-neutron 
emission rate, IHX: hard X-ray intensity (X-ray energy 
> ~1 MeV), |B

~⋅
r
n = 1| : amplitude of MHD activity of n = 

1 mode.
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post-disruption runaway plasma exhibited different behavior 

than that of the standard Ohmic discharge.

The ablation rate for the neon ice pellet by the bulk 

electrons is given by the neutral gas shielding (NGS) model 

[25] as

dNp / dt = kzne
0.333Te

1.64rp
1.333Mi

–0.333, 

ne in cm–3, Te in eV ,  (7)

where Np is the number of ablated pellet atoms, kz the coef-

fi cient for the pellet of the Z atom (kz = 2.32 × 1015 s–1 for 

neon), rp the pellet radius, and Mi the atomic mass in amu 

(Mi = 20.18 for neon). According to this model, the ablation 

rate and ablation time of the 1st pellet (killer pellet) can be 

estimated for different Te as ~6.7 × 1022 atoms/s and ~6 ms 

for Te = 1 keV, ~1.3 × 1023 atoms/s and ~3 ms for Te = 1.5 

keV, and ~2.6 × 1023 atoms/s and ~1.5 ms for Te = 2.3 keV. 

Since these ablation times are comparable to the transverse 

time of the pellet in the plasma calculated as 2 × a / pellet 

speed ~2.2 m/(~700 m/s) ~ 3 ms, the 1st pellet seems to have 

been ablated well in the plasma. (This is supported by the 

rise time of ∫nedl (r/a~0) after the 1st pellet injection of ~5 

ms.) On the other hand, the ablation times of the 2nd to 4th 

pellet in the runaway plasma are calculated as about 10 s for 

Te~10 eV. Such a very long ablation time means that the pellet 

ablation by the bulk electrons was not effective.

Therefore, we conjecture that the runaway electrons made 

a signifi cant contribution to the pellet ablation. Under the 

simple assumption that the spatial profi le of runaway electrons 

is fl at in the plasma, ~1.1 × 1016 runaway electrons would 

pass through a pellet cross section over a period of 3 ms. Tak-

ing the mass stopping power of a 20 MeV runaway electron 

due to the ionization process of neon as ~2 MeV/(g/cm2) 

(see Fig.10), the mass density of solid neon as ~1.44 g/cm3, 

and the target length as ~2 mm, the deposited energy to the 

pellet is calculated to be ~6.8 × 1015 MeV. (The contribution 

from the stopping power due to bremsstrahlung radiation ~0.7 

MeV/(g/cm2) is neglected here, since that radiation seems to 

pass through the pellet.) Then, with the average energy to 

create a neon ion of ~36.6 eV [26], ~1.9 × 1020 neon atoms 

can be ionized for 3 ms, and this number is about the half 

of the number of neon atoms in the pellet. (The sublimation 

energy of neon ice is as small as 0.022 eV/atom [25], and it 

is neglected here.) The runaway electrons presumably have a 

centrally peaked profi le, which is supported by the visible TV 

camera images, and thus the number of ionized neon atoms 

seems to be increased by the increase in deposited energy. 

Though this is a very rough estimation and the change in 

pellet size during ablation process is not included, it seems 

reasonable to expect that nearly all or a substantial number of 

neon atoms in the pellet are ionized. In the experiment, rise 

times of increments of ∫nedl(r/a~0) were observed as 30~50 

ms. To explain these rise times, we consider a hypothesis 

that the ionization of neon is progressed by runway electrons 

(and/or by bulk electrons) up to the equilibrium ionization 

point that is mainly determined by Te.

In the runaway plasma, the central bulk electron density 

was increased with each impurity pellet injection, as seen 

in ∫nedl(r/a~0), while there were only slight responses in 

∫nedl(r/a~0.8). This means that the pellet was not deposited at 

the peripheral and edge region of r/a > ~0.8 but at the central 

region of the plasma. As a result, the profi le of bulk electron 

density became peaked profi le. Actually, at t~12.78 s in the 

discharge E38150 (see Fig.2), the ratio of ∫nedl(r/a~0) to 

∫nedl(r/a~0.8) was ~4.8, while the ratio at t~12 s was ~2. At 

that time, the Greenwald density factor ne
bar/nGW became ~2.2, 

where ne
bar ~2.9 × 1019 m–3, nGW = Ip/πa2 ~1.3 × 1019 m–3, 

Ip~0.42 MA, a ~1 m. It is also seen that this high bulk electron 

density was stably obtained. Thus, good particle confi nement 

in the runaway plasma is indicated. When we consider that 

the ordinary density limit is dependent on the power balance 

Fig. 3  Change in the plasma shape and position for the 
experiment of impurity neon pellet injection into the 
post-disruption runaway plasma. qs: surface safety 
factor of plasma.
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between the Ohmic input and radiation loss, and hence that 

the ordinary density limit is related to Te, this high density 

would seem to be due to the fact that the runaway current is 

basically independent of the power balance.

It is important to know Zeff and the charge number of 

neon ZNe of the runaway plasma for evaluation of the slowing 

down time of runaway electrons. The Zeff value is evaluated 

from the visible bremsstrahlung emission measurement ob-

tained in another discharge E38152 as shown in Fig.4. Since 

the intensity of visible bremsstrahlung emission Ivb is propor-

tional to ∫Zeffne
2Te

–1/2dl, the ratio of Ivb to (∫nedl)2, K, indicates 

Zeff
bar(Te

bar)–1/2 (“bar” denotes the line averaged value.)  The 

value of Zeff
bar before disruption at t~11.9 s is calculated to be 

~1.3 using the profi le data of ne and Te. The change in K be-

tween before the disruption phase (t = 12 s) and the runaway 

plasma phase (t = 12.5 s) is seen as ~20 in Fig.4. When we 

take Te
bar of ~1 keV before the disruption phase and ~10 eV 

during the runaway plasma phase, the change in Zeff
bar should 

be approximately twofold; hence Zeff
bar during the runaway 

phase is estimated as ~2.6 in this discharge, and it does not 

vary substantially during this period. As shown in Fig.4, the 

ECRF injection and the helium gas puffi ng were applied in 

this discharge, but no signifi cant responses were observed. For 

the discharge E38150, unfortunately Ivb was saturated at pellet 

injection timings due to higher detector sensitivity. However, 

based on a measured Zeff
bar value of ~1.5 before disruption 

and assuming the same multiplication factor of ~2 obtained 

in E38152, Zeff
bar is evaluated to be ~3 for the runaway plasma 

phase in E38150.

By looking at the response of the bulk electron density, 

we can also estimate ZNe of the plasma. For the 2nd pellet, 

the increment of the line-averaged electron density Δ{∫nedl(r/

a~0)/∫dl} of ~0.72 × 1019 m–3 (∫dl is the chord length of the 

interferometry in the plasma ~2.3 m) is ~30% of that for the 

1st “killer pellet” of ~2.4 × 1019 m–3. If we assume that the 

neon atoms are fully ionized for the 1st pellet, i.e., ZNe is 10, 

ZNe for the 2nd pellet can be estimated as ~3. Also, ZNe~3 is 

consistent with the expected ionization equilibrium of neon 

calculated for Te = 10 eV.

These analyses fi rst showed that the post-disruption run-

away plasma with impurity neon pellet injections is nearly the 

neon plasma of ZNe~Zeff ~3 for Te~10 eV and ne
bar/nGW > ~2.

3.3   Prompt exhaust of runaway electrons by 
impurity pellet injection

For injections of the 2nd to 4th pellets, an increase in the 

neutron emission rate Sneut was observed, as shown in Figs.2 

and 5. The Sneut indicates the photo-neutrons emitted when 

high energy runaway electrons were exhausted from the plas-

ma. In the case that runaway electrons hit the target structure, 

intense bremsstrahlung gamma rays can be produced, and 

these gamma rays can interact with the nuclei of the target 

materials via the photo-nuclear reaction, which in turn can 

cause photo-neutrons to be emitted from those nuclei. There 

are no measurements to show the distribution of hit points of 

runaway electrons, but the divertor tiles are a possible target, 

since the runaway electrons transported to the scrape-off layer 

Fig. 4  Data from the visible bremsstralung emission mea-
surement for evaluation of Zeff (discharge number 
E38152). ∫nedl : line integrated electron density, Ivb: 
intensity of visible bremsstralung emission, K : ratio 
of Ivb to (∫nedl )2.

Fig. 5  A detailed waveforms of the experiment of impu-
rity pellet injection into the post-disruption runaway 
plasma. dIp/dt : decay rate of plasma current (with 10 
ms signal fi ltering), dIpcom/dt : command value of decay 
rate of plasma current.

∫nedl (r/a~0) ∫dl~2.3m

∫nedl

∫ nedl (r/a~0)
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may pass along the open magnetic fi eld line. Another possible 

target is the outer board fi rst wall for runaway electrons in the 

case that their drift orbit is shifted outward to approach the 

fi rst wall. Therefore, one of the main elements for the photo-

nuclear reaction is the carbon which is used for the divertor 

tiles and fi rst wall tiles. Considering the penetration of gamma 

rays in the target material, another important element would 

be the nickel abundantly included in the Inconel 625 alloy 

which is used for the vacuum vessel. The threshold energies 

of photo-nuclear reactions are ~26 MeV for carbon and 8~30 

MeV for nickel, respectively [27]. The free-fall accelerated 

electron energy is calculated with accelerating loop voltage 

(fl ux change) as γ = [1 + {e∫Vloopdt/(2πRpmec)}2]1/2 [27] to 

be ~24 MeV with ∫Vloopdt ~1.7 Vs at t = 12.3 s. Though 

we should recognize that the energy distribution of runaway 

electrons must be spread, we consider that the maximum 

energy of runaway electrons Wr can be up to 20~30 MeV at 

t = 12.3 s.

By looking at the waveform of Ip corresponding to the 

increase in Sneut in detail, we observed a reduction of runaway 

plasma current, as seen in Fig.5. The current decay rate, dIp/

dt, clearly shows such a reduction apart from the command 

value dIp
com/dt. After such a reduction, Ip recovers to approxi-

mately the command value again. We think this recovery is 

mainly due to the new generation of runaway electrons by the 

avalanche process, as discussed below in Sec. 3.4.

For the period between t = 12.34 s and t = 12.39 s 

in Fig.5, the reduction of Ip is estimated as ~3 kA, which 

corresponds to a loss of ~1.5 × 1015 runaway electrons, and 

the increment of the neutron yield is ~1.5 × 1012 neutrons 

during the same period. Here, the ratio of neutron yield per 

runaway electron Yn is approximately ~10–3. A scaling law for 

determining the photo-neutron yield for disruption-generated 

runaway electrons was developed in JET as Yn = (Wr / 60) × 

2.9 × 10–3 neutrons per electron [27]. Then, when we take 

Wr = 20 MeV, a similar value of Yn ~10–3 is obtained from 

the scaling law. This indicates that the exhaust of runaway 

electrons from the plasma makes a substantial contribution 

to the reduction of Ip. Since signals from two neutron moni-

tors which are installed apart from each other in the toroidal 

direction show similar signals of photo-neutrons, we conclude 

that the runaway electrons were exhausted with good toroidal 

symmetry. The rise time of Sneut of 30~50 ms is longer than 

the time scale of Sneut observed in the termination by a large 

MHD burst during VDE as ~5 ms [15]; this seems to be a 

better condition from the viewpoint of reduction of the peak 

irradiation power onto target tiles. These are benefi cial fea-

tures for avoiding localized and pulsed irradiation of runaway 

electrons to the wall.

Figure 6 shows the relationship between the increment 

of the decay rate of the runaway plasma current ΔτIp-decay and 

the increment of the photo-neutron signal ΔSneut for the 2nd 

to 4th pellet injections. Since there is an approximately linear 

relationship between ΔτIp-decay and ΔSneut, the larger reduction 

of the runaway current is attributed to the larger exhaust of 

runaway electrons

3.4   Characteristic time scales for behavior of 
runaway plasma current

Figure 7 shows the behavior of characteristic time scales 

for the post-disruption runaway plasma current. The decay 

time of the runaway plasma current τIp-decay = Ip/(–dIp/dt) 
at the pellet interval time, e.g., t~12.55 s, is ~ 3 s, which 

is similar to the command value of the current decay time 

τIp-decay
com = Ip

com /(–dIp
com /dt). On the other hand, after pellet 

injection, τIp-decay becomes shorter than the command value 

by a factor of ~2 for the 2nd and 3rd pellet, e.g., ~1.5 s at 

t~12.39 s and t~12.58 s.

The τfric calculated for Wr = 20 MeV and Zeff = 3 is 

about 3 s, which is a value similar to that of τIp-decay
com until 

t~12.76 s. If the frictional drag force is the main mechanism 

of the slowing down, and it determines the decay of the run-

away plasma current, little loop voltage would be required to 

keep the current when τIp-decay~τIp-decay
com. However, a Vloop of 

several Volts is supplied in the experiment to keep Ip close to 

Ip
com even when τIp-decay~τIp-decay

com, as seen in Fig.7. Such a 

Vloop could result in avalanche generation of runaway electrons 

with a time constant τs of < ~0.8 s after t = 12.42 s, as shown 

in Fig.7. The value of E / Ec
A is ~4.5 at t = 12.42 s and ~5.7 

at t = 12.54 s. Since we require a rather low Wr of ~5 MeV 

to obtain a τfric comparable to τs of ~0.8 s in order to derive 

τIp-decay, the presence of another mechanism is suggested for 

the current decay.

As a candidate mechanism to explain the current decay, 

we apply the Andersson-Helander model with a combined ef-

fect of pitch angle scattering and radiation reaction [28,29]. In 

addition to the frictional drag, this model takes account of the 

fact that the pitch angle of a runaway electron to a magnetic 

Fig. 6  Relationship between the increment of the decay rate 
of the runaway plasma current ΔdIp/dt and the incre-
ment of the photo-neutron emission rate ΔSneut for the 
2nd to 4th pellets injection. Defi nitions of ΔdIp/dt and 
ΔSneut are shown in Fig.5.
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fi eld is increased by collision with bulk plasma particles, 

which results in the increase in synchrotron radiation from the 

runaway electron. The model provides the time constant τrad 

and the relationship between τrad and τfric as

τfric / τrad = 3.2Bt / {(1 + Z)ne}
0.5, ne in 1019 m–3. (8)

The model was originally applied to explain the decay 

of a post-disruption current in the JET tokamak [28,30]. 

However, due to a lack of reliable measurements of ne and 

Z during the post-disruption phase in JET, the analysis was 

made using assumed values, and thus uncertainty remained. 

On the other hand, the present analysis was made using both 

measured and estimated values of ne and Z. The calculated τrad 

with Z = Zeff = 3 and Bt = 3.73 T is ~0.8 s, as shown in Fig.7. 

This τrad is roughly comparable to τs. Therefore, τrad seems a 

counterpart of τs to derive τIp-decay. 

Figure 8 shows comparison between τIp-decay and the 

effective time constant τeff, where τeff is defi ned as –1/τeff 

= 1/τs – 1/τrad . Generation of runaway electrons by the 

Dreicer process is neglected due to very low Te. In Fig. 8, 

the τeff-Wr is calculated with different Wr, hence with different 

τrad. As seen in Fig.8, τeff for Wr = 14.3 MeV, τeff-14.3MeV, 

is effectively reproduces the behavior of τIp-decay from the 

beginning of the current recovery after the 2nd pellet in-

jection, starting from t~12.4 s, to just after the 3rd pellet 

injection at t~12.57 s. However, τeff-14.3MeV diverges from 

τIp-decay from t~12.57 s, and this is not explained by the in-

crease in bulk electron density. Then, we introduce the reduc-

tion of Wr; i.e., τeff for Wr = 12.2 MeV, τeff-12.2MeV, reproduces 

τIp-decay from t~12.57 s to t~12.69 s for the 3rd pellet injection 

(there is a relatively large increase in τIp-decay around t~12.71 

s, but the reason for this is not clear). For the 4th pellet injec-

tion, τeff for Wr = 10.2 MeV, τeff-10.2MeV, provides close value 

of τIp-decay for current recovery phase.

Thus, the basic behavior of the post-disruption runaway 

plasma current may be due to the balance of avalanche gen-

eration and slowing down by the Andersson-Helander model 

with a stepwise reduction of energy of runaway electrons at 

the impurity pellet injection. The step of energy reduction 

would be approximately 2 MeV per pellet injection. In addi-

tion, these results serve to an opportunity for validation of the 

Andersson-Helander model.

4.  Discussions
As shown in the previous section, with the impurity 

pellet injection, a prompt exhaust of runaway electrons was 

observed, and a stepwise energy reduction of runaway elec-

trons was suggested. In order to reveal the precise dynamics 

of runaway electrons in the pellet and in the runaway plasma, 

Fig. 7  Behavior of the characteristic time scales in the post-
disruption runaway plasma with the impurity pellet in-
jection. τIp-decay: decay time of plasma current defi ned 
by Ip/(–dIp/dt ), τIp-decay

com: command value of decay 
time of plasma current defi ned by Ipcom/(–dIpcom/dt ), τs: 
generation time of runaway electrons by avalanche 
process, τfric: slowing down time of an electron by fric-
tional drag with the bulk plasma for electron energy 
Wr of 20 MeV and Zeff = 3, τrad: slowing down time 
of an electron predicted by the Andersson-Helander 
model, including combined effect of collisional pitch 
angle scattering and synchrotron radiation.

Fig. 8  Comparison between the decay time of the runaway 
plasma current τIp-decay and the effective time constant 
τeff. The τeff is defi ned as –1/τeff = 1/τs – 1/τrad. The τeff 
with different electron energy Wr is denoted as τeff-Wr.

∫nedl (r/a~0) ∫dl~2.3m
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reliable diagnostics of energy and spatial distribution, theoreti-

cal models, and simulation studies are required. Since these 

are beyond the scope of this paper, we will limit ourselves to 

discussing some of the related issues. 

If the stepwise reduction of Wr shown in Sec. 3.4 ac-

tually occurs, this means not only a new property of the 

runaway plasma but also an additional benefi t for mitiga-

tion of post-disruption runaway electrons. Unfortunately, the 

energy distribution of runaway electrons was not measured 

directly in this experiment. Instead, we used the ratio of Sneut 

to the hard X-ray intensity IHX, Sneut / IHX, as shown in Fig.9. 

While it is diffi cult to perform a precise and quantitative 

analysis using this ratio, the ratio is useful for discussing the 

change in energy distribution of lost runaway electrons. In 

Fig.9, Sneut   / IHX is generally decreasing in time, and this trend 

suggests that the energy distribution of runaway electrons is 

changed and the fraction of exhausted runaway electrons with 

higher energy becomes small. This appears to be consistent 

with the energy reduction indicated in Sec. 3.4. When looking 

at the results in more detail, however, we note the spike-like 

increases in Sneut / IHX just after the pellet injections. These 

increases imply that the higher-energy runaway electrons are 

more effi ciently exhausted by pellet injections.

As we note in Sec. 3.3, the exhaust effect of runway 

electrons by the pellet injection becomes smaller with the 

latter injections, and for the 5th to 7th pellet injections, there 

is no obvious plasma response, as seen in Fig.2. In this fi g-

ure, the pellet size measurement (before injection to plasma) 

indicated that the 5th pellet was broken and the size of the 

6th pellet was smaller than the normal size. The pellet size of 

the 7th pellet was not particularly small. Though a decrease 

in the number of runaway electrons that corresponds to a 

decrease in Ip should be considered in the ablation process of 

injected pellets, we may expect some response in the signal 

of bulk electron density. Looking at the results from Sec. 3.4 

suggesting Wr of ~10.2 MeV after the 4th pellet, we suspect 

that there is a threshold energy of runaway electrons of ~10 

MeV for interaction with the impurity pellet.

Figure 10 shows the calculated mass stopping power 

of a relativistic electron –dW/dρ for the case of neon using 

the Bethe-Heitler formula [26,31], where W is the energy of 

a relativistic electron, and ρ the surface mass density of the 

target material. In Fig.10, the total mass stopping power –dW/

dρtotal is defi ned as –dW/dρtotal = –(dW/dρion + dW/dρbrems), 

where dW/dρion is the stopping power by an ionization pro-

cess and dW/dρbrems is the stopping power by bremsstrahlung 

radiation. When we take –dW/dρtotal~2.7 MeV/(g/cm2) for a 

20 MeV electron, a mass density of solid neon ~1.44 g/cm3, 

and an interaction length of ~2 mm, a 20 MeV electron loses 

its energy of ~0.8 MeV during its passage through the pellet. 

Within the pellet, we can imagine that the electron orbit is 

scattered throughout the dense material. We note that the mass 

stopping power increases as W increases in the region where 

W ≥ 2 MeV. Especially, –dW/dρbrems increases rapidly where 

W ≥ ~10 MeV, e.g., –dW/dρbrems roughly doubles in value 

from 10 MeV to 20 MeV, i.e. from 0.31 MeV/(g/cm2) to 0.62 

MeV/(g/cm2). The ratio of the stopping power to the electron 

energy is not substantially changed, but even at the same 

pitch angle, the higher-energy electron seems to emit higher 

synchrotron radiation, which is increased with square of the 

Fig. 10  Mass stopping power –dW /dρ of a relativistic elec-
tron for neon. –dW /dρtotal : total mass stopping power 
defi ned as –dW /dρtotal = –(dW /dρion + dW /dρbrems), 
where dW /dρion is the stopping power by the ioniza-
tion process and dW /dρbrems is the stopping power 
by the bremsstrahlung radiation process, W is the 
energy of a relativistic electron.

Fig. 9  Ratio of the photo-neutron emission rate Sneut and the  
hard X-ray intensity IHX.
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perpendicular momentum of the electron to the magnetic 

fi eld [28]. Also, the scattering may result in an increase in 

the radial transport of runaway electrons in the plasma, and 

such a transport seems to contribute to the enhancement of the 

exhaust of runaway electrons.

Estimating that there are ~2.3 × 1017 runaway electrons 

for Ip~0.5 MA, the reduction step of electron energy by the 

pellet injection of ~2 MeV corresponds to a total reduction 

of ~4.6 × 1017 MeV. If the pellet was ablated by the runaway 

electrons up to the 3rd ionization state of the neon, then an 

energy of ~5.6 × 1016 MeV would be needed for the ~4 × 1020 

neon atoms contained in a pellet, where the energies for the 

2nd and the 3rd ionization for neon are 40.962 eV and 63.45 

eV, respectively. As seen in Fig.10, the stopping power by 

the bremsstrahlung radiation is about 1/3 of that by ioniza-

tion, and a bremsstrahlung radiation of ~1.9 × 1016 MeV is 

expected to result from this process. So, the energy required 

for ionization and the bremsstrahlung radiation is ~7.5 × 1016 

MeV, which is only ~1/6 of ~4.6 × 1017 MeV. Again, the 

effects of scattering and synchrotron radiation in the pellet 

should be considered.

5.  Summary
The experiment of impurity neon pellets injection into a 

post-disruption runaway plasma has been carried out to study 

their mitigating effects on runaway electrons. The runaway 

plasma was determined to be nearly equivalent to a neon 

plasma with Zeff~3 for Te~10 eV. The pellet ablation was 

attributed to the energy deposition of relativistic runaway 

electrons in the pellet. A high bulk electron density of ne
bar 

~2.9 × 1019 m–3 at Ip~0.42 MA was obtained with the Green-

wald density factor ne
bar/nGW of ~2.2. The effects of prompt 

exhaust of runaway electrons from the plasma and reduction 

of runaway plasma current without large amplitude MHD 

activities were found. One possible explanation for the basic 

behavior of runaway plasma current is that it follows the 

balance of avalanche generation of runaway electrons and 

slowing down predicted by the Andersson-Helander model, 

including the combined effect of collisional pitch angle scat-

tering and synchrotron radiation. It is suggested that the impu-

rity pellet injection reduced the energy of runaway electrons 

in a stepwise manner such as from 14.3 MeV to 12.2 MeV 

and from 12.2 MeV to 10.2 MeV.

Our results thus reveal that injection of impurity pellets 

has mitigating effects on post-disruption runaway electrons, 

and should help to clarify the characteristics of runaway 

plasma.
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