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a b s t r a c t

Plasma Surface Interaction (PSI) effects on plasma burn-through are compared for the carbon wall and
the ITER-Like Wall (ILW) at JET. For the carbon wall, the radiation barrier and C2þ influx have a significant
linear correlation whereas the radiation barrier in the ILW does not have such a linear correlation with
Be1þ influx. The JET data are explained by the simulation results of the DYON code. The radiation barrier
in the carbon wall JET is dominated by the carbon radiation, but the radiation barrier in the ILW is mainly
from the deuterium radiation rather than the beryllium radiation.

� 2013 Euratom. Published by Elsevier B.V. All rights reserved.
1. Introduction

Tokamak start-up consists of the plasma break-down phase, the
plasma burn-through phase, and the ramp-up phase of the plasma
current Ip [1].

The Townsend avalanche theory [2,3] is generally used to calcu-
late the required electric field for plasma break-down at a given
prefill gas pressure and effective connection length. The minimum
electric field for plasma break-down in ITER has also been calcu-
lated by using the Townsend criterion [1].

The Townsend criterion suggests the condition only for electron
avalanche, i.e. the plasma break-down. In order for Ip to increase in
the Ip ramp-up phase, sufficient ionization of prefill gas, the plasma
burn-through, is required. The remaining neutrals result in signif-
icant electron power losses due to the radiation and ionizations,
preventing the electron temperature from increasing in the Ip

ramp-up phase, which is necessary for Ip to increase [2]. Hence,
the Townsend criterion is not sufficient to explain non-sustained
breakdown discharges where Ip does not increase after the plasma
break-down.

The minimum loop voltage for plasma burn-through of the
prefill gas, the burn-through criterion, is generally higher than that
calculated using the Townsend criterion [1]. Therefore, tokamak
operation space must be determined considering the requirements
for full ionization, burn-through criterion. In the 2009 JET cam-
paign, more than 100 shots failed during the burn-through phase.
These burn-through failures can be prevented by understanding
the key aspect of the plasma burn-through physics. Furthermore,
lished by Elsevier B.V. All rights re
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the allowable toroidal electric field for ITER start-up is limited up
to 0:3 ½V=m� due to the engineering issues resulting from the use
of superconducting poloidal coils and a continuous vacuum vessel
[4]. For reliable start-up using a low electric field, ECH-assisted
start-up is planned in ITER [4]. A more accurate estimation of the
ECH power can be obtained by better understanding the burn-
through criterion.

In order to achieve the required degree of ionization during the
plasma burn-through phase, the ohmic heating power must exceed
the maximum of the total electron power loss. The electron power
loss in the burn-through phase is mainly due to the radiation and
ionization power losses, so that the peak of the total electron
power loss is also dominated by the radiation and ionization power
losses. The ionization power loss changes in a way analogous to the
radiation power loss since both power losses are functions of the
product of electron and deuterium atom densities, nen0

d. The radia-
tion barrier, which is defined as the maximum of the radiation
power loss during the plasma burn-through phase, is directly mea-
surable using bolometry. Hence, the radiation barrier is very useful
to estimate the peak of total electron power loss, thereby deter-
mining the burn-through criterion, i.e. the minimum loop voltage
required for plasma burn-through. It is generally known that not
only the burn-through of the prefill gas (deuterium) but also the
burn-through of the impurities from the first wall is important
since the impurities can result in significant radiation power loss
until they are fully ionized [1]. Hence, in this article, the effects
of impurity influx on the radiation barrier in the carbon wall JET
and the beryllium wall JET are compared.

The effect of impurities on plasma burn-through in ITER has
been simulated assuming a constant content of carbon and beryl-
lium [5]. However, the treatment of impurity in the simulation
was overly simplified. In order to simulate the impurity effects in
the burn-through phase, the evolution of impurity densities should
served.
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be calculated considering Plasma Surface Interaction (PSI) effects.
The new burn-through model including the PSI effects, used in
the DYON code, has been validated in JET [6]. The JET data in the
carbon wall JET and ITER-Like Wall (ILW) JET are compared with
the simulation results of the DYON code.

The structure of this paper is following. In order to calculate the
impurity influx, we need to know the electron temperature Te since
the inverse photon efficiency is a function of Te. The Te at the peak
of a specific line emission can be obtained by using the fractional
abundance in non-coronal equilibrium. In Section 2.1, the details
about this method is explained. In Section 2.2, the correlation
between the impurity influx calculated by using the obtained Te

and the radiation barrier in JET is presented. In Section 2.3, the
JET data is explained by the simulation results of the DYON code.
In Section 3, conclusions are presented.

2. PSI effects on plasma burn-through

2.1. Fractional abundance of impurity in non-coronal equilibrium

The impurity influx Czþ
I ½m�2 s�1� can be calculated using a spe-

cific line emission from the impurity, Ik½nm� ½photons m�2 s�1�, and
the corresponding inverse photon efficiency SXBðTeÞ,
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Fig. 2. (a) Shows the radiation barrier at different C2þ influx calculated by the TeðtC2þpeakÞ
6:7 ½eV�. (b) indicates the radiation barrier at different Be1þ influx calculated by the TeðtBe

1:9 ½eV�. The linear correlation coefficients for the carbon wall and the ILW are 0.89983
SXBðTeÞ ¼
hrv izi

brhrvexc;lmi
ð2:1Þ

where hrv izi and hrvexc;lmi are the ionization rate coefficient and the
excitation rate coefficient for transition from state l to m, resulting
in the subsequent release of a specific line emission, and br is
the branching ratio for the particular optical transition, i.e.
SXB = ionizations/photon. Hence, the particle influx into the charge
state can be calculated by the photomultiplier tube data measuring
a specific line emission, i.e. Czþ

I ½m�2 s�1� ¼ Ik½nm�½photons m�2 s�1��
SXBk½nm�ðTeÞ [7]. The photomultiplier tube data means the number
of photons, line integrated along a line of sight. In this article, the
averaged value of the photomultiplier tube data measured by two
orthogonal lines of sight, i.e. vertical and horizontal lines of sight,
is used for the impurity influx calculation. The values of SXB used
in this article are adopted from the Atomic Data and Analysis Struc-
ture (ADAS) package [8].

In order to calculate the impurity influx at a specific moment,
the corresponding electron temperature Te is required as SXB is a
function of Te. However, the measurement of Te during the burn-
through phase is not accurate due to the significant diagnostic er-
rors in this phase. During the plasma burn-through phase, the
dominant charge state of the impurity rises as Te increases. This
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results in a maximum in time (peak) of a specific line emission of
the impurity. In coronal equilibrium, the fractional abundance of
the charge state of the impurity is determined by Te. Hence, the
corresponding Te at the peak of the photon emission can be ob-
tained using the fractional abundance. However, in the case of
the plasma burn-through phase, coronal equilibrium is not valid
due to the significant particle transport along the open magnetic
field lines. In order to estimate the correct Te at the peak of the line
emission, the fractional abundance should be calculated by the
particle balance of each charge state including particle transport.
For this calculation, we assumes that all neutrals are backscattered
and ions are recycled to neutrals at the wall with 1 recycling coef-
ficient. According to this assumption, neutral influx is only from
ion recycling, and the particle balances can be simplified as shown
below.
C0 

C1+
C2+

C3+
C4+

C5+
C6+

Total C

C by D
C by C

Radiation barrier

1017

1015

0.10
0.03

0

0.20

0.02 0.04 0.06 0.080 0.10

0.02 0.04 0.06 0.080 0.10

Carbon wall

Pl
as

m
a

cu
rre

nt
(A

)

Pl
as

m
a

de
ns

ity
(m

-3
)

Pl
as

m
a

te
m

pe
ra

tu
re

(e
V)

Sp
ut

te
rin

g
Yi

el
d

Time (s)

Im
pu

rit
y

de
ns

ity
(m

-3
)

R
ad

ia
tio

n 
po

w
er

 lo
ss

an
d 

O
hm

ic
 h

ea
tin

g
(W

)

×105

×1018

5

2
(a)

(b)

(c)

(d)

(e)

(f)

0

10

0.02 0.04 0.06 0.080 0.10

50

0
0.02 0.04 0.06 0.080 0.10

5

0.02 0.04 0.06 0.080 0.10

×105
4

0.02 0.04 0.06 0.080 0.10

Fig. 3. Simulation results in the carbon wall and the ILW under the identical conditions
density (red), (c) electron temperature (blue) and ion temperature (red), (d) radiation po
blue: deuterium radiation, solid red: beryllium radiation, solid black: carbon radiation, d
yield (solid black: carbon sputtering due to incident deuterium ion, solid blue: beryllium
impurity densities in each charge state. (For interpretation of the references to colour in
0 ¼ �R0
I;izn0

I þ R1þ
I;recn1þ

I þ
X

z

nzþ
I

nesp

0 ¼ Rðz�1Þþ
I;iz nðz�1Þþ

I � Rzþ
I;izn

zþ
I þ Rðzþ1Þþ

I;rec nðzþ1Þþ
I � Rzþ

I;recnzþ
I �

nzþ
I

nesp

ð2:2Þ

where sp is the particle confinement time for ions, and Rzþ
I;iz and Rzþ

I;rec

indicate the rate coefficients for ionization and recombination,
respectively. The confinement time sp during the burn-through
phase can be approximately calculated as shown below.

sp ½s� ¼
Lf ½m�

Cs ½m=s� ð2:3Þ

where Lf is an effective connection length[2],

Lf ½m� ¼ 0:25� a ½m� � B/ ½T�
B? ½T�

; ð2:4Þ
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and Cs is the sound speed,

Cs ½m=s� ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eTe ½eV�
mD ½kg�

s
: ð2:5Þ

mD is the mass of deuterium and e is a unit charge. In the case of the
burn-through phase in JET, we can assume that the minor radius
a ¼ 0:8 ½m�, the toroidal magnetic field B/ ¼ 2:3 ½T�, the stray mag-
netic field B? ¼ 10�3 ½T�, and Te ¼ 5� 10 ½eV�. The resultant sp is
29 ½ms� when Te ¼ 5 ½eV� and 21 ½ms� when Te ¼ 10 ½eV�. According
to this, it can be justified that sp during the burn-through phase
in JET is between 10 and 50 ½ms�.

Fig. 1 shows the fractional abundances of C2þ and Be1þ for sp

values of 10 ½ms� and 50 ½ms�. Compared to the case of coronal
equilibrium (sp ¼ 1), the peaks of C2þ and Be1þ are shifted to high-
er Te due to the transport effect. According to Fig. 1, the range of Te

at the peak of C2þ and Be1þ are 5:2� 6:7 ½eV� and 1:5� 1:9 ½eV�,
respectively.

2.2. Radiation barrier versus impurity influx in JET

The influx of C2þ and Be1þ are calculated by using photomulti-
plier tube data (465 ½nm� of C2þ and 527 ½nm� of Be1þ) and SXB val-
ues assuming Te at the each peak of the line emission is 6 ½eV� and
1:7 ½eV�, respectively, as shown below.

C2þ
C ½m�2 s�1� ¼ I465 ½nm� ½photons m�2 s�1� � SXB465 ½nm�ð6 ½eV�Þ

C1þ
Be ½m�2 s�1� ¼ I527 ½nm� ½photons m�2 s�1� � SXB527 ½nm�ð1:7 ½eV�Þ

ð2:6Þ

In this calculation, ne is assumed to be 1018 ½m�3� since the
dependence of SXB on ne is small enough to be ignored. The calcu-
lated impurity influx and the radiation barrier measured by bolom-
etry in JET are presented in Fig. 2. The error bars in Fig. 2
correspond to the range of Te obtained in Fig. 1.

It should be noted that the linear correlation coefficient in the
carbon wall JET is 0.9 while it is only 0.0061 for the ILW. This im-
plies that the radiation barrier was strongly affected by the impu-
rity influx in the carbon wall JET, but the effect of impurity is not
important in the ILW.

2.3. Simulation results of the DYON code

In order to investigate the PSI effects on the radiation barriers,
plasma burn-through in the carbon wall and ILW is simulated
using the DYON code [6]. The identical conditions (prefill gas pres-
sure ¼ 5� 10�5 ½Torr�, loop voltage ¼ 25 ½V�) are given for the sim-
ulations except the wall sputtering models. For carbon wall,
chemical sputtering is dominant when incident deuterium ion en-
ergy is lower than 100 [eV] [9]. Since chemical sputtering yield is
not subject to an incident ion energy, the sputtering yield in carbon
wall is assumed to be constant, i.e. YD

C ¼ 0:03 and YC
C ¼ 0. The de-

tails of the PSI models are given in [6]. In the case of beryllium wall,
the PSI effect is dominated by physical sputtering[10]. The formula
for physical sputtering is given in [11,12]. The physical sputtering
for the simulation is modeled as a function of Te and Ti. Fig. 3
shows the simulation results in the carbon wall JET (left) and the
ILW (right). The sputtering yields in the simulation are shown in
Fig. 3e. As shown in Fig. 3d, ohmic heating power is comparable
to the total radiation power loss until the radiation barrier is over-
come. Consistently, it is not until the radiation barrier is overcome
that Te begins to increase, since the significant radiated power
losses impede Te from increasing. As can be seen in Fig. 3c, it is
after 0:05 ½s� and 0:01 ½s� that Te rises steeply in the carbon wall
and the beryllium wall, respectively. This implies that the corre-
sponding radiation barrier are located at 0:05 ½s� and 0:01 ½s� as
indicated in Fig. 3d. The radiation barrier in the carbon wall JET
is dominated by the carbon radiation (solid black) whereas it is
mainly from the deuterium radiation (solid blue) in the beryllium
wall rather than the beryllium radiation (solid red). In other words,
the radiation barrier in the ILW is not dependent on the beryllium
content whereas it does depend on the carbon for the carbon wall.
It should be noted that this simulation result is consistent with the
results presented in Fig. 2.

The maximum radiation from carbon is about 10 times higher
than that of beryllium in Fig. 3d, while ne and total impurity con-
tent do not differ much as shown in Fig. 3b and f. According to this,
it can be seen that the significant discrepancy in the radiation
power losses results from the different radiation power coefficients
of carbon and beryllium during the burn-through phase.

3. Conclusion

The influx of C2þ and Be1þ during the plasma burn-through
phase are calculated assuming non-coronal equilibrium at the each
peak of the line emission of the impurities. The calculated impurity
influx in the carbon wall has a strong linear correlation with the
radiation barrier, but such a correlation does not appear in the
ILW at JET. This result is explained with the simulation results of
the DYON code. The radiation barrier in carbon wall is dominated
by the carbon radiation. However, in the ILW, the deuterium radi-
ation is dominant in the radiation barrier. Hence, for the ILW, the
PSI effects do not seriously influence on the plasma burn-through
as in the carbon wall. This implies that the required ohmic heating
power for plasma burn-through will be lower in the ILW compared
to the carbon wall in cases where the prefill gas pressures are
identical.
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