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J. Hobirk?®, P. Burattf, C. D. Challis, I. Coffey?, P. Drewelow, E. Joffrirf, L.
Lauro-Taront, J. Maillouxé, I. Nune€, G. Pucellg, T. Putterich, P. C. de Vrie&and JET
EFDA contributor$

JET-EFDA, Culham Science Centre, OX14 3DB, Abingdon, UK

1 Max-Planck-Institut dir Plasmaphysik, Boltzmannstr. 2, 85748 Garcrﬁrtgnita Tecnica Fusione,
C.R. ENEA Frascati, CP65, 00044 Frascati, ItaM:CFE, Culham Science Centre, Abingdon,0X14

3DB, UK# Queen’s University, Belfast, BT7 1NN, UKMax-Planck-Institut éir Plasmaphysik,
Teilinsitut Greifswald, 17491 Greifswald, GermahgEA, IRFM, F-13108 Saint-Paul-lez-Durance,
France’ Associago EURATOM-IST, IPFN - Laboratio Associado, IST, Lisboa, Portug%tITER
organization, Route de Vinon sur Verdon, 13115 St Paul Leamue, France

Within the last few years significant progress has been madleschybrid scenario in JET[1].
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However most of the analysis concentrated so
far on the high performance phase of the plasma.
Another important aspect is to terminate such
high performance plasmas safely. Especially
with introducing the ITER like wall (ILW) in
JET the plasmas often are hampered by impu-
rity accumulation and mode activity when ramp-
ing down the power or even before [4]. In figure
1 time traces of a representative plasma termi-
nation are shown. The plasma starts to accumu-
late heavy Z impurities (mainly W) in the main
heating phase which can be understood using
neoclassical transport theory [2]. This is visi-
ble on the peaking of the Soft Xray Radiation
(SXR) diagnostic calculated as a ratio of hori-
zontal channels in the 3rd row of figure 1 and
the W concentration shown in the 6th row [3].
After most of the heating is switched off the ra-
diation profile is still peaked and the total ra-

Figure 1:Overview of a typical hybrid pulse ter- diation is of similar magnitude than the heat-

mination

ing power (see row 2), the electron temperature

drops within 500ms and the profile flattens as can be seen on time traces in row 5. Sub-
sequently the SXR profile and W concentration profile flatemwall before the NBI power is
switched off. Then a second phase of impurity peaking stextgmainly seen on the bolome-
ter in row 3 with some indication of the W concentration. Tk&raate of the W concentration
then fails because the plasma temperature becomes too bistect the SXR radiation trough

*See the Appendix of F. Romanelli et al., Proceedings of tihd BPXEA FEC 2012, San Diego, US
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the thick Be filters. The peaking factors of the SXR and theolmdter diagnostic are very

different in the main heating phase due to a stréndependence in the SXR radiation which
is much weaker on the total radiation. The increasing raudigieaking leads to flat or

Radiation peaking in ohmic phase hollow T, profiles before finally a n=1 mode is ex-

— cited (row 4) which locks shortly afterwards (as

: L'kgtmd | reported in [4]). As a consequence the control sys-

1 tem stops the pulse by initiating a fast current ramp

as seen inrow 1. In this pulse the electron temper-

ature recovers and the radiation peaking reduces

before a disruption could occur this is in about
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Pulse No.

_ cate relationship between various plasma parame-
Figure 2: Bolometric radiation peaking in o a1 different times in the discharge affecting the
OH phase - definition of threshold . .
landing of the plasma. The database consists of
180 pulses (all hybrid pulses in the ILW which reached themha@iating phase) of which 114
pulses had a locked mode and 23 of them disrupted (2 in the Ineaiting phase due to a stop
of vertical position control and 17 in the ohmic phase). k& 14 pulses witlg,; < 3.8 (nominal
value for a JET hybrid pulse) 12 had a locked mode and 6 disdupt
To understand the importance of the dif-
ferent phases of the pulse a set of 50 pa-
rameters has been collected in 7 phases
of the pulse. The phases are defined as
200ms windows at the end of the main
heating phase, the maximum performance
(maximum stored energy), the maximum
SXR radiation peaking within the main
heating, the maximum radiation fraction
E within the main heating phase and at the

s w0 s w3 w3 beginning of the main heating. In addi-
Ftl_gure kaor:jelgtiontr(]:oeffri]cignt ?]f boIorlntettriéI: radi_'tig[)n the low power phase following the
ation peaking during the ohmic phase plotted against_. :
reduced set of database parameters. X-axis sorted Tain heatlng _and 0.7s at the start of the
cording to global importance of parameter. following ohmic phase are taken, both cut

short in case of a locked mode or disrup-
tion. In figure 2 the bolometric peaking factor is shown, thésps with locked modes have red
symbols and clean plasmas black ones. Above a peaking 0f93.3% of the pulses have a
locked mode but only 11% are without. This shows that in mogtgs the radiation peaking
in the ohmic phase is the critical parameter and therefdnastbeen used as a reference for
a correlation analysis with other parameters to get an atidic of their importance. The cor-
relation factor of a reduced set of parameters is shown imdigu The colours symbolise the
different phases and the x-axis is sorted from high coiigglaton the left to low on the right.
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Figure 4:Correlation coefficient as in figure 3. X-axis sorted acaogdb importance in the last 200ms
of main heating on the left and during the low power phas@¥dtg the main heating on the right.

The highest correlations are seen within the ohmic phask. ifshe leading parameters related
to T. as €.9Tc. Hegyo, Pigys Pcre @re not

o oo useful in this phase of the pulsg, andt,, are

b 1 the time of the start and ending of the phase
1 and also probably not of much use. Since the
7 database collects mainty, = 3.8 plasmas the

2 magnetic field and plasma current are supposed
5 to be well correlated. The BnA and BnB sig-

1 nals are the amplitude of the first or second n=n
7 1 mode in the plasma and seem to be rather unim-
-1oE 1 portant. As is the density peaking either calcu-

s e Tw s w7 lated by HRTS channels at 3.1m (7) and 3.4m
Figure 5: Correlation coefficient as in figure3.(29) Or by the line integrated densities (lid3/4)
X-axis sorted according to importance in th@r the densities themselves. In figures 4 and
highest performance phase of the pulse. 5 the same data but reduced to the appropriate
phase and sorted just on the data shown is plotted. In gethera are two different sets of
important data depending on the phase. In case of a low paiver bhmic the most important
parameters are connected to the electron temperaturaticadiiCRH power and W source as
can be seen in figure 4. During any of the high power phases #dgnetic field, the energy
confinement, the NBI power deposition to the electrons aedytis flux are main players but
also a tendency can be seen that radiation peaking remapwstent. In general the further
away from the ohmic phase the data is taken the less the aboreis. In table 1 the three
most positive and three most negative correlations for alhd@ses are summarised. The data
has been selected to reduce the number of strongly relatachpters and obvious misleading
parameters like &, in the ohmic phase have been eliminated.

The data gathered in this database indicates that events Wwhppen closer to the termi-
nation of the plasma are more important than events earlerin other words if choosing
the right termination we might be able to repair damage whia$ occurred earlier, e.g. by
impurity events, MHD or generally impurity accumulatioradgd on this assumption a revised
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\ | Max pos | 2nd | 3rd | Maxneg | 2nd | 3rd \
All Rad peak (0.68) Winflux | P.NBI (0.27) | T.)™ Te (-0.54) | T, peaking

low power (0.49) OH | End of heating| (-0.59) OH| OH (-0.48) OH
End of Rad. peak P. NBI few B, r Pcru
heating (0.34) (0.27) (0.2) (-0.4) (-0.36) (-0.32)
Low Rad. peak W influx P. NBI T, peaking | Pcru B,
power (0.68) (0.43) (0.2) (-0.49) (-0.48) (-0.45)
OH W influx Beinflux | I T Te B:

(0.49) (0.22) (0.2) (-0.59) (-0.54) (-0.41)
Max. Rad. peak Te P. NBI B, r Injected En.
perf. (0.37) (0.22) (0.13) (-0.4) (-0.31) (-0.26)
Max. rad. | Rad. peak P. NBI Te B, r Pcri
peaking | (0.26) (0.2) (0.2) (-0.4) (-0.37) (-0.23)
Max. rad.| Rad. peak P. NBI Te B, r Pusi
fraction (0.34) (0.24) (0.15) (-0.4) (-0.34) (-0.25)
H-mode | By Hogyo Rad. peak B, r npeak
entrance | (0.35) (0.31) (0.29) (-0.4) (-0.25) (-0.23)

Table 1:Summary table of most important correlations in all sevessph.

termination scenario is suggested. The first step would bghaleating power H-mode with
ICRH and with strong gas fuelling moved onto the verticajédr The vertical target would
reduce the effective W influx as the high gas fuelling doese filgh power would prevent a
flattening of the temperature profile. In addition the lovdgpewer and increased gas flux will
reduce the energy confinement time and the radiation peakiegpected to reduce as well.
The second step would reduce the NBI heating power and thieigliag drastically and keeps
the ICRH power on. In this phase the density and the W sou@édineduce while the central
heating may still reduce the impurity peaking. As a last skepohmic phase will be at zero
gas fuelling but density feedback control to avoid errodfiecked modes. The plasma current
would be ramped down during all termination phases (testedork already by the baseline
H-mode community) to reduce the chance of an existing lockede to trigger a disruption
and generally to reduce the energy in the plasma and they@sisruption forces.
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