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P003

ITER Relevant p. Sealing
Experiments for ELMY
rl-modes in JET

B Balet, D Campbell. ] P Christiansen, ] G Cordey, C Gormezano, C Gowers,

C Lowry, E Righi, D Muir, G R Saibene, M Stamp, P M Stubberfield.
JET Joint Undertaking, Abingdon, Oxfordshire, OX14 3EA, UK.

BACKGROUND

Previous Larmor radius scaling experiments completed on TFTR, JET and DIll-D were done in
an L-mode plasma and the scaling of the global confinement was found to be Bohm-like and in
agreement with the ITER89P L-mode scaling expression. The operaticnal regime, proposed for
ITER is the ELMy H-mode regime and the scaling in this regime derived by the ITER data base"”
group was the ITER93H scaling expression. This scaling expression has a close to gyro-Bohm
scaling (% ~ Xsohm p.>8). The ITER expert group on confinement and transport has asked that p.
scaling experiments in which the remainder of the dimensionless parameters gy, x, B, v. are close
to their ITER values be performed on all of the experiments with similar geometry to ITER so that
the ITER93H scaling can be confirmed. ELMy H-mode p. scaling experiments® have already
been completed by the DIII-D team and a gyro-Bohm scaling was found.

Two series of p. scaling experiments have been completed on JET and the first results are
reported below.

1. PULSES AT 1MA/AT AND 2MA/2T WITH x = 1.7, q4(0.95) = 3.4, B, = 0.6, v. = 0.008.

(note powers required to achieve these conditions are well above the H-mode threshold).
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Fig.1: Geometry for IMA/1T and 2MA/2T pulses,
q,{(0.95) = 3.4, x = 1.7, triangularity § ~ 0.2,
B.=16 8, =06.

Pulse Characteristics

Pulse No: 35171 B=1T,1= 1MA 0 aPulse No: 35156 B = 2T, | = 2MA
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Fig.2(a} Bpoiiaa VOlume average density, D, and total input  Fig.2(b) Booiican volume average density, D, and total imput
power versus time for the IMA/IT pulse #35171. power versus time for the 2MA/2T pulse 35156.



Summary of the global confinement characteristics

Pulse no. B(T) | (MA) <n>M10"m? P(MW) Wio(MJ)
35171(25s) 1 1 2.2 4.85 1.05
35156(16.1s) 2 2 5.5 9.18 3.35
Pulse no. W,,(MJ) Tih Hga Hgo
35171 0.84 0.17 0.86 1.44
35156 3.2 0.35 0.9 1.8

The approximate linear scaling of 1, with B indicates a gyro-Bohm dependence.

(gyro-Bohm 1y, =< B, Bohm 1y, = B'®, Goldston 1y, =« B®, Stochastic 1y, = B'9).

Local Analysis

The local transport analysis of the pulses 35171, 35156 has been completed using the TRANSP
code, full data consistency was achieved for both pulses.

Scaled electron temperature profiles (raw data)
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Fig.3(a) Temperature profiles from Lidar
normalised by B*® for pulses 35171, 35156. 3




Scaled density profiles (raw data).
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2. PULSES AT 1.6MA/1.7T AND 2.8MA/3T, q. (0.95) = 3.7, k= 1.8 §, = 0.7, v. = 0.007.
(The power level in the 3T case was only just above the threshold power for H-modes).
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Fig.5: Geometry for the 1.6MA/1.7T and 2.8MA/3T
pulses, q,(0.85) = 3.7, x = 1.8, triangularity
6~025pn=186 B,=07.

Pulse Characteristics

0.8 Pulse No: 33140, B = .77, | = 1.6MA 0.8 Putse No: 33131, B = 3T, | = 2.8MA
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Fig.6(a) Booiwan volume average density, D,, and the total

Fig.6(b) Bocioas vOlume average density, D,, and the total
input power for pulse 33140 (1.6MA/1.77).

input power for pulse 33131 (2.8 MA/3T). 5



Summary of global confinement characteristics

Pulse no. B(T) I(MA) <ng> 10" m’ P (MW) Wit
33140(16.65) 1.7 1.6 3.6 6.3 2.5
33131(15.6s) 3 2.8 7.6 19.6 7.6

Pu‘se no. Wlh Tth H93 Hag

33140 2.3 0.36 0.95 2.05
33131 7.3 0.37 0.85 1.8
The scaling of 1, « B*% gives a Bohm or Goldston like dependence.

DISCUSSION

The difference in the global energy confinement scaling between the two sets of pulses can be
~ mainly attributed to a difference in the ELMing behaviour. In the 3T puise the ELMS are of the
compound type with the plasma returning to the L-mode state following each ELM.

By examining the scaling of the non-dimensional power versus p.” for the four pulses one can
see that the gyro-Bohm scaling cannot be maintained for dimensionally similar pulses as p. is
decreased since eventually the H—L threshold would be crossed, this is illustrated in Fig. 7.
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Comparing the global confinement data with the recommended ITER scaling expression 0.85"
ITER93H we see that all the data from the p. scaling series of experiments is very close to the
recommended scaling Fig. 8. The 93H scaling is close to gyro-Bohm scaling as x < ¥gohm p-o's
and so this is not surprising
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However the results clearly show that one cannot expect this scaling to be valid for
powers close to the threshold and this has implications for ITER which operates close to
the H-mode threshold at full field.

SUMMARY

* At power levels well above the H-mode power threshold both the global and local
transport of these dimensionally similar pulses exhibits a clear gyro-Bohm like
dependence.

* This confirms the validity of the close to gyro-Bohm like scaling of the ITER93H
scaling expression,

* For pulses close to the threshold the transport follows a more Bohm/Goldston scaling,
following the scaling essentially of the H-mode power threshold.
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Transport Analysis of the
@ﬁ@m ELMs in JET

V V Parail, P Bak, B Balet, | G Cordey, A Cherubini, M Erba, N Deliyanakis,
MF F Nave?, L Porte, E Springmann, A Taroni, G Vayakis.

JET Joint Undertakmg, Abingdon, Oxfordshire, OX14 3EA, UK.

' Permanent address: RRC “Kurchatov Institute”, Moscow, Russia.

! Associacio EURATOM/IST, Lisbon, Portugal.

SUMMARY

Analysis of experimental data shows that typical giant (type ! in accordance with DIII-D definition
[1]) ELM in JET has a global character. lt is initiated by a very short MHD event with an overall
duration less than 1msec. Electron temperature decreases during this short time not only near
plasma edge but far inside the plasma volume. The MHD event is usually followed by a much
longer phase of enhanced transport ( with t (10 + 30)) msec. Numerical analysis confirms that
this second part of the giant ELM can be reproduced with an assumption that plasma transport
properties correspond to L-mode confinement during this interval. Comparative analysis shows
that this second part of the ELMs actually determines the global energy confinement in ELMy
H-mode despite of the fact that an effective
electron thermal diffusivity is much larger dur-
ing the MHD event. Numerical simulation per-
formed with the different transport models has
indicated that the duration of L-mode phase is
probably controlied by the impurity radiation -
the longer is the time when the edge tempera-
ture is controlled by the impurities the longer is
the duration of an L-mode phase,

yisa No: 30592 Giant ELMs

Sob b R [Ny g

Sawtooth

_iinv. radius
INTRODUCTION
Giant ELMs give another interesting example
of the fast global modification of plasma trans-
port properties in JET. Following the Dill-D ‘
definition [1] we will discuss here only type | f?ﬁ’n’i edge
ELMs which repetition frequency increases T T T P
with the heating power and which lead to a Time (s)

significant reduction in the energy content
(AW/W 20.1).

Figure 1. Time evolution of the D signal and of the electron
temperature at different radii during giant ELMs in shot
#30592. 9



The characteristic evolution of electron temperature during successive giant ELMs measured by
the new 48 channels heterodyne radiometer system is shown in Figure 1, together with the
D signal.

These measurements indicate that JET giant ELMs have a global character-the electron tem-
perature is changed during the MHD event not only near plasma edge but far inside plasma vol-
ume. The characteristic radial extent of T, drop at the onset of the ELM increases with ELM
amplitude and reaches value of R comparable with plasma minor radius. The ELM appears to be
triggered by a very short MHD event (With < 1 msec), which is accompanied by the excitation of
a broad band range of magnetic fluctuations (see Figure 2). This short MHD burst is usually
followed by a relatively long (with At =< {10+30) msec) phase of enhanced transport, after which
the plasma returns to a quiescent H-mode phase. This second part of giant ELM is accompanied
by a broad band of density fluctuations with a spectrum which is similar to those in L-mode
plasma.
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Figure 2. Time windowed power spectral analysis of Figure 3. Broad-band activity, 10-125 kHz, on reflectometer
ajchannel 2 (n=0.73e19m> R=3.87m), b) channel 10 channels 1 to 10, shot #33032.

(n=6819m", R=3.77m) and c) magnetic fisld fluctuations

for shot #33032.

Figure 3 shows the data from the recently installed multichannel O-mode reflectometry, spanning
the frequency range 18-70 GHz, corresponding to critical densities in the range
(0.43-6)x10""m™. The data indicate the relative increase in the fluctuation level for each channel,
spanning the outer 10 cm of the edge plasma. In the outermost channels this increase is coinci-
dent with the rise of the D signal. In the innermost channels there is a delay of the order of

10



1 msec. Each giant is also accompanied by the burst of the impurity radiation which duration is
comparable to the duration of the period with enhanced fluctuations.

Such a behaviour is similar to that found in DIII-D in the intermediate range of heating power and
called compound ELMs [1]. Compound ELMs are quite regular in JET when the heating power
is well above the threshold of L-H transition.

The main goal of our work was to perform the predictive numerical modelling of the typical giant

ELMs in JET trying to find the answers to the following questions:

1. Is it possible to describe the evolution of the electron temperature during the short MHD event
with a diffusive transport model, and if it’s possible, which model could be used:

2. Could be the second, long phase of ELM with enhanced transport, described as a temporary
transition back to L-mode;

3. Which part of the giant (compound) ELM - MHD or L-mode phase plays the dominant role in
determination of the global, time average energy confinement in JET:

4. Does the impurity’s radiation play a significant role in the determination of the ELM duration
or it is a side effect;

5. And finally we tested different kind of transport models and boundary conditions trying to find
the best agreement between experimental results and those of the numerical simulation.

DESCRIPTION OF THE MODELS

We will use different kinds of transport modes to describe three characteristic phase of the giant
ELM: MHD event, L-mode-like phase and the phase of a quiescent H-mode. First of all we will
use the “original” Bohm-type model proposed in [2] and used for the description of both L and
ELM-free H mode JET plasmas:

clV(nT,)
eBn

cj¥(nTe)|

2
Bn_ (1)

Xe = Qg ag® and =¥ +o
where of =35 ~6-107* for L-mode and of' = 30} = 6-107% for H-mode [3]. This model was
also used to simulate short MHD event. In order to model this phase we adopt the following

expression for the electron thermal diffusivity:

e = x'a(1 +o- exp(1 ‘%p)) (2)

where xg is the electron thermal diffusivity in L-mode, o is a numerical factor (varying from ELM
to ELM, generally 10), is the normalised radial co-ordinate (p =1 at the separatrix) and Ap-

normalised radial width of the region with enhanced transport (usually Ap<0.2-0.3). We point out
11




that we are not proposing equation (2) as a mode! for the MHD event: from the use of equations
(1-2) we will deduce the radial width of the MHD event and we will be able to evaluate the impact
of the MHD event on the global confinement time. The second mode! under consideration is a
modified version of equation (1) which explicitly assumes that the source of the plasma turbu-
lence is localised near the separatrix, but due to either non-linear, or toroidal effects this turbu-
lence produces anomalous transport everywhere and not only near the plasma edge:

o, TOT) V(nTe) , 2 9T

and ;= %®° +o 3
eBn edge : eBn Te L_}dge ( )_

VT,

'Te

This model does not require any change of the coefficients o and ¢ during L-H transition - the
modification of the transport coefficients (3) is the direct result of the variation of the electron tem-
perature near the separatrix.

We used two different approaches to describe the evolution of Te near the separatrix. The
simplest way is to take the edge temperature from the experiment. The second possibility is to
calculate the edge temperature by using an appropriate boundary condition. We utilised different
boundary condition for L and H-mode plasma. In both cases we simplified the problem by
integrating the transport equations across the SOL. In L-mode plasma it leads to the following
boundary condition:

anT + -Z— TDVn = —-q LA VSOLTn (4)
]

6.0

Cheo=ViMiPe

R =3.75m

1.0F  ——-- With L-mode
----------- Without L ~ mode H
O L L Expl L ! L a
11.80 11.85 11.90
Time {s)
Figure 4. Schematic cartoon of the boundary condition. Figure 5. Time evolution of the experimental and simulated

electron temperature at different radii; shot #30592
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where T and n are plasma parameters near the separatrix and A o< ./DL;/Vgo, .

In H-mode plasmas we assume that the only mechanism of plasma losses through the separa-
trix is the direct losses of the banana ions [4], which leads to the following boundary condition for
lon's heat flow (we assume that the electron heat flux is similar to the ion's one, Figure 4):

|
Ppot

neo

AV T +§TDVn B (5)
NUMERICAL SIMULATIONS
We simulated a series of typical giant ELMs in JET trying to find which part of the ELM is the
most important for the determination of the experimentally observed energy confinement in the
ELMy H-mode. In the first series of simulations we used the “original” Bohm-type model for all
three phases - MHD event, L-mode phase and H-mode phase. The characteristic example of
such simulations is shown in Figure 5 for one of the ELM of shot #30592. As it can be seen, the
L-mode phase is necessary in order to obtain reasonable agreement with the data.

From our simulations we can also deduce an information on the relative importance of the vari-
ous phases in determining the global energy confinement time of ELMy H-mode JET plasmas.
In order to proceed in this way, we have to define a proper time average of the energy confine-
ment time for ELMy H-mode plasmas (’té"):

1 1 [AtMHD AtL+AtH) ©)
) dy (DL

where ¢ °, 1k, and T are the computed energy confinement time during MHD , L-mode and

H-mode phases of the compound ELM respectively and AtpyHp, At and Aty - the characteristic
duration of these phases. For further discussion it is convenient to introduce the enhancement
factor H, E('c}:-h> / *r'ETERag“L which shows how much an effective energy confinement time in
ELMy H- mode exceeds the level of L-mode confinement. The main characteristic of plasma con-
finement of the three successive ELMs of shot #30592, discussed earlier, of the compound ELMs
of shot #33032 and of shot #33648 are listed in the Table. From this table the relative importance
of the various phases of ELMs in determining of the time average electron thermal conductivity
of ELMy H-mode JET plasma can be deduced. For example, the parameter
AtpHp -TIE /At,_ -‘Ci\EAHD in the Table shows the relative importance of the MHD phase. It follows

from our analysis that in the case of giant ELMs the L-mode phase is the most important one in
13




determining the global confinement in JET, while the MHD event is less |mportant due to its short
duration,

shot "?:;“S“)" WHO(s) At (ms) ch(s) Aty(ms) <E(s)  (te)(s) A*M”DMJE H
#33648 1 0.05 40 0.25 120 1 0.53 0.125 2.13
#33032 2 0.04 40 0.41 80 2.3 0.67 0.5 1.8
#30592

large 3 0.04 30 0.18 130 11 0.45 0.45 2.1
#30592

medium 3 0.06 30 0.2 180 1.15 0.6 0.33 2.8
#30592 -

small 2 0.06 20 0.2 70 1.3 0.49 0.33 2.3

Our next step was to use the new boundary conditions which allow to simulate the evolution of
the edge temperature self-consistently. The result of the numerical simulation of the giant ELM
from the shot #33648 with new and old boundary conditions is shown in Figure 6. The main con-
clusion of the simulation is that depending on the longitudinal velocity Vgo_ in the SOL the
electron temperature near the separatrix either returns to its high level (which corresponds to
H-mode confinement) or stay on a very low level. We did not manage to reproduce the experi-
mentally observed slow recovery of the edge temperature. The qualitative explanation of this fact
can be understood from Figure 7.

& =
2 £
= -
20
1o ;
{ | | g. %
13.70 13.72 13.74 13.78 13.78 0 0.2 0.4 0.6 0.8
Time (s) Time (s)
Figure 8. Evolution of the simulated T, with the new bound- Figure 7. Cartoon of the T, profife evolution during ELM.

ary condition for shot #33648.

In our simple model plasma has no such a characteristic time as it is observed in experiment -
the filling of the temperature drop near the edge, produced by the short MHD event, turns out to
be much shorter. It follows also from Figure 5 and 6 that both new and old boundary conditions

14



when used with the “original” Bohm-type model have certain difficulty in the modelling of the tem-
perature in the mid radius region - experimentally observed transition from the phase with
enhanced transport (L-mode-like) to the quiescent H-mode is smooth.

Te (keV)

JGRS 2253

Q
13.70 13.72 13.74 13.76

Time (s}

13.78

Figure 8. Time evolution of the experimental and simulated
T, evoiution with modified Bohm model; shot #33648.

Therefore our next step was to try the modified
Bohm-type expression for the energy transport
in order to reach better agreement with exper-
iment. As it was mentioned earlier, the select-
ed “modified” Bohm-type model depends
explicitly on the relative temperature gradient
near the separatrix. Therefore it automatically
changes' transport in the confined region
depending on the boundary conditions (the
heat flux through the separatrix) and the level
of the radiation near the edge. The results of
the numerical simulation of the giant ELM from
shot # 33648 with either prescribed edge tem-
perature or with new boundary conditions
without any radiative losses and “modified”
Bohm-type model are shown on Figure 8 and

allow us to conclude that the new model gives qualitatively good agreement in the mid-radius
temperature evolution, but still cannot reproduce slow recovery of the edge temperature when

used together with the new boundary conditions.

T, (keV)

p=10
! 1
13.78 13.78

Ji88.225/5¢

(o] |
13.70 13.72 13.74

Time (s)
Figure 9. Time evolution of the experimental and simulated
T. evolution with modified Bohm model and imposed radia-
tion; shot #33648.
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Figure 10. Time evolution of the radiated power.
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Finally we studied the role of the impurity radiation on the evolution of the edge temperature.
Figure 9 shows the result of the modelling of the ELM from shot #33648 with new model,
self-consistent boundary conditions and imposed evolution of the impurity radiation profile
(shown in the Figure 10). The result allows us to conclude that the evolution of the impurities dur-
ing the giant ELM can control the evolution of plasma energy content not only because it impos-
es new energy sink but also because it can be responsible for the modification of the anomalous
transport coefficients,

CONCLUSIONS

Experimental study and transport analysis of giant ELMs in JET revealed that such ELMs have
a composite structure - each of them is triggered by a short MHD event which modifies the
electron temperature not only near plasma edge but also far inside the plasma volume. This short
MHD event turns into a much longer phase of enhanced transport that could be modelled as an
L-mode. A quiescent H-mode phase then follows. Therefore the ELMy H-mode plasma in JET (in
cases when type | ELMs are dominant) is a composition of three different phases: short (with
T™mHp = Ims) MHD with transport coefficients much larger that in L-mode plasma, longer (with
7. =10-30ms) phase of enhanced transport during which transport corresponds to L-mode
confinement and finally ELM-free H-mode phase. The relative importance of each phase
depends on the amplitude of the ELM with the general trend that relative importance of the
L-mode phase grows with ELM amplitude. Numerical analysis shows the general trend that
relative importance of L-mode phase grows with ELM amplitude. Numerical analysis shows the
importance of the impurity radiation for the explanation of the duration of the L-mode phase of
Giant ELMs.
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ABSTRACT

Giant ELMs, or coupled giant ELMs and sawteeth, are a fairly common cause of performance
limitation in high neutron yield discharges. These ELMs lead to a rapid decline in the D-D
neutron production rate (dRy/dt~-1 0'7s?). This decline is related to an impurity influx causing
dilution of the fuel ions and a decrease of T,. Detailed scans show a strong correlation between
ELM free period and edge magnetic shear. This suggests ideal ballooning modes may be
responsible for the giant ELMs, it remains unclear however if the ballooning modes establish an

edge dP/dr limit or actually cause the ELMs.
INTRODUCTION

» High D-D neutron yield plasmas (l,=3-
4MA) established in new JET divertor
configuration.

» Hot ion mode discharges (T,(0)~20keV,
T.(0)~10keV) established by high power
neutral injection (Pyg~15-20MW) into low
target density plasmas
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* With very few exceptions the high performance phase in these discharges is terminated by
MHD activity. "

* The main processes involved are:-,
— Giant ELMs

— Internal MHD (Sawteeth and Mirnov Oscillations, discussed in Smeulders et al
poster/paper)

* In ~30% of discharges an MHD event occurs before Ry(max) which lowers its rate of
increase

* Innearly all discharges an event at Ryy(max) causes a rapid decline (dRyy/dt~-10""s?)

Quter modes
20%
Central +
Quter + -

Outer médes
+ ELMs

Elms
1%

Central +
ELMs Cuter
modes 4%

A Central modes

14%
Central modes + ELMs

16%

EXPERIMENTAL RESULTS

» Typical pulse (I,=3MA, B=3.4T) in which an ELM limits neutron yield
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* Although these are termed ELMs due to their D, character they affect a substantial part of
major radius, with inversion ~15cm within separatrix

Pulse No. 32955
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Temperature from ECE, Spikes are due to non-thermal emission.

* ELMs may also occur simultaneously with sawteeth

Pulse No. 33080
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* In which case entire minor radius is affected
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CONSEQUENCES OF ELMS

* Giant ELMs lead to enhanced radiative power loss which is transiently comparable to input
power and typically represents a 1MJ energy loss per ELM

Pulse No. 32955
83
0.03r
k- § L
f - 0.02
0.01+~
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é
8[T I L %
13.00 1325 3.50
Time (s)

* Energy loss however does not directly account for the decline of neutron yield; typically
neutron yield declines substantially faster than W-

* Analysis shows that there are two effects which contribute to the reduction in neutron yield:-
— Increase in impurity concentration due to the ELM which dilutes the deuterium fuel ion
— Marked reduction in ion temperature after the ELM.

20



» Carbon concentration is the major contributor to Z.4 and accounts for approximately a 10 to
15% reduction in neutron yield due to dilution
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* Remainder of reduction in Ry, occurs because of a decline in ion temperature.
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» It should be noted that giant ELMs do not always lead to an irreversible decline of Ry

» Majority of giant ELMs lead to irreversible declines exceptions being those which terminate a

burst of internal MHD activity or those which follow a sawtooth initiated decline
21




Pulse No. 32872
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* Soft X-ray views (250pm Be filters) show rapid bursts of emission at top and bottom of the
vessel.
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INTERPRETATION OF RESULTS

* Giant ELMs and other internal instabilities limit the highest performance plasmas (with l,=3-
4MA) to a relatively modest normalised B, (=p/[I(MA)Ya(m)B(T)]) of about 2

* However hot ion modes at more modest current (Ip=1.7MA), with the same qy, as their
higher current and performance relatives, reach a very high $.=3.5 to 4

* These discharges are marginally stable to ideal ballooning over much of minor radius and
marginal to n=1 kink mode with an ideal wall at the JET vacuum vessel location
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Despite this some instabilities limit B in both high and low current discharges

6 Pulse No, 34488
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Suggests observed instabilities are a local edge refated limit

- This is consistent with lower observed ion temperature gradient scale iengths in the lower
current discharges.

- Lower current discharges have a more optimal core pressure profile

Early operation in the new JET divertor configuration was limited by repetitive ELMs with no
clear ELM-free period

Scans over plasma shape indicated increasingly long ELM free periods were established as
the plasma triangularity (and thus implicitly the edge magnetic shear) was raised.

Subsequent detailed scans show the edge magnetic shear is the key parameter governing
ELM free period and thus performance.

Note that, in the highest shear pulse the ELM-free period exceeds the beam heating duration

This relationship to edge shear is qualitatively consistent with ballooning modes limiting the
maximum edge pressure gradients

Comparisons between edge ballooning limits and experimental edge pressure gradients at
the time of the performance limiting ELM show good agreement

However edge pressure gradients in discharges where internal MHD limits performance also
approach the ideal ballooning limit
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D, signals showing increase in ELM free period as the edge Fig & Edge pressure gradients on the outboard midplane (in
shear (S,s) increases. units of 10°Pam’™) in experiment just before performarnce

limiting MHD event versus calculated ballooning limit at
95% flux surface.
The fact that the edge pressure gradient approaches the ballooning limit irrespective of
the MHD event occurs because the plasma shape has been optimised to the point where
this is so

Suggests that the ideal ballooning modes establish an edge pressure gradient limit but are
not necessarily the cause of the ELM. Particularly since the ELM originates some way with-
in the plasma

SUMMARY

Giant ELMs, or coupled giant ELMs and sawteeth, are a common cause of performance
limitation in high neutron yield discharges

These ELMs lead to a rapid decline in the D-D neutron production rate (dR,/dt~-10"s).

This decline is related to an impurity influx causing dilution of the fuel ions and a decrease
of T,

Detailed scans show a strong correlation between ELM free period and edge magnetic shear

It remains unclear however if the ballooning modes estabiish an edge dP/dr limit or actually
cause the ELMs.
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SUMMARY
Laser ablation of impurities has been used to generate cold pulses in JET.

Fourier analysis of the temperature profiles evolution and heat transport simulation evidence that
non local effects have to be invoked to represent radial heat propagation both in Ohmic and
H-modes.

INTRODUCTION

The analysis of the propagation of perturbations of the electron temperature provides a useful

mean to understand the mechanisms of radial heat transport in a tokamak. The outward

propagation of sawteeth, originated spontaneously in the centre of most tokamak discharges,

has been extensively used to determine the incremental electron thermal diffusivity
xhe = 3q/a(n VT).

Perturbative phenomena of different origin can be usefully analysed 12116 extend the availability
of the method to non sawtoothing discharges and to compare the diffusivities obtained from
waves of different physical origin, frequency, direction of propagation etc.

The present work concentrates on the analysis of cold pulses originated by fast cooling of the
plasma edge induced by laser- blow off impurity injection in JET.

The inward propagation of these “cold pulses” and the rapidity of the perturbation allowed to
observe marked non-local features of the radial heat propagation which are closely similar to
results obtained in the analysis of ELMs in JET®,

METHOD
Injection of non-recycling impurities (Ni, Mo, Al...) in the JET plasma is obtained by laser ablation
of metallic depositions on glass substrates. 25




Although the Q-switched laser pulse is very short (10 ns), the temporal width of the impurity pulse
is of the order of a few milliseconds at the plasma edge (Fig.1), due to the intrinsic velocity spread
of the particle beam. This pulse width is still much shorter than typical particle and heat diffusive
times so that the impurity source can be considered comparatively fast.

Correspondingly Abel inverted bolometric signals (Fig. 2) show that the injected impurities may
induce strong radiation cooling which is concentrated initially (i.e. on time scales shorter than the
particle diffusive time) outside the surface r/a = 0.9.

Pulse Ne: 32750 Pulse No: 31376
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Fig.1: Visible light emission during laser blow-off injection of Fig.2: Abel inverted profiles of bolometer traces.
Ni. The emission is monitored along a line of sight
coincident with the injected particle flight path.
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Fig.3: Time traces of the ECE temperature and integrated
bolometric emission.
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RESULTS

The time evolution of the electron temperature following the impurity injection in a Ohmic
discharge, is shown in Fig. 4 at various normalised radii p =r/a.

2

p=048

Te (keV)

0
18.2 N 18.3 18.4 18
injection Time (S)

Fig.4: Time traces of T, at various r/a positions.

It can be seen that a prompt change of the Te time derivative, occurs over a wide radial
extension. At intermediate radii (near field region: p = 0.6 to p = 0.8) the rapidity of the response
to the edge perturbation is seen to decrease moving inwards, while further in (far field region:
p<0.6) dT./dt does not vary appreciably with the radius.

The Fourier analysis of T,(p,!) [4] is reported in (Figs. 5, 6) in terms of the amplitude and phase
of three different frequencies against the radial position. One can distinguish three different
regions: the outer one (p > 0.8) is affected by the presence of the radiative losses as
demonstrated by the amplitudes decreasing with .

The intermediate region there features a normal diffusive behaviour (¢' = IAYAl) and a value of
thermal diffusivity x° in accordance with evaluations from the analysis of the simultaneous
sawtooth. Finally, the inner region (r<0.6), characterised by a non diffusive phase-amplitude
relation, reflects the very fast non-local behaviour indicated by the short propagation time

(Ats4ms) between the plasma periphery and the centre. 27
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TRANSPORT ANALYSIS

Simulation of T,(p,t) has been obtained by solving the energy transport equations with the JETTO
transport code assuming the experimental Py, n, T, profiles and prescribing adequate
expressions for x,. Impurity deposition and transport are not considered explicitly but through
the variation of the Z.4 value deduced from spectroscopic data.

Fig. 7 shows a comparison of the experimental electron temperature time evolution at different
radii with simulations assuming a Bohm-like expression for Xe,[5], which is typically satisfactory
for JET Ohmic and L discharges:

Xoi = Ceicln VTo[a q°/(eBn)

where

o =205 ~5 10

With this choice for y,, the stationary temperatures before the cold pulse are reproduced within
errors but there is a poor agreement after the perturbation.

Similar results have been obtained with a Rebut-Lallia expression for ¥, .

These simulations suggest that following the initial edge perturbation there is a rapid increase of
the thermal diffusivity also at radial positions where no appreciable modifications of the local

28



plasma parameters have yet taken place [6].

The simulation of Fig. 8 assumes that the thermal diffusivity is a function of the edge
temperature:

T t

e,edge ( injection

xe-i(p’t).'_'xe,i(p’tinjectION){ To0dg0 (1) )}

It appears that for Ohmic pulses the large modification of y, at the plasma centre is essential for
a consistent interpretation of the experiment. Such a strong modification of the diffusion
coefficient is not strictly necessary at intermediate values of the normalized radius to reproduce
the experimental data.
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Fig.7: Simulation of T.(rt) using a Bohm-like thermal Fig.8: Simulation of T,{rt) using a non-focal thermal
diffusivity. diffusivity, dependent on the edge temperature.

This is confirmed by analysis performed by means of a linearised transport code, where only the
perturbation T {p,t) to the electron temperature profile is modelled in terms of a time dependent
incremental electron heat diffusivity x..{p,T). Such analysis confirms the evidence that a prompt
increase in ¥, is taking place at large distance from the source of the perturbation.

H-MODE
Laser induced cold pulses in H modes are more difficult to study due to non stationarity of the

discharges and the similarity with Eims. The example in Fig.9 also shows that, consistently with
29




the lower H mode transport coefficients, the effect in the plasma centre is typically very small.

The simulation in Fig. 10 was obtained by assuming that for a short time (5 msec) after the cold
pulse, the thermal diffusivity increased by a factor ~8 over its stationary value (Wthh would
correspond to the transition from a typical yH-mode to a typical xL-mode.

A dependence of cinc on Teage @8 in the Ohmic discharge, was not acceptable in this case.
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Fig.9: Time traces of T,(r,t) H-mode.
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COMPARISON WITH AN ELM

Fig. 11 shows some experimental traces comparing the effects of an EIm to a cold pulse occur-
ring in the same H-mode discharge.

It appears that both perturbations give rise to very fast propagation to inner radii even though the
perturbations are clearly different in the bolometer traces (as the impurities injected remain
confined in the discharge for A long time) and H -Alfa intensities. Fig 12 shows that also the Abel
inverted bolometer profiles are more concentrated in the external periphery in the Elm case.
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Fig.11. H-mode, comparison of an ELM and a cold pulse. Fig.12: Bolometric profiles, ELM and coid puise.

CONCLUSIONS
Generation of cold pulses by laser ablation of impurities has proven as a useful tool for studying
heat transport in JET plasmas.

Although more precise assessment of the behaviour of the electron heat conductivity requires
further experimentation, it emerges clearly that the propagation of the pulse is accompanied by
a simultaneous fast increase of y;,. over a large radial extension.

Similar features in the propagation have been also observed in perturbations produced by Elms
which are produced spontaneously in the plasma edge of H mode discharges and propagate
inward. Conversely, laser cold pulses have been observed on any confinement regime.
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INTRODUCTION

Bulk plasma impurities were monitored by VUV, XUV and soft x-ray spectroscopy, with an
emphasis on obtaining quantitative data. Absolutely-calibrated line intensities have been
modelled, with the aim of deriving impurity concentrations by passive spectroscopy. Impurity
radiated power components, derived by fitting line intensities to the total radiated power, have
been used to monitor impurities both during discharges and over long sequences of discharges.

EXPERIMENTAL DETAILS

From the beginning of operations in 1994, impurities were monitored by a broad-band soft x-ray
spectrometer /1/, developed from the instruments widely used for x-ray astronomy /2/. This was
a valuable complement to the existing VUV and XUV grating instruments, particularly for
quantitative measurements, because it can be more easily absolutely calibrated, and can
measure the continuum. The monitor section of the instrument is a four-channel scanning
monochromator, and uses a combination of crystals and synthetic multilayers to cover almost
completely the spectrum between 0.3nm and 10nm (fig.1). It monitors the main impurities under
all discharge conditions, including D-T discharges /3/. An advantage of the soft x-ray band is that
most transitions of interest are strong, well isolated, and have relatively simple atomic physics.
The full accessible spectrum can be surveyed in about 500ms, although normally a narrow band
is scanned, giving a time resolution down to 50ms for repesentative lines of the main impuritues.

The sensitivity function C, is synthesised from the instrument sensitivity equation by a computer
code. This contains details of the instrument geometry, mass absorption coefficients for the
window materials and detector gas mixture, and measured or theorectical diffractor data as

available. The sensitivity function of the first two orders of the TAP channel (thallium acid
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phthalate, 2d=2.577nm) is shown in figure 2, its form being dominated by window transmissions
and by the diffractor reflection integral. The accuracy of this calibration is estimated to be about
30%, limited mainly by uncertainties in the crystal data, and details of the input beam vignetting
function. Extensive work on the essential characterisation of Bragg diffractors /4/ is being
continued /5/, particularly for synthetic multilayers, and to assess radiation damage. '

The consistency of the calibrated soft x-ray spectra with other measurements has been tested by
two independent methods, also shown in figure 2. The cross is based on an analysis of the
bremsstrahlung and recombination continuum, averaged over a range of discharge conditions.
The analysis included the T, and n, profiles and Z,,, and was averaged over a large number of
discharges. The points are based on modelling results from charge-exchange recombination
spectroscopy (CXRS). The continuum method shows the best agreement, and is also a more
direct test of the calibration, being free of the code-modelling uncertainties.
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Figure 1. Soft x-ray spectra of the main intrinsic impurities, Figure 2. Absolute calibration of the first two reflection

recorded using a four-channel scanning Bragg monochro- orders of the TAP channel (Thallium Acid Phthalate

maior. 2d=2.577nm). Included are equivalent values derived from
the continuum (cross) and line intensities (points).

SIMULATION OF CALIBRATED LINE INTENSITIES

The determination of impurity concentrations from central-chord passive spectroscopy is a
severe problem, particularly for the light impurities that usually dominate the fuel dilution in
devices with low-Z limiters. Some progress has been made here by modelling soft x-ray line
intensities with the SANCO impurity transport code. Using data from divertor gas-puffing
experiments, transport parameters were derived by modelling the impurity profiles measured by
CXRS.
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Either neon or nitrogen were puffed into ELMy
H-modes with typically 10MW of neutral-beam
heating. The light impurity abundance profiles
measured by CXRS were hollow, with the peak
at about r/a=0.75, and were modelled with pro-
files of the transport coefficients D and V
shown in figure 3. These transport profiles are
characterised in the centre by low diffusion
and a small outward convection, and near the
edge by moderate diffusion and strong inward
convection.

Figure 4 shows the simulated line emission
profiles for Nitrogen, where the observed N VII
lines radiate predominantly from within the
separatrix. Figure 5 shows simulated and
measured N VII Lyp intensity, where the

SANCO transport profilas
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Figure 3. Radial profiles of transport coefficients D and V,
determined by modelling the CXRS Carbon and Neon
profiles.

simulation has been normalised to the N Ly B measurement. Based on the measurement, the
simulation predicts a peak Nitrogen concentration of 10% of n, at r/a=0.4: approximately twice

the CXRS value at the same radius.

I
’é |
50 | <R
®
[=%
D |
W
40 | .
I
— 1%
g X
= L 1
% 30 AN
= [ A
w T
PR
20 ‘ gL
NV !
e Ml
= ," "
10 . N VI r!:
i i
---------- | &
— . g
1 1 1 i il
0.7 0.8 0.9 1.0 1.1

Figure 4. SANCO modelled emissivity profiles of Nitrogen
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Figure 5. Measured and simufated N VIl Ly central chord
intensity during a Nitrogen puff.
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The Neon X Ly B measurement and simulation Pulse No: 32778

shown in figure 6, are independent of each f"::jz-

other in that the simulation is based solely on Eg 7'5_

CXRS measurements, while the measure- ‘é?} 5‘0_

ment is the absolutely calibrated soft x-ray line 2 § 2:5_

intensity. The peak Neon concentration was § ok |

about 0.4% of n, at r/a=0.75. The measure- > B 20| Ne X i, Simulated via CXAS

ment is about 40% lower than the simulation,  § _sr '

a discrepancy which is similar to the g:% 2r ‘

uncertainty in the instrument calibration. :i;_%, j~

However, the simulation is subject to 5 oL g
uncertainties in the atomic physics, the L 5 55 25 !
transport, and the measured T, and n, Time (s)

profiles, as well as those in the CXRS Figure 6. Simulated Ne X LyB derived from CXRS,

measurement, that are estimated to total at compared with the independently calibrated soft x-ray
spectroscopic measurement.
_least a factor two.

This analysis gives a point of reference between passive and active spectroscopy, from which the
passive measurements might be extended to other impurities, and to non-beam-heated phases
of discharges. Given the cumulative uncertainties inherent in this comparison, the resultant
factor-two agreement is considered to be successful.

IMPURITY BEHAVIOUR

The technique of deriving impurity radiated power components by fitting VUV and XUX line inten-
sities to the total radiated power /6/, has now been extended to the soft x-ray spectroscopic data.
It relies on observing ions whose line radiation has been found empirically to represent the radi-
ated power from the relevant impurity, and on analysing a large number of discharges to ensure
consistency of the fitting coefficients. In the VUV and soft X-ray regions, the most suitable ioni-
sation stages have been found to be H-like for Be, C, and O, Li-like for Cl, and Be-like for Cr, Fe
and Ni.

During the first half of 1994 operations, the condition of the machine was monitored using regu-
lar reference discharges. Figure 7 shows the elemental radiated power components together with
their sum and total radiated power for such a discharge. The plasma was formed on the outboard
limiter, was then moved to an X-point magnetic configuration, followed by phases on the outboard
and inboard limiters, thereby allowing the condition of each surface to be assessed /7/.
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Figure 7. A fit of the soft x-ray spectroscopic line intensities to the totaf ra diated power,
for a reference discharge.
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outer limiter phase of a series of reference discharges.
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The evolution of the main impurities during a series of reference dlscharges {fig.8) shows that the
most significant change occurs to Cl. At the start of operations in 1994, Cl was a major radiator,
but after about 1000 discharges it had declined to negligible levels, while briefly returning after
each vessel opening. This is probably due to gettering by the metals, which have been shown to
be anticorrelated with Ci /8/.

A useful guide to the general impurity radiation is to normalise the average Ohmic P, to the
current I, (table 1). The level of < P, flo> for the first half of 1994 (0.23MW/MA) was very
similar to that for equivalent discharges in 1989 (0.22MW/MA). As in the 1989 C-limiter/Be-
evaporation phase, C is the major low-Z radiator, and Be is at very low levels except for a few
shots following a Be evaporation. Ni, Fe and Cr are higher with the new configuration, mainly due
to the larger area of exposed vacuum vessel, than in 1990/92, when the walls had a larger
covering of carbon tiles.

Table 1. Comparison of <P, N>, first-wall material, and major
radiating impurities, for recent years’ operations.

Start of <Prag /1> First-wall material Main radiating impurities
operations (MW/MA)

1987 0.41 C, Ni antenna screens.  C, O, Ni.

1989 0.30 C. C, CI, Ni, O.

1989 0.22 C, Be evaporation. C, CI, Ni, Be.

1990 0.18 C/Be. Be, C, Cl.

1991 0.20 C/Be. Be, C, CI, Ni.

1894 0.23 C, Be evaporation. C, Cl, Ni, Fe, Cr.

An all-shot survey of the P,,; components of Be, and O (figure 9) shows the Be trend after Be
evaporations. There is a general downward trend in O, as well as short-lived decreases after
each evaporation.

The bulk-impurity line-intensities from Ohmic X-point plasmas are significantly lower than from
limiter plasmas particularly for the light impurities, for a combination of possible reasons, includ-
ing global density changes, T, and n, profile changes, and divertor screening. For example, the
reduction during the X-point phase of the reference discharge (fig.7) is believed to be mainly due
to the reduction in density caused by increased pumping by the carbon divertor target. Impurity
time histories (fig.10) for a high performance H-mode discharge with 19MW of NBI show marked
decreases in the CIV and OV signals during the transition to X-point. In this case the reduction
may be mainly a profile effect, where the light ions move into regions of lower n,. The decrease
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Figure 10 Time histories of three representative VUV lines
for a high performance discharge.

is less pronounced for the more central
NiXXV! ion, whose intensity then rises-during
the ELM-free period, with sharper increases at
the occurence of giant ELMs. Further analysis
is required to isolate the above effects in this
data.

A comparison between carbon and beryllium
divertor target materials (figure 11), shows
lower intensities of both BelV and CVI with the
Be target. Influxes of the respective target
materials occur during neutral-beam heating
at low density, while at higher densities the
influxes are much reduced, or are absent.
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Figure 11. Comparison of Be VI and C VI line radiation for
low density discharges (line av. n, ~ 6.5 . 10%mf)} on
beryllium or carbon divertor larget materials.
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CONCLUSION )
The use of absolutely-calibrated soft x-ray spectra, combined with code modelling, has provided
a comparison between passive and CXRS measurements.

The technique of deriving impurity radiated power components has been valuable for the
analysis of long sequences of discharges.

The total radiated power is similar to previous years, particularly when comparable first-wall
materials were used. After a long series of discharges, while there are often exceptions, C is the
major low-Z radiator, Be and O are low, Cl is negligible, while radiation from Ni, Fe and Cr is
higher.
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1. INTRODUCTION

Data bases have been set up for the particle confinement times 1, of non recycling impurities
injected in laser ablation experiments in the JET and Tore Supra tokamaks "

No dependence of 1, on the charge of the injected element or on the background gas (D or ‘He)
was found in these discharges.

2. DESCRIPTION OF EXPERIMENTS AND OF DATA SETS
The data analysed here are from L-mode plasmas produced in the limiter, single null X-point or
double nuli X-point configuration. In all but two pulses (Tore Supra) sawtooth activity was

present.

The background gas was D, or ‘He. The total number of pulses in the data set used for
statistical analysis is 133 (63 from Tore Supra and 70 from JET).

Operational ranges explored with our data sets

* Tore Supra » JET
e R~23m;a ~075m; x~1 e R~3m;a ~1.1m;x~1.6
e Vo, ~28 m? (plasma volume) s Vi~ 125m® (plasma volume)
e [b=08-17MA s hb=2-7MA
s Br=26-40T * B;r=145-345T
e <n>=1.-4.10"m?* ¢ <ne>=1.-4310"m*
e P, upto~7MW « P, upto~15MW
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Correlation table for the joint data set

log(l,)

log(<ng>) log(By) log(V,) log(P/ngVe)
log(<ng>) 1
log(By) 0.127 1
log(Vp) -0.225 -0.632 1
log(i) -0.155 -0.489 0.931 1
log(Pi/<ne>Vp) 0.139 0.487 -0.579 -0.511 1

{<ng> = vol. averaged el. density, By = tor. magnetic field

Vp = plasma volume. |, = plasma current, P,, = total heating power)

Strong correlation between current and plasma volume.

However the influence of I on 7, can be independently analysed in the separate data sets
from the two machines where the volume is not varying significantly.

Information on the dependence of 1, on the plasma volume can also be checked against
experimental values of 1,,, as found in the published literature (see fig.1) the experimental ranges

of 1, in OH discharges from various tokamaks are shown as function of a, R*%® (e [V ).

Fig.1 Experimental t, values versus a,R°° &** for several tokamaks: 1 JET,
2 TFTR? 3 Tore Supra, 4 Textor™, 5 ASDEX* | 6 PLT® 7 T10%! 8 PDX!
9 DITE®, 10 TEXT®, 11 TFR'Y, 12 FT', 13 Alcator C""%, 14 Alcator C
MOD"™. The vertical bars show the range of the reported experimental values.
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All data refer to ohmic plasmas with deuterium as background gas.
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Elements injected

Tore Supra » JET

Manganese [Mn] (Z =25, M = 55) Aluminium [Al] (Z=13, M =27)

Nickel [Ni] (Z=28, M =59) Titanium [Ti] (Z=22, M = 48)

Copper [CU] (Z =29, M = 64) Iron [Fe] (Z =26, M = 56)

Germanium [Ge] (Z=32,M=73) Cobalt [Co] (Z =27, M =59)
Nickel [Ni] (Z =28, M =59)
Germanium [Ge] (Z2=32,M=73)
Zirconium [Zr] (Z =40, M =01)
Molibdenum [Mo] (Z =42, M =96)
Silver [Ag] (Z=47, M =108)

Analysis technique to deduce 1,

e JET
Fit exponential decay to intensities of Li-,
Be-, Na- or Mg-like An = 0 transitions

 Tore Supra
Eigenmode analysis of soft X-ray signals
= select slowest eigenmode

3. PREVIOUS SCALING LAWS

» Marmar et al. for Alcator C (1982) I'?
1,[ms] = 0.075 a [cm] Myg Rlem]*™® Zoq / (Zog ey)
» does not fit our data (fig. 2)
» indicates dependence on background plasma
cannot be verified from our database because practically all our data are
obtained in D, or *He discharges and Mepg/Zyg is constant.
« Hawkes et al. for JET (1989) ¥

TH[ITIS] =90 ne[1 019 m-3]0.4 qyo_s

Mostly from 3 MA ohmically heated discharges or very low additional power

= dependence on power or plasma current could not be studied
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Fig 2 Impurity confinement time t, as predicted by the scaling law
proposed by Marmar et al. (1982) versus experimental Ty-values for
ohmic plasmas. Dots: Tore Supra; crosses: JET. The dashed line
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4 . TREND OF 1, WITH THE INPUT POWER PER PARTICLE (P,//n.)
A strong negative dependence of 1,- on the total heating power P, appears from the data (fig.3)
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Fig.3 Independent best fits of 1, versus the dominant parameter
Po/<ng> for Tore Supra and JET. Along with the experimental
tp-values the best fits of 1, are presented: the fitted lines correspond
to the following equations: 1, = 9.8 10° (P,/<n>*** (Tore Supra),
1, = 1.18 107 (P, /<n,>)°% (JET). The units are ms, W and m* for T,
Py, and n,, respectively. The logarithmic standard deviations of the
best fits (defined below) are oy =0.068 and 0,,=0.073, respectively.



5. SEARCH OF APPROPRIATE SCALING LAW FROM THE NEW DATA SETS
We looked for a monomial scaling law of the form

m
Ts = 1OaHp:(i
i=1

where p; indicates the generic parameter. A linear regression was performed minimising the
logarithmic standard deviation for the best fit

1

O S N—(m+D

3 (0g(7,) ~a~ 3 (k;log( p;)°

—

An analysis of sensitivity of 1, to the different parameter has been performed.

We started from the assumption that the main ordering parameter of the impurity confinement
time is P/(<n>V,). Therefore we analysed the meaningfulness of possible dependencies on
other parameters by comparing the standard deviations of different linear regressions. The best

fitting exponents a and k; are shown in the different columns of the table below. In the last two

. . . 1
rows oy as well as the linear standard deviation ssl of the scaling law o ; = JWZN (T rp)z

are also given.

Result of linear regressions for the combined Tore Supra - JET data set
g:rg‘mg{gr analysis of sensitivity to other parameters o arg]r;ee?t ors
1 2 3 4 5 6
a 0.85 0.98 0.99 1.19 0.67 0.87
10° 7.2 9.7 9.8 15.8 4.7 7.4
K(Pi/(<ne>Vy)) -0.79 -0.78 -0.595 -0.715 -0.56 -0.57
k{<ng>) -0.14
k(lo) 0.50 0.31
K(B+) -0.52
k(V,) 0.29 0.13
Gt 0.110 0.108 0.070 0.105 0.071 0.068
Gy (Ms) 37.65 36.15 25.0 38.4 25.5 24.35
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Our best choice for a scaling law for 1, is therefore

Ty [ms] =74 Vg.m:o.os 15.3110.09 ( P, /(ne»—o.suom

where Py, is measured in MW, |, in MA, n, in 10°m® and V, in m®.

Similar dependencies on /, are found when one analyses the two data sets separately and uses
I as a second parameter together with P,,/<n,> in the linear regression.
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Fig.4 Impurity confinement time t, as predicted by the scafing
proposed in this paper versus experimental t,-values (dots: TS,
crosses: JET). The dashed line shows ty=t,.

6. CONSISTENCY WITH OTHER EXPERIMENTAL RESULTS AND WITH DIMENSIONAL
CONSTRAINTS

The parametric dependence of the proposed scaling law is very close to that found
independently for the two machines and appears to be broadly consistent with the experimental
results obtained in ohmic discharges on other tokamaks (see fig. 5).

The proposed scaling law also satisfies the Connor-Taylor constraint. applicable to finite B
collisional models:

Skg+K+8K, +3xkp-4Kkg-4K,+5=0

where the x’s are the exponents in the scaling expression for Br, I, ne, Py, R and a,,
respectively.
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The sums of the positive and negative terms are 9.87 (+0.26) and -10.11 (£0.96). Therefore the
left hand side of equation above is equal to -0.24 (x1.10).

Constraints deriving from less general plasma models are not satisfied by this scaling law.
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Fig. 5 Experimental tp values versus the impurity confinement times predicted by the scaling law proposed in this paper for
several tokamaks: 1 JET, 2 TFTR, 3 Tore Supra, 4 Textor, 5 ASDEX, 6 PLT, 7 T10, 8 PDX, 9 DITE, 10 TEXT, 11 TFR, 12 FT,
13 Alcator C, 14 Alcator C MOD. The horizontal bars show the range of the reported experimental values. All data refer to
ohmic plasmas with deuterium as background gas ‘

7. COMPARISON OF THE IMPURITY CONFINEMENT TIMES WITH THE GLOBAL ENERGY
CONFINEMENT TIMES

The global energy confinement times 1z for the same discharges is also available in our
databases. 7¢ is defined as the ratio of the diamagnetic energy to the total input power P,,. 7z and
Tp are of the same order but different, their average ratio t¢/t, being ~2.5.

The logarithmic linear regression of 1¢ gives

073212 y; 0.34£.11 . 0.32:.08 [y 0.014.14 o -0.411.04
54 |, TEE VT By R P

T [MS) = Ne (MA, m, m, 10" m™® T. MW)

and standard deviations O, = 82 ms Oy = 0.089,

This scaling is not far from the ITER89-P ['® scaling law

05085 1.2 . 03 _ 05 _ 01 o 0.2 ¢ -05
TeTERSe [MS] = 38 Mbg Ip R%a " x7n, By * P,

(04 =130 ms) o




or from the scaling proposed by Taroni et al. ['”!
teqlms] = 73 1, R"® ng’° By % P, 00
{0y =100 ms)

Comparison of the above scalings for 1 with the scaling for 1, indicates that
* the ratio of 1z/1, should increase with |, and decrease with increasing plasma size and
density.
* A more moderate trend to increase with increasing total input power is also expected.
* The dependence of 1¢/1, on By remains uncertain, as the trends of the two confinement
times independently are.
The logarithmic linear regression of this ratio leads to

40+, -0, . -0.17£.12 02%, 0.16£.0
TE/TP [mS]=6.4 IpO 40+.16 VPOSEiO"s ne E3 BTO 2+.20 Pin .05

and to a logarithmic standard deviation o, = 0.123. The high value of o,¢ found is due to the
large relative uncertainty on 1g/1, that is obtained as the ratio of two independently measured
quantities. Because of this uncertainty the width of the interval spanned by the experimental
value of 1¢/1, (1.2 10 4.7) appears to be to a larger extent due to the experimental error than to
the different parametric dependence of the two confinement times on plasma parameters.
Indeed the predictor given by the equation above only varies between 1.9 and 3.4 in our
database.
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INTRODUCTION

Results from systematic studies on trace impurities (Ni, Fe, Mo) injected into L-mode plasmas in
JET have characterised the radial and parametric dependences of the impurity diffusivity D and
convective velocity v, where the impurity flux Tz is written [z=-Dnz+vn; .2l

in L-mode diffusion is the dominant transport mechanism over most of the bulk plasma

« in the plasma core, inside a critical radius r., the transport is slow (but still 2-10 times
neoclassical),

« in the outer region the transport is highly anomalous, and scales in a similar manner 1o
heat transport with average outer values of De<VT,.

- the radial position r, can be put in relation with the position where the magnetic shear

(where q is the safety factor and r the radial coordinate along the minor radius, a)

In the following the theoretical transport coefficients (in particular their radial dependence)
derived from various classes of electro-static microinstabilities that are predicted to exist in toka-
maks will be assessed against their experimental measurements.
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COMPARISON OF JET IMPURITY TRANSPORT DATA WITH
EXISTING THEORETICAL MODELS

The comparison of the experimental transport coefficients with the ones predicted from various
theories has been carried out with particular attention to the performance of the models in saw-
toothing and sawtooth-free plasmas with various currents and g-profiles.

The L-mode discharges analysed for this comparison are:

# inj.imp. | (MA) | n(0)10"°m™®| T,(0) keV X.=rJ/a
27414 Ni 2 3.8 4 0.35
27410 Ni 3 4.7 4.5 0.38
27416 Ni 5 3.3 4.8 0.56
18112 Mo 3 2.9 9 0.38
27342 Fe 3.5 4.7 4.2 0.43

* Inall these cases the electron density profiles are fairly flat in the central region.
* The discharge 18112 is a monster sawtooth (note the high central Teo).

* All other discharges show flattened Te profiles in the central region, due to the sawtooth
activity.

* T,=T, has been assumed
In these experiments only trace levels of impurity were injected, which are therefore not
expected themselves to excite impurity driven modes.

For low impurity concentrations (Zn,/n,<0.1), the transport of impurities is determined by pure
piasma modes.
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SLAB MODELS:
1. lon temperature gradient (ITG) ©

A slab analysis of this mode is relevant in

slab geometry only when L5<E, where
2

L,=Rq/s is the shear length and R the

major radius.

As can be seen from fig.1, this inequality is
never satisfied for the above shots.

This was observed also in the shots used
to-analyse the ion thermal transport ¥ and
appears to be a general characteristic of
JET discharges.

10 T T %
| ‘\ kY Puise Mo: 27416
Y 4 /
AR Pulse No: 27342
[\ \ kY
8t AN /\/ Pulse No: 27414
\ ‘
6 B \\\ ““‘.
_ AN\ | ; '
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Pulse No:27410"’)<i' ‘\\fgx y N\,
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e :‘f_‘
Pulse No: 18112~ .
"q,.“_.‘".' L
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2
8
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X=rfa

Fig.1. Shear length L, as a function of the normalised radius
for the 5 discharges

the slab ITG mode
cannot
be invoked to interpret transport in JET

2. Trapped electron driven mode ©!

JG95.26820

2.0 Puise No: 27416

Pulse Na: 27414 e
~N

1.5 Pulse No: 18112, ¢

Pulse No: 27410

1 !
o 0.2 0.4 0.6 o8 1.0

X =rfa

Fig.2. Radial profiles of s(L,/L.)°® for each discharge

The analysis of this mode shows that in order
to have transport

s. |k

Kspe i1
L, oPs/ |

Here k; is the poloidal mode number, pg the
ion Larmor radius evaluated with the electron

temperature and L, = VL the electron densi-
n

ty profile scale length.

As can be seen in fig.2 (where this inequality
is shown for kgpg=1), regions of marginal
validity for this model may exist towards the
plasma edge, for x=r/a>0.5.
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But, the full expression of the diffusivity contains a T,** term (pure gyro-Bohm scaling) which

leads to a radial decrease of the transport in this outer region.

TOROIDAL MODES
. . 321‘_ LG9S 286/ 3e
1. Toroidal ITG mode '
The form of D for this instability is predict- 31 _"';__. .
ed to be: 5T 4
0.5
0.5
D. = En T Pi Vini ok
2 tls q Eg's Ln =
o
~ 3 |
e ", . Pulse No: 18112
Pulse No: 27342 °,
where nj = :_'—” with LTz%: the temperature 2 \, N . PulseNo:27416
L T M N Pulse No:27410
1 3 e
scale length, g, =1, 1=—=2&, p, i
S En R T T, pi the ion Pulse No: 27414
Larmor radius and vy, the ion thermal % 02 0.4 0.6 0.8 1.0

speed.
This result is valid when m; exceeds a  Fig.3 Predictions of the quasi-finear estimate of D based on
critical value mg, given in (6] the toroidal ITG mode.

Fig.3 shows the predictions from this model, as far as the radial shape is concerned, for the
chosen discharges.

in the case of the monster sawtooth ni)nc everywhere.

Also this model implies a pure gyro-Bohm scaling (Pithh,i /Ln)
and leads to lower transport towards the outer region,
in contrast with the experimental observations

Note also that the dependence on q and s is in the opposite direction to the experimental
observations.
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and is shown in fig.4. T

N '\.\H Pulse No: 27410
RN \ 3

The central depression in the diffusivity
predicted by this theory in sawtoothing
discharges is a consequence of the flattening
of the temperature profile, as is clearly demon-
strated by the poor prediction in the case of
a peaked temperature profile (pulse 18112).

X=r/a

Fig.4.Predictions for the quasi-linear estimate of D based
on the trapped jon mode.

The trapped-ion model does not
give a good description of the
anomalous transport

SUMMARY of the theoretical models analysed so far.

Conventional models based on drift-wave mechanisms are unsatisfactory for the main
reason that the diffusivity associated with these waves assumes the radial
correlation length L=O(p;). Therefore, due to the resulting dominant T*? (pure gyro-Bohm)
dependence (which it is difficult to offset by other geometrical factors) the diffusivity
decreases towards the outer region.

TOROIDAL COUPLING of MODES

* Global mode structures due to toroidal coupling ®% of neighbouring modes
— enhanced estimate of the correlation length: L~(apy/s)"? exp(-c/s)

— semi-empirical model of anomalous transport
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Explicit expressions for the transport coefficients are:

exp(=2¢) D

a and v=—-—
R

D= GDB
Lt

where Dg = % is the usual Bohm diffusion term (B being the magnetic field).

This form

* fits the required decrease in the low-shear region, irrespective of the sawtooth activity
* fits the dependence on the temperature gradient

* is independent of the.impurity charge Z

* s close to the Bohm-like coefficient for energy transport proposed in ref.[""

-2¢
exp| =<t
The shape function —-(_i_). vanishes towards the plasma centre where s—0.
s

In this region, however, L, should not fall below [

Therefore a gyro-Bohm-like term needs to be added in order to have a residual transport in the
region of low shear. The resulting diffusivity is:

)
a | exp[=s¢ .
D=aDB{E;_—£fil+B%}

The search for a set of values for the numerical factors , B and c in this semi-empirical model
that give a reasonable prediction for both the radial extent of the low transport region and the
average magnitude of the diffusivity in the region of fast transport for all the discharges has
lead to:

o = 0.008-0.01
B=3.5-4
c=12-14

The resulting semi-empirical diffusivities are shown in fig.5 and they are compared with the
experimental ones ",
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Fig.5. Comparison of the experimental D with the one
predicted from the semi-empirical model for each
discharge.

The performance of this semi-empirical model
(with the ad hoc treatment of the periphery)
has been assessed by means of predictive
simulations for the listed discharges.

As an example, the comparison of some
experimental data with their corresponding
simulated results is shown for the case of the
discharge #27410 in the next figures.

Fig.6 shows the time histories of the
normalised brightness for various ionised
states of the injected Ni together with their
simulation.

Setting up a Predictive Model

This model is not expected to describe the
last few e¢m close to the separatrix. Ad hoc
treatment of this region is needed"" for the
predictive simulation, i.e. a peripheral trans-
port barrier (decrease of D and strong
increase of the inward convection v) prevent-
ing too fast an outward diffusion of the lower-
intermediate ionised ions.

Observations

Even if diffusion is the dominant transport
mechanism, a small convection is necessary
for a good simulation of the time evolution of
the brightness lines .. The v predicted by this
model is probably too small, and does not
vanish in the centre, as it would be desirable.
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Fig.6. Time history of some experimental (dots) spectro-
scopic lines and their simulation (solid lines) for discharge
#27410. 55




Fig.7 shows the experimental profiles of the perturbation to the soft X-ray emissivity and the
corresponding simulated ones. |

Pulse No: 27410

Fig.7. Experimental and simulated emissivity profiles for discharge #27410

CONCLUSIONS
* The conventional drift-wave models fail as they imply a pure gyro-Bohm scaling

* The enhancement of the correlation length due to the toroidal coupling of neighbouring
modes has led to a promising expression for the anomalous transport coefficients
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ABSTRACT:

The growth of the m/n=2/1 tearing mode in the presence of a small m/n=9/5 static helical field is
studied numerically. The amplitude of the m/n=2/1 mode is found to be reduced as the
magnitude of the m/n=9/5 field increases. The m/n=2/1 mode becomes stable when the m/n=9/5
magnetic island essentially overlaps the q=2 flux surface. Two nonlinearly saturated states of the
m/n=2/1 mode are found in the presence of a small m/n=9/5 field. With a sufficiently large mag-
nitude of the m/n=9/5 helical field oscillations of the amplitude of the m/n=2/1 mode are excited.

1. INTRODUCTION

Disruption control is an important issue in tokamaks. The tearing mode with mode number
m/n=2/1 is generally considered to be the most dangerous instability[1-2], and in recent years
the control of this mode has attracted much research interest. Several methods have been
suggested, including magnetic feedback and modification of the current profile using localised
current drive or heating[3-4].

In the present work the nonlinear growth of resistive tearing mode is studied for a new kind of
equilibrium configuration in which a zeroth-order axisymmetric equilibrium field is superposed
with a small m/n=9/5 helical field. This equilibrium configuration is shown to be more stable for
the tearing mode than the conventional axisymmetric configuration.
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2. THEORETICAL MODEL

Cylindrical geometry is employed corresponding to the large aspect-ratio tokamak approxima-
tion. The basic equations are the Ohm’s law and the equation of motion.,

oY + (V' Vy) = -nj, (1)
p V0 =2 Vyx Vi) + 2Vx [v (V¥)] (2
where y is the flux function, B= Bu:€, - (n/mR)By,e, + Vyxz , ¢ is the stream
function, v= V¢xz, B, v and jz denote the magnetic field, plasma velocity and the current densi-
ty along z direction (toroidal direction), and the subscript 0 denotes an equilibrium quantity. n and

v are the plasma resistivity and viscosity, o denotes d/dt and d, =9+ v'V.
v and ¢ are expanded in Fourier series,
¥ = Vo + 2 Wyn(ry€XPLI(MS -ne)] (3)
¢ = X Oy €XPLI(MO -nop)] (4)
where @ and ¢ are the poloidal and the toroidal angles.

Equations (1)-(4) has been solved numerically. The effect of the m/n=9/5 helical field is taken into
account by choosing the boundary value

Voss(r=a)= Agis@Byo (5)

where Ay is a prescribed value for the calculation, representing the amplitude of the m/n=9/5
field, and a is the minor radius. The equilibrium has a safety factor q(r)=1.078[1+(r/0.56a)*]"?,
Sri=0= T/Ta=10" and S,,_o=T,/7x=107, where the Alfven time Ta=ap °/B,,, the resistive time
Tr=a’/n and the viscous time T,=pafv, p being the plasma density. The g=2 surface is located at
r=0.7a.
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3. RESULTS

Figure 1 shows the nonlinear evolution of w,,, for different vaiues of Agss, where the dimension-
less parameter

Wm/n= 4,(‘|’m/n/ 1~V0" ) r=rs I”z/ a (6)

represents the magnetic island width of the m/n mode normalised to the minor radius.

O )Ges 29620

Fig.1 Nonlinear evolution of ws, with different
magnitudes of the m/n=9/5 helical field: Ag=0 for
(a), Ags=3.8x10" for (b), and Ags=7.0x10" for (c)

Curve(a) is the reference case, with Ags=0. Since the equilibrium q(r) profile is unstable to the
m/n=2/1 mode, the m/n=2/1 mode grows from a small initial value to nonlinear saturation. The
width of the magnetic island at saturation is w,,=0.21

When an m/n=9/5 helical field is applied from t=0, w,, at saturation decreases as Ay increases.
In Fig.1 the strength of the helical field is Ags=3.8x10 for curve(b), Agis=7.0x107 for curve(c).
When Ay is large enough(Ag;=8.0x10"%), the m/n=2/1 mode becomes stable and W, decays
from its initial value. 59




For small Ags, the growth leads to a stationary saturated amplitude. For Ags>3.8x10°, the
nonlinear amplitude of the perturbations begins to oscillate, The oscillating period is of a small
fraction of the resistive time, and its amplitude decreases as Agssincreases.

Two nonlinearly saturated states of the m/n=2/1 mode are found in the presence of a small
m/n=9/5 field. When the simulation is carried out with Ags initially zero, and a small m/n=9/5 field
is then turned on (Ags=3.8x10°) after W,y reaches saturation, the saturated value, w,, =0.21, is
unaffected. However, when Ay,=3.8x10° is applied from t=0, w,,,;=0.11 at saturation. When Ags
is large enough(for example, Aqs=8.0x10"%), only one saturated state is found, and the saturated
amplitude of w,;; does not depend on the time at which the m/n=9/5 field is turned on.

Figure 2 shows the nonlinear saturated amplitude of wy,, wgs and the overall island width w as
functions of Ags, Where w is the total radial width occupied by the m/n=2/1 and m/n=9/5
magnetic islands normalised to minor radius. The m/n=9/5 field is applied from t=0. We note the
following resuits: (1) for small Ags, Ags<3.5%107, wyy, is essentially not changed, (2) when Ags
>8x107°, the m/n=2/1 mode is stable, and (3) wys is different from the vacuum case because of
the plasma response.

0.3f

0.2

0.1

JG95.296/1¢

Fig.2 Nonlinear saturated amplitude of Wy, wgs and w versus 10°Ays.
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4, SUMMARY

The growth of m/n=2/1 tearing mode has been studied numerically in the presence of a small
m/n=9/5 helical field. In the case studied it is found that:

(1) woy decreases as Ag;s increases. wyy is reduced from 0.21 to zero when Ags changes from
zero to 8x10”, the corresponding Wy =0 - 0.11.

(2) Two nonlinearly saturated states of the m/n=2/1 mode are found in the presence of a small
m/n=9/5 field.

(3) Oscillations of the amplitude of the m/n=2/1 mode are excited with sufficiently large
magnitude of the m/n=9/5 helical field.
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INTRODUCTION

« Low-n external kink modes are a possible cause for the giant Edge Localized Modes (ELMs)
(and slow roll-overs) that often terminate the good performance phase of hot-ion H-modes
(see posters T. Hender and P. Smeulders). Fast ECE T, measurements show that the giant
ELM affects a large volume of the plasma on a very short time scale (<<1 ms). In addition,
low-n mode activity has been observed during large ELMs.

* For typical JET plasma shapes a finite edge current is required for access to the second
stable regime for ballooning modes. If the edge current required is too large, a kink mode will
become unstable before the second stable regime is reached and no stable route to second
stability exists.

In this poster the stability of the low-n external kink mode is studied as a function of the edge cur-
rent density and the edge pressure gradient. First the general behaviour of the external kink
mode in a circular plasma is discussed. Then, the kink and ballooning stability and access to the
second stable regime is discussed for two types of JET discharges, a hot ion H-mode and a high
B0 discharge.

The MHD stability calculations performed with the CASTOR code in toroidal geometry. The
HELENA, code linked to the TRANSP and JETTO transport codes, is used to calculate the equi-
librium and the metric as input for the CASTOR code.

CIRCULAR PLASMAS

The growth rate of the low-n external kink mode mainly depends on the value of the edge
current (see Fig.1). However, the edge pressure gradient in the region of the localisation of the
mode has a strong influence (see Fig.2). For small pressure gradients well below the ballooning

limit, a finite pressure gradient is stabilising the external kink mode. This effect is most
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pronounced for the lowest toroidal mode numbers. For edge pressure gradients close to the
baliconing limit, the pressure gradient becomes destabilising for the n>1 modes. This is because
the higher-n modes can be more localised on the outside in the bad curvature region.
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Fig.1 The growth rate of the n=1,2 and 3 external kink mode in a cir-
cular plasma as a function of the edge current density.
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Fig. 2 The growth rate of the external kink for toroidal mode numbers
n=1, 2, 3 and 4 as a function of the edge pressure gradient. The
ballooning limit Is also indicated.



(MORE ON) CIRCULAR PLASMAS
Fig.3 shows the stability diagram for ballooning modes (at y=0.95) and the n=3 external kink
mode in the plane of the edge pressure gradient and the edge current.
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Fig.3 Stability diagram for ballooning and external kink modes for a

circular plasma. (a/R=0.3, B,,=1.}

Included in the Fig.3 is the local stability criterion by J. Hastie for kink modes, which also predicts
the stabilising effect of the edge pressure gradient. This criterion does however not contain the
destabilising effect of the pressure gradient. The agreement with the full calculation is reasonably
good for low values of the pressure gradient.

Hastie’s local kink stability criterion :

d eddy | o), ., ¢ Fddy JBZdy,
N fddy -p b=t F g -2 —F >0
p{d\ﬂ A p§B§} {q p§RZB§ §R282

JET HOT ION H-MODE DISCHARGES (low triangularity)

The JET hot-ion H-mode discharge #30591(see Fig. 4) is analysed with respect to kink and
ballooning modes. The good performance phase is terminated by a giant ELM at t=12.2s.
(I=2.5MA, By=2.5). The evolution of the discharge is modelled with the JETTO transport code.
The resulting profile of the total toroidal current density is shown in Fig.5 included is the boot-
strap current profile. The total bootstrap current is increasing linearly in time up to the point of the
giant ELM. 65
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Fig. 5 The toroidal current density profile and the profile of the boot-
strap current as a function of the minor radius.
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MHD STABILITY OF A JET HOT ION H-MODE DISCHARGE (low triangularity)
The stability diagram for this low triangularity discharge is shown below (Fig. 6). The figure is

calculated by changing the pressure gradient and the current density in the region y=0.95-1.0,
keeping the total poloidal B fixed.

The value of the pressure gradient and the edge bootstrap current as obtained from the JETTQ
simulation is indicated in Fig. 6, showing that the values of the bootstrap current are potentially
large enough to drive an external kink unstable.
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Fig.6 Stability diagram for discharge #30591, t=52.2s. The balfooning
mode stability is evaluated at y=0.95. The external kink has a toroidal
mode number n=3,

It is clear from Fig.6 that for this discharge with a low triangularity there is no access to the
second stable region for ballooning modes. A low-n kink mode would become unstable well
before the plasma edge becomes reaches the second stability region.

JET HIGH BETA POLOIDAL DISCHARGE

Transiently improved confinement has been observed in some JET high B,. discharges (see
poster G. Sips). This has been correlated with oscillations in the total current. Discharge #32344
is an example of this (see Fig. 7). Repeating the discharge with pre-programmed current ramps
yielded a similar phase of improved confinement. The edge pressure gradient show a marked
increase during this phase.
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current density (from TRANSP), the stored energy and
~ poloidal B for discharge #32344,

The current profile evolution of this discharge was analysed with the TRANSP code. The
evolution of the current profile is plotted in Fig.8. Due to the high value of Bool (>2.5) and the
inherent high value of the triangularity only a small edge current is required to bring the plasma
edge from y = 0.95 to 1.0 into the second stable region with respect to ballooning modes. The
value of the current density at which y =0.95 becomes stable is indicated in Fig.7a. The time at
which the experimental edge current exceeds this value correlates well with the observed
improved confinement and increasing edge gradients.
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RIGH B,,; ACCESS TO SECOND STABLE REGIME
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Fig 8 The development of the toroidal current density profile during
the oscillation in the total current from at t=51.75s, 1=52.0s and
t=52.25s, showing the increase in the edge current density.

Results of the n=1 external kink stability calculation are shown in Fig.9 together with the
ballooning stability curve. The n=1 and n=2 kinks are very stable in this configuration. An open
gap does exist between the ballooning and the kink stability curves giving acces to a region
where large pressure gradients and the associated edge currents are stable.

The experimental path the discharge follows in the grad(P)- Jedge Plane is indicated in Fig.9.

Before the ramp of the current the pressure gradients at the edge are calculated to be
marginally stable to ballooning modes.
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CONCLUSIONS

Localised external kink modes (also called peeling modes) are destabilised by a finite value
of the edge current.

Low values of the edge pressure gradient (well below the ballooning limit) have a stabilising
effect on the external kink mode especially on the n=1 mode. With increasing pressure
gradient (of the order of the ballooning limit) the external kink mode is destabilised by the
pressure, at first for the higher-n kink modes.

The value of the edge bootstrap current obtained from transport simulations of hot-ion
H-modes can be large enough to drive an external kink unstable. The external kink, which is
very localised at the edge, is a possible cause for the giant ELMs that can limit the
performance in the hot-ion H-mode discharges.

At the low values of B, and triangularity there is no access to the second stability region,
external kink modes become unstable well before the edge becomes second stable to
ballooning modes.

The observed improved confinement phases in the JET high poloidal beta discharges due to
current ramps agree well with the stability caiculations of ballooning and kink modes and the
predicted access to the second stable regime.
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ABSTRACT

The sequence of equilibria of two-dimensional reduced magnetohydrodynamics (RMHD) has
been studied as a function of the tearing mode stability parameter A. After a first bifurcation from
the symmetric state occurring at A =0, which gives origin to a state of slightly broken
symmetry with a small magnetic island, the system undergoes a second bifurcation, of tangent
type, at A =1. Once this value is crossed, no stationary solution with a small island exists. The
system rapidly evolves to a state of macroscopic size islands. This general property of RMHD is
proposed as a basic ingredient of the observed intermittent magnetic events in tokamaks.

INTRODUCTION.
Intermittent enhancement of magnetohydrodynamic (MHD) activity is a common experimental
observation in laboratory plasmas.

In Tokamak plasmas, examples are the sawtooth relaxation, the so called edge-localised modes
(ELMs) occurring in high confinement regimes and disruption events that. lead to a sudden
termination of the current discharge.

Often these events are preceded by a well identified precursor, namely the occurrence of an
observable slowly growing magnetic island inside the plasma.

The trigger problem[1].
The excitations that break the symmetry of the initial state are of the “soft” type. For values of
some control parameter slightly above the stability threshold of the axisymmetric state, the
system settles in a neighbouring state of slightly broken symmetry, for example an equilibrium
with a small saturated magnetic island.

71




Natural conceptual framework to deal with this problem: the theory of bifurcations in dynamical
systems [2]. '

Strategy:

a) Investigate the nature of the second bifurcation from the nonsymmetric saturated state.

b) Look for a tangent (saddle-node) bifurcation or a subcritical (hard) Hopf-type. Upon a slow
variation of the controt parameter, both types of bifurcations lead to abrupt (“catastrophic”)
changes in some observable quantity.

This work: we analyse the sequence of bifurcations occurring in a slab model of reduced resis-
tive MHD (RRMHD), when the tearing mode stability parameter A is varied.

Main result. after a first bifurcation (occurring at A = 0) leading to a saturated tearing mode with
a small amplitude magnetic island, the system undergoes a tangent bifurcation at LA = 0, where
L is a macroscopic scale length (size). Above this value of A no equilibria with small islands
exist. The system jumps to a state where the island width is of order L.

Side resuft. the existence of the precursor is naturally predicted, as it corresponds to the state of
slightly broken symmetry occurring between the first and the second bifurcations.

The model. A
We consider a two-dimensional incompressible plasma obeying the usual RRMHD equations.

U +[@,U] = [J,y]+puv3U (1)
Wy +{o,w]=-n(d-J) (2)
where:

¢ is the stream function,

U the vorticity,

v the magnetic flux function,

J=-V?y the current density,

Jo the equilibrium current density.

[A,B] =9,Ad,B~0,Ad,B is the usual advection operator.

Lengths are normalised to L and times to the Alfven time Ta =L/v,
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1 =1/R is the viscosity (the inverse of the Reynolds number)
n=1/8 is the resistivity {the inverse of the Lundquist number)
Domain: a square box L, xL, with periodic boundary conditions.
Drive: the current J, (the resistivity is taken constant).

We take L, = 2=, L, = 2n/¢ which defines the slab aspect ratio €

The control parameters are €, S and P=R/S (the magnetic Prandtl). In this work we study
Eqgs.(1-2) by varying cand S at constant P=0.2..

We choose J, = cosx. The symmetric equilibrium is then J=J, and ¢ =0.

Stability analysis. In the limit of large Lundquist number the system is tearing unstable[3] when
k, =m/e<1. mis a poloidal mode number. The stability condition is customarily expressed in

term of the parameter A, which is, in this case

A =2xtan(xn/2)>0 (3)

where «® =1-K2.
In the following discussion we will use the more familiar A as a control parameter instead of .
Numerical investigation of the bifurcation sequence

The sequence of equilibria of the system (1-2) is studied by solving the steady state equations
obtained with a truncated spectral decomposition in Fourier amplitudes.

A suitable tool to find the solutions of the truncated system is Newton’s method, used in con-
nection with the theorems of bifurcation theory[4].

Here we report results obtained for 0< A <1.15 and S £10® which where found unaffected by
the truncation procedure.
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Normal form equation around the tangent bifurcation point.
dé/dt=E2+8p (4)

where £ is a normalized coordinate in the direction tangent to the center manifold at the

bifurcation point and 8p the deviation of the normalized control parameter from the bifurcation
point. '

All the other degrees of freedom are “slaved”.

Just above the critical value no local equilibrium exists. As £ grows Op becomes quickly
irrelevant in Eq.(4) and the evolution is explosive.

| Syl
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o
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Fig.3 A typical hysteresis cycle, observed by solving Egs.(1-2) with
an initial value code, by varying A slowly in time,
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Discussion and conclusions.

Relation of our results to previous work.

a) Bifurcation studies.

Thyagaraja[5]: analytic calculation of the saturated island width using an expansion in A at
zero magnetic Prandtl number. Formally the expansion breaks down when A is near unity. In
that limit, however the author finds two coalescent solutions.

Wesson et al. [6]: tearing instabilities in cylindricai geometry. Quasilinear-type, heuristic

modification of the linear eigenvalue problem.
Two solutions which coalesce when a critical value of the current is reached. Above this value

no solution exists. (Proposed as a possible mechanism for low-B disruptions.

Both findings can be explained by the P_ -Q’ confluence of Fig.1.

Maschke and Saramito[7] studied the sequence of bifurcations at constant slab aspect ratio

and using S as bifurcation parameter.
Parker, Dewar and Johnson(8] studied the bifurcation sequence with an initial value code with

variable slab aspect ratio at a constant Lundquist number,

No tangent bifurcation was detected in either work.

We attribute this to the choice of boundary conditions in [7-8] (rigid boundary conditions with zero

radial flows at the walls). This choice strongly limits the isiand growth. The proper condition would

seem to be o,v — 0 at the boundary.

76



b) Initial value problem from an initial state close to the unstable symmetric state.

Three regimes:

1) For small A'<1/LS the island grows as in Rutherford[9] w =nAt and saturates at modest
amplitude on the resistive time scale[10-11].

2) For very large .A'>(1/L)S”3 the island is expected to reach the macroscopic size on the much
faster Sweet-Parker time scale Tgp = (TrT4)">

3) In the intermediate regime 1/L<A'<(1/L)S"® Waelbroek[12] has shown that a transition
between Rutherford and Sweet-Parker regimes occurs when the island has reached a width
w = 1/ A, Therefore no saturation is expected in this regime.

Our findings support Waelbroeck picture. Indeed one can see from Fig.1 that saturation of the
initial value problem with small island width is possible only when A <1/L.

Conclusions. _

* To the extent that the island width is somewhat less than the system size we expect that our
findings are largely independent of geometry or specific boundary conditions. Therefore they
suggest a qualitative explanation of sudden reconnection events observed in laboratory plas-
mas. On the basis of our analysis we propose that these events occur from a state of already
broken symmetry when the second bifurcation (a catastrophe) takes place. This state of
slightly broken symmetry can be identified as the precursor state in which a small island can
in principle be observed. '

* A characteristic signature of the tangent bifurcation is the hysteresis cycle. This should be
kept in mind when investigating this phenomenon experimentally.

» An open question is what happens in reality when the hard event takes place. Strictly speak-
ing, on the basis of our analysis, one would be tempted to conclude that a true disruption
takes place, as in Ref. 8,, since the final state has an island of macroscopic size. (The excep-
tion would be the sawtooth which occurs “internally”).

* However one should also consider that RRMHD gives only a partial description of the plas-
ma. In particular the fast transport processes occurring during the crash are not described by
RRMHD. These processes could alter the resistivity or other relevant parameters in a way
that effectively introduces a feedback in the system that limits the growth of the magnetic

istand. If this were the case, repetitive relaxation events like ELMs would occur. Naturally, the
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proper analysis of such phenomena requires more refined models.

The authors acknowledge useful discussions with A. Thyagaraja, F. Waelbroeck and J. Wesson
who brought previous literature to their attention.
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I. INTRODUCTION

Particle recycling on divertor target plates gives rise to the formation of a neutral particle flux or
neutral pressure in the divertor. This neutral particle pressure provides the basis for plasma refu-
elling, affecting plasma core and plasma edge parameters (temperature, density, profiles) with
consequences for power and particle deposition in the divertor and for core plasma confinement.

In JET we have measured the neutral pressure in the MK | pumped divertor by means of an array
of special ASDEX-type ionisation gauges [1], and correlated it with:

the magnetic geometry of the divertor plasma,

the transition from attached to detached divertor plasma phases,
the main plasma density and input power,

the occurence of Elms in H-mode discharges,

code-calculations to simulate plasma edge conditions.

. EXPERIMENTAL DETAILS

The gauges measure a local neutral particle flux in the sub-divertor volume. The flux can be
converted to pressure or density provided a gas temperature and isotropic conditions are
assumed. A local sub-divertor gas temperature of 323K was estimated, owing to the many
water cooled structures in the vicinty of the gauges (JET vessel wall temperature is 573K).

The locally measured flux (or pressure) at the gauge position is determined

- by the plasma strike zone position at the target plates,

- by the transmission probabilities of neutrals through the divertor gaps,

- by the radial conductance of the divertor gaps (over a radial distance of about 0.2m the
radial and the vertical conductances are of similar order), 79




- by the integrating effect of the sub-divertor volume,
- by the divertor cryo-pump.

Divertor

target plates Cryo pump

Divertor coil Divertor coil

s
; [ lonisation
lonisation ; gauges
gauge
Divertor coil Divertor cail
lonisation
gauges

Figure. 1. Distribution of pressure gauges in the sub-divertor volume.
ll. EXPERIMENTAL RESULTS AND DISCUSSION

1. Pressure distribution as a function of magnetic divertor plasma configuration
Ohmic plasma, current 2MA., toroidal field 2.8T, average plasma density 3.5 10"® 1/m? .
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Figure.2: Three divertor plasma configurations.
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* For horizontal configuration the pressure distribution is double peaked with maxima at the
plasma strike zones. Fewer neutral particles escape to the private region compared to the
outer SOL..

* The corner position reaches the highest pressure at the cryo-pump, probably dugI to




additional neutrals entering the cryo-pump area through toroidal gaps in the corner of the
divertor structure.,
For the vertical configuration most of the sub-divertor volume is within the private region of
the divertor plasma, hence the uniformity of the distribution at lower average pressure.
Active pumping lowers the pressure at the pump by about 40%.

Assessments of particle fluxes

(see figure 6):

a)

b)

d)

The external fuelling flux is about 3
10%" atoms/s.

The total particle flux pumped by the
cryo-pump (independently calibrated)
is about 2.9 10 atom/s (good agree-
ment with the external flux ,constant
density).

The total target ionic flux is estimated at
10% atoms/s. Hence, a flux of the order
of percent of the ionic target flux gets
pumped.

The total back-flux of atoms (1/2 mole-
cule) from the sub-divertor volume into
the private  region of the divertor is
about 5 10*' atoms/s (exp. transmis-
sion probability, ~4%).

This flux and the pumped flux must be
balanced by the neutral flux entering
the sub-divertor volume, which in turn
must be on average about 4% of

a neutral flux (CX, FC atoms) that hits
the divertor surface. This flux would
then be about 1 10* atoms/s, (which is
similar to the total ionic divertor flux).

2. Neutral pressure during transition from
attached to detached divertor plasmas

Despite a reduction of the charged
particle flux (ion saturation signal in fig.7)
when approaching a detached plasma
phase, the neutral pressure in the divertor
still increases. This could indicate the
presence of volume recombination
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for the vertical configuration indicated (#31584)

Figure.6: Conjectured particle flux distribution in the JET
divertor for a vertical configuration. a)-e) denctes fluxes
quantified at the left
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processes at low electron temperatures (<2eV) (see K Borrass) with increased neutral
particle leakage from the divertor plasma.

* During detachment the neutral particle pressure distribution peaks in the private region
consistent with the observation by Langmuir probes that detachment starts at the separatrix.
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Figure.8: a) Neutral pressure profile and b) D-aipha profile across the divertor during transition from attached to detached

divertor plasma with central line integrated density as the parameter.
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* In attached L-mode (and ohmic) plasmas
neutral pressure change can be approxi-
mated by density squared dependence



(consistent with two point model for SOL transport). .
* L-mode, and ELMy H-mode produce the highest pressure (largeét particle outflux) in the
sub-divertor volume, consistent with confinement degradation compared to ohmic conditions.
* During ELM-free H-mode ( t = 0.4 s) neutrai pressure and density are ‘decoupled’. Particle
outflow does not increase with density indicating the presence of a plasma transport barrier.

4. Density control in H-mode discharges with cryo-pump ‘on’
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Figure.10: a) Some parameters of a discharge (2.4 MA, 2.4 T) with transition of plasma confinement from ohmic to L-mode
to ELM-free H-mode and to ELMy H-mode. b) Pressure moduiation at different positions below the divertor target area.
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Figure.11: a} Expanded view of the period where confinement changes; b) correlation between pressure rises at the cryo
pump and density decreases.
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5.

ELM triggered pressure modulation at
strike zones is similar to the modulation of
D-alpha signal. ELMs are stronger at inner
strike zone compared to outer strike zone
(ion grad B-drift towards target).
Integrating effect of the sub-divertor vol-
ume leads to weaker pressure rise at the
Cryo-pump.

ELM-free H-mode results in relatively low
pressure (=3-5 10™ hPa) at the pump. In
this pressure range the particle removal
rate by the cryo-pump is 3-5 10%' atoms/s.
ELMs can raise temporarily pressure at the
pump by a factor of 10 or more.

In contrast to un-pumped ELMy discharges
there is no neutral pressure accumulation
in the divertor when the cryo pump oper-
ates (see J Lingertat et al.).

Pulse No; 32376

40 Limiter |Divertor p
- | ELMy—phase
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:
H
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Figure.12: Particle balance calculation for the ELMy
divertor discharge of figure 8. At the time of the onset of
ELMs the pumping of particles from divertor/walls becomes
significant.

The core plasma density decrease during ELMs is less than the pressure increase in the
divertor would suggest. There is particle release from the divertor/walls during the ELMy
period (see figure 12). In some cases during very giant ELMs this can even lead to a net
density increase rather than decrease (see J Lingertat et al.)

Comparison of experimental neutral

flux data with resuits from simulation
calculations

First attempts to simulate divertor plasma
conditions using the EDG2D/NIMBUS-
code including a 2-dimensional model of
the MK | divertor (see figure 13):
Discharge #30830: |,=2MA, B=2.8T,
Pys=6.5 MW,<n>=3 10" m*®, L-mode

Resuits:

Calculated average neutral particle
(atoms) flux in sub-divertor volume: 1.2
10% atoms/m®s

Pulse No. 30830, (t=14s)
T e

§ A

-1.2

\ \ ~
-1.4r
-1.6}-
N-18- & S s

Figure.13: #30830, simulated neutral particle paths in the
MK | divertor during a L-mode divertor discharge. 85




Measured flux (average of three pressure gauges): >0.4 10% atoms/m®s

IV. SUMMARY AND CONCLUSIONS

In attached plasmas the peak neutral Pulse No. 30830 (t=14s)
pressure in the sub-divertor volume is
closely related to the plasma strike zone
position, ie. the source for first generation & g
neutrals. Peak pressure is about a factor of
two above average pressure.

The structure of the MK | divertor allows
radial neutral particle flows below the
target area into the divertor plasma/ pri-

Probe resuit

lon flux (1024/ m2 )
-
|

ol Code resutt
vate plasma region at a rate comparable to
the external fuelling rate. Un s
In detached plasmas the neutral pressure 0 L %
gets peaked in the private plasma region, —0.04 0 nod 008 012

Distance from separatrix {m)

consistent with increased neutral particle
. . , Figure. 14: #30830, simulated and measured ion-saturation
leaking from the separatrix region of the 4 at outer strike zone during L-mode.

plasma strike zone.

For the same central plasma density, particle pressure in the divertor is highest for L-mode
confinement and ELMy H-modes compared to ohmic conditions and quiescent H-mode
consistent with observed confinement degradation. In L-mode and in ohmic conditions the
pressure follows about a central density squared dependence consistent with predictions of
& two point model for particle and energy transport in the SOL and profile consistency.

In ELM-free H-mode the neutral divertor pressure is independent of the central density,
suggesting the presence of a plasma transport barrier.

ELMs cause strong, asymmetric pressure modulations below the targets (stronger at the
inner strike zone, ion gradB-drift towards target). :

In ELMy discharges the pressure increase is larger than expected from the plasma density
decrease, indicating wall/target plate depletion of hydrogen due to power deposition in ELMs.
First EDGE2D/NIMBUS code calculations to simulate sub-divertor neutral flux data using a
2-dim. MK | divertor model do not yet match well experimental data but first results are of the
right order.

V. References
[1] G. Haas et al., J. Nucl. Mater. 121, 151 (1984)
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1. INTRODUCTION:
Major changes from 1991 to the new JET of 1994/95:
% Installation of the Mk | CFC divertor with cryopump vs. previous upper graphite dump plates.
v Largely inconel walls vs. graphite in 1991
= H-modes were initially characterized by type | ELMs vs. the ELM-free behavior of 1991,
= The neutron production rate was initially poorer during the hot-ion H-mode.

Since neutral particle recycling was initially perceived to be higher than for 1991, and it is known
from other machine experience [1-4] that high recycling can be deleterious to the quality of
H-modes, this paper examines the relationship between recycling signals and the D-D reaction
rate (Rpp) for 1991 vs. 1994/95. The horizontal DAH and vertical DAV D, chords of fig.1 are used.
One 1991 and three 1994/95 divertor equilibria are considered.

» Specifically, the questions are
addressed:

' i 7 - Is there a difference in recy-
cling 1991 vs.19947

| .| - Are benefits realized from the

IERR T s = different divertor equilibria

TELRSY J with respect to recycling neu-

T trals?

* Qutline:
— Document the temporal
i 5 3 ram— 4 3 ; behavior (fig.2) and statistical

Fig. 1: Horizontal (DAH) and vertical (DAV) D, viewing chords for the 1991 SNU  (fig.4) dependence of Ryp on
configuration (feft) and Mki (HFE). The Mkl inner (DAl) and outer (DAO) target DAV.
views are shown. . 87

Cryopump
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~ Model the measured target plate parameters for the hot ion mode with the transport code
EDGE2D/NIMBUS, establishing SOL transport parameters = from which subsequent
predictive calculations permit an inter-equilibria comparison of recycling fluxes to the main
SOL as well as calibrating DAV among the configurations.

2. GENERIC TIME BEHAVIOR OF DIVERTOR PARAMETERS FOR THE HOT ION MODE

The hot-ion H-mode used to achieve high performance in terms of stored energy Wy, and D-D

reaction rate is of transient nature. Referring to fig.2, after NBI initiation at 12.0 sec:

* Both Wy, and Rp; increase linearly with time until t ~ 12.95 s, where a “rollover” occurs.

*  Pn~17 MW, dW,/dt ~9 MW, Pgrip~1 MW = Piarget~7 MW. At the “rollover”, Py, increases.

¢ During the phase up to the rollover, n, increases by a factor of about three (1.2 -
>3.4x10"/m®).

* The fast DAV signal registers an initial period of benign mini-ELMs followed by an ELM-free
phase and then an abrupt increase at the “rollover”, implying the flux to the divertor has
intensified.

* Atthe rollover, the (slow) outer target plate
D, signal DAO and the neutral pressure
measured in the subdivertor volume Pgq

M

T T o . also both increase around a factor of three.
E o w The saturation current |, to a target plate
triple Langmuir probe changes a factor of

two,

D, vertical » Of particular note is that, up to the rollover,
_,-ﬂ_udm_‘_L;A«w all divertor signals remain relatively

10'%m3
N
T T
R

?’vf zw constant at the levels prevailing immedi-
; 0 ately after transition into the H-mode -
;é a3 Peo although f, increases dramatically!

=0 Tonr * Time-resolved Langmuir probe measure-
3 Mw ments indicate the target plate profiles of

E Neg and T4 remain ~ invariant over this
E279- HSOUT g “

. . . ) . J8 eriod. The jump in ., at the roliover is
278500 12.95 1250 1275 130077325 P jump sat

Time (s) composed mostly of an nyyincrease, with a

Fig.2: Time traces for global (top four boxes) and divertor moderate augmentation in Teg.
parameters, including the “slow rollover” phase in RDD and
Wy, beginning at t=52.95 sec. Shot #33641.

=> On JET, during the ELM-free period of the hot-ion H-mode, n,,, T.., and A remain
roughly fixed near values attained after the L-H transition, independent of what is hap-
pening in the core plasma.

- This has been observed for the SOL n, profile on ASDEX as well /5/.
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3. PLASMA AND MAGNETIC GEOMETERY DATA FOR THE FOUR CONFIGURATIONS

The Single Null Up (SNU) configuration of
1991 had a small x-point height, a high flux
expansion at the target plate, and was a
geometrically open “divertor’. (See fig.1)
The SF, HFE and DNHF1 cases, chrono-
logically implemented in this order, evince
an evolution from a high to low x-point, and
from a very low flux expansion upwards to
values still below those of SNU. (Table )
Both edge shear and upper triangularity of
the main plasma increase in going from SF
to HFE and DNHF1. However, SNU attains
significantly larger values of these quanti-
ties. (Table 1).

------ DNHF1
—&F
120+
140
-160
-180 2
. il 1 1 1 §
220 240 260 280 300 320

Fig.3: SF (Standard Fat) and DNHF1 (“Double Nufl “ High
Flux Expansion ) equilibria for the Mkl divertor. The Tcm
midplane flux lines are used to illustrate the flux expansion.

SF -

Configuration SNU i HFE T DNHF'I
x-pt haight m)|  0.084 0.284 0.132 0.126
lux exp. insidel ~ 17.6 3.4 12.6 13.6
flux exp.outside 186 25 8 10
shear al qgg 4.4 3.25 3.8 3.75
upper tri. 0.51 0.19 0.21 0.28
Best Example|  #26087 | - #32823 | #32919° | #3343
WiB/ay | 3.2/28/3.71 4.1/3.4/28!) 3.1/3.4/4.1] 3.9/3.4/3.1
Volume [m’) 101 a1 83 79
Py (MW} 14.9 185 18.2 18.5
Woin (MJ] 11.6 10 10.8 12.3
Roo [5™] B4x10" | 56x10® | 76x10" | 9.3x10"®
limited by: roliover ELM rollover rollover
8 ta limit {s] 1.35 1.08 1.09 1.30
BNqtors (main plasma) and [of Gpum, Dan, ¢.,;;,;;pyer,-1‘-’.‘_'secj'gfiN_l;'_s},_{f;;
[®gpumpdtt 0 -1.08 -1.38 -0.72
[ogast | 2.65 x 10% 0 0 0.37
J peamdlt 1.16 1.6 1.55 1.54
BNgiomar 1.44 1.68 1.84
Ny /lbeam{ 124 | & 10§} 449

Table I: Magnetic geornetry, plasma properties and global

particle balances for the best high performance shots of

each configuration.

* SNU has a 25% larger core volume than

the 1994-95 cases, and with less Py,
achieves an Rpp comparable with the best
of the 1994/95 campaign (#26087 vs.
#33643). (Table 1)

A particle balance over the first second
of neutral beam injection for the best
shots of each configuration indicates an
increase in core electron content some-
what above (5-30%) the beam input.
Although there is little apparent difference
between 1991 and 1994/95 in the ratio of
the increase in core electron content after
one sec. (6N,) to the beam input in that
time (J0peamdt), remember

in 1991 moderate gas puffing was
employed,

in 1994/95 gas puffing was generally
avoided and the cryopump was operative
The particle balances indicate the walls
are being depleted by the cryopump for
these discharges, a typical result. (See J.

Ehrenberg, G. Saibene, this conference)
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4. RELATIONSHIP OF RECYCLING TO HIGH PERFORMANCE FOR ALL CONFIGURATIONS

10 10
a RDD “01518) s SF HDQ (1016/5) a
X & HFE e SF
8r m] o SFeryo Bl 4 HFE o
gA HFE SF % a
x A cyro o cryo A
A% O DNHF1 cryo & HFE cyro s,
51 * 61 (=] A o
o x SNU O DNHF1 eryo A 80
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DAV {10'4/cm2-s-str) 4 g 4 g
% 0.5 1.0 1.6 2.0 2.5 3.0 % B0 100 150 200 250 300 350 400
t(H)OSS P 20
Fig. 4a: D-D reaction rate RDD vs. the vertical D, signal Fig. 4b: A fit to the points of fig. 4a using t{H) and Py,
DAV (taken after the L-H transition) for thecontigurations
with and without the cryopump.,
10 10
RDD “'OTEJ!S) o HDD (10'6/5) m]
8- e SF LS a 8F e SF * o,
4 HFE y A 4 HFE N 2
o SFeryo A a o SFeryo a
6F & HFE cyro = aq aad & 67 A HFE cyro £ g @%ﬁ
2 DNHF1 cryo 200 2 DNHF1 eryo P
x SNU X &5 o L8 x SNU s B B
4r ‘:‘o A 4r R & C
(o] 2
9 oo. .4_’& o}
ol o o a .A OA 2l A ba % .
. ] § m} LA b
s o ® oo, °
0 1 ] | } : g 0 | | ] ! : I ! ] ] 3
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t{H) {s) Pr (MW)
Fig. 4c: RDD vs. the ELM-free period from the data of fig.4a. Fig. 4d: RDD vs. Py, for the points of fig. 4a.

The DAV is that after the L-H transition.

Lower DAV is associated with higher Rpp. BUT, at lower levels DAV is not evidently of over-
riding importance.

The highest Rpp values are not attained at the lowest DAV levels - for all configurations!

A regression (fig.4b) on the data set of fig. 4a yields

RDD - t(H)O.Sazu.Os PN!Z.O:O.W .

t(H) is measured beginning at the L-H transition, ignering the mini-ELMs, up to the event
ending high performance (either a rollover or giant ELM). ‘

The points with heavy gas puffing before NBI clearly deviate from the general trend of the
other shots where emphasis was placed on establishing low recycling conditions before
injection.

The upper envelope of points in fig. 4¢ exhibits Rpp is proportional to the ELM-free time peri-
od t(H) as the regression of fig.4b has indicated and as expected from the time traces of f:g 2.
The 1991 points conform to the trend of 1994/95.

At their power level the 1991 SNU shots clearly outperform those of 1994/95. This can be
largely atiributed to the larger plasma volume and associated higher Tg of 1991. (see T.Jones
et al., this conference)
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Fig. 4e: RDD and RDD/P,? vs. DAV for a consecutive serles Fig. 4f: The ELM-free period t(H} vs. DAV for the points of
of shots, from a subset of fig. 4a. fig. de.

* The systematic effect of DAV on Rpp for low recycling is best examined in a well-defined
subset of fig.4a [6]:

=> Fig. 4e considers nine practically consecutive shots under the same global conditions on the
same day with small variation in Py, for a cryo-pumped HFE configuration. The Ry, dataset
and Rpp normalized to Py? (in conformity with the regression of fig.4b) illustrates that Rgp
increases with decreasing DAV even at these levels,

* Plotting t(H) vs. DAV reveals a tendency towards longer ELM-free intervals for lower DAV,
although the trend is not entirely unique. This weak colinearity of DAV with t(H) disallows a
regression for Rpp based on DAV as well as t(H) and Py,.

* An operational hypothesis for the role of recycling in high performance discharges is that low
edge densities (with the connection: low recycling = low DAV <=> low n,, )

- allow more peaked beam deposition profiles A

- delay the development of pressure-gradient-driven instabilities conjectured to terminate the
high performance phase (T.Hender, P.Smeulders, K.Lawson, this EPS) thereby enhancing
t{H) and Rpp.

* The second component of this scenario is that edge shear and triangularity will increase
stability limits, thereby allowing the ELM-free phase to proceed longer before encountering
termination.

* Thus, the ELM-fee period t(H) in the regression Ry ~ t(H)*%® p,,2° implicitly represents the
positive combined effects of reduced pressure gradients and higher stability limits while
sorting out the power dependence of the points, enabling intershot comparisons on a com-
mon basis. |

* In what now follows, the efficacies of the various divertor configurations in regulating the
neutral flux from the divertor to the main chamber and on into the SOL.,
core-plasma will be estimated via code calculations. This permits study of configurational
recycling aspects divorced from the effects of shape parameters (edge shear and

triangularity) otherwise always present in experiments.
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5. HOT-ION H-MODE DIVERTOR PLASMA PARAMETERS FOR THE JET Mkl DIVERTOR:

Configuration | SF. | " HFE .| DNHFf7
Shot Number #30017 |- #82019 | #3343
Jeai: peak [Afem? 30 7.9 7
A [em] 0.8 (0.32) 3.5 (0.44) 3.5 (0.35)
ne: peak {10"%cm’] 3.6 0.7 0.6
A [em] 0.9 (0.36) 4.2 (0.53) 4.0 (0.40)
T. peak {eV}] 30 52 56
A fem] 1.9 (0.76) 12 {1.50) 9.3 (0.93)
qr peak (MW/m®] 70 33 3
A [em) 0.6 (0.24) 2.6 (0.33) 2.5 (0.25)
Da cu
[10'%/cm™-5-str] 2.0 .34 . 0.29

Table iI: Quter target plate Langmuir probe data and D, for
Mkl T=T, is assumed here. The SF case had poor RDD
performance. (A) gives A projected to the outer midplane.

In the hot-ion H-mode, T,4 ~30-60eV. For
low recycling conditions (low D, )} n.
<1x10'%/m®. #30917 (SF) exhibits high
recycling => high ney and is the only SF
shot with good profile data.

Typically, 7L-|-e > lne, A Jent

The lna, A Jaat falloff lengths, projected to
the outer midplane to account for flux
expansion differences at the target, are 0.2
-0.5cm.

The divertor plasma at the target plates is
well characterized for the 1994/95
campaign, in contrast to that of 1991,
furnishing an excellent database for
modelling.

6. EDGE2D/NIMBUS MODELLING OF THE FOUR CONFIGURATIONS:

* IR camera measurements detect most of the power calculated to reach the target plate P,
(S.Clement, this EPS), in contrast to the less satisfactory diagnostic situation in 1991. But,
the Langmuir probes typically account for < 20% of Py, {(assuming T.=T; and an energy
transmission factor y=8). Since probe Jq, values are quite compatible with measured D,
levels, the underestimate of power flow likely lies in assumptions for T; and y. Thus, the code
calculations employ upstream power inputs of P,=1MW and P=5MW. Such a power splitting
is not inconsistent with core transport analysis (M. Erba, et al. this conference), and has been

used in this sense in the past [7].

* Attempts were made to model the divertor plasma using pure diffusive perpendicular
transport, or with a pinch. Diffusive transport alone does not prove acceptable for the higher
flux expansion cases, where the computed density profiles are unrealistically broad. The
necessity of a pinch to model experiment is also found for other operational regimes on JET

(see A. Taroni et al., this conference).
* Other model inputs:

- N =7 x 10'%/m? (Very low recycling cases demand a somewhat lower n,..) No impurities.

- D, =0.3m?s, %, = 0.8 m%s, x,;;= 1.5 m’/s, all constant in flux space, Vyine = -9 M/s

- 100% recycling at the walls and target. The cryopump is activated. Pumped neutrals are
refuelled in the plasma core. A 4% target plate transmission for neutrals is assumed,
representing the effect of slots in the Mkl divertor. Higher transmissions can lead to enhanced
fuelling of the private flux region, effecting more peaked profiles {(see A.Loarte et al., this

conference); this option is not explored here.
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7. PREDICTIVE CODE RESULTS - COMPARISON TO EXPERIMENTS

* The code produces divertor parameters similar to experiment for 1994/95. However, n,4 for
SNU is predicted to be a factor of two higher than for the other configurations, which does not
appear to be compatible with the (sparse) data available at the SNU target plate . Further
work is required to match the experimental class of hot-ion H-mode plasmas in detail.
Nonetheless, experience from many input parameter scans shows the following results are

relatively robust.
For these runs, T, ~5T,.

16 az
O DAV
145 SF O DpaT 28
1.2} 24
1.0k 20 ig
sal HFE DNHF1 | 2
- 6
06 snu o A <12 8
. 7
0.4+ o He
S
02k o Wt
0 . Lsllg

JGES.MINYi8G

Fig..5a: Code comparison of DAV and total target plate D,
{DAT) among the cases. The DAT scale is 20x that of DAV,

(1022/g) O Neutral flux to main SOL
3.0+ {0 lanizations inside separatrix
s SF
2.0r HFE DNHF 1
15 SNU
1.0r 7 s
0.5 gl

s 1 -]

0

Fig. 5b: Code-predicted neutral fluxes to the SOL above the
x-point, and ionization rate inside the separatrix.

Configuration SNU | SF ol HEE DNHF1
DAH |expt| 0.6 14 1.1 1.1
[10"] lcode] 0.3 0.8 0.5 0.5
DAV lexpt| 4.4 7.5 5 6.6
[10"] |code 5 12.3 6.2 7.7
DAT  |expt. 118 100 96
10" lods 134 148 165

Table lll Comparison of experimental - (best RDD cases of
Table I} and code- predicted D, signals.

In principle the ratios of predicted DAV can
be used to normalize DAV in the plots of
fig.4, thereby removing differences related
to viewing geometry. Thus, with respect to
SNU the points will move to lower values
(closer to SNU) by factors of 0.8 - 0.4
depending on the configuration.

The code-predicted neutral flux to the main
SOL (left bars of fig. 5b) varies little (1.5 -
2.2 x 10%/s), showing no strong configura-
tional dependence .

The ionization rate inside the separatrix
also varies weakly (0.9 -1.3 x 10%/s). In
principle, HFE will experience 30% fewer
core ionizations than SNU or SF for the
given boundary conditions.

Table il shows the code underestimates
the experimental horizontal D, by only a
factor of two for the “best Rpp cases” of
table I. Hence, within the code framework
there is not much opportunity for wall
sources to contribute significantly to the
neutral balance.

The predictions for DAV and DAT come
closer to experiment in absolute magni-
tude than does DAH. The ratio DAT/DAV
(1994/95) varies between 11 - 24 in the
code and 15 - 20 for the experimental
points of table IV. For DAV<1x10™ in fig.
4a, DAT/DAV varies over the range 1419-3:?5.




8. SUMMARY AND CONCLUSIONS

For hot-ion H-mode conditions, based on predictive EDGE2D/NIMBUS calculations, there
is no indication that any of the divertor equilbria of the new JET offer significant advantages
over the SNU situation of 1991 with respect to neutral fluxes to the main SOL, or ionizations
within the core.

To model the hot-ion H-mode divertor parameters, at least approximately, for recycling stud-
ies of the new JET it has been necessary to assume an inwards pinch along with:

Nes = 7 X 10" m®
Voineh = -9 m/s, D, = 0.3 m7s, y,, = 0.8 m%s, x,;= 1.5 m’/s
Pe = 1MW, P, = 5MW

Langmuir probe measurements dictate that little of the power to the target plate P, = P -
dW/dt - Prap can be in the electrons, considering ny < 1x10'™ m™® and Teq = 30-60eV and an
estimated power flow of less than 20%P,,, (assuming T, = T, and v=8). However, power
balance is indicated by the IR camera, leading to the conclusion that most of the main core
power loss is in the ions. This result seems basically consistent with neoclassical loss
processes (M.Erba et al., this conference).

Evidence exists there is a minimum level of recycling below which high performance is no
longer improved, and even affected deleteriously. Assisted by the cryopump, the new JET Mkl
divertor certainly accesses this region. (Fig.4a)} Moreover, Mkl experience with Be-target-
plates is that a modest gas puff during the NBl-phase is necessary to suppress ELMs.

A commonly observed feature of the ELM-free H-mode is that recycling signals as well as
other divertor plasma properties remain approximately constant at the level prevailing after
the L-H transition => implying upstream edge conditions are not changing. This state comes
to an end at termination of the high performance phase either through enhanced ion flux to
the divertor associated with the “slow rollover” in Wy, or via a giant ELM.
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Investigation of Mormenturn
Detachment in a
Static Gas Target

K Borrass, G T A Huysmans.
JET Joint Undertaking, Abingdon, Oxfordshire, OX14 3EA, UK.

INTRODUCTION

A gas target, providing a pressure drop along field lines (momentum detachment), has been
found to be a prerequisite for achieving acceptable divertor conditions in ITER [1]. Momentum
transfer from ions to neutrals by elastic and cx-collisions (friction) has been identified as the basic
. mechanism to achieve this [2). In steady state, the friction force excerted onto the neutrals has
to be balanced either by:

* transverse losses of neutral momentum
- ion-neutral induced transport or prompt losses
- neutral-ion mean free path A, SOL width
Dynamic gas target

or

* the neutral pressure gradient
- neutral-ion mean free path A, << SOL width
- transverse momentum losses small, plasma pressure balanced by neutral pressure
Static gas target

In this paper the potential of a static gas target (SGT) to provide a drop of the plasma pressure
along B and to reproduce the other characteristic phenomena of detachment is investigated with
a view to JET discharges.

95




MODEL DESCRIPTION

Geometry
A simplified geometry (see Fig. 1) is used, i.e. a slab geometry with constant pitch magnetic field.

/J ey Magnetic field lines

JG98.267/15¢

Fig.1: Slab geometry with inclined field lines used in the model.

Equations

Fluid description of SOL plasma and neutrals (high collisionality regime) [4]:

* The plasma is described by the continuity, parallel momentum, and energy equation for ions
and electrons.

* The neutrals move independently of magnetic field, i.e. two components of the neutral
momentum, parallel to B and perpendicular to the plate, are taken into account. The neutral
temperature is assumed to be equal to the ion temperature. Both neutrals and ions are then
described by one energy equation.

The equations are averaged in the perpendicular direction assuming an exponential decay of the
variables. Transverse neutral losses are assumed to be negligible.

Sol-One Code

The resulting seven 1-D equations for the ion and neutral densities, ion and neutral parallel
velocities, the neutral perpendicular velocity and the ion/neutral and the electron temperature are
solved numerically with the SOL-ONE code [3]. The variables are discretized using
Petrov-Galerkin linear finite elements. The full time dependence of the variables is solved using
an implicit scheme for the time stepping. Steady state solution are obtained in typically 50-100
iterations.
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DESCRIPTION OF STUDY PQINT

Experimentally, detachment is usually approached by ramping up the density at otherwise fixed
plasma parameters. In most devices detachment is a gradual process, which exhibits a roli-over
of If5 , followed by a gradual decrease. Simultaneously the D, signal increases and the divertor
pressure drops by an order of magnitude at basically unchanged upstream conditions. Fig. 2
shows this behaviour for a JET high density Ohmic discharge.

(MW)
—L- [}%]

ML OB N O
[P I D

Jsar A/m2 - Dap/s (cm2)  ng (1019m-3)

O - -
OO ﬁ: Q= MW
i [

| J t | |
11 12 13 14 15 16

Time (s)

~ 4Ga5 267140

[}
—y

Fig. 2 Traces of the heating power, average density, the D, signal
and the ion saturation current for JET discharge #30829. ‘

A discharge similar to 30829 (see Fig. 2) which shows a drop of IZ;; at nearly constant net input
power is taken as our study point. The adopted input parameters are:

P = 0.6 MW (per leg)

sin{y) = 0.1

L = 2640 cm, L, (plate to X-point) = 240 cm
profile decay lengths = 2 cm

The density ramp up scenario is simulated by a sequence of runs to steady state with
successively increasing particle content, N,,, at otherwise constant input powers.

97




RESULTS

The results of the Ny, scan are shown in the Fig. 3a to d. At a total particle content of around
N=6x10'° the solution changes dramatically from a normal low recycling solution to a high
recycling solution (See Figs. 4a and b).

20

18

12

np {(10¥em3) T,y (eV)

O JGYS.2671 T

]

L }
2 4 6 8 10 12 14 16
MNiat (1018)

Fig. 3a The density and electron temperature in the divertor versus
the total number of particles in the system.

For T, > 5 eV, P(divertor)/P(upstream) =1/2 holds as expected for a system where i-n neutral col-
lisions do not play a role. With decreasing divertor temperature T p, the ratio of the divertor to
upstream pressure indeed drops, indicating an additional pressure drop along the maghetic field
(detachment). However this is mainly due to an increase in upstream pressure at constant diver-
tor pressure,

3000

Upstream

2000

Pressure {Pa)

1000

O’OOO%OOO{WWO——O—O

0 I ! L : ; 1 l
2 4 6 8 0 12 14 18

Niot {1016) Divertor

€2 JGS5.26718c

1]

Fig. 3b The upstream and divertor pressure versus the total number
of particles.
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RESULTS

Different from what is seen in experiment, Iy (proportional to the particle flux, Fig. 3¢c) is

increasing up to the point of detachment and then stays constant. Volume recombination is

negligible, so that the total number of ionizations equals the number of particles hitting the plate.
Hence, one wouid not expect a continuously increasing D, signal as observed in experiment.

16.0

14.0

12.0

-
o

o
o

Particle fiux
(1019s-Tcm-2)

o
i}

0.4

0.2

o [ | ! | | |
2 4 6 8 10 12 14
Niet (10'9)

Fig. 3c The particfe flux onto the target versus

) UG95.26710¢

—_

the total number of particles.

Generally, all divertor quantities (np, Top and
It,¢) tend to saturate with increasing number
of particles, while the upstream quantities (ns
and P,) increase linearly. This indicates that
the additional particles mainly accumulate in
the upstream region (see Fig.3d).
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Fig. 3d The neutral and ion density at the divertor and the

upstream density (x10) versus the particie content
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ADDITIONAL DETAILS

High Recycling Solution (N, = 4.2 x 10'%)
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Fig. 4a Details of a solution before detachment with a high divertor temperature and a
low neutiral densily and pressure. Shown are the basic variables that are solved for in
the SOL-ONE code, the ion and neutral densities, the jon/neutral temperature and the
electron temperature, and the ion (v;} and neutral velocities, v, (perpendicular to the
plate) and vy, (parallel to B}.
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ADDITIONAL DETAILS

‘Detached’ Solution (Ny, = 17 x 10'°)
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Fig. 4b Details of a solution after detachment with a low
divertor temperature and a high neutral density and
pressure.

DISCUSSION and CONCLUSION

A typical JET density ramp-up discharge has been modelled with the SOL-ONE 1-D SOL

transport code in the fluid limit. With increasing particle content a transition to a detached regime

with a strong pressure drop along B is observed. However, the experimentally observed drop of
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liat @nd the increase of the D, signal are not reproduced. With increasing particle content,
plasma parameters in the divertor tend to saturate while upstream quantities continuously
increase, i.e, the additional particles tend to accumulate in the upstream region.

There are two potential causes for the failure of the model to reproduce the JET experimental

findings:

* Invalidity of the fluid limit: The SGT regime, in order to prevail, requires two conditions to be
fulfilled:

- Ani/A<< 1, i.e. the neutrals are collisional with respect to i-n collisions,

- A/(I*sin(y) ) << 1, in order to make transverse neutral induced transport negligible,
The first condition is marginally satisfied (A,,~ 7 cm, A~ 3 cm). However, the second
condition with /*~ 50 cm and sin(y) ~ 50 cm is rather difficult to fulfil in JET and generally in
configurations with moderate flux expansion.

* Additional physics effects: It has been generally found difficult to describe the drop in eat
(and the increase in D,) by i-n collisions alone. Recent studies of the dynamic gas target
region have revealed that, with (radiative and three body) recombination included, both the
drop of | and an increase of D, follow naturally. In the present study the same
recombination model is included, but recombination is insignificant since the ion density stays
at comparatively low values in the gas target region. It is, however, believed that
recombination, possibly with H, catalysed recombination included, is an essential element in
the full picture.

A similar problem has been considered in Ref. [5], where it was shown that lzat/ Ps and Pp/ Py
should drop with decreasing Tp. This is not in contradiction with our findings. However, we
disagree with its conclusion that this provides an explanation of the typical experimental
observations. In fact, we find that in a scenario that models the experiment, i.e., when Nyt IS
ramped up at constant input power, the reduction of If,; / P, and Py / P, is mainly due to an
increase of P instead of a reduction of If,, and P;,. Also, the divertor temperature is clamped
and temperatures below a certain value cannot be obtained (except by a drop of the input power).
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A New Approach to the
Evaluation of 1-V-Characteristies
and Applieation to Highly

Collisional Divertor Plasinas

K Giinther
JET joint Undertaking, Abingdon, Oxfordshire, OX |4 3EA, UK.

1. INTRODUCTION

~ Langmuir probes are a simple and indispensable tool for the investigation of the edge plasma in
magnetic fusion devices. In the form of single probes mounted in the divertor plates, they are
widely used in tokamak fusion experiments to monitor the electron density and temperature of
the divertor plasma. However, there is growing doubt about the correct evaluation of measured
current-voltage-characteristics. In fact, there is little reason to expect that traditional probe
theory, predicting simple exponential /-Vccharacteristics up to high values of the electron current
in relation to the ion saturation current, is still applicable when the probe is operated in a strong
magnetic field.

Recent divertor-probe results at JET underline the problem. in the case of a dense and cold
divertor plasma close to or in the state of detachment, rather low values of the electron-to-ion
ratio of saturation currents, 1,/ 1,%, are found, in a number of cases even smaller than unity.
Moreover, the electron temperatures derived essentially from the slopes of the characteristics at
the floating point according to T, = el (dV, /dl,) appear to be substantially overestimated in
comparison with predictions from SOL code calculations for this type of discharges [1] (e.q.,
12 eV contrasted with 2 eV).

The present paper is an attempt to make a first step towards resolving the problem on the basis
of non-ambipolar fluid theory applied to the plasma between the probe-tip Debye-sheath and the
adjacent and opposite return sheaths. The very simple model used for the “environment * of the
probe has already been treated earlier [2], assuming a non-resistive plasma, and this approach
is useful in providing a general understanding of, among other things, low [,/ /," ratios in a mag-
netized plasma. However, with regard to T, the downward correction it predicts cannot exceed
a factor of two. Clearly, in the particular case of highly collisional cold divertor plasmas the
plasma resistivity (finite Spitzer conductivity) must be taken into account. The present paper
upgrades the theory in this respect, describes a corresponding routine procedure of data evalu-

ation in order to derive corrected, i.e. lower, values of T, @nd reports first results. 103




2. FUNDAMENTALS .

2.1. General Aspects of Langmuir Probe Measurements in Strong Magnetic Fields

* Operating a Langmuir probe means applying a voltage to, and measuring the current through,
a network of “resistors” of different type: probe-tip and return sheaths (Rpg and Rgs,
respectively), cross-field (R,) and longitudinal (R,) resistances of the plasma. R, is the only
linear one.

» Classical single probe theory deals only with the probe-tip sheath, i.e. Rpg, assuming
R,=R,=0. As part of the voltage drops at R, R, and Rgpg, T, will always be overestimated in
this way.

 Saturation of the electron current at a low level cannot be caused by Rgg alone as long as a
finite R, allows the current to flow more and more away from the probe’s flux tube across the
field when the voltage is increased. Only a current-limiting R, becoming asymptotically
infinite, can be responsible,

2.2. Perpendicular Electric Current in a Magnetized Plasma According to Fluid Theory
The total momentum balance in a magnetized plasma

IxB = Vp + (kj+ke NNV + mTVv + V&

shows that the cross-field current is a matter of forces that balance the associated Lorentz force
jxB. In the presence of anomalous processes, this relation holds true provided that fluctuations
of the magnetic field are unimportant. Exactly this approach underlies non-ambipolar scrape-off
layer models [3,4].

In a Cartesian coordinate system defined by

xalong By Ltoboth B and the surfaces p= const.  zalong p = const. and . to B
it is the z-components of the momentum balance equations (for ions and electrons separately)
that determine the y-fluxes in question (j, = en (Viy = Vey) is the corresponding electric current
density):

eBnvy = - <en%zg> - R;~ (ki+kcx)Nminvi% - min[viy aa\;;z + Viy aaV;ZJ + %nl%+
sources dueto neutrals lnerLti (conv. momemtum f;uul - viscosity

eBnvg, = - <en%~;—1> - R;

oo

turbulence friction ‘l

|

anomalous diffusion classical diffusion

an en . en dp
- BD e —R = - — 22— — ———
®EELY z o, lz c,B dy
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Conclusions

* Density-gradient driven transport is ambipolar {(D;; =D, ¢ ).
A perpendicular electric field E, affects the ions alone and indirectly via v;, , the drift velocity

due to ExB-drift. This cannot generally be put together by writing viy = eu 4 Ey . However,

U g =0 is obvious.

3. THE SIMPLEST MODEL: FLUSH MOUNTED PROBE IN A

100% RECYCLING SOL PLASMA
* Scrape-off plasma sustained by ionization
of neutrals only, i.e. V,-T;=0.

* Consequence for particle balance:

Condition imposed on +L
integral density of neutrals I dxN(x)
. -L 5
= |
F
* B = const,
! F—x
-+ s
* Approximations: T,= const.,
T,' = const., Fig.1: Schematic of a flush mounted probe in a scrape-off

layer. @ designates electric potentials. Arrowed lines indi-
cate the electric current flow if V > 0.

neglect of viscosity.

3.1. Basic Physical Parameters

_a_ 1 _AmTe (OcxV)
C—p«/2+u whete  p="7g M= (oiv)

where A= |——

>
—n
C

(77

v2 = e?ngesl __ L me(, Ti
Te o 1.96 le; m; Te

wali

Dwal =0

probe tip
Dwal =V

a=projected probe tip half width

na = sheath edge density,
probe unbiased

f=1(u/Z) < 1 density profile factor

Aei = mean free path of electrons

L has to be treated as a reduced (effective) connection length which excludes that part of the

scrape-off layer where the density of neutrals is low and the electron temperature is high.
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3.2. Non-Resistive Case (o, = ~) in Slab Geometry

The longitudinal constancy of @, the normalized extra plasma potenhal induced by biasing the
probe, allows the equations to be integrated along field lines. This results in an ordinary differ-
ential equation for ®(y), the “probe equation” {see [2]), which incorporates the boundary condi-
tions at the sheath edges:

2 1 V), -
o l1=-3{1+e’ Je for al<1

a — - —
dy? 2 1-e for y/a|=1
T, 8 Y
V = normalized probe voltage Cc*2=C?+9%2—- e = 2( )
ZT, C
3 1% "o(y)/2[ V-o
Probe current density: (V) = endcs - J dye~ @) [e ~ (Y)__q
0
Analytical results C*=0.79681 ¢* = 0.36834
Linearized equation yields floating-point slope 10t ’ SELZ'?.T'
dj inhC* 8ty L)
o enocs S (C*)=—1~+ sinhC : V=719 ;
Vof .o Te/® 2 2C*expC
o=

Normalized saturation currents:

ko
Jo =€NgCy SO

_ 2 + e (1 Fig.2: Potential ®(y) and related profiles at the sheath
Sp = " Sp = exp — -1 edges for a positive probe voltage. Parameters according
OV1+e So o 21.2% of electron-current saturation at S, = 5.

The role of the density

* The saturation of the electron current is due to the density reacting to biasing the probe,
which leads to a depletion of density in the flux tube connected to the probe tip if V >> 0
according to the relation n*(y)/ng = exp(wa*fb(y)/Z) that follows from the model.

* This density effect is caused by the limiting influence of diffusion on the cross-field current:
There would be no saturation of the electron current if D, = « correspondingto e’ =9 =0.

» ltis a typical non-linear effect which does not affect the vicinity of the floating point:
That is why s, depends on C" only.

» Pin-plate probe experiments [5] give evidence for this behaviour of both ® and n.
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Fig. 3. Examples of calculated I-V-characteristics (normalized). Two families of curves (left and right) corresponding to two
electron-current saturation lavels.

3.3. Resistive Case (Linearized Treatment) in Slab Geometry
For reasons of feasibility, the equations have been linearized (V,®, and In{n/ng) treated as small
quantities), which yields the floating-point slope of the /-Vcharacteristic only. 2-D probe equation:

C*2L282_(D + 7*232 a—z-(-?- =0 *2 = 1‘/2 _...gji_..
x> ay? C*2 + 9%
Boundary conditions at the sheath edges:
=+L: -L— = D
X=+ —~ Y
x=-L: —L%%) = —y2 @ +y*2ve(a-ly|) = -y? @+ 72V (j)dk 2::“ -cos(«i—k)
Solution by Fourier transformation:
3 * X * X
®(x,y) = !Idk - sin cos(xk)
& ko ¥ il il K ool il K a
0 **Sh "—*—k + ¢ch ——*k Sh‘“-;' + =”*C:h —:k
| Cy C C C Cy c
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The result is the floating-point slope according to the. first-order relation

a
p(V) = eng cséfdv[V—fb(y)] :
0

. ) . sh[zc;; kJ + *ch[zc”* kJ 2
p _ BNpCs S(C*,y*) —1- -2-J'dk 3} a sm2
dVp |- -0 Te/e L K 2y K oy K
o= 1+ o shl ——k +20**Ch C*k
H ¥

s (C% )

A =g

Fig. 4. Normalized floating-point slope of the I-V-characteristic as a function of the para-
meters C" and ¥. The dependence of the latter on T, is exemplified by the broken line
which corresponds to a realistic case (JET puise No 31627 at 15.855 s - see Fig. 5).

4. EVALUATION OF EXPERIMENTAL DATA

Objective: Find a realistic value of T, by using

Experimental Data Theoretical Relations Calculations of Parameters
Torthodox _ o+ 9Vp s(C*,y*) o2 _ 72252 42
€ P dlp =0 . miTe (Z+(0’CXV>/<O'|'V>)
_ Sa ﬁ,C* 83 13,0 T -2
ion saturation current density ( ) ( ) 32 = 5,262 Z(Um) (jp/Acm™)

(ToleV)*2

S*(ﬁ,C*,v*)approximation
' ¥ by marginal estimation (see below)

n . g +
saturation current ratio fp / Ip
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s{C* (T ), v (T
and solving T, = ( (Te) 7 ¢ e)) Torthodox for T, .

- SH(9,C(Te) ¥ (Te)) ©

Note that the measured }} has to be looked upon as engcg S™ (effect of density rise).

4.1. Upper Limit for T,
Set © = 0 and obtain

St =1 c*'=C

-
H

-
]

—2>

4.2. Lower Limit for T,
Derive two overestimated values of & from

(i) measured saturation-current ratio | /I;; by setting

2

2 .
timated
b S5 _ ‘3\/1'*"2(‘3/0*) _ - overestimale with respect to the

- - (unknown) resistive version

I+ +
p

S0 exp{(ﬁ/c*f[ 1 ~1H « underestimated

So( (ol

(it) classical diffusion coefficient D| =n(Tg +T;/ Z)/(Bch) (take n=ng to be save) by using

take the smaller one and obtain

C* = R+ 2T IZTs) 4 =yCfNRee?  r=if{sT[ecT)

As can be seen, this procedure requires some self-consistency loops.
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5. RESU LTS Distance to.separatrix (cm)
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Fig. 5. Upper (solid) and lower (dashed) fimits for T, in Fig. 6. T,”" (solid fine) contrasted with upper and lower
dependence on T,”"**™ Parameters of probe No 21 in JET  limits of Ts (full and open circles) for probe No 21 in JET
pulse No 31627 at 15.855 s {i," = 7.3 Ader?, upper curves)  puise No 31627 during separatrix sweeping in a dense
and 15.885 s (j,' = 18 Alen?’, lower curves). divertor plasma prior to detachment.

6. CONCLUSIONS

1.

Ordinary non-ambipolar fluid theory [3,4] can provide a basic understanding of /-V-character-
istics from probes in a magnetic field, including very small values of the ratio of saturation
currents |, /I;

The resistivity of the plasma becomes crucial in dense and cold divertor plasmas which, if

ignored, causes too-high electron temperatures to be derived from measured /-V-character-

istics.

The resistive version of the simple 100%-recycling model with B =const. can deliver

drastically reduced electron temperatures which seem to be not unreasonable in the light of

code predictions {1]. ‘

The quantitative results presented have to be regarded as preliminary only for a number of

reasons:

* Retaining the model! itself, improvements are necessary with respect to (i) using cylindri-
cal geometry, (i) finding empirical rules of choosing suitable values of L (effective
connection length), (iii} solving the nonlinear version of the model to provide the theoreti-
cal saturation current levels.

* Beyond the 100%-recycling model, which is far from reflecting the actual situation in a
divertor SOL, it is most crucial to take account of (i) magnetic shear, (ji) pre-existing
plasma currents and cross-field drift motions of the plasma, (iii) profiles of T,, n, and neu-
tral density along B.

Ultimately, a biased Langmuir probe ought to be treated as an integral part of the scrape-
off layer as a whole, described in terms of non-ambipolar fluid theory.
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‘rlelivrn and Neon Transport
Experiments at JET?

M von Hellermann, K Barth, A | Bickley, D Campbell, U Gerstel,

J de Haas, D Hillis', L Horton, A Howman, R Kénig, L Lauro-Taroni,
C Mayeux, P Nielsen, W Obert, G Saibene, M F Stamp, D Stork,

M Wade', K-D Zastrow.

JET Joint Undertaking, Abingdon, Oxfordshire, OX14 3EA, UK.
' ORNL, Oak Ridge, Tenessee, USA.

l. Introduction

The confinement and transport behaviour of fully stripped helium representing the fusion ‘ash' is of central
interest for the operation and design of future fusion devices. In the pumped divertor phase of JET,
dedicated helium transport experiments were carried out based on edge and central (beam) fuelling.
Exhaust studies involve the use of argon frost on the divertor cryo-pump in order to achieve active
pumping of helium. Charge exchange spectroscopy measurements are used to monitor the evolution of
helium density profiles. Transport and exhaust of neon and nitrogen was investigated in radiative divertor
experiments,

ll. Helium Confinement and Exhaust Studies

1
The helium content N, ={dV ny. (p) added by the short (0.1s) gas-puffs is of the order 2 to 3.1020 (or
0

5% of the total plasma particle content). Particle replacement times are experimentally determined by the
measurement of the volume integrated impurity density profiles (He, Ne, N) and the temporal evolution of

¥ fdV ng(p)

inward and outward radial particle flows: *p = A- (Tout ~ i)
in

pulse |comment PNBL |Ip |ne(0) Ne{0) Te(®) |puff  |Ar- T; TE
MW MA (101%m-3 11018m-3 eV |att(s) Ifrost (sec) |(sec)

33333 |ELMyH-mode [105 [2.0 [5.0 2.1 50 (140 |yes [5-10 [0.25

scan of x-point

33476 |L-mode 50 2.0 |35 1.8 35 145 no [>11 lo.24

33994 |L-mode 13.0 2.0 (35 4,2 40 1150 iyes |4-7 [0.25

33995 |ELMy H-mode |40 120 [4.0 3.4 3.0 150 |yves [>12 |o.4s

34324 (ELMy H-mode (4.0 2.0 [4.0 1.5 30 150 |no [>22 |o.64

Table | Overview of piasma data in representative helium edge puff experiments with active argon frost
pumping (divertor target tites are graphite).
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Typical 1; values for helium are of the order 8 to 15s (H-mode) in the case of active argon-frost pumping,

compared to 20 to 30s in the case of no argon-frost (Fig.1). Corresponding values for L-mode confinement
are approximately half the values of the H-mode case. The observed alpha particle replacement times
exceed energy confinement times tg, which are of the order 0.3 to 0.5sec, by more than a factor of 20 (H-
mode, argon-frost) and 10 (L-mode, argon-frost). The L-mode evolution of the helium content (no active
helium pumping) (Fig.ta) is decribed by a sharp decrease after the gas puff settling to a level which is
determined by the recycling level. Time dependent variations of the particle replacement time following the
initial pump phase indicate saturation effects in argon frost pumping. Sweeping of the x-point and the
location of the strike zone with respect to the pump duct leads to significant changes in deduced particle
decay rates (Fig.2). Wall pumping does not appear to play a significant role and no obvious difference is
found between exhaust rates in pulses following extensive helium glow-discharges.
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Fig.1 Decay of total alpha particle content in the case of no Ar-frost for a) H-mode, b) L-mode and active
Ar frost pumping, ¢} H-mode d) L-mode.
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Fig.2 a) Particle content and b) variation of replacement time in the case of sweeping of x-point and strike
zone position. The decay rate reaches a maximum ( or 1; a minimum) at a position close to the corner

points of the divertor. Next to no pumping is observed when the strike zone is on the vertical target plates.
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Il Neon exhaust in radiative divertor plasmas

Distinctively lower particle replacement times are observed in the case of neon gas-puff experiments (see
table I1), which were carried out as part of divertor radiative cooling studies. Similar to helium the H-mode
particle confinement time r’l‘, is about 2 to 3 times the L-mode case. Fig.3 shows the rapid decay of the

Ne10+ content following a puff of 200ms. Neon particle repalcement times are about 5 to 10 times the
energy replacement time.

pulse |comment PNBI [Ip inel0) NNe(0) [Te(0) jpuff |z}, TE
MW IMA {1019m3 HO17m3 keV latl(s) |geq) f(seC)
32778 |ELMy-H-mode i18.0 (3.0 [5.0 1.1 5.0 165 |55 0.38
33958 |L-mode 10,0 2.0 |3.0 2.0 45 155 |16 0.20
34372 |L-mode 140 (2.0 |25 1.6 5.0 15.0 [1.5 0.26

Table | Overview of plasma data in neon edge fuelling and exhaust studies in L- and H-modes
i8
19
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Fig.3Total confined neon content and its replacement time in L-mode and H-mode

lll. Helium exhaust studies at radiative divertor

pulse

comment

PNBI

ne(0)

NHe(0)

Te(0)

puff

* T

Ip Tp E

MW IMA 1019m-3 |1018m-3 |keV jatt(s) (sec) |(5€0)

35452 |ELMy-H-mode [5.5 [2.0 [3.0 1.6 40 (150 [10 [0.26
35458 |ELMy-H-mode (7.0 [2.0 [35 2.0 45 150 [15 10.27
35460 |L-mode 25 20 25 3.0 45 [150 [4 055

Table Itl Overview of plasma data in He edge fuelling and exhaust studies in L- and H-modes (Be-tile)
IV. Experimental transpdrt data derived from gas-puffing experiments

Diffusion coefficients and convective velocities may be derived from particie flows and gradients vn,
measured during the period of density perturbation following a brief plasma edge gas puff. Neglecting
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source and sink terms, which is justified in particular during high replacement with a much reduced
particle transport across the magnetic separatrix, for core radii ( p<0.9) and ion temperatures well above 1

keV, values for diffusion D and convection velocity v may be derived from a plot of normalised particle flow

versus normalised gradients ( Tz ~DE3—+ vz ).
n n

z A

The key issue for particle transport experiments is the deduction of focal particle densities from
spectroscopic measurements, this involves the unambiguous extraction of a Jocal jon velocity distribution
function. Substantiai progress has been achieved in the last experimental campaign at JET by the
simultaneous measured of carbon and helium CX spectra. By imposing the ion temperature deduced from
CX CVI the uncertainties in the analysis of the Hell spectrum ( 'plume' effect etc.) can be much reduced.
Additional proof is provided by results from high resolution X-ray spectroscopy measurements of Tilp
=0.4). Systematic errors in deduced helium densities profile gradients are introduced by error propagation
in neutral beam density calculations which depend on the electron density, magnetic field configuration,
geometry and the actual impurity composition. The main instrumental errors affecting directly transport
data are errors in the relative calibration of each radial channels ( the JET CX diagnostic uses up to 11
channels for the reconstruction of a radial density profile). To overcome the instrumental graininess of the
profile smooth functions ( polynomial, spiine, analytical) are fitted to experimental data. Similar smoothing
procedures are applied for the deduction of time derivatives. The error bars on the experimental data
include both statistical and systematic errors. The error propagation for gradients and particle flows as
deduced from the spline fits are shown in Fig.4 with values for D and v as derived from the slope and
interception of flow versus gradient.
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Fig.4 The characteristic behaviour following a short (0.1s) He puff into the plasma into an H-mode is an
instantaneous increase and subsequent fast decay at the outermost channels, and a slow increase at the
plasma centre reaching steady state after 300 to 500 msec. The radial profile changes from a flat to
parabolic profile before the puff to a distinctively hollow profile immediately after the puff and finally to
steady state profiles which are similar to the electron density profile.
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bars.
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B) Neon transport studies
Neon density profiles (similar to the intrinsic impurity carbon) are generally hollow (both in L- and H-mode)
and convection velocities are directed outwards for the major part of the profiles.
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Fig. 8 Neon, carbon and electron density profiles measured by CXRS and LIDAR respectively in a H-
mode Ne gas puff experiment.
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Fig.9 Deduction of neon transport data in L-mode confinement phase.

V. Beam fuelling experiments

A few experiments were performed comparing edge and core fuelling of helium making use of the two
neutral beam boxes at JET one acting as a source of high energy neutral helium and the second as
diagnostic beam. The wave form of the two beam banks was selected to provide approximately constant
input power to the plasma. Similar as in the edge fuelling case one CX instrument was dedicated to the
measurement of CVI ion temperature profiles and the second to the simultaneous measurement of the
fuelled impurity (helium) and intrinsic impurity (beryllium). Two exampies, representing H-mode and L-
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mode, show characteristic profile forms and temporal evolution (5). In contrast to gas fuelling at the
plasma edge, the particle sources for beam fuelling are well defined and established by numerous
consistency checks. For example the total injected particle content can be verified by beam current data,

and source rate profiles determine sensitively beam-thermal neutron rates which is independently
measured.
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0.1s. b) time traces of helium density, NB| power and particle content.
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A preliminary analysis of helium beam fueiling results shows that the re-distribution of helium is very fast
and profiles similar to those of the electron-density are reached in H- and L-mode in less than 100msec,
that is on a time scale which is comparable to the time corresponding fast particle reach steady state

conditions.

Conclusion

Edge and central fuelling experiments were performed in the JET divertor phase. Active pumping was
achieved by deposition of an argon frost layer on the divertor cryo-pumps. The present assessment of
observed helium exhaust rates indicates that substantial work needs to be carried out to achieve
acceptable values of T; which are tolerable for a burning fusion reactor. The observed replacement time
of helium is of the same order or in excess of the NB pulse length and the resuits presented here need to
be taken with a grain of caution.

Transport data deduced from experimental profiles of helium, neon and nitrogen seeded divertor plasma
are currently evaluated.
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Modelling the Neutralisation
and Energy Distribution

Function of MeV lons during
cormbined ICRF and N

rleating in JET

A ] Stuart, S C Dalla, L-G Eriksson, A Gondhalekar.
JET Joint Undertaking, Abingdon, Oxfordshire, OX |4 3EA, UK. '

1. INTRODUCTION:

Impurity Induced Neutralisation (IiN) of hydrogenic ions [1], introduced to model the flux of MeV
energy atoms emitted by JET plasmas during hydrogen minority ion cyclotron resonance
frequency heating of deuterium plasmas (D(H) ICRF heating), is applied to analyse combined
D(H) ICRF and deuterium neutral beam injection (NBI) heating in JET, During high power D(H)
ICRF heating, when 80-140 keV NBI was applied, simultaneously (i) the ICRF driven proton tail
temperature T, was observed to decrease slowly, (ii) a reduction in the proton density n, in the
tail took place, and {iii) a deuteron distribution was created with energy 0.25<E(MeV)<1.1 during
NBI heating. These measurements suggest the inference that during NB! the RF power available
for fundamental frequency heating of proton minority decreases, that a share of the ICRF power
goes to second harmonic heating of the high energy deuteron species, and that the share of the
power to beam deuterons is enhanced by depletion of protons relative to deuterons in the
plasma centre.

We test this hypothesis by applying IIN modelling and modelling of hydrogen minority ICRF
heating to the measurements. To this end we present (i) measurements of hydrogen and
deuterium fluxes, using a high energy neutral particle analyser (NPA), showing the behaviour
mentioned above, (i) an outline of the IIN model and a tabulation showing its application to the
above data in order to deduce the energy distribution function f(E) of the ICRF driven protons and
deuterons, (iii) modeliing of the Stix energy distribution function f(E) for the experimental
conditions with the aim to test the conjecture that ny /np decreases during NBI.

2. EXPERIMENTAL SETUP AND MEASUREMENT OF EVOLUTION OF HYDROGEN FLUX :

Measurements were made with the NPA located at the top of the torus with its vertical line-of-

sight intersecting the ICRF resonance and the oct.4 NB at the plasma centre. The measured
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Fig.1: Deuterium plasma with B, =3.2T, |, =4.7MA, n, (0)=3-
6x10” m*® , and Z,,=2. RF power at f=51.4 MHz, in dipole
antenna configuration, was applied for D(H} ICAF heating at
the plasma centre. NBI deuterium was applied at 80keV in
oct.4 and at 140keV in oct.8. The last trace shows evolution
of 0.36 MeV hydrogen flux received by the NFA from tha
plasma. '
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Fig.2: Hydrogen flux IT'y(E) recaived in the eight channels of
the NPA spanning 0.29<E(MeV)<1.1. The increase at =12
s is due to NBI raising the number density of electron
donors which are either {H] ions or the beam atoms them-

selves.
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hydrogen flux T'y(E) is due to neutralisation of
ICRF driven protons with v, / v, >2x10?, their
banana tips lying on the line-of-sight and
within the ICRF power deposition region. Thus
I'4(E) and inferred f,(E) are representative of
the plasma core region. Fig.1 shows evolution
of ICRF and NB! powers, T,(0) and T'y(E) in
one NPA channel. As expected, ['y(E) arises
with application of ICRF and is amplified due
to increased electron donor density when NBI
is applied at t=12s. However I'(E) decays to
zero at t=13s whilst ICRF and NBI are still
applied. Fig.2 shows that such evolution of
['w(E) occurs at all energies. We show in the
following that this is due to a combination of
reduced plasma transparency for the exiting
high energy hydrogen atoms and reduced
ny/np due to NB! induced dilution and/or
transport. Fig.3 shows deuterium flux, I'p{E),
demonstrating that when NBI is applied, ICRF
power is channelled to second harmonic
heating of high energy beam deuterons.
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Fig.3: Evolution of deuterium flux I'p(E} at E=0.36 MeV
during combined ICRF and NB! heating. Notice that I'p(E)
arises only when NBI is applied. Low energy thermal
deuterons are unaffected by the ICRF; only beam
deuterons are heated.
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3.DEDUCTION OF f.(E) FROM MEASURED FLUX, ['4(E), USING IIN MODELLING:

Agents for neutralisation of MeV energy protons are hydrogen-iike [H] ions of the main impurities
in JET plasmas, carbon and beryllium{1]. Populations of such [H] ions are sustained by charge
exchange with deuterium atoms present in the plasma due to recycling, NBI, and NB halo. When
the NPA line-of-sight intersects a NB contributions due to direct CX with beam and halo atoms
also arise. Then,

f(E) = T4(E) / { PJ(E) x&(E) }  where
Py(E) = <6 V32, Ny + <0 V> Ny + <6 V> Ny + £ <0 vsT Ng + <G V> Ng

e(E) is plasma transparency for the exiting high energy hydrogen atoms and P,(E) is the total
proton neutralisation rate. P,(E) is the sum of rates due to: charge exchange with thermal
deuterium atoms, beam atoms, halo atoms, different species of [H] impurity ions q; and
recombination respectively. Densities n, for C* and Be* are computed in a steady state,
infinite, homogeneous plasma with characteristic parameters of the plasma centre using
measured densities of C® and Be* and using a statistical balance formalism for ionisation
equilibrium between impurity nuclei and [H] ions. Only collisions with electrons and neutral
deuterium are considered; minority species are assumed to have no effect on the ionisation
balance. Hydrogenic impurity ions created in octant 8, 9m away around the torus, may migrate
to octant 4 and, in a similar way, those created in octant 4 by cx from NBI may leave the region
viewed by the NPA: we denote the corresponding coupling coefficients by ¥g Ys.

An investigation has been performed using a collisional-radiative model [2] modified to inciude
the effects of electron transfer from ground state deuterium atoms (D°(1s)) to carbon nuclei in
order to determine the relative density of excited states of C** with respect to their ground state.
The 2s metastable state has a relative density of 2-7x10°, the remainder having much lower
densities. An estimated ratio of the cross-section for electron transfer from 2s compared with 1s
of 16 implies that the contribution to the flux from excited states is at most 0.2%.

The background thermal deuterium atom density ny is the only free parameter in this model. ltis
deduced by matching f,(E) at two close time points either side of a controlled increase of neutral
density by NBI, and assuming that f,(E) does not change during this time. In #35266 the best fit
between the two deduced distribution functions is given by nyq = 10 m?,

Table | shows details of calculation of P,(E) and £(E) at E=0.36 MeV at four different time points
in the pulse shown in fig.1. From such calculations the energy distribution functions for protons
shown in fig.4 and for deuterons shown in fig.5 are constructed. 121




Table I
Central plasma parameters:
electron density, n,(0) [10'° m™]
electron temperature, T.(0)[keV]
average plasma ion charge, Z

best fitted thermal deuterium density n, (0) (m™)
neutrai density from octant 4 NBI at 80 kV:

full energy component, n, ( 10" m™)

half energy component, n, ( 10" m™®

one third energy component, n, ( 10" m™)
neutral density from octant 8 NBI at 140 kV:

full energy component, n, ( 10 m®) .

half energy component, n, ( 10" m?)

one third energy component, n, { 10" m?)

density of beryllium nuclei ng, ( 10”7 m*)
coupling coefficient from octant 4 NBI: v,
coupling coefficient from octant 8 NBI: v,
density of hydrogen-like beryllium ng, ( 10" m*)

density of carbon nuclei ng ( 10" m*)
coupling coefficient from octant 4 NBI: v,
coupling coefficient from octant 8 NBI: y,
density of hydrogen-like carbon ng ( 10" m?)

P, - neutralisation rate per 0.36 MeV proton (s™)
due to recombination with free electrons ( 10 s™)
due to cx with [H] beryllium ions ( 107 s™)

due to cx with [H] carbon ions { 107 s™)

due to cx with deuterium atoms (10 s™)

Total P, (10°s™)

€ - escape probability for 0.36 MeV hydrogen atoms

measured 14(E=0.36 MeV) ( 10" m%keV 'st"'s™)
deduced f,(E=0.36MeV) ( 10" m2keV st
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Fig.4: Deduced experimental ICRF driven proton energy
distribution function f,(E), integrated along the NPA line-of-
sight, at four time points t= 11.9s, 12,158, 12.5s, and 12.85s.
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Fig.5: Experimental energy distribution function of second
harmonic ICRF driven deuterons, f5(E). This is deduced by
the method shown in section 3. fo(E) is averaged over the

f.(E) at t=12.15s has been matched to that at 11.9s by period 12.0<l{s)<12.5.

adjusting the thermal deuterium density in the plasma: ny =
10"° m® was determined this way It is assumed that
between 11.8s and 12.15s the proton distribution in the
plasma does not change. Nofice that untit 12.5s5 the tail
temperature of the distribution function remains nearly
constant and thereafter reduces sfowly The hydrogen
minority density in the tail above 0.3 MeV continuously
decreases.

4. MODELLING OF ENERGY DISTRIBUTION FUNCTION OF THE ICRF DRIVEN PROTONS
USING STIX'S APPROXIMATE ANALYTICAL. THEORY:

The energy distribution function was modelled for the experimental conditions using the Stix
theory [3] which calculates a flux surface and pitch angle averaged distribution f,(E) in the
zero-banana-width approximation. f,(E) was calculated on several flux surfaces and an integral
along the NPA line-of-sight constructed, corresponding to the measurements. This procedure
was carried out at several time points close to those of the measurements shown in fig.4. The
ICRF power deposition profile P4(r) required as input for the Stix calculation was computed using
the PION-T code {4] in which the effect of NBI was simulated by rapidly increasing the deuteron
majority temperature from measured T, = 4 keV before NBf to 30keV during NB heating. This
caused reduction of ICRF power available for hydrogen minority heating due to increased
absorption at second harmonic of deuteron ion cyclotron frequency. Using Py(r) computed with

constant ny /np = 0.1 during the heating the modelled f,(E) gave tail temperatures strongly
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decreasing with time. This behaviour, shown in fig.6, is contrary to the measurement which
shows nearly constant T, until 12.5s and then a slow decline. A better correspondence of
modelled f;(E) with measurements was obtained when n,, /ny was allowed to linearly decline from
0.1 to 0.03 during 12<t(s}<13. This result in corroboration of the notion of declining ny /ngp is only
of qualitative value because: (i) while the NPA measures fo(E) for ions in a narrow pitch-angle
range around /2, f(E) is pitch-angle averaged, (i) the Stix model is valid in steady-state while
the experimental conditions are transient with P.(r) varying on a time-scale shorter than the
slowing-down time of the measured ions. These weaknesses may be overcome by using the

time-dependent PION-T code in which the Fokker-Planck equation is solved without using the
approximations of Stix.
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Fig.6: Result of simulation using Stix's model. The required
input of radial profile of ICAF heating power density
available to hydrogen minority, Pu(r), was computed using
the PION-T code with ny/ny = 0.1. The resulting Stix
distribution f,(E) shows rapidly declining tail temperature, in
disagreement with the measurement shown in figure 4.
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4]

. SUMMARY:
1. The Impurity Induced Neutralisation model has been used to deduce the energy distribution
function of ICRF driven protons and deuterons during combined ICRF and NBI heating.

2. Thermal deuterium density in the plasma centre of 10'> m? is determined with estimated
uncertainty a factor of three.

3. Sharing of applied ICRF power between proton minority and NB injected high energy
deuterons is observed. -

4. In order to model the measured evolution of proton tail temperature during NBI it is
- necessary to invoke steady reduction in ny /np due to beam induced dilution and/or transport.
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ABSTRACT

Runaway electrons up to few MeV energy have been detected in the plasma current ramp-up of
JET low density ohmic discharges, by measuring the emitted perpendicular hard X-ray
bremsstrahlung radiation.

A diffusion model, simulating the temporal evolution of the line integrated hard X-ray signals, has
been used to obtain the runaway radial transport coefficient in the central region of the plasma
(/a<0.5): D,~0.2 m?%s.

The data allow a lower limit to be set on the level of radial magnetic field fluctuations in the plas-
ma core.

INTRODUCTION

The diffusion of runaway electrons in tokamak plasmas provides useful information for
understanding the mechanisms involved in anomalous particle transport.

Both electrostatic and magnetic turbulence theories have been considered in order to explain the
anomalous transport; runaway electrons are particularly suited to testing magnetic turbulence as
they closely follow the magnetic field lines.

So far, the runaway diffusion coefficient has been measured in several tokamaks by using differ-
ent methods and typical values are in the range D, = 0.05-1 m%s (see [1] for a review).
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The runaway electron measurements described in this paper have been performed during the
start up phase of JET ohmic discharges in the 1994 campaign. |

The discharge parameters were: n, ~ 0.5-1.5 x 10'° m®, 1.=1-1.6 MA and B~2.75 T.

Three sets of instruments have simultaneously detected the X-ray bremsstrahlung emission
(perpendicular to the magnetic field) of runaway electrons:

- the collimated fast electron bremsstrahlung (FEB) monitor, with 10 horizontal and 9 vertical
channels [2], sensitive to X-rays in four energy windows from 133 keV to 400 keV (such
cameras replace the neutron detection cameras in the neutron profile monitor when LHCD
studies are in progress);

- the X-ray spectromester, having a vertical central line of sight;

- the hard X-ray monitor scintillators, viewing at the plasma on the equatorial plane.

Both the spectrometer and the scintillators are sensitive to photons above 200 keV.,

EXPERIMENTAL DATA

A typical time trace of the line integrated X-ray emission (“photon brightness”) from the FEB
central vertical detector (channel 15, energy window = 133-200 keV), is shown in Fig.1 for shot
29586, together with the LIDAR electron density, the plasma current, the loop voltage, the hard
X-ray and neutron emission.
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Fig.1: Time traces of plasma current, loop voltage, LIDAR electron density,
FEB channel 15, hard X-rays and neutrons (discharge 29566).
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The signal starts at t ~ 0.2 s after the beginning of the discharge, it increases up to a maximum
at tiea~1 s (toeak=time of maximum signal in the central chord) and then it decays to almost zero
level at t~4 s,

The same behaviour is shown by the X-ray spectrometer, whose spectra also indicate an aver-
age electron energy of roughly 2 MeV (Fig. 2).
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Fig.2: Bremsstrahlung spectrum measured by X-ray spectrometer at ..

The most interesting feature of the FEB data is the different time evolution of the line integrated
signals in different chords (see Fig.5).

The maximum in the measured X-ray emission is reached progressively at fater times in the edge
chords than in the central ones.

The effect is present on both cameras and is symmetric with respect to the plasma magnetic axis
(vertical camera) and the z=0 cm plane (horizontal camera).

The brightness data are converted to the local X-ray emissivity through a 1-D inversion algorithm.

The code (ORION) uses a minimisation procedure which fits a trial FEB emissivity radial ?Egﬁie.




It is found that the emissivity radial profiles, initially peaked, tend to flatten with time (Fig. 3).

The local X-ray emissivity di/dvdtdh (in W/makeV) can be expressed by the approximate relation:

dl hv
— =Cn n,Z - = 1

where h is the photon energy, N, the runaway electron density, Z., the effective ion charge and C
a constant.

Ton is the “photon temperature”, a parameter related to the energy distribution function of the
electrons and also depending on the photon energy interval in which is evaluated [3].

Ton @s obtained both from FEB and X-ray spectrometer data, shows an initial increase, but after
toeak it remains constant at ~160 keV (Fig.4).
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Fig.3: Photon ternperature vs time.

130



The values of the toroidal electric field, responsible for the electron acceleration, obtained from
the experimental Vieop @re in accordance with those calculated by means of the transport code
JETTO: from initial values at the edge of the plasma of ~0.25 V/m, E, decreases to 0.04 V/m at
toeak (the Dreicer field at this time is: Ey~1V/m); E, at the centre is a factor of 2 lower. The main
production and acceleration of runaways takes place in the interval 0.2-1.0 s, as is also indicat-
ed by the rise of Ty,

These results suggest the following picture: a beam of fast electrons may be produced in the
plasma central region during the initial low density ( ~10'® m™®) phase of a JET ohmic discharge.

The electrons are accelerated by the electric field above the critical energy and enter the run-
away regime.

As the runaway production stops (at t peak When Vi, < 1.5 V), the radial X-ray emission profile
broadens, indicating an outward diffusion of the electrons which finally hit the vessel walls (note
the peaking in the signal of the X-ray monitors at t ~ 5 s in Fig.1).
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Flg.4: Time sequence of normalized inverted FEB emissivity profiles.
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DIFFUSION MODEL

A diffusion model in cylindrical geometry has been used to simulate the time evolution of the
X-ray bremsstrahlung brightness.

The equation governing the process is the following:

ng(rty 13 ne(rt), o
o o5+ S @

The simulation starts at toeax @nd the subsequent electron dynamics has been assumed to be
only determined by diffusion.

Moreover, as the runaway production strongly decreases after teaks the source term S, has been
set equal to zero.

The critical energy is increasing after toeaks therefore a low energy fraction of the fast electron
distribution is progressively slowed down and no longer contributes to the X-ray emission. As this
collisional slowing down effect is neglected in the model (i.e. the observed decay of the FEB
signal is assumed to be due to diffusion only), the determination of the diffusion coefficient using
eq. (2) is an upper limit .

The code uses the time traces of Z,; and n, to calculate, for each FEB line of sight, the photon
brightness to be compared with the experimental one.

The initial n, used in eq. (2) has been determined by means of eq. (1). The Zy (whose radial
profile is assumed constant with radius) has been taken from the visual bremsstrahlung

diagnostics and the n, from LIDAR.

The analysis has been restricted to r/a < 0.5, where Ton is almost flat and constant in time (the
exponential factor in eq. (1) can be set equal to a constant).

132



At the edge, where E; is higher, we should have an increased electron acceleration which, in turn,
should produce higher X-ray emission and Ton however, this effect on Ty, is not apparent due
to the large error bars .

The diffusion equation has been solved using a flat D,.

The best agreement between the b‘redicted and experimental photon brightness is found with D,
~ 0.2 m?/s (fig.5), for discharge 29586.
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Fig. 5: Comparison between measured and simulated (smooth curves) time
traces of photon brightness for FEB channels no. 15, 16, 17, 18, 19 in dis-
charge 29586: D,=0.2 mf/s is used.

Depending on the discharge, D, can vary in the range 0.14-0.21 m%s.

This diffusion coefficient refers to electrons having energies in the range 0.2-2 MeV and is con-
sistent with results from other tokamaks [1].

133




DISCUSSION

The determined radial transport coefficient D, can be used to set a limit on the level of
fluctuating radial magnetic field (b,) in the plasma core.

Using the relation [4] D, ~qRu(b,/B,)?, in which q is the safety factor, R the major radius and u the
electron velocity, it is found that (b/B,) ~ 6*10° (discharge 29586).

This is only true if the runaway electron diffusion is due to magnetic turbulence.

Under such an assumption, it also follows that magnetic turbulence cannot be the main cause of
thermal electron transport in the plasma centre, as (with y, evaluated for discharge 29586 by
means of power balance calculations) we get D/, = 0.07-1, while the theory predicts a much
lower ¥, (according to [5] we should have D/y, ~ ulvyy, ~ 13).

On the other hand, electrostatic turbulence might reconcile both thermal and runaway experi-
mental diffusion coefficients: the predicted ratio of D, to ¥, (given in this case by D/ye ~ Vi/u) is
marginally consistent with the measured value, but at the same time a high value of the electric
field fluctuation is needed: ~5 kV/m.
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OVERVIEW SUMMARY

The main goals of the JET program include maximising d-d (and d-t) neutron production and
fusion Q. Several operational parameters are involved in this optimisation {subject to technical

constraints).

* neutral beam trajectory, beam energy and
power, beam particle current (16 PiNis);

» plasma axis height and MHD equilibrium
(imposed by limiter and divertor shapes),

» plasma particle density & profile (subject to
beam deposition, gas puffing, recycling);

» beam power step down (related to energy
confinement).

The JET neutron profile monitor (Fig.1) is used
to interpret the effects of these parameters, by
measuring the spatial distribution of the
neutron emission.

Extreme conditions are considered to highlight
effects on neutron production. Topics consid-
ered are: beam deposition; plasma axis shift;
the effect of density profiles.

Neutron production is examined in high perfor-
mance plasmas, including those with power
step down, to determine the sources and
methods of optimisation.
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Fig. 1: The viewing channels are shown of the JET Neutron
Emission Profile Monitor - Upgrade Version, with channels
1-10 in the Horizontal Camera and 11-19 in the Vertical
Camera. Channel separation is approximately 0.2 m in the
plasma centre.



BEAM DEPOSITION »

To investigate the extremes of beam trajectory, two plasma discharges were compared, both with
the same MHD equilibrium, with the magnetic axis at 0.3 m above the machine mid-plane. Fig.2
shows the equilibrium at time 12.6 s, with the beam trajectories. The PINI identification numbers
are shown at the beam path exits.

In #33398, PINIs #5, 6, 7 and 8 are used from both the 80 keV (plus #1 and #4) and 140 keV
(plus #1) injector box, chosen preferentially near to the plasma axis.

In #33420, PINIs #2, 3, 4 and 5 are used from both the 80 keV (plus #1 and #8) and 140 keV
(plus #7) injector box, chosen preferentially far from the plasma axis.

Pulse No; 33420 at 12.59s and PIN! No, Neutron fine— integrated emission at 12.65
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\ . \ ," 7 /, Fig.3: The line-integral neutron rates in channefs 1-10,
e measured by the horizontal camera are shown at 12,6 s for
/ #33398 and #33420, resulting from optimum on-axis and
off-axis neutral beam trajectory. The vertical camera chan-
nels show a similar pattern of an intensity reduction and
// . flattening in the central three channels in #33420.
2 | V | §
2 3 ! ) The line-integral neutron rates measured by

R {m) the horizontal camera at 12.6 s are shown for

Fig.2..MHD Equilibrium of #33420 at 12.59 sec in the JET : ; ;
Pumped Divertor Upgrade configuration, The Neutral both dlSChargeS n Flg.3. The channels

Injector beam trajectory paths and PINI (Positive fon ~ measuring off-axis neutron emission show
Neutral Injector) numbers are shown. similar rates, but the profile is slightly broader
for #33420, and the chord passing through the axis measures 50% lower. The vertical camera
channels show a similar pattern of an intensity reduction and flattening in the central three
channels in #33420. Tomographic inversion of the data from both cameras shows that the axial
neutron emissivity is a factor of two lower in #33420 with off axis injection.

However, the global properties of the two discharges, shown in Fig.4, are nearly identical in
stored energy, slow roll-over behaviour, ELM-free period, and global neutron yield, with peak
global rates of 1.92 compared to 1.71x10'° neutrons/sec in #33398 versus #33420. The conciu-
sion is that performance is reiatively insensitive to beam trajectory.
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Fig.4: The neutron emission rate from fission chambers, stored energy from diamagnetic loop measurements, the D-alpha
light measured along a vertical chord just outside the divertor, magnetic fields fluctuations measured by a coil at the
boundary with an 8 kHz filter, and neutral beam injected power are displayed for (a) #33398 and (b) 33420. The global
parameters are very similar.
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PLASMA AXIS SHIFT

 The magnetic axes of divertor plasmas are typically 0.3 m above the machine mid-plane, but
were shifted vertically during an “axis-scan experiment” to investigate the effects on neutral beam
deposition and neutron emissivity profiles.

The selection and trajectory of the 16 individua! Positive ion Neutral Injector (PINI) beams was
also altered.

For a fixed trajectory of the beams, the altered confinement and stability properties (particularly
with regard to giant ELMs) of shifted plasmas (downwards from the typical position by 0.0-0.2 m)
dominated over beam deposition changes. There was a 50% decrease in global
neutron emission as the plasma axis was lowered, despite improved deposition, due to a
shortened ELM-free period in the altered plasma configuration.

DENSITY PROFILES
Two 4 MA plasmas with similar MHD configuration and stored energy (~ 9 MJ), but with different
electron density profiles were compared, #31893 and #32798.

In Fig.5, the electron density profiles for the two discharges are shown at times
corresponding to 1 sec after the start of high power beam heating at 18.2 MW. Due to higher
recycling level in #31893, the density is higher and hollow, compared to the peaked
profile in #32798.
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In Fig.8, the line integral neutron emissivities
from the vertical camera are shown at 1 sec
after beam heating begins. In #31893 with the
holiow density profile, the emissivity profile
FWHM of 1.1 m is much broader than in
#32798, with 0.8 m, indicating that the beam is
being preferentially trapped away from the
plasma axis. Beam deposition calculations
indicate that the high power 80 keV beams are
being preferentially trapped at the plasma
edge. The total emission rate in #31893 is
lower (as is the peak line integral) at
1.4x10"°n/s compared to 2.3x10"n/s.

In Fig.7, the contributions to the neutron rate
calculated from CXRS measurements, their
total, and the fission chamber measurements
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Fig.6: The line integral neutron emissivities from the
vertical camera channels 11-19 are shown at 1 sec after
beam heating begins. In #31893, with a hollow slectron
density profile, the emissivity profile FWHM (1.1 m) is much
broader than in #32798 (0.8 m).
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Fig.5: The electron density profiles for #31893 and #32798
are shown at 1 sec after the start of high power beam
heating at 182 MW. Due to higher recycling level in
#31893, the density is higher and hollow, compared to the
peaked profile in #32798.
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Fig.7: The contributions of 80 keV and 140 keV beam-
thermal and thermal fusion to the neutron rate calculated
from CXAS measurements, their total, and the fission
chamber measurements are shown for #32798.

are shown for #32798. After 1.0 sec of beam heating, the beam-thermal (adding both beam
contributions) neutron rate is comparable to the thermal rate. Similar proportions are found in
#31893, but the CXRS measurements are less accurate near the plasma axis, since the beam

penetration is reduced.

An important contribution to the reduction of neutron rate in #31893 is the strong beam trapping
at the edge. Since the thermal emission is a feature of the plasma core, the beam ions

deposited near the edge do not contribute, raising the axial ion temperature. Additionally,
beam ions trapped near the edge in a region where the electron temperature is 1-2 keV
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contribute a much lower beam-thermal neutron emission per ion than those trapped near the
axis.

Furthermore, the initial rate of rise in #31893 of the neutron emission rate is about half that in
#32798. Modelling of the initial rate of rise of the neutron yield in #31893 indicates an initial deu-
terium fraction ny/n, of 0.5, contributing to a reduced rate of neutron production despite beam
fuelling with pure deuterium. Contamination is more deleterious at high plasma target density,
since the fraction of contamination compared to beam deposited deuterium is higher than with
low initial density.

HIGH PERFORMANCE PLASMAS

Recently, discharges in JET have produced global neutron rates exceeding those of previous
years, for example 4.8x10"°n/s in #33643, a High Flux Expansion 4 MA plasma with 18.5 MW of
beam heating. The neutron rate, stored energy, and plasma density all increase continuously for
about 1.3 sec with full power beam heating.

Pulse No: 33643

The neutron emissivity profile at this time is at13.3s ;

shown in Fig.8, as determined by tomography ,-"’lf 2 ¥
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rable to the ion thermal fusion rate calculated %ﬁf&i‘ﬁ% .

from ion temperature measurements. The
global yield seems also due predominantly to
thermal fusion. (The axial neutron emissivity A
exceeded by about 25% that of #26087 from  Fig.g: The 2-D neutron emissivity profile (detsrmined by
1991, which had 15 MW of heating into a tomography from the neutron profile monitor) is shown in

#33643 after 1.3 sec of full power beam heating.
larger volume.)

The implication of these results so far are that optimisation of the fusion output is strongly
related to optimisation of the thermal fusion yield, in the presence of not too high density profiles.

This hot ion ELM-free H-mode discharge was terminated by a sawtooth crash, and a giant ELM
at the plasma edge.

BEAM POWER STEP DOWN

In order to maintain a discharge at a high performance level in a quasi-steady state condition,
the plasma density and stored energy need to approach steady state conditions while
maintaining a high rate of neutron production.

One method of achieving this is to reduce the beam power and its associated fuelling rate. The

best results were obtained using a power step down by eliminating 80 keV beamsl,35md




predominantly retaining 140 keV beams, which have a low particle fuelling rate per MW delivered

(and a high beam-thermal fusion rate per ion).

Under the lowest wall recycling conditions and
with the in-vesse! cryopump operating, the
plasma volumetric density increase is equal to
the beam fuelling rate, both before and after
power step-down.

In #34236, high-performance, quasi-steady
state operation was achieved, with an equiva-
lent d-t fusion Q maintained above 0.5 for 1
sec, approximately the energy confinement
time, as shown in Fig.9, using a simple approx-
imation of the equivalent fusion Q in a d-t plas-
ma, Q~2.5x10"° (NeutRate/BeamPower).

The rate of density rise is slower after step
down, and the neutron rate and stored energy
are nearly constant. Nevertheless, the slow
increase of energy and density finally lead to
a discharge terminating ELM. The ion temper-
ature is also approaching the electron temper-
ature. The discharge remains ELM-free during
this time.

CONTRIBUTIONS TO STEP DOWN
NEUTRON PRODUCTION

In Fig.10, the count rates from horizontal
neutron camera channels 5-9 are shown for
#34236. At power step down, the outer
channels are unchanged, but the central
channels show a drop before reaching a new
steady state.

in Fig.11, the time dependent measured
global neutron yield is shown, together with
calculated global yields based on Charge
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Fig.9: The neutral beam power, D-alpha light, global neu-
tron rate, line-average electron density, stored energy from
dfamagnetic look measurements, and the central ion and
electron temperatures are shown versus time for #34236, a
beam power step down experiment.
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Fig.10: The count rates from the horizontal neutron camera
channels 5-9 are shown for #34236, Al power step down,
the outer channels are unchanged, but the central
channels show a drop before reaching a new steady state.

Exchange Recombination Spectroscopy measurements of ion temperature and density. Shown
are the 80 and 140 keV beam contributions separately, the thermal d-d contribution, and the total.
The total agrees with the measured neutron rate evolution. Most of the neutrons are produced
by thermal fusion. At step down, since the high current 80 keV PINIs are preferentially turned off,
their beam-thermal contribution becomes negligible. It should be noted that the fusion Q thus
calculated during this period is more representative of the steady state Q values for reactor
extrapolation, since the energy and confinement times are nearly in steady state.
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Fig.11: The contributions of 80 keV and 140 keV beam-
thermal and thermal fusion to the neutron rate calculated
from CXRS measurements, their total, and the fission
chamber measurements are shown for #34236. Most of the
neutrons are produced by thermal fusion.

At 13.15 s, the time of maximum fusion Q,
tomographic inversion of the neutron camera
data has been used to calculate the local 2-D
neutron emissivity profile shown in Fig.12. The
maximum emissivity is 1.7x10"°n/m%. In
Fig.13, the calculated CXRS 1-D neutron
emissivity profile is shown at the same time.

The axial values are the same as shown by
the tomography, and the integral totals are the
same. The emissivity is dominated every-
where by thermal fusion.

STEP DOWN TO LOW BEAM POWER

In Fig.14, the results of step down from 16.4
MW to 45 MW are shown for the 4 MA
plasma #33106.

Pulsa No: 34236
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Fig.12: The 2-D neutron emissivity profile (determined by
tomography from the neutron profile monitor) is shown in
# 34236 at 13.15 sec.

Pulse No: 34236 at 53.17s—
CRXS Calculated neutron emissivity profile
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Fig.13: The 1-D neutron emissivity profile calculated from
CXRS is shown at 13.15 sec for #342358. The axial
emissivity is the same as in the neutron tomography profile.

The stored energy stayed nearly constant for 0.5 s, and the plasma was ELM-free. The energy
confinement time increased from about 1 s before step down to 1.5 s after the step down, with
10 - 11 MJ of stored energy. The plasma loss power is only 6 MW, compared to the beampower
of 4.5 MW (and negligible ohmic heating). The fusion Q increased briefly above 1,] 4r?lnd




slowly decayed to 0.7. The rate of density
increase was slowed. It is encouraging that
ELM free H-modes can be maintained with a
low loss power.

CONCLUSIONS AND DISCUSSION

Beam Trajectory:

Neutron production is relatively insensitive to
variations of beam trajectory (the plasmas
studied remained in the hot-ion H-mode). The
altered neutron emissivity profiles within the
plasma cause only a 10% reduction in the
integrated total emission.

Density Profile:

Hollow and high density profiles reduce the
plasma ion temperature and broaden the
neutron emissivity profile. The global emission
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Fig.14: The neutron emission rate from fission chambers,
stored energy from diamagnetic loop measurements, the
D-alpha light measured along a vertical chord just outside
the divertor, fusion Q factor, and neutral beam injected
power are displayed for #331086.

is reduced by 40% in the specific example
chosen, due to the reduced temperatures, strong beam trapping at the edge, and an
initially low deuterium fraction.

High Performance:

In hot-ion ELM-free H-modes in the present JET configuration with the highest neutron
production, and especially with beam power step down experiments, the d-d neutron production
by thermal fusion significantly exceeds the beam thermal contribution.

Beam Step Down:

The plasma stored energy and neutron rate in the Hot-lon ELM-free H-mode in JET are limited
by various MHD instabilities (see Hender et al; Smeulders et al, this EPS conference) and not by
maximum power.

Once the plasma enters the ELM-free Hot-ion H-mode via high power beam heating {to rapidly
increase the density and ion temperature), the H-mode can be maintained with a step down to
low input beam power at the plasma loss power level, near the L-H transition threshold of about
5-10 MW at a medium plasma density of 4-6x10'°’m™. Enhanced fusion Q can be obtained at low
beam power in quasi-steady state.

In present experiments, ELM-free plasmas with beam power step down are only quasi-steady
state, not maintained because of the (slow) residual density increase, approximately equal to the
(strongly reduced) beam fuelling rate. The problems associated with this density increase are:
beam trapping near the plasma edge; ion temperature reduction; instability or H to L transition.
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Quasi Steacdy State Advanecad
Tokamak Scenarios in J2T

C D Challis, B Balet, V Bhatnagar, | C M de Haas, L-G | Eriksson, M Gadeberg,
C Gormezano, C W Gowers, ] A How, G T A Huysmans, S Ishida',
W O K Kerner, M ] Loughlin, F G Rimini, G ] Sadler, A C C Sips, A Tanga,

B D Tubbing, D ] Ward
JET Joint Undertaking, Abingdon, Oxfordshire, OX14 3EA, UK.
' JAERI, Naka Fusion Research Establishment, Ibaraki-ken, Japan 311-01.

INTRODUCTION

It is thought that a steady state tokamak reactor will need a substantial fraction of the plasma cur-
rent to be provided by the neoclassical bootstrap effect. To achieve this requires that the poloidal
B be significantly greater than unity which, in turn, requires good energy confinement without the
use of very high plasma currents. It is likely that such a plasma would also have to achieve 3 =3
(Bn = BraBy/l, in %mT/MA) if very high toroidal fields are to be avoided. Experiments have been
performed in JET with the demanding aim of simultaneously achieving these conditions, high f,
high confinement and high By, in steady state. The investigation of the characteristics of plasmas
in this domain, the so-called ‘Advanced Tokamak Scenario’, is necessary to assess the
prospects for steady state reactor concepts.

RANGE OF EXPERIMENTAL CONDITIONS IN 1994/1995

parameter range
Iy 1.0 - 2.0MA
By 1.0-3.4T
Qos 3.0-11
triangularity up to 0.45
Pheating up to 28MW
theating up to 7secs
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ACHIEVEMENT OF QUASI STEADY STATE CONDITIONS

High B, plasmas before the JET pumped divertor [1] (eg: #25264 in Fig 1)

ELM free H mode plasmas

very high confinement — Hyrgrge .p ~ 3.7 (ITERBIL-P scaling ref [2])

modest fast ion content in ELM free phase (= 10% of plasma stored energy)
large bootstrap current (= 70% of plasma current)
uncontrolled density rise in ELM free phase

B collapse with density fall associated with large ELM

High B, plasmas in the JET pumped divertor configuration (eg: #32847 in Fig 1)

pe

Da (a.ul)

*

ury

- N O = N WO

ELMy H mode plasmas

high confinement ~ HrgpagLp = 2.0

large fast ion content in ELMy phase (= 30% of plasma stored energy)
moderate bootstrap current (= 50% of plasma current)

density steady in ELMy phase

no B collapse

Pulse No: 25264 Pulse No: 32847

20

O

B

I
P (MW)

=)

T

pe
>m

alli%aN

JG89.268/116

a 0
E <ng> (x10'9 m-9) 3 <ng> (x1019 m9)
- 2 -
i 1 -
0
;- 2
a8 1
) 10 KT 13 0
Time (s) Time (s}

Fig.1: Comparison of two 1MA/2.8T pulses #25264 (1991) and #32847 {1994),
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APPROACH TO THE ADVANCED TOKAMAK DOMAIN
A notional advanced tokamak domain, representative of steady state reactor concepts such as
SSTR [3], is illustrated in Fig 2. The operating regime is constrained by:

» the need for significant bootstrap current — lower bound on f,
+ toroidal field coil technology — upper bound on q (at current required for ignition)
* plasma stability — upper bound on By

High values of B, have been achieved in JET (see Fig 2)

*» upto 2.8 athighq
e upto2.0atgy=5

However, the bootstrap current (estimated for the thermal pressure alone) is below that required
for a steady state tokamak (2 70% of the plasma current).
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257 Fo=—===y o
|Advanced V' o _ &, S
ITokamak l ¢ : ’
| Domain | . A
2.0 et- W
' e F ‘. ® o
I .é . . ®
Bo15f ",' L L
b o C Y LY |
1 '..l"’ ‘ [ ]
1.0 "J .-" [ J .. % *
2 *e
' ‘;' 'y [ ] ]
05f . F
i ® 1994/5 data g
Py & Typical 1991 data |3
o i 1 ] ] ] i 1 jul
0 2 4 ] B8 10 12 14

Fig 2. B, (measured using a diamagnetic ioop) plotted against gys.
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ACHIEVED VALUES OF j,

An upper bound on the achievable values of B is shown in Fig 3. This limit is calculated for
plasmas with:

* plasma current = 1MA
*  Hireregoip S 2 (representative of the stationary piasmas in this dataset)

where the maximum additional heating power used was either full NBI heating at low g or com-
bined RF and NBI heating at high q.

At high values of q, the plasma performance and hence the value of Bn, has been limited by the
plasma confinement and available additional heating power. At ggs < 4 confinement degradation
has been observed in some cases which is suggestive of a giobal B limit.

Upper bound for;
o 21MA

1—_

Co

O Peak value
# Stationary >1 second
l !

0 2 4 8 8 10 1

rs JGO5.268/4C

0

Fig 3: By (measured using a diamagnestic loop) plotted against qgs.
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ACHIEVEMENT OF HIGH By AT qq5 = 3

Figure 4 shows an example of a plasma with t, = 1MA and By = 1T which apparently reaches a
global B limit. The neutral beam heating power is increased in three steps. The total plasma
stored energy increases at the first two steps, but at the third step no significant further increase
is observed. Hirgrgg . decreases at the highest power step coincidentally with an increase in the
frequency of the ELMs. '

The equilibrium flux contours for this pulse are also shown in Fig 4. The plasma is characterised
by
* ‘ITER-like’ configuration — Qg5 = 3.1
— elongation = 1.65
— triangularity = 0.2
* high By (= 3.8)
* large fast ion stored energy (= 40% of the total plasma stored energy)
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Fig 4: Time evolution of a plasma at 1MA/1T (qss = 3.1) together with a plot of the equilibrium flux contours.
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ACHIEVEMENT OF HIGH By AT qos = 5

Figure 5 shows an example of a plasma with 1, = 1MA and By = 1.4T which shows no indication
of a global B limit. This plasma achieves the same value of By as that in Fig 4 despite the higher
toroidal field. This is due to the degraded confinement in the lower field case.

The equilibrium flux contours for this pulse are also shown in Fig 5. The plasma is characterised
by

* ‘steady state tokamak’ configuration — g5 =4.7
- elongation = 1.7
— triangularity = 0.4
* high By (= 3.8)
* high B, (=1.8)
» high confinement (HrgpgoLp = 2.2)
» moderate fast ion stored energy (= 30% of the total plasma stored energy)
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Fig 5: Time evolution of a plasma at 1MA/1.4T (qes = 4.7) together with a plot of the equifibrium flux contours.
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LONG PULSE EXPERIMENTS

Long pulse heating has been applied to plasmas at high B, to assess any long timescale effects
on confinement and stability due to the redistribution of the toroidal current.

Figure 6 shows an example of a plasma at |, = TMA and 1.4T with:

e f,=15
* fBu=30
* an additional heating pulse length of 7 seconds

which reaches stationary conditions for the duration of the heating pulse.
The timescale for the redistribution of the current profile in these discharges is illustrated in Fig 7

by a TRANSP [4] simulation with typical plasma parameters and assuming that the heating

power were maintained until the plasma current reached a stationary state. The simulation indi-
cates that:

» the core current density becomes stationary after 10-15 seconds
+ the peripheral current density essentially becomes stationary after 2-3 seconds

Pulse No: 31829
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Fig.6: Time evolution of a long pulse experiment at Fig.7: Time evolution of q at different radii extrapolated to
1MA/1.4T. steady state for a typical plasma.

149




CONCLUSIONS

* Quasi steady state conditions approaching those required for a steady state reactor have
been achieved in ELMy H mode plasmas for pulse lengths up to 7 seconds. The following
plasma parameters have been achieved simultaneously:

pulse 31829 33580 32879
Bp 1.5 1.9 1.8
Bn 3.0 3.3 3.8
HiTeRsaL.p 2.0 2.2 2.2
Qss . 45 6.0 4.7
Pheating (MW) 13 18 18
theating (S) 7.0 3.5 1.0

* An apparent global B limit has been observed at By = 3.8 with gy = 3.1. Similar values of Bn
were obtained at gg5 = 5 but it is not possible to establish whether a B limit has yet been
reached with the available heating power.

* The fast ion stored energy in these plasmas is up to 30% of the total plasma energy due to
the high additional heating power and the density control by ELMs.

* The plasma current density in the plasma periphery has essentially reached its equilibrium
value. Therefore, any effects on stability arising from the presence of finite edge bootstrap
current density in these plasmas might reasonably be expected to be manifest on the
timescale of the experiments.

* The timescale for redistribution of the plasma current profile in the plasma core is still longer
than the heating pulse length of these discharges.

REFERENCES
[1] C D Chaliis, et al., Nucl Fusion 33(1993) 1097.
[2] P N Yushmanov, et al., Nucl Fusion 30(1990) 1999.

[3] M Kikuchi, Nucl Fusion 30(1990) 265.
[4] R J Goldston, et al., J Comput Phys 43(1981) 61.
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Density Scaling
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of the Fl-mode

Power Threshold in JET
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JET Joint Undertaking, Abingdon, Oxfordshire, OX14 3EA, UK,

INTRODUCTION

One of the crucial issues for the design of ITER is to establish field, size and density scaling of
the power threshold. This is why the ITER Confinement Database and Transport Expert Groups
have asked JET, DIII-D, ASDEX-U, JT60-U, COMPASS, C-MOD, JFT-2M and PBX-M to carry out
a series of experiments in a given ITER-like configuration with qgs =3. This paper presents the
results obtained on the JET tokamak using both NBI and RF heating.

EXPERIMENTAL PARAMETERS

» edge safety factor qg5 = 3 corresponding in
JET to: 1MA/1T, 2MA/2T, 3BMA/3T

* triangularity 8 = 0.15

+ aspect ratio R/a=3 £ 0.3

¢« jon VB drift towards the target plates
(positive)

+ heating scheme: D° into D NBl and H
minority ICRF

« single null X-point standard JET fat
configuration with X-point height =25cm

« plasma equidistant from inner and outer
walls, distance =8 cm

s density: increased by gas puifing and by
controlled NBI fuelling

« target plates material:
Beryllium

* Ccryopump: on

Carbon and

Pulse No: 33470

Volts

O = N W

10°m=2
-9 o W

27

25
time (seconds)

21

Fig.1 Transition into H-mode for a discharge in the

database.
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In addition some RF-only H-modes were obtained at SMA/3.1T and 4.8MA/3.4T with Beryllium
divertor target material. They indicate a reduced power threshold with ICRF heating alone,

RESULTS

This presentation shows threshold curves as groups of L-H transition data-points for different /By

values. In ali the pictures the dimensions of the markers give an estimate of the uncertainty in
the measurements.

Density dependence
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Fig.2 Dependence of the H-mode power threshold Pror on Fig.3 Dependence of H-mode power threshold, expressed
the volume averaged density as net power flux flowing through the separatrix Puner On
the volume averaged density

The power threshold can be expressed in two ways:

* as total power coupled to the plasma Pror= Pnei + Poum

= as net power flux flowing through the separatrix Prer= (Pror —dWp,, /dt— PRIk )/ S

where S=140m? is the plasma surface area.

* The threshold has an approximately linear dependence on <n.>, especially when expressed
in terms of Pygr.

* Significant departure from linearity for the 3MA/3T data at low density, especially in Fig.2

* Analysis is in progress to estimate the amount of shine through of NBI (up to 20% of Pyg).

* In the high density range an instability localised in the divertor region appears, the analysis
of which is reported at this Conference [1].
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Comparison with the ITER scaling and regression analysis
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Fig.4 The ITER scaling for the H-mode power threshold is
within 50% of the JET 1995 threshold database.

* The ITER scaling
PTOT/S=0'O44 <Ng> Bt
is well within 50% of the JET data.
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Fig.5 Non-linear regression analysis showing the
dependence of the power threshold on density and
magnetic field <n,> is in units of 10" m™®, while B, is in
Tesla

* 3MA/3T series shows a clear (outside error bars) deviation from the linear scaling both at very

low and at very high densities.

* Non-linear regression analysis indicates that the dataset follows a scaling law of the type:

Pror = BH® <, 5074

consistent with results from other tokamaks [2]. Although regression analysis reduces the
spread of the data, the 3MA/3T data at low density still deviate from the fitting.
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Fig.6 The fransition into H-mode as seen from the plasma
edge by the FIR interferometer at R=3.75m

The line integrated edge density /n, dl along a
vertical line-of-sight at R=3.75m can now be
measured in JET using both the KG1
interferometer and the LIDAR Thomson
scattering diagnostic. The high resolution of
the FIR interferometer diagnostic allows to
study the L-H transition at the plasma edge
(Fig.6). The accuracy of the measurements is
ilustrated in Fig.7.

Pner at the plasma edge

s P,cr depends on the edge /n, dl roughly
linearly for the 2MA/2T and 3MA/3T series,

» 1MA/T series seems to show a much
weaker dependence

* not so evident B, scaling.
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Fig.7 The edge line integrated density has been accurately
measured at R=3.75m with both the KG1 and LIDAR

diagnostics.
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Dependence of the edge electron temperature T,, on the edge density

(keV)

edge T,

Electron temperature at the plasma edge, T.,, is measured with both the high resolution
heterodyne radiometer and with the LIDAR Thomson scattering diagnostic.

Edge T, is roughly proportional to B? (suggesting the importance of Larmor radius)

Not very clear edge density dependencs.
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Fig.9 Edge T, measurements taken with the KK3 Fig.10 Same as Fig.9, but the measurements were taken
heterodyne radiometer for B,=2,3T at R=3.6rn with the LIDAR Thomson scattering diagnostic for

B=1,2,3T at A=3.75m

Neutrals flux at the divertor

Pressure gauges positioned in the divertor [2,3] allow measurements of the neutrals flux to
be taken.

Data shown have been obtained with the gauge at the opening of the cryopump.

Cryopump affects the measurements in the sense that the absolute values of the fluxes are
lower than those measured with the other gauges. However the gauges signals are
proportional (see Fig.11), and results are consistent if the same gauge is used.

Preliminary results:

A lower limit exists, around 10?' particles m? s, below which no data exist: this is determined
by minimum fuelling requirements for plasma formation.

The dependence of Pygr on the particle flux is somewhat weaker than that with the edge
[ngdl, and at high flux all three data series seem to asymptotically tend to the same

enveloping curve.
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Volts

The particle flux itself depends on the edge | neldl (see Fig.13): future analysis will aim at

finking the flux to recycling conditions in the scrape off layer independently of the edge
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density.
The B, scaling is here much clearer than in Fig.8.
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Fig.11 The L-H transition as seen from the divertor pressure
gauges. In the figure PG25 indicates the gauge at the
cryopump (the one used in the present analysis), while
PG23 js located below the X-point private region [2,3].

Results: comparison between Carbon and Beryllium divertor target tiles

particle flux  (10%2 m™2s™)

Fig.12 Pngrplotted against the neutrals flux measured with

gauge PG25 (at the cryopump).

The experiment has been repeated for selected discharges after the change of the divertor

target tiles from Carbon to Beryllium.
* As far as the data obtained so far are concerned, no significant difference was found in the

power threshold. |
* At 3MA/3T and high densities no Beryllium data are presently available for comparison.
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Fig.13 Example of dependence of the neutrals flux on the Fig. 14 Comparison of the density dependence of the H-
edge density for the 3MA/3T data series. L-H transition mode power threshold for Carbon and Beryllium target tiles
data-points and steady-state L-mode points are used to and for RF-only H-modes (on Be tiles).

identify the threshold,

CONCLUSIONS

Pror and Pygr vs <ng>:
the dependence is roughly linear, although at low densities the 3MA/3T data deviate from
linearity. RF threshold seems lower.

Database well within 50% of ITER scaling, but deviations exist for low and high densities.
Regression analysis:
PTOT o< 82'19 < ne >0.74

Puer VS edge n, d! ;
approximately linear dependence. Not clear scaling with the magnetic field.

Edge T.. ,
- roughly proportional to B2, indicating the importance of Larmor radius scale length.

Pner vs particle flux:
mildly non-linear dependence, tending asymptotically to an enveloping curve at high flux.
Dependence on B, is roughly linear.

C vs Be target materials: no significant difference as far as the data obtained so far are

concerned.
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FURTHER REMAINING ANALYSIS

* Investigate further relationship between Pner and edge parameters like T, not included in the
present analysis.

* Establish fink between L-H transition and recycling conditions at the edge, to which the
measurements of particle flux are linked.

* If possible, study the relationship between L-H transition and plasma rotation.

* Compare H-mode formation using different additional heating systems (ICRF and NBI} and
clarify the conditions for low power threshold with RF.

* Continue statistical analysis of database.

* Compare experimental results with current leading theories on H-mode formation.

* Release the database for public use and its inclusion in the ITER threshold database.
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INTRODUCTION AND SUMMARY

‘Normal' NB Several observations of correlated ion energy
\%; N and toroidal angular momentum confinement

during neutral beam injection (NBI) have been

reported. For example, it was found on

Ks4 ASDEX that toroidal momentum and energy
Multichord flre optcs  replacement times were similar [1] with 1
Tangential® N8 approaching ¢ for values above 60 msec. On
TFTR it was found that ion and momentum dif-
fusivities are equal in L-Mode discharges [2].
At JET, correlation between central rotation
frequency and ion temperature has been
observed [3]. It was also found that combined
neutral beam and radio frequency (RF)

7 // T \W heating resulted in a reduced central angular
// 7 g/}/l//ll / é frequency [3,4], whilst slightly improving the

012345 . ‘Normal' NB
[ S -

m

energy confinement [5]. In this paper we study
the decay of the toroidal angular momentum
after NBl in JET and compare the results with
the behaviour of the replacement time during
NBI. During NBI, when the global energy
content is dominated by the ions we find that
Fig.1: Lines of sight of the high resolution X-ray crystal the energy replacement time is equal to that of

spectrometer (KX1) (located in the geometric midplane of the angular momentum. The angular

the torus) and the mu{ticﬁord visible charge exchange momentum decay time after NB!, when the
spectrometers (KS4) viewing the upsteered tangential

beams in Octant 8. global energy content is dominatelcé9 by

Detector




electrons, is up to 30% larger than the energy replacement time. In contrast to combined
heating we find no evidence for stronger deterioration of momentum than energy confinement in
discharges with RF heating only.

MEASUREMENTS

Toroidal angular velocity and toroidal angular momentum density
The toroidal angular velocity, ©, is derived from Doppler shift measurements using a high

resolution X-ray crystal spectrometer and active visible charge exchange spectroscopy (see
Fig.1).

The charge exchange recombination spectrum of C**+D-» C*® (8—7) is observed at 10 positions
along the upsteered bottom neutral beams in Octant 8. Radial profiles, expressed in terms of the
normalised minor radius, p=r/a, are constructed assuming the angular frequency to be constant
on a flux surface by projecting the intersection points of the lines of sight with the neutral beams
along the corresponding flux surfaces into the outer half of the magnetic midplane (see Fig. 2).
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Fig.2: Radial profiles of toroidal angular velocity @ (top) and Fig.3: Comparison under steady state conditions % toroidal
angular momentum density! (bottom) of C*°(a) and Ni***(w)  angular velocity measurements of C*® and NI at the
(JET-#32969, 52.5 sec) same value of {p) (see Fig. 2).
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The resonance line w of helium-like nickel (Ni**%) is observed along a line of sight in the
geometric midplane of the torus, i.e. 20-30 cm below the magnetic axis. The impact parameter
of this line of sight with respect to the torus axis is Ry=1.82 m. The corresponding effective
normalised minor radius of the helium-like nickel emission shell, <p> , and its width, o(p), (see
Fig. 2) are calculated from the projected radial profiles of electron temperature and density using

a coronal equilibrium model for the fraction of helium-like nickel, f(Ni*°), and for the emissivity of
the resonance line, ¢, as

+26
o Pwal Nf(Nu+ )-né-ew-R

PN =7 P dR
4 2 2
. 2
0)=PLia(p)= |22 - (p)
Po Po

The relative accuracy, due to photon statistics, of the derived angular velocity, is Aw=1-2 krad/sec
for both diagnostics. The reference wavelength for the Doppler shift of the visible spectrum is
provided by a diode pumped Nd-YAG Laser (A= 532 nm). The achieved accuracy of the absolute
level is about 5 krad/sec. The time resolution of the visible spectra is typically 50 msec.

The reference wavelength of the X-ray spectrometer was determined from a comparison of the
derived angular velocities from both diagnostics under steady-state conditions (see Fig.3). The
uncertainty of the absolute level is about 10 krad/sec. The time resolution of the X-ray spectra
varies in the range 30-120 msec.

The toroidal angular momentum density (see Fig.2), £, is calculated using the local electron
density as

€=mD-ne-m-(H2+~;—r2) (2)
where R is the major and ris the minor radius of the flux surface on which o is measured. The
mass contributed to the plasma by each electron is the mass of deuterium, mp, independent of

Z., since the major plasma constituents, i.e. H, *He and '?C, have nuclei with equal number of
neutrons and protons.
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Angular momentum slowing down time

Directly after the neutral beam power is turned off, the toroidal angular momentum density
measured with the X-ray crystal spectrometer is first observed to decay in an irregular manner
(typically for about 0.2-0.5 sec). For most discharges, this is followed by a phase of exponential
decay (see Fig.4). The first phase reflects the change of the radial profile from driven steady state
to source free profile.

We assume that after this phase the profile decays exponentially as a whole, and that the decay
time constant measured at p=<p>is representative of the global toroidal slowing down time. We
analyse this decay by performing a least squares fit of the data to

t) =L+ £ exp[-t-i]
Ty

3)
The start of the time interval, t, is determined by maximising the significance of the fit.
Furthermore we require that data of good time resolution (i.e. better than 1,/3) and statistical
accuracy are observed for at least three decay times, and that the plasma conditions during the
whole time, like plasma current, heating method, X-point phase etc., are constant. Discharges
where the decay appears not to be exponential are not included in the data base.
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Fig.4: Top: Toroidal angular velocity, », measured with X-ray crystal
spectroscopy. Centre: Derived toroidal angular mornentum density, £.
Bottom: Neutral beam and radio frequency heating power. (From JET-
#31898)

The best fit to the angular momentum density between t=56.03 to
59.07 is given by 1, =0.36 0.01 sec, see Eq. (3). During the same time
interval one would get 1,=0.43 £0.01 sec.

The energy replacement time for the same time interval is 1:=0.24
0.05 sec.
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Angular momentum and energy replacement time

During NBI we integrate the angular momentum density profile to obtain the total angular
momentum, L, of the plasma. The torque, M, exerted by the neutral beams on the plasma, is cal-
culated from an analytical beam deposition code, that takes the measured local impurity densi-
ties into account. Thus we obtain the globa!l angular momentum replacement time as

(4)

During NBI we integrate measured electron and ion energy densities to obtain the total thermal
energy, W,+W, From the beam deposition code, we also calculate the fast energy content, Wi
Thus we obtain the global energy replacement time as

We + Wi+ Wiagt

L P d(We+Wi+Wiag) ©)
dt

In this paper we restrict ourselves to quasi steady state conditions, dL /dt < 0.1 M and dW,,
/dt<0. 1P This is typically achieved after 0.5-1.0 secs of neutrai beam injection at constant beam
power. By this time the shine through of the neutral beams is only a few percent.

Outside the NBI phase only the electron energy density profile is available. The diamagnetic loop
measurements are not accurate enough as a measure of the stored energy just after the NBI
phase to derive the energy replacement time from them. We therefore approximate W, as
W, Ti(Ni*?°)/To(<p>).

Fig. 5 shows a comparison of W, with both methods. The good agreement during the NBI phase
between the simple approximation and the integration of the profiles is mainly due to the off-axis
measurement of the ion temperature of Ni*?®. There is no volume at p=0, and dV/dp increases
faster than linear with . Thus the main contribution to the thermal energy is in fact from volume
elements around p=0.3-0.5, where the measurement is performed.
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Fig.5: Top: Comparison of estimated stored energy using the single

point ion temperature (NI"%), with the result from integration of the

measured radial profiles of ion temperature (C’ §) and density. In both
cases the electron energy is calculated from the radial profiles of
electron temperature and density. Also shown is the calculated fast
jon energy. Bottom: Neutral beam and radio frequency heating
power. (From JET-#31894)

RESULTS AND DISCUSSION

A comparison of T, with ¢ is shown in Fig. 6 for discharges with and without radio frequency heat-
ing. Fig. 7 shows the corresponding comparison of 7, with 1¢. It can be seen that T, > g, i.e. with-
out neutral beam heating. There are no data with t¢ significantly farger than T, .

During NBI we find 1,= 1¢ within the errors of the measurement. The dominant driving terms, i.e.
neutral beam heating and toroidal torque, have similar radial profiles. Energy and toroidal
momentum are however subject to different internal and edge losses, i.e. energy transfer
between ions and electrons, radiation, ripple damping, and momentum transfer by charge
exchange. Nevertheless both replacement times come out the same, in agreement with the result
obtained on ASDEX [1].

In Fig. 8 we present the scaling of t¢/1, and 1¢/t , with (Wit Wiasr-Wo)/W,o. This quantity is nega-
tive if the plasma energy is mostly in electrons, and positive if it is mostly in ions. The latter is the
normal situation with NBI. From this figure we conclude that ¢ can at best approach 7, (and )
when the plasma energy (and thus the energy confinement) is dominated by ions, and that it is
smaller if the plasma energy is dominated by electrons.

164



0.8 0.8

L RF | O NBI
0 Ohmic @ NBI+RF

06 | 0.6
1_\ L

t,(sec)
Lo )
F N

t, (sec)
L o
-9

0.2 0.2

00 " 3 P | 1 H 1 O'O 1 i L ! 1 1 1

0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 06 0.8
T(sec) T (sec)

Fig.6: Time constant for exponential decay of the angutar Fig.7: Angular momentum replacement time during neutral
momentum density after neutral beam injection vs. beam injection vs. simulftaneously measured energy
simultaneously measured energy replacement time. replacement time.

There is no evidence of stronger deterioration of the confinement of angular momentum
compared to energy with combined neutral beam and RF heating within our data base, probably
since the RF heating power during NBI accounts for less than 10% of the total heating power
(see Fig. 9). Note, however, that the example shown in [5] was obtained at 1.8 MW of RF power,
compared to 15 MW of NBI power. When RF heating is the dominant heating power, it can be
seen that the energy replacement time without neutral beam injection degrades faster than the
angular momentum decay time. This is consistent with the relative increase of the electron
energy content of the plasma as shown in Fig. 8. An alternative explanation would be that there
is a torque associated with RF power [6]. This should affect the steady state value, £.., compared
to discharges without RF heating, which is not seen within our data.

it has been suggested [4] that the reduction of central angular velocity in combined heating
discharges is due to a coupling of RF power to the fast particles, scattering them into trapped
orbits where they would not contribute to the torque but instead to heating. This explanation is
consistent with our observations after neutral beam injection, i.e. that RF heating alone does not
reduce momentum confinement whilst simultaneously improving energy confinement.
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INTRODUCTION '

The JET machine was upgraded for the 1994/95 operational campaign by the installation of 4 internal

divertor coils, protected by arrays of Carbon Fibre Composite (CFC) tiles and a cryopump (Bertolini
1994), these all being toroidally continuous. The plasma volume in this new design is 20 % smaller.

In hot-ion H-mode high performance discharges an immediate difference was observed in the frequent
ELM behaviour compared with earlier operations in which the ELMs had to be actively induced through

strong gas-puffing, the use of hydrogen fuel or operation in high p regimes.
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Figure 1: DD reaction rale vs vertical Da intensily sorted by neutral beam  Figure 2: ELM free period vs vertical Da intensity sorted by plasma currrent

input power P (MW) for High Flux Expansion (HFE) and sfandard FAT | {MA}
configurations. Filled symbaols refer lo pulses with cryopump.
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Correlations have been found between the peak reaction rate achieved during a pulse (figure 1) and the

ELM free period (figure 2) with the particle influx as measured by the D, line intensity, this providing the

impetus for a study of the recycling behaviour in these discharges. Detailed modelling of the recycling is
being dealt with by McCormick et al. (1995).

VESSEL CONDITIONING

For the present campaign, the area of the vessel walls covered with CFC tiles has been reduced. The
metallic (Inconel) inner and outer wallis are protected by a number of poloidal belt limiters.

During operations, conditioning has been achieved by D and He GDC and the use of 2 or 4 Be
evaporators.

Botﬁ the baking (300 °C) and operating temperatures (250 °C) have been reduced from those used in
previous campaigns (350 and 300 °C, respectively), these being limited by the risk of possible damage
to the divertor coil epoxy. While an increase in the operating temperature to 320 °C improved |
conditioning, littie difference was observed with regard to the performance.

The divertor tiles are mounted on water cooled supports kept at 40 °C between pulses.

The divertor cryopump became available in August 1994 and the improvement in pumping is evident
from figure 1 which includes pulses with and without cryopump. A clear reduction in the particle influx
is normally observed when the cryopump is used (see also Saibene et al.).

Figure 1 also has data from some of the best high performance discharges run during the 1991/92
operations. The D, line intensity is comparable with measurements for the best pulses in the 1994/95

campaign.

CONFIGURATION

In the 1994/95 campaign, even when low recycling was achieved, only a change of the magnetic’

configuration from the ‘Standard FAT to a ‘High Flux Expansion’ (HFE) configuration allowed access

1o a high performance regime with reaction rates > 3.5x10'" 5. This change was due to improved

stability against ELMs as evidenced by an increase in the ELM-free period, this hardly exceeding 0.5 s
in the ‘standard FAT configuration.

Figure 3 shows the limited flux expansion that is possible in the ‘standard FAT' configuration.

Higher triangularities (figure 4) and elongations (figure 5) were achieved in the HFE configuration

which have a stabilizing effect on edge pressure gradient driven modes due to the higher edge shear
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(figure 6). Figures 4 to 6 show that although the optimization of these parameters was found

necessary for the achievement of long ELM-free periods, other parameters must be considered to

explain the wide range of performance subsequently achieved.
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BEAM DEPOSITION

¢ Of crucial importance in achieving high performance in the hot-ion regime is a low target density,

which in the present campaign, is limited by the maximum permitted beam shine-through. This is

iHustrated in figure 7, this diagram including all of the best 30 pulses of the current operations.

e A low target density requires a sufficiently low level of recycling. In pulses having the best conditioning,

the increase in the total D count corresponded to or could even fall below the beam fuelling rate.

Figure 8 illustrates two such low target density pulses, 33643 and 33680. In the latter the gradient of

the total deuterium content of the plasma approximately matches the beam fuelling particle flux. In the

highest performance pulse 33643, the pumping is so strong that the beam fuelling is insufficient and D

gas fuelling is required to maintain the plasma density. More usually in these hot-ion H-mode

discharges the density rise exceeded the beam fuelling rate by ~3-4x10%° particles/s.
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Figure 7: DD reaction rale vs line averaged target electron densily sorted by
plasma current | {(MA}. The solid lines mark the boundary of the operalional
space
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Figure 9.

a) Inverse peaking faclor of beam paricle deposition at start of NBI vs
horizontal D,. The peaking factor is defined as the ratic of the number of
particles deposiled between a nomalized minor radius of 0.0 and 0.55 fo .
those deposited between 0.55 and 0.85.

b) Ratio of initial to final peaking factars of beam deposition vs horizontal D,.
The initial vaiue is taken at the start of NBI; the final value is taken at the roll-
over of Rpp .

c) Ratio of initial to final n, peaking factors vs divertor D., The peaking factor
of n, is defined as the ratio of electron densily integrated between a major
radius of 3.35m and 3.25m to the elaciron density integrated befween a
major radius of 3.8 m and 3.65 m.

Figures sorted by peak Rop . V 8x10"°sRpp, O 6x10"sRpp<8x10",
O 4x16"<Ry,<6x10', O Rppeax10™.

« An extensive investigation of the effect of the particle influx on the beam deposition and n, profiles

showed no marked dependence, figure 9. The effect of beam deposition on the neutron emission

profiles is discussed by Marcus et al. (1995). A clear effect is seen on the neutron emission profile but

not on the total neutron yield.

« The evolution of the n, and beam deposition profiles are illustrated for the highest performénce pulse
'33643. This is a 3.7 MA discharge, with D fuel and 18.5 MW of D NBI. An overview of the plasma

parameters is shown in figure 10. In figure 11, it can be seen that, as n, rises, the beam particles are

deposited increasingly towards the plasma edge. The same behaviour is found for the power

deposition profiles.
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« This effect is summarized in the deposition profile ratios shown in figure 12 and 13 for the pulses
along the boundaries marked in figure 7. It is observed that the turnover in Rpp occurs at a ratio of
~2-3.

» The edge pressure gradients are determined from LIDAR n, and T, measurements and charge
exchange spectroscopy n; and T; data which come from a new high resolution edge diagnostic. When
data from reflectometry and hetrodyne ECE radiometry are available these are included in the
calculation of the pressure profile. The best available edge pressure gradients are shown for the same
pulses in figures 12 and 13.

« A correlation is observed between the duration of the threshold ELMs and the delay in the rise of the
beam deposition ratios. The longer this delay the more the terminating instabilities are postponed and
the h|gher the neutron yield. Among such instabilities, of particular concern in the present discharges
are the giant ELMs (Hender et al., 1995) and the slow rollovers (Smeulders et al., 1985).

» Choosing pulses at a constant target density, the threshold ELM duration shows a relation to the
particle influx as measured by D,,, figure 14, this being a possible additional explanation for the benefit

of low recycling in achieving high performance.

' v3.8<I(MA) In figures 15 and 16 a comparison is made for two
0.7} :
o ©3.3<1<3.8 ‘standard FAT discharges, pulse 32285 being run-
w I 02.8<1<3.3 _
< 06} ol<2.8 with the cryopump and pulse 32270 without. The
Q ’ ‘
"§ X & poorer resilience of this configuration to edge
g 051 %0 instabilities can be seen in the shorter ELM-free
r a
ol 0.41 e o period and more frequent ELMs than was observed
§ : bo © for pulse 33643 (figure 10). The cryopump leads to
o Q
0 0.3 the lower levels of D, intensities in pulse 32285
= - o)
" 0ol and this pulse aiso has a longer threshold ELM
S S S ST SO T W duration and a delayed build-up in the beam
0.4 0.5 0.6

D, (1018phlsm23r) deposition profile ratio. As for the HFE

configuration, the ratio reaches values of ~2-3 at
the onset of the terminating ELMs.

Figure 14: Duration of threshold ELMs vs vertical Da sorted by plasma
current | (MA), at constant target densily for pulses along dashed line of
figure 7.
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Figure 15: Comparison for standard FAT configuration pulses a) #32270 Figure 16: Electron densily profile evolution for standard FAT configuration 7

{without cryopump) and b) #32285 (with cryopump) of vertical Do intensily, pulses #32270 (without cryopump} and #32285 (with cryopump).
DD reaction rate, ratic of particles deposited betwesn normalized minor

radius p=0.7 and p=1 to those deposited inside p=0.3 and efectron + jon
pressure gradient at R=3.77 m.

CONCLUSIONS

The performance of hot-ion H-mode discharges depends crucially on the lowest target densities being
achieved, this requiring low recycling. Although no correlation has been found between the deposition of -
neutral beams and recycling, a tentative relation is suggested between recycling and the duration of the
threshold ELMs. These delay the unfavourable build-up of beam deposition in the plasma edge, which

leads to the onset of the terminating instabilities.

E Bertolini and the JET Team, Proc. 18th Symposium on Fusion Technology, Karlsruhe 1994, submitted
for. publication in Fusion Engineering and Design

T Hender et al., 1995, this conference

F Marcus et al., 1995, this conference

K McCormick et al., 1995, this conference

G Saibene et al., 1995, this conference

P Smeulders et al., 1995, this conference
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L D Horton, C G Lowry, A Loarte, RD Monkz, W Obert, A Rossi, R Sartori,
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JET Joint Undertaking, Abingdon, Oxfordshire, OX14 3EA, UK.
I Associazione Euratom-ENEA sulla Fusione, CRE Frascati, 00044 Frascati (Rome), ltaly
? Dept of Physics, Royal Holloway College, University of London, Surrey, TW20 0EX, UK.

1. INTRODUCTION

Active particle control is required for steady-state operation in a reactor. The study of the effects
of fuelling and active pumping on plasma properties has been one of the main topics of the JET
Mk | 1994-95 experimental campaign. The new in vessel divertor cryopump has been routinely
used to provide active pumping during plasma pulses. This paper presents an overview of the
experiments carried out to study and charactetise the influence of active pumping on the main
plasma and divertor parameters. Results are presented for pure Deuterium plasmas. The effect
of SOL flows on impurity penetration in the plasma is presented by HARBOUR (this Conference).

/
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Langmuir probes (, } /2 8
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Jiictaces s SUNG
SPANC T C'r’yopump
X [

lonisation gauges ‘.
1

Figure 1 : poloidal cut of the divertor region, showing the
location of the divertor cryopump and of the fast ionisation
gauges in the sub-divertor region. The rows of tiles in the
Mark | divertor are separated by gaps, accounting for
approximately 10% of the total area.

1. THE FUELLING SYSTEM

Gas can be introduced into the machine from

10 modules, individually controllable. Each

gas module feeds internal manifolds that pro-

vides a distributed source for the plasma.

« Two gas modules in the outer midplane

» Four modules at the top of the machine to
provide poloidally uniform fuelling in the
main SOL.

« Finally, four modules are in the divertor,
which fuel gas into the private fiux region
with toroidally uniform gas inlets.

+ The capability for D fuelling is of the order
of 5x10% D° 5™ steady state.
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2. THE PUMPING SYSTEM

* Active particle removal during plasma discharges is provided by a toroidally continuous cryop-
ump, located below the divertor plates (figure 1). The cryopump is operated at around 4.6 K
(supercritical He), therefore all gases but H, and He are efficiently pumped by cryosorption.

 The pump is equipped with internal nozzles to spray and condense Ar on the He panels, to
allow pumping of He and H; by cryotrapping.

* The effective Deuterium pumping speed of the cryopump on the vacuum vessel, including the
obstruction represented by the divertor modules, is about 160 m’s™". The speed of the pump,
measured near the LN shields, is higher, about 240 m%s™, or = 1x10°° atoms mbar’s™.

3. DEUTERIUM PUMPING DURING PLASMA DISCHARGES
3a. Particle removal in Q, L and H mode regimes.

Pulse No: 31725 -
@ ® » Due to the gaps between tiles in the Mk |
divertor target, particles are pumped for all
separatrix positions on both the horizontal
and vertical plates. The particle removal
rate varies only by a factor of two, for any
separatrix position (figure 2).

]

[\+]
-
Removal rate (1021 Ds—1)

Removal rate (1021 Ds~1)
F-9

[0 ] O T =+ | \ I 1 0
282 290 298 306 -170 -162 154 « Maximum pumping is obtained with the
{rik i ik i s . . s
Oy radus i Ot divertor strike point located in the outer

Figure 2: particle removal rate in atoms per second as corner of the target (the closest point to

function of the separatrix position, on the horizontal {a) and the cryopump).
vertical plates (b). Pulse # 31725, Z2MA, 2T. The sweep of
the separalrix is carried out over 10s.

The removal rate is directly proportional to the neutral pressure in the front of the cryopump. For
a given separatrix position, this pressure depends on the plasma density and confinement
regime :

« In Ohmic and L mode the pressure in the divertor increases with the plasma density

« In Elm-free H modes, both the D, and the pressure in front of the pump are lower, due to the
improved particle confinement. Typical pressures in these cases are around 5x10™* mbar.

* However, higher particle pumping is observed during ELMy H modes. In the ELMy phase,
pressure bursts in the divertor are measured 10ms after the D, spikes. The integral particle
removal associated with giant ELMs can be of the order of 1-2x10'D°, that is of about 30% of
the typical plasma particle content. For type 1 ELMs, the integral particle removal varies, up to
approximately twice the net plasma inventory loss. The discrepancy between the plasma
density loss and the particle removal associated with ELMs indicates that some of the particles
removed by the pump are originated by plasma induced desorption from material surfaces.
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Pulse No: 32745 Red
Pulse No: 32747 Green
Pulse No: 32508 Magenta
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Figure 3: Divertor D,, integrated fuelling and integrated D° Figure 4: Total D° removal as function of total fuelling, for H
removal for 3 ELMy H-modes: # 32747 (3 MA/2.87, 15 MW, mode discharges. The total removal can exceed the gas
gas fuelled); 32745 (3MA/2.8T, 15 MW NBI, no gas) and input for long pulses at medium-high density. Low removal
34508 (5MA/3.4T, 18 MW NBI, no gas) fraction is measured in ELM free H modes.

In ELMy H-modes, the particle removal rate also depends on the type of ELM, on the “baseline” -
recycling level (i.e. on the discharge configuration, density and fuelling) and on the duration of
the ELMy phase, figure 3a. For a detailed study of ELMs, refer to LINGERTAT, this conference.
1. Strong gas fuelling during the H mode phase (# 32747), causes an increase of the plasma
density and of the ion flux and D, to the divertor (figure 3b). However, the related increase of
the pressure at the pump (and of the particle removal) just compensates for the increased
fuelii‘ng, and the removal rate is equal to the fuelling. This is a true steady state H mode.

2. During steady state ELMy discharges with no gas fuelling in the H mode phase (# 32745,
figure 3), the high removal rate associated to the ELMs exceeds the fuelling provided by the
NBI. Net depletion of the Deuterium wall inventory is achieved (figure 3¢}

3. For high power, low recycling discharges, (# 34508, see also McCORMICK, this conference),
the integrated particle removal is far less than the total input. This is due to the low removal
rate and to the short duration of the ELMy phase (figure3d).

3b. Neutral pressure in the divertor and fuelling effects. (also EHRENBERG, this conference).

To assess the influence of the separatrix position on the particle removal efficiency, a plasma
discharge was designed in which the separatrix was slowly swept in 10s across both horizontal
and vertical divertor plates (see figure 2). This particular configuration was used also to carry out
detailed comparisons between pump on and off, and to assess the role of the gas inlet location
on divertor parameters and on the fuelling efficiency. Three puises are compared in1 %9tail




(the plasma average density was kept at 3x10'*m™ for these three pulses) :

Pulse No: 31584 Red
Pulse No: 31585 Green
Pulse No: 31725 Purple
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Figure 5: neutral pressure profiles and ion flux profiles for
pulses 31584, 31585 and 31725, 2MA 2.8T. The profiles

are mapped to the sweeping of the outer separatrix.
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Figure 6: volume average density, gas fuelfing rate and
pressure in the inner target, private flux region and outer

target, for the same pulses as figure 5. The separatrix is on
the side plates from 19s .
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Pulse number| Cryopump ?| D, Fuelling
31584 OFF TOP
31585 OFF X-point (PFR)
31725 ON TOP

» The peak of the neutral pressure profiles
(gauge 4) coincides with that of Jg,
measured with a triple Langmuir probe
sitiing at the same poloidal location in the
Outer Strike Zone (OSZ).

« When the pump is on, the peak value of Jy;
decreases by approx. 20%, but the peak
pressure goes down by a factor of two.

+ The characteristic decay length of the ion

flux Jo is  2.5cm, while A, for the sub-
divertor neutral flux is approximately 15cm,
for both the pump on and off cases. This
indicates that neutral recirculation plays an
important role in determining the neutral
distribution. The broad pressure profiles
explain the good pumping obtained in every
magnetic configuration.

« With the pump off, the plasma detaches at -

the Inner Strike Zone on the horizontal plate,
and reattaches as it goes on the vertical
plates (see LOARTE and MONK, this
conference). With the pump on, at the same
plasma density, the detachment does not
occur.

« For #31584, we compared the integrated ion

and D, fluxes to the OSZ (plasma attached)
to the neutral flux as measured by the ioni-
sation gauges below the divertor target:
these are about 4.6x10%s™!, and they agree
within 25%. When the plasma detaches, the
equivalence between ion flux and neutrals in
the divertor (as seen both in the pressure
and the D,) no longer holds. This result
implies that active particle exhaust can be
maintained also for detached plasmas.



e The location of the gas inlets (top or divertor) does not affect the Jsat at the target, both with the
pump on and off (figure 5). The same is observed for the neutral pressure, with the exception
of the PFR. The variation of the giobal fuelling efficiency with the fuelling location is smali, in
particular when the pump is off (see HARBOUR, this conference). The global fuelling
efficiency decresed with the pump on from 10% to 2%.

3c. Effects of active pumping on plasma parameters
« The changes in H-mode discharges when the cryopump is on are:

1.reduction of the D, intensity both in the main chamber and in the divertor with a correspond-
ing decrease of the ion flux Jgg to the target
2.increase in the plasma stored energy, central ion temperature T, and neutron rate Rpp.

« These changes are more pronounced in plasma configurations with a medium-high “intrinsic”
leve! of recycling (for the analysis of the influence of recycling on high performance plasmas,
see LAWSON and McCORMICK, and STORK for steady state H-modes).

» The improved performance can be correlated with the changes in the density profiles for
pumped plasmas. For pumped discharges, the edge density (inside the separatrix) Is
generally reduced, and more peaked temperature profiles are measured. This is consistent
with reduced recycling from the wall, and an improved neutral beam penetration.

Pulss No: 31840 Cyan
Pulse No: 31858 Red

H-mode onset

n, profile

.| after ELM

v N profile

T profile

/ "\ T, protile
- P
after ELM
300 5.0 3.00 3.50

Plasma minor radius (m}

Plasma minor radius (m)

JOS5.300/4c

Figure 7: Density and temperature profiles inside the LCFS,
for puises #31840 (purnp off) and 31858 (pump on), both at
2.5MA/2.4T. Clockwise from top-left: n, profiles at the onset
of H-mode, n, profiles between ELMs, T, and T, profiles
between ELMs.

« For steady state ELMy H modes at medium-

high density (fig. 7), the changes of the
profiles and peak values with active pump-
ing are particularly pronounced, both in
between and during ELMs.

« The time traces for the 2 pulses of figure 7

are shown in figure 8. Note that although the
“sump on” pulse (#31858) has only 8MW of
additional heating instead of 10MW
(#31840, pump off), #31858 has the same
stored energy and higher D-D reaction rate
than 31840.
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Pulse No; 31840 Cyan
Puise No: 31858 Red
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Figure 8: NB! power, stored energy, D-D reaction rate,
divertor D, central average density, Z,, and H factor
(ITER89-Lmods), for #31840 (pump off) and 31858 (pump
on). No gas feed during the H-mode.
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Figure 9: comparison of the ion flux profiles at the target for
pulses #31840 and #31858. These profiles are taken
during an ELM free period of the H mode.
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The cryopump also affects the plasma
parameters in the divertor.With the pump on:

« the integrated ion flux to the target decreas-
es approximately by a factor 2, both in the
ELM free and ELMy periods.

» the peak electron temperature T, in both ISZ
and OSZ increases by approximately a
factor of two.

» the peak density n, at the inner target is
down by a factor of 2

» at the outer target, the reduction in n, is a
factor of 3 to 4.

The cryopump also affects the Jgy, s and T,
target profiles (figure 9):

» Between ELMs, all profiles become steeper
by approximately 20% (this is also the case
during longer ELM free phases).

» During ELMs, the characteristic decay
lengths for n, and T, change. n, profiles
become generally steeper, while T, profiles
are broader with the pump on, compared to
the pump off case. (Note that in ELMy
discharges, the profiles are “envelopes” of
peaks, and generally not exponential).

During ELMs there is some evidence that
active pumping affects the balance of fluxes
between inner and outer strike zone.

« The ion flux to the outer strike zone (nearer
to the pump) decreases more than the flux
to the inner, and the ratio between [Jg,(in)
and [J.,(out) changes from 1.2 to 1.7. These
imbalance in the divertor fluxes does not
have any detrimental effect on the core
plasma.



3d , Density control during H modes
« With the pump on, density control in steady

Pulse Nos: 32737, 32745, 32747

. 15F
%_% 10 state is achieved during ELMy H modes,
D= 5y both for neutral beam only and neutral
2y ° beam+gas fuelled discharges.
£% « In contrast to pump off cases, where the
% 0 steady state plasma density is determined
:E by the beam fuelling and the ELM character-
f°; istics, the combination of fuelliing and
= pumping allows a variation of the steady
€ state density of H-mode discharges to be
E g MEs At . § varied by a factor of two.
14 16 8 =——"  This is shown in figure 11 for the pulses:
Time &) o #32737: strike points in the corners {max.
Figure10: neyrraf beam power, Deuterium fuelling rate, pumping position) - no gas during NBI.
plasma density and H factor (ITER89 L mode) for puises . .
432737, #32745 and #32747, all at 3MA/2.8T. o #32745: strike points well centred on the

horizontal divertor plate - no gas during NBI
« #32747; strike point well centred on the horizontal divertor plate - gas flow 2x10%2D° "

While it is intuitive that the pump could help to decrease the density in steady state, and it is
found in the experiment, the interesting feature is that active pumping also permits higher steady -
state density during H-modes than obtained without cryopump. This effect is possibly related to
the changes in the density profiles at the edge and in the divertor SOL, induced by the pumping.

4. He PUMPING

« A well known method to pump He with a cryopump is by cryotrapping onto condensed layers
of Ar gas - Argon frosting. The JET cryopump is equipped with internal gas nozzles to spray Ar
directly onto the LHe panels, that have a total surface of around 3 m?. The typical amount of Ar
used on each “spray” is between 5 and 10x10% atoms.

» Experiments to measure He transport and exhaust have been carried out, but the Ar frost tech-
nique has proven to be difficult, and this has limited the amount of useful data we have been
able to obtain.

« In contrast to the experience of DilI-D [D L Hillis et al, IAEA Conf.,1994], we find that the intro-
duction of Ar in the vesse! contaminates the plasma facing surfaces. In fact, the Ar contamina-
tion of the discharges after an Ar frost is excessive and the associated increase in the radiat-
ed power inevitably causes the plasma to disrupt. Between 2 to 3 pulses are required to recov-
er normal divertor plasma operation. 181




12 * The He pumping speed S,,, depends on the

. D° load on the Ar layer (figure 11). At low D°
_tor load, 1y is about 1s, corresponding to an
‘:é | effective S,,, of about 180m>s™". This speed
g is very near to the measured D° pumping
ré 6L o speed, and therefore the initial sticking
§ . coefficient for He is near to 1.
g ab » Measurements of S, as function of the He
T o load have shown saturation effects at Ar/He
2r T . ratios <100,
! , , , , 1 i « S,.. depends also on the flow rate of D°. In
07 6200 30 40 50 60

particular we have evidence of “recovery” of
pumping speed between pulses. This is
Figure 11: variation in He gas pump-out time 1, as function consistent with assuming that D° and He dif-
of (D°+He) foad on the Ar layer. . . . ,
fuse into the 10pum thick Ar layer in the time
between discharges (typically 30min).
« Even before the He is injected (1x10%° He atoms), the amount of Deuterium used to fuel is
typically around 5x10% D°, corresponding to an Ar/(D°+He) of about 20. Around this ratio and
below, Sy, starts to decrease exponentially, with loss of effective pumping.

Ar{D,+ He) ratio

5. SUMMARY

 The JET divertor cryopump has been routinely used during the 1994-95 campaign.

» Effective particle removal rate is obtained for all separatrix positions.

s The plasma parameters and confinement regime both affect the pressure in the divertor, and
therefore the particle removal rate. The strongest pumping is observed during ELMy H modes.
Depending on the nature of the ELM and fuelling, true steady state discharges or net wall
depletion can be achieved.

» Broad neutral pressure profiles are measured in the sub-divertor region, consistent with the
high transparency of the Mk | target.

+ The gas inlet location does not strongly affect either the divertor parameters or the fuelling
efficiency, for both pump on and pump off cases.

* Plasma performance is improved with active pumping. The reduction of the main chamber
recycling and of the edge density are correlated to the peaking of the temperature profiles and
increased fusion reactivity. In the divertor, neutral pressures, D, and ion fluxes are typically
reduced by a factor of two.

s With the pump on, the combination of fuelling and pumping allows density control during steady
state ELMy H modes.

* Ar frost is very effective in pumping He, but only at low D° and He loads. Ar contamination of
the vessel and saturation of the layer have limited so far its application for He exhaust
experiments.
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BACKGROUND
+ ELMy H-modes with “giant” {type |) ELMs have been identified as a regime of interest to
Next Step devices (eg. ITER-EDA) in the route to ignition phase.
« In such H-modes, it is important to establish steady state behaviour ie. to produce
discharges with;
H-mode period ty >> 1, T,and 1g;
clear contro! of impurities, in particular intrinsic impurities should not accumulate.
+ For ignition on ITER, enhancement over L-mode (ITER89-P) of ~ 1.6 -2.0 is needed.
Also a ggs around 3 is required for the ITER-EDA machine. Hence

H/q,s ~ 0.53 - 0.65 is the region of interest.

OPERATIONAL ADVANTAGES TO THE ACHIEVEMENT OF

STEADY-STATE H-MODES IN JET-PD

The present campaign on this topic in the JET Pumped Divertor (PD) machine has benefited
from;

+ Engineering capability
~ excellent power handling capabilities of the Mark | divertor CFC target;
- ability to sweep the divertor strike zones to spread the power further;
— the in-vessel divertor cryopump to provide non-saturable (on the timescale of a pulse)
pumping for particle control.
s Physics of the Mark | divertor configuration
— the Mark | divertor configuration routinely produces ELMy H-modes with type | ELMs.

The mechanisms for this are not fully understood, but this ability over a wide range of
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vessel conditions and parameters contributes to the ability to give steady-state plasmas
in which impurity ingress is kept at bay,

- in particular, ELMs also give a broader average scrape-off layer width than ELM-free
periods — enables further spreading of the power.

STEADY-STATE H-MODE OVERVIEW
Pulse No: 31703 2MA/2.1T * Figure 1 shows the longest duration ELMy

25—
z 1_WWHNM mmwo“ H-mode achieved in the JET-PD machine.
. (51- dntat ; The length of the discharge is limited only |
7 B 7 . . . .
£ “—"e (0) 2y — Z oy =1 by the machine engineering constraints.
=] 1 - . .
= O © + Note that this discharge (at 2MA/ 2.17T)
=y S Y ss g popar e 4.17.-—“-.,-\*
£ Oﬁ(o) ITER has :
= ; “fw"‘*“_ o ot ZSH"’P ~ H-mode duration t, ~ 501g(tg ~0.4s);
g OO i L7 -
= o * " &,_0 %) - 1,~0.85t3 where the relevant resistive
£ sHPo diffusion time is evaluated at mid-
0F_Fy H .
_ oA 1, radius;
©  F Toner § -~ constant energy confinement time,
SO0 20 25 O close to the ITER93H-P scale value for
Time (s) ELM-free H-modes;
Fig 1. Time development of long pulse steady-state - constant Z..

H-mode at 2MA/2.1T ) .
— constant recycling conditions ,

~1.00 . "
- constant radiated power fraction.
+ Note also that the divertor tile temperature
-1.25+ : i
is also constant and well below design
- value (1500°C).
E 150
N
75 (L W 10F
“High X" = Maximurm pumping o
Q
2,00} B
G
o 8 c% o ©
& & 9 8
-1.25 el 0 0 gp0 o o
9_10 % @ O
z @]
g : 1%
£ -1.50 S 4F o
v
N %O
Q
-1.75 2
*High X* ~1/2 x Max pumping rate § §
-2.00 d | | 18 0 { ! . 2
2.25 2.50 275 3.00 3.25 0 5 10 16 20
R(m) NBi (MW)

Fig 2: (a): Strike zone variation to maximise pumping effect. (Dotted/solid lines show extent of sweep within one puise).
(b): Existence diagram (density vs input power) for steady-state ELMy H-modes with ty > 10 1¢
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The contro! of the density and the recycling level indicates that the pumping has not
saturated, unlike the 1991-2 JET ELMy H-modes, where only wall-pumping was available.
+ H-modes in steady state with t,> 20 1z have been obtained from 1-3MA with 2.8 < g5 < 4.7.
« The database of H-modes considered in this poster all have t,2 10 1.

EXISTENCE REGION
* Ability to move strike -zone relative to entrance of cryopump {see Fig 2(a)) and to fuel
heavily enables density range to be varied at different i/p powers,
Type | ELMy steady-state H-modes have been achieved in the density range (Fig 2(b))
<n > ~ 3510 m? to 910" m?®
+ At the high end of the density range, strong deuterium puffing establishes small (type lll or
‘graSsy) ELM behaviour (see Fig 3). Discharges such as this have an enhancement relative

to L mode (ITER89P) of only ~ 1.2-1.3.
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Fig 3: Strong gas puffing establishes ‘grassy’ ELMs at  Fig 4: Radiation vs input power in steady-state ELMy
~910"m? H-modes (3MA/2.8T)

POWER BALANCE AND ENERGY CONFINEMENT

« Radiated power (from reconstruction of bolometer signals) is found to be split ~ 2:1 between
X-point and bulk plasma in these discharges.
Radiated power levels are typically ~ 25-40% of input power (see Fig 4). The dataset covers
ELMy H-modes where the power conducted across the separatrix (Pj,-Paq(bulk)) is typically

in the range ~ 1.1-1.5 x L-H transition threshold. (P4 roughly goes as 0.004 <n, >. B.S)
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» Energy Confinement enhancement (relative to L-mode) is:

in the range Hirgrgep ~ 1.6-2.2;

— independent of density (see Fig 5(a) ) ie; the density form of {ITER83P seems to hold ;

— shows a mild deterioration as the main chamber recycling (normalised to the density)
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Fig.5: Confinement enhancement over L mode for steady-state H modes as a function of
(a) density (diamagnetic energy used) (b): normalised main chamber recycling (¢): Qgs.

e The effects of main-chamber recycling can be seen on nominally identical discharges.
Two shots (at ‘A’ and ‘B’ in Fig 5 (a), (b)) with ~11MW input NBI power with 1, = 3MA and

B, = 2.8T show a difference of ~ 15% in the achieved stored energy and a difference of
~factor 2 in the Neutron yield.
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The time traces for these shots are shown
in Fig 6.

Shot ‘A’ (N° 31731) has around half the
main chamber recycling compared to shot
‘B’ (N° 32743).

Profiles of the two discharges (Fig 7) show
that the lower recycling leads to a 30-40%
higher ion temperature in the centre, but
also to a 10-15% increase in both T, and
Ne.

It may be that the main effect is that recy-
cling is important in influencing the ELM
behaviour early in shot ‘B’ so that the
pedestal on ion and electron temperatures
cannot build up (see Fig.8).

IMPURITY BEHAVIOUR

e Intrinsic impurity concentration in the
Steady-state H-modes remains low and
constant throughout the evolution of the
discharge. ELMs are beneficial in keeping
target-generated impurities from entering
plasma (see behaviour of shot ‘B" from
15-17s in Fig 6).

« Z., and carbon impurity profiles for a typi-

cal 3MA/ 2.8T Steady-state H-mode are
shown in Figs 8(a), (b).
Helium puffing has also been performed in
these discharges and the helium density
profiles become flat with no sign of
accumulation.
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Fig 6: Confinernent of two identically-powered S5Hm shots
at 3MA/2.8T with differing recycling behaviour
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Fig.8 (a): Z,n profiles as a function of time for a SMA/2.8T 9s ELMy H mode with 10MW i/p power
(b). Carbon and electron density profiles for the same H-mode

USE OF DIFFERENT TARGET MATERIALS

Steady-state H-modes have been generated using both the CFC and Beryllium target plates

in the JET-PD configuration.

To first order, there is very little difference between the H-modes generated on the two tar-

gets. Figure 9 shows a comparison of a CFC-target H-mode and a Beryliium target H-mode.

The two plasmas exhibit very similar behaviour. Only the impurity contents show any signifi-

cant difference:

- oxygen levels are much higher on the CFC target;

— chlorine becomes a more significant radiator in the Be case;

— although, even with Be target the inner wall and poloidal limiters still have CFC
protection, the Carbon content of the Beryllium target plasmas is minimal.

DIVERTOR AND EDGE CHARACTERISTICS

Although violently disturbed at the time of an ELM, the edge recycling, impurity radiation
and probe signals in Steady-state H-modes show approximately constant * base * levels
throughout the ELMy H-mode period. Figure 10 shows normalised edge recycling, Clil and
Bell signals during the two H-modes of Fig 9.
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Fig 9: Comparison of S8SHm development on CFC and Bs Fig 10: Time development of edge impurity conditions in the
targets main chamber during SSHm on CFC (solid line} and Be
(dashed line) targets

« ELM frequency increases with input power, there is a very different behaviour with density
and added gas puffs (Fig 11) which will make scaling studies difficult. '

« Between ELMs, the Scrape-off-layer (SOL) parameters measured by Langmuir probes at the
target are typically as shown in Table 1 for a 2.5MA/2.4T discharge with 10MW NBI power.
During ELMy periods, the SOL thicknesses can be significantly increased (up to 3-fold) as
shown in Fig 12 for lon saturation current at the Outer Strike zone.

Table 1 : Strike zone parameters between ELMs (shot 31858)

| Inner Side Quter Side
Parameters At separatrix Marg (€M) At separatrix Marg (€M)
jat 54,1 A.cm? 1.5 24.0 A.cm® 1.7
T, 24 eV 1.1 49 eV 1.6
Ne 8910 m?® 1.4 2.8 10" m?® 2.9
Q, 103 MW m*? 1.5 94 MW m*? 0.9
Pe 2110 evm® 1.5 1.4 10 eV m® 1.2
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« High recycling divertor conditions?

similar separatrix temperatures to those at the target have been established at the
mid-plane by Reciprocating probe measurements;
inner SZ density is >> larger than midplane density (~10'® m™ from reflectometer), but
high recycling conditions seem marginal at the outer zone between ELMs.
However note that.
measured fiuxes at the target (shot 31858) are typically;
between ELMs InnerSZ T'=8510%s' OuterSZ T =6810%s"
during ELMs  lnnerSZ T=1510*s" OuterSZ T=87 102 s
compare this to the flux across the separatrix, in steady-state conditions;

ry® ~Np+ N%p -Inai

with

Np=0 Np =6-102'm™2  Tyg =10%" typically.

which shows that, for high recycling conditions between ELMs, 7,> 2 1¢ (energy confinement
time is ~ 0.5s in these discharges). This seems plausible.

CONCLUSIONS

The successful generation of Steady-state ELMy H-modes in the JET-PD (1) with duration up to
50 energy confinement times; confinement enhancement equivalent to ELM-free H-mode
scalings under the best recycling conditions; H/qgs in the ITER relevant range of 0.53-0.67, and
demonstrated impurity control, is an important step in the development towards ITER. The giant
ELMs which accompany these discharges exist at plasma density levels up to ~1 0%°m™ for power
conducted across the separatrix at 10-50% above the L-H transition threshold. It is likely that high
recycling conditions exist in the divertor region throughout these H-mode periods.
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Preadictive Modelling of

Energy Transport in
JET Dischargses
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1. ABSTRACT

Energy transport in the different regimes of confinement observed at JET can be studied using
a Bohm-like model for L-mode electron transport [1] as a starting point:

c|V(neT)
e eBn,

naocel

Yo = aq?, X=X O (1)
where q is the safety factor, %% is the neoclassical ion diffusivity while o, o, are numerical
coefficients to be determined empirically. We have simulated several L-mode discharges where
measurements of both the ion and electron temperature profiles were available, including shots
with predominant electron heating; good agreement with experimental profiles is obtained for
a, = 2—3. The same model is subsequently applied to the simulation of chmic discharges.

To simulate ELM-free, MHD-free H-mode discharges we have used Expression (1) empirically
reducing the diffusivities by a constant factor over the entire plasma volume. We remark that we
did not study the Bohm versus Gyro-Bohm aspects of the scaling of heat transport in H-mode
due to the restricted variation of plasma parameters in our selected discharges. At present our
simulations simply show that transport has to be reduced across most of the plasma cross-
section. A Gyro-Bohm-like model with a radially increasing shape [2] can be equally successful.
A number of relevant JET discharges with H-factors between 2 and 4 have been successfully
simulated, imposing the experimental temperature at the edge. This suggests that the
underlying transport in H and VH regimes is of the same nature, while the difference in
confinement is due to effects not directly related to diffusive heat transport, like the shape of the
power deposition profile and the edge temperature pedestal. To simulate predictively the forma-
tion of the temperature pedestal and the time behaviour of W we assume the existence of a neo-
classical transport barrier on a thin layer (~ ppi) inside the separatrix. We have then repeated the
above H-mode numerical simulation using these boundary conditions successfuily reproducing

the experimental trends. 191




2. SIMULATION OF L-MODE DISCHARGES.

in our approach we start from the observation that the results of TRANSP analysis of ordinary
{ -mode JET discharges indicate that ¥, > X. all over the plasma column [3], so that we use eq.
(1) for %, with o, > 1. We consider the following set of L-mode discharges:

DISCHARGE| (N ), (Ze) I, (MA) B (T)
19649 0.28 2.4 3.0 3.0
19691 0.39 8.7 3.0 3.0
24693 0.33 2.1 3.1 2.8
26109 0.20 3.0 3.1 2.8
19642 0.55 3.7 3.0 3.1
16047 0.28 2.2 3.0 3.1

The simulations have been carried out in a semi-predictive way using the JETTO transport code:
only heat diffusion has been modelled, while experimental density and Zgy profiles have been
imposed throughout the time evolution. It is found that a model with a,, = 2.0-107%, o; = 3 gives
good results in all simulated cases.

10

T, (keV)
T; (keV)

haa .
T\ JG94.585/11

0
3.0 3.2 3.4 3.6 3.8 4.0
R {m}

Fig.1: Experimental and simulated profiles of electron Fig.2: Experimental and simulated profiles of ion
temperature in shot 16047, temperature in shof 16047,

In figs. 1) and 2) we show the results of the simulation of the electron and ion temperature
profiles in a case with strong electron heating where it is possible to discriminate between
models with different values of the parameter o,.
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3. SIMULATION OF JET OHMIC DISCHARGES

Another interesting issue is the confinement in the ohmic regime. Analysis of ohmic discharges
in Asdex [4] and Tore Supra [5] has shown that when the density is too high the confinement time
does not rise linearly with density as prescribed by the so-called Neo-Alcator scaling law and
saturates. Recent results from ALCATOR C-MOD [6] suggest that when the density is too high
the confinement time does not rise linearly with density as prescribed by the so-called
Neo-Alcator scaling law and saturates, so that this regime might be described using an L-mode-
like model. We choose the following set of ohmic discharges:

DISCHARGE|  (Ne)y (Zet) lp (MA) Pmax (M) B, (T)
25255 0.10 2.5 1.0 1.4 2.8
27658 0.17 3.7 2.05 15 1.7
27588 0.30 3.3 3.3 15 2.8
20050 0.37 1.3 5.1 1.5 3.1
27897 0.28 2.3 7.0 1.6 3.3

In fig. 3 the profiles obtained with a neoalcator-like model [7], with the Bohm model and the
experimental profiles are shown.

Analysis of the corresponding values of thermal energy shows that the linear scaling with
density and weak scaling with current, typical of the neoalcator-like model, are not in agreement
with experimental results, which are much closer to the L-mode-like scaling resulting from the
Bohm model.

4. SIMULATION OF QUIESCENT H-MODE MHD-FREE DISCHARGES.

Previous analysis has shown that the evolution of plasma parameters throughout the L-H
transition in JET can be reproduced only assuming that both . and y; are changed everywhere
and not only near the separatrix. It was found that good agreement is achieved if we assume that
the numerical coefficient o, is reduced by ~10 times down fto 0.2.10°*. Due to the non-
linearity in the parametric dependencies of x this results in a reduction of the numerical value of
y by a factor ~ 3. In Fig. 4 we show the radial distribution of %, and Yneoq fOr typical L-mode and
H-mode shots with similar plasma parameters.

It can be observed that the neoclassical ion transport becomes important in the central part of
the plasma column during the H-mode phase.
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Fig.3: Experimental and simulated profiles of electron Fig.4: lon thermal diffusivity profiles in typical H-mode and
temperature with different models in a 1 MA and a 7 MA L-mode shots.
ohmic discharge.

In this way we model the entire EL.M-free H-mode phase for shots which have no large scale
MHD activity (like roli-over). Some of the selected discharges fall into the category of VH mode
with enhancement factor H>3, while others have 2<H<3.

DISCHARGE!  (Ns),, (Zos) I, (MA) B, (T)
26087 | 0.19-0.30 1.6 3.2 2.8
26095 | 0.11-0.30 2.6 3.2 2.8
30591 0.15—0.36 2.5 2.4 2.7
30725 | 0.72-0.84 1.3 3.1 2.2

The temporal evolution of the measured thermal plasma energy content and that calculated with
our model during the ELM-free H-mode phase for four discharges are shown in Fig. 5.
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In fig. 6 experimental and simulated temperature profiles are compared at the final time of the
H-mode ELM-free phase of shot 30591 (I, = 2.4MA, (n,) =0.36-10%m™, B, = 2.7T).
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Fig.5: Experimental and simulated time evolution of  Fig.6: Experimental and simulated ion and electron
thermal energy in various H-mode discharges. temperature profiles in shot 30591.

We can simulate discharges with different values of the H-tactor using the same transport model
because an important role is played by effects not directly related to heat diffusion.

Numerical analysis shows that NB do not penetrate 1o the centre of the plasma in high density
shots: Fig.7 shows ion power deposition profiles computed by TRANSP for shot 26087, with
relatively low density, and shot 30725 with higher density. Another important source of the
difference in plasma performance in H-mode is the energy stored in the temperature pedestal
defined as:

3 o
weet =3 n, T e

where <n> is the average density and V is the plasma volume. Fig.8 shows, for the shots 26087
and 30725, the temporal evolution of the total WP together with the total thermal energy as com-
puted by TRANSP.

Two interesting features are observed in shot 26087 which are typical of the best hot-ion H-mode
JET shots:

iy more than half of the plasma energy is stored in the pedestal. 195




i) both the total thermal energy content W, and the pedestal energy content wPed
continuously grow in time and do not saturate during the heating. This leads to a continuous
rise in both total and thermal energy confinement time; the maximum value of the achieved
confinement time is really controlled by the MHD instabilities coming about towards the end
of the H-mode phase.

0.4 [~ 1 e Pulse No: 26087
P e Pulse No: 26087 P, s pzlzz N:; o7
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P/Prmax Time {s)

Fig.7: Auxiliary power deposition profiles in shots 26087 Fig.8: Time evolution of total thermal energy and pedestal
and 30725. energy in shots 26087 and 30725.

5. A MODEL FOR BOUNDARY CONDITIONS IN H-MODE DISCHARGES

We find that we can reproduce the experimentally observed ion and electron temperature near
the separatrix only if we assume that perpendicular transport inside a transport barrier located at
the plasma edge is of the order of the neoclassical one, as it results from the analysis of H-mode
density and temperature profiles near the separatrix in DIH-D. Under the simple assumption that
the only mechanism of ion flow through the separatrix is the direct losses of the banana ions, we
obtain the following boundary conditions for ion heat flow:

M VT, ﬂLgTi DVn ~-nT, -\/% Fr (3)
where py; is the ion poloidal Larmor radius, 7 is the ion-ion collisional frequency, € is the inverse
aspect ratio near the separatrix, Fr is a coefficient which depends on the geometry, collisionality
and radial electric field and 0<F;<1. The boundary condition for electron heat flow is similar to
eq.(3) if we assume that the remaining magnetic turbulence near the separatrix keeps the
electron’s particie flux at the level of the ion-neoclassical flow.
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Numerical simuiations of H-mode ELM-free discharges using boundary conditions (3) reproduce
the experimental observations for the best hot-ion H mode shots for the evolution of the temper-
ature pedestal and the rise of thermal energy (figs. 9 and 10). The independence of the heat flux
from temperature implies a reduction in the growth of the pedestal temperature and energy when
volume power losses are relevant.
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Fig.9 Time evolution of the edge electron temperature from Fig.10: Time evolution of the thermal energy from
experimental measurements (solid line} and from experimental measurements (sofid line} and from

simulations carried out with and without the effect of 7 MW simulations carried out with and without the effect of 7 MW -

of radiated power (dotted lines). of radiated power (dotted lines).

An important property of boundary conditions (3) is that in the banana regime the heat flow does
not depend on the temperature near the separatrix and Q,_; = n,_; . This feature allows us to
explain the experimentally observed fact that the global plasma energy confinement time in
hot-ion VH-modes, formally defined as e = W/(P\,, —dW/dt), grows almost linearly with time
together with the total energy content W.

Indeed, in a slab-geometry plasma with uniform density no, uniform diffusivity %o, @ uniform
heating power deposition profile p, and boundary conditions:

Xo Mo VT|p= =B NG|, (4)

the solution of the energy balance equation gives for the thermal energy confinement time:

a® . (po-Bnﬁ/a)'t-a
3%o Bnj

(8)

Ten =
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The first term on the RHS is the contribution of the plasma core to the confinement time; the
second term, which increases linearly with time, is the contribution of the temperature pedestal.

In collisional regimes the plateau expression of the ion neoclassical diffusivity must be used
inside the transport barrier, leading to temperature dependent heat losses which can cause a
saturation of the growth of the pedestal.

6. CONCLUSIONS

Using a Bohm-like model we have been able to simulate successfully ion and electron transport
in L-mode JET discharges and electron transport in ohmic JET discharges. We have also shown
that different H-factors in H-mode ELM-free, MHD-free discharges depend on effects not direct-
ly related to heat transport in the plasma core, such as power deposition profiles and the tem-
perature pedestal at the plasma edge. A neoclassical model for the edge transport barrier in H-
mode has been used to predict the edge temperature time evolution.
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INTRODUCTION

The physics of weakly-damped Alfvén modes has been long recognised to be of concern for the
confinement of fusion alpha particles in a tokamak reactor. Within the framework of ideal
magnetohydrodynamics (MHD) much attention has been given to the Toroidal Alfvén
Eigenmodes (TAE), whose eigenfrequency lies in the shear-Alfvén continuum gap. As the TAE
eigenfrequency does not satisfy the local Alfvén resonance condition, the TAE is more weakly
damped than usual cylindrical shear Alfvén waves, and therefore it can be more easily
destabilised by resonant alpha-particles. In hot plasmas, Finite Larmor Radius (FLR) effects’
convert the TAE mode energy into Kinetic Alfvén waves increasing the outgoing wave energy flux
significantly; i.e,. the overall damping of the mode via radiative damping. On the other hand for
high plasma temperatures, a new branch of Kinetic Toroida! Alfvén Eigenmodes (KTAE) appears
and can be driven unstable by energetic particles. Both the radiative damping and the
eigenfrequencies of the KTAE spectrum are very sensitive to the plasma parameters. In
particular, toroidal and shaping effects in the plasma equilibrium are important.

In this paper the KTAE spectrum is computed for toroidal plasmas with an arbitrary shape
including realistic JET scenarios. The FLR kinetic effects and paraltel electric field effects are
included in the toroidal finear MHD spectral code CASTOR. This model allow one to compute
effectively the KTAE spectrum and the radiative damping of TAE and KTAE for arbitrary plasma
configurations as a function of the relevant FLR parameter. Included in this spectrum are two
types of core localised modes?, which may be particularly dangerous to plasma confinement as
they are peaked near the plasma centre where the drive from fusion alphas or RF ions is
strongest. We calculate the radiative damping of the lower frequency mode, and also describe
the transition of the upper frequency mode into a KTAE. These results indicate a strategy for a
systematic experimenteﬂ3 study of the KTAE spectrum.
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MHD MODEL INCLUDING FIRST ORDER FINITE LARMOR RADIUS
e In hot plasmas ideal MHD breaks down in the vicinity of the TAE gap surface,
satisfying
m.—
n

1
2

a(re) =

where m,n are the poloidal and toroidal mode numbers, q(r) is the safety factor as a function
of the minor radius r.

» Around r, nonideal effects and toroidicity give:

[} some modification to the TAE
I) remove the singularity of the Alfvén modes with frequenmes in the shear-Alfvén
continuum and give rise to a new set of discrete eigenvalues.

» The resistive MHD spectrum is symmetric below and above the toroidicity induced gap and
forms a “quasi-continuum” where the natural width of each eigenvalue |s larger than the
distance between each eigenvalue is Im[w]>6m. 8w is proportional to 'qa where 1 is the
plasma resistivity.

+ Including first-order Larmor radius effects and a non zero longitudinal electric field, a
well resolved discrete set of eigenvalues Im[w}<dw aprears above the gap.

The existence and weak damping of the KTAE are caused by the combined toroidicity effects and
FLR effects in the region around the TAE-gap surface. Together, these two effects prevent the
KTAE energy from flowing away from the gap region (high-k ).

« In the outer region away from the resonance surface both KTAE and TAE can be described
by the ideal MHD equation, which reduces to a vorticity equation

2 b
Lo =(b-V)V2(b-V)¢+V-(%Vi] =0.
A

Here, @ is the eigenfrequency, v, the Alfvén velocity, b the equilibrium magnetic field and ¢ is the
TAE/KTAE perturbated potential. First order FLR effects of core ions and finite longitudinal
electric field give the following corrections to the vorticity equation in the boundary layer around
the TAE resonance region. These corrections have been calculated in detail by Rosenbluth and
Rutherford® and lead to the modified current moment equation:

3iw i . , .
V-i= 2 Bf piVie- m(bV)VzE,,, with E, = —ip2(1-i8)(b- V)V?¢.
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« The vorticity equation equation takes the form:

2 ¢ 5
1 : 30
(b-V)VZ(b-V)¢+v-[—~—$2 w] 2 (1-8)(b- ) VA (0 V)70 + 3 G pi VI =0
A A )

« The structure of this equation is analogous to the structure of the resistive MHD
equation with a general complex parameter 1 defined by:

1 = 4nep2d(v, ) +i4no 8,1 p>

47T,

« For typical of JET parameters, e.g. Im[fi]=4107 T [keV] nPs[em™] BY[T] it is
convenient to express 1 in normalized units

which gives Im[fi] = 10-8in JET auxitiary heated discharges.

WKB APPROXIMATION

e The spectrum can be calculated within the WKB approximation by changing the usual
resistivity into a general complex parameter m. Within this approximation Alfvén Waves are
described by the second order equation,

nvZE+ i?{1 - (kp';)a }é =0

with the boundary conditions &(a)=£(b)=0. p is the density, A the eigenvalue, § is the plasma
displacement and k-b(r) =k, .The fast varying solutions in the radial direction can be
described accurately by the phase integral
do  [H(r)?-»2 k-b
2

E'r*= —m—, where H(r) =-5—

To obtain the WKB spectrum the following eigenvalue conditions for A must be satisfied in the
limit where H(x,)-H(X,)<<H(Xy)

i) no anti-Stokes line crossings: 201




3 1 2 2 2
6(a)-9(xp)= p 0, IM[9(x,)]<0, IM[o(xp)}<0, © =2 W’ 93 pI n’
i) one (at x,) and a half (at x,), anti-Stokes line crossings

O(x)=p 7, IMOG0, = > (1)

iii) one (at x,), and a half (at x,), a anti-Stokes line crossings

d(Xp)=p =, IM[d(x)]>0 ® = —%(-—1)§ n% ot p% ns +H(x, ) where x,, X, are the two
boundaries and with H(x,)>H(x,), 6 =H(x,)-H(x,) and p€12,3,....

In the generalized case of complex 1, the spectrum is rotated, the third branch disappears,
the second branch has a turning point at the Alfvén resonance and the first branch does
not have a turning point inside the plasma, thus these waves are reflected at the plasma

boundary only.
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: ¥
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I o o ° OQ - oJ
Q (=] [+]
0.2 e . 0.2 . —
-0.30 -0.15 0.0 -0.30 -0.15 0.0
Im[ ] Im{e]
Figure 1 a) resistive Alfvén spectrum in the WKB approximation
n=10"* b) Kinetic Alfvén spectrum
approximation 1 =10"e?.

in the WKB

MODEL GEOMETRY IN A CYLINDER (SINGLE GAP APPROXIMATION)

e Modelling of a single gap in toroidal geometry can be achived by the artificial coupling of
two Fourier harmonics in cylindrical geometry. The incompressible reduced MHD
equations for the vector potential and the vorticity defined by v=VUx2, B=VAXx 2+B,z,

AV2U,, +€AV3U, s = By V(V3A, )+ (VAL x2)- Vi

M = €M, =B, V(U ) +nViA,

plus the equivalent equations for the other Fourier component m < m+1. j, and B, are the
equilibrium current and the equilibrium magnetic field.
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2
* In cylindrical geometry the differential operator takes the form V3A = 1—awré—)é—mé—A. ris

ror or ot
the eigenvalue and ¢ is the artificial coupling coefficient between
the two Fourier harmonics.

« This system of equations is solved numerically as a linear eigenvalue problem using finite
cubic elements in the radial coordinate.

s Equilibrium with constant density and parabolic q profile varying from g=1 on axis to g=2
at the plasma boundary.

« Perturbation n=1 in the z direction, the relevant poloidal Fourier harmonics are m=1 and
m=2.

« The Alfvén wave spectrum computed for 7=2.5 10"+ 10~ consists of a set of discrete
eigenmodes. Apart from a set of localised kinetic Alfvén waves there are two GAE, a TAE
within the continuum gap and a spectrum of KTAE just above the gap.

-5 4
=10 25107 +1071
1 = e— 15 ooz & ] I
Rel@]]  ,° Relo] |
05 b o 0.75
o000 0.0
20.20 20.20

Figure 2 a) resistive Alfvén spectrum for a single gap mode! with
parabolic q profile varying from g=11to g=2. b} the kinetic Alfvén wave
spectrum for the same equilibrium.

TOROIDAL GEOMETRY USING THE CASTOR CODE
« The CASTOR code computes dissipative MHD spectra for arbitrary 2D axisymmetric
equilibria. (low toroidal mode numbers n<10).
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Small change in the induction equation, introducing the general complex parameter,
kinetic modifications to MHD can be modelled within reasonabie accuracy.

In this fashion, a correct result is obtained for normal modes localised in the gap where

k= > 1R , g is the safety factor and R, is the major radius.

o

0.20
re ¢

-0.25

Figure 3 the radial plasma displacement of Kinetic Toroidicity Alfvén
Eigenmodes (KTAE)s computed with CASTOR CODE for JET
equilibrium #31638. These eigenfunctions represent modes with
p=0..3, where p is the radial mode number (number of radial nodes).

MODELLING OF THE JET EQUILIBRIUM

Applying the Castor code to a reconstructed JET equilibrium, the KTAE spectrum was -
computed for the shot #34188.

In this pulse #34188 several modes were observed during RF heating by the Active Alfvén
diagnostic in the passive mode. These mode frequencies occur around 240 KHz and are
equally spaced with a spacing of approximately 4 KHz.

The frequency of the modes is within 10% of the experimental values and their
spacing also agrees with the experimental results using Im[fi] = 10~® in the modelling.
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Figure 5 a) Two n=3 core localized modes that exist in a cCOoLD
plasma, in addition the continuous spectrum is displayed, b) the n=3
spectrum for an equivalent HOT plasma, the continuum spectrum
(dotted line) is replaced by a discrete KTAE spectrum.

CONCLUSIONS

e The KTAE spectrum has been computed in toroidal geometry using a reconstruction
of JET equilibria

« In a COLD plasma one or possibly two core localized TAE modes exist

+ InaHOT plasma the TAE mode has increased radiative damping lypae | >10 lyime,| while |
a set of undamped KTAE modes appear just above the TAE gap.

« In aJET HOT plasma the model predicts the existence of a set of low n KTAE modes
with equally spaced frequencies increasing linearly with radial mode number p and
with linearly increasing radiative damping

REFERENCES

[1] Non-ideal Effects on toroidal Alfvén Eigenmode stability, J.W. Connor, et al, in Controlled
Fusion and Plasma Physics Vol 18 B Part Il 616 (1994)

[2] Existence of Core Localized Toroidicity-induced Alfvén Eigenmode, G.Y. Fu, Submitted to
Phys. Plasmas.

[3] Alfvén Eigenmodes Active Excitation Experiments in JET, A Fasoli, et al, LA.E.A International
Conference Seville, September 1994

205




206



Qo074

The Distribution Funetion of
Fusion Produets at Birth

G j Sadler, P van Belle.
JET Joint Undertaking, Abingdon, Oxfordshire, OX 14 3EA, UK,

ABSTRACT

It is customary to approximate well established nuclear physics cross-sections and reaction
kinematics when diagnosing present day plasmas. Some adverse consequences of applying
such approximations to fusion products are presented.

INTRODUCTION

» Fusion products not only carry the energy released in the fusion process but also yield
information on the distribution function of the reacting particles.

* The birth energy of fusion products M, from the reaction:
M, + My -> M3 + M, taking place in a plasma is given by:

*N . ~ dc o s s |
—893 aE3 = J'ijl(VZ)'fZ(VZ)- an dE3 ‘dQ“ .dE‘; .lvl — v2|. dvl .dv2 .dv4 Eq‘-‘

do do

= .8(E, - E;
dQ, -dE, -dQ,-dE, dQ, dE, (s = Es)

where

. 2:my-m
nd B =W¥om, V2t i, K g) V. |=—32 4 (O+K
a s =M, gy (Q +K)+cos(0) Jm3+m4 (Q+K)

with Q = Energy release of the reaction, V = CM velocity, K = kinetic energy of reactants
in the centre of mass CM, 9 = angle between relative velocity and velocity of fusion product
in the CM.
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Fig.1:

Showing the variation of fusion product energy
as a function of for:

a) neutrons from d->T

b)a's fromd->T

¢) neutrons from d->D

for a monoenergetic d beam with

E4 = 500 keV in a cold plasma.

For neutrons from thermal D-D and D-T
plasmas the dependence of the product
energy on the details of the reaction
kinematics is well exploited by measurements
of the broadening of the neutron peak to
deduce the plasma ion temperature.

Conservation ofmomentum dictates a corresponding broadening for the associated charged
particles. The FWHM of the a-particle distribution from a 25 keV thermal plasma will be 900 keV
and 18% of the particles will have an energy in excess of 4 MeV (2% in excess of 4.5 MeV). How
well will these a-particles be confined in a device designed to confine a-particles with a nominal

energy of 3.5 MeV?

1000 100
800 o7 4 80
i D-D
[
S 60 f 2, &
2, o-T
=
F
E 400 p— 40
00
200 & 4 20
-
0 . 1
0 5 10 15 20 25 ]
T [keV]

Shift [keV]

Fig.2.: The full width half maximum (FWHM)
and associated energy shift for D-D and D-T
neutrons as a function of temperature:
FWHM=gfT, (ref.1) where g is weakly
dependent on T; (ref.2).

The broadening of the associated charged
fusion product spectrum is identicai to that of
the neutron

* Most, if not all, present day simulation and interpretation codes ignore the spread in energy.
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DRIVEN SYSTEMS

Doppler Shift
For driven systems the spread will be enhanced (the energy range of o-particies from 500 keV

D°beams, as proposed for ITER, will range from 2.2 to 5.3 MeV) and, moreover, anisotropy will
play a role as discussed below. Results were obtained with the help of a Monte-Carlo relativistic
kinematics computer code (ref. 2). The effects on the spectra are illustrated in Figs. 2 and 3. Note

~ that the spectrum shape depends on the angle of emission.

Alpha particle spectra from the T(d, o)n reaction
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Fig.3:

[llustrating the a-particle spectrum at birth for
a perpendicular {to the toroidal magnetic field,
Bt) monoenergetic deuterium beam of E;=200
keV circulating in a 5 keV plasma.(Reactivities

not to scale)

Fig.4:

Calculated a-particle birth spectra from a
perpendicular RF-driven fast deuterium talil
(Tiai= 200 keV) in a tritium background plasma
(T=12keV). The distribution function is far
from monoenergetic even if viewed parallel

to Br.
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Anisotropy

Due to the relatively low mass of the neutron, neutron emission is almost isotropic in present day
machines even for D-D neutrons despite the fact that there is a large deviation from isotropy in
the CM cross-section of the D-D cross section above ~ 100 keV. However, this is not the case for
the 1 MeV tritons released, which are often used for studying fast particle behaviour via their
burn-up. The number of 140 keV D° beam generated tritons emitted in a 30° forward cone is
more than doubled ( X 2.4 ) as compared to isotropic emission; is this part of the explanation for
the extremely flat and sawtooth resistant 14 MeV neutron profiles as observed in JET?

120

Fig.5:
150

2
_[ W-QHL-dEa for tritons from 140 keV D

beams injected with pitch angles of 0°, 60°.

180

and 90° and slowing down in a 10 keV plasma

L obeams (0° = paraliet to the By field lines)

. 2
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Fig.6.:

Differential cross-section for the  emission of
tritons in 3 energy ranges; beams with E;=140
keV injected with 60° pitch angle.
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D-D neutron emission from d beam heating in present day machines

The slight anisotropy in the D-D neutron emission on present day machines is normally neglect-
ed. However, if the variation in the shape of the energy spectra as a function of emission angle
is taken into account and detectors with energy dependent efficiencies (as in the JET neutron
profile monitor) are used, this is no longer justified.

180
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90

f b e os 1 14\l .
t t ! !
Total 2.0-2.4 MeV 27.8-3.2 MeV 2.4-2.8 MeV
5
thermal
D 4
4 —_—
efficiency 3
3 £
2
2
beam-plasma
1
0 : . ‘ “— 0
1.5 20 25 30 35
Energy [MeV]

Fig.7:

Neutron emission from a 140 keV
deuterium beam injected at 60° and
slowing down in a 10 keV plasma.

Fig.8:

Calculated neutron energy spectra for
perpendicular viewing under the same
conditions as in Fig.7. Also shown is the
detection efficiency of the JET neutron profile
monitor detector (NE213 scintillator biased at
1.9 MeV).
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» ALJET with 140 keV D° beams:

* The NE213 detectors are used as counters (in an energy window around 2.5 MaV) and their
detection efficiency is determined by assuming a gaussian spectrum (as from a thermal
plasma). This neglect of the variation of the detector efficiency with energy together with the
shape of non-gaussian beam spectra lead to a 11 % overestimation of beam-plasma
neutrons. The effect from anisotropy (< 1%) can be ignored.

* A 5% errorin the NE213 bias setting or an equivalent drift in the photomultiplier gain restults
in a 16% overestimation.

* For beam-beam neutrons the enhancement becomes 19% and anisotropy adds 13%,
leading to a total of 34%.

o-particles

Although the D-T cross section is almost isotropic in the CM frame, the number of o-particles
preduced in a forward cone of 30° by 140 keV D° beams is increased by 50% due to the CM-
laboratory frame transformation.

06
9 Fig.o:
8 04 Enhancement of classical a-particle losses
§ with energy from orbit calculations for a typical
2- 0.2 JET high performance plasma equilibrium
(,=3.8 MA and B;=3.4 T). Isotropic birth
distribution and spatial profile as from a
0 ' thermal plasma.
3 35 4 4.5
Energy [MeV]
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Fig.10:

a-particles generated by 500 keV d beams
(as proposed for ITER) injected at ~ 60° and
and slowing down in a 25 keV plasma.

180

bt

Total 2.5-3.0 MeV 45-5.5 MeV 3.5-4.5 MeV

D-D neutrons from high energy beams

Finally, at 500 keV injection energy, as proposed for ITER, even the 2.5 MeV neutron emission
will become anisotropic (50% increase in a 30° forward cone) thus rendering the measurement
of D-D neutron yields extremely difficult and measuring nD/nT ratios within a factor of 2 accura-
cy using neutron diagnostics in the presence of beams can almost certainly be excluded.

Fig.11: ‘

D-D Neutron emission from 500 keV d
beams injected at 60° and slowing down in
a 25 keV plasma.

F

Total 2.0-2.5 MeV 3.0-3.5 MeV 2.5-3.0 MeV
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SUMMARY and CONCLUSIONS

Doppler shift of fusion products is significant and should not be ignored in interpretation as
well as prediction codes.

Anisotropy of the fusion product emission in driven systems (with anisotropic drive) should
not be ignored for:

a) tritons and ®He- particles from deuterium beam reactions with Epeam = 100 keV,

b) a-particles from beam reactions with Epsam 2 100 keV.

¢) neutrons from beam reactions with Epeam = 500 keV.

Broadening and anisotropy needs to be incorporated into triton burn-up interpretation codes.

Full a-particle spatial profiles at birth (including pitch angle distribution as needed for
calculating a-particle densities) cannot be deduced from 2 dimensional neutron profile
measurements in driven systems,

Accurately diagnosing D-D neutrons generated from slowing down 500 keV deuterium beams
in ITER-like plasmas will be extremely difficuit and requires additional, non perpendicular
viewing, energy sensitive neutron diagnostics.
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1. INTRODUCTION

Qo076

The erosion of plasma facing materials is one of the crucial issues to be faced in the design
of a fusion reactor, such as ITER. The influx of the eroded impurities and their

accumulation in the plasma degrade plasma performance. The dominant erosion process

under ion bombardment is physical sputtering for most materials, while chemical sputtering
has also proven to be important for graphite [1]. However, the redeposition of the eroded

atoms created by different erosion mechanisms and their efficiency in plasma

contamination are less understood.

Colorimetry has been developed by Wienhold et al [2] to measure, in situ, and
quantitatively, the erosion rate of deposited a-C:D films from their complementary colour
fringes which are mainly dependant on the thickness of the co-deposits. This technique has

been introduced at JET to investigate erosionfredeposition at the MKI divertor.

This poster describes:
o Colorimetric measurements of erosion rates in the JET MKI| carbon divertor;

» Simulation of colorimetric results and divertor carbon profiles using DIVIMP code;

e Discussion of the relative roles of physical and chemicat sputtering on the net erosion

and impurity influx.
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2. EROSION / REDEPOSITION AT MKI CARBON DIVERTOR

During the 1994/5 JET operations a colour viewing system has been routinely used to

measure erosion/redeposition from changes in the complementary colours of redeposited
films using the method of Wienhold et al [2].

EPS35/08

1 2 3 4 5
Radius (m)

Fig. 1. (a) Vertical view of Colorimelry, (b) Flux Camera view and lines
of sight for visible Spectroscopy.
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A CCD video camera views outer part
of the divertor floor from a port at the
top of the vessel, fig.1(a).

llumination is provided by a halogen
lamp with a dichroic reflector mounted
on an adjacent port in the same
poloidal plane.

Colour images are taken automatically
after each pulse and stored in the JET
puise file using a frame grabber.

With an interactive analysis program,
the colour coordinates RGB (red,
green, blue) of the 24-bit colour images
are converted to hue values, which are
then related to the film thickness.

Since it is difficult to follow every
interference order of colour fringes, only
relative thickness between successive
discharges can be deduced with an
error of £ 5 nm.,

The influx of eroded carbon from the
target plates is detected by a flux
camera and visible spectroscopy, as
shown in fig1(b).



Toroidal distribution of the deposited a-C/Be:D films:

e Each divertor tile shields the edge of the adjacent one (fig.2).

* Deposition is uniform in wetted region, increasing rapidly in shadowed region (fig.3).

l_ Tile edge g (a=2)

Pulsa No: 30709

240F ;
2208 ;
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Fig.2. Schemalic of toroidal cross section of divertor tiles, Fig.3, Toroidal distribution of the deposition
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Fig.4. Erosion/Redeposition profife as a function of the radius and the toroidal distance to the tla edge for shot 30710.
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Fig 4 shows the erosion/redeposition profile for shot 30710 as function of radial distance to

the machine centre, and the toroidal distance to the tile edge. For this pulse, the separatrix

swept over the region: R=2.8 to 2.9 m. The central plasma density is 5x10' m™, and the

input additional heating power (NBI) is 12 MW, with a duration of 3.5s. As can be seen:

* in the region swept by the plasma, there is little change on the net erosion profile,

¢ however, in the SOL near the turning point of the plasma sweeping the erosion is about

10 nm.

Net erosion profile for a high power, non-swept discharge: shot 34209

Pulse No: 34209
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E —— Data ]
-20 - -= Phys. 12
N - x - Phys+Chemds
L .|...\I..i.l..‘.l,...v'.‘.'&J
276 277 278 2.79
Radius (m)

Fig.5. Experimental and simulated Net Erosion profiles at the outer

target plates. The calculaled Total Deposition profiles are also shown
for the different cases.

¢ High heating power (hot ion H-mode ),

® and the strike point is very stable (see
fig.6).

* The erosion profile is very peaked and
narrow (~ 1 cm).

¢ Net erosion at the strike point: ~ 21nm
(with high power heated phase ~ 1s).

¢ The eroded atoms are deposited at the

target in the private region.

Erosion/redeposition at the target plates is
strongly dependent on strike point
position, plasma duration and power

deposition on the targets:

e At low power, colorimetry does not

show large changes at the target.

¢ At medium power, ~ 10 MW, the net erosion rate is of the order of 5 nm/s.

* At high power (~20 MW), without sweeping the plasma strike points, a much higher

erosion rate, ~ 20nm/s, has been observed.
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3. IMPURITY PRODUCTION

To investigate the effects of different impurity production mechanisms on the erosion of

target plates and impurity influx, we have simulated the measured erosion/redeposition

profiles and the carbon profiles at the divertor targets, measured by Flux Camera and

Visible Spectroscopy, using the DIVIMP code {3,4].

e A 2-D background plasma is generated using a one-dimensional quasi-analytic model,
based on the measurements of Langmuir probes at the divertor plates to define
boundary conditions, assuming T, = 2T, D, = 1 m%s for impurities.

. Chemical sputtering of Graphite has been newly implemented in the DIVIMP code. The
chemically sputtered carbon atoms are launched at the target (600 K) with the yields
calculated according to the revised formulae by Garcia-Rosales and Roth [5].

3.1 Erosion/Redeposition: shot 34209

The evolution of the plasma parameters (fig.6) and the code input (fig.7):
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Fig.8. Evolution of plasma parameters for shot 34209, Fig.7. Langmuir probe dala at target plates and the

values used as input to the code.
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The calculated net erosion profiles are also shown in fig.5 to compare with the data:

¢ The net erosion caused by physical sputtering resulted in a very peaked profile, in
agreement both quantitatively and in shape with the experimental data (fig.5). The shape

is not sensitive to T,. D, has no effect on the net erosion near the strike point.

* With chemical sputtering, yields increase from 1.9% to 4.1%, net erosion becomes flat.

* It appears that there is, effectively, no chemical sputtering. The chemically sputtered CD,

3.2

and fragments must redeposit promptly near their point of origin. This has also been
observed by Lieder of al, from épectroscopic measurements at ASDEX-U [6].

Cil Intensity Profiles

The Cli (658 nm) intensity profiles have been recorded with an absolutely calibrated Flux
Camera, which views the divertor vertically from the top of Octant 8. Fig.8 shows the ClI

Average Intensity (x10* ph/m’s)

EPS9SAT

Puise No: 34200/34355 . CII (658 pm)
1.0 —— Data .
= —— Phys 7
0.8 ===- Phys+Chem _|
08
04f
0.2}
0
20F
1.5F
1.0F
0.5F
d f - (R E
o ’ Y i) b
0; ——-—|--_~:*L.’ \“'*—‘—.-—-——'ru \l‘— i
2.4 26 28 3.0
Radius (m)

Fig.8. Cii profiles for {a) shot 34209, and (b) 34355,
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profile for shot 34209, at 52.3s, and
shot 34355, at 51.22s.

Shot 34209 (fig.8a):

* A larger peak at the inner strike

point, smaller one at the outer.

With only physical sputtering, the
simulated Cll intensities are in good
agreement with the flux camera
results with T, = 2T, (peak values |
25% for T=T,).

However, including chemical
sputtering gives higher CII intensity,
especially near the outer strike point,

due to relatively lower temperature.



Shot 34355 - fow T, effect of chemical sputtering is more pronounced {fig.8b)

e The effective yield is greatly influenced: for physical sputtering, the effective yield is

Y.4~0.94%, while with chemical sputtering it is 5.7%, ~ 6 times larger! Again, the Cll two

peaks at the targets showed little contribution due to chemical sputtering.

¢ |tis estimated (from fig.8b) that chemically sputtered hydrocarbons would only contribute

10% of C*.

* Shimizu et al have also found that only about 10% of target-produced CD, reaches C*
[7], and Kallenbach et af estimated only 20% of the CD, gets to CD [8].

3.3  Clll Intensity Levels

Visible spectroscopy (KS3) has been employed to measure the integrated photon flux of

Clll (465 nm) from the inner and outer divertor areas separately. The measurements and
DIVIMP resuits for shots: 34208, 34335 and 31627 are shown in the table below:

Shot No.

Modelling Details Quter Inner
(x10"® phisim?/sr) (x10™ phis/m?/sr)
34209 Exp KS3 data 1.6 3.4
(52.3s) Phys. T,=2T, /T, 31/23 6.4/58
Phys.+Chem. T;=2T,/T, 6.6/8.0 10/12
34355 Exp KS3 data 5.0 2.2
(51.2s) Phys. T,=2T,/T, 7.0/438 1.9/0.8
Phys.+Chem. T,=2T,/T, 23723 11/7.4
31627 Exp KS3 data 1.2 1.0
(54.1s) Phys. T,=2T, /T, 20/11 8.6/5.1
Phys.+Chem. T,=2T,/T, 97172 27/24

¢ Using only physicai sputtering, with T, = T, or T; = 2T,, produces a reasonable fit to the

data.

¢ Including chemical sputtering, the calculated Clll intensity values increase dramatically,

by factors of 3 ~ 25 times higher than the experimental data.

o Thus, the rate of production of the C™ ions following chemical sputtering is low. This is

consistent with the analysis of the C* data, discussed above.
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5.

CONCLUSIONS

No net erosion is observed during the plasma sweeping, except in the proximity of the
turning point.

Erosion rate depends on the plasma heating power and plasma density. At medium
power, ~ 10 MW, an erosion rate of order of 5 nm/s has been observed , whilst at high
power, ~ 20 MW, the erosion rate at the strike point can reach ~ 20 nm/s.

Net erosion of target plates are mainly due to physical sputtering, showing no obvious
effect of chemical sputtering evidently due to the prompt and localised redeposition of
CD, and molecular fragments.

Spectroscopic lines of C* and C** are quantitatively reproduced by DIVIMP with a
dominant physical sputtering source, and also show little effect due to chemical
sputtering, suggesting low efficiency of producing carbon ions from CDy, ~ 10%.
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- THE A2 ANTENNAE

* Designed for rf heating and current drive in the JET divertor configurations [1, 2]; operating
since early 1994,

Four arrays of four side-by-side straps. Each strap is driven by an independent amplifier
(2MW, 25 to 56MHz); this allows operation with arbitrary current phasings, i.e. with various
radiated power spectra (dominant parallel wavenumber k, adjustable between 0 and 6.4m”,
Fig.3).

Now 12-15MW routinely launched into plasma in Onn0 phasing, a major improvement since
1994 ([3] to [5]) due to the reliability of the new electronics. The record coupled power is
16.5MW with Onr0 and 10MW with progressive phasings such as (O,n/2,m,-1t/2).

Automatic matching: feedbacks on frequency (for each antenna), and on trombones and
stubs (in each one of the 16 transmission lines).

* Prototype central separator installed on antenna D in March 1995 (Fig.1.b).
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Fig.1a Original ICARH A2 antenna with its Faraday screen Fig.1b Antenna D after addition of the central separator
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JGI5.275/1 30

Sl

8 10 12 14

Fig.2 A2 antenna with the Faraday screen removed Fig.3 k, spectra (IJ) for the main phasings in use.

ANALYSIS OF COUPLING

2
The coupling resistance R, is defined for each line+strap system by | P = Z—mzég-ﬂc
c

P: generator power; V,..,: associated maximum voltage on the main transmission line (MTL); Z.:
line characteristic impedance (30Q). As the lines share the same admissible maximum voltage,
the R.'s reflect their respective power coupling ability. In terms of the MTL reflection coefficient
amplitude r and the VSWR s,R, = Z, (1-n) / (1+r) = Z; / s.

 Critical dependence upon plasma conditions (boundary shape, scrape-off layer parameters,
etc...)

» Important role of transmission line losses at low coupling: R includes a contribution
Rioss = 0.0623 4/fyq, (0.3 to 0.5Q), i.e. |
R, = R.at+Riss, Where R, corresponds to the effective strap radiation.

(OnOx phasing: ca.20% of power lost at 52MHz, up to 30% at 32MHz for typical H mode
conditions)

» Below 50MHz the two inner straps of each array have a lower average R; than the outer ones.
Comprehensive measurements have been carried out on an antenna prototype loaded with
absorbing foam; the analysis of these data is under way.

Possible causes of imbalance:

- high characteristic impedance of the ‘cross-over’ conductors feeding the two inner straps
of each array (Fig.2)

- intrinsic differences between the main conductors

- enhancement of dissymmetries by the tilted Faraday shield elements
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* Dependence on array phasing: R; is lowest in dipole (On0r),
highest in monopole (0000) mode
Inherent to the variable k;, spectrum facility; see below.

Experimental determination of the antenna scattering matrix S on plasma
* 4 by 4 matrix connecting the forward (V,) and reflected (V.}) complex voitages at the antenna
input:

V.=SV, (1)

~» S gives a synthetic description of the linear response to arbitrary excitations of the array.

« Connection with the input impedance matrix:Z = Z, (E+S) (E-S)”' (E: identity matrix) (2)

» Determination in a single shot {5sec.with steady plasma required):
- Programmed phase ramps on generator voltages = large number of independent sets of

eq.(1)

- S results from a linear least-squares fit thereto.

» Problem: voltage measurement points separated from antenna by ca.81m of transmission
line and feedback-controlled matching trombones. Careful corrections = good estimates of
antenna voltages.

Pulse No; 34789 B at5f MHz Pulse No: 34789 D at51 MHz
=
%i g 3 Oy
O
o 3 L 2
T2
0 1F
5 =
3 4 5
o 3 o 2|
[ v
0] tE
= 5t =
5l 5
o 3 o 2t
T Ll o
0 1
s 5F 2
I 4} 3 Q I3
O 3| 2 o2l z
< 2| 3 T 2
1 L 1 ! i 9 1 1 1 L L E,
14 15 16 18 13 14 15 16 17
Time {s) Time(s)

Fig.4 Evolution of the coupling resistances during phase ramps (continuous lines); estimation based on associated
scattering matrices (dashed lines), showing a good fit quality.

* Main features of the resulits:

- Large diagonal elements, IS;| > 0.75 = low average coupling.

- Coupling imbalance at low frequency reflected by 1Sy, 1S4l < 1S5,!, 1Sa;.

* Linear regime assumption is adequate (very weak dependence of R, on power)
Models limiting interstrap coupling to first-neighbours S;,, =
fair representation of most usual phasings, but 275




wrong prediction of monopole (only case where wavenumbers |k, < w/c have been
excited).

Fits using an a priori full matrix = correct description in all cases;
yield interstrap coupling terms S; (i=j) all of the same order of magnitude, consistently with
measurements on absorbing foam in torus.
= The plasma spectral resistance is peaked near k,=0. Preliminary estimation based on re
Z,: Fig.5
- Moreover, sensitivity of R; to divertor x-point sweep is strongly enhanced in 0000, 00nx
(Fig.4, centre)

= Evidence for the global edge or coaxial modes predicted by theory [6]!
» Hlustration:

S from pulse 34789 (D at 51MHz):

Sl arg S; (°)

0.831 0.062 0.049 0.053 [-113 81 54 56
0.062 0.842 0.050 0.050 | 81-121 58 58
0.049 0.050 0.815 0.084 | 54 58 -139 72
0.053 0.050 0.084 0.798 | 56 58 72-110 0 2 2

k,l'f m-1

o JGS5 275G

o

) ] ) Fig.5 Preliminary (coarse) estimate of the piasma spectral
Confirms R/s seen in neighbour resistance obtained from Z (eq.2) derived from the S on the

fixed-phased pulses (Fig.6). left.

Antenna D at 51 MHz

\ E S13=8
\ crash D1 vo®  Si Y ¢!

Fig.6 Coupfing resistances measured for various excitations of antenna D (left). Complex reflection coefficients based on S
obtained during phase ramp in pulse 34789 (right, schematic; S; is taken as phase reference for each strap), showing good
agreement,

226



5. The relative heating efficiency, defined as the ratio between AW/AP; at a given phasing (k,)
normalized to its dipole (k, = 6.4m™) value.

0coo O0nr 72 Onr0 OnOn 5.0F F’RF(O::On:) ----------------------------- T .
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Fig.7 Heating efficiency normalized to dipole heating Fig.8 Improved monapole heating efficiency with separator
efficiency versus characteristic paralfel wavenumber

» Determined on the original A2 antenna using a 1Hz modulation of the rf power: low
efficiency at low kj, best in dipole phasing.

» Recently re-assessed on antenna D with separator, showing improvement of the monopole
heating efficiency (Fig.8). However frequent arcs occur.

6. ‘Hot’ spots (for location on antenna see labels Figs.1)

» QObserved on a poloidal limiter when the
adjacent antenna (D) is active, except in
OnOr and Ornn0 phasings; also with new

separator.

* Presence and intensity correlated with the
antenna-plasma distance;

« Vertical position correlated with q gs.

» Possible link with radial currents (Fig.2)

Fig.9 Typical bright spots observed during operation of

antenna D 297




7. Resilience to ELMs

* Giant ELMs induce rapid factor-of-4 variations in R. = high reflection at the generators = fre-
quent trips.

* Short-term solutions: require electronical discrimination of ELMs from arcs, then various
schemes, e.g.
- desensitize the control electronics = suppress generator tripping during the ELM

(Fig.10), or
- restore power faster after ELM-trip than after a normal trip (Fig.11) = higher average
power.
Dﬂ
Pulse No: 35258
o [ T, oy
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s t

= <60
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4r 1.0F

(

75 | Digital ELM signal
Zs50F 2
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¢ 012150 12.200 12.250
oL ~ . M
1 12 Time (3)13 0 135 Fig. 11 Prompt trip recovery after an ELM
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(16 / sample) Fig.12 Optimal broadband adaptation with prematching
Fig.10 Fast signal acquisition showing deactivated trip stub and fast frequency tracking for typical ELM-induced
signal during an ELM load variations.
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* Long-term rf hardware modifications for broad-band adaptation (also ITER-relevant) /
favourite scenario:
- prematching stub in each line and fast frequency variations = adaptation on ELM
timescale (Fig.12).
- additional interest: reduction of line losses.

ACHIEVEMENTS IN 1995 _

- The sideband problems linked with the control electronics [5] have been cured by the end of
1994 = very substantial improvement in the performance and reliability of the plant: gain of
ca.50% in the routinely coupled power.

- RF-only H modes:
* Record power: 16.5MW in Ornr0 (Fig.13)
e Sawteeth stabilization, production of giant sawteeth (2.5MA/3.5T, Figs.13, 14)
* Also obtained at high plasma current (4.7MA/3.2T, Fig.15)
* Low power threshold (Fig.16)

- Combined with Neutral Beam Injection heating:
* Record auxiliary power of 32MW in a divertor plasma (15MW RF + 17MW NBI) during an
ELMy H mode (Fig.17)
¢ Contribution to hot-ion H modes (Fig.18, 3MA/3T)

- Improvement in heating efficiency at low k;, after addition of a separator between the two
halves of antenna D (Figs.1b, 7, 8), but power limited by arcs. Newly designed separators will

be installed in all modules during the 1995 shutdown.
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Fig.13 BF-only H mode, during which a record of 16.5MW Fig. 14 Giant sawtooth during high power rf heating

was coupled to the plasma 229




Pulse No: 35271
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Fast Wave Current Drive
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JET Divertor Plasinas
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|ET Joint Undertaking, Abingdon, Oxfordshire, OX14 3EA, UK.
' Permanemt address: CEA, Centre d’Etudes de Cadarache, France,

- ABSTRACT:

As part of the JET experimental campaign in the pumped divertor configuration, studies of Fast
Wave Heating and Current Drive scenarii have been carried out. For the experiment described
in this paper, the scenario with D cyclotron 3" harmonic layer at center and both H cyclotron 1°
and 2" harmonic layers at the edge has been chosen. Significant Fast Wave Heating has been
observed and studied for varying plasma parameters (By, ICRF power, antenna phasing, densi-
ty). The results are compared with numerical simulations of power deposition and prediction of
current drive efficiency is given. This scenario has been found to provide efficient heating.

SCENARIO FAST WAVE ELECTRON HEATING AND FAST WAVE CURRENT DRIVE:
o B;=2.2 T, ficre=51.4 MHz, 3D(3 *He) at center.

e Hand2D (2 *He) are marginally present at the plasma edge on the high field side, 2H and
4D (4 *He) on the low field side (e.g. # 35320, loiasma=1.8 MA, fig. 1).

* similar scenario has already been experimented on Tore Supra.
EXPERIMENT:

® sensitive to layer position:

*  # 35520 ramp down of the magnetic toroidal field (fig. 2).

at59s, n, T, P..q T, neutral H T (NPA horizontal line), DD rate |, neutral D { (NPA horizontal line):
— 2H cyclotron layer enters in plasma on the low field side (fig. 4).
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5 Pulse No: 35325 Pulse No: 35328
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t=30s, module D in 0 n = 0 phasing, modules A, B and

C - 90 degres phasing.
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® evidence of Fast Wave Electron Heating:

* #35319, analysis of the fast switch off of P,oxe and of the sawteeth slope yields peaked depo-
sition profiles. Pryg=0.9 MW for Pcre=6.5 MW — 14% of damping on electrons in0 0
phasing (fig. 3).

* +and - 90 degres phasing — estimated to be less than 50% of 0t 7 0 heating.

* pre-heating with LH — no visible difference.

® similar results in *He:

* #35325 D plasma (fig. 5c), # 35328 second pulse in *He (— ~50% “He, 50% D) (fig. 5d).

* the T, profiles are identical (fig. 5a, b).

* evidence of absorption at 3™ D cyclotron harmonic:

* high DD rate, y emission (3.1 MeV from ?C(d, p)'°C with E;>1.8 MeV)

* presence of fast D, E=1.1 MeV (vertical high energy Neutra! Particle Analyser) (fig. 6, 9)

* contrasts with TS results which show dominant electron heating and no fast ions.

¢ power and density scan:

* evolution towards better perfomances with higher power and density (W, T, DD rate )
(fig. 7} — elmy H-mode: H89~1.6, subtraction of the energy of fast particles gives 2*H93~1.6
on pulse # 35525, 0 &t O phasing (fig. 6) (similar results for # 35526, 0 t O & phasing).

* record DD rate for ICRF only: 1.8 10'® s™ with Pjoae=12.9 MW,

* Woin=3.2 MJ (With Wieg pariicies=0.6 MJ), <n,>=3.9 10 m®, T,(0)=5.7 keV, P, =13.5 MW
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fig.6: pulse n® 35525 O = = O phasing, 51.4 MHz, 2 MA, fig.7 diamagnetic energy increase in function of the ICRF
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NUMERICAL SIMULATION:

competition between FWEH and FW3DH:
* single pass absorption coefficient in WKB analysis

Im(k.)=(Vi/4)k BeXe.exp(-X,2)G
Where Xe=w/ (K Vi), G={(1+WeridWine)? and Wiz=Wie + Mty

» pulse # 35320 (fig. 9.10):
max of x,.exp(-x.’) for harmonic toroidal number N=33 (k=11 m™’ on axis)

* SINGLE code (single pass absorption) simulation (fig. 11)

» PION code simulation with cut off of D energy at 2.5 MeV — 50 % on electron 50 % on D
(fig. 12) (self consistent treatment of the tail formation and the Fast Wave absorption)

+ ALCYON (2D full wave code)} simulation of FWCD and power deposition profile on electrons
(for 1 MW coupled to electrons, - 90 degres phasing with the plasma parameters of pulse

#35320) (fig. 13, 14): FWCD efficiency of 0.018 10°® AW/m?
235




Pulse No: 35320

.10

3

=

N

T Pulse No: 35320
Y :
VS .o

- 2 5L iy + Onn0
<5 + (1= 15.325)
2 1% N ", sawtooth peak

6.0 4l - %’J

55 S %
2= 5

23 asr WWMMW 3
| M = 3F CnmQ
e 10 oy & (=15758) %
T 2r ol © after sawtooth crash
8 =) 1+
S 0 xﬁ%w %ﬁ« :
v ~0.50 g 1 N
2005 2 Target plasma ’S"s‘x % §
-30 , % (t=13 ) e %_,%_a
zz ol g ] ] ] ] i Lo 9
Q 12,5 15.0 17.5 20.0 22.5 25.0 20 22 24 26 28 30 32 34 36 3.8 40

Time (s) R (m)

fig.9: pulse n® 35320, 0 = n O phasing, 51.4 MHz, 2.18 T fig. 10: ECE temperature profiles of the pulse n® 35320 in the
Deuterium. plane z=z(axe).

%)
(=]
3

—_
L]
T

Puise No: 35320

O Electrons (4.5 keV)

Single pass absorption (%)
5
T

ST x Buik deuterium (2.7 keV)
4F
0 | ]
o - 10 20 30 40 3
Toroidal harmonic number N % 3l
[v]
25 g
o
20 - i 2t
15

—
[
I

— Electrons
B Hot deuterium

(4,1

Single pass absorption (%}

JGRS.252M 4¢

o

i ! i ! 0c - 1 1 I I ) 1 i L
0 100 200 300 400 500 13.5 140 145 150 155 160 165 17.0 175
Tp (keV) Time (s)

fig.11: SINGLE simulation of the pulse n® 35320 at t=16.2s, figi2 : PION simulation of the puise n® 35320 between
a: single pass absorption on electrons (TTMP and ELD) t=13.5 s and t=17.5 s, powers coupled directly to electrons
and on butk Deuterium (3rd harmonic) in function of the the and to Deuterium (with a limit at 2.5 MeV for D).

toroidal harmonic number N, b: single pass absorption for

the toroidal harmonic number N=33 on electrons and hot

Deuterium (1% of the bulk in density) in function of the hot

Deuterium temperaturs.

236



0.18
0.16
0.14}+
0.12¢
0.10
0.08
0.06
0.04
0.02

Power in toroidal mode N

014

012+

0.10F

.08+ 4

0.06+ |
0.04+!
0.02+

OnOn phasing

N=-28

"
X
[
[
[
]
'
b
'
]
'
I

-,
JGI8 252F15¢

0.50

Toroidal harmonie number

fig. 13: ALCYON simulation of the pulse n® 35320 at t=16.2 s, dependance on the
toroidal harmonic number N, a: power coupled to plasma for 1 kA in the straps,
b: Orn0 phasing spectrum (- -) and power*spectrum*10 (-), ¢: - 90 degres phasing
spectrum (- -) and powsr*spectrum*10 (-), d: 0 n 0 » phasing spectrum (- -) and

power*spectrum*10 (-)

N

0 50-50 I} 50

Toroldal harmonic number
N

1.0

0.5}

Integrated power on electrons (MW)

3.0
2.0-
1.0

Patactrong {MW.m3)

4
J (MA.m™2) g

fig. 14: ALCYON simulation of the pulse n® 35320 at t=16.2 s, a: radial profile of the
electrons power density for 1 MW coupled to electrons, b: radial profile of the Fast Wave

0.4 0.6 0.8

p=Vg

Current Drive for 1 MW coupled to electrons.

237




CONCLUSION:

Significant Fast Wave Direct Electron heating has been observed.
» Competing absorption by Deuterium at 3™ cyclotron harmonic is present.
* Competition with lower cyclotron harmonic (H or D) should be avoided (edge absorption).

* Fast Wave Current Drive efficiency estimated at 0.018 10°° A/W/m? for 90 degrees phasing
with the plasma parameters of pulse # 35320.

» Efficient heating scenario at 2 MA, 2.2 T with no minority ion population, which can start on
low T, (1-2 keV) target plasma and might provide adequate conditions for very long pulse
(60 s) operation for advanced tokamak scenario on JET.

ACKNOWLEDGEMENTS:

The work on Fast Wave Current Drive is carried out in collaboration with CEA-Cadarache. Part
of the ALCYON computation has been performed at Cadarache. The authors are very grateful to
Dr A. Becoulet for his active participation and to Drs J. Jacquinot, B. Saoutic and A. Gondhalekar
for many fruitful discussions. We gratefully acknowlege the JET team for the accomplishment of
this experiment.

238



Q105

rligh Resolution Speetroscopie
Measurernents of lrapurity
Radiation Distributions and
Neutral Deuterivm Profiles in the
JET Serape-off Layer

P Breger, R W T Kénig, C F Maggi, Z A Pietrzyk', D D R Summers,

H P Summers, M G von Hellermann.
JET Joint Undertaking, Abingdon, Oxfordshire, OX 4 3EA, UK,
=' CRpPP Lausanne, Switzerland,

INTRODUCTION

A periscope has been installed to image visible radiation fram the plasma scrape-off layer at the top of |

JET on 48 fibres with spatial resolution of about 0.45cm. The fan of viewing lines cover a vertical region of

11 degrees (Fig. 1). Passive line radiation of Cll, CVI, D I, as well as Li | beam emission were spectrally
resolved on CCD cameras with integration times ranging from 50 to 500 ms. 44 of the 49 fibres are

| imaged on the entrance slit of an astigmatism-

to spectrometers

corrected low-resolution spectrometer ( 0.27m Libeam
Chromex ) to yield a line integrated spatial emission observation
periscope

profile, and the remaining 5 fibres are passed to a

high resolution spectrometer { 1.25m SPEX ) to
enable spectral line profile analysis. Abel inversion

of the intensity profile allows identification of height

above

emission layer positions, which are compared to the midplane

emission region of the injected thermal Li-beam, as -2m
well as the boundary position predicted by various N
magnetic diagnostics. The passive charge- 1.5 nf
exchange radiation of CVI (n=8-7) is used to 51 i

determine the fast neutral deuterium density in the
edge.

Fig. 1: Diagnostic fayout and viewing line geometry.
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EMISSION LAYER DETERMINATION
The observed line intensity profiles 7, are linked to local emissivity layers ¢ on the toroidal flux surfaces by
a set of 44 coupled equations:

25
;=281 (1), where i =channel no 1 to 44, I, = length in flux fayer j =110 25.
J=1

For the Abel inversion the flux range w=0.5 to 1.2 is subdivided into 25 equidistant layers in y-space,
y=1.0 carresponding to the separatrix. Plasma regions inside w=0.5 are not traversed by the viewing
lines, regions outside y=1.2 are assumed to be non-radiating. Visual inspection of the light intensity
profiles vis-a-vis the pathiength distri‘buticns in the 25 flux layers enables the emission region in flux
space to be identified qualitatively. The numerical inversion is obtained by a) a best fit solution for the 25
emissivities and b) by a fit of two gaussian emission distributions for each measurement frame. The
average agreement between the measured in.tensity profite and the simulated profile from the 25 fitted
emissivity layers is ~15%. Although the gaussian fit method is in general less accurate in simulating the
measured intensity profile, it provides a parametrised form of positions and widths of emission layers.

This inversion technique relies on the accurate determination of the viewing lines in the torus at operating
temperature and at vacuum conditions. A 60 keV Li-beam is injected into the plasma, and the Doppler-
shifted Lil emission at 670.8nm is recorded together with a parasitic Hel line at 667.8nm and the unshifted
670.8 nm emission from thermal Li escaping into the plasma along the beam trajectory. The Doppler shift
yields accurate vertical position coordinates. The toroidal alignment is measured by back-ifluminating the
viewing lines with a laser and recording the laser spots on the vessel wall with the in-vessel inspection
system (IVIS). |

The full EFIT equilibrium is used to provide a pathlength distribution along the viewing lines in flux space.
Errors in the present magnetic diagnostic data can lead to uncertainties in the calculation of the top
plasma boundary, and sometimes corrections of order 10cm need to be applied based on the thermal Li
emission, the high energy Li-beam diagnostic and reciprocating probe diagnostic.

THE LOCATION OF THE EDGE : Cill EMISSION PROFILES

Clil profile measurements were performed on subsequent plasma shots with simitar plasma boundary
configuration. The pulses were from an elm-free H-mode campaign with 5MA piasma current, 3 T field
with new Be-tiles in the JET divertor. For this particular plasma configuration, both EFIT equilibrium and
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XLOC boundary determination repeatedly give magnetic separatrix heights at major. radius R=3.252m
within a range of £ 2cm during the heating phase (Fig.2). This position of the magnetic boundary and the

thermal Li emission { vertical injection at R=3.252 )
 agrees well with beam attenuation and emission
moadels.

The Clil measured intensity profile (A=465.0nm) for
two viewing mirror positions has a max. in channels
intercepting the beam trajectory at height 1.7m
(Fig.3). Analysis of the path lengths in the various
fluxlayers confirms that this viewing fline has a
maximum pathlength in the separatrix layer.

The results of the Abel-inversion for-. the: ClIl
emission are shown in Fig.4 and are compared with
various plasma parameters in Fig.5. The position of
the ClIt emission layer is at y=1.0, but shows some
dramatic movement after 52s.

Table 1. Comparison of different edge positions
Zsep refers to the average magnetic separatrix,
and Z(Li) to the measured position of thermal Li

emission.

(7o [XLOC #35262,#35263 Ny,
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P Y ;
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150 B0 o e
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time (s)

Fig. 2: Comparison of magnetic boundary positions
at R=3.252 m.

time |{Zsep | Z(Li) max. dens.
[s] [m] [m]

5125|166 [1.69 |3.2x10"
51.75 [ 168 |1.71 |36x10"
5275 [1.70 |[1.67 |5.8x10"

Howaever, this observed movement is not related to changes in the plasma edge parameters during the H-

mode transition, but is an artefact of inaccuracies of the magnetic data. This is seen when correlating the

magnetic data with the layer position. Although the behaviour of the emission layer position is masked by

this systematic error, some additional movement can be seen, and the layer width and intensity can also

be correlated with changes in the plasma edge during the heating period. During the onset of the heating
phase { 7 MW NBI and 2.5 MW ICRH ), the H-mode is established with threshold elms. The measured
width of the CIII emission shell drops to 3w=0.025, and increases with the onset of giant elms, when the

total emission from the shell also increases. At the end of the ICRH heating phase, the width of the

emission shell decreases by a factor of 4 and remains at 5y=0.04 until the end of the neutral beam

heating phase.
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Fig.5: Time evolution of emission layer
width and integrated layer intensity.

242

Fig. 4: Abel-inverted Cill emissivity distribution in

photons/cm’ sr s

l'llll[illl]llillf

FE T S S N A A T BT

13

i2
11w
10

51 52 53 54
time (s)

layer
intensity
(a.u.)

0.10 layer

width
0.05 (psi}

D-alpha
x1§ @Y

ICRH
power

beam
power

(W)




Q105

rligh Resolution Spectroscopie
Measurements of lrapurity
Radiation Distributions and
Neutral Deuteriurm Profiles in the
JET Serape-off Layer

P Breger, R W T Kénig, C F Maggi, Z A Pietrzyk', D D R Summers,

H P Summers, M G von Hellermann.
JET Joint Undertaking, Abingdon, Oxfordshire, OX14 3EA, UK,
' CRPP Lausanne, Switzerland.

INTRODUCTION

A periscope has been installed to image visible radiation from the plasma scrape-off layer at the top of

JET on 49 fibres with spatial resolution of about 0.45¢m. The fan of viewing lines cover a vertical region of

11 degrees (Fig. 1). Passive line radiation of Cill, CV), D |, as well as Li | beam emission were spectrally
resolved on CCD cameras with integration times ranging from 50 to 500 ms. 44 of the 49 fibres are

| imaged on the entrance slit of an astigmatism-

to spectrometers

corrected low-resolution spectrometer ( 0.27m Liveam |

Chromex ) to yield a line integrated spatial emission observation
profile, and the remaining 5 fibres are passed to a T periseoee
high resolution spectrometer ( 1.25m SPEX )} to {

enable spectral line profile analysis. Abel inversion ,

of the intensity profile allows identification of ; height
emission layer positions, which are compared to the f ?nbig;?ane
emission region of the injected thermal Li-beam, as . \“\ r2m
well as the boundary position predicted by various /-\ N \\ N
magnetic diagnostics. The passive charge- /_\ \ \ 51'5 d
exchange radiation of CVI (n=8-7) is used to fl,'f”r \ 51 _

determine the fast neutral deuterium density in the i

edge. m

Fig. 1: Diagnostic layout and viewing line geometry.
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EMISSION LAYER DETERMINATION
The observed line intensity profiles 7, are linked to local emissivity layers € on the toroidal flux surfaces by

a set of 44 coupled equations:

25
I = Zaj g (1}, where i=channel no 1to 44, J, = length in flux layer j =11t025.
J=1

For the Abel inversion the flux range y=0.5 to 1.2 is subdivided into 25 equidistant layers in y-space,
y=1.0 corresponding to the separatrix. Plasma regions inside w=0.5 are not traversed by the viewing
lines, regions outside y=1.2 are assumed to be non-radiating. Visual inspection of the light intensity
profiles vis-a-vis the pathlength distrfbutions in the 25 flux layers enables the emission region in flux
space to be identified qualitatively. The numerical inversion is obtained by a) a best fit solution for the 25
emissivities and b) by a fit of two gaussian emission distributions for each measurement frame. The
average agreement between the measured in‘tensity profile and the simulated profile from the 25 fitted
emissivity layers is ~15%. Although the gaussian fit method is in general less accurate in simulating the
measured intensity profile, it provides a parametrised form of positions and widths of emission layers,

This inversion technique relies on the accurate determination of the viewing lines in the torus at operating
temperature and at vacuum conditions. A 80 keV Li-beam is injected into the plasma, and the Doppler-
shifted Lil emission at 670.8nm is recorded together with a parasitic Hel line at 667.8nm and the unshifted
670.8 nm emission from thermal Li escaping into the plasma along the beam trajectory. The Doppler shift
yields accurate vertical position coordinates. The toroidal alignment is measured by back-illuminating the
viewing lines with a laser and recording the laser spots on the vessel wall with the in-vessel inspection
system (IVIS). |

The full EFIT equifibrium is used to provide a pathlength distribution along the viewing lines in flux space.
Errors in the present magnetic diagnostic data can lead to uncertainties in the calculation of the top
plasma boundary, and sometimes corrections of order 10cm need to be applied based on the thermal Li
emission, the high energy Li-beam diagnostic and reciprocating probe diagnostic.

THE LOCATION OF THE EDGE : Cill EMISSION PROFILES

CH profile measurements were performed on subsequent plasma shots with similar plasma boundary
configuration. The pulses were from an elm-free H-mode campaign with SMA plasma current, 3 T field
with new Be-tiles in the JET divertor. For this particular plasma configuration, both EFIT equilibrium and
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XLOC boundary determination repeatedly give magnetic separatrix heights at major. radius R=3.252m
within a range of + 2em during the heating phase (Fig.2). This position of the magnetic boundary and the

thermal Li emission ( vertical injection at R=3.252 )
~ agrees well with beam attenuation and emission
models.

The ClIl measured intensity profile (A=465.0nm) for
two viewing mirror positions has a max. in channels
intercepting the beam trajectory at height 1.7m
(Fig.3). Analysis of the path lengths in the various
fluxlayers confirms that this viewing line has a
maximum pathlength in the separatrix layer.

The results of the Abel-inversion for.the CIl!
emission are shown in Fig.4 and are compared with
various plasma parameters in Fig.5. The position of
the CllIl emission layer is at y=1.0, but shows some
dramatic movement after 52s.

Table 1. Comparnison of different edge positions
Zsep refers to the average magnetic separatrix,

and Z(Li) tb the measured position of thermal Li
emission.
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Fig. 2: Comparison of magnetic boundary positions
at R=3.252 m.

time |Zsep | Z(Li) max. dens.
(s] [m] [m]

5125 [166 [169 |3.2x10"
5175 {168 1171 |3.6x10"
5275 |[1.70 |1.67 |58x10™

However, this observed movement is not related to changes in the plasma edge parameters during the H-

mode transition, but is an artefact of inaccuracies of the magnetic data. This is seen when correlating the

magnetic data with the layer position. Although the behaviour of the emission layer position is masked by

this systematic error, some additionai movement can be seen, and the layer width and intensity can also

be correlated with changes in the plasma edge during the heating period. During the onset of the heating
phase ( 7 MW NBI and 2.5 MW ICRH ), the H-mode is established with threshold elms. The measured
width of the CIll emission shell drops to Sy=0.025, and increases with the onset of giant eims, when the

total emission from the shell also increases. At the end of the ICRH heating phase, the width of the

emission shell decreases by a factor of 4 and remains at dy=0.04 until the end of the neutral beam

heating phase.
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Fig.5: Time evolution of emission layer
width and integrated layer intensity.

242

86t
‘(71\ 54 i O — -’..-yl——’
1 ‘\\a\wﬁ -
= 52} N

50}

0.0

2.9E+10
5.8E+10
8.7E+10
11E+11
1.4E+11
1.7E+11
2.0E+14
2.3E+11
J 2.6E+11

T IGIIMDOL>

0.9 1.0 1.1
magnetic flux coord. psi

Fig. 4: Abekinverted Cili emissivity distribution in

photons/cm® sr s

-1

O = N W

|IIIIII[II'IIIIII

' N ST RS N AR E T

13

32
11 (W)
10

51 52 33 54

time (s)

layer
intensity
(a.u.)

0.10 layer

width
0.05 (psi)

D-alpha

x16 @Y

ICRH
power

beam
power

(W)




THE “LUKE-WARM” CHARGE-EXCHANGE LAYER : CVI EMISSION PROFILES

In contrast to the emission from a low-ionisation stage ion such as CllI, which is located near the plasma
separafrix, the plasma induced emission from CVI (1=529.05nm) seems to originate from two different
emission layers. As a consequence, the analysis of charge-exchange (cx) spectra from heating beams |
has to take into account the presence of a so-called “cold” feature (Ti~480 eV), corresponding to emission
induced by electron collisions in the CVI ion shell, as well as a “luke-warm” feature (Ti~4keV)
corresponding. to emission from CVI ions formed deeper into the plasma by cx collisions with fast
deuterium atoms.

In order to investigate this model, a CVI emissivity profile was also obtained for the ptasma configuration
described above. Abel-inversion yields a broad CVI emission layer inside from the ClIf emission layer
(see also Fig.3), extending well into the confined plasma region. Resalution into two emission layers is |
however not possible. High resolution spectral analysis of the emitted CVI spectrum on 5 locations along
the intensity profile shows for this particular plasma shot a rather low fraction of cx emission - the ratio of -
cx-photon flux is of the same level as that from the electron induced photon flux. This observation is in
marked contrast to the typical CVI intensity profiles observed during high-performance hot-ion mode
plasmas, where the passive cx feature is of order 6 times more intense than the electron induced
radiation. Such an example is a hot-ion H-mode plasma with 3.8 MA plasma current at 3.3T field
(#33641), similar to the recent record shot #33643 .where a peak neutron rate of 4.7x10"® s’ was
attained,

Whereas agreement between the EFIT equilibrium separatrix position and the XLOC plasma boundary
was very good in the earlier quoted pulses, for these hot-ion mode plasmas it is less so. The plasma
would be far too low in the vessel to yield the observed intensity profiles ( the outer channels would not
intercept the plasma at all ). For this reason, the Abel inversion was done using an EFIT equilibrium
shifted upwards by ~8.5cm. The resuitant Abel-inverted emissivity profiles may then be in error as far as |
absolute positions are concerned, but the relative spacing of layers was found to be insensitive to vertical |
shifts. The resultant emissivity distribution of CVI is shown in Fig. 8, the parameterised position and width
of. the interior layer in Figs. 7 and 8. Using the corrected pathlength distributions in the fluxayers
predicted from EFIT, the outside emissivity layer is placed at the separatrix and can be interpreted as the
electron induced component. Further inwards, a more intense layer exists at y~0.8 which can be
attributed to the charge-exchange induced feature. This ratio of the “luke-warm® to the “cold” emission
layer is also obtained by spectral line shape analysis of 5 channels, which yields a passive charge-
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exchange emission layer of up to 6 times more intense than the outer cold emission layer. Fig. 9

compares the icn temperature profiles for the passive charge-exchange feature for three of the

54,0
[ ) A: 0.00 085 o
B: 3.6E+8 &
- C: 7.1E+8 j080 8
53.5 D: 1.1E+9 £ 8
E: 1.4E+9 = 075 3
o F: 1.86+9 5 o010 E
2 H: 2.5E+9 8008 ¢
= |: 2.9E+9 g 0.08 F
[ J: 3.2E+9 a . o
52.5 F 52 53 54
i time (s)
520 I ) Fig.7: Time evolution of cx-emission
0.6 08 1.0 layer position compared to offset of
magnetic flux coordinate psi N
XLOC boundary to EFIT equifibrium
Fig.6: Emissivity distribution (photons/cm’sr s)
[ layer
0 F
01 i \/_____/\ width ~
e oty g (esi) 2
0.00 . . >
2
L4
F D-alpha 8
] intensity =
: i BT (a.u.) 5
x10'8 ¢
25- \neutl‘on T S TP T
AR rate (/s) 0.5 0.6 0.7 0.8
0 magnetic flux coordinate psi
X107 beam - : . :
40 3 power Fig. 9: Time evolution of ion temperature during
0' 0 F o e w) heating phase after 52s. Trajectories A-C are from
52 53 54 this edge diagnostic, D-E are from the central
time (s) charge-exchange diagnostic.

Fig 8: Time evolution of cx-emission layer width

244



channels with that of the central cx-diagnostic. The motion of the layer, howevef, cannot be correlated
with changes in edge plasma parameters - it is seen to correlate exactly with the difference in prediction of
plasma separatrix position at R=3.252m by the two magnetic calculations. The emission layer deduced
from an EFIT y-grid moves inwards to the same extent to which the XLOC boundary moves relative to the
EFIT grid. If the electron collision induced emission layer is taken to be an indicator of the plasma
boundary, then good correlation with the XLOC boundary time behaviour is seen, but not with the EFIT
separatrix position. This is also the case when comparing the motion of thermal Li-beam emission regions
with that of the magnetic boundary. Comparing the width of the emission layer with the heating beam
power and the vertical D.-signal, a decrease during the development of the H-mode, and increase during
the giant elm phase is seen {Fig. 8).

THE FAST NEUTRAL DEUTERIUM DISTRIBUTION

Fast deuterons near the plasma edge region collide with cold recycling neutral deuterium and resonant
charge-exchange occurs with some of this recycling deuterium before it is ionised. The resultant fast |
neutrals can penetrate deeply into the confined plasma regions before re-ionising. The population fraction _5
in the n=2 level will charge-exchange resonantly with C* to give rise to the hot CVI (n=8) radiating shell,
the local emission on decay from n=8 to n=7 can ba described by the following expression

ecx(R) =n&* (R)-nd=2(R)- QSX(CVin=8-7) | (2).

CX

The effective emission coefficient Qg (Ne.Te. T}) has been calculated for the range of electron

temperatures and densities as measured by LIDAR. The ion-temperature and C* concentration profiles |
are measured by the heating-beam cx-diagnostics ( KS5-CXRS for bulk profile, KS7-CXRS for edge
profile ). The fast deuterium temperature is taken to be the same as the local plasma temperature inside
the confined plasma, while outside the deuterium temperature has been fixed at 5 eV. For the inner
charge-exchange layer, electron excitation processes can be neglected as a source of N=8-7 radiation.
From expression (2) the amount of excited n=2 population can be derived, and using a collisionat
radiative population mode! (ADAS) the total fast neutral deuterium is estimated. The results for #33641
are shown in Figs. 10 and 11 as a function of p=ria.

A particular point of interest in this shot is the premature neutron rate roll-over at 53s, which is
accompanied by increased levels of D, emission. The integrated fast deuterium density rises by 25%
during the roll-over at 53s, and another rise of 40% is seen during the power step-down at 53.5s.
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Although the neutral deuterium densities calculated at a depth of p=0.9 are rather small, the recycling cold

deuterium which resonantly charge-exchanged with deuterons will have a much higher density, since the

charge-exchange process has to compete with rapid ionisation.

CONCLUSIONS

o Passive intensity profiles may be used to identify the location of the plasma boundary, and provide an

independent means to verify separatrix positions from magnetic coil measurements.

e The existence of a hot charge-exchange induced layer interior to the plasma boundary was verified,

and previous crude estimates of position and width could be substantiated.

¢ From the cx-emission iayer a hot neutral deuterium density distribution could be calculated.

+ Evidence for a neutral deuterium enhancement was found during the neutron rate roll-over phase.
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1. INTRODUCTION

The main aim of the JET fast ion and alpha particle diagnostic is the measurement of the spatially
resolved velocity distribution of the fast alpha particle population when JET enters the DT phase. it
is based on collective scattering of high power 140 GHz radiation, as first proposed by Woskov et al.
{1}, with muiti-channel heterodyne detection. The system and the underlying theory have been

described in a number of papers (see e.g. [2], [3]). Successful experiments at similar frequencies
have recently been reported on the Wendelstein W7-AS stellarator [4].

® The first observations of collective scattering from JET plasmas, measuring the thermal
ion feature, have now been made. They confirm expectations and indicate that the
diagnostic will give the predicted performance for observations of alpha particles in JET.

2. THE DIAGNOSTIC SYSTEM

® The 140 GHz gyrotron source can produce 500 kW for 0.5 s, with > 90 % in a Gaussian beam.
In these experiments it delivered up to fifteen 1 to 5 ms pulses of 370 kW to the torus. The
frequency was selected to allow access to the plasma at high magnetic fields (above 3 T).

® Both the injected and the received beams are steerable. They are focused to near-Gaussian
waists of 30 mm radius close to the plasma centre. Their overlap is the scattering volume.

® O or X mode can be selected by adjusting the universal polarizers.
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Fig. 1. Schematic overview of the KE4 diagnostic

The gyrotron was operated at ~ 90 % of maximum power to give stable, spectrally clean
operation. The measured frequency was 139.95 GHz, with only 5 MHz variation during a 1ms
pulse. After filtering and polarization the power at the calorimeter was 370 kW, of which close
to 100 % was transmitted to the torus via ~ 60 m of 88.9 mm ID corrugated waveguide.

Heating rates at the water-free fused silica torus window (clear diameter 190 mm) were
measured at 100° C/s during high power transmission.

The beam profile at the torus was determined using burn paper (Fig. 2) and appeared to be
closely Gaussian. :

The effective reflectivity of the torus vessel seems to be low. Even with no plasma present the
high power beam caused no damage to any of the sensitive ECE and reflectometer detectors.

Fig.2: Burn paftern produced by the injected beam before the torus window. The granular structure
is due to reflections from a ceramic load placed between the thermosensitive paper and the window.



3. THE RECEIVER SYSTEM
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Fig.3: Schernatic of the receiver

Two notch filters in series, with at least 80 dB attenuation and a full width of 200 MHz at -3 dB,
remove the stray gyrotron radiation reaching the receiver antenna, which was measured to be
up to ~10 mW. Frequencies outside the notch filter are generated briefly during switch-on and

switch-off of the gyrotron, leading to temporary saturation of the receiver, and causing negative
spikes in the raw data.

The total receiver bandwidth is 12 GHz, placed symmetrically about the gyrotron frequency:.
This is divided into 32 channels, varying in bandwidth from 20 MHz close to the gyrotron
frequency, to 1.6 GHz in the upper sideband, outer channel. 21 filter channels cover the lower
sideband, 10 channels the upper sideband and one monitors the stray light.

The gyrotron will be modulated at frequencies up to ~ 10 kHz to permit discrimination between
scattered radiation and the background ECE and to avoid effects of ECE modulation due to
heating by the injected power. The VME-based data acquisition system can perform real-time
averaging of the received signals, during modulation of the gyrotron. 1t is interfaced to the JET
computers via ethernet,

4, RAY TRACING

O to O mode scattering was used to minimise the effects of refraction. The two ray paths were
computed for an actual plasma similar to those expected during observations.

Fig. 4 shows ray paths in a plasma with B =3.4 T, ng, = 3.35 x 1019 m -3, when intersection of
the two O mode beams was required at R = 3.0 m, at a height 200 mm above the torus centre,
with a scattering k of modulus 1520 m -1. The angle between B and k was then calculated to be
122° and the scattering angle was 32°.
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® The necessary angular settings of the upper and lower movable antenna mirrors and the
corresponding O mode polarization vectors at the antennas were also found. The required
settings of the two universal polarizers could then be calculated.
® The ray paths of the two X mode rays for these antenna settings are also shown in the figure.
®  The refraction of the O mode rays is sufficiently smail that considerable variations in the plasma
density and the magnetic fieid did not cause serious beam misalignment.
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Fig.4: Ray tracing for JET shot # 34018 at t = 53 s, Antennas were set for O to O mode scattering.

5. RESULTS

® (Clear scattering signals were seen from plasmas with B, >3 T. Fig. 5[a]is a sample of the raw
data.

® Atlower fields (between ~2 and ~3 T) the input pulses are strongly absorbed by EC
resonances, causing local heating and increased ECE around a flux surface. This, and the
subsequent cooling, is seen in Fig. 5[b]. The cooling time constant of a few ms clearly
identifies the heating signal. No significant local heating was seen for B, > 3 T.
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Fig. 5. Raw data from ptasmas with [alB=31TandpjB=29T

In the absence of plasma virtually no signals were observed except in the channel at the
gyrotron frequency.

CALIBRATION

For the present results relative calibration was obtained from detected ECE, assumed to be
constant in spectral range of interest ( main band: 140 GHz +- 0.5 GHz and spurious lower band
126 GHz +- 0.5 GHz). Transmission of the notch filters was measured separately and accounted
for in ECE based calibration.

System saturation varying from channel to channel was compensated for by using differences
between two ECE levels near ECE levels found when scattering.

Calibration and system nonlinearity are the most important sources of uncertainty in present
spectra. In particular the channel at -100 MHz (see Fig. 6) is unreliable.

A rough absolute calibration was obtained by comparing the detected ECE level with that
measured by a calibrated ECE diagnostic. The principal uncertainty is due to different viewing
directions.

SPECTRA

Clear scattered signals were obtained for a range of shots with moderate ICRH power coupling to
2nd harmonic of the bulk deuterium. In these plasmas significant amounts of nitrogen (used for
divertor studies) were present. The spectra obtained in these shots were all similar to Fig. 6.
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e A few spectra with clear signals were obtained from shots with NBl. Fig. 7 shows a typical
example.

® The histograms in Figs 6 and 7 represent the measured spectral intensity normalized to the
intensity of the ECE at 140 GHz in each shot. The curves are the theoretical predicted spectral
intensities (Bindslev [3]) based on a plausible set of plasma parameters. Magnetic field and
electron density and temperature were obtained from other diagnostics while the ion parameters
were fitted. The fits should be seen as ifiustrative rather than quantitative.

¢ The fit in Figure 6 assumes scattefing in the wings to be due principally to a hot minority of
deuterons while the sharp central peak is due to the nitrogen population.

e Both spectra appear to be shifted by 30 MHz corresponding to a toroidal drift velocity of
1.6 x 105 m/s. '

¢ The absolute levels of the measured spectral intensity are 70 % (shot 35608) and 80 % (shot
35648) of that predicted by theory assuming perfect beam overlap and the plasma parameters
used in the fit. This discrepancy is well within the uncertainties of the calibration and the
scattering and plasma parameters.
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Fig. 6: Shot no. 35608 at 57.5 sec. with 5 MW ICRH. Spectral intensity of scattered light normalized fo spectral intensity
of ECE at 140 GHz. Histogram: experimental, curve: fitted theoretical curve. T,,, @ 140GHz = 325 eV. Scaftered signal
integrated over 2 gyrotron pulses (1.6 ms). Given. B=3.1T,n,=4.1x 10" m3, 7,=3.0keV, angle (k;, kg) = 32",
angle(k,B) = 122°. Fitted: np, = 1.2 x 10" mr3, Tp,= 3 keV, np, = 0.8 x 10"9 013 T, = 20 keV, ny, = 0.3 x 107,

Ty =3 keV
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Fig.8: Shot no. 35608 at 57.5 sec. Spectral intensity of fluctuations in ECE and detector noise normalized to spectral
intensity of ECE at 140 GHz. integration time. 1.6 ms. T, @ 140 GHz = 325eV.
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o From Figs. 6 and 8 it can be seen that the post-detection S/N e
Scattered signal / Fluctuations on integrated (signal + ECE + Detector noise)
is in the range from 10 to 100. Similar values are found for the spectrum in Fig. 7.

CONCLUSIONS

® The diagnostic behaved as expected under the conditions of these preliminary experiments.
® The observed signal-to-noise ratios were in satisfactory agreement with theory.

®  When the full pulse length of the gyrotron can be used with fast modulation, the diagnostic
should be capable of giving the expected performance for observations of fast ions and alpha
particles in future JET plasmas.

® The experiments provided valuable experience and identified areas for further improvement of
the system and data treatment before the next JET campaign.
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INTRODUCTION

Experiments aimed at examining the confinement characteristics of plasmas with high values of
poloidal beta (B,,) have been performed over a wide range of plasma parameters in JET.

| High B, plasmas have been studied in previous JET campaigns in which high B, was achieved
in conditions of very high confinement (1g/Tirerger = 3.7) [1,2]. In these Elm free H-mode

' plasmas the high B, phase collapsed after an uncontrolled rise of the plasma density. In the JET
pumped divertor campaign the aim of the experiments was to achieve high B, in quasi steady
state conditions to study the confinement. The results of these studies are presented in this
paper.

EXPERIMENTAL BACKGROUND
ELMy H-mode plasmas form the basis of these experiments in which:

* The stored energy and density typically achieve quasi stationary conditions early in the
additional heating phase (Fig.1).

* High combined heating powers are used: up to 28 MW.
* Long heating duration have been applied: up to 7 seconds.
» Toroidal fields from 1.0 to 3.4 Tesia have been used, mainly at 1 MA.

» Carbon tiles were installed in the JET divertor and the divertor cryo-pump was used.
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Figure 1: A high beta poloidal discharge
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Figure 2: Plasma configurations used for high beta poloidal experiments.
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CONFINEMENT

in previous JET campaigns high B, was achieved:

* Very high confinement (1e/1;rgrger.p =3.7) EIm free H-mode plasmas at 1 MA/3.1 Tesla.
*  With only 7 MW of ICRH power in double null X-point discharges.

* Only transient conditions and few discharges dedicated to high B, studies.

in the JET pumped divertor campaign the aim of the experiments was to achieve high B, in
quasi steady state conditions to study the confinement. Compared with previous campaigns:

» The pumped divertor geometry offers better power handling.

* The divertor cryo-pump can be used to control the density.

* The experiments are at reduced volume and are single null X-point plasmas (Fig.2).

It was found that H-modes in the JET pumped divertor configuration are naturally ELMy, facili-
tating the objective of quasi steady state operation at high poloidal beta.
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Figure 3: Stored energy vs. input power. Figure 4: Reaction rate (Rpp) vs. input power,

In these conditions:

» The stored energy (Wg,) reaches typically twice the prediction of the ITER89L-P scaling
expression up to the maximum additional heating power of 28 MW (Fig. 3).

« Some pulse have higher confinement and will be discussed later.

» The fusion reaction rate is proportional to the input power (Fig. 4).
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* The confinement is independent of the additional heating method (NBI only, ICRF only or
combined heating) (Fig. 3 and Fig. 4).
* In the high combined heated discharges a beta limit has not yet been reached [4].

From the experiments it can be concluded that:

* There is no apparent increase in confinement over H-mode scaling at high B, (Fig. 5).

* The plasma performance does not depend on the toroidal field (ggs, at a current of 1 MA).

* Athigh B, the plasma becomes naturally triangular (845). Despite the increased triangularity
the confinement in these ELMy H-mode plasmas does not improve (Fig. 6).
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SMALL VOLUME PLASMAS

The data presented in the previous section also contain a variation of the aspect ratio.

-+ Dedicated experiments have been performed in ‘small volume’ plasmas in JET.

+ The volume has been reduced from 85 m® to 55 m°.

* The confinement in these small volume plasma is not much different from the large volume
plasmas.

However, at 1 MA the confinement of the small volume plasmas is slightly below the H-mode
scaling. When included in the data a possible increase in the H-factor (ITER89L-P) with plasma
volume in JET is found. But, a comparison of discharges on the same day at 1.5MA shows no
difference between large and small volume plasmas [3] (Fig. 7 and Fig. 8).
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Figure 7: H-factor(ITER83L-P} and plasma volume, Figure 8: Smalf and large volume at 1.5 MA (same day).

The reduction in the H-factor compared to the rest of the 1 MA data may then be due to the fact

that:

* The divertor cryo-pump was not used.

* The discharge were heavily gas fuelled to prevent neutral beam shinethrough, which could
lead to a higher ELM frequency.
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TRANSIENT ELEVATED CONFINEMENT

At high B, it is observed that the plasma could suddenly increase Wy, at constant input power:
» Correlated with oscillations on the plasma current at high Bpol-
* This was exploited by pre-programmed ramps of the plasma current: RAMP UP (Fig. 9)!
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Figure 9: High beta poloidal plasma with a pre-
programmed current ramp.
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Speculative explanation

Assumptions:
* In the JET pumped divertor configuration the edge is limited by the first stability ballooning
ttmit.

* Access to 2nd stable regime exists in the plasma periphery at high B,,. This will allow an
improved confinement regime during the heating.

* However, the ratio of jouee/Peage iS NOt large enough, due to reduced edge collisionality, despite
the divertor cryo-pump which helps 1o keep the edge density low.

+ The plasma needs a modest increase in jeqg.

With a current ramp in high B, phase (Fig. 10):
* The link between Pggg. and jeqqe Will be broken:
» The edge current density is increased: jogge = Jnootstrap{Pedge) + Jonmic(dl/dt).

/////////
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Figure 10: Stability diagram in the edge current,
edge pressure gradient domain (5],

Current ramps at high By
» The current ramps may be used to extend the high B, regime to give improved confinement

at higher currents.
* This by starting at 1MA level with full power heating and using the current ramp to ‘kick’ the

plasma into the VH mode regime.
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* After the current ramp, the improved confinement of the VH mode regime may be stable due
to a larger bootstrap current at the edge generated by increased préssure gradients (but may
go kink unstable).

CONCLUSIONS

1. There is no apparent increase in confinement over H-mode scaling at high .y, in quasi
steady state, ELMy H-mode conditions (Bpor up to 2.7).

2. In this regime the confinement is also insensitive to the heating method, toroidal field, and
plasma shape, although at 1 MA the small volume plasmas exhibit confinement parameters
at the lower end of the spectrum.

3. Transient improved levels of confinement can be induced with plasma current ramps (up!)
with the plasma already at high beta.

4. A possible explanation is that with a current ramp during the high the B, phase, the link
between Py, and jeu,. is broken and the current density is increased in conditions where
access to second stability exist (VH mode).

5. Current ramps could be used to achieve high Bpai @nd high fusion performance at I, 22 MA.
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INTRODUCTION

* The assumption that the plasma outside r., is not affected by the MHD instability is
essential in order to treat the heat pulse as diffusive and to derive a meaningful value of "
(“perturbative” electron heat diffusivity).

» Fourier analysis is proposed as a tool for the recognition of non-diffusive features of heat
pulse propagation in fusion plasmas.

» Fourier analysis of an example of JET sawtooth heat pulse diagnosed with the new ECE
’ heterodyne is consistent with the results from the simulated ballistic heat pulse [1].

SIMULATION OF A BALLISTIC HEAT PULSE

The anomaly of the heat pulse propagation outside r,;, observed with fast (200 kHz)
measurements of the electron temperature in TFTR sawtooth (ST) heat pulses [1], has been
modelled in two phases: the crash phase, with a fast time scale (tgr=100us) with r<r,y; and the
ballistic phase, occurring on a slower time scale, T, with enhanced transport over r> 1.

In the region r>r.; by subtracting the steady-state power balance from the electron energy
conservation equation we obtain the time evolution of the ST in terms of the perturbed quantities
T=T,-To and o =%e—Xeo (Xeo IS commonly denoted as %, °, the value obtained from
. power balance).

g"neOTe _V'[neO(XeVTe +ieVTeo)] =0 (1)

In order to further simplify Eq.1
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* Assume ce to be a function of local macroscopic plasma parameters such as VTe together with
small temperature perturbation (i.e., T/T,, << 1).
* Heuristically modef the enhancement of . as: Le=Y(t," X eo

Eq.1 can be linearised in T, and V T, yielding the equation for ST heat pulse propagation in the
region r>r,,:

3 = -
3NeoTe =V [Nea? (1 OXEV T, | = V- (70,0 = nygteoVToo) @

where %b = %o +(8er / aVTe)VTeo is the perturbed heat diffusivity.

The simulation of Fig.1 was obtained numerically solving equation 2 with the following specifica-
tions:

a) Equilibrium Quantities:

r 2
a 0[:: T T T ; [ A B

)2 4 00" /—/’/~—_——‘—M___§
Teo(r)=T0 1—[;) (3) _12005:| / L e ;rf‘a=101 :
ol | -
r 2 -400 | — T :
xeo =X0 +(Xl —X0 )(;) w0 T S r/a=0.15
ST T ko -
300 | -
where the numerical values ny=3.46-10" m?, N ) -
N=0.1210" m® To=7 keV, x=0.5 m%s, ;=2 _ 00 7= lagas
m’/s have been used. The plasma minor & _ | e -
radius is a=1 m. s 7
s T _
b) Perturbation Quantities: 20 // ST
0| fa=0.6 -
30 ot e _______H—f_‘ ~
Y =Xeo VL) = [148 exp(-t/1, - k )] (4) 20 // T
10 - -
5 N
with 3=35, 1,=1 ms and k = 16 m2. O, Te=075
0 0.02 0.04 0.06 0.08 0.1

time [s]

The ST crash occurs at t=0. T, is flattened out

to rmy=0.29 m. Energy conserving Instanta- Fig.1. Simulated balfistic heat pulse shown at different
neous reconnection gives r,,,=0.18 m. As a  radiaf locations of the plasma

boundary condition, T, is assumed to vanish

at r=a=1 m.
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FOURIER ANALYSIS OF A BALLISTIC HEAT PULSE
The quantities of interest to be determined with the Fourier analysis are [4]:

» the gradient of the phase (¢') and .
s the logarithmic gradient (A’/A) of the Fourier transform Tw=Ae" of T,

For a purely diffusive heat pulse in cylindrical geometry with negligible damping and not too large
gradient of ¥, the foliowing relation between ¢’ and A’/A holds [2,3]:

¢'=(A’/A), where (A'/A)g=A/A+1/2r-1/2r, and r=-Ngy/Neg (5)

Under the same conditions, the value of x.” is determined from the following expression

w5 =2o[o'(ara),]’ Q

* Non-diffusive features will show up in the analysis in the form of a difference between ¢' and
(ATA)g.

~ Only if @'=(A’/A)g do we expect Eq.6 to provide the correct numerical value for x.”. An exception
would be the presence of strong damping of the pulse, in which case Eq.6 is still valid even if ¢
and (A'/A)g are different [3].
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E tfa=0.5 i jﬁ} ¢
& 3
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Fig.2: Fourier analysis of the ballistic simulation of Fig.1. At SE . " . i
r=0.5m, the pulse is still strongly influenced by the ballistic ; X
effect: ¢’ (squares) is nearly independent of frequency and ot : : ot io
is significantly lower than (A7A)g (circles). Application of — § a=0.8 *
Eq.6 to determine y”(open triangles) resuits in an error of E 10 . 318
a factor 2-3. < E s s . i =
. L] ; Lt
A purely diffusive behaviour of the pulse is recovered at s E S08
r=0.7 m. There the agreement between ¢’ and (A/A)g is of : N
very good, and the error in the determination of x” is small [ ra=07 :
except for the lowest frequency w/2n=10 Hz, where the 10 - gt.s
effect of the boundary condition starts to be significant. The s v N _1;1
heat pulse can be regarded as purely diffusive for r>2 rmix. s ) ¢ !
Application of the extended time-to-peak (E-ttp) method [4] i —jo.s
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&
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As shown in [1], simulations made under very different assumptions can resuit in time traces that
are not too dissimilar at first sight; their Fourier spectrum, however, is significantly different. This

can be understood since Fourier analysis is very sensitive to the rise phase of the pulse, which
is different for a diffusive or ballistic pulse.

A PRACTICAL DEFINITION OF ry,x

Fourier analysis is not always accurate enough depending on the s/n level in the data.
A possible alternative approach is to study the initial perturbation of the pulse.

400: g T T . —— ]
OF :
= -400[ fa
- C 7]
< - B
-800F E

i 08 : 07

12005
12005 02 04 06 08 1

r {m]

Fig.3: Temperature perturbation profile for the simulation of Fig.1 is
shown at t=0.5 ms (fulf fine) and t=1 ms (at i=0, the perturbation
vanishes outside rmix).

One can see that within 1 ms of the sawtooth crash, the perturbation has extended over a region
well beyond rmix as a result of the baliistic enhancement of the diffusivity. In practice the pertur-
bation is negligibly small for r>0.6-0.7 m, both at t=0.5 ms and t=1 ms. Now r=0.6-0.7 m is just
where the heat pulse starts to be diffusive according to Fourier analysis.

On the basis of this simple observation, one can therefore justify the approach used, for instance,
in previous analyses of JET sawtooth heat pulses [5]. There rmix was redefined as the radius
beyond which the initial perturbation vanished, and the heat pulse analysis was carried out for
r>rmix.
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FOURIER ANALYSIS OF JET HEAT PULSE

It is interesting to compare the resuits of the simulation with a recent example of JET sawtooth
heat pulse diagnosed with the new ECE heterodyne diagnostic: spatial resolution of about 3 cm,
noise level 10 eV (1 kHz electrical bandwidth).

5 T T T T i v
- p=0.2§
4 A o o1
]
w
Fig.4:Time evolution of the electron temperature following a — o l 4
sawtooth instability in JET discharge #23425 (B=3.4 T, ~ 3 - “Mﬁj
1,=3.5 MA, <n,>=1.10" m® <T>=2keV, Py=15 MW, e 1
Pre=3.8 MW) as recorded by the ECE diagnostic at — | MM W&Qé
different radial locations. Sawtooth crash time at t=50.815s. ® if’% |
2 T
T
m
(L p=0.7
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' At } Fig.5 JET temperature profile of discharge #23425 just
] s difference | before the sawtooth crash and about 200-300 ms after-
. A R R wards (a) as well as their difference (b). The corresponding
0 0.2 04 0.6 0.8 1 normalised mixing radius value is p;,~0.7; this is more than
P twice the value of the inversion radius (p;,=0.32).
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Fig.6: a Fourier analysis must be restricted to the region p=>0.7 in
order to provide a good determination of y.. The values of @'
(squares) and (A/A)g (circles) in the region p>0.7 are plotied vs
frequency . One can see that p'=(A¥A)g, which confirms the diffusive
behaviour of the heat pulse. The y.f value determined using Eq.13 is
xS=3.5 m’/s. A similar value of yF=3.0 m’/s is obtained with the
E-itp method.,

Fig.6b Values of ¢" and (AYA)g in the region p>0.6 (7 channels).
These values are obtained including data with p<p,,, in the analysis.
The values of ¢’ are seen to be significantly smaller than in (a), while
the values of (A/A)g are almost the same.

This heat pulse has some of the features of the ballistic heat pulse shown in Fig.3. Given the time
resolution of the diagnostic, however, it is not possible to decide whether the heat redistribution
causing the large pp,, value occurs on a fast (tg7) time scale or on a slower (ballistic) time scale.
Other sawtooth heat pulses measured with the heterodyne diagnostic have smaller p,;, and con-
firm the result .y, "~2-4 typical of JET plasmas.

CONCLUSIONS

* Application to a simulated ballistic sawtooth heat pulse has shown that Fourier analysis can
identify the plasma region (far from the mixing radius) where the heat pulse is diffusive
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* This region coincides with the region where a diagnostic with moderate (=1 kHz) time
resolution would find a negligible initial perturbation.

* Both Fourier and initial perturbation analysis have been used on JET ST puises to identify
the diffusive region of the pulse.
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ABSTRACT

Several experimental studies of the effect of a sawtooth crash on local nuclear reaction rates
have been made on the JET tokamak, providing a general understanding of the effects of a crash
on the spatial distributions of fast charged particles in ohmic, ICRF- and beam-heated dis-
charges. This paper re-examines some high power ICRF-heated discharges and concludes that,
in these discharges, only a special class of accelerated particle is significantly affected whereas
the majority of the fast particles appear resilient to sawtooth crashes. The various observations
are summarized.

1. INTRODUCTION

It is widely accepted that the spatial distribution of fast particles in a tokamak is significantly
perturbed by the action of a sawtooth crash. Observations at JET include:

ohmic plasmas - the total neutron emission yield displays modest, but abrupt, falls at each
sawtooth crash as recognized through the electron temperature data [1].

ICRF heating - the effect on the neutron emission is often dramatic and studies of *He-d
fusion product proton emission show [2] that at least some (if not all) of the accelerated ions
are expelled far from the centre of the plasma.

neutral beam heating - strong effects of the sawteeth on neutron emissivity profiles have been
observed (with both d-d and d-t plasmas) [3].

triton burnup - the total 14 'MeV neutron emission associated with burnup of the fusion
product tritons released from d-d reactions is unaffected by sawteeth and their 2-D emission
profile is at most marginally affected [4].

Nuclear reaction gamma-rays - the effect of a sawtooth crash on the 2-D emission profile of

gamma-rays emitted as a consequence of nuclear reactions in the plasma between highly
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energetic, ICRF- accelerated, fast ions and impurity ions [5] was found to have a minor
conseguence on the bulk of the fast ion spatial distribution.

A re-examination of the nuclear gamma-ray data has shown that the crash does have an impor-
tant effect on the orbits of a particular class of fast ions. It will be argued that all the above obser-
vations are, in fact, consistent.

2. GAMMA-RAY TOMOGRAPHY

The 19-channel neutron profile monitor (fig.1) installed on the JET tokamak has permitted tomo-
graphic inversions to be obtained of line-averaged d-d and d-t fusion neutron data and also of
nuclear reaction neutron and gamma-ray data for a variety of plasma conditions [3-6].

Vertical camera

Horizontal camera

/gﬁ
£
Ch5 é?;
che |F= =
-~

=

G675

Pumping
box

=

KN3 Neutron Profile Monitor Line-of-sight

Fig.1: Schematic of the JET neutron emission profile monitor,
showing the lines-of-sight for each detecior channel.

The neutron and gamma-ray signals of present interest originate within the plasma as a resuilt of
interactions between °Me ions accelerated during ICRF heating experiments with plasma
impurities (mainly "*C and °Be). The deduced 2-D profiles of the gamma-ray emission clearly
indicate the presence of a localized source of emission in addition to the distributed emission
from banana orbits with turning points at the resonance layer. This localized source is attributed
to a class of particle with orbits having rather small poloidal excursions, centred about 15 cm to
the low-field side of the resonance layer and circulating in the direction of the current (the co-
direction} with pitch-angles somewhat in excess of 90° (particles travelling parallel to the plasma
current have 180° pitch-angle). These ions represent no more than 10% of the total fast ion
population but generate a very sharp off-axis peak in the 2-d emission contour plot, as present-
ed in ref. [6].
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2.1. Sawtooth Example - Gammas and Neutrons

An example of a major sawtooth crash [5] shows that particles with turning points at the reso-
nance layer appear to be relatively unaffected while the class of particle responsible for the sharp

peak in the emission profile is strongly reduced in magnitude (figs.2 and 3); presumably they are
redistributed on to much iarger passing or banana orbits.

This example is unique and was obtained due to a combination of special circumstances:

+ ICRF power deposition suitable for accelerating minority *He ions to high energies,

* An unusually high level of impurity °Be ions in the plasma,

* A profile monitor tuned to optimize (instead of minimizing) the detection of gamma-rays.

(@)

R ow
[ ] (=)
Intensity 1012/m3s

L
=

JG85.240/2¢

{b) 30

intensity 1012/m3s

Fig.2: Tomographic reconstruction of the gamma-ray emission

profiles (a} before and (b) after, the sawtooth crash at 10.17 secs in
discharge 23230.

A full presentation of the experimental evidence is not possible here, where we present only the
main deductions. The gamma-ray tomography shows that the global gamma-ray emission falls
by less than 20% at the crash, consistent with the reduced slowing down time due to the fall in
central electron temperature and implying that most of the fast ions remained confined within the

plasma. The global neutron emission falls by 50% in the 50 ms following the crash, with an
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exponential time constant consistent with slowing down at r/a = 0.7.
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Fig.3: Contour plots of the same data presented in fig. 2 The two piots are based on a common grey scale.

This discharge also exhibited a neutron emission time dependence (fig.4) that led to a number
of conflicting interpretations. For no apparent reason, the neutron emission suddenly began to
increase linearly with time, while all other plasma properties apparently remained constant. The
most plausible interpretation is given below.

The time traces in fact show the appearance at about 9 s of a new source of neutrons that grows
in magnitude to the level of the d-d fusion emission and is not accompanied by additional
gamma-ray emission from the plasma. This new source is evidently a new reaction with a high
reaction threshold; ’C(*He, n) O is an obvious candidate as the reaction Q-value is -1.148 MeV
and no gamma-radiation is expected unti! an excess of about 5 MeV in kinetic energy becomes
available.

We associate the 50% fall in global neutron emission as being due to this reaction and also with
the disappearance of the hot-spot feature (the co-passing ions). It follows that the particles
responsible for the hot-spot must possess above-average energies, explained as being the resuit
of acceleration by the RF waves by virtue of a Doppler frequency shift effect which
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sustains their parallel velocities. Co-passing ions expelled from the hot-spot region leave the
influence of the RF and will slow down rapidly, consistent with the observation noted above.

o r‘lemro/nS(S—‘l_)/'j—-‘/_L\
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Central electron temperature (keV) b
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Fig.4: Time traces for discharge 23230, showing the rise in neutron
emission despite the constancy of RF power and the standard
plasma parameters.

2.2. Interpretation

With this background information, one may speculate as to how a sawtooth crash affects the
RF-generated fast particles in the central region. It is believed that the crash is an m=1, n=1 kink
instability that takes place suddenly and with a duration of order 50 s in JET. This instability
affects the plasma pressure and may involve a reconnection of field lines [7]. However, on such
a short time scale it is not possible for the magnetic field strength to change appreciably so that
while the electrons and thermal ions, being localized to flux surfaces, should follow the motion of
the field lines very readily, the MeV ions accelerated by the RF heating (the majority having
D-shaped orbis with turning points in the resonance layer) are not so localized and will not follow
closely any local disturbances of the flux surfaces. Indeed, to first order, their orbits should not
be greatly perturbed. The main concentration of lower energy RF-accelerated ions is at the
resonant surface, close to the machine mid-plane. If the thermal ions and electrons are displaced
by the sawtooth crash, but not the bulk of the RF-accelerated ions, then the charge separation
could cause an electrical field to be set up that possesses a scale length of the magnitude of the
displacement of the disturbance. Fig.5 illustrates the situation that would then exist in the

absence of relaxation of the displaced core along the field lines. In practice, such a relaxation
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wouid be considerably more rapid than the cross-field relaxation which could take several mil-
liseconds (hundreds of times longer than the orbital period of energetic passing particles).

1
/ JGI524001c

Displaced plasma core Fast ion distribution
before relaxing

Fig.5: lllustrating the charge separation and resulting E.B drifts
suggested as a mechanism for the expulsion from the
central plasma region of a selected class of fast ions by the action of
a sawtooth crash.

Prior to the cross-field relaxation, the electrical field will induce a coherent ExB drift of the spa-
tially localized particles in a vertical direction. {Since the time-scale of the sawtooth crash is long
compared with the gyration period of the fast ions, we would expect magnetic moment conser-
vation to apply). The co-passing particles thus have their orbits incrementally transformed into
off-axis banana orbits with turning points outside the inversion radius. The trapped orbits of the
bulk (less energetic part) of the RF-generated distribution possess turning points at the reso-
nance layer and, due to their relatively slow precession, will spend little time in the region of this
electrical field (the most energetic ions having orbits that lie wholly outside it) and so should not
be greatly affected.
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3. OHMIC, ICRF AND BEAM-HEATING; FUSION PRODUCT TRITONS.

In the absence of ICRF-heating, there should be no persistent large-scale electrical field
generation of the type suggested here. The electrons and ions will be redistributed by
mechanisms such as those outlined by Kadomtsev [7] and later workers; the global neutron
emission will drop because the particles within the original g=1 surface will have become
dispersed within an enlarged, cooler, volume and the previously peaked temperature profile
will have become flattened.

With high power ICRF heating, we have seen that a particular class of the accelerated ions
will have turning points shifted vertically to the edge of the sawtooth disturbance. These
particles subsequently perform an orbital motion in outer regions of the plasma not
previously accessible. This explains the very sharp (picket-fence) signals observed when
recording the 16 MeV fusion product protons from ®He-d reactions using an in-vessel silicon
diode detector [3,8] and is compatible with the small drop in the diamagnetic energy content
that indicates that the bulk of the fast ion distribution remains relatively undisturbed.

With neutral beam (D°) injection heating, the neutron sawteeth become more pronounced
than with ohmic heating alone. There are three fusion reaction contributions to the neutron
emission to be distinguished: beam-beam, beam-plasma and thermal.

1. The sawtooth performance of the thermal contribution for ohmic plasmas has been
discussed above. During beam heating, the central temperature variation is enhanced,
resulting in larger thermal emission neutron sawteeth.

2. The effect of the crash on the beam ions has been examined in detail {3]. A sudden
redistribution of the beam ions will have negligible immediate consequences on the beam-
plasma global emission; however, a significant spatial redistribution has been observed
through the 2-d profile [3]. However, ref. [4] concluded that a discharge for which the
beam-plasma neutron emission was wholly dominant would not display neutron
sawtoothing, either globally or locally, because central flattening of a relatively broad
distribution, which is the case for beam-plasma dominant discharges, would produce no
observable effect on the neutron emission.

3. Beam-beam contributions are important when the beam-ion density profiles are peaked,
in which case any broadening of the profile produces an enhanced reduction in the beam-
beam contribution.

Those beam ions orbiting within the central region of the plasma affected by the crash are
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mostly on passing orbits (for JET). As the injected ions have relatively low energy, they will
tend to follow the field lines around the flux surfaces, becoming redistributed rather less
strongly than the thermal ions.

* Finally, we consider the likely response of the fusion product tritons generated by beam-
heated deuterium plasmas. These tritons have energies of approximately 1 MeV and will
have moderately anisotropic velocity distributions. Their birth radial profile is the same as the
2.5 MeV neutron emission profile. Their slowing down behaviour has been studied [4] through
the t-d fusion neutron production (14 MeV neutrons). Only a small redistribution of the triton
ion population would be expected. In practice, little is observed [4], consistent with the find-
ing for beam ions in beam-plasma dominated discharges (the triton burnup 14-MeV neutrons
have much the same profile peaking as the 2.5 MeV neutrons).

4. CONCLUSION

The study [2] of 16 MeV proton emission from ICRF-heated plasmas demonstrated dramatically
that accelerated ions are expelled completely from the inner region of a plasma by the effects of
a sawtooth crash, giving a misleading impression of the importance of the effect.

The work reported here indicates that the bulk of the accelerated ions barely responds to the
crash and that only a special class of accelerated particle is significantly disturbed. The
mechanism responsible for this effect is peculiar to ICRF-generated fast ion distributions.

In the absence of ICRF heating, highly energetic (several MeV) ions would be expected to be
redistributed along with the sawtooth crash only to the extent that their orbits are closely guided
by the flux surfaces, so they should experience at most a weak tendency to share the fate of the
thermal ions. At lower energies (~100 keV), and in hot plasmas, little distinction between
behaviour of thermal and fast ions is expected.
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1. ABSTRACT

Results from the first experiments to drive Alfven Eigenmodes (AE) with antennas external to a
tokamak plasma are presented. In ohmic plasmas, the directly measured damping rates of
Toroidicity induced AE (TAE) cover a wide range, 10° < ¥io < 107, In plasmas heated by ion
cyclotron resonance, neutral beam injection, lower hybrid waves and high plasma current ohmic
heating, a new class of weakly damped AE, the Kinetic Alfvén Eigenmodes, has been identified
- experimentally. Preliminary results on AE excitation by ICRH beat waves are aiso included.

2. INTRODUCTION AND MOTIVATION

*  Weakly damped AE, which exist within the shear Alfvén spectrum in toroidal devices, are
important for confinement of alpha particles created by fusion reactions in D-T magnetically
confined plasmas.

* Resonant wave-particle processes between AE and fast ions can both drive the modes
unstable and produce modifications to the particle orbits.

* Above a certain threshold amplitude, AE can induce stochasticity in the particle trajectories
and consequently anomalous phase space particle transport. By coupling to other loss
mechanisms, such as magnetic ripple effects, wall damage can also be caused.

* Inignited plasmas, large amounts of energy and steep pressure gradients characterise the
slowing down alphas, a significant fraction of which will be resonant, with v~v,.

* The damping, the frequency spectra and the spatial distributions of AE are investigated by
means of a new active diagnostic system.

* (Goal: to assess the AE stability and to predict the effects of AE on particle orbits for cases
in which the modes cannot be stabilised.
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3. EXPERIMENTAL METHOD: EXTERNAL EXCITATION + SYNCHRONOUS DETECTION
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Fig.1: The saddle coil system at JET: AE exciter and detector experimental fay out foycuer = 30 - 500 KHz. |puge coy<30 A;
Visaosie cor < 500 V {—0B/ Bcore<1o-5 )

Synchronous detection: -driven response (Re, Im)
-band width in 20-500 kHz; band width out=500 Hz:
sampling rate. =1 kHz.
Diagnostic channels: -active saddle coils V, | (antenna impedance).
-passive saddle coils and fast magnetic coils: 0By » 0B, (— n, m)
-Heterodyne ECE + microwave reflectometry — 3B(r) , on(r)
Data analysis: diagnostic signal/driving current — transfer function H.
AE = resonance in H, with complex poles, p,, and residues, I

H(w,x) = ié[ (%), fict (%) jm(m,x): B(w,x)
k=1

io—-pg  io-p* A(iw)

N = n. of resonances in the meas. range, w=27f. e, X = Meas. position. p,=iwg+ v, :common

pole.

D accounts for direct coupling with the antenna.

Fit of data with H, with a single denominator A and separate numerators B.

Im(p) — fops= 00 /2p. Real(p) (stable modes) — y= Yaamping = Yarive RESIdUEs — Eigenfunction
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4. TAE/EAE EXCITATION AND DETECTION
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Fig. 2 TAE resonance. Real and imag. (left) and complex
Diane representation (right) of a magnetic probe signal, nor-
malised o the current driven in the antenna.
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of order 5/2, the fit gives f,,=144.2+-0.1 kHz, w2r=1400+-
100s" - Q = w/y~ 125, yo ~ 0.8%.

Ohmic phase of JET shot #31638. B,,, =28 T, I,=2.2 MA,
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5. DAMPING OF TAE

Fig. 5 Global modes with spatial distributions and damping
rates similar fo the TAE case were driven and detected for
f>fre. As in the example shown here, the mode frequencies
followed 2fn". These modes were thereby identified as
Ellipticity Induced AE (EAE).

N, =4-8 x10™ m?; B,,=2.85 T, 1,22 MA; Ini=2,

Yo was measured in ohmic plasmas, with 1 MA<l,<3 MA; 1x10" m®< n, <5x10'"® m™: 1

T<By<3.5 T; odd and even low-n excitation.:
plasma equilibrium).
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10° < yo < 10" (- extreme sensitivity to

Fig. 6 Continuum damping: relationship between the pro-
fie of g(r)=1/(q(rp(r)"?) and the TAE damping, in two sim-
ilar ohmic discharges, with Inf=2; n, = 4x10" m*; (a) By,
=1.8 T, ;=2 MA. (D) B,,=2.8 T, [,= 2.3 MA.

Strong radial dependence of gfr), curve (a); gaps not
aligned — strong damping, yw ~ 5%.

Flatter g(r). (b): gaps aligned — less damping.



6. OBSERVATION OF MULTIPLE KINETIC ALFVEN EIGENMODES
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Fig. 7 B,y probe signals for moderate (top) and high plas-
ma current (bottom) in the same ohmic discharge #34073.
The single TAE observed for low values of I, is transformed
into multiple peaks at higher |, corresponding to a hotter
plasma. As these modes are externally driven with Ini=2
and the plasma rotation is negligible, they cannot corre-
spond to Doppler shifted peaks of different n. (a): t=3.5 s;
ly~2MA; By~ 25T, n,~1.810° m® T,~ 2.2 keV. The
single TAE has f= 210.5 kHz, yo = 1.4 %; fpe’ ~ 200 kHz.
(b): t=9.5 5; 1,~4.1 MA; B~ 2.9 T; n,~310° m* T,~3.2
keV: fu ~ 180 kHz.

Fig. 8 Spectrum of magnetic (a) and density (b) perturba-
tions in the AE range for LHH (2.5 MW) and ICRH (6 MW)
in minority heating, raising T,, T; and T,/T; and reducing
kinetic damping without significant resonant particle popu-
lations. Multiple resonances characterised by the same
Inl=2 appear at f>f,:". The reflectometer frequency corre-
sponds fo r/a~0.5. These driven density perturbations in
the plasma core, linked to 6E,10, emphasise the non-ideal
MHD character of the modes.

Two successive scans, att; = 19 s and t, = 20 5 are shown.
Iy~ 3MA; By~ 32T, n, ~ 2.5 10° m™; T, ~ 6.3 keV; T, ~
2.9 keV. Aff-2.5 % and yw < 10°,
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Interpretation of multiple peak AE spectra:
Non-ideal MHD effects: finite Larmor radius and finite E,.

Analytical models for hot plasmas: several weakly damped modes with regularly spaced
frequencies form inside a potential well above the gap, as in a quantum harmonic oscillator.
Non-ideal parameter: A = 4 m s /(rn€7%) p; (3/4 + TJ/T)"?, with £ = 2.5 r,/R. A is calculated at r,,
where q(r,)=(m+1/2)/n. When X > y/(® €) a fransition from a ‘cold’ TAE (ideal MHD) to multiple
KTAE occurs.

Multiple AE spectra in the TAE/EAE frequency range, with similar peak frequency spacing,
resonance width and mode numbers, have been observed with LHH only, NBI and ICRH only.
Very weakly damped (yo <10™) multiple modes were also seen, mainly on the reflectometer,
during I, ramp-down experiments, corresponding to sudden variations in L and presumably in
magnetic shear.

The damping rates observed for the driven multiple KTAE/KEAE were in most cases significant-
ly lower than for the ‘cold’ TAE: Yo < 107 - 10,

Wave-particle destabilisation should be easier than for TAE/EAE. Multiple peaks at f>fe’ have
indeed been observed, for ex. with ICRH (P>6 MW) and NBI (P(140 kV)> 1.5 MW).

2.5
EAE
N
2.0+ e
i
£ 15}
) =+=- Pulse No: 33273 15.5s
- Pulse No: 33283 14.5s
R Pulse No: 33157 19.1s o .
------ Pulse No: 33283 13.4s |, Fig. 8@ Example of peak frequency distribution of the mufti-
—— Pulse No: 33157 17.9s |3 ple kinetic AE driven by an external antenna for a number
05 LT ?u'se I,\’o' 33,277 1?‘05 g of additionally heated JET discharges. The peak spacing
0 4 8 12 18 remained similar for consecutive sweeps when the plasma

Peak index conditions were maintained approximately stationary.
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7. AE EXCITATION BY ICRH BEAT WAVES

Motivation: possibly higher n and larger amplitudes —>study AE effects on particle orbits.
Wave-wave: {,-f, = Af = {g; Ky-ks = kiag ~1/2gR (non-linearity: fluid velocity, current or pondero-
motive?)

VCO |Tetrode 1
I ) TAE ,
IF Detectors Mixer
_,%41 1-1.5MHz S RF 28-37MHz Density 9
Tetrod L Function ICRH
TAE J etrode 1 RTSS —»| RTCC [+ Generator in > Gen. 1 -%
Detectors i J YOO Mode i
l_ Foen + Frag 1.1-1.5MHz

RF 23~-37MHz

vCO
i3
Ref. Swe
IF1-IF2 . i * IZ’;H
= fgp ~ fge Phase 1.1-1.5MHz D_ focal " ICRH
detector . ) Gen, 2

RF Local Manager | rreq. deviation
GOS. c
o oscillator 6526543 +/— 200kHz
Fig. 10 Passive scheme: simply measure at Af Fig. 11 Active mode: impose Af = fpe° + sweep
2.0F
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=]
*
T 151 fTae
1,0 . '
0
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£ 2.0 51
S 1.64
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1 | | 1| ] | H -
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Fig.12 ICRH beat wave: passive scheme Fig. 13 ICRH beat wave resulls: active mode
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8. CONCLUSIONS

* A new active diagnostic for AE has been developed at JET. It is based on external antenna
excitation and synchronous detection of the plasma response.

* Linearly stable TAE and EAE have been driven and identified by their frequency dependence
on the density and the magnetic field. Driven mode structures (Inl < 4) have been selected
and identified.

* TAE damping rates have been measured for the first time. Different absorption mechanisms
and specifically continuum damping in the core and at the edge cause a large range of yo in
ohmic discharges, with an extreme sensitivity to the details of the plasma egquilibrium.

* Under plasma conditions which correspond to the predicted departure from ideal MHD due
to kinetic effects, multiple driven AE have been detected in the TAE/EAE range. Contrary to
the ‘cold’ TAE, these modes have been observed on the reflectometer, i.e. as density
oscillations in the plasma core, as well as on the magnetic probes. The observed modes
belong to the general class of kinetic AE.

* AE excitation via non-linear beating of two ICRH waves has also been demonstrated
experimentally.

* These studies will be continued during the JET D-T experimental phase in order to
investigate the linear stability of AE as well as the effects of large amplitude AE on particle
orbits in the presence of resonant alpha particles produced by fusion reactions.

The Authors would like to thank the JET Team for experimental support. This work was partly
supported by the ‘Fonds national suisse pour la recherche scientifique’ within a JET/CRPP Task
Agreement.

REFERENCES

TAE Theory: C.Z. Cheng et al., Ann. Phys. (New York) 161, 21 (1985); L.Villard, G.Fu, Nucl.
Fusion 32, 1695 (1992).; G.T.A.Huysmans et al., Phys. Fluids B 5, 1545 (1993).

AE previous observations: K.L.Wong et al., Phys. Rev. Lett. 66, 1874 (1991); W.W.Heidbrink
et al., Nucl. Fusion 31, 1635 (1991); W.W.Heidbrink et al., Phys. Rev. Lett. 71, 855 (1993).

AE Damping: R.Betti, J.P.Freidberg, Phys. Fluids B 4, 1465 (1992); N.N.Gorelenkov.
S.Sharapov, Physica Scripta 45, 163 (1992); J.Candy, M.N.Rosenbluth, Plasma Phys. Contr.
Fusion 35, 957 (1993); S.Poedts et al., Plasma Phys. Contr. Fusion 34, 1397 (1992).

Kinetic AE: R.R.Mett, S.M.Mahajan, Phys. Fluids B 4, 2885 (1992); J.Candy, M.N.Rosenbluth,
Phys. of Plasmas 1, 356 (1994); H.L.Berk et al., Phys. Fluids B 5, 3969 (1993); S.Sharapov et
al., JET-P(94) 61, p.105 (1994); A.Jaun, Ph.D Thesis, CRPP/EPFL LRP 513/95 (1995).

286



R022

Radiation in JET’s Mark | Diverter

R Reichle, D V Bartlett, D ] Campbell, H Chen', ) C Fuchs’, R M Giannella,
N A C Gottardi’, N Hawkes®, L D Horton, H } Jickel, L Lauro-Taroni,
A Maas, R Monk, M G O‘Mullane’, L Porte, R van der Linden,

M von Hellermann, | Wesson.

JET Joint Undertaking, Abingdon, Oxfordshire, OX14 3EA, UK.

' Southwestern Institute of Physics, Chengdu, China.

? Max Planck Institut fiir Plasmaphysik, Bolzmannstr. 2, D-85748, Germany.

* Commission European Community, DGXVII, E2Batiment Cube, L2920, Luxembourg.

‘ UKAEA (Government Division), Fusion, Culham Laboratory, Abingdon, Oxfordshire, OX14 3DB, UK.

° Physics Department, University College Cork, Ireland..

INTRODUCTION

The most promising technique to avoid overheating of the target plates in large tokamaks is to
increase radiative and charge exchange losses from the plasma. JET has performed many
experiments with high recycling and radiative divertor operation in which this technigue worked
successfully. This contribution concentrates on the plasma radiation distribution as measured
with JET’s bolometer system [1] and evaluated with the ADMT (Anisotropic Diffusion Model
Tomography) program {2] and an Abel inversion technique. Since the gain in longevity of the
target is usually accompanied by a loss in core plasma performance the correlation between the

two is also investigated.

EXPERIMENTAL DETAILS
The old JET Bolometer [3] has been modified (fig. 1) and a new system has been added (fig. 2).

]

Fig.1: Lines of sight of the modified old bofometer KB1. Fig.2: Lines of sight of the new bolometer KB3D and KB4 of
which up to 20 have been used simultaneously. 287




A TYPICAL DISCHARGE EVOLUTION IN THE HIGH RADIATIVE REGIME
Discharge 34343 is a 2MA / 2T discharge with strong nitrogen seeding at 18 MW of NBI heating
power. Fig. 3 gives an overview of the discharge and fig. 4 shows selected fine of sight integrat-

ed radiation measurements in the divertor region.

5 Pulse No:34343
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Fig.3: Example of nitrogen seeded discharge: 34343.
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Fig.4: Line of sight integrated radiation of Nitrogen seeded
discharge.
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With the onset of the nitrogen influx the
radiation rises especially in the divertor. At first
the radiation maximum is well below the X-
point (fig. 5). With the build up of the nitrogen
the radiation maximum smoothly moves
upwards and when the total radiated power
has reached 70% of the input power the radi-
ation has detached from the target and
assembled around the X-point (fig. 6). JET has
also cases in which a substantial up/down
oscillation is superimposed to this movement
[5]. The discharge can remain in the detached
state for a long time and it can be terminated
without disruption. However ,this example has
a radiation collapse when too much radiation
condensation in the X-point occurs (fig. 7,8
and 9),

JET 34343 14.400000

2,013

.
\\
4
s
-
.-/

-
“\'\ -
&“j‘-‘“,__._..-r""-

-182

Fig.5: Radiation reconstruction at early stage - still
attached.



Detachment and radiation collapse of discharge 34343

JET 34343 16.720000

JET 24343 17.368600

015

-L8z

Fig.6: Detached stafe. Fig.7: First stage of radiation colfapse.

JET 34343 17 398000
JET 34343 17400990

1015

2.015
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Fig.8: Main phase of the radiation collapse. Fig.g: Final stage. 289



UNDERLYING PHYSICS TO THIS RADIATION BEHAVIOUR
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Fig.10 : Electron temperature along a flux contour close to
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Fig.11: Statistical overview over Nitrogen seeded
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Due to the shallow magnetic field line angle
near the X-point, the electron temperature
gradient in the poloidal plane is largest there
and the X-point is a natural cold spot. Fig. 10
illustrates this behaviour for 3 different
radiation levels. In coronal equilibrium the
emissivity coefficients for light impurities peak
between 10 eV (Carbon, Nitrogen) and 40 eV
(Neon). For short residence times these
values are higher (20 to 200 eV). As for
Marfes, there is the tendency to bring down
the temperature locally to the temperature of
the maximum of the emissivity. Due to the
given natural temperature gradient, this
formation is stabilised at the X-point. VUV
measurements of the relative intensities of the
different ionisation stages corroborate this
view [4]. As long as the radiation peak stays at
the bottom of the steep temperature gradient
this ‘divertor Marfe’ is stable. With a further
rise of the radiative loss fraction, the radiation
peak moves up further, the steep gradient
disappears and the temperature along the
whole plasma surface collapses.

DIFFERENCE BETWEEN IMPURITY SPECIES
1) Statistical analysis of Nitrogen seeded

discharges

Nitrogen seeding was the most popular impu-
rity seeding performed at JET due to its
favourable radiation characteristics. With an
increasing radiation loss fraction many of the
performance parameters decrease (fig. 11):
ITER-89p H-factor, edge temperature and the
neutron rate. The density remains unaffected.
The radiation is dominantly emitted in the
divertor. The ratio of bulk to divertor radiation
is 1:2. Normally H-factors (ITER-89p scaling)
of 1.5 were achieved in discharges with 2-3
MA /2-3 T in the highly radiative regime (fig.
11). A1 MA / 1.4 T discharge close to the
Greenwald-limit with 65% radiative losses and
an H-factor of 1.75 may be seen as an indica-
tion of possible improvements when
approaching the normalised beta limit. The
largest power at which the radiative divertor
was operated was at 28 MW of combined NB
and RF heating.



2) Neon
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Fig. 12: Example of a Neon seeded discharge: 32757,
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Fig.13: X-point radiation distribution with farge neon content.
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A typical discharge with large Neon impurity
content is shown in the overview in fig.12.

Halfway through the discharge a significant
loss of performance occurs due to a confine-
ment degradation accompanied with a loss of
ceniral density. This performance loss stopped
progress to higher radiated power fractions.
The fuel dilution by electrons from Neon
remains small. Contrary to the Nitrogen cases,
the highest radiation maximum achieved with
Neon is still below the X-point (fig.13),
because full detachment was not obtained.
The ratio of bulk/divertor radiation is 1:1
(fig.14).
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The edge electron temperature of the example discharge 32757 is significantly reduced
by both the confinement loss after 16.22 sec and the rising impurity radiation. The edge ion
temperature is less affected by the increasing impurity radiation. The shape of the profile
remains like in the good H-mode phase (fig. 15 and fig 16)
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Fig.15: Temporal evolution of the edge temperature, the Fig.16: Edge temperature profiles.

radiative loss fraction and the H-facior.

Impurity accumulation and screening in Neon
The neon profile remains hollow (fig. 17). With top fuelling there is evidence of screening (fig. 18)
[see also:[6]).
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Fig.17: Charge exchange profiles of the impurity profiles. Fig.18: Charge exchange signals with different fuelling
fevels.
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3) intrinsic Carbon

o H- factor
%2 ™ o Ok ¢
1t
u
Fir
0
— Rpe
& 10k
2 oo
E 0.5 e Q::"‘!DQ?’J o~
ol

n.{101%m™3)
;
T

05+

04F e

i !ﬁ;ﬁ?{ x
<
0.2 u:U [«]

! 1
0 0.2 0.4 0.8 0.8
Pmd/ Pheai

Fig.19:; Statistical overview of intrinsic (mainly C) impurity
radiation.
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Fig.20: Radiation distribution with intrinsic carbon at high
heating power.

Carbon has similar radiation properties to
nitrogen (fig. 19): at high input powers the radi-
ation stays in the divertor without detachment
(fig. 20).

4) Argon _

Fig. 21 shows the comparison between two
very similar discharges: 34933 with Nitrogen
as main impurity and 34943 with Argon as
main impurity.

Argon has, like Neon, a comparatively higher
fraction of bulk radiation than Nitrogen.

5) Carbon, Nitrogen, Neon, Argon compatrison
Radiation from Nitrogen and Carbon impuri-
ties is more localised to the edge than from
Neon. The Abel inversion of bolometer
measurements (fig. 22a) and simulations
performed with a time dependent predictive
impurity transport code (fig. 22b) based on
charge exchange measurements agree in this

respect.
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In the detached condition only a smalll proportion of the radiation comes from below the X-point.
The peakedness of the X-point radiation increases from Argon over Neon to Nitrogen (fig. 23).
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Fig.22: Nitrogen, Neon and Carbon horizontal radiation 15105 ° 5 1520

profiles: a)Abel inversion; b) Simulation with predictive Zim
code. Fig.23: Projection of the radiation distribution for Nitrogen,

Neon and Argon onto the vertical axis and its integration
along this axis.

SUMMARY AND CONCLUSIONS

Typical evolution of divertor radiation: As the fraction of the radiated power increases, the radiation
maximum moves smoothly or with oscillations from the target to the X-point. At a radiative loss frac-
tion of 75% it forms a ‘divertor marfe’ which is stabilised due to the naturai temperature gradient near
the X-point. With a further increase in radiation the radiation maximum enters the main plasma. This
yields a collapse with a strongly radiating shell. Finally the shell shrinks towards the centre of the plas-
ma and the fraction of X-point radiation becomes more significant again.

Radiation distribution: The radiation distribution of the impurities is governed by the temperature of
their maximum emissivity: Neon, like Argon, has more radiation in the bulk than Nitrogen and Carbon.
The peakedness of the X-point radiation increases from Argon over Neon to Nitrogen.

Radiation below the X-point: At high fractions of radiated power only a small proportion of the total
radiation can be found below the X-point.

Correlation with confinement: As detachment is approached the confinement is normally reduced to
H-factors (ITER-89p) of 1.5. Operating in a high beta regime seems to yield a smalil improvement.
impurity accumulation: The impurity profiles remain hollow. The dilution is small. There is some indi-
cation of impurity screening with strong Deuterium fuelling from the top.

Edge temperature: The electron temperaiure decreases with increasing impurity radiation and
decreasing confinement. The ion temperature profile is more robust and H-mode like.

Central density: Dramatic confinement loss as seen in the Neon discharges is accompanied with a
loss of the central density.
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1. INTRODUCTION

The enhancement of fusion reactivity by the control of plasma impurities is a key aspect of the
JET Pumped Divertor.

It was anticipated that,

* The improved design of the Mk.1 pumped divertor, which avoids exposed edges and
increases the plasma wetted area, was expected to reduce the incidence of impurity blooms
during high power heating experiments.

e The improved closure (to escaping neutrals) of the pumped divertor configuration at moder-
ate plasma density should give rise to higher divertor electron densities and lower divertor
electron temperatures, leading to a reduced impurity source and cleaner plasmas.

* The establishment of a detached divertor regime would further reduce the flux of energetic
particles to the target, further reducing the source of sputtered impurities.

This work compares data from old (1991/2) and recent (1994/5) plasmas to see if the plasma
- purity is improved in the JET Mk.1 pumped divertor.

2. IMPURITY BLOOMS

* With the old divertor, carbon blooms were generated after 10MJ had been deposited on the
carbon target plates [1].

With the Pumped Divertor the strike points can be swept to spread the power load and so keep

the target plate temperature low [2]. 295




No carbon blooms have been observed, even with 100MJ deposited on the carbon divertor
tiles, fig.1.

Beryllium blooms occur at a much lower tile temperature than carbon blooms. Blooms are
avoided by tripping off the additional heating when the tiles approach melting temperature.
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Figure.1 2MA/2.1T steady-state H-Mode with 140MJ coupled to the
plasma. The strike points are swept and there is no gas feed during
the NB! heating.

140MJ coupled to the plasma.
30% of input power is radiated.

The baselines of the all the spectroscopic signals reach a steady state and show no evidence
of a carbon bloom.
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3. PLASMA PURITY
The line-average Z.4, derived from visible bremsstrahiung measurements at 523.5nm, is used as

a monitor of the plasma cleanliness. Visible spectroscopy is used to measure the fuel and
impurity influxes.

Figs.2a,b show a comparison of plasma parameters, including Z., and vertical D-alpha (as a
measure of the wall recycling) for a selection of Hot-lon H-modes using the old and new
diveriors.

During the Hot-lon H-Mode, there is no significant difference between fig.2a and 2b.
* Zyis about 1.8 in both figures, though at 11-11.5 seconds the Z.; is higher in the 1991 data.

» The electron densities are very similar (the faster density rise in the 1994/5 data is a result of
higher NBI source).

* The vertical D-alpha signals are roughly constant during the Hot-lon ELM-free H-mode
periods, with the pumped divertor signals being a little higher.
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Fig.2a Plasma parameters for pulse numbers 26147, Fig.2b Plasma paramelers for pulse numbers 32919,
26085, 26087; 3MA plasmas from 19971 on the old divertor 33090, 33680; 3MA plasmas from 1984/5 on the new
carbon target. pumped divertor carbon target.
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* The constant D-alpha signals imply that the plasma edge electron density is constant, even
though the central density is rising rapidly.

Fig.3 shows the same comparison for two Steady-State H-Modes, with 7MW heating power,
27231 and 31698 (see also 31703 in Fig.1).

There is a noticable difference between the two pulses.

* Zy is about 1.3 in the pumped divertor plasma, and is much higher, about 2.0 in the old
divertor comparison.

* The vertical D-alpha signal is rising in #27231, indicating that the recycling is changing, and
that the plasma is not in proper steady-state.
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Figure 3 Comparison of two similar steady-state H-Modes. Figure 4 Comparison of deuterium fuelled radiative
Even though the line integral density is nearly the same, Loy divertors.
is much lower in the pumped divertor case.

* Radiative divertors were produced in 1991/2 with 22MW of input power and deuterium gas
puffing [1]. These plasmas were on the beryllium divertor target and Z.4 fell to about 1.4 dur-
ing the detached plasma phase (#26849, fig.4).

* In 1994/5, on the carbon and beryliium targets, many radiative divertor plasmas have been
made. However, with just deuterium puffing, only about 50% of the input power can be radi-
ated and Z is about 1.2 (fig.4). Impurity seeding (Ne,N,,Ar) is needed to raise the radiated
fraction upto 85% [3].
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4. IMPURITY SOURCES

Impurity source trends for ohmic discharges are shown below in figs.5a,b. The pumped divertor
data (fig.5b) starts at a higher line integral density (and lower Zy), and extends up to
17x10"°’m™. However, beyond about 8-10x10'°m, the D-alpha photon efficiency is not calcula-
ble (the D-alpha emission varies strongly with conditions for n.(a) > 2x10"°*m™or T,(a) < 20eV).

* In the old divertor, Z; decreased to close to 1 as the density increased, until at about
8x10°m? line integral density, the outer divertor D-alpha intensity was about
2x10"°ph/s/cm?/sr, and the effective carbon sputtering yield was about 2.5%. At this density,
the edge electron temperature was 20eV [4].

* The pumped divertor data (fig.5b) shows the behaviour at both the outer and inner divertor
targets. The C lil line intensity increases with density until it saturates at a vaiue of 1.2 to
1.4x10"*ph/s/cm?/sr, and then decreases with increasing density. In the outer divertor this sat-
uration occurs at an effective carbon sputtering yield of about 2%.
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Figure 5a. Z,4, C Il and D-alpha intensities, and the effective  Figure 5b. Z,, C I and D-alpha intensities, and the

sputter yield (Yo of C Il from the outer carbon target in the effective sputter yield of C liI from the inner and outer

old JET divertor, as a function of line integral density. carbon targets in the JET pumped divertor, as a function of
line integral density.
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5. DISCUSSION

Why do the old and new divertors behave the same at low density (Hot-lon H-Mode), but differ-

ently at higher density (Steady-State H-Mode)?

Typical target plasma densities for Task Force ‘D’(TFD) H-Mode studies were >8x10™°m?, due to
NBI requirements in the plasma configurations that were used. At such densities Z is close to
1. The NBI fuelling produces an increased edge electron density at both the inner and outer tar-
get plates. The edge electron temperature rises from about 25 to 35eV in the outer divertor and
actually drops to 10eV or less in the inner divertor (fig.6a). Consequently there is no or little
increase in the sputtering yields, and Z_ stays close to 1.

Similar H-Modes in 1991/2 had a lower edge n, and higher edge T, [5].
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Figure.6a Evolution of the edge parameters during NBI
heating. The edge electron density at the inner and outer
divertor rise, but edge efectron temperatures hardly change.
The strike points are swept.

The Hot-lon H-modes of TFH have a significantly lower target plasma density and consequently
a higher Z 4. During the Hot-lon H-Mode the line integral electron density increases but the edge
electron density in the divertor stays constant, as shown both by the Langmuir probes and the
spectroscopic ratio of D-beta/D-gamma (fig.6b). The edge electron temperatures also seem con-
stant; 50eV at the inner divertor, and about 80eV in the outer divertor (though the outer

divertor signals are very noisy).
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3
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This is the same edge behaviour as found in 1991/2.
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6. NEW VISIBLE SURVEY SPECTROMETER

The new diagnostic is a novel multi-track F/2 survey spectrometer with a 1024x1024 pixel CCD
camera as detector. It covers 420-730nm with a spectral linewidth of 1.0nm FWHM. Example
spectra are shown in figs.7a,b. They show the presence of molecular bands from CD and BeD.
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Figure 7a: Example spectrum from the inner carbon target Figure 7b: Portion of the spectrum from the inner beryflium
of the JET pumped divertor. target of the JET pumped divertor.

The excelient resolution allows the intensities of many spectral lines from many different
impurity ions and different charge-states to be studied. The diagnostic is very fiexibie, allowing
the intensities of seeded impurities (e.g. He, Ne, Ar, N,) to be easily monitored (e.qg. figs.8a,b).

» Fig.8a shows the time evolution of Ne | emission for trace neon injection (note the less than
0.5MW change in radiated power). The pump-out of the injected neon can be clearly seen in
this L-Mode plasma.

- * Fig.8b shows the time evolution of a N Ii line for three consecutive plasmas, with different size
nitrogen puffs. The presence of a nitrogen signal before 14s in 33182 implies the nitrogen is
pumped by chemical reactions with the carbon of the divertor target. This effect is also seen
on the beryllium divertor tiles.
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Figure 8a. Trace neon injection into an L-Mode plasma. Figure 8b. Nitrogen radiative divertor plasmas (especially

33181, 33182), with different nitrogen gas feeds.
7. CONCLUSIONS

* The JET Pumped divertor produces generally cleaner plasmas than the old divertor for mod-
erate to high density core plasmas. For the low density Hot-lon H-Modes, the cleanliness is
the same.

* The improved Z.; is due to operation at a core plasma density that results in relatively low
divertor electron temperatures, and relatively high divertor electron density. The low electron
temperature minimises the physical sputtering source.

* Molecular emission (CD, BeD) is seen regularly from the pumped divertor target plates.
The importance of chemical sputtering still needs to be assessed, but it is clearly not
significantly contaminating the plasma core.

* Sweeping of the strike points and better target design has eliminated impurity blooms on the
carbon targets. Blooms on the beryllium targets are avoided by tripping off the additional
heating power.
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INTRODUCTION

in H modes, impurities are expected to show accumulation. Experiments in DIII-D [1] have shown
that the controlled removal of impurities is possible with long periods of grassy ELMs. An
H-factor of 1.5 is maintained in these steady state discharges.

In contrast, giant ELMs cause periodic collapses in confinement and can expe! 5-10% of
plasma energy on a millisecond timescale. They have the additional deleterious effect of being a
source of fresh impurity influxes following energy deposition on the target plates. Clearly it is
important to understand the impurity behaviour during these giant ELMs.

This paper models the impurity transport behaviour of Neon (from gas puffing) during H mode
with giant ELMs. The impurity transport following the giant ELM and during the recovery of
H mode are interpreted as distinct phases.

Characterisation of Giant ELMS in JET

As a working assumption ELMs can be characterised by their D, signal. They can either be
overlapping with a high frequency (grassy or Type lll) or be separated and well defined (giant or
Type 1). The typical giant ELM is triggered by a fast (1~0.2ms) MHD event [2]. During this time
the temperature in the outer part of the plasma falls on the same timescale with a concomitant
rise in D,.
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Fig.1 Plasma parameters during H-mode of #32386. Fig. 2 Edge T, measurements during giant ELMs.

After the ELM (Type |) crash there may be a series of smaller, higher frequency, ELMs (Type ii1?)
before H-mode is re-established. Alternatively the recovery to H mode can be free of D, fluctua-
tions. High time resolution ECE temperature measurements show that during this recovery peri-
od the temperature returns to its pre-ELM value.

IMPURITY TRANSPORT SIMULATION
The SANCO 1.5-D impurity transport code has been employed in all simulations. Particle
transport is described by a diffusive and convective part with the flux of each ionisation stage

The transport functions (D,V) are heuristically chosen and the solution is iterated until there is
agreement between the simulation and experiment. Then transport is consistent with experiment,
The advantages of this technique are that a wide variety of plasma transport can be described
in this two function formalism.

In the case of low amplitude grassy ELMs it is possible to average the transport over a number
of ELM periods (i.e. when total radiation is not perturbed). In the case of giant ELMs the
transport is time-dependent.
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DIAGNOSTICS
The impurity transport model requires many parameters which can vary spatially and
temporally. The model inputs are

e Electron temperature and density profiles

* Source function describing impurity influx

The success, and limitations, of the model depend on these inputs and experimental data used
for comparison to the simulation results. Fig.3 shows the poloidal location of the diagnostics
used.

Temperature and density are measured with ECE and LIDAR. Spectroscopic diagnostics, both
active charge exchange and passive emission, provide the source term and comparison data for
simulation evaluation.

The source function follows the peripheral NeVH (2s® — 2s2p 465.22A) time history. The time
resolution of the VUV spectrometer is 11ms which is not fast enough to follow the ELM in detail.
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Fig.3 Lines-of-sight of diagnostics. Fig. 4 Edge CX Ne'™ density time histories.

There is no on-axis accumulation of Neon. Charge Exchange Recombination Spectroscopy
(CXRS) shows hollow profiles. This necessitates the introduction of an outward convection term
[3].
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The location of the transport barrier removes a free parameter from the simulations. Its location
and width are set by the edge charge exchange measurements [4]. The change in density of
Ne'® inboard and outside of the transport barrier is shown in fig.4. The barrier is between
r=3.68m and r=3.70m. The width of the barrier is ~1cm from the change in the gradient of T, near
the edge.

Fast T, profiles are available but is not possible to make full use of these because of the
limitations of the low temporal resolution spectroscopy.

MODEL OF IMPURITY TRANSPORT DURING GIANT ELMS

A phenomenological model of impurity transport is proposed within the constraints of the two
function (D,V) formalism. There is an established H-mode. Following the ELM there is a period
of enhanced diffusion before ELM-free conditions are restored. This will be referred to as the
H—L hybrid phase. This is characterised by smaller high frequency mini-ELMs and the recovery
of the edge temperature.

The transition between H-mode and the hybrid H—L phase and back to H-mode is modelled by
a sharp switch (< 1ms) in the diffusion coefficient only. The transport profiles are kept constant
throughout each phase.
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The edge charge exchange shows an anti-correlation in impurity density across the transport
barrier.
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RESULTS
The model is adjusted to match

o Total number of Neon particles from bulk charge exchange
* Profile of the Ne'®

¢ Impurity line intensities
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The simulations indicate
* A sudden drop (<1ms) in diffusion following the ELM models the evolution of the Ne'®
profile
» The allowable value of D(r) are intermediate between H and L-mode. For the transport in
fig. 10 the allowable diffusion is
Du(r) x2 < Dy, (r) < Dy(r)x4
where the L-mode factor is typically x6—10 of H-mode value
» A transport barrier (V) is essential throughout the simulation. A ‘standard’ V (=-2Dr/a%
during the H—L hybrid phase does not reproduce the experimental observations.
* There is a sensitivity to the size of the barrier
-7 ms” < Vg gsa{t) < -10 ms™
although the location more important.
» The source term is significant for the success of the simulation.
¢ There may be a ramp in D during the H-mode recovery.
* Qualitative agreement between Ne'™ behaviour on either side of the transport barrier.

PENETRATION OF THE ELMS

The penetration of the ELM into the plasma column can be followed from the time histories of the
intrinsic impurities. NiXXV radiates at T, ~ 500-700eV and CIXV at T. ~ 300-400eV. These
correspond to radii of r ~ 0.7a — 0.9a depending on plasma conditions. Within the time resolution
of the spectrometer (~11ms) they occur simultaneously with the ELM.

The penetration depth appears to depend on the abruptness of the recovery following the ELM
crash.
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Fig. 10 Time evolution of VUV lines in #32386. Fig.11 Time evolution of VUV lines in #34963.
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CONCLUSIONS

An impurity transport model has been applied to describe the behaviour of impurities during H
mode with giant ELMs. There is a period of enhanced diffusion following the ELM crash. Although
it can be interpreted as a H—L transition there is no change in the convection barrier and the
change in diffusion is intermediate between the H and L mode values.

It is necessary to improve the time resolution, to sub-ms timescales, over that of present day
spectroscopic instruments in order to follow the transport barrier itself and the detailed behaviour
of impurities in ELMy H modes.
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INTRODUCTION

» Tokamak plasmas exhibit states of low (L) and high (H) confinement. L-mode plasmas are
characterised by higher amplitude turbulent activity than H-mode plasmas.

* Following the transition the H-mode plasma develops steep temperature and density
gradients near the plasma edge. Therefore, theory has also to address the question why H-
mode plasmas are stable.

» A possible explanation of the L-H power threshold being due to shear flow stabilisation of the
| drift and interchange modes near the separatrix, where the magnetic field lines intersect the
target plates, is examined.

* The region where the physical effects of
the open field lines become important
includes part of the closed field line edge z
plasma as well as the scrape-off-layer
(SOL) plasma. This region (width x.) is
several ion gyro-radii wide (Fig. 1).

» Steep gradients in this region can drive
resistive MHD and drift type instabilities,
but they can also provide the strong shear
flow stabilisation mainly due io the E x B
drift [1,2].

* This stabilisation of the interchange
and drift modes gives the criterion for
the L-H transition. The scientific
method used is dimensional analysis Figure 1
[3,4], together with the mixing length
arguments. 311




TURBULENT TRANSPORT COEFFICIENT %. FOR THE OPEN FIELD LINES REGION
* The linear equations for the mutual drift and interchange modes [5-7] vield the dimensional
parameters of the problem.

Model;
* lon continuity equation.

., ¢ dngap . neMc? ¢ dp d (I
—to-n —-——4Y i e Ao — ot R
on Hlorao,) ( eB2 L9 eBR Iy  osle

where ¢'(x,y,s) = ¢’(s)-exp(-im-t+iﬁl?i) is the electrostatic potential.

* Electron continuity equation:

—im-n -

B, dx dy eBgjR W 9s
* We average these equations along “s” between s =0 and s = L, as in [7] and match the end
values for the ion and electron currents to their values for the sheath region:

il = o el = oo~ 2
Ji s=L“ Joi Ng lle s~—~L" Oe No TOe .

* After suitable normalisation the averaged equations can be written as:

Cdngd¢’ ¢ p; _ i(ﬁg}
e

4

(ko) oo, Wiy (eg) W Y
(0+0.)-(kups) -+ 0. L~ = =iy [(1 8 aote To]

T, E 2 n, n, ' T,
Tok
= _Sld¢y dny - the electron drift frequency (T, =T, = Ty);
eBgn, dx
p? = (c"’TOIVI/ ezsg) - the square of the ion Larmor radius;
O,y = 2T ok, - the magnetic drift frequency;
eB,R
V= %— - characteristic frequency for the SOL plasma;
il
Cs = (2TyM)"2 - the ion sound velocity;
€= Lo - the ratio of the equilibrium electron and ion current densities on the

end plates.
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» The system of equations contains the following independent parameters:
XO!LII!Ripi:CS!B!EJ! Where
Xo = (dpy/podX)': pressure gradient length; B = (Lﬁ / Rxo) B normalised beta.

* General expression for the turbulent coefficient is:

%= Hee f(BEL/Rxo/Rp)

j‘CGB:(CToleBO)'ﬁ- p=p/%

SOL RESISTIVE INTERCHANGE AND DRIFT INSTABILITIES
» resistive interchange instability (Rl) « drift instability (DR).

growth rates

YR = m*'w*glv'ﬁ , Yor = V"(é—-l)/(kLpi)Z

L

maximum growth rates

i/
(M, = Cs! (xR)” (Noring, = e/ (484)"

¥ ?

for the wave vector:

(klpi)max = (XOH/L?i )1/4 (kipi)max = (XO /L")ws

* Thus the dimensional analysis together with the mixing length arguments give the following
general expression for the turbulent transport for the mutual influence of interchange and drift
instabilities;

XL~ X.GB ‘f(é,‘i:'—u IR:ﬁsxu IR) == QZGB . f(B,xo IR) -
The last expression is correct if £ is of order unity and the weak dependence on L, is omitted.

* Ansatiz for the function f(ini,x0 / R) in form of a power dependence:

XL =ﬁ¢ea‘(ﬁ)u‘(xo/ﬂ)s’ 313




where o and § are constants. For pure interchange o = 0 or 1 and & = 0; for pure drift instability
oa=0and §=-1/3.

THE CRITERION FOR STABILITY
* As a criterion for stability we apply the shear flow stabilisation condition:

* This gives the following stability conditions (VO’ = —i—LJ

XO xO
for interchange instablity for drift instability
A 12 n 13
Pri > (Xo /R) Por = (Xo /Lil)

* In order to stabilise shorter wave-length perturbations these conditions have to be more
stringent:

p>c, (159>02),

where the constant C, is order of unity.
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THE GRADIENT LENGTH X, AND THE SCALING FOR THE L-H THRESHOLD
* To estimate x, we use the energy balance equation:

d 0 0 1
91,=29 1,11
gt O T oaxMiax 0Ty o

1, is the characteristic time of the longitudinal losses.

* Integration yields:

P x.Toe _XT,
NS X Ty

P is the total power through the separtrix, S the tokamak plasma surface.

The longitudinal losses are described by two models, due to classical thermal conduction and
due to free-streaming flow:

th _ _Lj oc Lﬁno Tfs _I-_-_|_|_ o Li|
Il T Tng B cs Tyz

SCALINGS
» Combined drift-interchange instability

a} The collisionless limit:

P (= _ay\V(a+d~1)
Eg o Bg(na@ R( 50+33 3)) _ Bgf(no,a,ﬁ)

b) The classical parallel losses:

P ( Bgmws-s) .R(-10a+65-6) ]‘ll(u+6—5)

I'IOS n89a+8+3)
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for the interchange instability

a) The free-streaming case:

" 4{1+v)
P gt fb] ™
S L, | R

b) The classical loss case:

for the drift instability

a} The free streaming case:

P

e BSL3
nOS o=t

b) The classical loss case:

7 L8{3+2") 8(1+v) V(5-v)
P Bo li Ny 1232
S T nl2 8(1+v)a32 5 Ny~ Li" By
No Nl | R™TVBg No
4
2
P nS { L
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neS Byl R
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DISCUSSION
Two dimensionally correct forms have been presented [8] that give a reasonable fit to the
data. Both forms assume that the linear B, dependence is correct, and the first form takes
the quadratic dependence on length scale as correct and adjusts the ny dependence:

In the second form the n, dependence is
assumed to be correct and the length scale is
adjusted to yield a dimensionally correct

result:

where P the power in MW, S the surface area
in m?, n, the average density in 10°° m®, B, the

P > 0.4n,B,R*°

toroidal field in tesla.

In the classical paralle! loss case the linear

dependence on By requires:

300+ 30=-1

(b)

The density scaling (a) is reproduced by:

350+ 36 =~17

which gives o =- 1/2, 8 = 1/6

~

. ~12
%o =Xea (B) (% /R)" =

Scaling (b} is reproducing by:

90+ 6=-3,

T

7 73
Ny BgXo

which gives a=-1/3and 6 = 0.

T716

ary=1/3
X =3es (B) =
L GB 1/3)(02/3804/3

Ng

(MWm™3)

Pyor/S

(MW)

PTOT

P > 0.025n,"°B,S (a)
0.15 g
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CONCLUSION

The near separatrix region in tokamaks which combines the properties of closed and open
field line regions provides a new fength scale parameter Xo = {-dinpy/dx)™". This parameter is
typically of the order of several Larmor radii.

The edge gradients can drive modified drift and interchange instabilities which depend, in
addition, on the conditions at the target plates. The related turbulence gives rise to perpen-
dicular transport and regulates the width x,. Dimensional analysis is applied to determine the
scaling of the transport coefficients.

The H-mode is set up when x, becomes sufficiently narrow and the shear flow stabilities
these instabililities leading to the condition p = p/x, > cy where ¢, is of order unity.

Finite beta physics [3=(Lﬁ/x0R)-BocO(1), plays an important role for electrostatic SOL
turbulence.

Classical thermal conduction provides a threshold scaling similar to the experimentally
observed dimensionally correct scalings: P n3"B;S (or P « n,B,R%%), where n, is the
average density, S the surface area. B, the toroidal magnetic field and P the heating power.
The free-standing loss yields a cubic dependence on By, which could match the observed
threshold scaling of high edge tempeature, low density plasmas.
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1. INTRODUCTION

Extensive studies of the behaviour of divertor and Scrape-Off Layer (SOL) parameters have been
undertaken following the installation of the new JET Mkl pumped divertor. Using both
reciprocating and fixed Langmuir probe systems it has been possible to simultaneously measure
SOL and target profiles over a wide range of plasma parameters during chmic, L- and H-mode
phases of a pulse. The data presented in this poster were obtained from a series of pulses with
line-averaged densities of (1.3-6.7)x10"° m™ at input powers up to 10MW with (1.5-3.3)T fields.
Both horizontal and vertical target configurations were used with normal (B, VBJ{) and reversed
(B,vBT) field.

The main topics described are :

» Comparison of SOL widths in horizontal and vertical target configurations with reversed field
(see also poster by A. Loarte et al., this conference).

¢ Scaling of horizontal configuration SOL. widths in reversed field.

* Scaling of vertical configuration SOL widths in normal field.

* Variation in target power scrape-off width, 1%, with surface safety factor, g, for both normal
and reversed field (see also poster by A. Chankin et al., this conference).

» Behaviour of target scrape-off widths as a function of X-point height and connection length.

» Calculation of radial heat diffusivity, x,, using analytical model [1] and comparison with
EDGE2D modelling results.

* Comparison of JET target power scrape-off widths with JT-60 scaling [2].

The SOL and target widths quoted in this poster are referenced to the midplane unless stated
otherwise. Further details of the fixed and reciprocating Langmuir probe systems are given by K.
Erents et al., this conference. The subject of detachment is covered in a poster by R. Monk et al.,

this conference.
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2. COMPARISON OF SOL WIDTHS iN HORIZONTAL AND

VERTICAL TARGET CONFIGURATIONS

gL © (Horiz,OH)
4 (Horiz,4MW)} .
— o (Horiz,BMW)
§ 6L ¢ (vert,OH) a !
g x (Vert,3MW) . dgtached
B | a (VertdMw)
E 4l " (Vert8MW) o A
= ab .
on e
cég, ol o §°° o .x . A A 4

Line integrated density, nel3 (10"%/m2)

Figure 1 : Comparison between density SOL widths for

horizontal and vertical target configurations.

The vertical target SOL widths in density,
A2t are generally lower than for the
horizontal case.

A thinner SOL width with a vertical target
configuration is consistent with modelling
and is a result of different recycling
patterns [3].

A2t under OH conditions in the vertical
target configuration does not increase as
rapidly as for the horizontal target
configuration.

For moderate (<8MW) heating, A5% for
the vertical case shows no increase with
density whereas it increases rapidly for the
horizontal case, leading to detachment.

At 8MW, for the one density point
available, there is no significant difference.

3. SCALING OF HORIZONTAL CONFIGURATION SOL WIDTHS IN REVERSED FIELD

+ These data were obtained for B, =(2.2-2.4)T. Regression analyses were performed on the
data using total input power and line-integrated density as the regression variables.

* The best regressions are obtained by fitting to data with (i) Ohmic and input powers of <4MW

and (ii) with input powers of 4-8MW.

* An example of the regression fits obtained for the upstream pressure, density, temperature
and power fall-off lengths for ohmic and input powers of <4MW is shown below.
* The best fit parameters are also summarised in Tabie 1.
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Figure 2 : Example regression fits to the SOL widths of pressure, densily, temperature

and power for ohmic and input powers of <4MW.
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Line-integrated density

SOL width in Const. Ptot (MW) | Fit Coeff., R | Range (cm)
Nel (x10"°m?)
Pressure 0.123 0.99x0.04 0 0.994 0.8-2.0
Jsat 0.376 0.64+0.09 0.13+0.04 0.985 1.2-2.9
Temperature 0.603 0.49+0.17 0.25+0.07 0.962 1.6-4.0
Density 0.642 0.53+0.06 0.23+0.03 0.998 1.9-4.0
Power 0.103 0.98+0.05 0 0.989 0716

Table 1a : Fitting parameters for Py, =0-4MW
Fits are of the form A"C- = 0.603 Nel@*9*0') p,_(025£007) and R is the regression coefficient.

SOL width in Const. Line-integrated density| Ptot (MW) | Fit Coeff., R | Range (cm)
Nel (x10"°m?)
Pressure 0.044 0.76x0.10 0.99+0.05 0.995 1.25-2.6
Jsat 0.1 0.59+0.15 0.97+0.07 0.984 1.9-3.6
Temperature 0.381 0.41+0.22 0.65+0.14 0.902 3.0-4.5
Density 0.287 0.44+0.16 0.86+0.08 0.971 3.2-5.6
Power 0.042 0.75+£0.16 0.90+0.08 0.986 1.0-2.0

4.

Table 1b : Fitting parameters for Py, =4-8 MW

Comparing the two regimes it is seen that for higher powers the density dependence is
marginally reduced and the power dependence increases radically when compared to the fits
for the lower powers.

The temperature fall-off length, ASS", does not decrease with input power, Prgr, as simple

theory {1] might predict.

SCALING OF VERTICAL CONFIGURATION SOL WIDTHS IN NORMAL FIELD

SOL and divertor parameters were recorded during ohmic and beam-heated phases of a
series of vertical target configuration pulses in normal field.

In parallel an investigation of the effect of fuelling position on edge parameters was also
undertaken.

The density SOL width, A", for ohmic plasmas first increases rapidly with main plasma

density tending to a limit of ~4cm at higher densities.
There is no substantial difference in 259" for top or divertor fuelling.
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When beam heating is applied lower 239" (for the same plasma density) results as observed

for the reversed field case.
* For beam-heated plasmas, 339 tends to ~1.5cm. Compare this to ~2.5¢m for the reversed

field case.
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* Figure 4 illustrates the best fit regressions to the SOL widths in Jg4, T. and power using as
regression variables; power to the SOL, P, line-averaged density, n,, and the surface
safety factor, q.

* For the latter two the regression uses only divertor fueliing SOL widths as some effect was
observed on the temperature and power SOL widths as a function of fuelling position. Initial
observations suggest that the temperature/power SOL widths at higher densities are lower for
top fuelling by up to a factor of two. Little or no difference is observed in the target scrape-off
widths.

» For comparison the target power scrape-off width (divertor fuelling) is also shown.

5. EFFECT OF qcy. AND B, VB DRIFT DIRECTION ON TARGET POWER SCRAPE-OFF

WIDTH, 2,"®"

* The variation in the inner and outer strike
zone target power width (derived from
Langmuir probe data) as a function of gy
for both B, VB drift directions is shown.
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6. BEHAVIOUR OF TARGET SCRAPE-OFF WIDTHS AS A FUNCTION OF X-POINT HEIGHT
AND CONNECTION LENGTH (EQUILIBRIA DEVELOPMENT BY C. LOWRY)

» The profiles shown below are all before the ‘rollover’ in Jyu (see R. Monk et al., this
conference). The ohmic profiles are at a line-averaged density of 2.4x1 0"°m™ whilst the L-,
H-mode profiles are at a line averaged density of 4.8x10"°m™,

* See also posters by A. Loarte et al. and M. Stamp et al., this conference.
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Figure 6 : X-point equilibria used to investigate effect of configuration on divertor performance. Also shown are the power
profites of the outer strike point in ohmic, L- and H-mode.

* The largest variation in target scrape-off widths mapped to the midplane is seen in the
density and temperature profiles when mapped to the midplane. The comments below refer
to outer strike zone profiles and the same differences where observed under OH, L- and H-

mode conditions. It is the consequent flux expansion which determines the differences seen
in the profiles.
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* For the same X-point height but different flux expansion (2.3/4.5) the density scrape-off width
at the target, A, was the same for example at 2.7cm (L-Mode) and the corresponding power
scrape-off width at the target, A, was 1.4cm/1.8cm.

» For different X-point height (30cm/15cm), A, was 2cm (H-Mode) and the corresponding Ae

was 1.1cm/3.4cm when the flux expansion differed by a factor ~3 (2.3/6).

» For comparable (4.5/6) flux expansions A, was 2.7cm/3.2cm (L-Mode) whilst

1.8cm/2.9cm.

7. DETERMINATION OF RADIAL HEAT DIFFUSIVITY, y,, FROM TARGET POWER SCRAPE-

OFF WIDTH

» The target power fall-off length at the midplane, A,

is, from [4],

2e : z .5 7L
gt — . A ) P53
P ( Z ) (nex.}_ i_) tg'(BnRKO(Be/B)u]

Tgt

, calculated using JET specific quantities

o

Ap was

and y, has been calculated using this equation for all the pulses described in this poster.
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EDGE2D-U/NIMBUS modelling of low density ohmic discharges with horizontal and vertical
target configurations gives a %, of 1.3 m?/s with D, = 0.12 m?/s [5]. The effect of a pinch
velocity on the target profiles is also considered in [5].
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8. COMPARISON OF JET TARGET POWER SCRAPE-OFF WIDTHS WITH JT-60 SCALING

* The behaviour of A, at the target within the
160 framework of the JT-60 empirical scaling

& B, VBT(Hariz. config.) ;
140 o B, VB (Vertical config.) law [2] is shown.
= O JT-60-L~mode * 1/Ap at the target from the reversed field,
E 120 & UT—60- H-made . .
5 o JT-60 during ELM P horizontal target and the normal field,
5 00 . s . vertical target series are plotted along with
5 g W ° . 5 the JT-60 data.
o A 0O .
2 ol "o AP %% " * The horizontal target data represents the
% - T A - - best general agreement with the JT-60
& 40~
= ot data.
20 cge® % . o ol * The effect of configuration is clearly shown
9F Ve ,__|E by the vertical target data and should be
0 5 10 15 20

increased by a factor of seven for direct
, _ comparison with the JT-60 data.

Figure 9 : 1/ A5 at the target as a function of the JT-60 )

experimentally derived scafing law. * These JET data clearly show the discrep-

ancy with the JT-60 data. The JT-60 scaling

assumes a constant x,, which, as the pre-

vious section has shown, is not the case.

* The best fit scaling of 1/Ap for the horizontal target data was Py, (kW)© 4099
n (x1 019m-3)-(0.35¢o.22) q I~(0.59¢0.10)
e [9Y .

Pheat (KW)(0.48:0.18) fig (x1019m~3) ~{0.4520.22) 1 ~{0.6740.18)
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INTRODUCTION

Improved measurements of ion and electron pressure gradients and ion rotation velocity at the
edge of H-mode plasmas in JET's new divertor phase have been studied and analysed with
regard to the relationship of velocity shear profile and steep pressure gradients with enhanced
confinement and edge stability.

The ECE hetfodyne radiometer has been upgraded to have the best radial resolution possible,
limited by the layer width needed for the plasma to become opague. The upgraded edge change
exchange diagnostic makes simultaneous measurements of impurity ion temperature, density
and flow velocity. Both diagnostics have a radial spatial resolution of 1¢m or less under optimum
conditions. Measurements of electron density on a corresponding scale are made with a
multi-channel reflectometer.

H-MODE ION PROFILE EVOLUTION

The edge charge exchange diagnostic consists of two collecting lenses mounted at the top and
bottom of the machine. The Doppler shift of charge exchange excited emission from a heating
beam is resolved into toroidal and poloidal flow components. The intensity and broadening of the
emission yields the density and temperature of the emitting species. The diagnostic collects light
from eight spatial positions near the edge of the plasma.

In the new JET divertor configuration the H-mode transition is generally characterised by a rather
gradual evolution of the D, through an ELMy phase to a quiet H-mode. In such a case there is a
slow development in the pressure profile. Several theories of the H-mode [1,2, for example]

invoke a sheared poloidal EAB flow to account for the confinement changes. In thée27JET




measurements there is no evidence of such a flow in the impurity ions, implying that their
diamagnetic flow speed is balanced by their EAB (or v,) motion. The background ion
diamagnetic flow would be greater than that of the impurities (for the same pressure profiles) due
to their lower charge giving, in general, a different poloidal flow speed. Therefore it becomes
important to study the time evolution of the radial electric field.

The chordal charge exchange measurements allow the determination of the radial electric field

from the zero order force balance of the impurity ions,

E=—~Y~9—-—VAB

In the slow H-transition cases, where the poloidal flow does nhot appear to change, the radial field
evolution can be evaluated from the pressure gradients and the toroidal flows. Figure 1 shows
the time development of the electric field profile in such a case. After 0.25 s the ELMs have
ceased and the plasma remains ELM-free for the following two seconds.
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Figure 1: Time evolution of the radial electric field derived from
measurements of the carbon impurity ion pressure and toroidal
rotation profiles. In this instance the poloidal flow appears to be
insignificant during the H-phase, although the measurements are
noisy (limited by photon statistics) near the transition, and hence has
been assumed to be zero throughout.

In this discharge the slow evolution of the pressure gradients lead to a slow change in E,. The
appearance of the negative electric field well is not established until after the quiet H-mode phase
is entered at 0.25s. As the discharge evolves the boundary is moved outwards so that the
position of the E, well moves out from 3.805 to 3.825 m over the half second covered by the

figure.
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POLOIDAL VELOCITY MEASUREMENTS DURING ELMS

During strong neon gas puffing experiments a slow periodic ELM behaviour is established. Taken
together with the bright emission from the neon impurity these conditions yield the most sensi-
tive measurements of the poloidal flow. Figure 2 shows the time evolution of chords spanning the
edge ion temperature gradient, together with the poloidal velocity signal of the chord located in
the steep part of the temperature gradient, where the poloidal velocity has been found to be high-
est in the DIlI-D measurements[3]. It is seen that there is no systematic change in the poloidal
velocity between the ELMy and the quiescent H-phases, to within ~5 km.s™.

2.0 T 3 T T LI T =T T T T T T
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L han -

0.0 =
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time (s)

Figure 2: An example of a neon puffing experiment where the ELM behaviour becomes intermittent. The time traces show
that for a chord focated in the steep part of the T, gradient there is no systematic change in the poloidal flow velocity between

the ELM and quiescent H-phases.

PROFILE CHANGES DURING ELMS
During the slow ELMs the gradients of impurity density vary significantly compared to the
329




quiescent H-phase, whilst those of the ion temperature are almost unaffected, figure 3. The
resiliance of theT, profiles to ELMs is characteristic of most types of ELMs in JET. The profiles of
poloidal flow velocity remain zero within the errors in the ELM, H and L phases.
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Figure 3: Profiles of neon impurity density, temperature and flow velocities during sfow ELM events. Radial error bars rep-
resent the geometric space resolution of the measurement, vertical errors are + one standard deviation of measurements

over the respective time intervals.

ION TEMPERATURE GRADIENTS FROM SWEEPING

During high power discharges the X-point is swept at 4 Hz across the target to reduce local heat
loading. This also has the effect of moving the separatrix position at the midplane where the
charge exchange observations are made. When a single chord of the diagnostic intersects the
steep part of the temperature profile then the sweeping takes this chord up and down the profile,
modulating the temperature measurement, figure 4. The amplitude of this T, modulation
compared to the sweep amplitude provides a direct measurement of the gradient, and this is in
agreement with the results from the profile measurements.

Gradients of T, up to 66 keV.m™ have been recorded from adjacent chord differences, where
neither chord lies in the gradient region.
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Figure 4: Variation in temperature for a chord viewing the
stegp part of an H-mode T, profile when the plasma bound-
ary is swept at 4 Hz. The amplitude of the temperature
excursion directly yields a value for T; of 28 keVim'',
agreement with the temperature difference between nergh—
bouring chords.
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FAST TRANSITION DATA

A fast H-mode transition was set up in order to
study the changes in the profiles immediately
before and after the H-transition with a mag-
netic geometry giving close to optimum diag-
nostic space resolution. Figure 5 shows the
time evolution of D, impurity density, tempera-
ture and poloidal flow during such an H-mode.
At 19.25 s the D, intensity falls abruptly coinci-
dent with a sawtooth crash and the transport
barrier forms, as indicated by the ramp-up of
the CVI density at the inner chords
(R<3.778m). In the 100 ms before the transi- R R Ty
tion there is some evidence of transition ELMs, time (s)

but no steepening of the impurity pressure pro- Figure 5: Time traces of impurity density, temperature and

C density

16.8 17.0

po!ordal flow during a fast H-transition. Neutral beam injec-
files. There appears to be a small change in

poloidal flow (~5 km.s’, in the ion diamagnet-
ic direction) at the time of the transition at

tion is applied from 58.0 s. The poloidal flow at the outer—
most radial position shows a change of about 5 km.s™

between the L and H-phases. Chords further inside the
plasma show no systematic change at the transition, and

fluctuations in the measurements are less than 5 km.s”
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3.802 m, at the edge of the transport barrier - inboard of this radius there is no change within the
errors

Two radial profiles of electric field are shown in figure 6. The profiles have been obtained by aver-
aging over 100 ms periods immediately preceeding and foliowing the H-transition. The poloidal
rotation (and errors in this measurement) dominate the total radial field, although, even 50 ms
after the transition there is evidence of a negative field well appearing due to the p terms.
However, from the time traces (figure 5) it is clear that this source of E, develops linearly with time
following the transition and hence is not involved in the physics of the transition itself.
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Figure 6: Profiles of the time evolution of E, and its components obtained from the data of figure 5 at two times, 50 ms before
and 50 ms after the H-transition. The vertical error bars are + one standard error ( o/VN} and are taken from the Vo
measurements since these domiate the errors. The radial error bars represent the geometric resolution of the diagnostic.
The separalrix position from EFIT is 3.843 m.

EDGE TEMPERATURE GRADIENTS

The profiles of figure 7 show the gradual evolution of edge plasma parameters before and
during an H-mode. Steep gradients of both T, and T, are seen in the edge region, falling off
sharply over approximately one ion poloidal gyroradius. Figure 8 shows the time behaviour of the
T, and T, gradients. Since there is some uncertainty on the ECE radii from the calculated
equilibrium fields, the maximum gradient at the edge of each profile is indicated. The two values
agree quite closely, rising from ~10 keV.m™ at the start of the main heating pulse to over
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Figure 7: Profiles of ion and electron temperature and density over successive times of an H-mode.

65 keV.m. The gradient is not seen to follow a local (toroidal) velocity shear, but rather the
velocity evolution over a wider region, peaking when v, reaches reaches a maximum on the inner

channetl.

At a density of 10" m™ this maximum gradient gives a pressure gradient >100 kPa.m’. Since
collisionality, v+, is low, a large parallel current density j_ =~ e%-Vp/Be ~ 500kA.m™2 results from
the bootstrap current. This is of the order of the central current density and so can, when fully
developed, reduce local magnetic shear considerably. This must be taken into consideration
when assessing, for example, ballooning and external kink stability of the edge.
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Figure 8: Time evolution of the peak ion and electron temperature gradients in an H-mode discharge.

CONCLUSIONS

An extensive dataset has been built up of edge impurity (C and Ne} poloidal rotation in the new
JET. The evidence is that there is no such rotation in JET H-modes to within lugl<5 km.s” within
the region of the transport barrier, consistent with previous JET results[4]. Qutboard of this
region, the lower emission brightness results in larger errors although a slow drift in the electron
diamagnetic direction is sometimes seen in the outermost channels. The E, profile in JET
develops a negative well at the transport barrier, relatively slowly as a consequence of
confinement changes, not coincident with the H-transition.

Profiles of ion and electron temperature show strong gradients (up to 65 keV.m™). This implies
the existence of a strong bootstrap current, of order of the central density, therefore considerably
reducing local magnetic shear and hence affecting edge ballooning and kink stability.

In impurity puffing experiments an L-mode period following the H-mode shows that the T
gradients are maintained. in general the T, profile does not respond to ELMs while the density
gradient undergoes a significant collapse.
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1. INTRODUCTION

1. The tokamak edge plasma includes a part of the core plasma and a part of the scrape-off-
layer about a few Larmor radii inside and outside the separatrix. These parts have quite
different topology with open and closed magnetic field lines, respectively. Due to MHD
activities these two areas can interact. Therefore, this edge plasma plays a critical role in the
behaviour of the entire plasma.

2. With increasing edge temperature the dissipative instabilities in the edge plasma become
weaker, the transport coefficients decrease and the gradients at the boundary increase. The
profile of the pressure (along with temperature and density} becomes increasingiy more step-
like. For such steep gradients the Larmor radius stabilisation and the shear flow stabilisation
take place, turbulence is suppressed and the H-mode is set up. Moreover, the development
of a step-like pressure profile in the H-mode will lead to unstable MHD surface modes, which
may explain the essential properties of the ELM phenomenon.

3. The MHD instability at first occurs near the X-point and gives rise to a precursor event. This
instability throws out plasma from this region and destroys the separatrix in this point. Both
these processes give a strong interaction with the end plates and the wall of the chamber.

4. Due to this interaction the region near the X-point is filled by cold dirty plasma with low
conductivity. This “new” plasma acts like a new effective low conducting limiter for the main
plasma just inside the separatrix, which becomes MHD unstable against surface modes.
These surface modes have a relatively weak radial dependence which explains the
macroscopic character of the ELM.

5. This model gives an estimate for the ELM repetition time and explains, in addition, the
occurrence of two different time scales during a giant ELM. The initial rise ends with a fast
MHD event removing a plasma layer from the periphery. The second phase is determined by
the diffusive refilling of the expelled layer. 335




2. PERTURBED MHD EQUATIONS NEAR THE SEPARATRIX.

Coordinate System:
The magnetic field line geometry is described by the orthogonal coordinates p,®,:

ds? = h2dp? + h2dw? + R%dg? ’ (1)
with h2 =h2 = h?

2

1
h2= yO . : o
252 [1-cos(w) +p? / 2]"2 @

Yo is the distance of the current wire from the X-point. For p<<1

he=20._ '
4 [w2+p2]1/2 (
R=R(p,0)=R; +x(p,0), (4)
X(P @) = (+/=)yo / V2 - [-1+ cos(w) + p + V2 (1— cos(m) +p? / 2)"2]"2 (5)
! _ forp << 1.
Separartix
Yo 2, _2\i/2qu2
X(p,w)=(+/-)2% [p+(0° +
(p.00)=( )@lp( P71
\\f"a/("q) (H.Niedermeyer et al 1991 Proc. 18th
European Conf. on Control. Fusion and
o m X,y Plasma Physics (Berlin, 1991) vol 1 (Vienna:
- IAEA) p. 301.
_____ Expelled W.Kerner et al., Bull. Am. Phys. Soc. 36 (1991)
layer 2R13, p. 2310.)

Figure. 1
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MHD ballooning equation:

Eikonal representation for perturbed electrostatic potential ( J.W. Connor, R.J.Hastie and

B.Taylor, Proc. R. Soc. Lond. A.365, 1, 1979):

3(t,p,0,0) = §(p,w)-exp(-t +in{” g(p, o' )’ -ing)

leads to:
R'[“_J_(?q [hBO J&’_Yzq‘z(n—rﬂz“%zﬁ)
- A e r | E-o
Safety factor: g=q(p,0)= BB:::% :
shear: = Ulpes) = (5 [ oo/

3. STABILITY ANALYSIS

Normalised ballooning equation:

of 9 \1 LR N BT - C R L
R[Bm) (1+§)(amj¢ “h*(1+¢ )¢+Bh(apﬂ Qamﬂ J(t)

T2 =y2 afp, m)*R(x)’ B*=—4n R(m)% g(p, m)? dPo —4rn  dP,

T h(m)’By(n)® dp  B,(p,m)* dp ’

R=R/R(x) h=h/h(r),

(6)

(10)

(10a)
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= Effective potential is localised near the X-point.

Near the X-point the ballooning equation with the new variable t = ®/p reads:

(1+12)1/2]1/2 -
(1+t2)1/2 =0’ (11)

d 2 0~ o "[1+
21+) L4
S (142517 +

) 2
B V2y, pV2B*=—2.4r R(n) CI(P»“)2 p2 dPy is the normalised beta.
Yo Bolm) dp

, : - 1
Introducing the function u(t): ¢(t) = u(t), leads to:
Vi+t?
uy +(E-V(t))u=0, (12)

where E = 0 and the “potential” V(1) is:

_ 1—«2 1 & [1+(1+t2 )1/2]1/2
V(t)“((1+t2)+(1+t2)2 NI 19

Equation (12) can be derived from the variation form:

W= 2 [ L0+ Vet ot (14)
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Choosing the trial function u(t) = c,, where ¢, is constant and varying c, yields the condition for
the growth rate J'_°° V(t)dt = 0. The resulting threshold beta (for y = 0), is:

~_\/§y Y2p*
ﬁ—ﬁm—;’P B (15)

The condition for instability 6> Bcr expressed in parameters at the mid-piane is:

q(n)247P, S 1 ¥, ((Ax)o]vzxi(%ym‘ (16)

By (m)? 2*2 R(m) v, Ro\ b

dP, P, Pq .
— as -——=~—, where p~Ap=(AX)y/V,, X, Is the pressure
dp Ao p p~Ap=(AX)y /Yy, Xo P

gradient length on the separatrix in the mid-plane and By(x) is the toroidal magnetic field of the

Approximating y, ~ b and

magnetic axes.

Introducing the pressure gradient near the X-point

12
Amf4nP, v, ((AX)O] . (8x) (16a)

Bo(m)* " R(m\ v,

where (Ax)y = ((AX),Yo)"?.

The safety factor q(r) = q(p, ) near the separatrix is related to q by the relation q(p)=alp,m)-A
, where A =2/nin(4n/p), then gy =~ 3-q(0.1,%).

The previous result for the slab SOL model ( W. Kerner and O. Pogutse, in proceedings of 21st
EPS Conference Controlled Fusion and Plasma Physics, Montpellier, France, 1994.) is:

q24721:P0 S (Ax),Rq? . (&X)q
B2 12 R

(a7

Here L, is the connection length - the distance between the end plates along the magnetic field
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4. ELM MODEL

Nonlinear evolution:
i} Interchange instability occurs near X-point.

Plasma tube of width (AX)x = ((AX),Y,)"? (18)
is expelled and dumped onto the target plates in time:

7, = [{AX)xR]"2 / C,. (19)
Related energy loss

(20)

5. = AWy _ m(AX)% Poedge
X W mab <Py >

For (AX)s ~ 0.1m, & ~ 1m, b ~ 1.5m and Pgey, /Py ~ 107 = §, ~ 10,

i} Expelled plasma interacts with target plates, the X-point region is filled with cold dirty
plasma. This plasma with low conductivity plays role of “an effective limiter”.

=> Plasma inside separatrix obeys unfrozen boundary conditions;
= Plasma inside separatrix unstable to flute type instability with growth tirﬁe:
T, = [(Ax),R]"2 / G,
this results in a Giant ELM
iii) Refilling of edge region by diffusion of energy and particles from plasma core

T3 ~ Tg(Aa/a)® = 1z / (nqg)?

(V.V.Parail et al, “The Physics of L and H-Mode confinement in JET”, 15th IAEA Conf. on
Plasma Phys. and Cont. Fusion Res., Seville, Spain, 1994 )
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SCALING
effective radial width Aa =< a/nggs

plasma layer of width Aa peeled off nonlinearly

energy loss AW = 21cetb—Pm (21)
(nq)
— AW ~ 2POedge (22)
W (nq)<P,>"
=~5%(n=1,q=5)

Time to restore the lost energy by diffusion from core

LI (23)
T AW
with W= 2ab<P0>; Tg = W/p
~ 2nabP0edge _ _]_!V_ POedge (24)

(nq)P  nq P <Py>’

Forn ~ 1, g ~ 5, Ppegge/<Po> ~ 0.1 = 1 =10%1;
~ Tms.

40

ELM frequency:

W
<

1 P
f=—ong—H, oc—-P

(25)

ELM frequency (Hz)
R
S

10
I plasma current, P: heating power, H

<P>/Pgedge > Po(0)/<Py>: peakness factor.

p=

N JG95.2743c

) I
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Figure.4 341




. CONCLUSIONS

. The separatrix changes qualitatively the condition for the existence of interchange MHD
instabilities. With a separatrix the edge perturbations are localised mainly near the X-point.

. The threshold beta for the perturbations which occur just outside the separatrix is given by
(16). it is found that these perturbations become more easily unstable than the correspond-
ing internal perturbations. The internal perturbations experience the stabilising effect of the
magnetic well, which is absent for external perturbations.

. These perturbations can remove only a small part of the total stored energy and destroy the
magnetic separatrix near the X-point. |

. These effects lead to a filling of the X-point region by cold and dirty plasma due to the
interaction with the end plates or the wall of the chamber. This cold plasma with low
conductivity acts like an effective limiter for the plasma tube with the width of Aa=~a/ (nq)
inside the separatrix. It destabilises the interchange instability of the main plasma (Fig. 1).

. From this scenario we can estimate the frequency of the ELMs, its dependence on the plas-
ma current, on the heating power and on the peakness factor (25).

. The entire process includes three stages: 1) appearance of the interchange instability near
the X-point and filling of this region by dirty, cold plasma; 2) triggering of the major
interchange instability due to unfreezing and 3) refilling of the empty region inside the sepa-
ratrix by hot plasma from the centre on the diffusion time scale (Fig. 5).

. There is a reasonable correlation between the above theoretical predictions and the
experimental results.
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INTRODUCTION

ELMs are an unavoidable ingredient of H - mode plasmas in tokamaks. They are associated with
a pulse-like release of energy and particles from the main plasma into the divertor. This may
adversely affect the divertor operation or in the case of high power operation even damage the
divertor target plates. On the other hand, it is well known that ELMs are beneficial in reducing the
density and impurity build-up in H-mode discharges. To exploit these beneficial features of the
ELMs and to avoid the detrimental ones a thorough understanding of their generation and
energy release mechanism is necessary. This paper focuses on the details of the ELM - triggered
energy and particle release into the divertor.

For analysis mostly giant ELMs have been used which are observed after the ELM - free phase
of high performance NB-heated discharges [1].

SUMMARY OF RECENT JET RESULTS

During an ELM the release of energy and particles from the main plasma into the divertor hap-
pens in a sequence of three phases:

* Phase | the “precursor” phase with a characteristic time of ot, < 100 ps,

* Phase li the “plasma edge determined” phase with a characteristic time  6t, ~ 100 s,

* Phase lil the “confinement degradation” phase with a characteristic time  ot, ~ 10 - 50 ms.

- Phase |
The precursor phase is observed at the divertor as a perturbation of the floating potential mea-
sured by the target Langmuir probes. Since the ficating potential is mainly determined by the
electron temperature, this phase may be regarded as the beginning of the increase of the power
flux into the divertor caused by enhanced electron heat conduction. The total amount of deposit-
ed energy on the divertor target plates is below the detection limit ( 10* J).
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Phase lI

During the plasma edge determined phase, up to several percent of the main piasma stored
energy is released into the divertor. This energy is removed from the outer region of the plasma
column and assumed to be transported mainly by electron heat conduction. The maximum par-
allel power flux may reach values of 10° MW/m?. A transient connection between the target sur-
face and a plasma of ~ 300 - 400 eV gives the right order of magnitude for the measured power
flux.

During this phase the strike points of the separatrix move rapidly (< 100 ps) inwards (inner strike
point) and outwards (outer strike point). The energy deposition has its maximum at the new posi-
tion of the inner strike point. This is different from the quiescent phase, where the power flux
peaks at the outer strike point. The strike points move by AR, ~ 20 cm. For the inner strike point
AR, may be so large that the main energy is released outside the divertor target onto structures
of the inner wall.

Assuming the plasma column to behave like a rigid body the observed movement of the strike
points translates into a movement of the main plasma upwards and inwards with Az~10...20 cm
and AR,~5...10 cm.

The high power flux pulse causes a release of impurities and deuterium from the affected areas
which leads to the D, - intensity peak usually associated with an ELM, to a peak in the radiated
power and to an increase of the plasma density. The amount of released material and working
gas depends on the history of the surface hit by the power flux pulse. However, it is generally
large because the target areas involved are regions with loosely bound deposition layers of non
- stochiometric mixtures of impurities and working gas.

Finally, the impurity/deuterium release triggers a deterioration of the global plasma energy con-
finement.

Phase Il
During the confinement degradation phase the plasma loses particles and energy due to a drop
in the relevant confinement times. This drop shows in most cases the features of an H — L

transition [2].

The loss of particles leads to a decrease in the total particle content of the main plasma. The
time evolution of the averaged density depends on the balance between the increase due to the
injected impurities and deuterium during phase Il and the subsequent decrease in the particle
confinement time.

The loss of energy leads to an enhanced power flux to the target plates. This energy is deposit-
ed at the initial position of the strike points with an outside /inside ratio of the power flux com-
monly observed during H — L transitions. The total amount of energy lost during phase Il
depends on the amount of confinement degradation and is usually larger than the energy loss
during phase |l.
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After the H — L transition the plasma recovers within several 10 ms and goes again into the H
mode. However, depending on the amount of injected impurities the plasma may show a reduced
H factor or even after a sequence of giant ELMs remain in the L mode.

Experimental results

Fig.1 shows as an example the time evolution of the main plasma parameters during a typical
discharge used in the following analysis.

The fine structure of the soft X-ray intensity perturbation caused by an ELM is shown in fig. 2.
Here, the perturbation starts at the top of the plasma, moves down to the X-point and again up
to the top. Note, However, that ELMs have been observed which start near the X-point region.
There is no evidence of the outer midplane being the originas in [3]. The fastest time scale found
in this data is ~10 us which may be associated with the precursor time scale &t,. The total time
of the perturbation is ~100 ps. This time interval is associated with the phase |l time scale 8t,.
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3.3 7T I, =3.5 MA. sight, puise 33701

Fig.3 shows the perturbation of the floating voltage during an ELM to start &t, ~ 50 ps earlier than
the density increase. This feature is not observed with every ELM and the time delay may vary
between ot, = 10 us and 100 ps. Often the floating voltage precursor is correlated with precur-
sors observed by the reflectometer and by magnetic probes.

A comparison between the time of arrival of the floating voltage perturbation on the outer and

inner strike zones shows no time difference within 20 us. However, there is a time difference of
345




0.5...1 ms between the signals obtained by a reciprocating probe inserted near the top of the
plasma and the target probes [4]. This implies the X-point region to be the origin of the pertur-
bation [4,5,6].

The floating voltage on the target plate is generally positive in the inner strike zone, negative in
the outer strike zone and zero in the private flux region. This is caused by a thermoelectric cur-
rent flowing from the outer to the inner strike zone [7]. During an ELM the floating voltage of
probes which are located near the original strike point and inside the SOL drops to zero within
the time resolution of the diagnostic t = 200 ps (fig.4). This suggests that the strike points move
rapidly during an ELM thereby enlarging the private flux region. The new transient position of the
strike points can be found by determining that probe in the target probe array which shows the
largest and longest pulse of ion saturation current. The transient position determined in this way
corresponds well with the results from the IR camera shown in figs. 5 and 6 and with profiles
obtained from flux cameras which are measuring the spatial distribution of photon fluxes of the
D, line and of ClI or Bell lines.
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Fig. 3 Phase signal from the divertor interferometer (pro- Fig. 4 The reaction of floating voltages measured by
portional to the line integrated density in the outer divertor Langmuir probes located at different radii on the divertor
feg) and floating voltage from a target Langmuir probe in the target during an ELM, puise 33649,

outer strike region as a function of time during an ELM,

pulse 32303.

Figs. 5 and 6 show the temperature maxima at the initial strike point position to be virtually con-
stant over the chosen time interval. That means a rather fow power flux is flowing towards the
strike points even during an ELM. However, additional temperature peaks appear in the scrape-
off layer during the ELM. The peak in the inner SOL is much larger than the peak in the outer
SOL. These additional temperature peaks disappear usually within 2 ms. The observed behav-
lour of the temperature can be explained by assuming a short pulse of power hitting the target
plate outside the initial strike points. The length of the power pulse is estimated to be < 200 ps
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from fig.4. For an estimation of the order of magnitude of the power flux this length is set exact-
ly to &t, = 100 ps which is taken from the total length of the soft X-ray perturbation in fig.2. The
power flux pulse is assumed to be rectangular. Using simple 1-D heat conduction formulae
together with the thermal data of the bulk target material an absorbed power flux of Qabs ~ 2 X 10°
MW/m? is obtained for shot 33648 which corresponds to a parallel power flux g, ~ 2 X 10*
MW/m?. Using a plasma wetted target area S ~0.5 m? the total absorbed power becomes
Pas ~ 1 x10° MW and the total dumped energy AW ~1 x 10° J. The calculated power flux may
be overestimated because the effective thermal conductivity of the deposition layers may be
substantial smaller than the value used for the bulk material. On the other hand the maximum
temperature rise is underestimated due to spatial averaging of the thermal radiation intensity.

The observation of multiple peaked and broadened profiles on the divertor target reported
previously [4] is caused by poor time resolution of the diagnostic instruments.
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Fig.5 Evolution of the target temperature profile before, Fig.6 Comparison of the targef lemperature profiles before
during and after an ELM, pulse 33649. and during an ELM, pulse 336489.

The short time scale of the power flux pulse suggests the electron heat conduction plays the
major part in the transport of energy [8]. A simple estimate of the necessary T, drop to drive a
power flux of 10* MW/m? using the 2-point model [9] gives T, = 340 eV. Plasma with 340 eV is
located within a few cms inside the closed flux surface region. This is approximately the position,
where the ECE radiometer shows the ELM perturbation to start [10]. In this scenario the plasma
instability following the precursor destroys for 8t, ~100 ps the closed flux surfaces within a few
cms of the separatrix and unloads the energy and particle content to a target region deep

within the inner SOL.
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Assuming the plasma to behave like a rigid body during the short time period &t,, the X-point
together with the whole plasma column moves inwards and upwards during an ELM. This move-
ment is shown schematically in fig.7 together with the profile of the floating voltage before and
during an ELM. There is some additional evidence of a vertical jump of the plasma column dur-
ing an ELM from the evaluation of the time behaviour of the soft X-ray centroid. However, the
interpretation of these data is not free from ambiguity. Whether such a jump is responsible for
vertical disruptions which seem sometimes to be correlated with the occurrence of giant ELMs
remains an open issue.

Fig. 8 shows the different time behaviour of the electron temperature and ion saturation current,
and of the D, intensity during an ELM. The electron temperature always seems to increase first
followed by I, and I, . However, the observed time differences are marginal and are within the
resolution of the measurement. Much more evident is the different length of the three signals.
These results fit into a model where the energy deposition is started by electron heat conduction
followed by a rise in the particle flux and maintained by the release and recycling of deuterium.
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the measured movement of the strike points together with saturation current I, and the D, intensity Ip, during an
the floating voftage distribution on the target plate before ELM, pulse 32303, inner strike zone.

and during an ELM, puise 33649

Fig.9 shows the development of the maximum temperature at the outer strike point during an
ELM in a larger time scale (compared to fig.5). After the ELM the temperature increases over a
time interval of 40 ms. This increase is caused by the confinement degradation or H—L
transition in phase lil. The absorbed power flux g, estimated from the temperature increase is
Qabs ~24 MW/m? which corresponds to a total energy loss of AW ~0.5 MJ or 5 % of the diamag-
netic energy. After this loss the target surface temperature stays constant again which
corresponds to a low power flux, i. €. an H-mode behaviour.
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The D, and CIl radiation intensity show in this time scale a narrow peak, the width of which is
mainly determined by the time resolution of the flux cameras (5 ms), followed by a much broad-
er peak. The first peak is assumed to be caused by deuterium and impurity release during phase

i1, the second one by the H—L and the following L—H transition.

The energy balance of an ELM using the
experimental data can not be established. For
pulse 33648 we obtain for the radiated energy
W..g ~1.1 MJ, for the energy dumped on the
target plate in phase Il AW ~0.2 MJ and for
the slow contribution during phase Il AW,
~0.4 MJ. This gives a total loss of W 1.7 MJ
which has to be compared with the drop in
stored energy AWy, ~1 MJ. The reason for this
discrepancy is unclear,

The behaviour of the bulk plasma density dur-
ing an ELM is shown in fig.10. There is an
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Fig.9 Time evolution of the maximum targe! temperature at
the outer strike point T, the average of the maximum D,
intensity at the inner and outer strike point D, and the
maximum of the Cll radiation intensity at the inner strike
point Clly during an ELM, pulse 34458,

initial rise of the density in a time of 500 ps (phase 11) followed by a much slower decrease (H-sL
transition) and eventually an increase (L—H transition).
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Fig.11 Time traces of the neutral gas pressure p beneath
the outer target plate, the D, intensity and the ion saturation
currenf during two ELMy discharges with cryo pump off
(pulse 32270) and cryo pumnp on (pulse 32285).

The behaviour of the neutral gas pressure below the divertor target plate during an ELMy
H-mode is shown in fig.11 for two extreme conditions: cryo pump on and off. Each ELM is seen
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as a spike in the pressure signal [11]. Additionally, there is a “pile-up” of the base line pressure
in the case of cryo pump off. The D, intensity shows the same “pite-up” behaviour, whereas the
ion saturation current does not show this feature. That means the pile up is caused by neutral
gas not taking part in the recycling process. Obviously, there is a strong neutral gas source at the
target caused by the ELMs. This additional gas can be removed by operating the cryo pump
which is located below the target in the region of the outer strike point. With the cryo pump on
the ELM frequency is reduced. Presumably, the neutral influx near the X-point region influences
the ELM generation mechanism.
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INTRODUCTION

A series of discharges with By, |, scans and both B; directions has been performed in JET to
separate the effects of the VB reversal from the possible dependence of asymmetry on plasma
core density, confinement regime, type and repetition of ELMs.

In the normal magnetic configuration (ion VB drift directed towards the target) the outer strike
zone usually receives higher heat flux leading. Before the installation of the MK1 divertor target,
this led to the target overheating and eventually dergaration of the discharge performance due to
high impurity influx (see e.g. [1]). Non-even heat flux distribution to the target aggravates power
exhaust problem for ITER. In the reversed configuration (ion VB drift directed away from the
target) the power to the target is distributed more symmetrically (see e.g. [2,3]).

The toroidal field reversal also affects the asymmetry of H,, radiation power, n,, T..

In high recycling plasmas with the VB reversed (see e.g. [4] and refs. therein, [5]):

* the infout n, ratio decreases

¢ the infout T, ratio increases,

leading to a more symmetric distribution between the strike zones, compared to much denser
and cooler plasma at the inner side with high radiation and recycling in normal VB.

What is not clear? Are field reversal effects caused by:

» different parameters in normal/reversed VB plasmas (bad reproducibility of pulses)
* power redistribution between the two divertor branches as a primary source
* n, redistribution between the sides, and if so, is it due to classical drifts? which drifts?
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EXPERIMENTAL RESULTS

JET divertor plate consists of rows of individ-
ual tiles (~35x80mm? size),designed to protect
exposed edges (Fig.1)

IR measurements: 1D IR array (along the
major radius), photon flux averaged along
toroidal direction (see [6] for details)

Temperature distribution: essentially 2D, due
to poloidal and toroidal inhomogeneities

Power calculations: 3D program, angles
between B-lines and tiles surfaces incorporat-
ed.

Fig.1: JET Diverior plate (three tiles’ supporting beams
shown)

Pulse No: 31485 Pulse No: 31447

JG95.258/2c
JGI5.258/3c

L 500
@ 400
e
g
2 300
2.5 3.0 2.5 3.0
Radius (m) Radius (m)

Fig.2: IR target temperature profiles for G.s=3.6 case: a) normal VB, b) reversed VB,
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A series of L-mode discharges with medium to high density and 2.7-4.2 MW NBI input power
was selected for comparison between normal and reversed SYMBOL 209 \f “Symbol'B. Both
BT and Ip were reversed simuitaneously.

Table 1 summarises experimental results.

Paa(MW/m2) ,

H-alpha rad.

os I B, (r:- %/ P tFO’;::;jl i';‘;’;;‘:‘(::x)z at strike zone (ph./E+15),
(MA) | (T) e+19) (MW (MW) outer side inner ssde inner s!de
outer side outer side
23| 2 | 15 |180 | 38 | 22 | Notavailable |0.12/041 =14 | 2314 = 1.64
26 | 3 | 24 0.08/0.042 =19 | 1.85/1.25= 148
B 24 . 0:061:= 0:89 | 1.66/1:93-=-0:86
36 | 3 | 33 1 | 38=0%438 |0.1/0.056 =179] 42723 = 1.83
37 | 2 | 24 13 | 28=0428 |0112/0007=16 | 88/3 =29
42| 2 | 28 T 28=05+23 |0.142/0.136=1.04] 155/45 = 3.4
2 | 28 0+ 0.092/0:107-=0:86] * 2.25/3.75=-0i6 -
51 | 2 | 33 29 =09+20 |0.13/0087 =15 | 20/45 =44

Table 1: Comparison between normal (positive Br and I;) and reversed (negative Br and 1) field discharges. * - surface
temperature from the IR camera is below the background fevel.

The power balance calculations are benchmarked by comparing (Pyp,-Praq) with the calculated
Puget (0* reflects power conducted to the inner target below 0.5 MW: IR temperatures below the

detection level).

* Reversed field series shows g-dependence of power distribution between the sides:

more equal power sharing at low 95 [7]
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JGI5.250/4¢

Fig.3 shows q-dependence of in/out ratios
of local radiated power, Py, and H, intensity
from Table 1, and in/out ratio of peak eat
values at the strike zones (from Lagmuir
probes). However, since low q shots have
higher density, some influence of the density
dependence is not excluded.

Gos

Fig.3: q-dependence of infout asymmetries in local radiated
power, H, intensity and peak ion saturation current density

DISCUSSION
* The most persistent trend of VB reversal is the reversal of P..¢» Heand i, asymmetries.

* T, asymmetry: infout ratio of T, is generally lower in the normal field case. However, the
experimental evaluation of T, from Langmuir probes at densities of ~10%° m? is problematic
(see [8] for details). T, as calculated from the probe data, is within 15-20 eV, but this value
is overestimated (calculated power o the inner side is much less then that from the IR data).

* Power asymmetry: at qos=4.2 and 5.1 “anomalous” behaviour was observed: more equal
distribution in normal than in reversed VB. Highest P4 and H, were observed at the inner
side in normal field, pointing to high n, and low T, plasma. (Bremsstrahlung contribution to
the photon flux at the inner side can be significant, but it is unlikely to be a dominant effect,
see below).

* For the series of discharges analysed the peak |, in normal field discharge with ggs=5.1

(#31591) reached 90 A/cm?. Half of the measured total IR power to the inner side (0.45 MW)
could be attributed to the surface recombination of the ion flux at the target.
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A possible explanation for “anomalous” behaviour of power asymmetry at high qgs:
* due to a sharp drop in T,, recombination power flux, P,,.~ 13.6eVxnVT, , becomes important

compared to the sheath dominated power flux, Paean~7 NeTe>> [7].

Provided Pe=const, n/"T,"=n.""T,*". Power deposition to the (cooler) inner side can be larger
or smaller than that to the outer side depending on which mechanism of power deposition
{recombination or sheath dominated) is the dominant one:

* Conventional picture (sheath dominated): Pyge ~ NeTo 2.
P rget~P ™ arget X YT /T, and power to the inner side is reduced at low T,™.

* Recombination dominated case: Pige ~ NV
P arget~P ™ targe N Te > @nd power to the inner side s increased at low T,".

Experimental data support the following explanation for the effect of the VB reversal on the
divertor asymmetries:

* VB reversal affects density/particle flux asymmetry first
Puarget @symmetries are affected through changes in density asymmetries

* The higher density/particle flux to the inner side in normal VB causes lower power
deposition to the target (up to the point where recombination power becomes important)
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Effect of ExB drifts on the particle redistribution between the sides:

Both poloidal and radial ExB drifts change
their direction when the By is reversed.
Fig.4 gives their directions for the normal VB.

S
46852506

Fig.4: Directions of radial and poloidal E x B drifts for the
case of ion VB drift towards the target. These directions
reverse for the reversed VB

* poloidal E x B drift (analysed in [9,10]) shifts n, in opposite direction compared to experiment
* radial E x B drift (suggested in [11]) shifts n, in the same direction as in experiment

* in high recycling plasmas with low T, at the target radial E x B drift dominates the poloidal
one [12]
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DENSITY LIMIT AND DETACHMENT

1.9E+020

1.7E+020 Inner Rofl-Over [—
Quter Roll-Over

1.5E+020 Detachment -
Density Limit

1.3E+020 - S

Significant difference between normal and N

reversed VB plasmas was observed E+019
approaching density limits (see [13] for 7E+019 |
details). SE+019
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Figh: Threshold density for “rofl-over” of ion saturation
current at the strike zones, detachment and disruption in
Ohmic discharges: a) reversed VB, b) normal VB.

* The threshold density for “roli-over” of |, at the inner side, which indicates the beginning of
the detachment, is lower for the reversed VB discharges. The “roll-over” at the outer side, fol-
lowed by the plasma detachment, also starts at lower densities in reversed field plasmas.

* In normal VB discharges the operational density range is much wider with higher densities
achieved (all the reversed field discharges were with Br=2.7 T, |, =2.7 MA, while the normal
field discharges were with B=2.7 T, |, =2.0 MA (all except one) and Br=3.3 T, |, =2.9 MA in
#31612). In the reversed VB the density limit starts almost immediately after detachment.

* The distribution of plasma density and temperature between the strike zones is more sym-
metric in the reversed VB discharges, and the reason for the much narrower density range
before the disruption in the reversed field plasmas is unclear.

» earlier disruptions in reversed VB plasmas are not associated with “power starvation” of the
scrape-off layer compared to the normal VB discharges: calculated power to the target,

(PinpurPraa), is similar in both field configurations.
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CONCLUSIONS

* the most persistent experimental feature of high recycling L-modes in JET is the reversal of
Hy Prg and I, asymmetries between the strike zones

* influence of the VB reversal on Prrget @symmetries is more complex and is likely to be a
secondary effect following density redistribution between the sides

» increase in n, atthe inner strike zone in the normal VB {(compared to reversed VB case)
is associated with the decrease in T, and the decrease in Paget (lOW ggs data). This agrees
with Pe=const and Pyge ~n.T,** (sheath dominated power flux).

* further increase in n, /Iy, at the inner side and the associated drop in T, (only indirect
evidence for that is available) can lead to an increase in Piager (compared to the reversed
VB) due to surface recombination of the ion flux, provided plasma stays attached to the
target and the pressure is maintained.

* N, redistribution between the sides caused by the VB reversal is consistent with the effect of
the radial E x B drift, which is the dominant drift term in high recycling plasmas.
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1. INTRODUCTION

The divertor configuration has been successfully employed in many present day tokamaks to
reduce impurity contamination of the plasma core. Given the large power exhaust expected from
a reactor plasma (such as ITER) and reasonable estimates for the width of the scrape-off layer,
it is clear that the divertor target will not survive without some additional means to dissipate a
significant fraction of the power. By creating a cold and dense plasma in the divertor it is
possible to access a “detached” regime [1] whereby atomic physics loss mechanisms, such as
charge exchange and hydrogenic radiation provide significant reductions in the particle,

momentum and energy fiuxes to the target

plates. Detached divertor plasmas are now
considered the primary solution to the problem
of engineering the ITER divertor.
Consequently, experiments have been carried
out in the JET tokamak using the new pumped
divertor configuration to investigate plasma
detachment under a wide range of conditions.
This paper outlines the results from
experiments where only the intrinsic impurities
(e.g. carbon and beryllium) are present., while
impurity seeding experiments are described by
Matthews et al. and Reichle et al., this
conference.

2. DIAGNOSTIC SYSTEMS

* An array of single and triple Langmuir
probes mounted in the divertor target.

* Reciprocating Langmuir probes that

probes

measure profiles of the main SOL.

JE35.304/6¢

* Spatially resolved and fast integrated DOL Figure 1 : Cross-section of the JET pumped diverior
and C-Il (or Be-ll) in the divertor. configuration with an example of a reconstructed plasma

equifibrium used for divertor physics. 359




* lInfra-red thermography of the divertor
surface.

* Bolometer array.

* Divertor neutral pressure gauges.

3. DETACHMENT REGIMES

3.1 Ohmic Plasmas

As the plasma density (n,) is increased by

gas puffing the following features are

generally observed (figure 2) :-

* The ion flow (ls4) to the divertor target, D,
photon flux and neutral pressure increase
more than linearly with (f,) - “high
recycling”.

* Approaching (M) = 3x10"® the I_,, reach-
es a peak value and begins to “roll-over".
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Figure 2 : Characteristics of divertor detachment during an
ohmic discharge.

* While D, and neutral pressure continues to increase, the ls falls to low values -

“detachment”.

* Finally, if the main plasma density is further increased a “MARFE” escapes from the divertor
with a characteristic drop in the D, signal and usually ends in a density limit disruption.

* Detachment begins near the separatrix at the inner strike zone and moves outwards into the
SOL while the outer strike zone starts to detach at a slightly higher density.

Since the strike points are swept across the target plates at

loading, it is possible to construct high resolu-

tion radial profiles from the triple Langmuir

probes (see figure 3).

* During the high recycling phase, the elec-
tron temperature at the divertor plates falls
and the associated reduction in sputtered
impurities is reflected by the ievel of Be-il
emission.

* The D, intensity increases across the
whole profile and a large peak in I is seen
to emerge from a broader exponential
profile on the outer divertor plate.

* Langmuir probe characteristics under
these high density conditions tend to
exhibit low electron to ion saturation
current ratios (in some cases <1) which is
reflected in an overestimation of T, and
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electron temperature (T,), D, and Be-ll photon fluxes
across the divertor target.



subsequently of the calculated power flux.
(A new approach to the interpretation of
probe characteristics under these
conditions is described in the poster by
Gunther, this conference).

As the plasma detaches, the |y, near the
separatrix drops by an order of magnitude
and the T, falls to approximately 2eV at the
inner plate and 3eV on the outer. The D,
profile broadens and has a peak value in
the vicinity of the x-point rather than the
strike points.

Complete detachment is usually only
observed at the inner strike zone while the
outer is partially detached.

Throughout this period, the maximum in
radiated power determined from the
bolometer array is seen to migrate from the
strike zones to the x-point region (see
figure 7 for the L-mode example).

Close to the density limit the peak in radi-
ated power appears to be located inside
the separatrix just above the x-point.

The bremsstrahlung radiation seen by the
infrared camera indicates a region of very
high density (>10%°m™) in the vicinity of the
X-point.

Detachment is observed to be a gradual
process rather than a bifurcation and
typically develops over a timescale of
seconds.

3.2 L.-Mode Plasmas
Similar general trends are observed for the L-mode plasmas as for the ohmic cases.
Steady-state detached discharges of >5s have been produced on carbon and beryllium
divertor targets with 3-4MW of neutral beam heating.

Feedback control of the D, injection using the divertor probe |, has been used to operate

with stable detached plasmas close to the density limit [2].
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Figure 4 . Scrape-off layer profiles measured by the recip-
rocating probe indicating the broadening of the pressure
profile on the approach fo detachment.
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Figure 5 : Comparison of scrape-off layer and divertor pres-
sure profiles from an outer target triple probe showing the
drop in electron pressure as the plasma detaches.
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* Profiles of the scrape-off layer measured

by the reciprocating pTOb e show that the Discharge with additional heating and density ramp

Pulse No: 31504
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. 02 e e

broaden by almost a factor of three in moy-  n(10%/m?) ] *

; : 8Fp

ing to detachment (figure 4). P(10<mbar) MM | rr A AANINANIIL
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zZ(m) / X-point height
and the upstream scrape-off layer. -15
. . 0.3 X-point P, W.——
L] 2 L
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PIMW/m?) ;4 ;_\/Wm 2 Fi
electron pressure measured at the target e e S N
compared to the upstream SOL (figure 5). Time (s)

* Throughout the discharge the peak  Figure 6 : Overview of plasma parameters for an L-mode
surface temperature of the divertor target density ramp discharge from which the distribution of
) radiated power is shown below.
stays below the detection threshold of
380°C for the infra-red thermography system.
* Density limits are observed to occur when the radiated power fraction exceeds
approximately 70% (carbon target) or 85% (beryilium target) with the formation of a MARFE.
* lu measurements from probes mounted in the side panels of the divertor target show that
there is no evidence for enhanced cross-field losses of ions during detachment.

The role of geometrical effects and the influence on the characteristics of detachment is

discussed by Loarte et al., this conference.
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Figure 7 : Tomographic reconstruction of the Radiated Power during (a) the attached phase at 15.5s and later (b) during
detachment at 22s.
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3.3 H-Mode Plasmas Pulse No: 31862, 31863, 31865

* With D, gas injection into ELMy H-modes it g 12: B e AR
is observed that the ELM frequency %5'8_ - —
increases and the energy confinementtime 0 5| o \_:_'f_':"_';'_“_':‘_‘_“_":‘::;.,
is degraded (figure 8). S =

 _H{TER-89P)

* Atradiated power fractions of approximate- \ '
ly Prag/Pin =50% there is a transition
back to the L-mode which effectively
determines the H-mode density limit.

* At the highest densities compatible with H-
mode operation, the |, between ELMs is
reduced.

* However, it is highlighted by Clement et al.,
this conference, that the net effect of

20

20

(Acm2} (Acm—2) (Acrm2)
=)

JGA5.304/2¢

Time (s)

. . L . Figure 8 : The effect of D, injection into ELMy H-modes on
increasing the density is to increase the the ITER89-F energy confinement scaling and I, divertor

peak temperature measured by |R  Probe measurements.

thermography. This is due to the degraded energy confinement and reduced
spreading of the power load due to the high frequency “grassy” ELMs.

~« Since the power and particle fluxes are dominated by the ELMs, this has motivated
investigations into impurity seeded plasmas in an attempt to obtain acceptable core plasma
confinement times and low power fluxes to the divertor target (see Matthews et al. and
Reichle et al., this conference).

7.0 Pulfe No: 31183, 31308
t <Ne>
4. THE EFFECT OF THE ION B DRIFT 2 451 N VB Ay
DIRECTION =P
* On JET and other tokamaks it has been = :)_ = i
observed that directing the ion B drift - __ 25 Pa(innen A 5
direction away from the divertor target can ;":.i;‘ﬁ 0 W
result in more symmetric power deposition & & 10_%
at the inner and outer strike zones, see 0 WL .
Chankin [this conference]. - mw Fea o0
» In terms of divertor detachment, the g 0 e ™" (O;ter)l ;
behaviour with the ion B drift away from the Tg‘l | %

] |
target is similar to the normal configuration 1415 16 17 18 19 20 21 22 23

. . " Time (s)
with the |y, roll-over occurring at similar
Figure @ ; Comparison of ohmic density ramp discharges in
normal and reverse B directions (Note that the D, fuelling
rate is identical in both cases). 363

main plasma density (figure 9).




* However, in ohmic discharges it the density limit and consequently the operating window for
detachment, is reduced by approximately 30% compared to the normal field case.

5. THE COMPARISON OF CARBON AND BERYLLIUM DIVERTOR TARGETS.

* The general behaviour during the Pulse Nos: 30829 (CFC), 34850 (Be)
approach to detachment and the density
limit is similar during high density
operation with carbon and beryllium
divertor targets (figure 10).

* With the beryllium target it has been
possible to sustain L-mode detached
plasmas with up to 85% radiated power
fraction compared with 70% for the
equivalent carbon case.
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* However, for the beryllium discharges
studied it appears that the additional
radiation is due mainly to the core plasma

JGIS5.204/10c

Time (s)
region rather than the divertor. Figure 10 : Density limit discharges in carbon and beryifium

* Preliminary results from the beryllium Wi simiar integrated gas input (cryopump off)
campaign suggest that carbon remains the dominant source of impurity radiation in the
divertor region. This may be due to the carbon first wall protection and limiters.

6. THE “DETACHMENT WINDOW”
* As an operational definition we take the detachment window to be the headroom (in terms of
main plasma density) between the “roll-over” of the ion flow to the plates and the density limit.

* Ingeneral, itis observed that the “roll-over” Low flux expansion High fiux expansion
and density limit scale weakly as a function 2ok A i R
of the input power (figure 11). A A J I
* Increased flux expansion appears to allow 60 & ! * l
access to detachment at lower main 501 * P *

plasma densities although the density limit
also scales accordingly.

* Wall clearance and plasma purity are of
course critical in achieving a favourable ool
split between divertor and bulk radiation e I..: Rol-Over
(typically 2:1 for most equilibria used for o
divertor physics studies) and consequently it ! O
maintaining a high density limit. Input power (MW)

- As highlighted by Saibene [this Figure 11 : Scaling of the detachment window (between the

“roli-over” in 1.y and the density limit) with input power and
conference], the cryopump can also  main prasma density for discharges with high and fow fiux

locally influence the degree of detachment, expansion (Note: The H-mode density limits are non-
disruptive)
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presumably through the reduction of neutral gas pressure, without significantly changing the

main plasma density.

7. DIVERTOR OSCILLATIONS ON THE APPROACH TO DETACHMENT

During L-mode high density discharges,
periods of unstable behaviour in the divertor
and edge plasma parameters are commonly
observed (figure 12). These are characterised
by the following observations :-

1. Dramatic drop in lg, neutral pressure, D,
C-II/Be-Il photon fluxes and radiated power
at the strike zones.

2. Increase in the edge plasma density with
larger D, C-1I/Be-ll emission and radiated
power in the vicinity of the x-point region.

3. After typically 10ms there is a large
increase in lg, that resembles an ELM,
with associated strong C-li/Be-ll and
bolometer signais at the strike zones.

4. The divertor plasma re-attaches to the tar-
get and the parameters return to the equi-
librium conditions for approximately 50-
100ms and then the cycle repeats.

* The oscillations are observed to occur over
a reproducible range of input power and
density and are most evident in the
approach to the “roli-over” when the 1, is
high and T, is in the region of <10eV.

* The frequency of the oscillations increases
with the level of power flowing into the
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Figure 12 : Experimental evidence for unstable divertor and
edge plasma parameters during high density L-mode
discharges.

scrape-off layer. They cease during the detached phase when the radiation approaches

60-70% of the input power.

» Such periodic detachment may be driven by the requirement to maintain the principal
impurity source, i.e. the interaction of the divertor plasma with the target.
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The increase in the edge density with the detachment is probably associated with the ionisa-
tion of the neutral particles inside the separatrix which were previously confined to the
divertor region.

However, further work is required to determine the role of the edge plasma in these
phenomena and examine the impurity and radiation distribution in more detail.

8. CONCLUSIONS

Steady-state detached plasmas with 70-80% radiated power can be achieved with D,
injection for ohmic and L-mode plasmas.

During detachment the parallel pressure is observed to fall by over an order of magnitude in
moving from the scrape-off layer to the divertor target where electron temperatures of 3-5eV
are measured.

During high density H-modes the ion flow to the divertor can be reduced in-between ELMs
although the confinement is degraded and reverts to L-mode at around 50% fractional
radiated power,

Operating with the ion VB drift direction away from the divertor target lowers the density limit
without lowering the density at which detachment begins. Consequently, the operating
window for stable detached plasmas is much narrower than for the normal field case.
Similar detachment and density limit behaviour is observed with carbon and beryllium
although higher radiated power fractions (85% compared with 70%) can be sustained with the
beryllium target.

During high density L-mode plasmas a form of periodic detachment is frequently observed
which is correlated with changes in the divertor and edge plasma parameters. The
phenomena decrease in frequency as the fraction of radiated power increases.

ACKNOWLEDGEMENTS
RDM acknowledges financial support from the Engineering and Physical Sciences Research
Council and the JET Joint Undertaking.

REFERENCES
[1] G.F. Matthews, Journal of Nuclear Materials 220-222 (1995) 104
[2] The JET Team (Presented by D.J. Campbeli), IAEA-CN-60/A-4-1-4, 15th International

Conference on Plasma Physics and Controlled Fusion Research, Seville, Spain (1994).

366





