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ABSTRACT.

Detailed boundary plasma measurments are reported for a special series of ICRH dischargesin
JET inwhich Z 4 remained constant over arange of powers. This behaviour isexamined using a
relatively simple model of particle and energy balance using the measured parameters of the

scrape-off layer. Carbon influx measurementsfrom the limiter are compared with those cal culated
from the model.



1 Introduction

To attain thermo-nuclear conditions in JET large quantities of auxiliary heating will be
required [1]. In the case of ion cyclotron resonance heating (ICRH) the addition of power to the
plasma results in the release of both fuel and impurities from the internal surfaces of the vacuum
vessel [2-12]. The release of impurities is undesirable since it reduces the thermo-nuclear yield
of the discharge due to a reduction of the central fuel temperature and concentration. Uncon-
trolled release of fuel reduces the possibility of density control.

Impurities released during ICRH heating fall into two classes. First, those which originate
from the Faraday screens, which in JET during the present campaign was composed of nickel. It
has recently been shown that the rate of release of screen material is proportional to the applied
power [13] with the resulting impurity content of the discharge rising to significant levels during
repeated long pulse, high power discharges. In this campaign, however, with fewer high power
discharges and with the screen being covered with a layer of carbon, the nickel contribution to
the radiation and dilution is small. ' |

The second source of impurities is the limiters and wall, which in JET during this experi- .
ment is primarily carbon. One speculation is that the ICRH produces energetic particles which
subsequently hit the internal surfaces of the vessel and sputter carbon impurities [14-16].
Although such energetic particles have indeed been observed with probes [17], no consistent pic-
ture has yet emerged, in part because of the lack of detailed data. Another source of impurities
results from the interaction of the thermal boundary plasma with the limiter surface subject to an
increase in the power reaching the boundary {12,16,18-20]. It has been shown that this power is
in part due to the dlrect coupling of ICRH power to the plasma boundary, with the remainder
arriving at the boundary after diffusing from the plasma core [2-4].

Whether the release of impurities is due to a small energetic population and/or due to the
thermal background, due to direct edge deposition of ICRH power or core deposition, itis clear
that detailed boundary plasma data is needed before the primary cause of the impurity influx can
be identified. Similar uncertainties exist as to the source of the additional fuel that is desorbed
during the application of ICRH power.

In order to investigate the processes by which fuel and carbon impurities are released from
the vessel surfaces, a specific sequence of discharges with varying ICRH power, for which the
wall and limiter condition was well defined and constant, have been studied in JET with a




number of edge-specific diagnostics. The purpose of the present publication is to report these
detailed measurements and to show that the observed behaviour can be partially explained using
simple power and particle balance considerations. It should be noted that the results and inter-
pretation presented in this paper are for a particular set of discharge conditions (whose main
characteristic is that Z,; remains constant over a range of heating powers), and different results
and interpretations are obtained with different machine conditions.

2 Experiment

The JET vessel cross-section is shown in Fig. 1, illustrating the positions of the belt
limiters and ICRH antennas. The belt limiter consists of two complete toroidal bands of graphite
tiles positioned approximately 0.9 m above and below the mid-plane, whilst the ICRH antennas
are located at 8 discrete toroidal locations and are similarly protected with graphite tiles [21].

The boundary plasma is diagnosed with a reciprocating Langmuir probe, two CCD cam-
eras (vertical and tangential), limiter thermocouples and visible spectroscopy. The positions of
the reciprocating probe and vertical CCD camera are shown in Fig. 1. The probe can penetrate
from outside the plasma to several centimetres inside the last closed flux surface (LCFS) and
return in a period of ~ 0.5 s, producing a complete radial profile of edge density n, and electron
temperature 7,. The vertical CCD camera has a carousel of interference filters, centered on |
intense spectral lines of C I, C I, C II1, D, and He I, which can be revolved between discharges.
The tangential camera (not shown in Fig. 1) is equipped with a D, filter and simultaneously |
views the two belt limiters and a single ICRH antenna through a tangential window. Both cam-
eras are absolutely calibrated. In addition to the camera viewing, the upper belt limiter is moni-
tored with a visible spectrometer with an optical multi-channel analyzer. To determine the
radiated power from the discharge the plasma is viewed with horizontal and vertical bolometer
arrays. The power deposited to the belt limiters and the ICRH protection structures can be deter-
mined using thermocouples embedded in the graphite tiles.

3 Results

‘These experiments refer to a set of discharges performed on one day when the wall was
well-conditioned and reproducible performance was obtained. The discharges were all at a
plasma current of 3.3 MA and a toroidal field of 3.4 T in deuterium with varying levels ICRH



heating at 32 MHz using He-3 minority species and monopole phasing resulting in a wave-
number peaked at k;~0. The plasma position in these experiments is such that contact is primar-
ily with the belt limiters, with a balance ratio of ~ 0.5. The balance ratio is defined to be the ratio
of the spatially-integrated D,, signals at the upper belt to that at the lower, as determined by the
tangential camera. The total interaction with the protection tiles of the RF antennas is small, as
similarly determined using the spatially-integrated D, signal, typically accounting for ~ 10% of
the combined D, signal from the two belt limiters. The plasma volume, plasma surface area,
total limiter contact area and safety factor are 115m>, 150m?®, ~13m® and g,, = 5.0, respectively.
The belt limiter and wall are maintained at approximately constant temperature between dis-
charges at values of 165 C and 300 C, respectively.

The central plasma parameters as functions of time during ~ 14 MW of ICRH are shown in
Fig. 2. The heating pulses are nominally 4 s long, with a 2 s period during which the discharge
reaches a steady state, ie giving essentially constant levels for the total input power P, volu-
me-averaged density < n, >, radiated power P,,; and Z,;. For comparison, results from an Ohmic
discharge (Q) are also given in Fig. 2. At the end of the heating pulse, at t ~ 13 s, the conditions
in the ICRH discharge revert to the Ohmic values.

Although the vessel is well-conditioned in these experiments (well-conditioned in the
sense that any effect associated with a previous vacuum opening is negligible, ie the oxygen con-
tent of the discharge is low, the density reaches a steady state value during the heating pulse and
dilution and radiation are due primarily to carbon impurities), the application of ICRH power
results in an increase of the particle content of the discharge, as indicated by < n, > in Fig. 2.
This increase is reproducible within this sequence of discharges and depends mainly on the
ICRH power. In other cases, depending on the run history of the machine, for example, whether
helium discharges had been performed prior to the sequence, the amount and the rate of the den-
sity rise can be different resulting in a different overall behaviour [22]. These experiments were
not immediately preceded by any such conditioning. The dependence of the volume-averaged
density on power is shown in Fig. 3. Also shown is the edge electron density n.(a) as deter-
mined by the reciprocating probe. While the edge density appears to scale in a linear fashion
with power, the particle content has a weaker dependence.

The dependences of a number of plasma conditions on ICRH power are given in Fig. 4 and
discussed below:




n.(a), T.(a)
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The density and temperature at the LCFS as determined by the reciprocating

probe. While the density is approximately proportional to input power, the
edge electron temperature rises less strongly. The data set is a subset of data
presented in [22,23].

The particle flux e-folding distance in the scrape-off layer as determined by

the reciprocating probe. This is constant at A~2.1cm at the position of the

probe. Because of the compression of the magnetic flux surfaces the corre-
sponding value at the mid-plane is ~ 1.2 cm [24]. The electron temperature
e-folding distance A; is also determined by the probe; at low power, A;~2Ar,

which increases with ICRH power to a value of A;~5A at 14 MW. Because Ay

is short and A; relatively long we take T, constant over the SOL for the pur-
poses of this paper.

The total influx of carbon and deuterium from the belt limiters determined by

the cameras using the intensity of the CIand D,, lines and theoretical photon
effiencies [25,26]. In the case of deuterium, it is assumed that the recycled
particles leave the graphite surface as D, molecules and are broken down in
the plasma by the following reaction route,

D,—»D; - D+D"

Thus, for each molecule recycled only one D atom is produced which then |

radiates according to its photon efficiency [26]. As with the edge density, I'¢ .

and I', are approximately proportional to the input power. Similar data using
the C II charge state was reported in [7].

~ The radiated power fraction as determined by the bolometer arrays. This

decreases slightly with power but is approximately constant at P,,,/P,,~0.4.

The effective charge of the central discharge based on the visible bremsstrah-

lung is approximately constant at Z,, = 2.3.



Wim 'The energy deposited in the belt limiters during the heating pulse based on the

bulk temperature rise of the tiles using thermocouples. The temperature rise

~ associated with the Ohmic part of the discharges is subtracted out and the
values indicated result from the avéraging of a number of thermocouples in the
upper and lower belt limiter. Wy, is approximately proportional to the input
power. The balance ratio, based on the ratio of the energy deposited in the
upper belt to that deposited in the lower belt, was ~ 0.5, similar to that found
for the D,, signals.

For this series of discharges we summarize the results from Fig. 4: n,(a), I'c, I'p and Wiy are

approximately proportional to the input power whilst T,(a), Ar, P,../P,, and Z g vary only
slightly.

The power conducted and convected to the limiter P, as determined by three independent

methods is shown in Fig. 5 as a function of the input power P,,. In the first method, the radiated
power as determined by the bolometer is simply subtracted from the input power with the result
that throughout the power scan, P,,,/P,~0.61. In the second method, the bulk temperature rise '
of the carbon tiles with their known thermal capacity is used giving P,,,/P,,~0.36, which is sig-
nificantly smaller than the value determined by the bolometer. In the third method the power
incident on the limiter is based on the probe measurements of n,(a), T,(a), Ar and assuming

v= 10 [27], where 7y is the energy deposited per ion-electron pair normalized by T,. In this case a
value of P,,,/P,,~0.23 is arrived at which is in reasonable agreement with the thermocoupie
measurements and is similarly in disagreement with the bolometer.

4 Discussion

The main result from this series of discharges is that Z,; remains approximately constant

over a large range of ICRH powers. The behaviour of the boundary plasma parameters are con-
trolled to a large extent by a net release of fuel from the vessel surfaces by an unknown desorp-
tion process. The additional fuel results in the edge density n,(a) rising approximately in

/
- proportion to the applied power while the edge electron temperature T,(a) rises only slightly.




It will be shown in this discussion that the observed qualitative behaviour can be reasona-
bly well explained using simple power and particle balance considerations. Considering the
complicated nature of the SOL interaction with the limiter, it is not surprising that quantitative
discrepancies exist between the following simple model and the observations. These can only be

resolved by more extensive diagnostics and modelling that takes into account all of the complex-
ities. |

4.1 Power Balance

The power added to the discharge is either radiated or convected/conducted to the limiter,
P,=P+P,, o (1]
Th; radiated power is,
P= <n>n.>LV - , [2]

- where V is the plasma volume and L is the volume-averaged radiated power coefficient [28].
This becomes

P= <n>1.LT, [3]

where we have used

Tcrc ’ [4]
<Hc>=E—— :

where 1 is the carbon ion confinement time. In theory, L is a function of n,1 and T, [29];

however, in practice, the empirical observation in JET is that L is constant to within a factor ~ 2'
[13]. This simplifies the treatment of the radiated power because in general in most tokamaks
the product of density and particle confinement time < n, > 1, is also a constant [30] and thus Eq.
2 becomes |

P, ~R:T [5]
where
R =<n, > 1:L~constant [6]

‘where R is effectively the energy radiated per carbon atom influx, which is approximately a

constant.



To see that < n, > 1 is indeed a constant in this experiment, the product can be determined
using the experimentally measured density < n, >, Z,; and carbon influx I'c. From the quasi-neu-

trality condition and the definition of Z ; we obtain, -

@Zg—D<n >V . [7]
<M2%TZZon Ie

where Z is the fully-stripped carbon ion charge, Z = 6. The experimentally derived values of
< n, > ¢ using Eq. 7 at different ICRH powers appear in Fig. 6. One can see that a constant
value of < n, > 1.~3x10"*sm™ is obtained.

The power conducted/convected to the limiter is approximately [31],
Pcon = Y(rD +ZBFC)kT¢(a) [8] ’
where Z; is the average charge of the carbon ions in the boundary plasma, typically ~ 4 [32]. We

have assumed that within the SOL the electron temperature is radially constant. USing Egs. 5
and 8 the power balance becomes

P, =R Ic+YIp+Z, L )T (a) [9]
The increase in ICRH power P,,, must therefore manifest itself either as a change in the edge

electron temperature or the particle fluxes incident on the limiter or some combination of both.
Since the experimental observation is that the change in the electron temperature is relatively
small, the increased power loss must result primarily from increased particle fluxes according to
Eq. 9. ‘

4.2 Impurity Production

The ratio of influxes I'/I", depends on the sputtering yields for deuterons Y, and carbon
ions Y, at the graphite limiter [33],

I Y, | [10]
I, 1-Y,




This expression neglects sources of carbon other than the graphite limiters, ie assumes that the
wall and Faraday screen sources of carbon are small. Since the sputtering yields depend on the
respective ion energies and these in turn depend on the edge electron temperature, then the ratio
of fluxes is a function of the edge electron temperature, eg

re_ .. [11]

A constant value of T, thus implies a constant ratio of carbon flux to deuterium flux, as

approximately observed. From Fig. 4 the mean value of the edge electron temperature during the
power scan is T,~55eV. Using this value to calculate the sputtering yields [34], the flux ratio is
expected to be I'c/I'p~0.06 (assuming T, to be constant within the SOL), a factor of ~ 3 lower
than observed, I'c/T’p~0.2. The variation of I'c/I', over the temperature range considered (42 -
65 eV) is about 20%. This calculation assumes a D* impact energy of 5Te?275eV giving a yield
of ¥,~0.035 and a carbon ion (assumed to be C** [32]) impact energy of 14T,~770eV giving a
yield of Y~0.38 [31]. The discrepancy between the observed and the calculated flux ratios may
be due partly to the experimental error in converting spectral intensities to particle influxes; this
is estimated to be a factor of ~ 2. However, the discrepancy might also be explained by an
enhancement of the sputtering yields due to particles striking the limiter at angles other than
normal incidence [7]. An enhancement of the above normal incidence yields by a factor of ~ 1.8
would give agreement between the expected and the observed effective yields according to Eq.
10. '

4.3 Impurity Content. Z . Dilution

The central concentrations of the carbon and deuterium are approximately related by the
expression [35], '
nc(©) TchS | [12]
np(0) TpA2

where A, is the effective penetration distance into the plasma of the respective particles from the

limiter source. It appears from Monte Carlo simulations using the LIM impurity transport code
and the NIMBUS neutral hydrogenic transport code [35,36] that under most conditions, A /A5~2
and thus, using the experimental flux ratio I'o/I',~0.2, the central carbon concentration is




predicted to be nC'(O)/nD (0)~0.1, giving n;,(0)/n,(0)~0.6 and Z ~2.9, compared with what is
experimentally observed, nc(0)/n,(0)~0.06 and n,(0)/n,(0)~0.74, which are obtained from -
Z4~2.3. This is typical of the general finding that the central impurity concentration is less than
predicted using Eq. 12, theoretical penetration distances and the experimentally deduced
influxes. Nevertheless, Eq. 12 does predict a constant value for the central dilution (ie a constant
Z,;) given that I'./T, and AJ/A] are both approximately constant.

4.4 Power Losses

Figure 5 gives the power conducted/convected to the limiter P,,, based on the radiated

power from the bolometer, the limiter temperature rise and the Langmuir probe. The resulting
values for the ratio P,,,/P,, are 0.61, 0.36 and 0.23, respectively. One possible explanation for
the discrepancy between the bolometer and the other two measurements may lie in the fact that
the radiation is highly assymetric within the plasma volume, being concentrated in the boundary
plasma at large major radii, in the vicinity of the belt limiters [37]. The bolometer may not be
able to properly determine the total radiation with localized radiation sources. This may also be
the explanation as to why the limiter temperature rise is somewhat higher than predicted by the -
Langmuir probe, ie local radiation in the vicinity of the limiter is absorbed by the grapﬁitc tiles.
An alternative explanation is that a small population of highly energetic ions in the boundary.
plasma is produced by the ICRH. Such ions could deposit significant power without registering
on the Langmuir probes. From other studies [38] such unaccounted power is estimated to be no
more than ~ 15% of the total input power and thus, while it might explain the difference between
the thermocouples and the Langmuir probe, it cannot explain the larger difference between these
two and the bolometer. A third possible explanation for the discrepancy between the thermocou-
ples and the Langmuir probe is that secondary electron emission from the graphite limiter surface
enhances the power deposition. This would effectively increase the value of 'y above the value of
10 used in Fig. 5.

It is clear from the experiment that the radiated power fraction P,,,/P,, is roughly indepen-

dent of input power. However, the actual value varies by a factor of ~ 2 depending on which

diagnostic is used - the bolometer, the thermocouples or the Langmuir probe. These gives values
for P,,,/P,, of ~0.39, ~0.64 and ~ 0.77, respectively. In the case of the bolometer we can obtain
the value of R, the energy radiated per carbon atom influx, from the slope of P,,, plotted against




the carbon influx I, Fig. 7. This is ~ 11 ke V/particle and from similar graphs using the thermo-
couples and the Langmuir probe then values of ~ 18 keV/particle and ~ 21 keV/particle are
obtained. These are all signficantly higher than predicted from theory under these conditions, ie
we would expect R values in the range of 3 to 7 keV/particle [29]. The corresponding values of
the radiated power coefficent L, determined using Eq. 6 and the experimentally derived value of
<n, > 1~3x10%sm™, are L~5.8x10*Wm?, ~9.5x10*Wm® and ~1.1x 10 Wm”®, which are all
in reasonable agreement with the earlier empirical observation in JET [13].

4.5 Central Density

The application of the ICRH heating causes an increase in the limiter fluxes pfoportional to
the additional heating power. The edge fuelling increases the edge density and consequently
increases the total particle content. At constant edge electron temperature and with constant
cross-field particle transport (although not conclusive, the constant value of Ar, Fig. 4, indicates
that the cross-field diffusion coefficient in the boundary remains approximately constant) we
expect in steady state that n,(a)<I'pec <n, >2[36]. This behaviour is shown in Fig. 8, where 'y,
derived from the spectroscopic intensities at the belt limiters, has been plotted against the square
of the volume-averaged electron density, ie <n, >%, Although a linear relationship is clearly
demonstrated in Fig. 8, it is also clear that the straight line does not pass through the origin as
expected, ie the relationship appears to breakdown at low densities. It may be that at low den-
sities the limiter particle source is no longer dominant and recycling at the wall needs to be
included. Such behaviour has indeed been shown in Monte Carlo neutral simulations [39].

It should be noted that the observed increase of the flux of deuterium entering the plasma
consists of two components [2-4]: one with a short rise-time (< 10 ms) which reacts to the direct
absorption of a fraction of the ICRH power in the plasma boundary and one with a longer time
constant corresponding to power difquing to the scrape-off layer after absorption in the plasma
core. Under steady state conditions the observed deuterium fluxes from the limiter reflect the
overall rise in the plasma deuterium inventory rather than a direct observation of the original
desorption process since fuel recycling is the dominant process. The deuterium release related to
the application of ICRH power is one of the main factors controlling the behaviour of the edge

-parameters (the other is the increase in the power conducted to the edge). The amount of desorp-
tion and the balance between the fast and slow source depends on the machine condition. In this
particular series of discharges the total desorption raises the deuterium content in such a way that

-10-




the edge electron temperature rises only slightly with corresponding consequences for the carbon
sputtering and Z,;. Under other limiter and wall conditions the rise in edge electron temperature
with power can be more pronounced.

S Conclusion

The application of ICRH power in JET with carbon limiters produces an increase in the
plasma deuterium inventory due to an unknown desorption process. The increase in plasma den-
sity results in an increase in the deuterium and carbon influxes from the limiter and a reduction
in the thermo-nuclear yield of the discharge. Taking the experimentally observed edge plasma
parameters and using sputtering data from the literature the behaviour of Z and related para-
meters as a function of power can be understood. The nearly constant edge temperature
observed in these discharges maintains a constant sputtering yield at the limiter and thus a
constant Z over the experimental range of ICRH powers. The calculated effective sputtering
yield is a factor of 3 below the directly observed one. This might be explained by experimental
uncertainties in the interpretation of the spectroscopic data or by angle of incidence effects.
Another discrepancy is the central impurity concentration which is generally observed tobe
smaller by a factor of ~ 2 than predicted by theoretical penetration distances and the observed
influx. A third discrepancy is that the radiated power is significantly higher by a factor of 2 to 4,
depending on which diagnostic is used to infer P, 4, than expected for a given influx or concen-
tration of carbon in the plasma. The power conducted to the limiters obtained from bolometric
measurements is higher than that calculated from edge plasma parameters or from limiter
temperature measurements. The last two agree within experimental errors. The discrepancy
might be explained by unobserved asymmetries in all measurements.

While the behaviour of the boundary plasma properties during ICRH are qualititatively
understood (quantitatively to within a factor of 2 to 4), it still remains to explain the desorption
process which results in the boundary fluxes. This has not been considered in the present study,
but a model addressing the desorption process is discussed in another publication [40].

-11-
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-Fig.1 A cross-section of the JETvacuum vessel
showing the positions of the discrete ICRH antennas,
the toroidal belt limiters, the reciprocating Langmuir

probe and the vertical CCD camera. ‘
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Fig.2 Thetime behaviour of the central discharge parameters
during a 14MW ICRH heated discharge and an Ohmicly
heated discharge (Q): the total input power P,,,, the volume-
average density <n,>, the radiated power as determined by
the bolometer arrays P,,; and the effective charge of the
discharge Z,/ as determined by visible bremsstrahlung.
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Fig.3 The steady-state volume-averaged density <n,> and edge density 7, () as functions of

total input power P;,;.
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Fig.4 Various discharge parameters during the
steady state portion of the heating pulse as functions
of the total input power P,,,: the edge density #, (a),
electron temperature 7, (a) and particle flux e-folding
distance \TI" as determined with the Langmuir probe,
the influxes of carbon I' c and deuterium I', from the
belt limiters as determined from spectral emissions,
the radiated power fraction P,,,/P,, from the
bolometer arrays, the energy deposited in the belt
limiters W, ;; from thermocouple measurements and
Z,y from visible bremsstrahlung.
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Fig.5 The power conducted/convected to the limiter P,,, as a function of

the total input power P,,, as determined by (A) subtracting the radiated power

obtained with the bolometer arrays from the total input (£,, —~ P,,4) (B) the

bulk temperature rise of the limiter graphite tiles with their known thermal

capacity (C) the Langmuir probe measurements of n, (a), T, (a), A\I' and

assuming y=10 [27], where v is the energy deposited per ion-electron pair
normalized by T, (\I" is assumed to be infinite).
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Fig.6 The product <n,> 7, as determined from experimental data using Eq.7, as a
function of total input power P,,,.
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Fig.7 The radiated power P,,; from the bolometer arrays plotted as a function of the
carbon influx from the belt limiters I' . The slope of the line is R =10.8keV/atom, the
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energy radiated per carbon atom influx.
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Fig.8 The deuterium influx from the belt limiters T';, plotted against the

volume-averaged density squared <n,>2






