I: [_ll=
JOINT EUROPEAN TORUS m

JET-P(87)62

S K. Erents, J.A. Tagle, G.M. McCracken, P.C. Stangeby
and L de Kock

The Dependence of Tokamak Edge
Conditions on Global Plasma
Parameters in JET



The Dependence of Tokamak Edge
Conditions on Global Plasma
Parameters in JET

S K. Erentsl, JA. Taglez, G.M. McCrackenl, PC. Stangeby3,
and L de Kock'

JET-Joint Undertaking, Culham Science Centre, 0X14 3DB, Abingdon, UK

"UKAEA Culham Laboratory, Abingdon, Oxen OX14 3DB, UK (UKAEA/Euratom Fusion Association)
2JET-Joint Undertaking, Culham Science Centre, OX14 3DB, Abingdon, UK
I Institute for Aerospace Studies, University of Toronto, Canada M3H 576

Preprint of Paper to be submitted for publication in
Nuclear Fusion



“This document contains JET information in a form not yet suitable for publication. The report has been
prepared primarily for discussion and information within the JET Project and the Associations. It must
not be quoted in publications or in Abstract Journals. External distribution requires approval from the
Publications Officer, JET Joint Undertaking, Abingdon, Oxon, OX14 3EA, UK".

“Enquiries about Copyright and reproduction should be addressed to the Publications Officer, EFDA,
Culham Science Centre, Abingdon, Oxon, OX14 3DB, UK.”

The contents of this preprint and all other JET EFDA Preprints and Conference Papers are available
to view online free at www.iop.org/Jet. This site has full search facilities and e-mail alert optionsThe
diagrams contained within the PDFs on this site are hyperlinked from the year 1996 onwards.







ABSTRACT.

Measurements have been made of the plasma parameters in the boundary layer over a wide range
of operating conditions in JET. The plasma currents have been varied from 1MA to SMA and the
average density in the range from 1 to 5%10" m™. It has been observed that the edge density
increases with line average density and the edge temperature decreases. Emphasis has been placed
on testing data under steady state conditions of plasma current and density.

The temperature and density at the last closed flux surface (LCFS)has been modelled using
global particle and energy balance. It is shown that good quantitative agreement is obtained with
experimental data for the density and the total particle and flux. In a second stage using the global
energy balance a crude attempt is made to estimate the impurity influx and hence the radiation
from the plasma. Results give the right order of magnitude and the correct trends for the variation

of the edge temperature with density and input power.



1. INTRODUCTION

In an earlier paper the tokamak edge conditions in JET ohmic plasmas
| (1)

were described for a modest range of global Plasma parameters Some
applications of the edge data to calculations of sputtering ylelds andA
impurity atom screening in the scrape off layer (SOL) were discussed.
Recent measurements of edge parameters for other large tokamaks have been
described.in references (2 and 3) and a summary of earlier data on smaller
machines is given in reference (4).

One of the principle objectives of edge diagnostiecs is to try to
extrapolate to parameters typical of ignition conditions and to see whether
there are ways of keeping the impurity influx under control as the heating
power and the power generafed by @ particle production is increased. In
the present paper we describe experimental measurements of the edge
temperature, density and particle flux over a wide range of operating
conditions in ohmic discharges, for plasma currents f;om 1 MA to 5 MA and
for plasma average densities from 1 to 3 x 1019 u~3, A clear pattern of.
behaviour is obéerved with edge temperatures increasing as the input power
is increaséd and decreasing as the average density is increased. These
experimental data are explained quantitatively in terms of the overall

power and particle balance. Scaling relationships for the edge temperature

and density are also derived.

2. EXPERIMENT
Measurements are made in two positions in thé torus, fig. 1. At the
top of the vessel in octant 5 an array of six probes is driven in
"vertically and can be moved between discharges. There are three probes on
each side of the probe drive facing both the ion drift and the electron
drift directions. Over a series of similar discharges a detailed profile

can be built up for the region between the last closed flux surface (LCFS)



and the wall. In the carbon tiles surrounding the ICRH antenna in Octant 2

(3

thére are two probes built into the structure . . These probes are at a
distance of 15 and 27 mm from the edge of the plasma (allowing for field
ripple). The potentiais of all probes are typically swept from - 100 to +
10 V over a period of 50 ms, 38 times during a single discharge. From the
voltage~current characteristic the ion saturation current Is9 the elgctron
temperature Te’ and the floating voltage Vf are calculate& using a non--
linear least square fit; More details of the probes and their operation
have bgen presented in previous pape;s(1’5‘6).

| The results from thé top probes and the antenna probes have been
coﬁpared. To do thi# it is necessary to correct first for the fact that
the top probe drive is at an angle of about 20° to the magnetic surfaces
and secondly because the magnetic surfaces are coumpressed at the mid plane
by a factor of approximately 2 compared with the tdp probe position. When
these factors are taken into account thé plasma paraméters at the limiter
edgé (ie the LCFS) and the e~folding length of the profiles can be
compared. For the limited data available good agreement is generally
obtained, but the data from the antenna probes, where only two points on
the profile are obtained, result in larger errors for the value of:the
parameters at the ICFS. The top p;obe collects data Qn.the profiles not

only by measuring at 3 radial positions but also by virtue of spontaneous

slow movements of the plasma boundary during a discharge.
3. RESULTS

3.1 Ion flux, electron temperature and density

Typical radial profiles for the ion saturation current density (IS(r))
and electron temperature (Te(r)) are shown in figure 2. These results were

obtained using the top probe array and are similar to those previously



reported (1). Exponential decays in Is(r) over 2 orders of magnitude, and
Té(r) over 1 order of magnitude from 10-200 mm behind the LCFS have been
recorded. From these data the edge density,:ne(r), can be calculated
assuming Te = Ti' A comparison with data taken at the mid-plane, using the
two probes on the antenna tiles, is also shown in figure 2. Here the field
line compression between torus top and mid-plane is taken into account by
calculations from the magﬂetic data.. The mid-plane data are referred to
the top of the torus.

Most of the data reported in this paper are from the fixed probes in
the RF antenna tiles. Here éxponential decays are assumed, and the data
are extrapolated 15 mm to the LCFS. This avoids quoting results at an
arbitrary radius inside the SO0L, but assumes that the e-folding length does .
not vary across the leading edge of the RF antenna. There is some evidence
for this assumption from the. top probe data, which have shown ﬁo
discontinuity in profiles right up to the LCFS.

The effect of mean plasma density E; on edge parameters 1s shown for a
single ohmic discharge with a density ramp during the plasma current
flat-top, (figure 3). Under these non-steady—-state conditions it is usual
to find the ion saturation current density (IS) to be fairly independent of
;;, but the edge temperature Te always falls markedly with increasing ;;. R
Since the edge density n, locally 1is related Fo the flux and temperature by

- the expression
L = ZIs/e Cs (1)
where the ion sound speed c_ = {k(Te + Ti)/mi}%

]

it 1s expected that ne(a) will rise with E; as 1llustrated. In non—steady-




state the exact dependence of ne(a) and Te(a) on 5; varies from shot to

—1 to 2

-2 =3
shot, but is usually in the range ne(a) a.ne to .

and Te(e) a E;

To avoid these variations we have found ithimportant to select data
during ohmic discharges in which E; is not changing rapidly. This is
usually towards the end of the plasma current flat—top for discharges
without a density ramp. We believe that the plasma conditions from which
the rest of the data reported here are taken are close to steady state in
terms of power balauce'and particle balance. Probable exceptions, howevef,
are the 5 MA discharges in which only short plasma current flat-tops can be
obtained, and in which sipgnificant péwer is frequently deposited on the
torus inner wall.

The dependence of ion saturation current {or ion flux demsity Fu) and
electron temperature (Te(a))‘on ;; is shown in flgures 4 and 5 for a range

7).

of plasma currents from 1 to 5 MA Data have been taken from an
extensive data bank collected over several months and all are ohmic
discharges in deuterium defined by a set of 8 discrete limiters at the
outside mid plane. Data with unusually low loop volts haye been rejected;
if the loop volts are low, (indicating higher central temperatures for a
givgh plasma current) then the_édge temperatures are higher than depicted
in figure 5.

~ The pa:ticle flux density increases with plasma current but 1s almost
indépendent of Ee, for fixed Ip, within the scatter between different
ghots, - (figure 4). For the pufpose of the model to fol;ow it is useful to
consider the scaling of the plasma cufrent, Ip, in terms of ohmic power,

P,. We find from JET experimental data that P, = 0.7 zp1°15. The data set

Q

shown in figure 4 can be represented by the empirical relationship:




r, =2 x10° 113 = 2.7 x103p 173 2)

where P 1s the ohmic power in MW, P" 1s in & w? and Ip is in MA. Eqn.{(2)
implies no.dependance of Pﬂ on E;. However, operationally it is difficult
to vary ;; by more than a factor of 2 at constant I . The fact that P“ |
does not change significantly at constant current may be due to the edge
temperature decreasing with increasing density, as discussed later.

A similar empirical relationshlp can be found to reﬁresent the

temperature -data set, figure 5.

- 39— -2 p 1-9
T, =6x107 0 %Py [ev] 3)
for n, in units w3 and PQ in MW.

From the radial profiles of the parallel flux we can calculate the

total flux of particles reaching the limiter fi. This is expressed as

0. L H Tu(r) dr .
P e *)
a

where H is the total wetted height of the limiter, a is the radius of fﬁe
last closed flux surface and £w is the radius of the wall. We have to |
assume poloidal asymmetry in order to do the.total integration. The
results are shown in fig.6.

Using equation 1, and assuming Te = Ti, we can derive local values of
n from the measured IS and Te._ The results are shown in fig.?- It is
observed that the data at different currents now overlap and that overall
the data approximately fits.a square law. This is discussed in more detail

in section 4.2.



Considering the empirical relationships (2) and (3) together with
equation (1) it follows that the edge density ne(a) should be proportional
to n_. An approximate empirical expression for ne(a) is

e

n (a) = 0.055 Ee . PQU'S . om (5)

However a least squares fit to the data in figure 7 shows that ne(a) rises

less steeply than linear with Ee at low Ip’ and more steeply than linear at

high Ip. If we take ne(a) data at different plasma currents but with
constant Te(a) then we find that ne(a) is to a good approximation

proportional to 3;2, fig. 7.

3.2 Power Balance

The power flux to the limiters PL may be calculated from the measured

density and temperature profiles. The total power is the integral of the

power density over the radial profile

T
W
P = i Y-Ho Ty(x) T () dr

T . -
= [¥ Yo-H. Ty(a) exp (~—) T (a) exp (

a hr AT

e

“r

) dr. ()

where Ys is the sheath energy transmission factor, H is the total wetted
height of the limiters, and hr, AT are the scrape-off lengths for particle
flux and temperature. The change in secondary electron yvield with electron
energy, which 1s required to calculate the sheath tramsmission factor, has

been measured experimentally for carbon samples exposed to the JET




plasma(s’g). These data have been used to calculate the sheath
transmission factor as a function of electron temperature and hence to
calculate PL' It is assumed that Te = Ti’ although there are no

experimental measurements of T, and collisions are of marginal frequency to

i
ensure equipartition.
Assuming that the distance between the LCFS and wall is large compared

with lr or KT (which is normally true in JET), then equation 6. may be
e

integrated to obtain
PL = TSH Fa(a). Te(a)ohp cesese (WY D)

where the power scrape-off length Kp = Ap KTe/(Rr'+ R?e)- Kp can be

measured directly with thermocouples or an infra-red camera. Limited data
from the I.R. camera show reasonable agreement with scrape~off lengths
- (10)
measured by the Langmuilr probe .
Taking values of P as calculated from equation (7) we can check the

validity of the global energy balance, ie:

P, = Pog-PBp = TS.H.AP.I'“(a) Te(a). (8)
where PR is the radiated power, measured by bolometers at the wall(ll)-
The total wetted height of-the limiters is only a weak function of PQ in
JET. 1In carrying out the integration we have had to assume a poloidal and
torolidal symmetry of the edge parameters due to fhe limited experimental
data. We have also included the power deposited on the RF antennae which
is ~ 30% of the total power conducted to the edge. The measured values of
PL have been plotted against (PQ - PR) in figure 8. There is clearly a

" linear relationship, basically validating equation (B). The absolute value



of PL is a factor 2 - 2.5 lqwer than the power balance fredicts. This
could be due to toroidal and poleoidal asymmetries resulting in different
powers and different wetted areas to each limiter. The uncertainty in the
position of the LCFS at the top of the torus (~ 20 mm), due to the finite
mesh size of codes used to calculate magnetic surfaces, makes 1t difficult
to quantify asymmetries by comparing antenna and tob prohe data. The
estimated uncertainty in the position of the LCFS {s approximateiy 2-3 mm
at the mid-plane where it is well defined by the limiters. Another
possible omission is the charge exchange power (ch), although in most

machines this is found to be small compared with nglZ)

« It is possible
that non-thermal plasma components cause Yg to be underéstimated. It is
also possible that heat-loading in the first ~ 1 em from the LCFS, at the

mid=-plane, is not correctly inferred from measurements made further out

radially.

3.3 Radial diffusion in the edge

The cross—field diffusion coefficient DL’ in the edge can be estimated

from measurements of Ah plus a theoretical relatiomn such as
.3 2
Dy An Cs/Lc )

where Lc is the comnnection length befween limiters. For a toroidal belt
limiter Lc = ﬂRqs, 9, being the safety factor. For a non—circﬁlar plasma
such as JET and a discrete, as distinct from a continuous toroidal limiter,
eq(10) under—estimates DL by a factor, 4 typically. A more sophisticated
analysis has beeﬁ developed which takes into account plasma

(13)

non-circularity and the discrete nature of the limiters . The aﬁalysis

has been used to calculate the values of Dl shown in fig.9. D, is observed




to fall with density approximately as ;;'l-

Two pieces of evidence indicate that DL varies approximately as the

square root of the local temperature:

{a) For'any individual discharge the densitx profile in the SOL, ne(r),
closely approximates to an exponential decay over a few orders of
magnitude, i.e. the characteristic scale length Kn is a constant over
this region. " Since temperature also varies radially, T(?), then the
sound speed does as well, cs(r)'ﬂ T(r)llz, implying from eqn.(9) that
D, varies radially in the SOL as T1/2, The values of D, plotted in
Fig.9 were calculated using Te(a) and are therefore the wvalues at the
LCFS, Dl(a).

(b) Turning to the collection of results of Te(a) for different wvalues of

;;, fig.5, the observations that Te(a) - E;’Z, and Di(a) G'E;'l,

approximately, gives Dl(a) « Te(a)llz.

4. DISCUSSION

4.1 The role of pglobal plasma parameters on edge conditions

We first discuss the relationship between thg edge plasma properties,
princiﬁaliy ne(a) and Te(a) and the primary properties of the discharge,
such as ﬁe and Ip. Clearly, it would be of considerable value to determine
the mechanisms governing the dependence of edge conditionms on global
parameters so that predictions for future operating conditions could be
made.

The modelling is carried out at two levels of simplification. In the
basic model, section 4.2, an attempt is made to explain the gross features

of the plasma edge by calculating ne(a) and Te(a) in terms of PQ, PR and E;



as input data, employing simple particle diffusion and energy conservation
models. In the subsequent section 4,3, an attempt is made to transfer the
quantity PR from the input to the calculated category by accounting in a
simplified way, for sputtering and radiation in a self-comsistant maunner.
We have seen experimentally that the edge temperature decreases as density.
increases. It is well known that the sputter yieid decreases with ion
energy thus it is to be expected that the impurity influx will also
decrease as the density'rises. The tendancy for the plasma to
self-regulate its edge temperature by a feed-back mechanism has previogsly

(14, 15)

been pointed out and is reproduced here in a convenient analytic

formulation.

4.2 A basic model

In the basic, or zeroth order modelling, one seeks to explain the
principal measured edge quantities — namely the total deuteron outflow to

the-limiters, Il, the edge density né(a), and the edge temperature‘Te(a)

—~ in terms of the global machine parameters - namely the total power input

P, (P

H

g = P, for ohmic heatiﬁg), PR and Eeu We consider first the edge

' dehsity, ne(a),‘fig. 6. A simple diffusion model, deriving originally

(16) an

from Engelhardt et al , can be shown to give the relation

n_(a) = iz ) 52 (10)

between the edge density and the average plasma-density, where.vh is the
average inward velocity of the neutral hydrogen re—cycling from the limiter
and Eﬁlz is the average electron impact ionisation rate over the mean free
path of the neutral hydrogen. The factor 6 is related to the ne(r) profile

-10-




and reflects a small éséumed peaking factor, ;; = 1.7 n, (r/a = 0.9). The.
relationship‘l7) is very similar to that derived independently by Alexander
et 51(2).

A full test of this modél requires that the value of ;; be known.
Since this quantity is the result of a number of contributions, including

direct molecular ionisation, Franck Condon atom ionisation, ion

Backscatter, charge exchange, etc, it can only be established by neutral
codes such as the DECAS Monte Carlo code(ls). In the absence of direct
information for JET conditions, a vﬁlue of ;; =3 x 10" n/s (10 eV D) {is
estimated. To a good approximation E;;z = 3x10- 14 m3/s, i.e. the maximum
value, since the ﬁeutrals tend to penetrate ﬁntil reaching a plasma zone
wﬁere electrons have this rate; The scrape-off layer thickness for
particle flux, RP is independent of E; but decreases with IP. While such
variations, along with those in'3;iz and the peaking factor, could be
included'iq eqn.(10), in ligﬁt of the fact that ;; is only estimated this
'is not warranted at this stage - and a constént (poloidally averaged) value
of Ap = 30 mm is assumed.

| The result of imserting thése estimated values into eqn.(l0), namely
ne(a) = 5x10- 21 E;z, is shown in fig. 7. As can be seen, the agreement is
quite good both as to absolute magnitude and the gross trend of the data,
which approximates to an ne(a) alﬁéz relation. In fact experimental data,
at constant edge temperature, show ne(a) to be proportional to ;;2 to
within 10%. Detailed agreement between model and experiment is not found,
however; in particular, there is a clear pattern of ne(a) rising less
rapidly than'Eéz, for a fixed Ip. At constant current ie, constant ohmic

heating we have observed that the edge temperature falls as the density

-11-



rises, and thus it is unlikely that \A is constant. Monte Caflo
calculations of 3;, in progress, are require& to test the'model in mote
detail. For the present, it is concluded that the mechanisms governing
ne(a) appear to be described by 3 simple diffusion model.

The total particle flux to the limiter IT, is given by the same
modelling(17) as

r = ?{82 A Dy v, ,/6v, _ (11)

where Ap is the plasma surface area. TakinguDi = 1012/ _; from fig.9
gives the line showﬁ in fig.6, namely Ii = 300 ;;. Since the comparison of
model and experiment is essentially the same one as made for ne(a), not
surprisingiy the agreement is also reasonable, both as to absolute
magnitude and trend with 3;. Again a full replication of the cbserved
variation 1s not achieved.

Turning to thé edge temperature Te(a), filg. 5, the simplest model is

that’

1 By 1/3 B 2/3
T®=-3 6 Fya] G

where A is the area of the limiter interacting with the plasma. This
equation is a modified form of equation (8) and as we have seen in section
3.1 it has been approximately confirmed experimentally.

| Assuming P, = Ip and using equation (10) we obtain T (a) = Ip?’a /
;;413’ a relatién which approximately reproduces the trend of fig.5,

although less strong a variation than the observed Te(a) = (Ip/ E;)z,

-12-




eqn.(3). A quantitative result is obtained by assuming that 50% of PH is

radiated, that PH =P,= I = 0.7 Ip and Y = 10 a constant, giving

p’ vloop

T (a) = 1.1 x 1023 1p2/3 e [ev] (13)

This relation actually reproduceé the magnitude of the experimental values
of Té(a) to within about a factor of three, fig.5. We may conclude that
the basic mechanisms governing the relation between the edge parameters and
the global parameters on JET are roughly accounted for by a simple particle
diffusion model plus energy comservation.

The effect of density on edge temperature in the absence of radiatiom,
t.e. if impurity production were completely removed, can be deduced in a
similar way. We simply assume that the.power conducted to the edge 1is
equal to the total input power. This 1eéds to double the previous edge
temperature but with the same parametric dependence as in equation 13.

The reasonable agreement between the model predictions for ne(a) and
PL’ (eqns.(10), (11)) and observations would imply that particle balance is
not very sensitive to the edge temperature. The apparent Ip—dependance of
ne(a), Fig.7, is probably due to the operational coupling of E; and Ip. On
the other hand the energy balance quantities such as Te(a) are affected by
the flow of particles into the edge, in fact Te(a) = fi'l.r In this éense
one can say that the particle balance has a strong influence on energy
balance, but not vice versa. This effect facilitates a more detalled

examination of energy balance, as discussed in the next section.

4.3 More detailed modelling of energy balance

In the basic model the radiated power PR was treated as a global

parameter, ie part of the input rather than a predicted quantity. Since PR

~]13-



is due to impurities which are produced at the edge 1t is possible, in
principle, -to transfer this quantity from the category of input to a
calculated quantity. This is undertaken in thig section.

It is recognized that such a caleulation 1s much more ambitious than
the basic model and hence rather drastic simplifying assumptions have to be
made. It 1s nevertheless valuable to see how a completely self-consistent
model of the edge parameters can be derived in an analytical way and in
particular to see what ére the most important parameters determining edge
conditions. It‘is hoped that this attempt may 1e§d to a better
understanding of the impdrtant factors determining impurity production
rates.

Following the basic model we assume that the particle balance has a
strong influence on energy balance, but not vice versa. It was also found
that‘a detailed explanation of particle balance is not possible without a
more detailled knowledge of neutral particle behaviour; eg ;g. These two
findings suggest that a suitable approach to a more detailed examination of
energy balance wnﬁld be to de-couple the two balances by treating the
measured values of ne(a) énd Ii as input to the model. The model woqlq
then seek to predict T _(a) and P, with E;, Ty Ip, etc. as input. This
approach also avoids needing to know other quantities related to particle
balance eg. the.value of Dl'

The conducted power into the edge is given by eqn.(8). This equation

can be rewritten as

P

Te(a) = (14)
eYSP“(a) H KP

In order to carry out the energy balance calculation we take from the basic

=-14=




model that ne(a) is proportional to 5;2’ which is consistent with the
experimental data. F“ is then calculated using equation (1) resulting in a
dependence of Tn on E;, somewhat stronger than observed experimentally,
fig. 4. The effect of assuming a linear density relationship is discussed

later.

The impurity sputtering rate is given by

R =/ H T(r) ¥(r) dr . Q15)
0

where Y(r), the sputter yleld, depends on Te(r). The ion energy is given
by the sum of two terms, the thermal energy and the acceleration in the

plasma sheath potential V_. Assuming Te =T,

E ~2_ +qV_ T, =KT, - (16)

Zme 1+ TilTe)

where q is the ion charge, VS = 0.5 '1‘e In ] and & is the

m, (1 - 872

secondary electron yield for primary electrons. For D+, 'I‘e = Ti’ and 6 = 0

one obtains K = 4.8,

_The sputtering yield can be obtained from a number of empirical

formulaeclg). The simplest analytical form which gives a good fit to the

data 15(20)

QE -Ep)
Y(E) = (17)
(E - Ep + B)?2

where Q, ET and B are fitting parameters which vary with the target

-15=-



material and incident ion combination. Thus

© H Q(KT _(r) ~ E.)
R =] Ty e -
L&)

: dr. (i8)
+ B)?

(KTe(r) - ET
We now have the sputtering rate in terms of the power conducted to the
edgevusing eqn.(1l4). 1If we consider the sputter rate as the major impuricy
source then this impurity generation rate can be related to the impurity
concentration in the plasma and hence to the power radiated.

We consider a simple global model for the impurity concentration
similar to that used for the plasma ifons in section 4.2. Using the

Engelhardt diffusion modelcle) we obtain for the impurity density

throughout most of the plasma

R(AZ + Al
n_ = &ﬂmim_m,EL, . {19)
4, D,

where l? is the ionisation mean free path for impurities, and KP is the
e~folding 1ength for the impurity flux in the SOL. The kr term represents
the strength of the SOL sink for impurities flowing to the limiter and is
assumed here to be the same as for the deuterium ioms. It Iis assumed that
there is no inward pinch, i.e. the impurity deﬁsity profile is flat.

The power radiated by the impurities is given by
a 2 :
Pp = [ o (r) n(r) 4n’Rr L(T) dr (20)

o}

=a n Vv L(T) (21)

-16-




where E; and ;; are average values of the impurity and electron density and
T(T) is a mean radiation constant averaged over the plasma of volume-vp.
In JET and ASDEX the radiated power has been found to be given

approximately by an expression of the form(21)

- 1a~35 4 = 2 _ 4
PR 10 Apne (Zeff 1Y Wm

For carbon impurity this can easily be shown to correspond to a volume

averaged radiation constant I(T) = 0.4 x 10733 y n3, Substituting for n

from equation (19) into equation (21) we obtain

D o2+ apr (22)
by

PR = ne

- I‘v<

Using equations (14) and (18) for R we now have the expression for PR

in terms of PL' Rewriting eq.(B) and allowing for PH 3_PQ

v (7\?4- S : '
P+ 2L o Iy =rp (23)
e H
AD
p 1

Since by combining eqns.(14) and (18) R can be expressgd in terms of.PL,
equation (23) can be solved numerically to obtain PL and PR for a given
input power, aﬁd hence to obtain Te' Aﬁ remains approximately constant for
the range of conditions used experimentally because the increasing density
and the decreasing temperature (and hence ioniéation rate coefficient) Jjust
balance(zz). Typical values of ﬁ: are 0.02 m. KF the e-folding length for
impurities is assumed to be the same as for plasma ioms i.e. = 0.03 m

poloidally averaged. We also assume that all ions arrive with an energy

._17_



determined by the leading edge témperature and equation 16. Sputtering due
to fuel ions (D or He) as well as self-sputtering are included. For self-
sputtering the carbon ions are taken to be 4 times ionised, though results-
are not very sensitive to the charge state. The radiation constant fIT)
has been varied from 0.2x10733 to 1x10733, The results, figs. 10 and 11,
are shown for L(T) = 0.5x10"33 y n3,

From the results in fig.l0 we see‘that as the power increases for a
given density the edge temperature increases and as the density increases
the edge temperature decreases, in the same quantitative way as the basic
model (eqn.l13) and the experimental results. The temperature dependence is

—=]e7
on average Te(a) « n,

which is stronger than the ;;”1°33 dependence
deduced for the simpler wodel, section 4.2. This increase in negative
slope reflects the effect of sputtering and radiation. The effect is
relatively small for the case of carbon impurities discussed here, but is
‘more important for higher z materials. The effect of choosing a linear
_relationship between ne(a) and ?; has been discussed previously(lz). It
results in a similar set of curves, but a less rapid change of Te(a) with
density. |

At low density‘there is probably an upper limit to the edge
temperature determined by the onset of arcing or possibly increased
secondary electron emission leading to high power density on the limiters.
Since little power is radiated all the power goes to the limiters and there
may be melting of sublimation. An upper limit to the edge_temperature
clearly sets a lower density limit for a given power level. The results of
fig.10 ére similar

to those given by eqn.(13) = but now, of course, PR is calculated rather

than assumed as input.
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The scaling of the radiated pﬁwef with density is another interesting
prediction of the modél, fig.1ll. At low densities the edge temperature is
high and the sputter yield is at its maximum, plateau, value and 1is thus
almost independent of density. The influx of impurities and hence the
‘impurity concentration is thus constant.and the power radiated increases
linearly with the electron density. Since the sputter yield has reached
its maximum value, increasing the Input power does not increase the
impurity concentratién and the radiated power is almost independent of the
input power. Thus the power radiated as a fraction of the input power
decreases as the input power increases. At high densities the edge
temperature and hence the impurity influx falls with increasing density so
that the impurity concentration falls and the radiation as a function of
the input powér reaches an approximately constant value. This is in

agreement with both JET data and data from other tokamak experiments(ZS’

. 24, 25). The radiation plateau in JET does not cover a very wide density
range (£fig.10) but the fact that the plateau comes at the correct density
and is ~ 50% of the total radiation level is encouraging. |

When the density increases further the edge temperature decreases to a
value at which the lon energy almost reaches the threshold fof sputtering.
The impurity density drops.more rapidly than the density rises and the
total radiation is predicted to fall, fig.ll. This is not obéervgd
experimentally. What happens is that the temperature profile collapses(ZE)
and leads to an mhd Instability as described by Wesson et al(27). The
assumption of a constant value i1f L(T) becomes invalid and the power
radiated actually increases to 100%. These effects are not included in the
present model. However it is interesting to note in fig.1l how the density

at which the edge temperature drops to a given value increases with

increasing power. If we assume that there is a critical temperature at
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which the radiation collapse takes place then fig.ll gives a qualitative

pleture of how the density limit increases with increasing_input power.

4.4 Comparison with helium discharges

A small amognt of data 1s available for discharges in both e and
“He. In some cases, particularly st low plasma currents the edge
temperatures are higher than in deuterium discharges. This rather
surprising result is not predicted by the model. Because of the higher
sputter yleld for helium for the same ion flux the number of sputtered
impurity atoms would be expected to be higher. This causes the radiation
to be large and hence to reduce the energy convected to the boundary layer.
The model predicts that the power.radiated should be significantly higher
in helium discharges than in deuterium.

From spectroscopic measurements it is clear that the oxygen
concentration is much 1§wer in helium than in deuterium discharges(zs)°
This would explain the higher edge temperatures. A possible candidate for
the oxygen production mechanism is charge exchange neutral fluxes leading
to gas desorption from the walls e.g. CO, CO, and H,0. Experimental
meaéu?ements have shown the total CX fluxes to be 5 to 15 x higher In
deuterium t£an in helium discharges(zg). The relative desorption cross

section for deuterium and helium atoms 1is however not known.

Conclusion

Measurements of the edge densities and temperatures in JET show that
there is a clear scaling of these parameters with average plasma density
andrwith input power. Simple analytical models give reasonable agreement
with the experimental measurements without use of any arbitrary constants.
Over the wide range of powers used the broad trend is for the edge density

ne(a) to increase as the square of the average density, but for a given
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power input the édge density increases more slowly, approximately linearly
with the average density. This may be due to the change in the edge |
temperature leading té a change in the velocity of the recycling neutrals.

The experimentally measured edge temperature decreases approkimately
Ias ?;'2 while the simple models described-give an approximgtely E;'1°3
dependence. When the effect of sputtering is included the density
dependence beco?es stronger ﬁ'E;”l'7, in better agreement with experiment.
The models predict tﬁat the edge temperature should increase with
increasing input power roughly as PH. Experimentally with ohmic heating
the edge temperature increases more rapidly, typically as PHZ. This may be
due to the experimentally observed decrease in the SOL thickness as the
plasma current is 1ncreased(302 which is not included in the modelling.

The effect is at least partly due to the change in the connection length in
the SOL due to a change in the safety factor q. The decrease in the SOL
thickness decreases the effective limiter interaction area and thus
increases the edge temﬁerature required to transfer a given heating power.
Such an effect 1s not expected for additibnal heating power (eg NBI or
ICRH). Thus the modelling has been carried out in terms of power scaling
even though for the ohmic data pfesented here the more obvious experimental
parameter is the current. Preliminary data for the ;caling of edge
temperature wiﬁh heufral beam heating give results in reasonable agreement
with the simple mode1(30).

As density 1is deereased fhe edge temperature rises. However, for the
range of input powers there appears to be an upper limit to the edge
teﬁperature obsgrved ~ 200 eﬁ. This may be a real physical limit due
either to the onset of arcing or to high secondary electron emission

leading to a high sheath power transmission factor. An upper limit to the

edge temperature combined with the scaling we have observed leads to a

-21=



increases so does the minimum density obtainable.

While the modelling is clearly over—simplified, neglecting the
contribution of other impurities such as oxygen ?o the radiation and of any
changes in the impurity radial profiles, it gives a generally satisfactory
description of the main features of the edge parameters. The scaling laws
should be generally useful in exttaﬁolating to both higher densities and
powers. Further anaiysis of data in helium discharges and with additional
heating is important to determine the range of applicability of the

lower density limit which depends on the input power ie as input power

scaling.
\
|
|
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Fig.1 Cross section of the JET vacuum vessel
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Fig.2 Radial profile of the ion saturation current
1, and the electron temperature 7, in the SOL, as
measured with top probes and the antenna
probes. [,=2MA, B;=2.2T, 7,=1.8x10""m™,
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assuming an average radiation constant of
L(D=0.5x10"* wm*? for various input powers.
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