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ABSTRACT

A Langmuir double probe was used to obtain time-dependent profiles of
electron density and temperature in the limiter scrape-off plasma of the
DITE tokamak. The line-averaged density T was raised by gas-puffing
in conjunction with neutral beam heating, from ~» 1 to 5 x 10L7 m™ 2 and
this was accompanied by (a) an increase in edge density to ~ 0.5 T,
(b) substantial variation in the density e-folding scale length in the
scrape-off region and (c) a strong increase in the energy and particle
fluxes associated with recycling. Modelling of the scrape-off plasma
has shown that the recycling became localised close to the limiter at
the highest plasma densities. It has been observed that there is a
marked difference in the behaviour of the boundary plasma between dis-
ruptive and non-disruptive discharge in DITE.
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L Introduction

In our previous work on DITE [1,2] we have reported measurements of boundary
layer profiles of electron density and temperature for nominally steady
state plasma conditions. Here we describe the use of a Langmuir double
probe to investigate the time variation of such profiles for non-steady
state conditions in which gas puffing was used in conjunction with neutral
injection to raise the line averaged density n to near the density limit

in an ungettered torus.

For the discharges investigated, the demsity at the limiter radius n(a)
ranged between 0.3 and 2.5 x lO19 m_3 and both the parameters n(a)/ n and
An, the radial scale length for density decay in the limiter shadow,
varied strongly with n(a). In interpreting these features we use a
parallel flow model [3] to relate boundary layer measurements of n and T
at the probe to their values n, and Tg on the same magnetic field line at
the limiter. The ability of neutrals to penetrate the limiter scrape-off
layer has been investigated and changes in their penetration length are
related to the above features. Finally the behaviour of the heat and par-
ticle balance in the boundary layer is discussed and it is found that the
recycling flux can become very large and the power required to ionise it
can become comparable with the total discharge power.

2. Experimental Configuration
and Discharge Conditions

The scrape-off plasma was defined by two poloidal limiters, separated
toroidally by ¢ =57/8: one, a full diaphragm limiter, consisted of a pair
of titanium sectors each subtending 145° about the horizontal axis and a
pair of overlapping graphite sectors each subtending 80° about the verti-
cal axis; the other, a partial diaphragm, consisted of a similar pair of
Ti sectors. The limiter and wall radii were 0.26 and 0.29 m respectively.

The Langmuir probe scanned vertically at the top of the torus at



R =R(0) = 1.17 m and was distant 201 = 0.44 m, along a magnetic flux tube,
from the carbon sector of the first limiter and Zyo = 2.32 m (provided

that q < 6.5) from the second limiter. The probe was toroidally opposite

the gas-puffing port.

Two discharge conditions (A and B) were investigated and the main para-—
meters for these discharges, in deuterium, are given in Table 1 and in
Fig.l. For Discharge A during the beam heating phase n increased more
rapidly than in the ohmic phase and the rate of increase was fairly con-
stant, indicating that 1.3 x 1021 atom s_l of deuterium were supplied to
the plasma, in agreement with the estimated gas puffing rate. The loop
voltage decreased during neutral injection but increased rapidly during the
last ~ 20 ms prior to a hard disruption which terminated the discharge.
This coincided with a rapid contraction of the radial temperature profile
[5] measured by Thomson scattering and electron cyclotron emission.
Discharge B was less reproducible, and the density reached a flat top:

in this case a hard disruption was not observed.

3. Parameters Observed in
the Scrape-off Plasma

The Langmuir probe measurements were taken at five radial positiomns in the
scrape-off plasma and averaged over 8 ms intervals. The values of n and
T have been fitted to an exponential form to determine the associated
scale lengths, An and AT. The results are plotted in Fig.2 as functions
of time. The ratio n(a)/ n is also shown. For Discharge A during the
ohmic phase, there is evidence for edge cooling when n(a) was increasing.
During beam heating T(a) increased, almost doubling before reaching a
constant ~ 8 eV, and there was a substantial increase in n(a). For Dis-
charge B, n(a) and T(a) both increased during neutral injection, but the

magnitude of T(a) was higher and that of n(a) was considerably lower than

measured in A. The ratio n(a)/ @, shown in Fig.3, was constant (v0.25) for



Discharge A at low density, but data from the rest of Discharge A and from3B

show that n(a)/ n increased rapidly with n(a) indicating a flattening of the
— 3/
density profile, with the scaling n(a)/ n~ [n(a)] 4. The parameter A also

shows a correlation with n(a) (see Fig.4), decreasing at first from 26 to
19 -3

10 mm and then increasing in Discharge A to~ 25mm at n(a) ~10~° m , beyond

which there were no profile data.

4. Transition to Collisional Heat
Flow in the Scrape—off Plasma

At the higher scrape-off densities of these experiments the mean free path
for Coulomb collisions is small and the flow can then be treated as colli-
sional. Using a one-dimensional fluid model [3] for plasma transport
parallel to the magnetic field it can be shown [6] that the plasma tem-

perature TE at the limiter is related to its value T, at the probe, by

1 T 7/2 b z + z L 2
(Tz)z B [1 _ (_&) ] o (‘ll Q2) (11)2 ___;E______ (1)
T T/ 78 \ Z1°%52 /N3 1+ wh)
5
Here KOT /2 is the Spitzer thermal conductivity, 6tkTE is the energy

carried to the limiter by each incident ion and its associated electrons,
m is the ion mass, M the flow Mach number at the probe, T is measured

in eV and n in me. The assumptions in this model are (i) that Ti =Te,
(ii) that heat flows uniformly into a flux tube linking the limiters, is
then conducted along the flux tube to be convected through the sheath at
each limiter, and (iii) that the density and temperature are related by

the momentum equation in the form:

2 2
; = = . 2
nT(l + M) nng(l + Mg) ZHLTR (2)

This equation is for parallel flow along a flux tube, fed by particle

sources which do not add momentum to the flow. The sources represent both
the volume ionisation and the radial component of the divergence of the
particle flux; they need not be uniform, and so Eq.(2) remains valid when
recycling is localised around the limiter, provided that there are no

associated sources or sinks of momentum.

-3 =



If numerical values appropriate to DITE are inserted in Eq. (1)
[k = 31500/ (Z gn 1), 2 = 1.25, fah = 10, & = 9.5 and 1 + W on1, a
reasonable assumption at high density] we obtain
1 7/2

(TT‘)Z - [1 - @—) ] 2.61 x 107 (%2-) : (3)
The value of dt used here allows for convection through the sheath and
the energy dissipated by ionisation of the recycling gas. It is assumed
to be independent of temperature because the temperature dependence of
the energy reflection coefficients [7] and of the secondary electron

emission coefficients [8,9] are both in the opposite sense to the ionisa-

tion losses.

5. Plasma Conditions at the Limiters

Equations (1) and (3) show that TQ/T falls substantially below
unity when the Coulomb mean free path Aee(m TZ/n tn A) o Zo1 -
The ratio Tl(a)/T(a) was calculated for both discharges, using Eq.(3).
In B the ratio was =~ 0.96 throughout the discharge but in A there was
evidence of a transition to collisional heat flow both at t ~ 80 ms and
after v 110 ms. Figure 5 shows the variation of Tg(a)/T(a) for
Discharge A. The corresponding values of Tl(a) fell from ~ 12 to 2 eV
and ug(a), obtained using Eq. (2) with 1 + M2 ~ 1, increased by a factor

of twenty to 4 x 1019 mfa. In the collisional regime, TQ/T scales as

4 =2 =2 . i ;
T m Gt so that errors in these parameters limit the conclusions

that may be drawn from the data. However, for the particle flux, F|| 2

given in Eq.(5) section 7 such errors are less important because this

Be o PR . .
scales as n 6tT in this regime.



G The Penetration of Neutral Particles
through the Scrape-off Plasma

The penetration of neutral particles into and through the scrape-off
plasma is dependent both upon their energy and upon the ratio of atomic
to molecular deuterium. Both must depend on the source of the neutral
species, whether from gas-puffing or from wall or limiter collisions.
The smallest penetration distance, ADZ, is that for molecular deuterium
(taken at 0.025 eV) undergoing ionisation or dissociation by electron
impact [10]. Some of the resulting species are not charged and a propor-—
tion will penetrate the scrape-off plasma, but if AD2 >> An we may
conclude that the scrape-off particle flow can only be fed by radial
diffusion from the confinement region and that this is unlikely to vary
toroidally. In these circumstances the parallel flow velocity is likely
to be high. If ADz . An then ionisation sources in the scrape-off plasma
are significant and recycling of Dy can be localised at the limiter.
Atoms can penetrate to a greater distance and this is characterised by lo,
a mean free path for the ionisation of deuterium atoms which are diffusing
via charge exchange collisions [11], given by
1

A, = v /n [3<ov> <c:v>i]2 g (4)
These mean free paths have been calculated for conditions near the probe
and limiter at r=a and are shown inFig.6. Only in the early phases of
DischargeA.waskD2>>-Anand so only here was the scrape-off flow predomi-
nantly fed by radial diffusion. This might relate to the minimum in An
(Fig.4) and to the relatively constant value ofn(a)/n observed only during
this phase of Discharge A. The fact that AO>>An for both discharges indi-
cates that atoms recycled from the limiter might readily penetrate the scrape-
off plasma if emitted radially inwards but those travelling outwards may be
recycled locally, either before or after collisions with thewalls. Also

shown in Fig.6 is Acx’ the charge exchange mean free path [10] for deuterium

atoms, assumed tobe at the local plasma temperature. In general, Acx>An.and



charge exchange is only important if it affects the flow momentum, as might

have occurred in the last ~ 20 ms of Discharge A where kc <<An_and A

x,2

3y

Do, %

was increasing.

7. Heat and Particle Balance
in the Boundary Plasma

The fluxes to the limiters were evaluated at r = a using, for the parti-

cle flux,

T =n v, = n2(2kTE/m)% ; (5)

I A I A e (6)

These values can also be used to calculate the total flow of particles
and energy to the limiters, making the assumption that the flow to all
limiters is identical, ie, ignoring the lack of toroidal symmetry in the
geometry of the limiters and gas—puffing port. For both Discharges A and
B, whether in the ohmic or beam heating phase, the estimated total power
to the limiters was a small fraction (v 10-15%) of the total power
available and the overall particle confinement time is estimated to have

been fairly constant, ~ 11-12 ms.

The values of 9 4 and T obtained from Eqs. (5) and (6) are plotted

I,2

in Fig.7. The magnitude of Fll for Discharge A was much larger than

.

for B, and increased roughly exponentially with time to a final value

-2 -1
S .

prior to the disruption of 6.2 x 1023 m The corresponding total

particle flow to the limiters is 7 x 1022 s_l. This flow substantially

exceeds both the estimated gas feed rate of 1.3 x 1021 s_l and the esti-

; ; .. . 22 -
mated radial flow of particles across the limiter radius of 1x10 2 s 1

2

(based on T Rﬂ{Ln(a)/én withIh_m].m s_l). The magnitude of 9 9 was less
E

g

variable. A minimum is present in Discharge A and this coincides with the
minimum in A, .

Although the total conducted power to the limiters was not large, the

-6 -



power associated with the ionisation of recycled particles is very
large indeed and exceeds the power flow to the limiters when

- 19 =3 ; 22
n44x10" m~. The value is almost 500 kW for 7 x 10°° atoms per

second (assuming 40 eV per ionisatiom).

8. Conclusions

Time-dependent measurements of plasma parameters in the limiter scrape—
off plasma have demonstrated the importance of collisional processes in
the boundary region of high density tokamak discharges. As the density
increases the location of particle recycling tends to be in the
immediate vicinity of the limiter. The density scale length, An,
correlates with n(a), exhibiting a minimum which may be related to a low
parallel heat flow in the scrape-off layer and also to a high Mach number
when ADZ >> An. The ratio n(a)/ H-apparently scales with the three-
quarters power of n(a), indicating a flattening of the density profile
at high density, a feature widely predicted because of the reduced
penetration of recycling neutral particles, but not generally observed
in tokamaks. The highest observed value of n(a)/ n was ~ 0.5, measured

when n(a) ~ 2.5 x 1019 m_3, but if the correlation with n(a) is extrapo-

lated, we find n(a) = n at n ~ 6.3 x 1019 m_3, a value which might have
been reached just before t = 150 ms (see Fig.2) but for the terminal

disruption. The cause of the disruption is uncertain, but immediately

prior to it the following events were occurring:

i The edge density was approaching the line averaged
density.
11 The particle flow associated with recycling may have

been sufficient to trigger an instability in the radial

particle transport.

iii. The energy flow associated with recycling may have led
to the observed cooling [5] in the outer part of the
discharge and so to rapid constriction of the current

profile.



Some of these conclusions are based on a model which predicts toroidal

variations but these have not yet been verified experimentally.
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Table 1

Discharge Parameters

Discharge A B
Plasma current, IP/kA 130 115
Toroidal field, B¢/T 2. 1.6
Safety factor, q(a) 6 3.4
NI Power/MW 1 0.5
Energy of H-Beam/keV 24 24
Energy to partial
diaphragm limiters/kJ [4] = 11
Yes No

Hard disruption?
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Fig.1 Time variation of plasma parameters for the two DITE discharge conditions of Table 1.
Discharge A terminated disruptively at t = 140 + 10ms but, during the period when probe data
were recorded, the plasma position was maintained.
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Fig.3 A cormelation between the ratio n(a)/7 and n(a).
The solid line is fitted to the data.
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Fig.4. The variation of density scale length at the limiter, A, with density at the limiter radius n(a).
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Fig.5 Time-variation of scrape-off parameters ng, Ty
at the limiter (at r = a) obtained from the probe data n(a),
T(a) by the use of Eqs.(2) and (3).
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Fig.6 Time-variation of mean free paths for recycling and
gas puffed neutral particles, based on the probe data n(a)
and T(a) and on the values at the limiter, 2ny(a) and Tg(a).
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Fig.7 Time-variation of the parallel flux of particles and energy to the limiter, evaluated using Eqs. (5) and
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on calorimetric mmsurements [4] of the total energy deposited on a pair of limiters during the discharge.












