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The ball pen probe (BPP) technique is used successfully to make profile measurements of plasma potential,
electron temperature and radial electric field on the Mega Amp Spherical Tokamak (MAST). The potential
profile measured by the BPP is shown to significantly differ from the floating potential both in polarity and
profile shape. By combining the BPP potential and the floating potential the electron temperature can be
measured, which is compared with the Thomson scattering (TS) diagnostic. Excellent agreement between
the two diagnostics is obtained when secondary electron emission is accounted for in the floating potential.
From the BPP profile an estimate of the radial electric field is extracted which is shown to be of the order
~ 1kV/m and increases with plasma current. Corrections to the BPP measurement, constrained by the T'S
comparison, introduce uncertainty into the Er measurements. The uncertainty is most significant in the
electric field well inside the separatrix. The electric field is used to estimate toroidal and poloidal rotation
velocities from E x B motion. This paper further demonstrates the ability of the ball pen probe to make

valuable and important measurements in the boundary plasma of a tokamak.

PACS numbers: ...
Keywords: Probe, Potential, MAST

I. INTRODUCTION

The plasma potential plays an important role in many
of the processes occurring in the tokamak plasma edge.
In the drift ordering of the two-fluid equations appro-
priate to the plasma edge'™® the E x B velocity, with
E = —V¢ where ¢ is the plasma potential, provides the
dominant advective flow and determines the dynamics
of both turbulence* and individual filaments®. On the
equilibrium scale gradients in the radial electric field can
lead to a strongly sheared flow close to the separatrix,
commonly termed the radial shear layer. Despite its
important role in edge physics the plasma potential
has remained a difficult quantity to measure accurately
on either the fluctuation or equilibrium scale. The
ball pen probe (BPP), developed by Adamek et.al%"
offers a diagnostic technique capable of measuring the
plasma potential with a robust implementation that
may withstand particle and heat fluxes from the plasma
at radii up to and within the separatrix. The BPP
technique has previously been tested simultaneously
with an emissive probe” and a self-emitting Langmuir
probe® and shows excellent agreement in each case. The
robustness of the BPP design against the high particle
and heat fluxes in the plasma edge, as well as its relative
simplicity in design makes it an attractive option over
the emissive probe, which can rarely be operated near
to the separatrix due to its inherently weak structure.
The BPP technique has been used on the CASTORS ",
ASDEX-Upgrade!® 2, ISTTOK'® and COMPASS!415
tokamaks and in the torsatron TJ-K, alongside two

other low temperature plasma devices!S.

In this paper results are presented from the development
and operation of a BPP on the Mega Amp Spherical
Tokamak (MAST)!". MAST, being a tight aspect ratio
tokamak, has a reduced magnetic field strength on
the low field side compared to both ASDEX-Upgrade
and CASTOR but has electron and ion temperatures
of the same magnitude. Consequently the ion (and
electron) Larmor radius, p; on MAST is larger than in
the previous two devices, but (unlike TJ-K) the ions
remain fully magnetized. This makes MAST an ideal
intermediate test of the BPP technique.

In section 2 the BPP design for MAST is described.
In section 3 plasma potential profile measurements
are presented and compared to the standard floating
potential measurement from a Langmuir probe. In
section 4 the electron temperature calculated from the
BPP signals is presented and a comparison with the
Thomson scattering diagnostic on MAST is used to
determine the success of the BPP measurement. Section
5 presents the radial electric field as measured with the
BPP. Section 6 discusses the BPP results before section
7 concludes.

Il. THE BALL PEN PROBE ON MAST

The BPP, shown in figure 1, is not a bespoke design
but rather a modification of the Gundestropp probe pre-
viously used on MAST!®. The BPP pins in the probe
built for MAST have flat collection surfaces recessed in-
side a ceramic body, making it similar in design to the
BPP used in CASTOR?®. The retraction depths of the



BPP profile measurements in MAST

LP2

B-field

Dimensions in
mm

FIG. 1. The BPP design for MAST. BPP pins are ball pen
probes whilst LP1 and LP2 are standard Langmuir probes.
Pins BPP1, BPP2, BPP3 and LP1 are floating pins, whilst
LP2 may be externally biased. All unlabeled pins were unused
during the experiments commented upon within this paper.

BPP pins are fixed below the ion Larmor radius. The es-
sential features defining a BPP are a retracted collector
inside a ceramic shielding tube. In the BPP described
here the collectors are graphite whilst the shielding tube
is boron nitride. Outer surfaces are coated with a thin
layer of carbon to prevent excess impurity accumulation
in the plasma. Inner surfaces of the shielding tube are
bare boron nitride. The dielectric shielding prevents an
independent external biasing of the tube from the col-
lector surface. The retraction depths and collector di-
ameters for the three BPP pins on the MAST probe are
given in table I. Pin LP2 was the only pin attached to an

Pin Depth (mm) Diameter (mm)

BPP1 2 1.5
BPP2 5 4
BPP3 8 1.5

TABLE I. MAST BPP pin retraction depths and diameters.
Since the pin retraction and diameter was fixed in each case
a suitable range of parameters was chosen for the three pins
to allow maximum flexibility.

external power supply and could be biased, whilst LP1
as well as the BPP pins were operated in floating mode
for the entirety of the experiments presented herein. Of
the three BPP pins, BPP1 and BPP3 were found to ex-
hibit suppression of the signal over the entire frequency
spectrum as a result of excessively high pin impedences.

This could be rectified in future implementations through
use of a high impedence (TS) electrometer, as used in'6,
acting as a voltage buffer. This was noted after the exper-
iments detailed so this modification could not be made
at the time. The wider diameter of pin BPP2 signifi-
cantly reduced the effective pin impedence and the sup-
pression of the low frequency component of the signal was
not observed. Suppression of high frequency part of the
BPP spectrum was noted in the colder SOL region of the
plasma however this did not affect profile measurements.
The floating potential of a probe in a plasma, which arises
by the constraint of ambipolarity, is given by!’

Vfl = ¢ —aofT, (1)

where Vy; is the floating voltage on the probe, ¢ is the
plasma potential, T, is the electron temperature in eV’
and o = In(I./I;) is the logarithmic ratio of electron
to ion currents flowing to the probe. In a magnetized
plasma the dominant flux of electrons and ions to an
exposed probe, such as a Langmuir probe, occurs along
magnetic field lines. This leads to sheath formation as
a result of the high electron mobility compared to the
ions. Neglecting for now the effect of secondary electron
emission, app is given in the case of a Langmuir probe

by20
1. 1 Me T,
= —_— = — — 1 —_—
a ln(Ii> 21n(27r i ( +Te)> (2)

The goal of the BPP is to reduce a to zero by equalizing
the ratio of electron to ion currents at the collector. This
is achieved by shielding the collector from fluxes directed
along the magnetic field line such that cross-field trans-
port is required for the net collection of ions and elec-
trons. This principle is illustrated in figure 2. The results

BPP principle

Tons B Electrons
/—_\\/
h - Ceramic shielding
d
Collector

FIG. 2. Cross section of the ball pen probe principle. The
collector is retracted inside a ceramic shielding tube by a dis-
tance larger than the ion Larmor radius.

of 2D particle-in-cell simulations?!:?2 of a BPP suggest

that equation 1 holds as the BPP is retracted inside the
probe surface, and significant experimental evidence sup-
ports the use of equation 1 in a BPP. For the purposes of
this paper equation 1 will be assumed to apply in the ab-
sense of a first principles model for the BPP. Since no cur-
rent model exists to predict agpp this must be treated as
a free parameter in this study. In previous studies appp
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has been measured directly®”? by applying an external
voltage sweep to the BPP, however this is not possible in
the present implementation. Instead appp will be con-
strained by a detailed cross-diagnostic comparison with
the Thomson scattering system on MAST?3. The BPP
has been compared favourably with potential measure-
ments from an emissive probe” and a self-emitting Lang-
muir probel®.

The results in this paper are drawn from three connected
double-null (CDN) Ohmic L-mode plasmas on MAST.
These are shot numbers 28819, 28830 and 28834. The
relevant details of these shots are given in table II. The

Shot I,(kA) Br(T) nercrs(10”m™3) ac(108m™?)

28819 400  0.585 1.5 120
28830 600  0.585 1.25 110
28834 600 0.585 0.7 70

TABLE II. Plasma parameters for MAST shots 28819, 28830
and 28834. I, is the plasma current, Br is the toroidal field on
axis, Ne,edge is the plasma density at a major radius of 1.38m
which corresponds to the end of the probe reciprocation and
Te is the line integrated plasma density.

three shots represent both a two-point plasma current
and a two-point electron density scan Ohmic L-mode.
The BPP was attached to the end of the MAST recipro-
cating probe (RP) system?* which has a slow motorized
drive for initial placement of the probe, and a fast pneu-
matic drive for reciprocations into the plasma. The max-
imum velocity attainable by the probe head is 1m/s. In
the CDN configuration the RP is located at the outboard
midplane and each reciprocation occurs over a distance
of 8cm in major radius. The motion of the plasma edge
is accounted for using an EFIT?® reconstruction and pro-
files will be presented in terms of R — Rpcrs, where R is
the major radius and Rpcps is the radial location of the
last closed flux surface. This is subject to a systematic
error of < 2e¢m however this error is included in all re-
sults and is accounted for when making cross-diagnostic
comparisons, so has no significant impact on conclusions
in this paper.

To construct radial profiles of measured quantities raw
signals are split into 50 temporal bins with a width of
2.4ms. On this time-scale the RP is stationary allowing
an average of the data to be taken within each bin. Each
bin contains ~ 1200 data points which reduces the error
on the mean to an insignificant level. Any systematic off-
set errors have been accounted for by calibration against
a control case where no plasma is present.

11l. BPP POTENTIAL MEASUREMENTS

Figure 3 shows the radial variation of the poten-
tial measured by the BPP (diamonds) and by the LP
(squares) during reciprocation into the plasma in shots
28819, 28830 and 28834. The error bars indicate the
variance of the data within the bin, not the error on the

mean. The random error on the mean is approximately
35 times smaller than the error bars shown. The first and

20k

mﬁ* |

Potential (V)

-60 28819

s
144 #{%ﬁ 2t

.

401

it

-0.04 -0.02 0.00 0.02 004 0.06
R - Riees (M)

o

Potential (V)

w ﬂ%ﬁwwwm ]

b ﬁ%éw;;i o
N, |
:60 %% %ﬁ%ﬁ%#%#% o e

-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06
R - Riees (M)

Potential (V)

FIG. 3. Potential profiles measured by the BPP (diamonds)
and the LP (squares). Error bars show the variance within
each bin which is dominated by random fluctuations. The
error on the mean is ~ 35 times smaller than the error bars
shown.

most striking observation to be made from figure 3 is that
the BPP signal cannot simply be a suppressed version of
the LP signal. In all three shots the BPP shows regions
of opposite polarity to the floating potential. This fits
with the expectation from equation (1) that the floating
potential should always be more negative than the BPP
signal. Secondly the radial profile of the BPP signal dif-
fers with respect to that of the floating potential. The
BPP and Vy,; profiles diverge as the probe penetrated the
LCFS, in agreement with expression 1 where an increas-
ing electron temperature should increase the deviation
between Vgpp and V.

The measured BPP signal demonstrates the qualitative
features suggested by expression 1. To test the valid-
ity of the BPP measurement quantitatively a comparison
will be made with the electron temperature measurement
from the Thomson scattering diagnostic?3.
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IV. ELECTRON TEMPERATURE MEASUREMENTS

Taking equation 1 and subtracting the floating poten-
tial from the BPP from the floating potential of an LP
gives an estimate of the electron temperature, T, of

Vepp — Vi
PO—— 3)

T, =~
app — Qppp

The uncertainty on both appp and arp leads to a
range of values of the denominator in equation 3. Un-
certainty in ayp, given in equation 2, arrises from un-
certainty in 7T;/T.. Previous measurements on MAST
have shown that 1 < T;/T. < 2.5 is reasonable for
L-mode conditions?® 28 This then gives arp = 2.7 +
0.1. Since appp cannot be measured directly in the
system described in this paper the empirical value of
agpp = 0.6 + 0.3510:1214 found across a number of
experiments is adopted. Recently this approach has
produced electron temperature profiles on COMPASS
and AUG in close agreement with thomson scattering
measurements'#. Taking these values of ayp and agpp
leads to a range of values for the denominator of equation
3 of

osz—ozBpp:2.1:|:O.4 (4)

which is used here to give a central, maximal and minimal
temperature measured from the BPP. MAST has a well
resolved (spatially and temporally) Thomson scattering
(TS) diagnostic?® which is used as a comparison with
the electron temperature derived from the BPP data.
The TS data is sampled in a phase of the plasma shot
where the edge is approximately stationary. The data is
binned in radius and averaged with error bars represent-
ing the standard error on the mean. Error on the TS
data is a combination of random error associated with
the measurement technique and the variance of fluctu-
ations within the binning window. Data points with a
random error greater than half the signal were rejected
(in practice this was not a significant portion of the data
set). The comparison between the BPP and the TS di-
agnostic is shown in figure 4.

The TS data lies within the range of uncertainty of the
BPP data in each case. Whilst this is encouraging the
uncertainty on arp —appp is large and results primarily
from uncertainty on agpp. Furthermore the BPP mea-
surement appears to be systematically lower than the TS
measurement, with the disparity between the two mea-
surements increasing at higher electron temperatures. By
comparing the BPP measurement with the TS measure-
ment agpp can be constrained independently of the em-
pirical value derived elsewhere. In order to accurately
constrain agpp however, oy, p must be specified as accu-
rately as possible. In particular the effects of secondary
electron emission have thus far been neglected. This is
common practice in the case of flush-mounted probes
where the magnetic field line incidence onto the probe is
shallow and any emitted electrons are recaptured within
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FIG. 4. Electron temperature measured by the BPP (dia-
monds) with upper and lower bounds (lines) compared to the
TS measurement (stars). Upper and lower bounds are ob-
tained by taking the extreme values from expression 4.

a Larmor orbit. In the present case however the mag-
netic field has a near normal incidence on the probe sur-
face and emitted electrons are accelerated away along the
magnetic field line, as a result secondary electron emis-
sion may be an important effect. Including the effects of
secondary electron emission, oz p is given by?°

ap = _% In <2wme (1 + f;) (1— 5€>—2) (5)

m; e

where J, is the ratio of secondary electrons emitted per
primary incident electron. J. can be calculated for a
graphite probe tip from the semi-empirical formula2?-2?

E E 1/2
(Se = 2722% exp <_2 (3(_)()) ) (6)

where F is the incident electron energy. From this ex-
pression the secondary electron emission as a function of
electron temperature, § (T.) can be obtained by integra-
tion over a Maxwellian

- I 6 (E)exp[-E/T.]dE

O(Te) = o exp [~E/T.|dE

(7)
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FIG. 5. Secondary electron yield as a function of energy,

0 (E) calculated from expression 6, and as a function of
electron temperature,  (7.) calculated by integration over a
Maxwellian.

where FE is in eV. Note that J has been assumed here to be
constant in pitch angle. Figure 5 shows § (E) and 6 (72.).
Experimentally the secondary electron emission has been
shown to increase as the angle of incidence reduces®°,
however no parameterization of this effect exists. As such
expression 6, which relates formally to normal incidence
electrons, must be used. It should be noted though that
this then gives an underestimate of the effect of secondary
electron emission.

With the secondary electron yield parameterized as a
function of T,, ar,p can be calculated. This is achieved
by taking a linear regression of the TS data, shown in
figure 4, to the point where T, < 1eV, beyond which the
profile is set at T, = 1eV. This captures the main aspects
of the temperature variation during the probe reciproca-
tion and more detailed fits to the data were found to
be unnecessary. This approximation to T, is used as in-
put to equation 5 and a radial profile of ap p is produced.
Figure 6 shows the profile of ay, p obtained with this tech-
nique in each shot. In these calculations T; = 27T, was
assumed, which is motivated by previous measurements
on MAST?6°28 Figure 6 shows that the secondary elec-
tron emission can have a major impact on the calculation
of app. It also causes app to vary radially, which can
affect the profile shape of the temperature measurement.
It should be noted that a radial variation of agpp cannot
be ruled out without a fuller understanding of the BPP
collection mechanism, however direct measurements of
appp have yet to reveal such a radial variation®. The
values of o p can now be used to re-calculate the BPP
measurement of T,. This is shown in figure 7.

By accounting for secondary electron emission the BPP
measurement of T, agrees well with the TS data. The
majority of the TS data, particularly in the hotter re-
gion inside the separatrix, lies between the BPP mea-
surements obtained with agpp = 0 (diamonds in figure
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FIG. 6. Profiles of arp including the effects of secondary
electron emission.

7) and agpp = 0.3 (red, broken line in figure 7). Outliers
to this trend occur in the lowest temperature region, near
to the separatrix and SOL. In these regions the TS data
hits a floor measurement of 5eV which can artificially
raise the TS average. Furthermore the random error on
the TS data is much larger in these regions. The more
reliable region of comparison occurs towards the hotter
end of the profile. Assuming that the true value of agpp
remains constant between all three shots, these results
suggest that agpp for the BPP on MAST can be con-
strained by 0 < agpp < 0.3. This is at the lower end
of the values previously recorded in literature. This may
be due to the lack of a conical collector, with the MAST
collector being entirely flat. The conical shape allows for
a portion of electron and ion currents to intersect the
collector with a normal incidence along the field line. By
removing the conical shape the transport to the collector
must occur perpendicularly to the magnetic field and is
likely to be closer to ambipolar than the conical design.
This may result in a reduced agpp in the case of a flat
collector, as observed here. As indicated earlier, the lack
of accounting for pitch angle in the calculation of the sec-
ondary electron emission suggests that these results are
underestimates of the true BPP temperature. Account-
ing for pitch angle can provide an enhancement to the
secondary electron emission by up to ~ 40%3°. Apply-
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FIG. 7. BPP measurements of T., accounting for secondary
electron emission, compared to T'S data (crosses). The BPP
data shows the case of appp = 0 (diamonds), agpp = 0.15
(bue line) and agpp = 0.3 (red line).

ing an artificial enhancement of this magnitude to the
secondary electron emission was observed to bring the
BPP and TS measurements into close agreement with
appp ~ 0.

V. MEASUREMENTS OF THE RADIAL ELECTRIC
FIELD

By cross-diagnostic comparison the BPP has been
shown to make a direct measurement of a quantity
which can be (at least approximately) identified with
the plasma potential. The plasma potential in it self is
an interesting measurement, however a more practically
useful quantity is the radial electric field. The radial
shear layer, a region of strong velocity shear near to
the LCFS, is likely to play a key role in the anomalous
transport of particles and energy into the SOL3!. To
leading order the velocity in the shear layer results from
E x B motion so is predominantly characterized the
radial electric field it self. This provides strong motiva-
tion for accurate measurements of the radial electric field.

The BPP signal can be corrected to measure the
true plasma potential by the relation

¢ =Vppp +appple = (1+7)Vepp =7V (8)

where Y = OéBpp/ (OLLP - aBPp). Clearly if appp — 0
the BPP measurement of the plasma potential is exact,
however given the uncertainty in the experimental com-
parison with the TS system, it is not possible to eliminate
the possibility of finite agpp. As such it is important
to assess how this uncertainty may affect measurements
of the radial electric field. The BPP signal can be
corrected by using the BPP calculation of T, in equation
8. Figure 8 shows the corrected BPP measurement of
the plasma potential, obtained by taking appp = 0,0.15
and 0.3 respectively. The effect of varying appp on the
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FIG. 8. Corrected BPP measurements of the plasma poten-
tial taking agpp = 0 (diamonds), agpp = 0.15 (blue) and
appp = 0.3 (red). The uncertainty on the potential measure-
ment grows as the probe moves deeper into the plasma, where
the electron temperature increases and the consequential cor-
rection to the BPP potential grows. Solid lines show a 17"
degree polynomial fit, used to obtain continuous profiles with
a view to taking the derivative.

plasma potential increases as the electron temperature
grows and the corresponding correction to ¢ grows. The
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difference between the measured potential profiles can
be significant, which is particularly true in shot 28830.
To see how this uncertainty affects the radial electric
field measurements, the radial electric field is taken as
the derivative of the BPP profiles in figure 8 with respect
to R =R — Rpcrs (to negate the effect of plasma edge
motion) such that Ep = —V¢ = —d¢/0R. To take
the derivative the BPP profile is fitted to a 17" degree
polynomial (fits shown as solid lines in figure 8) and the
derivative is subsequently taken. Since no functional
form of the radial electric field at the LCFS is present in
the literature a fitting function was chosen that provided
a smooth profile, whilst capturing all of the important
profile features. The radial electric field measurements,
constructed in this manner, for shots 28819, 28830 and
28834 are shown in figure 9. The structure of the radial
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FIG. 9. Estimates of the radial electric field obtained by fit-
ting a high order polynomial to the data presented in fig-
ure 8 and taking F, ~ —0,Vppp for the correction factors
appp = 0 (black), appp = 0.15 (blue) and appp = 0.3
(red). The greatest uncertainty in the Er occurs in the neg-
ative well on the inside of the radial shear layer.

electric field measured on MAST agrees qualitatively
with BPP and Doppler Reflectometry measurements
on ASDEX-Upgrade®2?. In each shot a shear-layer
can clearly be identified where the radial electric field
changes sign. The magnitude of the electric field in the

shear layer is on the order of ~ 1kV/m which agrees
with previous studies on MAST?33*, The uncertainty
induced by the variation in agpp in the measurement of
FER is significantly less pronounced than in the plasma
potential measurement. The uncertainty is most signifi-
cant in the negative electric field well that occurs on the
inside of the radial shear layer, where it can reach a level
~ £0.4kV/m, however the uncertainty is reduced below
this level over much of the profile. As a consequence the
BPP can be considered to make a well resolved estimate
of Fr. Indeed, since the qualitative features of the
radial electric field are independant of agpp, to a good
approximation the raw BPP data can be used to infer
the radial electric field if agppp is unknown. The results
in figure 9 show a systematic increase in the magnitude
of the radial electric field between shot 28819, and shots
28830 and 28834. The principle difference between these
two shots is the plasma current (see table II) hinting
that the radial electric field increases in magnitude (and
consequently shear) with plasma current. The relative
similarity between the measurements in shots 28830 and
28834 in both magnitude and shear show that increased
density seems to play a lesser role in the formation of
the radial electric field. The BPP offers the opportunity
for further study of the scaling behaviour of the radial
electric field and, of particular interest, the radial electric
field shear and may therefore be a valuable tool in the
effort to understand plasma transport in the tokamak
periphery.

Using the radial profile of the toroidal and poloidal
magnetic field taken from an EFIT reconstruction,
a poloidal and toroidal E x B velocity estimate can
be inferred respectively. By separating the poloidal
and toroidal components of E x B/B? the velocity
components can be given by

BCER Bg aVBpp
= — ~ — 9
vo B2 B2 0R )
ByE By 9V,
ve = ofr D¢ OVppp (10)

B2 T B2 0R

where By is the poloidal magnetic field strength, B; is
the toroidal magnetic field strength and B is the total
magnetic field strength. The calculated vs and v; are
shown in figure 10. The velocities are calculated using
the Er profiles with agpp = 0 and represent velocity
profile estimates containing the maximum possible shear
from the BPP data. Radial profiles of B¢, By and B are
used in these calculations, however minimal variation is
observed across the range of radii used. The plasma is
observed to rotate poloidally and toroidal with a magni-
tude on the order of ~ 1km/s. The comparative increase
in the poloidal component over the toroidal component is
a result of the weaker poloidal magnetic field. The shear
in the radial electric field leads to a velocity shear layer
which can be clearly identified in each shot once again
about the point where the velocity changes sign. In the
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FIG. 10. Toroidal (solid) and poloidal (broken) velocities in
the shear layer inferred from the E, estimates in figure 8 and
using vpor & Er/Btor and vior & Ey/Bpoi. Bior and By, are
taken from and EFIT reconstruction.

future it is hoped that measurements such as these can
be compared to other diagnostic systems on MAST, DBS
(Doppler back-scattering) for example, to both increase
the accuracy of velocity measurement on MAST and help
to further constrain the uncertainty in the BPP measure-
ments.

VI. CONCLUSIONS

The ball pen probe technique has been successfully
used on MAST to make profile measurements of poten-
tial, electron temperature and radial electric field. It
has been shown to make a measurement which lies much
closer to the true plasma potential than the floating
potential and is demonstrated to behave differently to
the floating potential both in terms of polarity and pro-
file shape. By combining the BPP measurement with
the standard measurement of floating potential from a
Langmuir probe the electron temperature profile has
been derived and compared favourably to a complemen-
tary measurement made by the MAST Thomson scat-
tering system. This constrains the parameter agpp to

0 < appp < 0.3. In making the diagnostic compar-
ison between the BPP and the TS system, accounting
for secondary electron emission was shown to be impor-
tant in constraining appp. More generally this suggests
that the effect of secondary electron emission should be
accounted for when interpretting probe data where the
field line incidence to the probe is close to normal. By fit-
ting a polynomial function to the BPP potential profiles
and taking the derivative with respect to distance from
the LCFS the radial electric field is measured for Ohmic
L-mode MAST plasmas. It is shown to exist on the or-
der of ~ 1kV/m and appears to increase with increasing
plasma current. Uncertainty in the measurement is rel-
atively low but reaches its highest point in the negative
well of the electric field, inside the radial shear layer.
From these estimates a toroidal and poloidal rotation ve-
locity can be inferred by taking appropriate values of the
poloidal and toroidal magnetic field respectively.

This paper highlights the capability of the ball pen probe
to make several useful and important measurements in
the plasma edge. Furthermore it has a robust design ca-
pable of operation well inside the LCFS. The specific de-
sign used for MAST was a straightforward modification
of an existing probe-head showing the ease with which a
ball pen probe can be implemented. A drawback of the
technique is an imprecise understanding of its collection
mechanism, however it is hoped that the empirical suc-
cess of the ball pen probe motivates continued use of this
technique in the study of boundary plasma phenomena.
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