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ABSTRACT.

Spatial profiles of the neutron emission from deuterium plasmas are routinely obtained at the
Joint European Torus (JET) using the line-integrated signals measured with a multi-channel
instrument. It is shown that the manner in which these profiles relax following the termination of
strong heating with Neutral Beam Injection (NBI) permits the local thermal diffusivity (X;) to be
obtained with an accuracy of about 20%. The profilesof X; for small minor radius (r/a< 0.6) were
found to be fiat and to take values between 0.3 and 1.1 m’s™ for H-mode plasmas with plasma
current |, = 3.1MA and toroidal field By = 2.3T. The value of X; was smallest for Z =22 and
increased weakly with increasing Z;. The predictions of neoclassical theory are much smaller
than the experimental valuesfor low Z; but increase rapidly until they become comparable with
the experimental values at the highest Z; obtained.



1. Introduction

Recent progress in profile measurements of plasma properties has permitted
studies of plasma transport to be carried out in increasing detail. Various types of
discharge have been intensively analyzed, especially at JET [1-4], in studies of local
transport properties. Work at JET, TFTR, and JT-60 etc. [1-6] on the local energy
balance during the neutral beam heating phase, using interpretative codes, has
relied on charge-exchange recombination spectroscopy to provide the ion
temperature profiles. The main loss terms in the ion power balance for the central
region in these cases were the ion heat conduction and the ion-electron
equipartition. The main source term was the input power from auxiliary heating.
The value of the ion thermal conductivity thus obtained depends very much on the
estimation of the beam deposition, which was calculated using density,
temperature and impurity profile data. The estimated uncertainties associated
with the deduced thermal diffusivities were usually about 50% [1].

Esposito et al. [7] have also obtained the local ion thermal conductivity of
JET plasmas during ohmic and ion cyclotron resonance heating phases. They used
the JET neutron profile monitor [8] to determine the ion temperature profile. Here
the equipartition term, due to the temperature difference between ions and
electrons, was the main contributor to the ion heating. The values of the ion
thermal conductivity so obtained had uncertainties of more than a factor of two.

We have studied the "after-glow" behaviour of beam-heated JET plasmas,
i.e. the behaviour of the neutron emission just after the beam heating has been
switched off. In this phase, the ion stored energy is decreasing gradually, mainly
due to the effects of the ion thermal conductivity. The neutron emission profile
data were analyzed to obtain the decay rate of the ion stored energy. There was no
additional heating power and the equipartition and the other terms contributed
very little. In the following section, the power balance for this phase will be
presented and the analysis procedure will be outlined. In section 3, x; profiles of
some discharges from the autumn campaign of 1990 are presented. Values are
obtained for the ion diffusivity x; with a rather small uncertainty (about + 20%).
Finally, in section 4, the Z. s dependence is compared with the prediction of
neoclassical theory.



2. Data analysis procedure

" The JET neutron profile monitor views the plasma along 19 chords (10
horizontal and 9 vertical), giving line-of-sight integrated neutron emissivities [8].
Fig. 1 shows an example of the time evolution of the neutron emission measured by
the central chord (channel 5) and by the uppermost chord (channel 1) -of the
horizontal camera during and after the neutral beam injection period. At the
termination of NBI, the neutron emission started to decay. As there was no
significant MHD activity, the neutron decay rate immediately following NBI
termination was essentially given by that of the beam-plasma interactions,
assuming classical slowing down of the beam particles. After the beam particles
had thermalized, only the cooling of the thermal plasma ions contributed to the
decay of the neutron emission. This is the time domain of present interest.

The local ion power balance can be generally expressed as

aw;
~ar = Qei - Qeonv - Qex - Qeond * Q1 (1)

The last term represents the additional heating power input, which is zero in
the present case. The 2nd, and 3rd terms, representing the losses due to convection
and charge exchange, were considered to be negligible since a full analysis of the
JET beam heated plasmas [2] shows that these terms are much smaller than the
conduction term in the central region. Following cessation of NBI, the neutral
particle density, the origin of the convection and charge exchange loss terms, will
be considerably reduced. The local power balance for the scenario considered here
is as follows, for the geometrical approximation of a one-dimensional, cylindrical
plasma:

dW;
dt = Qei - Qcond
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In the present work, the ion temperature profile Ti(r) and the change of the
ion stored energy Wj were provided by the neutron profile monitor. The line-
integrated neutron emissions recorded along the 19 chords were analyzed by
means of the ORION code [9]. This assumes that the magnetic flux surfaces are



contours of constant neutron emissivity, Yn(p), which is described in terms of a
given functional form. The normalized radius on the midplane, p, is used as the
flux surface label. Esposito et al. [7] have extensively studied the quality of the fit
to the data given by various functions and concluded that the derived ion
temperature profile was not particularly affected by the choice of the fitting
function.

We have used a parabolic function:

Yn(r) =Yn(0) (1-p2)*

The parameter « was determined by the fitting procedure to an accuracy of
between 5 and 20 %. The relationship between neutron emission rate and ion
temperature can be expressed as

Yn = % (ng? T;%) (3)

Treating § as being a constant, the rate of change in the local neutron emissivity can
be related to changes in the ion temperature and deuteron density as

dy 1 3T, any
= = z{snd2Tiﬁ—la—t‘+2ndTiﬁ el (4)

The parameter § varies weakly, from 3.5 to 2.9 for a temperature variation from 3 to
8 keV. The rate of change in the ion stored energy is

dWi 3 aTl 8nd
& 2ina TG | ®)

Combining (2}, (4) and (5), the rate of change in the ion stored energy can be
expressed by

1 dWi 11 3y, 1 dng
Wi dt = Y TR R o (62)
_ ne(TeTy) 2 13 OTi(x)
T 7ging T T 3IngTiT o [r ng(r) xi(r) ar 1 (65)

These two equations are used to obtain x; in this work.



During the time interval of the analysis, the changes in the plasma properties were
moderate except for the change of the neutron emission, which is shown in fig. 1.
Because the change in ne and Zegf is normally small, the second term of the right
side in eq. (6a) is almost an order of magnitude smaller than the first. As will be
shown later, the contribution from the first term of eqg. (6b) is also small. For the
remaining terms of egs. (6a) and (6b), only relative rates of changes in ng, Tj, and
Yn are needed. The neutron emission decay constant,

1 dYy(p)
Y, dt

and the profile peaking factor for T; are the main quantities needed for the
determination of ;.

The decay rate of the local neutron emissivity, §Y,(r)/ét, was obtained with
the ORION code at 100 ms Hime intervals; a typical radial profile, Yn(r), is shown in
fig.2. The profile of the deca'y constant for discharge 22871 is shown in fig. 3. The
decay constants of the neutron brighiness along each of the 19 chords are also
shown; the profile of the decay constant is rather flat, which could have been
anticipated from the fact that the profile parameter o did not change appreciably
during the decay phase, as is seen in fig. 2.

An example of the ion temperature profile obtained from the neutron
profile monitor is shown in fig. 4, together with T, (ECE) and ne (interferometer)
profiles. The validity of the latter two quantities was confirmed by LIDAR
measurements [10]. The deuteron density ng(r) was calculated from the
comparison of Tj(0) measured with the crystal spectrometer and the central neutron
emissivity, assuming a uniform dilution factor ng/ne. When the quality of the T;(0)
data provided by the crystal spectrometer was poor, ng(r) was obtained from ne(r)
(interferometer, or LIDAR) and Zegs with the impurity distribution of Be : C: O : Ni
=4:1:0.5:02.

The three terms of the power balance equation, eq.(2), are shown in fig. 5 for
the same discharge. The contribution of the equipartition term was usually small
because the electron and ion temperatures did not differ greatly at this stage.

3. Experimental Results

In order to study the ion transport by analyzing the decaying neutron
emission profile, the following restrictions must be observed,



1) A statistically significant number of counts ( > 102 ) is required for
each channel of the neutron profile monitor in order to obtain useable ion
temperature profiles and local neutron decay constants.

it) A sharp termination of more than 5 MW of additional heating is
preferable. A short slowing down time of the beam particles (low injection energy,
for example) is also desirable.

iti)  There should not be any significant MHD activity, such as sawteeth,
which might expel high energy particles from the central region of the plasma.

These criteria led to the selection of just 13 discharges from the 1990 autumn
campaign. Discharge 20222 of the 1989 campaign was included as a reference case.
The x; profile was obtained by solving egs. (6a, 6b). The results, x;(0.3a) and
x;(0.5a), are listed in table 1, along with the discharge type, time into the discharge,
Ip, BT, ne(0), Ti(0), and Zegr. Discharges 22336 to 22370 were high-performance
double-null discharges, and discharges 22866 to 22890 were single-null (upper)
discharges for H-mode studies. ‘

When considering the experimental errors, the following items were taken
into account: |

1) the peaking factor in the neutron profile,

2) the decay constant of neutron emission,

3) the peaking factor in the electron density,

4) the local electron and the ion temperature.
The 4th itemn contributes little, in spite of the 30% uncertainties associated with the
electron and ion temperatures. This is because the equipartition term is usually
small compared with other two terms, as can be seen in fig. 5.

The upper and lower levels of the x; profiles in Fig. 6 indicate the regions of
x; = Ax; for 22871 and 22874 The abscissa shows the radial co-ordinate, r/a,
quoted as the middle value for the finite region viewed (+ 5 cm). These results
were obtained assuming a parabolic form for the neutron emission profiles; this
form is most reliable for the r/a range from 0.25 to 0.55, where the gradient is
strong and easily parametized. The measured profiles are not sensitive to the
actual gradients over the central region, for which the assumption of a parabolic
form is probably incorrect.

The interfering signal due to 14 MeV neutrons arising from the burn-up of
the 1.0 MeV tritons emitted in the alternative branch of the d-d fusion reaction {11]



was considered to be sufficiently small that they could be neglected under the
circumstances of the measurements reported here, where the neutron emission has
fallen by only one order of magnitude from the peak rates. The total 14 MeV
neutron emission strength is about 1% of the 2.5 MeV strength under steady-state
conditions; the detection efficiency for 14 MeV neutrons is about 25% of that for 2.5
MeV neutrons. The absence of serious contamination was confirmed by the fact
that pulse height distributions recorded by the neutron detectors during the decay
phase were very similar to those recorded during NBI heating.

4. Discussion

Although the x; profiles obtained in this work are limited to the region of
0.25 < r/a < 0.55 and apply only during the decaying phase in the absence of
additional heating, some interesting features are seen. First of all, the derived X;
values range from 0.3 to 1 m2/s and are comparable with results obtained by other
workers [1-7]. Secondly, the x; profiles are almost flat. This is seen in fig.6 for two
selected discharges but is also true for all the cases presently analyzed, as indicated
in table 1. The flat x; profile has also been obtained in the beam heated plasma of a
medium density H-mode discharge with similar parameters, while a low density
hot ion mode discharge showed an increase in the outer region [1].

A comparison between the predictions of the neoclassical theory, x;"*°, and
the present results, x;**P, has been made. The formula given by Chang and Hinton
{12}, which includes finite aspect ratio effects and enhanced collisionality due to
impurity ions, has been used. Only one impurity component, carbon, was
considered. In fig. 6, the dashed line, indicating x;7¢°, is much smaller than x;**P
for discharge 22871, but in the case of discharge 22874 (which is very similar to
discharge 22871 except for the larger Zegf), the x,®*P values approach x;"¢°.
However, the experimental and calculated profile shapes differ for both cases. The
theoretical models of ion temperature gradient driven turbulence {n;-mode) were
tested in the parameter range 0.5 < #; < 45. The experimental x; values are
typically two orders of magnitude smaller than the theoretical predictions [13]. The
flat x; profiles of the present analysis also disagree with the theoretical predictions
in that they do not show any major changes near 5. Disagreement with the »;
mode have also been reported for various auxiliary heated plamas in JET [3-4].

In order to show the Z,¢ dependence, the x,**P (r/a=0.3) values are plotted
against Z.¢ in fig.7, for discharges between 22866 and 22890. All of these
discharges were single-null discharges with Ip=3.1 MA. The plasmas of these



discharges during the decay phase under investigation were apparently still in the
H-mode before undergoing the transition back to L-mode. Gas introduction had
been terminated earlier. The x;*P (r/a=0.3) values appear to rise gradually with
increasing Zesf, The same tendency was seen at r/a=0.5. The dashed line in Fig. 7,
connecting the calculated x,"®° values, lies appreciably below the experimental
points for low Z.g but rises above the experimental points for high Z.; No
"anomalous" effects due to turbulence were identified.

Two points obtained with higher toroidal fields are also plotted in fig.7. The
predictions of neoclassical theory give lower values than the By=2.3 T line, while
the experimental points are a little higher. However, the uncertainties from the
present analysis are too large for any useful conclusion to be drawn regarding the
difference.

5. Conclusion

The present work has shown that analysis of the neutron emission profiles
taken during the decay period following abrupt termination of NBI heating can be
exploited for measurements of the thermal ion conductivity. The x; profiles that
were obtained were rather flat over the region of 0.25 <r/a < 0.55, as was found for
the beam heated plasma of a medium density H-mode discharge, in spite of the
difference in the main terms of the ion power balance. A weak dependence on Z.
can be seen in the data, with the experimental values for x; coinciding with the
neoclassical predictions only at high Z .
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Table 1

Plasma parameters and x;{0.3a), x;(0.5a) for the discharges analyzed. DX and UX
indicate discharges of double-null and upper-null configurations, respectively.
Ti(0) was obtained either from Ni line broadening using the crystal spectrometer or
from the neutron emission rate. Zeff was calculated from the comparison of Ti(0)
measured with the crystal spectrometer and the neutron emissivity, assuming the
impurity distribution of Be : C: O : Ni=4:1:0.5: 0.2. When the Tj(0) data were of

doubtful quality, the Bremsstrahlung Zeff results were tabulated.

Shot |Type |Time |Ip(MA){B(T) |n.(0) [Ti(0) |Zoge 1%;00.3)  |x;(0.5)

20222 {UX 112 |40  |2.90 [04 |35 |22 [0.86x0.17 |1.04x0.26
22336 DX 158 (3.6 (290 (04 |60 |22 [0.34+0.08 [0.43+0.12
22343 [DX  [1355 (37 (345 (03 [45 |26 [0.420.12[0.4720.12
22344 DX 142 [37  [345 (02 [46 |35 [0.89+0.16 {1.02+0.20
22370 [DX  [1625 3.0 227 |03 [52 |45 [1.00+0.40}0.95+0.30
22866 |UX |127 (3.1 (227 |04 41 |61 |0.97+0.20]1.04x0.24
22871 |UX 127 (3.1 [227 |04 |65 |22 10.370.05]0.45+0.13
20874 [UX (1255 3.1  [227 |05 3.8 |43 |0.560.17 |0.58+0.22
22877 [UX [132 (31 (289 |04 51 |53 |0.75£0.15(0.81£0.15
22878 [UX (132 |31 {345 [03 154 [2.8 |0.54+0.08]0.61+0.12
22883 [UX (147 |31 [228 [03 5.1 |35 0.44%0.12]0.5440.15
22884 [UX (147 |31 228 |04 |49 |22 0.3620.05!0.44+0.10
22888 {UX 132 |31 1227 |05 |39 |53 {0.58+0.18 [0.58+0.29
22890 {UX (152 131 227 |06 145 |26 10.34+0.07(0.37£0.12

Time is given in seconds, ng(0) in units of 1020 m=3 and T;(0) in keV.
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Fig. 1: Showing the time evolution of the neutron emissivity recorded by the
central and upper-most chords, together with the input power of the 80 keV neutral
beam for discharge 22871.
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Fig. 2. The fitted neutron emissivity profile for each 100 ms (from 12.5 to 12.9 s) in
the decay phase of discharge 22871. The measured neutron brightness versus
channel number are also compared with the fitted brightness (solid bars).
Channels 1 to 10 represent measurements along approximately horizontal chords,
channels 11 to 19 to approximately vertical chords. Channel 4 in the horizontal
camera was excluded from the fitting.
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Fig. 3. The profile of the decay constant in the decay phase of discharge 22871. The
decay constants of the neutron brightness for each of the 19 chords are also shown
with diamonds. Each data point is plotted at the position corresponding to the
highest neutron emissivity along the line of sight for that channel. Points connected
with a solid line are those obtained after fitting with the ORION code.
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12.7 sec into discharge 22871.
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