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ABSTRACT

Measurements from the JET neutron profile monitor are analysed
tomographically to deduce the 2-D spatial distribution of neutron
emissivity during NBI heating both before and after sawtooth crashes.
In a discharge where the global neutron emission decreases‘slightly to
5/6 of the pre-crash rate of nearly 10%® n/s, the axial emissivity drops

much more to only 1/6 of the pre-crash value. The sources of neutron

emissivity are analysed with an analytic Fokker-Planck formulation. The

main change in neutron emissivity is due to fast ion redistribution
during a sawtooth crash and a decrease in beam-beam produced emissivity.
The deduced fast ion redistribution 1is consistent with other

observations on sawtooth behaviour in JET.

*This paper 1s an expanded versién of a presentation contributed to the
17th EPS Plasma Physics Division Conference, Amsterdam, The Netherlands,
June 1990




1. INTRODUCTION

At the JET tokamak and other large nuclear fusion experiments such
as TFTR, a major goal is the production and measurement of high levels
of neutron emission from d-d and, ultimately, d-t fusion reactions. A
variety of neutron diagnostics as exploited by JARVIS et al. (1990) has
been used independently at JET to measure both fast and thermal ion
behaviour. In conjunction with other plasma diagnostics, the parameters
of the thermal plasma and fast ions created by neutral beam or radio
frequency heating can be derived. The available neutron diagnostics
include global emission detectors, spectrometers and {(the main subject
of this paper) a neutron profile monitor consisting of a vertical and
horizontal camera. The profile monitor measures collimated
line-integral neutron emission, which allows the unfolding of neutron
emissivity spatial profiles in two dimensions. These profiles are used
to study the thermal and beam-induced sources of neutron emission and to
analyse the fast ion redistribution due to sawtooth crashes. The
deuteron distribution function in velocity space is a combination of a
thermal plasma and a deuterium beam slowing down distribution. The
interactions of 3ions within this combined distribution result in d-d
fusion which produces neutrons near 2.45 MeV. We consider the sources
of neutron production in terms of the self-interactions of the thermal
and beam distributions (thermal and beam-beam) and cross-interactions
{beam-plasma).

To classify and understand the effects of sawtooth crashes on the
global neutron emission and local emissivity, we need to consider the
sources and amplitudes of neutron emission (thermal, beam-plasma,
beam-beam, rf-induced), the sources of ion and electron heating {ohmic,
beams, rf), the magnetic configuration, plasma profiles (density,
temperature, fast ion, and current), type of instability, fast 1lon
stabilization, etc. Over the years, sawteeth have been observed in the
global neutron emission from tokamaks and attempts have been made to
connect them with models of electron sawteeth, for example: MARCUS et
al. (1983), PFEIFFER et al. (1985), LOVBERG et al. (1989), and BATISTONI
et al. (1990). The main restriction on previous analyses has been that
neutron profile data has not been available. In the present paper, we
use the JET neutron profile monitor to study the profiles before and
after a sawtooth crash on a sufficiently rapid time scale to study the

redistribution of fast ions. This profile information allows us to




compare the experimental information with other observations of sawteeth
in JET, as described by CAMPBELL et al. (1988).



2. INSTRUMENTAL DETAILS AND DATA ANALYSIS METHODS

The neutron profile monitor described by ADAMS et al. (1989) is
shown in Fig. 1 with the lines-of-sight delineated. It consists of: 2
heavy-concrete (3000 kg/ma) fan-shaped multi-collimator cameras with 10
horizontal channels and 9 vertical channels (8 are used here, since the
innermost channel #11 has excessive gamma ray count-rates) and NE-213
scintillators to detect 2.45 MeV neutrons. The scintillators are
operated with pulse shape discrimination of neutrons and gamma rays, and
a lower energy detection bias of 2 MeV to reject scattered neutrons.

The raw data are corrected for neutrons back-scattered from
material in the lines—of-sight, detector 1live time, detection
efficiency, neutron attenuation, collimator scattering and collimator
solid angles.

The viewing width in the poleidal plane is 0.1 m in the central
channels and 0.2 m iIn the edge channels, The channel separation is
0.2 m in the central plasma region. The channel-to~channel efficlency
has a systematic error of about 10%. To obtain a statistical error of
less than 10% requires a global emission of 1016 n/s for 10 ms, or
correspondingly longer times at lower emission rates to achieve
sufficient counts in the channels viewing significant neutron emission.

Neutron emissivity profiles in 1-D have previously been unfolded
from profile monitor measurements using the program "ORION" produced by
CONROY (1990) and employed by ADAMS et al (1989), which uses flux
surfaces from MHD equilibrium and assumes them to be surfaces of
constant neutron emission. A best fitting curve is generated by an
analytical source function with a small number of free parameters. The
plasma neutron emissivity has also been calculated a priori in the 2-D
plasma transport code "TRANSP", as discussed by SADLER et-al. (1990),
The result is integrated along the profile monitor’s lines-of-sight and
agrees acceptably with the experimental data.

In this paper, constrained tomography as discussed by GRANETZ et
al. {(1988) is used to determine the 2-D neutron emiésivity profile from
the line-integral measurements. A standard geometry is chosen for the
inversion which consists of nested elliptical surfaces with a fixed
ellipticity of 1.5 centred on R = 3.02 m and 2 = 0.0 m, with a maximum
horizontal minor radius of 1.0 m. The deduced shape of the.emissivity
profile is relatively independent of this geometry. The profile can

have a different centre than the standard geometry and varying



elongation and shape. Near-elliptic contours described by a 4-term
Fourier expansion poloidally and radial Abel inversion are employed for
the tomographic analysis. The lines-of-sight are assumed to be of zero
width in the analysis program, which is a good approximation for
profiles without too strong a channel-to-channel variation. The
analysis program initially smoothes the measured channel data into
synthesized 100-channel signals for each camera before the 1lnversions
are performed, to avoid unphysical oscillations 1n the tomographic
solution. Further smoothing is performed during the tomographic
inversion. The amount of smoothing is chosen so that the deduced
emissivity profile gives line-integrals which are within one standard
deviation of the original experimental measurements.

Given these limitations, the amount of fine structure detail
obtainable is very limited. Tests using model profiles generated by the
YORION" code and including 10% random errors show that peaked, flat,
hollow, double humped, and outwardly shifted profiles, when
reconstructed by 2-D tomography, can be distinguished from each other.
The correct emissivity values can be calculated. The advantages of 2-D
tomography not constrained by geometry are that emissivity profiles may
be found which were not guessed a priori, and that departures from
constant emission on a flux surface may be cobserved.

To demonstrate the method and to find the shape of the neutron
emissivity profile just before a sawtooth crash, we examine Discharge
20981, which has a high rate of neutron production, during a time
interval of 10 ms from 10.738 s - 10.748 s, We will subsequently
compare this profile with the profile after the crash.

In Fig. 2, the experimental channel data (numbers) from the two
neutron cameras, measuring the line-integrals of the neutron emissivity,
are compared to curves (one for each camera} of line-integrals
calculated by integrating the inverted profiles to reproduce the
expected signal. The deduced curves appear smooth since the tomography
assumes that each camera has 100 channels. The horizontal axis in
Fig. 2 is the position of the intersection of the ellipse in the
standard solution geometry (see above) tangent to the camera with the
horizontal major radius.

In Fig. 3, the neutron emissivity profile deduced by tomography is
shown as a function of major radius and vertical height. The neutron
emissivity is strongly peaked on axis, with a maximum value of

1.9 x 10"® m>s™'. By observing the emissivity versus position on a




ma jor radius chord passing through the axis, a Full-Width-Half-Maximum
(FWHM) of 0.36 m is measured at the mid-plane. In the rest of the
paper, this geometric convention for determining the FWHM will be
maintained.

To examine the global validity of the data, 34 time slices on
several discharges were analysed to find the neutron emissivity in two
dimensions, using the tomography method. The emissivity was 1ntegrated
te find the global emission, referred to as Et in Fig. 4; this is
compared to the calibrated geometry-corrected global emission measured
by the fission chambers, referred to as Ef in Fig. 4. Absolutely
calibrated fission chambers on JET measure the total neutron emission
rate to T4 accuracy. The ratioc Et/Ef is plotted against Ef over 5
decades of emission, from 10'% up to 3 x 10'® n/s. The best fit to the

data with a linear scaling is:

E/E, = [0.96 + 0.13* (E, / 10%%) 1 Io0.06

As seen in Fig. 4, the ratio is nearly constant at about 1.0 up to
‘global rates of 10'% n/s, and starts to deviate above this level, where
neutron count rates begin tc exceed 100 kHz in individual spectirometer
channels.

Some modest variation of the Et/Ef ratio with the global emission
is expected from at least two sources, based on calculations with a code
described by VAN BELLE and SADLER (1986): (i) as additional heating is
supplied and TjL increases, there is an upward shift of neutron energy
vhich leads to an increase in detection efficiency { < 5% in reasonable
conditions) by the profile monitor; (ii) for beam heating (or any
heating involving deuteron ion anisotropy), the anisotropy of the d-d
reaction leads to preferential radial emission of neutrons ( 10%
increase in exireme beam-beam cases]). The raplid deviation above
10'® n/s is unphysical and is attributed to pile-up of gamma-ray events
being recorded erroneously as neutron events. For neutron emission
rates above 1016 n/s, more accurate profiles are obtained by eliminating
channels with excessive count rates from the fitting procedure. This
restricted procedure at high count rate reduces the ratio, but gives
less accurate profile shapes.

In the absence of sawteeth and high plasma density, neutron

emissivity profiles are peaked on axis. The FWHM of the emissivity is



much less than the plasma diameter. However, with high plasma density
and beam injection, emissivity profiles broaden and shift outwards, as
seen by LOUGHLIN et al. (1989). This shift is shown in Fig. 5 by the
response of the line-integral measurement of the emissivity by the
channels in the vertical neutron camera. The outward shift in
emissivity occurs as the density increases with time. The neutral beam
deposition also moves towards larger major radius as the density
increases. Beam ions deposited at large major radius are further
localized in trapped orbits. A detailed comparison between expected and
measure neutron emissivity due to these beams is a subject for future

investigatiocns.




3. SAWTOOTH CRASHES AND RESPONSE OF THE NEUTRON EMISSIVITY

JET has a wide range of heating methods, plasma profiles and raﬁios
of beam-beam, beam-plasma, and thermal neutron emission. In beam-plasma
dominated discharges, a sawtooth crash can cause almost no change in
the global neutron emission, but it produces a major redistribution of
the emissivity profile. In discharges where thermal neutron emission
dominates (Ohmic and RF), a sawtooth crash can cause a large fall in
global emission and an even larger fall in the central emissivity. This
behaviour is also observed in discharges with high toroidal beta (the
ratio of plasma to toroidal magnetic field pressure). In what follows,
we investigate discharges with relatively high neutron yields. We also
consider discharges with lower neutron yields, but larger drops in the
global neutron yield after the sawtooth crash.

To obtain the best time resclution, a sawtooth occurring when the
neutron emission rate is 1016.5-:_1 is examined in Discharge 20981 at
10.75 s. The discharge is a 4 MA deuterium plasma in the double-null
H-mode configuration with deuterium neutral beam heating. The global
neutron emission, measured by fission chambers and shown in Fig. 6,
"' o 7.5x10'%s™!, a drop

of 1/6. Viewed on a fast time scale, the emission falls in about

falls with a 10 ms sampling rate from 9.1x10' s

0.4 ms, compared to the detector intrinsic time response of about
0.1 ms, including neutron thermalization. The emission recovers to the
pre-sawtooth crash value after 50 ms, and then continues to increase to
a peak of 3.5)(10169"1 at 11.4 5. At 70 ms before the sawtooth crash,
the electron density and temperature profiles are approximately flat
over 1.0 m in the mid-plane with values of 1.6x1019m—3 and 5.0 keV. The
peak ion temperature is about 11 keV. After the crash, the electron
temperature profile has widened and the central temperature has dropped
by about 1/10. The electron density has remained flat. The soft x-ray
emissivity has fallen on axis and has broadened.

The line-integrated neutron emission as measured by the channels of
the profile monitor show distinct jumps at sawtooth crashes, within the
sampling time of 1 ms. In both the horizontal camera and the vertical
camera, the profiles change from very peaked before, to very flat after
the sawtooth crash. The response of the horizontal neutron camera
channels is shown in Fig. 7, where each time bin of 10 ms has a common
vertical scale, with a maximum neutron emission of 6.5x10 " %s”Y. A

flat distribution of line-integrals indicates a hollow emissivity



profile. The profiles evolve slowly for 100 - 200 ms and peak again
only after about 300 ms. These times are characteristic of beam slowling
down times in the eveolving plasma. The new peak is broader than before
the sawtooth crash.

The neutron emissivity profiles deduced from tomography are shown

for Discharge 20981 in Fig. 3 Jjust before (10.738-10.748 s) and in
Fig. 8 Jjust after (10.756-10.766 s) the sawtooth crash. The neutron
emissivity before is highly peaked on axis at 1.9x10* *m3s™?, and the
emissivity FWHM is 0.36 m. Emissivity contours are nearly circular on
axis and elliptical further out. The profile after the crash 1s much
flatter and broader with a FWHM of 1.2 m, although the global emission
has fallen by only 1/6. The poloidally-averaged emissivity inside this
region is in the range 2-3x10"*m"%s"'.  This is less than 1/6 of the
pre-sawtooth crash values. The line-integrals from these profiles are
within 5% of measurements for most channels and 12% for the central
channel. The profile can be characterized as hollow plus an axial peak.
To fit a flat profile would require much larger error bars of up to 30%
for several channels.
o An analytic Fokker-Planck formulation from CORE (1985} has been
extended to include the velocity space diffusion effects of finite ion
temperature. Beam ions diffusing above their injection energy have
enhanced fusion reactivity. This formulation is used to calculate the
expected fraction of beam-beam (bb), beam-plasma (bp) and thermal (t)
contributions to axial neutron emissivity, based on measured plasma
parameters and calculated beam deposition profiles. For example, the
maximum axial emissivity during Discharge 20981 at 11.4 s is composed of
1/6 bb, 1/2 bp, 1/3 t, with a beam slowing-down time of 130 ms for an
80 keV deuteron.

Analysing the data for the interval immediately preceding the
sawtooth crash at 106.75 s, a lower limit for the slowing-down time of
injected beam ions is calculated to be 300 ms. The NBI source rate on

axis is 10°°m™%s™?!, injection has lasted only 260 ms, during which the

deuteron density has increased to about 1.7%x10%%m" 2, The central
density is therefore mainly composed of fast ions which have not had
time to fully thermalize. The axial neutron emissivity can be accounted
for by bb fusion reactions only, using a reaction rate appropriate for
beam ions that are only partially thermalized. In the regions off-axis,
the fast ion density is lower and the thermal ion fraction higher than

on-axis. The bp reactions dominate over bb, while t reactions are at



the 1% level. This general picture is supported with full profile
simulations by BALET et al. (1989) in a separate calculation using
"TRANSP", where bb dominates on axis, but represents only 1/3 of the
global neutron emission.

After the sawtooth crash, the drop of only 1/6 in the total neutron
emission and the change in the neutron emissivity profile are consistent
with a redistribution of fast ions within the plasma, as observed by
SADLER et al. {1989). The bb emission, which previously represented 1/3
of the emisszion and which is proportional to the square of the fast-ion
density, drops with increased volume and is nearly eliminated. The bp
emission from most fast ions would be expected to be approximately
unchanged, since they are redistributed in a reglon with relatively
uniform electron and, since the impurity content is low, relatively
uniform thermal deuteron density. However, the total deuteron density
is the sum of the fast and thermal deuteron density, with the fast-ion
contribution largest on axis. Fast ions which were previously on axis,
when redistributed with thermal ions, would therefore give additional bp
reactions, but with a lower reaction rate than from bb in the centre.
The net resultant drop is therefore expected to be less than the 1/3 bb
boﬁtribution before the crash, and is in fact observed to be only a 1/6
irop. .

The remaining neutron emission is therefore mostly bp after the
sawtooth crash, and the profile evolves slowly on the same time scale as
the beam slowing-down time scale. At the same time, newly injected beam
ions contribute to the axial neutron emission. Previous JET resulis on
electron temperature sawteeth discussed by CAMPBELL et al. {1988)
indicate that a hot core is expelled which expands and surrounds a
cooler region moved inwards. Fast ions conforming to this model would
give a neutron emission profile similar to that shown in Figl 8 with the
addition of an axial contribution from ions injected after the sawtooth
crash. The exact amount of the expected axial contribution has not been
calculated, since the beam slowing down distribution is very far from
equilibrium. However, when the beam injection time 1s much less than a
slowing down time, an estimate is obtained from the product of the axial
beam source rate, the time of injection after the sawtooth crash, the
thermal deuteron density, and the reaction rate at the beam injection
energy. This estimate gives an axial beam-plasma neutron emissivity of
several times loiﬂfﬁs_i, which corresponds to the experimental value as

deduced by tomography averaged over 10 ms after the sawlooth crash.
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The behaviour seen in the sawtooth crash as described above has
been seen in several discharges with neutron emission rates of order
1016 n/s. At higher rates, the analysis is somewhat less accurate for
the reasons described in the Et/Ef discussion, but interesting because
of the broader emissivity profile before the sawtooth crash. In
Discharge 20983, similar to Discharge 20981, but with different timing,
several sawteeth occur, including one at 10.489 s with a higher neutron
global neutron emission rate of 2.4 x 10*® n/s. The ion temperature is
higher at 21 kev, resulting in a larger contribution to the neutron
emission from thermal and beam-plasma sources. The emission profile
before the sawtooth crash is relatively broad, with a FWHM of 0.8 m.
The sawtooth crash causes a drop in global neutron emission of 12%, and
the profile after the sawtooth crash has a FWHM of 1.2 m with a hollow

profile, with a maximum emissivity about half that of the profile before

the sawtooth. The electron temperature profile is relatively flat

between the major radii of 2.9 and 3.6 m before the sawtooth crash and
has widened to 2.8 to 3.7 m after it, The major radius at which
sawtooth inversion is observed on the electron temperature is 3.6 m.
pomparing the sawteeth in Discharges 20981 and 20983, the widih of the
emissivity profiles is similar after the sawtooth crash, even with very
different pre-crash widths. The relative drop in maximum emissivity is
greater for the more initially peaked profile.

Sawteeth with larger relative drops in global neutron emission than
in the discharges discussed above are observed at the beta limit as
discussed by SMEULDERS et al. (1990). Discharge 20881 is a mostly
hydrogen plasma with 5.5% toroidal beta, heated by deuterium beams, so
the axial neutron emissivity before a sawtooth at 14.36 s is only
5x10"°n s, -

camera requires an integration time of 100 ms, about equal to the beam

The global emission is 6 x 10145 for which the neutron
slowing-down time of 80 ms. The axial contributions are 1/2 bb and
1/2 bp. A ratio of deuteron-to-electron density of only 1/6 is required
for consistency with the total emissivity. The sawtooth crash results
in a fall of the global emission to 2/3 of its previous value. The
emissivity profile broadens, with axial emlssivity only 1/3 of the
pre-crash value. Given the limitations imposed by the long sampling
time, the behaviour of the emissivity profiles and the physics seem
gimilar to the high emissivity case.

To conclude the discussion of sawteeth, we further observe that

large amplitude sawtooth crashes also occur in both global neutron
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emission and emissivity profiles of discharges produced either by ohmic
heating alone, or by 1lon cyclotron radio frequency heating on JET.
Since such discharges (with the exception of deuterium heating by RF as
shown by SADLER et al. (1990b) ) are dominated by thermal emission, they
are not considered in detail in this paper, but will be the subject of

future investigations.
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4. CONCLUSIONS

For low and medium density plasmas without sawteeth, neutron
emissivity profiles are cbserved to be peaked. The width depends on
neutral beam deposition, plasma profiles and emission sources. A
sawtooth crash causes the neutron emissivity and particularly the
beam~-beam component to collapse on axis. The drops in global neutron
emission at sawtooth crashes are typically smaller for plasmas which are
dominated by beam-plasma neutron production, and larger when beam-beam
production is important. The shape and width of the emissivity profile
after a crash are consistent with a model of electron sawteeth
(presently used to explain JET results). Neutron emissivity profiles
and the effect of a sawtooth crash are observed to depend upon the
dominating sources of neutron emission and plasma profiles. At high
plasma densities, the emission profile is observed to shift outwards to
large major radius. These results show that the analysis of neutron
emissivity profiles has importance for the understanding of fast lon
distributions, sawteeth, their effects on transport, the optimization of
negtron yields for given heating conditions and the extrapolation to

neutron yields for reactor-relevant conditions.
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