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ABSTRACT
The objective of this study is to examine the effect of a sawtooth crash on the radial

distribution of the slowing down fusion product tritons and on beam ions. The JET neutron
emission profile monitor (Fig. 1) was used to measure the 2.5 MeV and 14 MeV neutron
emission line-integrals before and after sawtooth crashes in the Joint European Torus (JET).
In deuterium discharges, the 14 MeV neutron production was wholly attributable to burnup of
the 1 MeV fusion product tritons from d-d fusion. It has been known for many years that the
global emission of 14 MeV neutrons is not affected by sawtooth crashes. Examination of the
data obtained with the profile monitor shows that the local emissivity of 14 MeV neutrons,
and hence of the profile of thermalizing tritons, is only weakly affected by crashes in the
discharges studied. This is in contradiction with the apparent behaviour of injected beam ions
as deduced from a study of the considerable changes in local emissivity of the 2.5 MeV
neutrons. Nevertheless, the behaviour of the fusion product tritons is consistent with the
scaling of the beam injected deuterium, as explained below. A complete discussion is given
inRef. 1.
NEUTRON EMISSIVITY PROFILES

To obtain good time resolution for studying the effect of a sawtooth crash on the
14 MeV neutron emissivity (from the 1.0 MeV triton burnup, we analyse discharges with the
highest rates of d-d fusion, corresponding to the maximum production rates of 1.0 MeV
tritons. To optimise counting statistics, the data from six similar high performance discharges
were added together over equal time bins just before and just after a sawtooth crash during a
period of high 14 MeV neutron emission. These discharges all achieved the hot ion H or VH
mode, and were heated primarily by a total of about 15 MW of deuterium neutral beam
injection at 80 and 140 keV, with two of them having an additional 4-7 MW of ICRF heating.
The improved statistics from the summation allowed a channel by channel comparison of the
count rate before and after a sawtooth crash. The resulting count rates are presented in Fig. 2
for time bin intervals of 100 ms for 14 MeV neutrons. Very little change has occurred due to
the sawtooth crash.

Discharge No. 26087 produced the highest d-d fusion rate from JET. A sawtooth
crash occurred at 13.469 s, just after the maximums in plasma pressure and 2.5 MeV neutron
emissivity, while the plasma was in the hot-ion, H-mode condition. Soft X-Ray (SXR) data
sampled at 200 kHz shows a collapse which lasted only 100 us, and extended across the entire
plasma, as was observed in other high beta discharges in JET. The sawtooth crash occurred at
a plasma beta of 0.8 times the Troyon limit. The electron density profile was relatively flat.
The deuterium ion density before the crash was more peaked, and showed a fall of about 10%
at 50 ms after, compared to 50 ms before, the sawtooth crash.

Fig. 3 shows the line-integrals of neutron emissivity from the central plasma regions,
as measured by channels (No. 4-8) of the horizontal camera, plotted for discharge No. 26087



as histograms for time intervals of 100 ms each for the 14 MeV neutron data, and for 10 ms
each for the 2.5 MeV neutron data. The line-integral data clearly show a large sawtooth crash
in the 2.5 MeV neutron line integrals, but any crash in the 14 MeV neutron line integrals is
smaller than the « ±10% level of statistical fluctuation in the data.

In Fig. 4, the 2-D emissivity profiles of the 14 MeV neutrons are plotted versus major
radius R and height z, (a) for the time interval 13.36-13.46 s just before the sawtooth crash,
and (b) for the interval 13.48-13.58 s just after the crash. A time-bin of 100 ms is required to
obtain better than ±10% statistics for the 14 MeV data in Discharge No. 26087. The axial
value of the 14 MeV emissivity fell by about 20%, and the global emission fell by 8%,
attributable to the axial deuterium density decrease of about 10%. Therefore, not more than
10% of the high energy tritons at the axis were redistributed. The response of the 2.5 MeV
neutrons to the sawtooth crash was much stronger.
EFFECTS OF BEAM-THERMAL FRACTION AND EMISSIVITY WIDTH

Beam ions and partially slowed down tritons at comparable energies should respond
similarly to sawtooth crashes. Discharges with the highest fraction of beam thermal fusion
give the nearest approximation to the neutron emissivity response to a sawtooth crash of the t-
d emission, which is 100% beam-thermal. Several discharges has been analysed with
TRANSP. These calculations determined the fractional contribution of beam thermal fusion
to the total 2.5 MeV neutron emissivity on axis just before the sawtooth crash, defined as
(Fbt). In discharge No. 26042, at a time long after the initial heating period and peak 2.5

-MeV neutron yield, the ratio Ffct reaches 0.8 just before the sawtooth crash. There was no
observable change in the global 2.5 MeV or 14 MeV neutron emission. There was an
observable change in the axial emissivity of the 2.5 MeV neutrons, but not of the 14 MeV
neutrons.

Sawtooth crashes were examined in several discharges in the time interval between
0.0 and 0.8 s after the start of high power beam heating. The ratio F^ varies between 0.26
and 0.69 and tends to increase with heating time. During this period, there was a high
2.5 MeV neutron yield, of order 1 0 ^ n/s, which allowed the use of 10 ms integration times
for neutron tomography analysis, just before and just after each sawtooth crash. Fig. 5 shows
the response of beam-injected deuterium ions to a sawtooth crash. It illustrates that the ratio
of the axial neutron emissivity due to d-d fusion after the crash (Sj) to that before the crash
(So) increases approximately linearly, from 0.2 to 0.5, as the relative contribution of beam-
plasma fusion to the total fusion rate rises from 0.2 to 0.8. For the case of d-t fusion from
triton burnup, shown as Fbt=l for discharge No. 26087, the ratio S\/SQ is 0.8 (i.e. only a 20%
decrease at the crash.) Triton burnup is conceptually the equivalent to 100% beam-thermal
reactions. On this basis, the observations from d-d fusion can be extrapolated to show that no
large change in the 14 MeV emissivity is to be expected.

A similar scaling is also observed in the behaviour of the spatial width of the neutron
emissivity profiles as shown in Fig. 6, when the full-widths at half-maximum (FWHM) of the
neutron emissivity profiles are plotted versus beam-thermal fraction, before and after the
sawtooth crashes. The width before the crash increases as the beam thermal fraction
increases, but the width after the crash is independent of the initial width. The width of the
14 MeV neutron emissivity profile from d-t fusion is nearly unchanged due to the crash.
Extrapolation of the 2.5 MeV neutron data to a 100% beam-thermal fraction indicates that the
expected change in the 14 MeV neutron axial emissivity should be small and the initial
emissivity width should be the same as the width after the crash, as observed.



SOFT X-RAY EMISSIVITY WIDTH AND INVERSION RADIUS COMPARISONS
The response of SXR emissivity profiles to a sawtooth crash have been analysed in the

same way as the neutron emissivity profiles. The ranges of the FWHM's of the SXR (and
2.5 MeV neutron) emissivity profiles are 0.54-0.92 m (and 0.30-0.75 m) before the sawtooth
crash, and 1.08-1.28 m (and 0.98-1.17 m) after the sawtooth crash. The full width in the
midplane of the sawtooth crash inversion diameter, presumably corresponding to the
approximate location of the q=l surface, is 0.68-0.80 m (and 0.54-0.78 m) for these
discharges. The SXR emissivity profile is peaked before the crash in these discharges, and
the peak emissivity region moves off-axis and rotates before the crash occurs.
CONCLUSIONS

In many sawtooth crashes affecting 2.5 MeV neutron emission, a large crash in axial
neutron emissivity is observed because of initially peaked beam ions and significant beam-
beam or thermal fusion contributions. The minimal response to an MHD crash of the axial 14
MeV neutron emissivity from the fusion product tritons is due to: a) the 100% beam-thermal
contribution; b) the observation that net particle redistribution is weak in the central region of
a distribution with a neutron emissivity FWHM greater than the SXR emissivity profile
inversion diameter. The implication is that beam ion and 3.5 MeV alpha particle profiles in
JET or ITER may be relatively resilient to sawtooth crashes, when the spatial width of their
density is sufficiently large.
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Fig. 1. The JET neutron emission profile Fig. 2. 14 MeV neutron emission line
monitor is drawn schematically, showing the integrals summed over six discharges for
lines-of sight. It consists of two fan-shaped 100 ms before (x) and 100 ms after (•) a
multi-collimator cameras using NE-213 sawtooth crash in each discharge. (The
scintillators for neutron detection.. points for the before and after data have

been drawn with a slight horizontal
displacement.)
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Fig. 3. The neutron emission line-integrals
of channels 4-8 of the horizontally viewing
camera are plotted for time intervals of 10
ms for the 2.5 MeV neutron data, and 100
msfor the 14 MeV neutron data, each frame
spanning 13 s to 14 s which contained a
sawtooth crash in discharge 26087 at
13.47 s.
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Fig. 5. The ratio of the axial neutron
emissivity (Sj) just after the crash to (SQ)
just before the crash, versus the fractional
contribution of beam thermal jus ion to the
2.5 MeV neutron emissivity on axis just
before the sawtooth crash, defined as Ffa.
The 2.5 MeV neutron data from discharge-
No. 26042, and the 14 MeV neutron data
from discharge No. 26087 are shown for
values of 0.8 and 1.0 respectively.
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Fig. 4. The 2-D emissivity profiles of the 14 Fig 6. The Full Width Half Maximum of the
MeV neutrons are plotted versus major tomographically deduced neutron emissivity
radius R and height z for (a) the time profile in the midplane (FWHMQ) just
interval just before the sawtooth crash, and before (x), and (FWHMj) just after the
(b) the interval just after the crash in crash (•), versus Fut

No. 26087.


