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ABSTRACT

One of the scenarios actively studied during the recent trace tritium experimental campaign performed
on JET includes agas puff of small amounts of tritium into the sawtooth-unstable H-mode plasmas
heated by deuterium beams. The sawtooth crashes observed in these discharges with the Electron
Cyclotron Emission (ECE) diagnosticsare frequently accompanied by the oscillations of the 14MeV
neutron emission produced mainly dueto the reaction between deuterium beam and thermal tritium.
Such oscillations are clearly seen in low density plasma while they are weak or absent at high
density. The dynamics of the trace tritium and beam deuterium during the sawtooth crashis studied
here numerically using the TRANSP code with the goal to explain the different evolution of neutron
emission with density. A test of thefull and partial reconnection modelsin predictive simul ations of
neutron data with the TRANSP code is discussed.

1. INTRODUCTION

The sawtooth oscillation, i.e., the periodic oscillation of core electron temperature and density
occurring when the central safety factor g drops below unity - is one of the most frequent MHD
activity in tokamak plasma[1l - 12]. The expulsion of particles and energy from the plasma core
during the sawtooth crash can affect the overall plasma confinement and trigger edge localised
modes (ELMs). Such expulsionis caused by the development and growth of amagnetic island with
subsequent full [13] or partial [14 - 16] reconnection of magnetic field lines.

The sawtooth instability affects different minority plasma speciesin addition to main species|7,
8, 17, 18]. It prevents an impurity accumulation and maintains a flat Argon (Ar) profile in JET
discharges with Ar seeding [ 7, 8]. The fast hydrogen ionsin TFTR discharges with lon Cyclotron
Resonance Heating (ICRH) are redistributed from the plasma core to well beyond the q = 1 surface
by sawtooth crashes where their increased losses are observed due to magnetic field ripples[17,
18]. The sawtooth oscillations, considered routinely asamechanism of particlelosses, play adifferent
rolein experimentswith short edge fuelling, such astheinjection of impuritiesby laser blow-off [2,
4] or single gas puff of trace species [19, 20]. The metallic impurities (Ni, Mo) injected from the
plasmaedgein JET L-mode plasmas exhibit an off-axis deposition profile until the sawtooth collapse
brings them into the plasma core [2, 4]. The experiments performed recently on JET by puffing
small amounts of tritium into deuterium H-mode plasmas[19, 20] show that, the sawtooth crashes
accelerate the penetration of tritium into the plasma core at the beginning of the puff when the
tritium profile is still hollow [21]. As soon as the tritium fills the plasma volume and forms a
peaked profile, the sawtooth activity enhances the core tritium losses as well as the losses of other
plasma species. Similar behaviour of Argon has been reported in Ref. 7.

In trace tritium experiments analysed here the sawtooth activity, detected as the oscillations of
electron temperature measured by the multi-channel Electron Cyclotron Emission (ECE) diagnostics,
is observed in H-mode plasmas at different density. In low density plasmas (n, = (2 - 4)1019 m"3),
the sawtooth crashes are accompanied by the oscillations of the 14MeV neutron emission from the



neutrons produced by the deuterium-tritium (DT) reaction. These oscillations become weaker at
medium density (n, = (5 - 6)10™ m™>) and disappesr at high density (n, =~ (9 - 10)10* m-3). This
effect, i.e., the different behaviour of neutron emission with density during the sawtooth collapse in
plasmaswith equally strong sawtooth activity as measured by the ECE diagnostic isthe subject of the
present study. The analysis of this phenomenon is performed via predictive smulations of plasma
neutron emission along the lines of sight of the JET neutron camerawith the TRANSP code[22, 23].

The TRANSP smulations show that the main contribution to the 14MeV neutron emission is
produced by the neutronsborn in the reaction between the trace tritium and beam deuterium. Therefore,
the different evolution of the neutron emission at low and high plasma density indicatesto adifferent
behaviour of these species. Sincethetracetritium transport and beam-plasmainteraction are ssmul ated
in TRANSP, the proper prediction of the oscillations of neutron emission gives an additional test for
the models describing these processes. The strong sawtooth mixing of these species at low density
resulting in strong oscillations of neutron emission is sensitive to the positions of the inversion radius
that can be used a so for arough estimation of the gprofile modification during the sawtooth collapse.
The possibility to compare the full [13] and partial reconnection asit isimplemented in TRANSP by
performing a sensitivity study for low density plasmawill be discussed.

This paper is organised as follows. After the brief description of experimental scenarios,
diagnostics and analysis method (Section I1) the effect of sawtooth oscillations on the evolution of
deuterium beam and tracetritiumisanaysed in detail at low density (Section I11). In Section 1V, the
simulations of neutron emission in high density plasma are described. The results of this study are
briefly summarised in Section V.

2. EXPERIMENTAL CONDITIONS, DIAGNOSTICSAND ANALYSISMETHOD
The experiments with the tritium gas puff into steady-state H-mode plasmas have been performed in
the following range of magnetic fields B, = 1.65—2.25T, plasmacurrents | ol = 2—25MA, deuterium
neutral beam powers P; = 2.3 — 14 MW and central line averaged densitiesn = (2.4 - 9)1019 m=3,
wherethe sawtooth activity isfrequently observed. Sawteeth are detected as oscillations of el ectron
temperature measured by the ECE diagnostics with 0.4ms time resolution. The amplitude of the
core temperature oscillations AT, is 10 — 20% and the period between the oscillations varies within
240 - 400ms. The reconnection occursrapidly producing asharp temperaturereductionin 0.5 - 0.8ms.
For more detailed analysis of sawtooth effect, two discharges performed at low and high plasma
density, but at nearly the same sawtooth amplitude AT, have been selected. Parameters of these pulses
aregiveninTablel, and the comparison between the characteristic plasmatime scal es estimated at the
g = 1 surface (such asenergy confinement time, resistive and electron collision time) and the times of
sawtooth relaxation and collapseis presented in Table 1. The energy confinement timeisestimated in
TRANSP using the computed heat deposition profiles (NBI and ohmic (for electrons) heating), electron-
ion energy exchange, energy losses due to atomic processes and measured temperature and density
profiles. The resistive time 1 = 4nry 2 n,,c2 is calculated with parallel Spitzer resistivity, ng,,



completed with the neoclassical correction, which takes into account trapped particles, 1/ = Nsp /(1-
2(rq:1/R)0'5). As follows from Table 1, the time of the sawtooth collapse is much shorter than the
Kadomtsev reconnectiontime, (t rR)ll 2~ 3-4ms. Similar resitshave been obtained in other tokamaks
[9, 11]. The fast sawtooth collapse may be understood taking into account the electron inertiain the
estimation of the reconnection layer [24, 25]. At low density, the sawtooth crash occursinatimescale
comparableto el ectron collisional time suggesting that the collisional reconnection mechanism cannot
fully account for reconnection while the collisions become important at high density. The sawtooth
relaxation timeis close to the energy confinement time indicating that the sawtooth threshold may be
associated with a critical pressure gradient.

The oscillations of the electron temperature in selected pulses are shown in Fig.1 together with
the evolution of the 14MeV neutron yield measured by the neutron detector with 10ms time
resolution. The profile of neutron emission is obtained with the neutron camera, which performs
the measurements along the 10 horizontal and 9 vertical chords with the same time resolution (Fig.2)
[26]. The plasmadensity in these pul ses is measured with the Thomson scattering diagnostic along
the 50 channels with 250ms time resolution. This diagnostic is used also for the measurement of
electron temperature profilein the high density discharge wherethe ECE measurementsare available
only in the plasma core. The temperature of carbon impurity and effective charge of the plasmaare
measured by the Charge eX change (CX) diagnostic along the 9 chords with 50ms time resol ution.
Thetime of each sawtooth crash isdetermined from the oscill ations of €l ectron temperature measured
by the ECE diagnostics and introduced in TRANSP.

The analysis of sawtooth crashes is performed by predicting the evolution of the measured
neutron emission along the 19 chords and the total neutron yield in TRANSP simulations. The DT
neutron emission is produced mainly by the reaction between the beam deuterium and thermal
tritium that requires an accurate estimation of the concentration of these species. The neutral beam
deposition and the profile of fast deuterium are calculated by using the Monte-Carlo procedure
implemented in TRANSP[27]. The tritium evolution is obtained by solving the tritium continuity
equation, where the tritium diffusion coefficient and convective velocity are prescribed and the
sourcesare calculated in TRANSP. The algorithm for the estimation of tritium transport coefficients
from the least-square fit of transport model to measured neutron emission is described elsewhere
[19], and here we use the transport coefficients obtained with this technique. The profiles of the
volume and wall recycling sources of tritium are estimated using the FRANTIC code[28] built into
TRANSP. The more detailed description of the model and approach used for the analysis of trace
tritium transport is given in Ref. 29.

The sawtooth crashes are simulated using the Kadomtsev reconnection model [13] implemented
INn TRANSP[23]. Thismodel estimates the sawtooth inversion radiusr; ., at the time of each crash.
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The g-profile is modified after the crash sothat g =1 at r <r,,,. The evolution of the g-profile

nv-
between the crashesis simulated in TRANSP using the current diffusion equation with neoclassical

conductivity and bootstrap current taken from NCLASS. The profile of beam ions is modified



during the crash following the shift of magnetic flux surfaces estimated with the Kadomtsev helical flux
mixing agorithm. The measured electron temperature displaying the sawtooth oscillations is used in
simulations. The temperature of the main ion speciesis calculated from the measured CX temperature.
The conservation of particlesand total ion energy during the crash determinesthe re-distribution of bulk
deuterium and trace tritium.

The sawtooth model described above corresponds to the complete reconnection of flux surfaces
[13]. However, the experimental observations|[5, 6, 9] and theoretical studies[14 — 16, 24] indicate
that the physics of reconnection process is more complicated. If the reconnection is accompanied
by the destabilisation of magnetic turbulence (for example, dueto toroidal coupling of then=1, m=1
modewith the satellite harmonics of magnetic perturbations|ocalised within the g = 1 surface, such
asn =2, m=2) the boundary of magnetic island will be destroyed and the full reconnection will be
prevented. The heuristic model describing such processes predictsarapid return of initially shifted
core region with g < 1 to the centre and the formation of the layer between the core and mixing
radius where the reconnection flattens the g-profile. Thus, the g-profile after the crash is supposed
to have a shoulder with q = 1 surrounding the core region with g < 1. The evolution of energy and
particle transport during the incompl ete reconnection israther complicated: the conservation of the
core region with q < 1 can reduce the plasma expulsion from the centre while the pressure profile
may still be flattened due to an enhanced transport in stochastic region. The sawtooth model
implemented in TRANSP has the possibility to describe a situation similar to the incomplete
reconnection, where the g-profile is maintained below unity in the core. Thisis done by imposing
a weighted average of the unmixed and fully mixed current profile after the crash. However, a
shoulder with g = 1 characterising the incomplete reconnection is not reproduced in such model,
and the g-profile hasasmall, but non-zero gradient inside the inversion radius. Such evolution of
g-profile is accompanied in the TRANSP sawtooth model either by the same energy and particle
mixing like in the full reconnection model, or the beam mixing can be turned on or off. In what
follows these options are used to illustrate the effect of current diffusion and beam particle mixing
on the oscillations of neutron emission.

3. SAWTOOTH MIXING OF DIFFERENT PLASMA SPECIESAT LOW DENSITY
At low density, the ECE oscillations correlate with the oscillations of the total DT neutron yield
(Fig.1(a)) and neutron emission measured along the chords n° 1 — 7 and 11 — 18 (the oscillations
observed along the horizontal chordsn® 4 - 7 are shown in Fig.3). The oscillations of the neutron
emission depend explicitly on the mixing of ion energy, beam and thermal deuterium and trace
tritium. The fractions of redistributed energy and particles depend on the current profile before the
crash, and therefore on the el ectron temperature dependent current conductivity. While the electron
and ion temperature are taken from the measurements, the different assumptions on the mixing of
plasmacurrent and beam particleswill betested herein predictive simulations of neutron emission.
First, the simulations of neutron emission have been performed taking into account the sawtooth



mixing of all plasma species and assuming the full reconnection of magnetic field lineswithq=1
inside the inversion radius after the crash. The simulated neutron emission is compared in Fig.3
(top panel) with the measurements for 6 horizontal chords. The full reconnection model used in
TRANSP reproduces both the drop of the neutron emission in the centre and its increase on the
outer chords outside the inversion radius during the decay phase. The Fig.3 includes also the
simulations performed without the sawtooth crashes (bottom panel). The comparison between two
cases shown on the top and bottom panel s clearly shows the importance of the sawtooth mixing for
more accurate prediction of the neutron emission.

The evolution of plasma profiles during the sawtooth crash simulated with the full reconnection
model isshownin Figs.4 - 7. The central safety factor reduces from 1 to 0.9 between the sawteeth
whileit would drop to 0.5 in the simul ations performed without the sawtooth crashes (Fig.4, dotted
curve). The position of the q = 1 radius before the crash calculated in TRANSPis around 0.5. This
location of the g = 1 surface has been verified with the ECE and soft X-ray measurements and the
magnetic probe measurements showing the evolution of the n = 1, m = 1 mode. The normalised
inversion radius determined from the evolution of electron temperature profile during the crash is
around 0.35 that isin agreement with the soft X-ray data. The magnetic probes detected then =1,
m = 1 mode with the frequency 5.5 —6.0kHz. Taking into account the toroidal rotation profile from
the CX measurements the position of this mode can be estimated asr/a= 0.45—0.50 (the error bars
of CX rotation data are taken into account in this estimation). Thus, the soft X-ray and ECE data
give dightly smaller value of the inversion radius than the magnetic probe and CX measurements.
The measurements of the neutron emission displaying the inversion of the oscillations along the
chords located between r/fa= 0.23 and 0.51 (n°3 and 7) do not allow a more precise estimation of
theinversion radius.

Thetypical re-distribution of beam particles during the sawtooth crash isshownin Fig.5. Inlow
density plasmathe neutral beams easily penetrate to the plasma core and the beam particle profile
Is peaked before the crash (Fig.5, solid curve). The fraction of beam particles removed from the
centre during the crash isrelatively large in this case. These particles frozen in the corresponding
flux surfaces are rapidly shifted toward the edge during the helical flux mixing forming the profile
with an off-axis peak (Fig.5, dashed curve). There-distribution of trace tritium during the sawtooth
crash also depends on its profile inside the inversion radius. At the beginning of the puff when the
tritium density profileisstill hollow the flux reconnection providesarapid tritium penetration from
the boundary of the mixing region to the plasma centre, and the central tritium density exhibits a
step-like rise (Fig.6). However, thisrise of central tritium density may not be accompanied by the
rise of the neutron emission because of the simultaneous removal of beam particlesfrom the plasma
core (Fig.5 and Fig.6 (dashed curve)). Later, when the peaked tritium density profileisformed (this
time can be roughly estimated as a time of the peak of the neutron emission) the sawtooth crashes
lead to the similar evolution of beam particles and trace tritium removing both species from the
plasma core. The oscillations of neutron emission become very strong during this phase (Fig. 3).



The evolution of tritium density profile caused by the sawtooth crash occurring during therise and
decay phases of neutron emission is shownin Fig.7.

The comparison of the fractions of beam particles and trace tritium involved in the reconnection
process (Figs.5 and 7) shows that the beam mixing possibly provides the main contribution to the
oscillations of neutron emission. The effect of the beam mixing can beillustrated by comparing the
simulations of the neutron emission performed with and without the beam particle re-distribution
during the sawtooth crash while keeping the same mixing of other plasma species and current
density. These simulations are shown in Figure 8 for the central horizontal chord and chord n°7
located outside the inversion radius. The reference case with the beam mixing is also given in this
figure by dashed curves. In the simul ations performed without beam particle mixing the fast rise of
the central neutron emission occurs at 22.65s. This rise is caused by the rapid sawtooth-driven
influx of tritium which isnot compensated by the outward beam flux. The absence of beam outflux
leads also to the underestimation of the neutron emission outside the inversion radius after this
sawtooth crash (chord n° 7, bottom panel). The subsequent central oscillations of the neutron emission
have smaller amplitude and all oscillations observed along the other chords are not reproduced at
all without the beam particle mixing.

Another effect tested here isthe current profile evolution during the sawtooth crash. This effect
isstudied by performing the s mulationswithout current mixing and with apartial mixing maintaining
0o < 1 after the crash. The g-profile obtained in simulations with the TRANSP mode! of partial
mixing (Fig.9) displaysaregion with g = 1 after the crash that is close to the profile shape obtained
with theoretical incomplete reconnection model [14]. However, two other issues must be taken into
account for a proper comparison between the sawtooth model implemented in TRANSP and the
model following from the incomplete reconnection [14]. First, the narrow region betweentheq=1
surface before reconnection and mixing radius is described differently in TRANSP and in the
incomplete reconnection model. In the theoretical model [14] the mixing radius is obtained by
extending the region with g = 1 and zero magnetic shear to provide the helical flux conservation
while in TRANSP the region with g = 1 (with small, but non-zero shear) is extended in case of
partial reconnection. Asaresult, the mixing radius obtained in TRANSP with the full reconnection
model is smaller than the radius obtained with partial reconnection while the opposite effect is
expected from thetheoretical analysis[I4]. Theinversionradiusisalsolarger in TRANSPsimulations
with partial reconnection. The second issue is the transport of energy and particles in the case of
incompl ete reconnection. On one hand, the rapid return of the hot core region to the centre could
reduce the removed energy and particle fraction. But on the other hand, the energy and particle
losses can be increased due to the stochastic magnetic field accompanying the incomplete
reconnection. In the simulations of the neutron emission presented here the particle losses are
assumed to be the same during the full and partial reconnection, i.e. the partial reconnection aso
produces a strongly off-axis beam particle profile similar to one shownin Fig.5. In such asituation,
even asmall increase of inversion and mixing radii will produce an important increase of removed



beam fraction and therefore, the neutron emission outside theinversion radius. The neutron emission
simulated by using the partial mixing and without the current mixing (the g-profile corresponding
tothiscaseisshownin Figs. 4 and 9 by dotted curve) isshownin Fig.10 for the central and off-axis
chords together with the measurements. The off-axis chord chosen in Fig.10 is located near the
mixing radius in the case of full reconnection and the neutron emission along this chord should be
sensitiveto the dight increase of the mixing radius. Indeed, strong oscillations of the neutron emission
are obtained on this chord in the simulations performed without current mixing and with partial
mixing. However, the neutron emission measured along the chord n° 8 does not display clear sawtooth
oscillations and such oscillations are very weak in the simulations with full mixing (Fig.3 (top)).
Thus, the simulations of the neutron emission with the inversion radius and mixed particle fraction
estimated with the full reconnection model provide better agreement with the datathan the TRANSP
model of partial reconnection. The comparison between the full and incomplete reconnection asit
is described by theoretical model [14] is still an open issue because the knowledge of particle
transport during the incomplete reconnection is needed in addition to the g-profile evolution for
proper test of thismodel.

Another peculiarity of the sawtooth activity isthe poloidal asymmetry of the core neutron emission
observed after the crash. The Figure 11 shows the neutron emission profilesin the mid-plane as a
function of major radius obtained by using the tomographic reconstruction of the neutron
measurements performed along the 19 chords. The profiles before the crash are asymmetric and
broad at the low field side. The larger neutron emission at the low field side is observed in the
region with larger population of trapped deuterium particles and it may be caused by their reaction
with tritium. Similar effect — a poloidally asymmetric neutron emission reproducing the banana-
like contours in poloidal plane at the beginning of tritium puff has been reported previously [19,
30]. The profile of neutron emission after crash is aso broad and asymmetric outside the mid-
radius, but in addition, the sawtooth collapse produces the asymmetry in the coreregion eveninthe
case of initially symmetric core profile (Fig.11, dashed curves). The TRANSP sawtooth model
producing asymmetric mixing of particlesand energy isnot able to reproduce such asymmetry that
explains a less accurate prediction of the neutron emission along the in-out core vertical chords.
Possible reasons for such an asymmetry (stronger particle losses at the low field side, position of
theisland, etc.) need further investigation.

4. SAWTOOTH-INDUCED PARTICLE MIXING AT HIGH DENSITY

In contrast to low density plasmas, the oscillations of the neutron emission are not observed at high
density even when the ECE oscillations are equally strong (Fig.1(b)). Asshown above, the amplitude
of the neutron emission oscillationsis determined by mixed particlefractionin addition to temperature
oscillations, which are fixed by measurements. The mixed trace tritium and deuterium fraction
may be different at high and low density depending on the plasma profiles before the crash. The
previousanalysisof tracetritium transport showed that the transport coefficients exhibit aninverse



correlation with plasma density leading to peaked (flat) tritium density profile at low (high)
density [19, 29]. In addition, the penetration of neutral beams to the plasma centreislow at high
density leading to flat or slightly off-axis beam profile.

The effect of sawtooth crashesin high density plasmais studied in TRANSP simulations with
various assumptions on sawtooth mixing similar to the low density case. The simulations of the
neutron emission with the full reconnection model have been compared with the simulations
performed without the sawtooth mixing, with partial reconnection and with the mixing of main
plasma species and trace tritium only. In these simulations the el ectron temperature measured by
the Thomson scattering diagnostics is used because the ECE measurements are available in the
narrow core region only (R = 2.5 — 2.95m). The evolution of electron temperature during the
sawtooth crash is simulated with the full reconnection model. It should be mentioned also that
the electron temperature profile in the core measured with the Thomson scattering diagnosticsis
in agreement with the ECE measurements.

The simulations of the neutron emission performed with the full reconnection model are
compared with the neutron measurements along the 9 horizontal chords in Fig.12. As one can
see, both measured and calculated neutron emission does not display the sawtooth oscillations.
In this case, the simulations performed under different assumptions on current and particle mixing
show asimilar evolution of the neutron emission although the g-profiles obtai ned with and without
the current mixing are strongly different. The inversion radius estimated with full reconnection
model issmaller at high density, r;, /a~ 0.3, its reduction with density is confirmed also by the
ECE and soft X-ray measurements. In contrast to the low density plasma, the neutron emissionis
insensitive to the beam particle mixing because the beam deuterium profile is flat before the
sawtooth crash (Fig.13). The trace tritium penetrates rapidly in the core due to sawtooth crash
during the rise phase and its profile changes (Fig.14) similar to the low density case. However,
the contribution of the small core region where the tritium density profile is affected by
reconnection to the central line integrated neutron emission is not important in aplasmawith flat
T;, beam density and neutron emission profiles. Therefore, the oscillations in this region cannot
be resolved by using the chord measurements. This also makes difficult to study the sawtooth
characteristics at high density.

SUMMARY

The evolution of beam particles and trace tritium during the sawtooth crash in pulses with the
NBI heating has been studied numerically using the TRANSP code with the Kadomtsev
reconnection model. It was shown that the proper estimation of mixed fraction of these speciesis
important for an accurate prediction of the measured neutron emission oscillations. The fraction
of re-distributed species depends on their profiles before the crash. The species with peaked
profile are removed from the core due to sawtooth collapse while the species with a hollow
profile penetrate towards the core. The amplitude of the oscillations of the neutron emission is



determined by the direction and magnitude of the sawtooth-induced beam deuterium and trace
tritium fluxes. The removal of both species from the core enhances the neutron emission
oscillations while the inward trace tritium flux caused by the sawtooth collapse in combination
with the outward deuterium flux is able to cancel these oscillations.

Thisdynamics of beam and trace particles during the sawtooth crash can explain the peculiarities
in the evolution of neutron emission in plasma with different density. In low density plasmathe
radial profile of the beam deuterium is strongly peaked and a relatively large amount of this
species is removed from the core during the crash. The beam particles produce a dominant
contribution to the neutron emission oscillations although the trace tritium is able to compensate
the outcoming beam particle flux when the tritium profileis hollow. During the decay phase both
species are removed from the core amplifying the neutron emission oscillations. In high density
plasmas, where the beam density profile isflat, the core neutron emission should be determined
mainly by the trace tritium mixing when the tritium profile is hollow. However, the increase of
the neutron emission during the sawtooth crash in small core region can not be resolved by the
line-integrated measurements in plasma with flat radial profiles. During the decay phase the
tritium density profile becomes nearly flat and its modification by the sawtooth collapse issmall.
That is why the neutron emission oscillations are not observed in high density plasmas during
the sawtooth crashes.

The sawtooth oscillations observed at low density can be used for the test of the models
describing the magnetic reconnection process (for examplefull versusincomplete reconnection).
The characteristic time of sawtooth collapse indicates that the reconnection occurs in a faster
time scale than it is assumed in the full reconnection model [13] that was also observed in other
tokamaks. On the other hand, the Kadomtsev model of full reconnection estimates relatively
well the fraction of mixed particles matching the neutron emission oscillations. The simulations
of the neutron emission are sensitive to this fraction — the small increase of inversion radius (as
one obtained with the partial reconnection model in TRANSP) affects strongly the amplitude of
the neutron emission oscillations. Sincetheinversion radiusis different with full and incomplete
reconnectionitslower valuein thelatter case would |ead to under-predicted oscillations of neutron
emission unlessthe particlelosseswill be artificially enhanced. Thus, it isthe energy and particle
transport in reconnection region, rather than the g-profileitself isan important parameter for the
neutron emission oscillations, and this parameter (if known from the theoretical models) could
hel p to distinguish between the full and incompl ete reconnection if the measurements of g-profile
with high spatial resolution is not available.
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Tablel:
Parameters of NBI heated ELMy H-mode pulses with sawtooth activity.

PuseNo: | B,T ljoMA  Pyg.MW  Central linedensity, 10" m™>
61132 1.9 2.35 2.3 2.4
61119 2.25 25 14.7 10
Tablell:

Characteristic times estimated at the radius with g = 1 before the sawtooth crash for pulses given in Table .

61132 61119
Alfventime, T, 0.81us 1.34us
Resistive diffusion time, 15 10.97s 13.82s
Energy confinement time, ¢ 0.47s 0.45s
Electron collision time, T, 0.095us 0.032us
Sawtooth reconnection time, T, 0.5-0.8us 0.8-1.0us
Sawtooth period, T, 0.25-0.27s 0.30-0.31s
4 Pulse No: 61132 35 Pulse No: 61119
Te, keV ‘ @ . Y
T ' 2.5
2.0~
2

Rpt/5.€15, n/s

1 Rp/1.e16,n/s 1.0
g 0.5~ 2
0 \ ! ! NE o’ ! ! 3
23 24 25 26 19 20 21 22
Time (s) Time (s)

Figure 1: Electron temperature measured by ECE diagnosticsin plasma core and DT neutron yield at low (Pulse No:
61132, top) and high (Pulse No: 61119, bottom) density.
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Figure 2: Lines of sight of the neutron profile monitor.
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Figure 3: Smulations of the DT neutron emission along the 6 horizontal chordsin low density discharge (Pulse No:
61132) obtained with (top) and without (bottom) sawtooth model (bold curves) and comparison with the measurements
(dashed curves).
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Figure 4: The g-profile before (solid curve) and after
(dashed curve) the sawtooth crash obtained in the
simulations shown on the top panel of Fig. 3 (Pulse No:
61132). Dotted curve shows the g-profile in the absence
of sawtooth mixing.
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Figure5: Evolution of beam deuterium profile during the
sawtooth crash at 22.65s (Pulse No: 61132). Solid and
dashed curves show the profile before and after crash
correspondingly.

Pulse No: 61132

23.05s

Tritium density, cm=-3(1012)

© JG05.140-7¢

\
0.6

\
0.4
D, 05, normalised

0 0.2 0.8

=

Figure 6: Smulated evolution of central trace tritium
density (solid curve) and beam deuteriumdensity (dashed
curve) in Pulse No: 61132.

Figure 7: Evolution of tritium density profile during the
sawtooth crash occurring during rise (22.65s) and decay
(23.05s) phases. Solid and dashed curves show the profiles
before and after crash correspondingly.
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Figure 8: Effect of beam particle mixing in Pulse No: 61132: TRANSP simulations of neutron emission integrated
along the central (top) and off-axis chord n°7 (bottom). The simulations performed with the sawtooth mixing of all
species are shown by dashed curves, the simulations performed without the beam mixing are shown by bold solid
curves. The dotted curves show the measured neutron emission.
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Figure 9: Safety factor profile before (solid curve) and after (dashed curve) the sawtooth crash obtained with partial
reconnection (Pulse No: 61132). Dotted curve showsthe gprofilein the absence of sawtooth mixing (the same asin Fig. 3).
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Figure 10: Effect of current mixing in Pulse No: 61132: simulations of neutron emission measured along the central
horizontal chord (top) and chord n°8 (bottom). The simulations performed with partial mixing are shown by bold
solid curves. The simulations performed without current mixing are shown by dashed curves. The dotted curves show
the measured neutron emission.
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Figure 11: The evolution of the profile of neutron emission along the mid-plane during two sawtooth crashes. These
profiles are obtained by using the tomographic reconstruction based on the measurements along the 19 chords. Solid
curves show the profiles before the crash, dashed curves show the profiles after the crash. The data are averaged over
50ms around the time indicated on this Figure.
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Figure 12: Smulated DT neutron emission along the
horizontal chordsn® 1 - 9 obtained with full reconnection
model (solid curves) and measured neutron emission
(dashed curves) for high density Pulse No: 61119.

Figure 13: Evolution of beam deuterium during the
sawtooth crash occurring at 19.44s (Pulse No: 61119).
Solid and dashed curves show the profile before and after
crash correspondingly.
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Figure 14: Evolution of central tritium density in simulations with (solid curve) and without (dashed curve) sawteeth
(top) and the evolution of tritium density profile during the sawtooth crash occurring during the rise phase (bottom).
Solid and dotted curves on bottom panel show the profile before and after the crash correspondingly.
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