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Abstract

Magnetic reconnection occurred during merging-compression plasma start-up in the
Mega Amp Spherical Tokamak (MAST), resulting in the prompt acceleration of sub-
stantial numbers of ions and electrons to highly suprathermal energies. Accelerated
field-aligned ions (deuterons and protons) were detected using a neutral particle anal-
yser at energies up to about 20keV during merging in early MAST pulses, while non-
thermal electrons have been ,detected indirectly in more recent pulses through mi-
crowave bursts. However no increase in soft X-ray emission was observed until later in
the merging phase, by which time streng electron heating had been detected through
Thomson scattering measurements. A test-particle code CUEBIT is used to model ion
acceleration in the presenge'of an inductive toroidal electric field with a prescribed
spatial profile and temporal €volution based on Hall-MHD simulations of the merging
process. The simulations yieldsparticle distributions with properties similar to those
observed experimentally,including strong field alignment of the fast ions and the ac-
celeration of protoms to,higher energies than deuterons. Particle-in-cell modelling of
a plasma containing a dilute field-aligned suprathermal electron component suggests
that at least some of themicrowave bursts can be attributed to the anomalous Doppler
instability driven by anisetropic fast electrons, which do not produce measurable en-
hancements in/soft X-ray/emission either because they are insufficiently energetic or
because the nonthermal bremsstrahlung emissivity during this phase of the pulse is
below the detection threshold. There is no evidence of runaway electron acceleration
during.merging, possibly due to the presence of three-dimensional field perturbations.

1 Imtroduction

Toroidal plasmas in the Mega Amp Spherical Tokamak (MAST) were routinely started
by forcing two separate plasma tori to merge in the vessel midplane, causing magnetic
reconnection to occur [1]. MAST was equipped with a wide range of excellent diag-
nostics, and therefore this start-up scheme provided a valuable opportunity to study
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experimentally the physics of magnetic reconnection in the high energy density. con-
ditions of a tokamak plasma, but without some of the complications of other types
of tokamak reconnection events, such as sawteeth. In particular, to a good approxi-
mation, reconnection during merging in MAST can be regarded as anjaxisymmetric
(two-dimensional) process, greatly facilitating both the interpretation of experimental
data and the modelling of these data. Tanabe and co-workers [1] have used Thomson
scattering and carbon line radiation measurements to produce two-dimensional maps of
electron and ion heating during merging, demonstrating that eleetrons were heated ini-
tially at the merging point of the two original tori, while ion heating was attributed to
viscous dissipation of outflows arising from the reconnectiontprocess. Later, electrons
were heated in the outflow regions and ions at the merging pointy.due to electron-ion
collisional equilibration. Higher electron and ion temperatures were recorded at the
merging point when the toroidal component of the magnétic field was increased, as ex-
pected from Braginskii-type scaling of cross-field collisional transport [2]. Axisymmet-
ric magnetohydrodynamic (MHD) and Hall-MHD modelling of merging-reconnection
in MAST has produced results that are broadly ¢onsistent with experimental measure-
ments, and provided useful information @n the likely evolution of the magnetic field
during this process [3].

In this paper we focus on another common eonsequence of magnetic reconnection
in weakly collisional plasmas, the generation of suprathermal particles. This study is
motivated in part by the fact that pasticle acceleration has previously been found to
be correlated with other types of reconneetion events in MAST [4]. The production of
energetic particles in tokamaksplasmas through processes other than fusion reactions,
neutral beam injection or radio-frequency heating is generally considered to be undesir-
able, since the presence of these partieles is liable to cause non-classical losses of energy
from the plasma or damage to plasma-facing solid surfaces, and for this reason it is
important to understand their origin. A second motivation arises from the fact that
the dimensionless parameters of plasmas during merging in MAST are similar to those
in the flaring solar coréna [5;%6], where it is well-established that reconnection causes
the production of large numbers of nonthermal electrons and ions, detected primarily
via hard X-ray and ~-ray emission [7, 8, 9]. On this basis it is reasonable to suppose
that useful insights.into the physics of particle acceleration in flares might be gained
by studying this process’in MAST, where measurements can be carried out in close
proximity to /the plasma rather than at a distance of 150 million km.

Experimental studies of reconnection have been carried out in several laboratory de-
vices, fogussed largely on the reconfiguration of the magnetic field, bulk plasma flows
and plasma heating. It appears that there have been few investigations of particle
acceleration’in these devices. In one such study, anisotropic suprathermal electron
tails were detected in the vicinity of a neutral sheet formed in a collisionless linear
plasma,[10], and bulk ion acceleration to trans-Alfvénic velocities has been observed in
merging spheromak experiments [11, 12]. In the present paper we report experimen-
tal measurements showing the simultaneous acceleration of electrons and ions during
reconnection in spherical tokamak plasmas. The magnetic fields in these plasmas are
typically much higher than those used in dedicated reconnection experiments, and the
free energy potentially available for particle energisation is correspondingly higher.
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Neutral particle analyser (NPA) measurements of fast ion production during merg-
ing in MAST were first reported in Ref [5]. In section 2 we present further, detailsiof
these NPA measurements, and also report on observations of microwave burstsswhich
provide strong evidence of nonthermal electron production during merging. Modelling
of ion acceleration, based on an analytically-prescribed time-varying magnetic flux, is
presented in section 3, while results from a particle-in-cell simulation of a plasma con-
taining anisotropic fast electrons are used in section 4 to interpret the microwave burst
measurements. Conclusions and a discussion of the possible role“of three-dimensional
effects are presented in section 5.

2 Merging-compression plasma start-up in MAST

Detailed descriptions of merging-compression plasma start=up in MAST can be found
in Refs [1, 3, 13, 14, 15, 16]. In summary, as showniin fignre 1, plasma rings with
parallel toroidal currents were formed around coilstlecated above and below the vessel
midplane, subsequently detaching and merging in the midplane due to their mutual
attraction. A change of magnetic field line topology.(i.e. reconnection) from two tori
to a single torus with nested magnetic surfaces typically occurred around 4-5 ms after
the start of the pulse. In the two subsections below we describe NPA and microwave
measurements obtained during this merging process.

ot

Thomson Scattering lasers

il

0 1 2
R(m)

Figure 1: Cartoon of merging-compression formation in MAST, with flux ropes shown
in putple, forming around the P3 poloidal field coils (left panel) and on the point of
merging (right panel). (Figure reproduced from [3]).
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2.1 Neutral particle analyser measurements of fast ions

The MAST NPA measured fluxes of deuterium and hydrogen atoms resulting from
charge exchange between plasma ions and neutrals, with 39 energy channels for each
species [17]. As shown in figure 2, the NPA line-of-sight could be changed.from pulse
to pulse such that its minimum major radius Rypa (i.e. the majoraradius at’ which
the line-of-sight was tangential to the toroidal direction) ranged from about 1.33m
for views in the clockwise direction (as seen from above) to about 0:46mdfor views in
the anti-clockwise direction; in the latter case, we assign a négative,value to Rxpa.
In normal MAST operation the plasma current was anti-clockwise while the toroidal
field was clockwise, and therefore fast ions moving in the cotcurrent direction could be
detected as neutrals by the NPA if Rypay was positive andiequal to the major radius
of the ion when it was neutralised (the ion velocity being essentially unaffected by the
charge exchange process).

S'Neutral Beam
Z._@and beam dump

Typical plasma
_dimensions

N

%

¥

S\

N

\J SW Neutral Beam
and beam dump

K
N

S
3
&

s X

LRI
RS
S

LIS
\\\é‘\é\\
N
\\X@
\\
S
&
R
S
2
%

N
»:

XX
s"\ss@‘

\\\::Q
N
S

N
N

R

"///"/’7//4'7///01/‘0/'/"4' SIS
oy, i

2t 7, i
Lt s

point

Figure 2: Layout of the MAST NPA system and neutral beams, as seen from above.
The black lines indicate the possible NPA lines-of-sight: Rnpa is the shortest distance
between one of these lines and the centre of the torus. The NPA had a single line-of-
sightgsand soronly one of the chords shown in the figure could be used in any given
pulse. Note that the neutral beams were not used during the merging-compression
phase,of MAST pulses.

Asfirst reported in Ref [5], bursts of fast deuterons and protons were recorded across
a wide range of energies by the NPA during the merging phase of MAST pulses, prior
to the start of neutral beam injection. The dominant ion species in these plasmas was
deuterium, but some hydrogen was also present, together with heavier impurity species.
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Figure 3 shows particle energy spectra obtained in a pulse with Rypa set to its'default
value of 0.7m. These were obtained by integrating the NPA fluxes over a period from
3-9ms into the pulse, covering the entire merging phase. The energy-dependence.of the
charge exchange cross-section was taken into account, and therefore the spectra provide
a true measure of the ion energy distributions (rather than the distributionsief charge-
exchanged neutrals). Thus, a Maxwellian ion distribution would appear as a straight
line in a log-linear plot of the type shown in figure 3. In common with'the spectra shown
in Ref [5], it can be seen that protons were recorded at somewhat greater maximum
energies (~ 18keV) than deuterons (~ 13keV). Counts were recordéd in higher energy
channels of the NPA for both species, but at rates that were go.low that they could not
be distinguished clearly from expected noise levels for this diagnestic. There was also
a deficit of protons in the lowest energy channel for this species, 5.2keV. The apparent
absence of protons at energies below 5.2keV is an artefact,arising from the low-energy
cutoff for ions of this species in the NPA. The low-engrgy cutoff for the deuterium NPA
channels, on the other hand, was about 2.6 keV in this pulse. The minimum energy in
figure 3 coincides with low-energy deuterium cuteff, and so’every point in the red curve
provides a reliable measurement of the detiterium ion distribution at that energy.

It is important to note that the fall-off in the deutérium spectrum at energies above
4keV cannot be attributed to the finite temperature.of the bulk deuterium population.
Thomson scattering measurements shew that the electron temperature 7T, at the end of
the merging phase in this pulse peakediat less than 200 eV, and direct measurements of
ion temperature during the merging phases of more recent MAST pulses have yielded
similar values [1]. In contrasty the deuterium spectrum in the energy range from 4-
13keV in figure 3 corresponds to an equivalent temperature of about 2.9 keV, which is
considerably higher than the peak bulkdon temperatures measured during the flat-top
phase of MAST plasmas with strong neutral beam heating (see e.g. figure 4 in [18]).
It is thus clear that both the deuterium and hydrogen spectra shown in figure 3 were
produced predominantly hy/suprathermal ions. However, fitting a straight line to the
two lowest energy deuterium points in this figure, we obtain a temperature of about
200eV, which is a realistie value for the bulk ion population during this phase of a
MAST pulse.

In the case of/the spectra shown in figure 3 Rypa was comparable to major radii
at which strong, localised electron heating was observed during merging [1], and it is
reasonable to'identify thesesdocations with current sheets formed by the merging plasma
rings, since strong Qhmic heating of the electrons is expected to occur there [3]. The
magneti¢ field in MAST, as in all tokamaks, was predominantly toroidal. Thus, if we
make thereasonable assumption that the fast ions recorded by the NPA during merging
reconmection originated from the current sheet region, where large parallel electric fields
would be expected to occur, it follows that Rxpa can be regarded as a proxy for the
fast ion pitch angle, with Rxpa = 0.7m corresponding to pitch angles close to zero,
Ryxpa = 0m to pitch angles close to 90°, and Ryxpa < 0 to pitch angles greater than
90°."By comparing NPA measurements in similar shots with different Rypa it is thus
possible to obtain information on the fast ion pitch angle distributions. Figure 4 shows
the temporal evolution of the NPA flux in one particular hydogen channel (16keV)
for shots with Rxpa = 0.7m (black curve, pulse 9153) and —0.46 m (red curve, pulse
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Figure 3: Deuterium (red) and hydrogen (blue) energy spectra recorded by the MAST
NPA during the merging phase of pulse 9153.

9161). The peak flux is much higher in,the former case than the latter, suggesting that
the fast ion distribution is strongly aligned with the magnetic field. Particle fluxes in
this channel similar to those of pulse 9161 were recorded in pulses with Rypa = Om
and 0.46 m, while no neutrals were.detected during the merging phases of pulses with
Rxpa = 1.23m and 1.33 m. These null xésults clearly indicate that none of the fast ions
were located at major radii lying far/outboard of the merging point. Similar results
were obtained for other hydrogen channels of the NPA, and for deuterium channels.

The effective temperaturés of the bulk deuterons (7; = 200eV) and fast deuterons
(Ty = 2.9keV) inferredfrom figure 3 can be combined with the absolute neutral particle
fluxes to yield a rough estimate of the accelerated ion fraction nys/n;. Neglecting the
anisotropy of the fast ions, and assuming that they have energies restricted to the range
FE, =4keV to Ey = 13keV, it is straightforward to show that

n 3/2
v .\%? (?) T(3/2,21) — T(3/2,22)], (1)
where o0
(3/2,7) = / yY2eVdy, (2)

is an incomplete gamma function, v, = (E,/Ty)Y2, 2o = (Ey/T;)'/?, and F;, F; are the
absolutevalues of the bulk and fast deuterium distributions extrapolated to zero energy.
Evaluating the expression on the right hand side of equation (1) using the numerical
values given above combined with estimates of F; and F) inferred from figure 3, we
obtain ny/n; ~ 107*, indicating that fast deuterons constituted only a small fraction
ofthe total deuterium population in this pulse. We have only limited information on
the anisotropy of the fast ion population (cf. figure 4), but this information suggests

6
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32

33

34 that equation (1) slightly overestimates the/accelerated ion fraction in the case of the
gg spectra shown in fiigure 2, since-Rypa in this pulse was close to the optimal value for
37 detecting zero pitch angle fastions in the vicinity of the merging point. A somewhat
38 higher accelerated ion fraction, of the order of 1%, was found for a different MAST
39 pulse in Ref [5]. It should/be noted that all such estimates are very approximate, but
3? it is clear in all of the pulses/studies that the accelerated ion fraction was much smaller
42 than unity.

43

jg 2.2 Microwave bursts

jg In the most recent MAST campaigns a microwave diagnostic known as SAMI (Synthetic
48 Aperture Migrowave\lmaging) [19] was used to detect emission in the electron cyclotron
49 frequency range (10— 35 GHz). SAMI detects emission in fifteen different frequency
50 channels/sequentially, with 8 us of data acquisition per channel and a total sweep time
g; over all ¢hannels of 150 us. Short-lived bursts of emission were detected using this
53 instrument in many pulses during the merging phase, most frequently at about the
54 same time jin each pulse (¢ ~ 4 — 5ms) as fast ions were observed using the NPA in
55 early'AST campaigns: an example is shown in figure 5. In this case the microwave
gg intensity at the peak emission frequency, averaged over the 150 us sweep time, was
58 about 14 dB above the background (thermal) level, but instantaneous intensities of up
59 to about 30dB above the background were recorded in one of the SAMI channels. As
60 shown in figure 5, the bursts are narrow-band, in this case peaking at a frequency of

around 28 GHz. In this particular burst supra-thermal emission occurred in only three
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duration could have been as short as 27 us. Thomson scattering measur
pulse show that the electron temperature profile immediately after the
peaked at a major radius R of about 0.5m. At this location the toroidal
was about 0.82 T, so that the local electron cyclotron frequency v.. was a
The electron density at R = 0.5m just before the burst was abo D
corresponding to an upper hybrid frequency vyy = (V2 + Vge)l/ 2 ~27 GHz (v being
the electron plasma frequency), which is close to the burst freq y.

Averaged Power [dB]
(Relative to channel average)

"0 2 4 6 8 10 12 14
Time [ms]
Figure 5: Dynamic spectrum ve emission recorded using SAMI during the
first 15 ms of MAST pulse 281
A range of microwave st frequencies is observed in different pulses. Figure 6

at least 15dB above oise. The most common burst frequency is 24.5 GHz, but
istribution extends across almost the entire SAMI range (10-
11 had similar toroidal field values, and hence similar values

shows the frequency distri of bursts with microwave intensity enhancements of

34.5 GHz). Thes
of v, at a given

mm Plasma Currént > 0.1MA, (39 peaks))|

Number of bursts

11.0 12.0 13.0 14.0 15.0 16.0 17.0 18.0 205 225 245 265 285 305 345
v (GHz)

igure 6: Frequency distribution of microwave bursts with intensity enhancements of
least 15 dB above the noise level. Note that the frequency scale is not exactly linear.
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The high intensities and narrow bandwidths of these bursts strongly suggest the
presence of suprathermal electrons in the plasma during the initial stages of the merging
phase, but no clear evidence has yet been found for such electrons in either softs X-ray
or Thomson scattering data. The soft X-ray cameras in MAST could detect photons
with energies in the approximate range 1 — 30keV, which means that ‘electrons with
energies above about 1keV could in principle have been detected via bremsstrahlung,
since for this process the energy of the emitted photon can be as high as that of the
electron producing it. Enhancements in soft X-ray emission from about ¢ ~ 8ms
onwards have been detected during some pulses in channels with lines-of-sight passing
close to the plasma centre, but it is clear that these occurred due to0 bulk electron
heating rather than electron acceleration, since strong electron heating at the merging
point was observed in Thomson scattering profiles. With this peint in mind, we will
consider a possible interpretation of the microwave bussts.in section 4.

3 Modelling of ion acceleration

3.1 Electric and magnetic fields

It was not possible to measure directly the electrié’or reconnecting magnetic fields in
MAST during merging plasma start=ups=sHowever, as noted in section 1, a series of
fluid simulations of this process, employing both- MHD and Hall-MHD models [3], have
provided useful insights into the likely evolution of the fields. All of these simulations
were toroidally symmetric. In‘the more realistic Hall-MHD simulations, it was found
that parallel electric fields of up tosabout 10kVm™!, persisting for about 1 us, were
produced at the point where the plasma rings merged. In some of these simulations,
magnetic islands were observed tosform in the vicinity of the merging point (see figure
7 of Ref [3]).

In order to model partiele acgeleration resulting from this reconnection process, it
is convenient to construct an analytical representation of the poloidal flux ¢, defined
here such that the peloidalmagnetic field By is equal to Vi x Vi, ¢ being toroidal
angle in right-handed (Ryy, Z) cylindical coordinates. The key feature of reconnection
which needs to be encapsulated here is the generation of an inductive electric field from
the annihilatiomof magnetic flux in the region where the plasma rings merge. A simple
way of doing/this is to use a time-dependent flux of the form

(R— Ry)?* 22
SR2 072’ (3)

where@, 7,/ Ry, 0 R and 6 Z are constants whose values fix the magnitude, duration and
spatial localisation of the reconnection-induced electric field and the associated poloidal
magneticfield. At any given time, 1) is thus assumed to have elliptical contours in the
(R, Z) plane, which are suggested by the magnetic islands observed in the Hall-MHD
simulations of Stanier and co-workers [3].

The electric field corresponding to the above expression for v is given by
1 0y 2t ey (R—Ry)* 272

exp |—

__ 1oy 2t . 4
¢~ TRot R SR? 522 (4)

77Z}(R7 Zv t) - ¢06_t2/7—2 exXp | —
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The time dependence in this expression provides an approximation to that of the
toroidal electric field at the merging point found by Stanier and co-workers (see figure
8 in [3]). Our particle simulations start at ¢ = 0, at which time E, = 0, and itis thus
appropriate to initialise the deuterons or protons with a Maxwellian (i.e. unaccelerated)
distribution.

The poloidal magnetic field has components

_ 1w 2z
R™"ROoZ ROz

()

_ 2 ZQ
77Z)06_t2/7—2 exp [_ (R RO) ] :

SR2 | _oZ2

and

27 ROR _  ROR? OR2 672 (6)

We also need to take into account the toroidal field, which is medelled using the vacuum
expression B, = ByRy/R (where By is a constant), and,is assumed to be unaffected
by the reconnection process.

It should be noted that the global poloidal field in the final, relaxed state of the
plasma is not represented in this model. The fast ioniorbits will of course be affected
by this poloidal field, but it is not relevant, to the acceleration process, which is the
focus of our attention here. Once an ion has\stopped accelerating, either because F,
has dropped to a negligible level or because the.ion has moved outside the acceleration
region (due to grad-B, curvature or E X'B drifts), we no longer need to track its orbit
accurately. The characteristigitimescale of particle motion in the global poloidal field
is the trapped particle bounce time 7,, which in the large aspect ratio limit is given by
the expression [20]

10y B 2(R - RO)’Q/)Ue_tQ/TZ exp [_ (R — R0)2 Y 72 ‘| |

(7)

where ¢ ~ 1 is the number of toroidal circuits made by a field line in one poloidal
circuit, v, is particle 'speed perpendicular to B, and r is minor radial distance of the
particle from the magnetiéraxis. Taking v, to be the full particle speed and setting
g=1, R=0.8m, r = 038m (a mid-radius value for MAST), (7) yields a bounce time
of about 12 us for 10 keV deuterons and about 7 us for 15keV protons (cf. maximum
energies in figure,3). The acceleration timescale (~ 1 us) is significantly shorter than
these bounce times, indicating that it is sufficient for our purposes to consider the fields
associated withythereconnection process together with the toroidal magnetic field. It
should be noted that in any case the acceleration region lies close to the final location
of the plasma magnetic axis, where, by definition, the poloidal field vanishes.

To
T

- 2mqR (2R> 1/2

V1

3.2, Test-particle simulations

‘Lhe acceleration of test deuterons and protons was modelled using a full orbit-following
code CUEBIT [21] for 20 us from ¢t = 0 (when E, = 0) in the fields described above,
with 7 = 1.5 us and three different pairs of values of 6 R and §Z: (a) 0.1 m and 0.02 m;
(b) 0.05m and 0.01m; (c¢) 0.025m and 0.005m. The implicit integration scheme used
in CUEBIT guaranteed that energy changes could only occur through the action of E,

10
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rather than numerical effects. The parameter 1)y was chosen such that the maximum
value of E, was 13kVm™!, slightly higher than the maximum electric field observed
in the simulations of Stanier and co-workers [3]. The chosen values of JR and 07
are broadly consistent with the dimensions of the current sheets observed in these
simulations and of the regions of strong electron heating measured experimentally by
Tanabe and co-workers [1]. However it is appropriate to consider fa range of values
of these length scales since the detailed structure of the current sheet in the fluid
simulations (although not the maximum electric field) was fountd to depend on the
assumed value of a hyper-resistivity used in the generalized Qhm’s law (see figure
7 in Ref [3]). In each simulation the orbits of 200,000 patticles-were tracked, and
subsequently binned in energy to generate plots that could be compared directly with
NPA energy spectra such as those shown in figure 3. We neglect collisional effects,
for reasons that are discussed in the appendix. In allfeases the deuterons or protons
were initialised with an isotropic Maxwellian velocity distribution at a temperature
of 10eV, which is a typical figure for plasmas in MAST, prior to merging [1]. In all
cases the particles were launched with a uniform Spatial distribution within a rectangle
in the poloidal (R, Z) plane with radial @xtent equal to 1.0m, vertical extent equal
to 0.1 m, and centred on the merging point, which was assumed to lie at R = 0.8 m,
Z = 0.0m. Since the fields are all taken to be axisymmetric, the orbits are not affected
by the choice of initial toroidal angle.. In the version of CUEBIT used in this study,
time-dependent fields are evaluated imspace at the midpoint between the old and new
particle positions, and at the new time.“We tested this scheme for convergence by
halving the timestep used in éne of the simulations discussed below, from a twentieth
to a fortieth of an ion cyclotron period, and found that this made a negligible difference
to the results: the distribution functiensalues differed by no more than about one part
in 10% across the full range of paxticle/energies.

Figure 7 shows the deutérium and hydrogen spectra obtained using the parameters
listed above. In all threecases it can be seen that protons are accelerated to higher
maximum energies than deuteérons, consistent with the experimentally-measured spec-
tra shown in figure 3. However only in cases (a) and (b) are the maximum energies
close to the measured values; in case (c), with the smallest current sheet, the maximum
energies are clearly lower than the measured values. In the other two cases there is no
difference in the.maximum simulated particle energies, but case (b) seems to capture
more of the features)of thesNPA deuterium data in that the spectrum for this species
is less flat at low enérgy than in case (a), although it is still flatter than the measured
spectrumt. Tt is interesting to note that there is a break in the deuterium spectrum at
about 10keV in both the measurements and the synthetic spectra for cases (a) and
(b). /We conelude that the current sheet parameters that reproduce most accurately
the measured spectra are 0 R = 0.05m, 0Z = 0.01 m.

Examination of individual particle orbits suggests that ions are accelerated to lower
maximum energies in the case of the smallest assumed current sheet (6R = 0.025m,
0Z =0.005m) mainly because the magnetic field in the region of high E,, is then mainly
poloidal (since Bg and By scale inversely with §Z% and § R?, respectively). This means
that the parallel component of the electric field is significantly smaller than E,, and
hence less effective at accelerating particles to high energies.
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We can also infer fast ion pitch angle distributions from the CUEBIT simulations.
Figure 8 shows the computed energy distributions of deuterons with v, /v in.the range
0.97-1.00 (green curve) and in the range 0.94-0.97 (blue curve) at the end_ of thesimu-
lation with R = 0.1m, 6Z = 0.02m. In the energy range used here (chosén to provide
an exact comparison to the NPA data), a negligible number of ions had vyfv < 0.94.
For case (b) in figure 7, a negligible number of deuterons with ewergies, within the
NPA range had v,/v < 0.97. For case (c), the fast deuterium distribution’was found
to be somewhat more isotropic than in the other two simulatiens, but, as discussed
above, this scenario does not account for the highest particle energies detected using
the NPA. In all three simulations, the accelerated deuteronstwere found to have pitch
distributions that were strongly peaked in the toroidal directionpparticularly at high
energy. By this stage of the simulations the poloidal field ‘assoeiated with the reconnec-
tion process had decayed to a negligible level, and soheitoroidal direction coincided
with the direction of B. Since the particles were initially isotropic in all cases, the
anisotropy evident in figure 8 is solely a consequence of the acceleration process rather
than the choice of initial conditions. As shown in seetion 2, the NPA measurements in
shots with different Ryxps imply strong field-aligned anisotropy in the fast ions during
merging, and the CUEBIT simulations are qualitatively consistent with the experimental
data in this respect. Figure 4 suggests that the truefast ion anisotropy is less extreme
than that indicated by the simulatioms; this could/be due in part to the neglect of the
global poloidal field in the simulations.

The acceleration of protons to energiesshigher than those of deuterons, as shown in
figures 3 and 7, can be understood quantitatively as follows. Neglecting the mirror force
arising from spatial variations in B, the parallel equation of motion of a singly-charged
ion of mass m; is

dv
midT” = ek (1), (8)
where e is the proton charge/and Ej(t) is the parallel component of E on the ion orbit.
When E) is given by (4) and'particle motion in the (R, Z) plane is neglected (so that R
and Z are not functions efitime along the trajectory), it is straightforward to integrate
(8). For the case of anien initially at rest and undergoing the maximum acceleration,

at R = Ry, Z = 0y we obtain
etho

m; Ry ’

?}”(t — OO) =

(9)
and hencegmeglécting any perpendicular motion (cf. figure 8), a final kinetic energy of

_ en
This expression is inversely proportional to mass, indicating the acceleration of protons
to twicethe energy of deuterons. In the simulations the maximum proton energies are
slightly less than twice the maximum deuteron energies, but the absolute values of these
paximum energies are close to those given by (10), which are 24.8 keV for protons and
12.4keV for deuterons. The assumptions used to derive (10) thus appear to be justified
for the highest energy ions, and this expression is consistent with both the simulations
and the NPA measurements.

(10)
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4 Modelling of microwave emission

Microwave bursts similar to those described in section 2 were detected during the early
stages of edge localised modes (ELMs) in MAST, and attributed to the anomalous
Doppler instability (ADI), driven by strongly field-aligned energetic electron distribu-
tions resulting from parallel electric fields [22]. However, unlike the bursts observed
during merging start-up, those correlated with ELMs were often accompanied by strong
enhancements (up to a factor of two or more) in soft X-ray emission, providing clear ev-
idence of energetic electrons with energies exceeding the soft X-raysthreshold of about
1 keV. However the non-detection of soft X-ray emission enhancements during the early
stages of merging does not necessarily preclude the presence of suprathermal electrons
at that time, for two reasons. First, the pre-merging ele¢tron temperature was about
10eV, i.e. about two orders of magnitude below the softiX-ray threshold, and therefore
a suprathermal electron population with energies in the range/10eV - 1keV could not
have been detected using the soft X-ray diagnostic. Seeond, the bulk density in the
plasma core region was generally about an order of magnitude lower during the merging
phase than in the flat-top phase, and thefemissivity of nonthermal bremsstrahlung is
proportional to the densities of both the nonthermal electrons and the bulk ions which
are decelerating them. Typically the soft X:ray signals recorded prior to the merging
phase are very noisy, and it is possible that the bremsstrahlung signature of a dilute
suprathermal electron population €ould remain within the noise, even if some of these
electrons have energies in excess of the Xsray energy threshold.

With these considerations in mind, we have used a one-dimensional particle-in-cell
(PIC) code EPOCH [23] to model an equilibrium plasma containing bulk electrons and
ions with temperature 10eV, densitys25 x 10® m™ and a dilute (1% concentration)
magnetic field-aligned electron'beam with a flat velocity distribution extending to a
maximum energy of 1.6 keV#(@ur reasons for choosing this particular value are explained
below). The magnetic field was set equal to 0.82 T, corresponding to the toroidal field
at the major radius of,peak €leetron heating during the merging phase of MAST pulse
28146 (cf. figure 5). Thefield was tilted at an angle a of 65° with respect to the single
space direction to aeeommodate waves with kj, ki # 0.

Figure 9 is a logarithmic plot of the longitudinal (i.e. parallel to the wave vector)
electric field amplitude,in‘wave number /frequency space, obtained by Fourier analysing
the simulation results corresponding to a period between 832 and 999 electron cyclotron
periods afteriyt’ = 0. Wavenumber k is normalised to wpe/v. where w = 27y, is
the angular’electron plasma frequency and v, = (27,/ me)l/ 2 is the electron thermal
speed af) the start of the simulation (m. is electron mass). The dominant feature
in thissdispersion plot is a strong mode at about 5 GHz, below the SAMI frequency
range; a somewhat weaker mode appears at a frequency of about 26 GHz, close to the
peakumicrowave burst frequency (~ 26.5 GHz) in MAST pulse 28146 (see figure 5).
While figure 9 shows the electrostatic component of the fluctuations, lower amplitude
exeitation is also visible in the electric field component perpendicular to both the wave
vector and the magnetic field, indicating that the fluctuations have an electromagnetic
component. This is important in terms of diagnostic interpretation, since, in order
to be detected by SAMI, a plasma wave mode must either have an electromagnetic
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component or acquire one through a mode conversion process.
It is instructive to compare the results shown in figure 9 with the following expression
for the frequencies of electrostatic modes in a cold magnetised plasma [24};

1 1
2 _ 19 4 2.2 2
Vip = 5Vum + 5 Vo~ 4V Ve €OS 04}

1/2

(11)

Evaluating these frequencies using the equilibrium density and magnetic field of the
EPOCH simulation, we obtain 14 ~ 5 GHz, v, ~ 26 GHz, which/match closely the fre-
quencies of the two modes apparent in figure 9. The higher of these two frequencies is
very close to the upper hybrid frequency vyyg. As in the caserof the/PIC simulations
reported in Ref [22], it appears that these normal modes are bemng/excited due to the
anisotropy in the fast electron tail via the anomalous Doppleriresonance condition

W — ]C”UH - er = O, (12)

where £ = —1, w is the angular wave frequency, () = 2xv../and k||, v denote wavenum-
ber and electron velocity components parallel to'B. At resonance we thus have

Y _ N
kH_w+Qe H.

(13)

To avoid strong Landau damping on the bulk electron population, w/kj needs to be
at least several times the electron thermal speed. This constraint, combined with
(13), means that there is a minimum suprathermal tail velocity for the anomalous
Doppler instability to be excited, which determined the choice of maximum electron
tail energy (1.6keV) in the simulation. This maximum energy is comparable to the low
energy threshold of the soft X-ray.detectors in MAST (~ 1keV), and, as we noted in
section 2, the relatively low densities of MAST plasmas during the early merging phase
means that the presence ofsuprathermal electrons with energies above this threshold
cannot in any case be ruled out. On this basis we conclude that the the anomalous
Doppler instability, excitedsby anisotropic suprathermal electrons, provides a possible
explanation of the/micrewave burst shown in figure 5.

As shown in figure 6,/ the highest intensity microwave bursts during merging in
MAST rangedsin, frequéncy from 10 GHz to 30.5 GHz (although in individual bursts
the emission was generally narrow-band, as shown in figure 5). It is not certain that
the anomalousyDoppler instability can account for the full range of measured burst
frequencies, although it should be noted that there was some variation in the major
radius (which determined v..) at which peak electron heating occurred during merging,
and the eleetron density at this location (which determined v,.) also had a range of
values. Moreover the frequencies excited by the anomalous Doppler instability also
dependron the propagation angle a of the wave with respect to B, and it is not
possible, to determine values of this parameter from the available data. While it is
unclear whether all of the microwave bursts detected during merging in MAST can be
attributed specifically to the anomalous Doppler instability, the high intensities, short
durations and narrow bandwidths of these bursts suggest strongly they were all caused
by the presence of suprathermal electrons.
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5 Conclusions and discussion

We have demonstrated that MAST neutral particle analyser (NPA) and microwave data
provide strong evidence of, respectively, ion and electron acceleration due to magnetic
reconnection associated with merging plasma start-up. Ion energy spectra from pulses
with different NPA lines-of-sight suggest that the fast ions are strongly aligned with
the magnetic field. Modelling of ion acceleration, using axisymmetric fields obtained
from an assumed time-varying poloidal flux based on Hall-MHD_ simulations of the re-
connection process, has yielded results that reproduce some of the features of the NPA
data, for example the inferred strong field alignment of the fast ion distributions and
the result that protons are accelerated to higher energies than deuterons. A particle-in-
cell (PIC) simulation of a plasma with a magnetic field-aligned suprathermal electron
population, and bulk parameters approximating those efithe merging phase in a partic-
ular MAST pulse, shows the excitation of waves via the anomalous Doppler instability
(ADI) at a frequency close to that of a high intensity mierowave burst detected during
this pulse. The ADI thus provides a credible explanation of this particular burst, al-
though the absence of simultaneous enhan¢ements in soft X-ray emission suggests that
few of the fast electrons were accelerated to energiesthigher than about 1keV.

In reality plasma merging in MAST is likely to_have been to some extent a three-
dimensional process, and so the ion modelling presented in section 3 could in principle
be made more realistic by adding ¢-dependent terms to the reconnecting flux, 1. How-
ever £, = —(1/R)0vy /0t would then alsordepend on ¢, and it would thus be necessary
to include additional components in the electric field to ensure that it remained diver-
gence free, as required by quasimeutrality. It would not therefore be straightforward
to extend the model in this way. Newertheless three-dimensional effects may need to
be considered since, in the framework of the two-dimensional model and the very large
electric fields occurring in she?Hall-MHD simulations reported in Ref [3], it is difficult
to account for the fact that there lis no evidence for electron runaway acceleration dur-
ing merging. The collision time of a bulk electron prior to merging is much shorter
than that of a bulk ion(for the parameters used in the PIC simulation it is about
0.2 us), but collisigns would not prevent runaway acceleration from occurring when
super-Dreicer ele¢tric fields are present, as suggested by the fluid simulations. Indeed
the fact that bulk eleetrons are collisional on timescales shorter than that of the rise
and decay of the electrie field suggests that they are more likely than ions to undergo
cross-field tramSport/into the current sheet, thereby providing an additional source of
electrons/Afor acceleration.

It is possible that electrons are transported away from the acceleration region too
rapidly, to undergo runaway acceleration due to three-dimensional field perturbations.
It is well-established that stochastic magnetic fields produce a cross-field particle dif-

fusivity Dgr given by [25]
B\
Dgr ~ v Lp (B) ; (14)

where Lpg is the parallel length scale of the magnetic field and §B is the typical fluc-
tuation in the field. If we assume that vertical transport due to this effect is as likely
to occur as radial transport, the confinement time 7, of particles in the acceleration
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region is then determined principally by 67, since we have taken this to be smaller
than JR:

07 2% (B
N DRR N U”LB (53) '
A particle of mass m will not undergo significant further acceleration if Tue. = muvy/eE) >
T.. Using (15), we deduce that this inequality leads to the following/expression for the

magnetic field fluctuation level required to quench the acceleration process:

6B _ (6B\ _ (67%E)\"? r

v (), ) &
where £ = mvﬁ /2 is again the particle’s parallel kinetie, energys’ For a given fluc-
tuation level, (16) implies the same maximum energy for particles of different mass.
The ions recorded in figure 3 had energies of up to about, 20 keV. With Lg ~ 27 R,
Ey =10kVm ™' and 6Z = 0.01m, it follows from (16)that particles with this energy
would typically be ejected from the reconnecting eurrent sheet before undergoing sig-
nificant further acceleration if §B/B ~ 2 x,1073 [(notethowever that the ion energies in
our particle simulations were not limitedby three-dimensional perturbations, since a
two-dimensional model was used in these simulations). It is reasonable to suppose that
field fluctuations of this magnitude could oceur during the merging process, given that
it resulted in a sudden transformationvef.the magnetic field topology of the plasma
and a very rapid increase in its thermalenergy {1]. In such a scenario electrons would
be expected to have about the same maximwn energy as ions, i.e. ~20keV. As noted
previously, there is no eviden¢efrom soft X-ray data for the presence during the early
merging phase of suprathermal-eléctrons with energies higher than about 1keV, al-
though this could be due to the nonthermal bremsstrahlung emissivity being below the
detection threshold, given the low,densities of MAST plasmas during this phase. In
any event three-dimensional field, perturbations provide a possible explanation of the
fact that runaway electron‘acceleration did not occur during merging in MAST, despite
the presence of electrie fields capable of accelerating ions to energies in the tens of keV
range.

Fast ion and electron production during merging start-up in MAST does not appear
to have had any adverse consequences for plasma performance during the flat-top phase.
The significanee of the results presented in this paper lies chiefly in the insights they
provide into the basic plasma physics of reconnection-induced particle acceleration. In
solar flares,, fastpeléctrons with energies in the tens and hundreds of keV range can
be detegted much more readily (via hard X-ray and microwave emission) than fast
ions withyenergies in the same range [7, 8]. During merging-compression in MAST,
the gituation is reversed, insofar as substantial fluxes of suprathermal ions have been
detected directly via charge-exchange with neutrals whereas we have only indirect
evidenge(in the form of microwave bursts) for the presence of suprathermal electrons.
The results from MAST thus suggest that parallel electric fields arising from magnetic
reconnection can be at least as effective in producing fast ions as fast electrons, and,
given the similarity noted previously between plasma conditions during merging in
MAST and those in the flaring solar corona, it is reasonable to conjecture that this
may also be the case in solar flares.

(15)

Te
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Appendix. Ion collisions

For the purposes of computing ion orbits in the fields deseribed in section 3 we neglect
collisions. For a bulk ion of mass m; and charge Ze eolliding with ions of the same
species with temperature T; and density n;, the collision rate is given by [2]

2120, 744 In A

= Al
1973/2 mg/sz/%% d (A.1)

Vi

where In A is the appropriate Coulombilegarithm and ¢, is the permittivity of free space.
Thomson scattering measurements at ‘the start of the merging process in MAST pulse
9153 indicate values of electron density and,temperature of around n, ~ 10 m=3
and T, ~ 30eV in the vicinity of the merging point. If we make the reasonable
assumptions that n; ~ n, and F; = T, in the highly collisional pre-merging plasma,
we infer from (A.1) an ion-ion collisiomtime of about 26 us. Since this is much longer
than the duration (~ 1 us) of large reconnection-induced parallel electric fields in the
simulations of Stanier and €o-workers [3], we are justified in neglecting ion-ion collisions
in our particle simulations.

We also need to consider the possibility that collisions of test ions with bulk electrons
could affect the acceleration process, since, in the usual case in which the ions are
moving slower than the electrons, the ion-electron collision rate v, is a constant, and
therefore the corresponding drag force increases with the test ion speed, potentially
setting a limit.te.the enérgy gain. This can be seen from the equation of motion

' = Z@EH — MyVieV)ji,y (A2)

where v|;L) _denote the components of the test ion velocity and electric field parallel
to B. Acceleration will evidently cease if v); reaches a value vpax = ZeE)/m;v;e. For
v|; less than the electron thermal speed v., we have [2]

212 n; Z%etml/2In A

, (A.3)

Vie

This expression for v, evaluated with the same bulk plasma parameters as before
(n; = 10¥Ym=3, T, = 30eV), together with £ = 10kVm ™!, implies a value of vpax
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which is much higher than v., indicating that (A.3) is not in fact applicable, and
therefore that the ion-electron collisional drag force does not in this case, limit the
energy gain. In any case 10kVm™! is much higher than the Dreicer field foritypical
densities and temperatures in MAST prior to plasma merging. It may cencluded that
the ion acceleration process can be modelled without needing to take inte account
either ion-ion or ion-electron collisions.
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Figure 7: Deuterium (red) and hydrogen (blue) energy spectra obtained using CUEBIT
with (@)@ = 0.1m, §Z = 0.02m, (b) 6R = 0.05m, §Z = 0.01m and (c) 6R = 0.025m,

04.= 0.005 m.

20

Page 20 of 22



Page 21 of 22 AUTHOR SUBMITTED MANUSCRIPT - PPCF-101688.R1

OCoONOOOPR~WN =

22 1T 17 117 17 1T 1T 17T 17T 17T 17T 7 17/ T T T 71T

N
o

[y
oo

[y
(0]

In[F(E)] (arbitrary units)

—
N

o 49 6 8 10 12 14
40 E(keV)

44 Figure 8: Energy distributions of deuterons with pitch v, /v in the range 0.97-1.0 (green
curve) and 0.94-0.97 (blue curve) in CUEBIT simulation with R = 0.1m, §Z = 0.02m.
47 The particles initially had an isotropic velocity distribution.
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Figure 9: Logarithmic plot of electrostatic field amplitude (in arbitrary units) ver-
sus dimensionless’ wave number kv, /w,. and frequency in EPOCH simulation with bulk
plasma parameters characteristic of merging plasmas in MAST and a dilute suprather-
mal electron beam:
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