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Abstract. A factor of 4 dimensionless collisionality scahHbmode plasmas in MAST shows that the thermal
energy confinement time scales Bsg, Ov.2%*°". Local heat transport is dominated by electrond &n
consistent with global scaling. Neutron rate istigood agreement witih dependence of,, . The gyrokinetic
code GYRO indicates that micro-tearing turbulenéghtnbe a possible candidate for such trend. Aofact 1.4
dimensionless safety factor scan shows that theygmenfinement time scales &, U q;?f. Scalings rely on
validation of anomalous fast ion losses.

Particle transport and fuelling is studied usinghhiield side pellet deposition into NBI heated lddn
plasmas. High spatial resolution (~1.5mm) of visilbremsstrahlung imaging of the pellet trajectagyeials
discrete structures (striations). The wavelengttihef striations is in the range of ~ 4 — 30 mmgseldo ion
Larmor radius, with possible indication of corrébat with bremsstrahlung emission amplitude. Pdletling is
favourable for H-mode access when compared to gfisig.

1. Introduction

First applications of spherical tokamaks (ST) are foreseentesse fusion volume neutron
sources. Example of such a device is the Component Test Facility based on Spikamcak t
(ST-CTF) [1] and the relevance of such source to fusion energy progravas noted in [2].
So far the extrapolations to ST-CTF were done using IPB98y2 confiriesnaling derived
from conventional tokamaks [3]. This scaling is however not in lind MAST [4] and
NSTX [5] data, in particular spherical tokamaks display strordgpendence of energy
confinement on toroidal magnetic field and weaker dependence on plasmat.clr this
paper we further refine scalings of heat transport using dimenssoséans along normalised
collisionality and safety factor.

Second part of the paper reports on latest results on pellenfuigllMAST. Pellets are
so far the only realistic choice for fuelling in ITER, DEMO, dilely ST-CTF and its
efficiency is critical for minimising tritium throughput [6] andventory. Growing desire for
increased pumping, ELM mitigation or expanding the divertor volume fusinengthen the
need for understanding and calibration of pellet fuelling models.

2. Gap analysis
At present MAST H-mode confinement dataset spans the followinge splaengineering
parameters: plasma curremf =(0.59-1.13MA , major radius at geometric axiR=
(0.77- 0.88in, minor radiusa=(0.50- 0.62)n, elongation«x =1.6— 2.1, triangularity
0=0.3- 0.5, vacuum toroidal field at the geometric radiBs= (0.34— 0.50T and line
averaged densitf, = (2.1- 5.1 16°m . Total injected NBI power i€, < 3MW and the
energy of neutral beams < 65keV . Beams are injected in the direction of plasma current.
In our studies plasmas have double null divertor configuration with deutesuanworking
gas. Sawteeth are generally avoided by an application of neutral heting (NBI) during
current ramp-up.

To analyse the gap between existing MAST data and future &Td€vVice the dataset
is mapped to the space of main volume averaged dimensionless pesasueteas toroidal

£, normalised Larmor radiuso. =(MT)"?/(aB) , engineering safety facton,,, =
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2ma’kBI(Ruyl,) and normalised collisionalityv., O AT Ra,, (R/a)”” . Here T =
W, /(3vm,) is the volume averaged temperatulié,is the ion mass and is the plasma
volume, W, is the thermal energy content. Inspection of dsi@ws that the largest
extrapolation gap between MAST data and ST-CTF a#evs along the normalised
collisionality. This gap is about one and half asdef magnitude large and thus even small
error in the scaling of energy confinement timehatllisionality means large prediction
error. Along the safety factor, there is no large detween MAST and ST-CTF, however,
only plasmas with | >1IMA haveq,, as predicted for ST-CTF. These high current plasma
have, however, control difficulties such as low Elfidquency and high power for non-
inductive operation. Thus it seems to be desirblacreaseq,,, in ST-CTF operation point.
Whether such a change is possible will depend ersthaling of confinement on safety factor.

To determine aforementioned scalings let us whi&ethermal energy confinement time
in a conventional power law form:

TewBO 07 BP g . (1)

Here plasma shape is assumed to be the same.i@ullity is defined ag, 0 AT R so that
the safety factor dependence is explicit.

3. Collisionality scan of energy transport

The exponenk, in scaling formula (1) can be determined from aa$elasmas which differ
in collisionality v, but other dimensionless parameters are kept aanst&rom the
requirement thafo, [ J‘T’/B =const, S0 ﬁeT/B2 =const, g0 B/I , =const one finds that
the plasma density, temperature and plasma cushentld depend on toroidal magnetic field
as:n,0B°, TOB? and| » U B. The breadth of the scan is controlled by a sdatoroidal
magnetic field as, On/T?0B™. In MAST, for fixed major radius oR=0.8Im the
maximum toroidal field isB,,, =0.50T . The lower point was set empirically &), =0.34T

so that the beam deposition is not significantfg@ed by unconfined orbits. Such a choice
provides the collisionality scan by a factor(&, ., /B,..)" =4.6.

3.1 Matching dimensionless parameters. Table 1 shows

: Table 1.
the parameters of 2 discharges that has been addng
approach the requirements for collisionality scé@he ?.hOt numbe 322165 3226,_&
first parameter to match is the plasma density. Dube '[Tn(]a [s] 0'57 0 5‘8
dependence of L-H threshold on magnetic field th i 0813 0816

plasma with lowerB enters H-mode at lower density

than its higher field counterpart. Therefore to chathe . .
density the time slice for higlB plasma has to be o 0.42 0.45
selected at the beginning of H-mode phase where tﬁ%ﬂ 0.34 0.50
contribution of change of energy content to powerr kA]9 s 592 886
balance is substantial. Table 1 shows that the lifell0 M1 3.2 3.3
averaged density has been matched within +1.5%. THes 2.3 2.3
density profiles are flat as it is typical for ELMytmode il KJ] 41 87
and the quality of matching of profiles is showrfigure W[kJ] 20 40

la. Pe [MW] 3.0 3.2

The second parameter to adjust is the plasma tamope. In control room this is done
by varying the neutral beam power. Table 1 showstthe ratio of thermal energy contéff,
along the scan is 2.07, in good agreement to reduialue of(B, /B,.)" =2.16. Such
match is achieved by 10% difference in beam pottere, W, is calculated from the electron
densityn, and electron temperatufie¢ measured by Thomson scattering, ion temperafure
measured by charge exchange resonant spectros€@¥RS) and plasma shape from
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Figure 1. Profiles in collisionality scan in table 1 (#22769 — blue symbols, #22664-red gyifa)ols
electron densityn,, (b): electron temperatur'l5e (c) ion temperaturd; . (d) discrete symbols:
toroidal Mach numbeM,, =V, /(T, /m) , solid lines:q profiles. (e) solid lines: total heat flux,
dotted lines: ion heat flug, , dash-dot Ilnes ion neoclassical heat flyx. (f) shaded area: ratio of
electron heat diffusivitiesy, o: / X o.5x » lines the ratios expected from different exponepts.¢y°,

wherey,, is the normalised poloidal magnetic fl

equilibrium reconstruction (EFIT) constrained by trooal Stark effect (MSE). Effective
chargeZ,, is measured by bremsstrahlung emission and eptafmha edge is close to 1.

Table 1 shows that the ratio of electron to iangeratures is not exactly constant along
the scan. Variation of electron energy contéftalong the scan is 2.0 while the variation of
ion energy conter =W, —W, is 2.2. In other words electron temperature vas@siewhat
less than required for ideal scan while ion temfpeeavaries more than required. This is also
seen on electron and ion temperature profiles shiowfiigure 1b and 1c where dotted line
represents the perfect match. The shap@&, qdrofile is preserved along the scan but the
profile of T. becomes more peaked at lower colisionality. Ineoreb keep thd. /T, ratio
constant along the scan a separate heating systartd e required and this is not yet
available on MAST. As a result of changiiig T, along the scan the breadth 1of scan
depends on which temperature is used in the deimndf volume averaged collisionality. The
collisionality defined from electron temperatwg [ n3/W2 varies by a factor of 3.6, while
v, 02 /W? varies by a factor of 4.1.

The mismatch of electron toroidal beta and norseali Larmor radius measured by
volume averaged electron temperature, are withm gercents:s, ./, .. =0.92 and
Prcost | Preosr =0.96 . In tokamaks theg dependence is typically bounded by the exponent
in the range ofx, 0(~1,0) while the p. dependence is typically described by gyro-Bohm
scaling with x, —3 Therefore the mismatch ip. is more significant. The error on
exponent due tg. mismatch isdx, =3IN(0. 51 / Pegozar ) NVieost Veeosar) = 0.1, @and its
direction is such that it makes tlxg exponent less negative.

Profiles of safety factog are well matched for the pair, however, highshot has
g<1in the plasma centre and this plasma is sawtogthiioroidal Mach numbeM
similar for both shots.

tor
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3.2 Validation of power loss. When dimensionless parameters are matched thisiaoélity
exponent is determined by the change of thermal epoiless R, along the scan:
R, Ov-*™*. The thermal power losR ,, is calculated by the TRANSP code [7] with the
help of the MC3 data pre-processor. Number of pesticles in Monte-Carlo simulations of
beam ions varied between®1® 10" with no significant difference on calculated hegti
power. Better convergence is sometimes observecd wiwe test particles is used, probably
due to reduced numerical noise. Special attentamtb be paid to the distribution of power
between full, half and third energy components beeahe beam power was adjusted mainly
by beam current while the changes in beam voltalgerevsmaller. Energy components are
calculated from actual beam perveance using célioraables. Without corrections the
neutron emission calculated by TRANSP is highentlize values measured by fission
chamber. Simultaneously the fast ion energy contaitulated by TRANSP is larger than
found by EFIT constrained by MSE. These differermesattributed to the anomalous loss of
fast ions. Good agreement between calculated arsdured neutron rate is found with fast
ion diffusion coefficientD,, = 2m?/s and 3m?/s for low and highv, respectively. Such values
of D, resultin approximately the same total heat ftpxtor both shots in the scan as seen
in figure le. This is reflected also in global powess that is similar for both shots
Pinosa ! Binose =1.05 . Such a value gives the collisionality exponent xf=
~IN(F 000 I Rin 050) ! INWig zar Vg a0 ) =3/4=-0.79.

Figure 1e shows that most of the total heat fipuflows along electrons while ion heat
flux is close to neoclassical level. For this reasmly electron heat flux was analysed in
detail. Figure 1f shows that the ratio of electim@at diffusivities along the scan can be
bracketed by collisionality dependence pB™ O v?>**. This is in a good agreement with
the global energy confinement time.

o p*e,norm + qeng,norm ©) Be,norm NEUTRONS [1014 1/5]
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Figure 2. Main panel: collisionality scan of Figure 3.Toroidal field dependence of neutron

thermal energy confinement time. Vertical bar is rate for dataset in figure 2. The fit is evaluated
the size ofp., correction assuming gyro Bonm  only on measured neutron data.

scaling. Circles: shape as in table 1, squares: :

with R=0.86m, x =1.7. Top panel: variations of

electron Larmor radius, beta amg,, , all norma-

lised to average values along the scan. Here

v OM(T.)°R, (T.)=2W./(VA.).

Robustness of the scaling from two point scan leen tested by adding more data
points. The results is a dataset with larger spamgathe collisionality while variations ofo. ,
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B andq,, are kept within 20% as shown in figure 2, top pabeg-linear regression of the

extended dataset of plasma with shapes similahab inh table 1 provides the scaling of
T nB OV | i. e. similar to two point scan result. Datatwiower elongation show similar

trend (figure 2).

Validation procedure described above can be clietiedependence of D-D fusion
neutron rateS,, on toroidal magnetic field. Log-linear regression extended dataset gives
S., 0 B*® as seen in figure 3. In the dataset the standarition of beam voltage is small,
3.8%, andZ, in the centre is close to 1. Therefore the neutair, dominated by beam-
thermal reactions, i§,, 0 74Py o Wherer, is the beam slowing down time ai}, .,
is the dissipated beam power. Ignoring ohmic poaverdW, /dt the neutron rate scales with
magnetic field asS,, 0 TY?R, O TY%***0 B**. Comparing this with measured
trend one finds that the collisionality exponentxs=-0.79, in good agreement with
previous analysis.

3.3 MAST Upgrade. Planned increase of magnetic field by a factof.&f will theoretically
allow to extend the above scan by a factot.&f = 5 towards the lower, values. For such a
plasma 1 ;=1.3MA and the central electron temperature should Bg,=
T.o(#22664x 1.5=3keV . Let us assume that MAST-U will follow the trendserved in
other tokamaks so that with decreasinghe scaling becomes weaker, sayxas —1/3 [8].
Then the power required to reach such electron éeatpre has to be by a factor of
R, Ov.v¥*=(1/5)"*%* ~ 2 larger than for scan in table 1. Note that everr-1/3

represents stronget dependence than in IPB98y2 scaling where 0.

4. Interpretation of v* scan

GYRO code [9] has been used to assistithe

scan. Experimental profiles from high plasma 22769, t=0.200, /a=0.6
in figure 1 have been used in the code as 02—
starting point and then the collisionality has be :
varied numerically. Analysis shows that tF
linear growth ratesy of ITG, ETG and TEM
modes do not exhibit collisionality dependen . : ]
which could be linked to the experimental da - 0.1\ 7

0.15F ;

l.e. decreasingy with decreasingv. . Only >
micro-tearing modes display such behaviour

shown in figure 4. It is seen that normalised 0.05¢ E
indeed decreases as collisionality is reduc :

Nevertheless this dependence seems to be ¢ ob —— et
weak in order to explain the diffusivity scalin 107 10" 10’ 10"

by mixing length estimate. Collisionality coul.. Ve (/2)

also affect the transport through the stabilisation

of turbulence via plasma rotation. However, as Figure 4. Linear growth rate of micro

the Mach number is preserved along thescan ~ ¢aring modes calculated by GYRO code.
(figure 1d) this would require that the growth R&dsymbolrepresents the highpointin
rates deviate from usual sound speed scalinéable L

yUc,/a. Collisionality dependence could also

arise from fully developed turbulence and/or frootw@mulated mismatch of other sensitive
parameters such as temperature gradients. Anotredidate is a combination of profile
stiffness and/, dependence of transport at plasma edge. Futurk isgslanned to explore
these hypotheses.
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5. g-scan

Safety factor exponent, in the scaling (1) has been evaluated using fawftdr.46 scan of
plasma current at constant toroidal magnetic fieldctron density and plasma temperature.
Figure 5 shows the profile analysis for 2 plasnrasnfsuch a scan. Plasma densities and
temperatures are well matched in the pair (Figare€)s The match of thermal energy content
is also excellentW,, =69.8- 69.%J . Small variations of plasma geometry outside our
control means tha,,, varies by a factor of 1.32, i.e. lower than theoraf | (figure 5d).

In order to match the plasma temperature the hggiiwer has to be adjusted so that higher
power is needed for lowdr, . The exponent of safety factor in the scalingiglthen related

to the thermal power loss &, =W, /7., 0 0. - TRANSP analysis shows that for lovy
(high power) anomalous fast ion losses with diffitgiof D, =(0.5- 1) m* /s are needed to
match the measured neutron rate. For Higflow power) D, = (0—0.5) m’ /s is sufficient.
TRANSP analysis gives for ratio of thermal powerssoR, g/ R, ¢am =0.81 and
consequently the safety factor exponenkjs- —0.73. This is also confirmed by local heat
transport analysis. Figures 5e and 5f show thatdte of heat fluxg, is consistent with the
value of x, in global confinement time scaling. Similarly asdollisionality scan most of the
heat is transported along electron channel (fi)e The ratio of electron heat diffusivities in
the outer half of the plasma(J(0.5,0.9 is in the range oft, gua/Xe 00 J(0.6,0.9 while

the ratio of local values of safety factQfgya/d o.qm J(0.75,0.95. This would again broadly
imply linear scaling ofy, with q, however, the radial profiles are more complicatiede
described byy, 0 g~ with a single value ok (see figure 5f).
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Figure 5. Profiles ing scan. Blue symbols: #24206,=0.62MA, B, =3.49MW . Red symbols
#24207,1, =0.9IMA, B, =1.78MIW . Other notations as in figure 1. (f) solid ling, g. /0 oaua

dashed Iine?(e,o,gMA//Ye,o.e\AA , dotted line:0; gya/do ava -

Robustness of the scaling has been checked owlataset of 6 observations, each
representing one discharge. Top panel in figurehéws that the line averaged density,
electron and thermal energy contents are constang dhe safety factor scan. Main panel in
figure 6 shows the values thermal energy confindntieme calculated by TRANSP. Log-
linear regression on the dataset gives the scafirigy, ,, O 0.2%, consistent with 2 point scan

eng !
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above. Such dependence is weaker than in IPB9&fhgavhereBr, , [ o, and is closer
to data from DIII-D where the exponerf[(-2.4,-1.4 [10].

Finally note that dimensionless
scalings with q,, combined with v,

scaling are consistent with the dependence 12 * Wenom _° Nenom_* Winnomm

of 7., on |, and B assuming gyro-Bohm 1oF ’, 5 °

transport as discussed in our previous paper 08k

[4]. s

6. Effect of fast ion losses _ o3¢ oss ]
Both scalings rely on a simple model of & ¢ - e
anomalous fast ion losses that are described = *2 ¢ °. E
by a spatial diffusion coefficienD,, |, S ¢

which is constant along the minor radius 0.01F E
and is energy independent. The valDg, g

is set to match the calculated neutron rate 000t : : : :
to a measured value. The largef, the . 0 Ciig 0 ”

smaller the thermal power losB, and

!arger_ the 7., . For v. scan (table 1) igure 6. Main panel: safety factor scan of thermal
inclusion of fast ion losses decreases W gy confinement time. Top panel: variations of
power loss by a factor of 1.4. Thigjectron energy content, line average density and
correction is however the same for botRermal energy, all normalised to average values

low and highv, points so that the raticalong the scar

Proaa | By oaa f€Mains unchanged (within

3%) and the exponer, is unaffected.

For g scan, fast ion losses are needed only for lggtlata while for lowq the neutron
rate is well matched without or small fast ion d#fon. This asymmetry means that inclusion
of fast ion losses makes the safety factor scaliagker. In 2 point scan (figure 5) ignoring
fast ion losses changé¥ ;qua/ P o.aua from 0.81to 0.69 and consequently the safety factor
scaling becomes stronger wit) = -1.32. If our fast ion model is incorrect and for exampl
reduced neutron rate is due to the enhanced dfiusi velocity space or due to the very
localised spatial diffusion in the core, then tlwevpr is not lost. In that case the corrections
described above has to be revisited.

7. Pélet fuelling

7.1 Sriations. Fuelling is studied on MAST using pellets (diamet&mm, velocity ~400m/s)
launched from vertical/high field side into NBI lted H-mode plasmas. Re-deposition of
pellet particles by 1B drift of discrete plasmoids is a critical mechamifor ITER fuelling.
Plasmoids are linked to striations observed in oglartter visible bremsstrahlung imaging of
pellet track (spatial resolution 1.5mm). Figurehpwss the spatial separatidsz of individual
striations in the direction if pellet trajectory abtained from bremsstrahlung images. The
dataset indicates positive correlation&f with the intensity of the emission of individual
striation with correlation coefficient =0.57. Because emission intensity increases as pellet
evaporates deeper into the plasma this also méanstriation separatioAz increases with
increasing ambient plasma temperatlire. This however would be in contrast with the most
accepted model of striation formation basedioxB driven magnetic interchange instability
of plasmoids detaching from the pellet [11]. Instmodel the linear growth rate of instability
IS Ves U T,/ B giving inverse temperature dependenceforv /)., U1/T,,. Second
interesting observation is that striation sepamgtidoth measured and predicted by
E x B driven instability, are comparable to Larmor radjos’] (2TeM )1/2/8 (figure 7). This
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indicates that finite Larmor radius effects miglet important for plasmoid dynamics. Pellet-
triggered Thomson scattering data are being andliseest further the plasmoid models.
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separationAz plotted against % ot g0
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Figure 8 (right). Effect of fuelling method on L-H (a) and_Hb) transition. High field sic
pellet (red) and low field side gas puff (black) is usegs=3.2MW, shots 25138, 25121,
25135: 1,=0.74MA, B=0.40T; shot 25293{,=0.85MA, B=0.47T. Top panelshow edg
electron density and temperature profiles at times indicatedrbws Note time offsets f
shots 25138, 252¢

7.2 H-mode threshold with pellets. Application of pellet fuelling instead of gas pofi
provides a clear example of decoupling from conesal H-mode power threshold formulas
which use the line averaged density as a contnoabie: P, = F(n,) . Figure 8a shows that
raising the plasma density by pellet results iraadition into H-mode while with gas puffing
the plasma stays in L-mode despite the same lieeage density. Similarly the favourable
effect of pellet fuelling is seen when the denssyincreased during H-mode: With pellet
plasma remains in H-mode while gas puffing causassition to L-mode as shown in figure
8b. In both cases the pellet fuelled H-mode andfgelted L-mode have similar edge density
as seen on top panels in figure 8. However the ldarmasmas show somewhat steeper edge
density gradient and significantly higher edge wtettemperature. This example shows how
method of fuelling can be one of the variables waling the H-mode access.
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