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Spontaneous transitions from the low “L-mode” to high “H-mode” of tokamak plasma
confinement, first observed during neutral beam heating experiments on ASDEX, are now routinely
achieved in many tokamak experiments. The H-mode regime is attractive as it offers the possibility
of enhanced confinement, and thus a route towards a more “compact” and cost-efficient fusion
power-plant. Transition to H-mode is now routinely achievable in the Mega-Amp Spherical
Tokamak(MAST) [A. C. Darkeet al,, Fusion Technology 199¢EIsevier, Amsterdam, 1995Vol.

1, p. 799 for both Ohmically and neutral beam injectigNBI) heated plasma&yg~0.5-1.7

MW). H-mode plasmas can be either center stack limited or X-point diverted, exhibiting regular
Type Il edge localized modeg&LMs). Global confinement in H-mode with low frequency ELMs

is consistent with the international IB2) scaling and exceeds the scaling by a faetdr5-2.0 for

high performance discharges. Confinement degrades with increasing ELM frequdmicly in turn

scales with power and densjtgs for conventional tokamaks. Densities above the Greenwald limit
(G~1) have been achieved for plasma currents up to 0.8 MA using gas-fueling, and up to 0.9 MA
using a low field side multi-pellet injector. High field side fueling, on the other hand, can be supplied
via a gas-feed located at the center-column mid-plane, this technique having been found to
dramatically enhance H-mode accessibility and quality. When combined with Connected Double
Null plasma topology, a significant reduction in Ohmic L—H power threshold can be achieved; as a
result, power threshold data are now in broad agreement with a number of the latest scaling law
predictions. Following the transition to H-mode, power crossing the inner separatrix remains low,
resulting in a high recycling scrape-off layécompared with partial detachment in L-mgde

To date, with NBI power limited to 1.7 MW, H-mode MAST plasmas have shown no evidence
of having approached a beta limi{By~4.9;). High performance H-mode discharges are at
sufficient poloidal bet#3,), however, to enable the first studies of the Neoclassical Tearing Mode,
the MHD instability responsible for limiting the achievable beta in conventional tokamaks.
[DOI: 10.1063/1.1490928

I. INTRODUCTION ond generation Spherical Tokama&T) (Ref. 2 capable

MAST (the Mega-Amp Spherical TokampKRef. 1) of producing low collisionality, low aspect raticAE R/a
(shown schematically in Fig. 1 together with the operationar™~1-4), highly —elongated ~plasmas(elongation «>2)

parameters achieved to date listed in Tablis la large, sec- With a poloidal cross section comparable to DIII-D and
ASDEX-U. The operating space spanned by MAST was

extended in 2001, and 1 MA plasmas with a flat-top dur-

dThis paper is based on an invited talk at the 2001 APS DPP Meeting, Lon% . .
Beach, CA, Paper LI1 1, Bull. Amer. Phys. S, 206 (2002. tion of 200 ms can now be routinely generated. Greenwald
Pnvited speaker. Electronic mail: rob.akers@ukaea.org.uk numbers=ng,gmra?/I o) exceed 1.0 for discharges with

9Also at the Imperial College of Science, Technology and Medicine, Uni- . .
versity of London, London, SW7 2BZ, United Kingdom. plasma  currents(| P) up to 0.8 MA using gas fueling,

9Also at the FOM Instituut voor Plasmafysica “Rijnhuizen,” Postbus 1207, and up to 0.9 MA using deuterium pellet injection.
e)3430 BE Nieuwegein, The Netherlands. H-mode (or high confinement modeaccess is routine
f,.'ZS 1%|3th3n?e]gsll<ci§gc?:rf1artmem' UMIST, P.O. Box 88, Manchestertqr hoth Ohmic and Neutral Beam InjectiaiNBl) heated
"Also at the Department of Physics, National University of Ireland, Univer- discharges, aided mainly by the installation of an inboard
sity College Cork, Ireland. gas-feed~35% of discharges in the 2001 campaign con-

9Also at the Department of Experimental Physics, University College D“b‘tained regular edge localized modéELMs)] It is there-
lin, Belfield, Dublin 4, Ireland. '

MAlso at the Walsh Scientific Ltd., Abingdon, Oxon, OX14 3EB, United fore now pOSS_Ib|e to SIUdy the ST H-mode in deta"'_
Kingdom. In Sec. Il we discuss H-mode access and performance, in
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& demonstrated all of the established H-mode signatures, i.e.,
an increase in particle and energy confinement, steepening of
the edge gradients and a sharpening of thepidfile at the
plasma periphery. In addition, a reduction in turbulence was
observed, together with a dramatic increase in the Electron
Bernstein Wave(EBW) emission cone and the onset and
saturation of edge poloidal flow, results being reported in
Ref. 5. There were, however, competing constraints concern-
ing the inner gap between the plasma and center column
armor: too small a gap and excessive carbon influx is thought
to have occurred, too large a gap and the fueling efficiency is
believed to have been compromised. In order to provide
greater flexibility, control and reproducibility, an inboard
gas-feed, similar to the system developed for COMPASS-D
(Ref. 6 has been installed. The feed tube itsel§ @3 mm
bore and runs under the center column armor from the top of
the vessel to an outlet in the mid-plane of the maching. D
gas is supplied a& 10 bar via a pneumatic valve, constant
flow being achieved after-50 ms at typically~60 mbl/s
MTh—h—T__ | 0 Scole (m) ! (3 10?* atoms/$ for 2 bar inlet pressure. This alone is suf-
ficient to sustain the plasma densitypically nV/7p~3.5
FIG. 1. Engineering drawing of MASTIleft) with an upper single null quﬂ atomsls Wheréfl is the plasma volume and. the
diverted EFIT equilibrium(right). particle confinement timeAs a result, NBl heated H-mode
plasmas can now be generated in center column limited, and
reliably for Double Null Diverted DND) discharges without
particular core confinement and ELM phenomenology forprior wall loading. In addition, Ohmically heated H-mode
Ohmic and NBI heated H-mode discharges. Section Ill deplasmas can now be accessed in carefully balanced, Con-
scribes power handling, detailing new results concerning denected Double Nul(CDN) diverted plasmas. Here, we de-
tachment, in—out separatrix power asymmetries and the latine the CDN topology forA sep/ pi<0.5 WhereA, is the
est results from a newly installed mid-plane reciprocatingdistance at the outboard mid-plane between flux surfaces cor-
probe. In Sec. IV we discuss current operational limits; inresponding to the upper and lower X-points gndis the
particular, we concentrate on the fueling of H-mode plasmashermal ion Larmor radius. A more detailed synopsis of the
and attempts at increasing the achievable density using RIAST inboard gas-feed and resulting physics can be found
mid-plane mounted multi-pellet injector. Finally, in Sec. V in Ref. 7.
we briefly address the stability of plasmas generated to date, Pseudo steady-state ELMing H-mode discharges are
concentrating on the first observations of the Neoclassicalpically sustained for a duration o200 ms ati,uptol
Tearing Mode(NTM) (Refs. 3 and #in the Spherical Toka- MA, even at densities approaching the Greenwald limit.
mak, made possible due to the high poloidal betds)  Typical plasma parameters are toroidal fi€lg~0.53 T, 1,
achieved in low collisionality H-mode plasmas. A summary ~0.8 MA, loop voltage(at the inboard mid-planeV,~1.5

is provided in Sec. VI. V, safety factorgqgs~5, major radius R-0.8 m and minor
radiusa~0.6 m. Line averag&.; during the 2001 cam-
Il. H-MODE ACCESS AND PERFORMANCE paign, determined via visible bremmstrahlung emission, was

dypically ~1.5 at moderate to high density >E

9 -2y rici :
loading of the plasma facing surfaces with deuterium by first* 10" m~?), rising to between 2.0 and 4.0 at low density

2 9 o S ; :
generating a density limited discharge. The resulting pIasmasZX:Lol m~%). Figure 2 shows the existence space in
terms of plasma current and line average electron density

(ne) for shot numbers #4100—4600. Here, low confinement

Early attempts at accessing H-mode in MAST require

TABLE I. MAST and START parameters. (L-mode dischargegblack) have been overlaid by H-mode
MAST START plasmas(gray). The H-mode window is broader than the
Design  Achieved equivalent operating space on the Small Tight Aspect Ratio

Tokamak (START) (reported in Ref. 8, also shown hegre

y'(r;?gnznadﬂ;?)ajor radii, R (m) 0'63:?'85 0'252'0'85 055’0'32 where good beam absorption could only be achieved in a
Aspect ratio R/a) =13 13 =19 narrow density window and at the highest possible plasma
Plasma and TF rod current 2,22 11,22 0.31, 0.5 currents(~0.3 MA). H-mode plasmas on MAST clearly rep-
Toroidal field atR (T) 0.52 051 0.31 resent the highest performance discharges so far achieved on
Auxiliary heating:P (NBI) (MW) 5 2 1 MAST.

P (ERCRH [MW] 1.4 0.6 . : .

Pulse lengths) e 05 —0.06 Figure 3 shows traces for shot #4161, a typical NBI

Plasma volumeim?) 10 10 0.5 heated H-mode discharge. The inboard gas puff provided a
D, flux of 10?Ys from the star{the outboard gas puff was
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*ASykes et al., Phys. Rev. Lett. 84 (3) 2000, p.495.
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FIG. 2. MAST and START operating space for L-mode and H-mode plas- §‘: H
mas in terms of achievable plasma current and line average electron density. 05 ¢"
’.
0.0 ¥
0 1 2 3 4 5

only used in the plasma formation phas& plasma current e (10%/m)

of 0.9 MA was sustained for 200 ms with an applied I00pF|G. 4. (a) D, emission for a series of typical H-mode discharges. Here,
voltage at the inner separatrix of 1.3 V, together with 1.lonly the density was chosen to vary. ELM frequency at H-mode onset is
MW of hydrogen beam injection. The precipitous decrease jfpositively correlated with line average density as showtbjn

soft X-ray (SXR) emission at 60 ms is thought to have re-

sulted from the appearance of the- 2 rational surface and

was accompanied by a 2/1 snake. 50 ms later, the praence of the rapid ELMs, the density continued to riséto
grammed decrease in applied loop voltage appears to havel over a period of 190 ms.

triggered a L—H transition followed by the onset and sustain-  The achievement of routine H-mode access for plasmas
ment for ~180 ms of “regular” ELMs (in contrast to the with “regular” ELMs, for the first time in a ST provides a
lower density discharges reported in Ref. 5 which containedaluable comparison with the conventional tokamak ELMy
sporadic, possibly Type-l, ELMsA significant increase in H-mode. For instance, it is now possible to study the corre-
stored energy up to 70 kJ was observed and despite the préaation between ELM frequency and various bulk plasma pa-
rameters. [) traces for an ELMy H-mode density scan series
(#4250—#426p with nominal parameters ,~750 KA,
B4~0.45 T,A~1.5 and~1 MW of auxiliary H-NBI heating
1.0lP ) | Al _|_#4161 are shown in Fig. 4. The temporal evolution of the &mis-

-V )
06 //_————_\ sion in the L-mode phase is highly repeatabiete, for ex-

e . ample, the series of instabilities in the ramp phdse(.02
EM s). Following the L—H transition, plasmas cease to be similar
0 and a correlation between ELM frequency and onset line
1.0 Soft X-ray emission (aﬂ— average density is observédemonstrated more clearly in
g-ZM Fig. 4b) where ELM frequency is plotted against)]. A

similar experiment has been performed, where the input aux-

3,12‘ e e /"L iliary heating(rather than the densitywas scanned. In this

02 case, a dramatic drop in ELM frequency was observed as the

80 w (k) I power crossing the separatrix was gradually increased, a fea-

40 ture characteristic of Type Ill ELMs at a conventional aspect

1‘; — ratio (see, for example, Ref)9

0:6[ SenaRAO b A significant advance in the latest campaign of experi-

0.2Er ments is that H-mode plasmas can now be accessed using
bos  Qau Gas 00 el G0 DS Ohmic heating alone, thus allowing access criteria to be

Times () studied at the lowest achievable input power. To eliminate

FIG. 3. Temporal evolution of various plasma parameters for H-mode disihe question of Whethe_r the plasmais, or is not in H'mOd_e_ in
charge #4161. The H-mode phase of the discharge is shaded. the presence of very high frequency ELMs close to transition
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3922 Phys. Plasmas, Vol. 9, No. 9, September 2002 Akers et al.

<— LDND CDND UDND = Ref. 10 and a similar observation by DIII-D in Ref. 14l
—— ——— — though not with resolution at the Larmor radius leyethere
L a) ' "o | D,(single chord) ' high triangularity(~0.8), DIII-D plasmas are shown to ex-
1o ° ] hibit the lowest power threshold for DND rather than SND
2 o8t °° ° ] plasmasgMAST plasmas having~0.4).
‘S o.ef— E By combining in-board gas puffing with an adherence to
Bt S the CDN diverted topology, a significant reduction in the
g 04r o9 ] L—H power threshold compared with that reported in Ref. 5
o G o ] has been achieve@nd hence access to the H-mode using
0.0 ] Ohmic heating alone Power threshold data for a subset of
0.8[ © D, camera MAST Ohmic H-mode plasmaswhere the density was the
Ib) o *TS ®ELM only parameter allowed to varyare shown in Fig. 6. The
E' oier g ° figure shows a plot of the ratio of power crossing the sepa-
& N * ratrix at the L—H transitionP, , to various scaling law pre-
% 04r o & o ] dictions(see Refs. 12, 13, and f4lotted against measured
< 023_ $ *x 3 i power. HereP, has been determined using EFIT; the same
- conclusions can be drawn using Langmuir Probe and bolom-
ool . . . . . etry data(for Ohmic discharges, the agreement between the
15 10 05 00 05 10 15 two is to better than 20% assuming scrape-off layer

Asen 1Py electron—ion equipartition For these plasmas, the radiated
FIG. 5. (8 H-mode “depth” parameteQy versus normalized separatrix power 's typically 10-15% of total power CrOSSing-the sepa-
distanceAge,/p; (CDND regime shown shadgdb) Edge density gradient ratrix Plsep'and has not b_een subt.racted. The coefﬁment; and
VersusA ,/p; measured using the mid-plane, @rray (¢) and the 300 ~ POWer indices of the various scaling laws are tabulated in the
spatial point Thomson Scattering systéf). Circled points are for data figure in the same format as Table 2, p. 2196, Chap. 2 of the
taken on-ELM. ITER Physics basi¢Ref. 13. For example, scaling 1 corre-
sponds toP,;=0.65M.20"%BYER215 with units [MW],
[10?° m™~2], [T] and[m]. Of particular note is that the latest
(threshold or Type Ill ELM$ various parameters can be de- international scalingéRef. 14, shown in rexl are in reason-
fined which quantify the “depth” or “quality” of the able agreement with the latest MAST data, som@ times
H-mode. One such parameter is the confinement time, artioser than the EPS97 scaling predictiétef. 12 (although
other is the confinement H-factd,;; close to threshold, there remains a systematically increasing discrepancy as the
however, the increase iy or 7¢ is only marginal. Instead, plasma density increase®ata thus indicate that on MAST,
we choose a paramet€®y, defined by the maximum to the L—H power threshold is better representedPyy<aR
mean D, signal Q= (DI*/D,)—1. Larger ELMs, larger (i.e., the separatrix surface area at fixedrather thanPy,
ELM free periods or lower inter-ELM P emission are thus «R?. It is important to stress, however, that the MAST data
expressed as an increaseQg, . are for low aspect ratio, DND Ohmic discharges with an
Figure 5a) showsQy, plotted versus normalized separa- open divertor structuré.e., quite different to the majority of
trix distanceAg.dp for 11 discharges. Data clearly demon- plasmas used to develop the scalinda addition, it may
strate that higher quality “deep” Ohmic H-mode is more well be that the minimum power required to achieve H-mode
readily accessedat constant powegrin carefully balanced access is even lower, since the trigger here is clearly the
CDN diverted plasmaé.e., whenAgis within ~1/2 anion  change in magnetic configuration. Nevertheless, power
Larmor radiug. The choice ofp; as a normalizing quantity is threshold data from MAST will for the first time allow the
designed to allow cross-machine comparisgpshere re- aspect ratio to be included in the ITPA cross machine power
mained approximately constant a6 mm). threshold regression analysis, data shown here having re-
A second indicator of H-mode depth, the edge electrorcently been merged into the database.
density gradient, is plotted-ig. 5(b)] for the same series of Access to a regularly ELMing H-mode is a significant
discharges. Two independent methods for determining thstep forward for the ST, and is enabling a better comparison
edge gradient have been deployed; diamond polymarkersf MAST H-mode energy confinement with international
(<©) represent calculations based upon the radial width of thecalings developed at a conventional aspect ratio. From the
D, emission layefusing a mid-plane Parray and asterisk data discussed so far, it is clear that MAST discharges ex-
shaped polymarker&) are based upon fits to the 300 spatial hibit a wide range in ELM frequency, resulting from the
point Thomson scattering profile. Circled points are for dis-broad range of densities and heating power. It is interesting
charges where the 30 ns laser pulse fired during an ELMtherefore to plot confinement factoryHwith respect to the
indicating a sudden collapse of the edge gradient down tinternational IPB96y,2) scaling against ELM frequency
L-mode levels. Both diagnostics show a marked increase ifFig. 7(a)], in order to assess to what extent ELMs degrade
the H-mode edge density gradient when the plasma becomesnfinement. For completeness, the 2001 confinement dia-
CDN diverted(with a gradient~2 times the L-mode level gram [measured thermal confinement time versus scaling
for Ages~0.0). IPB98Yy,2)] is also showrjFig. 7(b)] for the latest high per-
A more detailed description of this work can be found informance NBI heated plasmas. Blue points in Fip) &are
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1{, ’ ’ ' T ’ ’ ’ T Num nzo B R a ]
fisctor
1 083 086 215
B CREMC DB "2cl2,, - FIG. 6. (Color) Ratio of the L—H
Ho : : EME gr% 14 W aE power threshold to scaling law predic-
o - 068 087 a6 tion againstPy for various scaling
- N \l_' = IR Dead a0 LT laws. The table contains the coeffi-
E & = 0. gi'ﬂ gg;’ L e cients for the various scaling laws in
ﬁ d 3 s bEn — 3 e the same form as expressed in Ref. 13,
o i1 Ug = D42 073 0.74 .88 Table 2, p. 2196. Inboard gas-puffing
= % T i, and an adherence to the CDND plasma
I 4 & e topology has resulted in good agree-
. oar ment with the latest scaling law pre-
e < e ' B .g, 'y dictions (shown in red (Ref. 14.
o
0.2 0.4 0.6 0.8 1.0
PL+(MW)

for a subset of the Ohmic H-mode data and red points are fovery fast growth and decay, and do not appear to have gen-
the NBI heated controlled density scan sefi&4250—-426% erated the same degree of performance degradation as in
showing a clear improvement in confinement as ELM fre-other discharges at similar frequenf@s evidenced in Fig.
qguency reduces, fexceeding 1.0 for low frequency ELMs. 7(a)]. Interestingly, the ELM frequency also decreases with
Black points are for a random selecti@re., an uncontrolled an increasing line average density, in contrast to the majority
seh of NBI heated H-mode plasmas; these also follow theof plasmas generated in 2001, perhaps indicative of Type |
trend. Data show a similar behavior to ELMy H-mode dataELMs. Hy [w.r.t. IPB98y,2)] for this discharge had an aver-
in the presence of strong gas puffing in conventional tokaage value of around-1.8, between discharge times 150 and
maks such as the Joint European To(dET) (Ref. 15. It 200 ms, with a maximurgy, of ~4.5. Also of note is that the
appears then, that at densities approaching the Greenwalotstrap fraction for #4580 is estimated to be at the level
limit, the input power from a single, non-optimized beam-40=10%. Clearly though, these plasmas were inherently
line on MAST is not sufficiently above the threshold to pro- non-steady state. Indeed, the temporal derivatives of thermal
duce Type | ELMs. Even so, it is interesting to note thatand magnetic energies, the diamagnetic energy of the
Hpgogy,2~1 is readily achievable for Type Il ELMs; one plasma, the fast ion stored energy and the plasma motion all
can therefore anticipate significant improvements in the H had to be accounted for when determining the confinement
factor when auxiliary heating powers of 3—4 MW becometime. At ~170 ms, a tearing mode appeared and the plasma
available in 2002 and Type | ELMs become accessible. Aperformance started to degrade. Careful analysis, however,
with the power-threshold data, MAST will provide a high indicates that discharge 4571 did not contain such a promi-
leverage within the ITPA confinement and H-mode thresholchent mode, but nevertheless underwent a similar beta col-
database by providing an invaluable means of accurately exapse. The degradation in confinemeémsulting at~180 ms
tracting the aspect ratio regression coefficighte to a dou- from changes to the Ohmic heating power, derivative terms
bling of inverse aspect ratio over the conventional machinen the Poynting flux calculation and later from a direct drop
database in By) appears instead to have been due to impurity influx
One particularly promising set of discharge&571—  (inferred from visible bremmstrahlung and impurity spec-
#4580 is highlighted in Fig. 7a). These were generated in a troscopy and the fact that the vertical field ramp started to
series of experiments where the vertical field was ramped uforce the plasma against the center column. Experiments in
in an attempt to maintain plasma position in the presence a2002 will concentrate on utilizing upgrades to the feedback
strong NBI heating and rapidly rising, . This technique is control system and increased auxiliary heating power to ex-
being developed in order to sustain the plasma in the absentend this high performance regime into a flat-top phase.
of an applied loop voltage from the solenoid. Figure 8 shows
the time traces for discharge 4580. The L—H transition oc-
curred at~117 ms, after which point regular ELMs appeared”l' POWER HANDLING
and By started to rise at twice the rate usual for L-mode  Divertor power handling is a major challenge for the ST,
discharges. The ELMs had a frequency-63.55 kHz, had a due to the reduced major radius and consequently a smaller
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=
b /™ START _ _ _
e il ELM peaks and inter-ELM during regularly ELMing
1 4 —— "'I'D —— "1';m H-mode, box-car techniques are utilized.

The power arriving at each of the target probBs, is
T« [IPB38(v,2)] (ms) evaluated from the saturation currept, and electron tem-
perature T, usingP'= ykT.j</e. Here we take the sheath
transmission coefficieny=7 (the sum of the electron and
FIG. 7. (Colon) (&) Confinement i factor [with respect to the international  jon sheath transmission coefficients, estimated for deuterium
sc_aling IPBy,Z)]_ versus ELM frequency for vari_ous _H—mode discharges. ions and a graphite target, assuml'hgvTe~ 20 eV and ac-
With the exception of the high performance vertical field ramp series, data . .. .
show a similar trend to H-mode plasmas in the presence of strong gagoum!ng _fOI‘ secopdary el_eCtron emission, eleCtr_on_lon r?'
puffing at a conventional aspect rati) shows the updated confinement COmbination and ion particle and energy reflection coeffi-
scaling data for completeness. cients. Molecular recombination has a negligible impact and
has been ignored. Exponential fitsRbin both the SOL and
private flux regions at each of the four strike points are ap-
plied in order to derive the target heat flux scale lengths,
wetted area of the strike points. If the high performance plasx5°- and\5”™R. The total power flowing to each target is
mas described in the previous section are to be sustained intleen evaluated by integrating over the strike point regions
next generation burning plasma device, or indeed in longising Piy=27RsPpe (A + N5, where Rq is the
pulse MAST scenarios, a sound understanding of the boundstrike point radius ancPE,eak is the value ofP' at the inter-
ary and divertor plasma is paramount. Here, we briefly sumsection of the two exponential fits. For comparis&, has
marize some of the latest results concerning the potentiallplso been evaluated directly froRf at each probe using a
troublesome H-mode edge, in particular, addressing the issu&mpson’s rule integration approach. Typically, the exponen-
of ELMs. A more detailed summary is given in Ref. 16. tial fitting and Simpson’s rule values agree to within 10%
MAST is well equipped with edge plasma diagnostics,and the total power to all four targets routinely matches the
including a high spatial resolution Darray, a fast recipro- power crossing the separatrigalculated using EFITwith
cating probe at the outboard mid-plane, fiews of all tar-  an accuracy of-20%.
get structures and extensive arrays of high spatial and tem- Figure 9a) shows target peak electron densities for the
poral resolution Langmuir probes. The probes have 3 mninner and outer divertor legs, averaged between the upper
inboard spacing, 10 mm spacing outboard and are multiand lower targets as a function of the line averaged core
plexed at a 65us sweep(much less than the ELM perigd electron density for a set of L-mode plasmas. Closed points
once per millisecond. To obtain target profiles both at theare forPs;<1 MW and open points foPs.,>1 MW. Here,
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FIG. 9. Target peak electron densities as a function of line average electron 02 015 0.18 050 05 004

density for L-(a) and H-modgb) plasmas. For the H-mode discharges, data

Time (s)
were taken at the ELM peak.

FIG. 10. Power loading asymmetry and, h discharges #4250a) and
#4510(b).

Psepis defined as the total power crossing the separatrix as-

suming electron—ion equipartition. Considering first thehighestn, so far explored. For the inboard targets, the lack
outer targets, a clear linear rise with" from 2x10/m*to  of a rollover inn" (supported by electron temperature data
around 16%m? takes place over the rangexda0'®<n,<3  showing Ti>10 e\) indicates that they remain in an at-
X 10'%'m3, indicative of “low recycling” (for a description tached regime up to the highest densities so far explored.
see Ref. 1¥ For higher densities;2" andn!! deviate from  Characterization of the MAST SOL in high power ELMy
the linear fit and are instead best parametrized by a quadratid-mode is continuing, in particular, upstream data from a
relationship nd"=n2, indicating the onset of “high recy- reciprocating probe and onion-skin modeling of the SOL are
cling” above 3x 10m®. The inner targets show similar be- being used to develop parameter scalings for the heat flux
havior up ton,~3—-4x10'm? but in contrast, fom,>4  SOL width in MAST. .
X 10'9m?, n;n begins to fall with increasinaa, more mark- In Ref. 5 we repo_rted that in the ELM free H-mode, the
edly for the lower power cases whem§ drops to around 5 outer—inner separatrix power flux asymmetry .drops from an
73 9.3 L-mode value of~20 to a level close to the ratio of outer to
X 10t/m3 atn,~5x 10" m?. Inboard data for L-mode plas- . . L :

) ) - inner separatrix areas-4), indicative of the suppression of
mas are tf;ussconsster_lt with the onset of detachmemdor 5 150ning-like turbulence. Routine access to ELMing
>3.5<10"%/m?, becoming fully detached for cases with {1 mode is now facilitating such studies in regimes closer to
Psep<l MW at n=5x 10"/m?. steady state. Figure (& shows time traces of the power

Figure 9b) shows the equivalent plots for H-mode plas- crossing the outer and inner separatrices, the outer—inner
mas (data taken at the ELM peak, although broadly Sim”al’power asymmetry and a Dtrace for H-mode discharge
results are obtained in between ELMBerhaps not surpris- #4250, the L—H transition occurring at154 ms.
ingly, data are more scattered in the H-mode due to box-car  On transition to Type Il regularly ELMing H-mode
averaging over the ELMs, thus preventing a clear det_ermina(-fELM~1 kHz), the power asymmetry fell from-35 to an
tion of the relationship between the target densitiesmnd  average level of around 15-20, mostly as a result of a rise in
However, a comparison ohd" in the H-mode and the P;, during the ELMing phase. Broadly speaking, s,
L-mode suggests that the outboard SOL in the ELMydecrease$with increasing power for instance as mentioned
H-mode is in an attached, low recycling regime up to thein Sec. l), the power asymmetry is seen to fall, approaching
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-; = ] lags behind it by around 35@s. Combined, data suggest that

Duwe array (arb) J

the ELMs are associated with a rapid, radially outwards mo-
tion (V~300-500 m/sof a poloidally and/or toroidally lo-
calized structure. Data are clearly of rather a preliminary
nature, and it is hard to draw firm conclusions at this stage.
Nevertheless it is of note that the existence of “blobs” or
“filaments” has been used to explain observations of small
scale turbulent losses in a range of tokamédee, for ex-
ample, Refs. 18 and 1@nd an extension to ELM transients
may be in order.

R(m) IV. OPERATIONAL LIMITS

FIG. 11. (Color) Mid-plane radial D, emission and [ emission in the Thus far, the emphasis on MAST has been to develop

divertor as a function of time in ELMing H-mode. The ELM structure is mainstream operating regimes for L and H-mode plasmas,

seen to extend-8-10 cm outside the separatrix. rather than to explore density, beta or g-limits. Even so, an
increase in 2001 of the available NBI powep to 1.7 MW,

34% of the design gophas enabled significant progress to
the ELM free H-mode value of-4 during inter-ELM peri- be made in generating plasmas with high beta and high den-
ods, as seen for discharge #4510 in Figlblp At the ELM  sity. Figure 12a) shows the Troyon beta space diagram for
peaksl the power asymmetry transienﬂy returns to around z(y,ear 2001 diSChargeS. Here, diSCharge trajeCtOfieS have been
although some are missed due to probe multiplexing. Mord&inned and a contour algorithm applied, the color thus rep-
detailed experiments are described in Ref. 16. In MAST, théesenting the amount of time discharges spend in a given part
peak heat flux during ELMs has not exceeded 8 MWm ©Of parameter space. The highegty parameters were
even at the lowest observed ELM frequenciagich may achieved for series #4580, described in Seéndin-solenoid
exhibit Type | characteristi¢s The outboard asymmetry in
the deposition of Type Ill ELM energy observed in MAST
DND plasmas, is potentially very favorable for the spherical 207
tokamak concept. Under these conditions, the bulk of ELM
energy is delivered to the outer divertavhere wetted areas
in a burning ST device could be up to two orders of magni-
tude larger than at the inboard targetdf course, it remains
to be seen whether this power asymmetry remains after a
transition to a clearly defined Type | ELMy H-mode.

The future success of the tokamak will clearly benefit
from a greater understanding of the ELM instability itself. To
this end, a newly commissioned mid-plane mounted fast re-
ciprocating probe is being combined with linear, @rray
data, passive spectroscopy, turbulence reflectometry and tar-
get probe arrays in order to study directly the detailed dy-
namics of the ST ELM. Figure 11 shows a tomographically
inverted, false color image of the ,Demission from an

ELMy H-mode plasma #4548, together with a divertof D g
trace. The intensity has been normalized to the peak value at 5 g
each time slice to aid the eye. Inter-ELM, the profile is S iy !
Gaussian with a typical half-width of 2—3 ¢m. During the al " ]
ELMs themselves, however, the emission becomes strongly
skewed towards the outboard sitte the lefy, the emission = 3} ‘
profile remaining more or less the same inside the separatrix
but displaying a long tail which extends some 0—-20 cm 2 ]
outside the plasma. Indeed, if the reciprocating probe is 1
placed too close to the plasma, ELMs can interact strongly 1 i .|
with the probe and trigger H—L transitions or in the worst . [ - T o
cases, plasma disruption. Data from the reciprocating probe 0  _odulout L sk J
at~17 cm from the plasma edge, indicate that the saturation 0.5 1.0 1.5 2.0

currentJ, reaches up to 50 kA/f similar to levels at the k
target probes during ELMSs. In addition, timing information FIG. 12. (Color) Beta operating spaddinned discharge trajectory contour

indicate_s that the Saturatio_n currehy at the recipr_ocating plots) for year 2001 MAST discharges. The color represents the amount of
probe rises much more rapidly than the divertgrd€pike but  time MAST plamsas spend in a given part of parameter space.
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ues of By up to 4.5 and3+ up to ~13% have been achieved, e (x10'9m° J
exceeding the empirical DIII-D no-wall limiBy=4l,; [Fig. ]
12(b)] and showing a similar trend to results from the U.S.,
National Spherical Torus Experiment NSTsee, for ex-
ample, Ref. 2D To date, there has been no evidence of pres-
sure driven disruption; prospects remain high then iBat

can be raised further with planned increases in the available
auxiliary heating power, thus probing the high values theo-
retically achievable in the ST.

We have already discussed a number of issues associated
with operational limits in the H-mode, in particular power
thresholds, increased accessibility due to inboard gas fueling 1_4W‘
and the performance limits imposed by ELMs. We now turn 1.0
to a discussion of the density operating space spanned by 06
MAST plasmas and describe the latest attempts at increasing 02
the H-mode density using low field sideFS) pellet injec- 3.0 ; ;
tion. In the first operational campaign, MAST plasmas with 20¢ 1 ]

Greenwald numbers in excess of 1.0 were obtained for l-af /M ]
plasma currents up to 0.55 M@lata being reported in Sec. 6 0-8_00 e 690 095 ©50 o=  o9%
of Ref. 21). More recently, extended discharge duration and time (s)
increases in the available beam power have extended the
operating space for gas puff fueled discharge o1 for | o FIG. 14. .Time traces for pellgt fueleq H-mode dischargg #4487. A clear

. . increase in line average density is evident at each pellet injeatanked
up to ~0.8 MA (Fig. 13. Greenwald numbers as high as 1.8 by the vertical dotted linds
have been achieved and there is as yet no evidence of a
clearly defined density limit, the ST plasma appearing resil-
ient to density limit disruptions. Indeed, poloidally localized at around 135 ms with the onset of ELN®vident from the
MARFEs (Multi Faceted Radiation from the Edgeccasion-  divertor and pellet line of sight Dtraces. The first pellet to
a”y appearing alG>0.95 do not seem to cause radiative be injected was a medium sized pe”et ()1_17020 atoms
c_ollapse of the plasma column or limit the achievable denvth velocity 641 m/s(both measured at the injecipinci-
sity. dent during the L-mode phase of the discharge at 110 ms, the

A multi-pellet injection system has recently been in-peta trace indicating that the absorption was close to adia-
stalled, preliminary results having been obtained using lowatic. The estimated fueling efficiency for this pellet is 25%,
field side mid-plane launch and,Buel pellets with a deute- sjgnificantly lower than for Ohmic L-mode plasmas where
rium drive gas. Up to 8 pellets per discharge are availableshe fueling efficiency is high at over 75%. This low effi-
with particle inventories per pellet of typically between 0.5 ciency may be associated with the higher plasma tempera-
X 107° and 2< 107 and vessel entry velocities in the range tyre, the presence of a significant fast ion populatitre
400-600 m/s. consequence of which has yet to be quantjfiedd the ab-

Figure 14 shows time traces for a typical 1.0 MA NBI sence of a high beta magnetic vallege Ref. 22(which in
heated H-mode dischar@#4487. Beam heating began at 30 theory can enhance the inwards<B drift of the pellet
ms and terminated at 280 ms. The L—H transition took plac|oud). The second pellet entered during the H-mode at 200

ms. At the injector, the pellet was large (X10?° atoms,
with a velocity 535 m/s, but split into two during flight. Even

_ _ so, the resulting pellet ablation time of 0.75 ms was similar
_,ﬂg{MAST density operating space to that for the first pellet, and particle retention was more

current drive experiments requiring high valuessq). Val- _lﬁ NBI
)

Do. PEL (arb)

; Do signal (arb)

O—= N W O~ NDWH ON »H O

° ] favorable (inferred from the interferometer signalan ex-
151 % #4500l ] pected result due to the higher particle confinement associ-
— ated with the H-mode. Three pellet shots are included as

33 I ) ] discharge trajectories in Fig. 13, 1 MA H-mode discharge
= . ] 4500 (Pyg=1.7 MW) so far having shown the highest per-
N‘ém [ ‘ ] formance. The density of this plasma was ratcheted up using
'g o5k 1 4 pellets, exceedin@G>1 for 20 ms.

i [ V. H-MODE STABILITY AND THE NEOCLASSICAL

00 02 04 06 08 10 12 TEARING MODE

[p[MA]

A key benefit of the ST is its access to high beta, based

FIG. 13. MAST density operating space with three pellet fueled trajectoriedPON arguments of ideal MHD stabilityor a_diSCUSSion see
overlaid. Ref. 23 or 24, and demonstrated experimentally on the
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START devu_:e(whlch transiently rea_cheﬂT~4_0%, Ref. 8. NBI { Soft X-ray emission
Two categories of MHD may potentially stymie the access to
power-plant level betaor a typical ST power-plant design ¢
see Ref. 2k Fast particle driven instabilities such as Toroi- 2
dal Alfven EigenmodeSTAES) are a concern, due to the :
high densities and low fields characteristic of the ST plasma, D, emission
and have indeed been observed on MAST; they are, however, :
rare, and as yet do not seem to be accompanied by any per- 3
formance degradation. Conventional tokamaks are often lim- 3
ited by another MHD instability, the Neoclassical Tearing -
Mode (NTM) (discussed in Refs. 3, 4, and)26hich occurs 0.60| By
below the ideal MHD beta limit in hot, low collisionality 0.50 F
plasmas. The new generation of STs access this low colli- g
sionality regime for the first time in a low aspect ratio
plasma, and hence, by operating MAST in regimes with large ( Perturbation amplitude (arb) |
sawteeth, low collisionality = v; /e w ~0.05 wherey; is : n=1-—»
the ion collisionality,s is the inverse aspect ratio aag« is < n=2 (x8)
the electron diamagnetic frequency, all calculated locally at
the g=3/2 surfacg and high poloidal beta, it is possible to
trigger NTMs, providing the first studies of their behavior at
low aspect ratio.

In these scenarios, sawtooth triggered 3/2 and 2/1 NTMS§IG. 15. Time traces for discharge 2941, highlighting 2/1 and 3/2 NTM
are frequently observethwn denoting the poloidal/toroidal behavior and the resulting effect upon confinemérm S5).
mode numbeps Mode numbers are clearly identified by po-
loidal and toroidal magnetic arrays, with observed poloidal

structure confirmed by modeling. The 3/2 NTM has a modes[Ord equation (as given In Ref. 28 shows_ a remarkablg
) . match to the theoretically expected behavior. The inclusion
impact upon performance, whilst large 2/1 NTMs are often

iated with a t ition f H- to L-mod d. sub of small island size stabilization terms, from ion polarization
associated with a fransition from r- 10 L-mode and, SuUbS€c,, .o yisRef. 29 and/or finite island transpofRef. 30, is

quently, disruption. Mode activity usually appears in ired t lain the st d : litudesasall
H-mode, the 2/1 NTM tending to lock periodically if present reduirec fo expraim e S rong‘ E\cay n amplitudeggsalls,

. 4e ol ical island si for th leading to the curves labeledv,," and “wy.” In both cases
In L-mode plasmas. Typical island sizes araé cm for the g bootstrap coefficient requires only modes8%) adjust-

3/2 NTM and 10 cm for the 2/1, deduced from estimateSyon from the theoretically calculated val(esing paramet-
using a cylindrical model and in good agreement with bothyjc s from Ref. 31. It is, however, necessary to include

detailed field line tracing calculations afidr the 2/ local  giapilizing field curvature effects, calculatéffom theory
flattening observed in Thomson scattering profile measures tiined in Ref. 32 to cancel out~60% of the bootstrap

ments. drive in these discharges, providing a first validation of the

An example is shown in Fig 15. Here, each sawtootheftects of field curvature physics. Further details can be
acted as a seed, excitimg=2 islands(which then decayed  found in Ref. 33.

but once high enougis, was reached, a rapid growth of a
3/2 NTM took place, resulting in a fall of 3 kJ in thermal
energy compared to pre-NTM trend values. This compares
with a 2.4 kJ loss predicted by the Chang and Callen belt
model(described in Ref. 27(based upon pressure flattening
across the island widihAs g, fell, the mode decayed, but
on entry into H-mode, a 2/1 NTM was excited, ultimately
locking and disrupting the plasma. Generally modes are ex-
cited close to their “critical3,” (below which NTMs are
unconditionally stablg indicating a strong seeding process.
This is likely to be associated with the large inversion radius
of the sawteeth and tight aspect ratio of the ST.

To explore the underlying physics in more detail, experi-
ments with a controlled termination of the NBI power have
been carried out in order to study the decay of the mode
following the resulting fall ing,, . A typical island evolution
is shown in Fig. 16. The steady amplitude early (@nthe FIG. 16. Evolution of ann=2 island in the presence of decayig .

; s Model predictions labeletV,, (for the polarization current modeand Wy
presence of bootstrap currents due to h'@‘b indicates a (for the finite island transport modedre seen to agree well with the experi-

negativeA’ (the C_IaSSical tearing Stabi”ty indh_)‘MOde"ng mental data provided finite island size stabilization and field curvature ef-
(smooth curveswith the usual form of the modified Ruther- fects are included.

H-mode _

0.40 |

0.15 0.20 0.25 0.30 0.35
time (s)

2 island size [cm]

n=

0.22 0.24 0.26 0.28 0.30
time [s]
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