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Abstract. H-modes areoutinely obtained inNSTX andhave become atandardoperational scenario. L-H
transitions triggered by NBI heating have beftained over avide parameter range in, IB,, and Ngin either
lower-single null (LSN) or double-null (DN) diverted dischargeEMs are observed iboth configurations but
the characteristicgliffer between DNandLSN, which alsohavedifferent triangularity®). H-modeduration of
500 msec was obtained in LSN, with total pulse length ~ 1 sec. Preliminary power thresholdiradicdiges the
L-H threshold is between 600 k4hd1.2 MW, depending ortarget parameters. Gas injector fueling from the
center stack (i.e. the high toroidal field side) has enabled rodtmedeaccessand comparisons witHow-field
side (LFS) fueled H-mode dischargehiow that the LFS fuelindelaysthe L-H transitionand alters thepre-
transition plasma profiles. Gas puff imagiagd reflectometryshow that theH-mode edge isusually more
quiescent than the-mode edgeDivertor infrared cameraneasurements indicate up 10% of availablepower
flows to the divertor targets in quiescent H-mode discharges.

The National Sphericallorus Experiment (NSTX) is a nedium-sizelow aspect ratio
sphericaltorus[1,2] with both neutral beamand radio-frequency auxiliary heating (R=0.86m,
a=0.67m, R/a= 1.26, B< 0.6 T, |< 1.5 MA, R < 7 MW, R, < 6 MW). Making a
determination of the attractiveness of the sphetarais concept in the areas of highstability,
confinement, current drive, and diverfanysics isthe mainresearch goal of NSTX. Substantial
progress[3,4,5,8] was made irextending the operational regime of tthevice snce the last
IAEA conference, e.g. the achievement of dischargesfith34%,[3, ~ 6.5,and pulse lengths
~ 1 sec. Routine access to H-mode operatiaa contributed to these operational regime
advances. First, thg limit hasbeen shown to increase[7] #® pressurepeaking factor is
reduced iNNSTX, and H-modedead to the lowest therm@ressurepeaking factors ~ 2, due
mainly to the broadness of tlensity profile. In comparisothe best L-mode discharge had a
thermal pressurepeaking factor ~2.6 and &3, limit ~ 5. Second, the steep edgeessure
gradient in H-nedes hadead to highbootstrap fractions up to 40% atalv loop voltage,
enabling long pulse discharges. This paper desctitmeslevelopment oNBI-heated H-mode
operation and H-mode physics research in NSTX; H-nooddéinementelative toscalings and
H-modes triggered by RF heating are discussed in a separate paper[8].

H-modes have been obtained[9] quite routinely in a bpzaemeter range iR002: 0.6 < |
<12 MA 0.3<B,<0.6 T,Ry >0.32 MW, 1.5 X 1€ < n, <6.5 X 10° m®, and 0.2 <

ne/Naw < 0.85, wherengyy[10%° m™3] = | [MA] / m?[m] is the Greenwaldensity[10]. The

first observed H-mode phases[11,12] in late 2000 and 2001 lasted only up to 7@mpsacd

machine conditioning[13] (full plasma-facing graphite bake-out to350 °C), reduction of the
edge intrinsic error field[5], and the development of gas injector fueling from the stauieyr i.e.
the high-field side (HFS), enabled discharge reproducibility and an extendioa ddiration to
over 500 msec (e.g. see references [3,4]).
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Both lower-single nulldivertor (typically o~ 0.4) and double-nultlivertor (typically
O~ 0.8) configurations allow H-mode access, although we thateipper single-null has not
been attempted rete reproducible H-odeswere obtained. Todate,the single null H-rodes
have producedthe longest pulse lengths whereas double-null éldes have produced the
highestf,. The singlenulls areeither quiescentave verysmall edge-localizednodes ELMs,
with AW/W<<1% - see Fig. 1), or in a narrow fuelimgndow just above thdocked mode limit,

very large ones(4%<AW/W<20%, where W is the plasma stomukrgy). Inthefirst 2 cases,

Ne risesmonotonically thoughthe discharge; in the third case, the ELMs cause large edge

density losswhich fills in rapidly after theELM, and then, rises monotonically between the

large ELMs. Previously whavereported[9,11,12] that the eddensity builds rapidiafter the
L-H transition and forms ‘ears’. The durationtbé present H-modes is #igient to determine

1.0

! |p[|\/|A]_ 4; : _ ]
0.5 2 N SR E.
- e "I : PNBl /10 [MW] :I
0.0 .’ R S . L | 1 la
8( 108 M9 ! : ' -
6 Me [ m~] .
Jf LH__ i ’_fﬂ/”""/’dl i
2: tranf':‘_'?_n,k"’*.’# .u_,_t,mu.mwmmwmm; TR
ol et Dgfau] | W
8 : - 1 r q i T
9 -3 1 _ ’ =
6 Ne[10° M7 inner —p o~ T
4l i J | outer
2- e 41 central
ol |
1.5 [ f 1 !
\_/\/ in/centrar 1%/~
1.0 ;
H §
0.5 / 5‘5,” B i 1:out/central -
= | #108728 -
Urﬂ. | - | : 1 1 1 1 - |
0.0 0.2 0.4 0.6 0.8
Time [sec]

Fig. 1 — Time evolution of a long pulse H-mode. The inboard side H-peutéstal
density (R=46.7 cm), outer pedestal (R=142.0cm), and cent(R=100.7
cm) measured by Thomson Scattering are indicated in pandih(e)ratio
of the nner pedestal to central densiynd outerpedestal to core density
are shown in panel (d), showing that the core fills in noprekly han the
edge. The point-to-point variability if, ns due to laser-to-laser variation.
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that the core density fills in faster than the edge density, leagemgually to a flaprofile (Fig.
2). Double-nulls are characterized by discrete ELMs (either Type | or Type HAM/W<4%)
or are occasionally ELM-free, but somewhat surprisingly, the ratdensity rise is nearly
identical to single nulls.

The NBI heating power required for H-mode accessbeasn measuretl] attwo | values
in lower-single null configuratiomwith theion Grad-B dift toward the X-point. At ,j:éOO KA,
Pe=320 kW (R = PygtPo-dW/dT = 0.63 MW)was required to trigger ail-mode

transition (B=0.45 T,n,=2.0 X 16° m-3), and at F900 kA, P,;=650 kW (R, = 1.2 MW)
was required (B= 0.45 T,n.=2.4 X 16° m-3). Further experiments are requirediedermine if

these data indicate gndependence or a very strong dependence, or a powreshold being
reducedwith wall conditioning. Both ofthe measured powehresholdvalues are @il above
(~10-20 times) amarly ITER scalindl5] based orronventional aspect rattokamaksRecent
inclusion of low aspect ratio data into the ITER datalesyielded[L6] aninverse aspect ratio
dependence of the power threshold. A preliminary comparison with the new scaling intietates
the power threshold in NSTX is 3-4 times higher than the new scaling value.

One parameter clearly affecting H-mode access is the fueling characteristic near the NBI start
time. Fueling from the HFS injector provides thestreliable Hmodeaccess, as in tiHdAST
device[17]. However the fueling rate can be either too low to allow H-mode access, resulting in a
locked mode, or too high, resulting in a high lomttageL-mode. Because of therg injector
tube, the HFS gas injector has a large initial puff rate which decay® 1% msec followed by a
slowly declining puff which continuef®r the discharge duratiofsee Fig. 3). A comparison of
H-mode access and characteristics was made between discharges fueleHFES tiesinjector
and an injector near the outer midplane (low toroidal field side, LFS) which was programmed for
an identical flow rate. Fig. 3 shows that the discharge with the HFS gas injection had an H-mode
transition about 75ms earlier than €S injection disharge, and alsthat theHFS injector
fueled H-mode lasted longer. We note that the LFS fueled discharge had an L-H traftsition
the second NBI source was added at t=200 msec, indichahghe powethresholdwas higher
for the LFS discharge. Fig. 4 showtat the toroidal rotationelocity (v) and edgeelectron
temperature were lower with LFS fuelirgpdthat a bump in theutboard sideslectron density
10 ——s was present inthe LFS
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Fig. 2 — Evolution of density profiles. time for the long-pulse times  and discharge
H-mode in Fig. 1. characteristics becanvery
similar between the two
fueling locations.
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One additional note: Hiode acceswasalso obtained by pre-loadirige wall (in previous
discharges) with high LFS gasiffing, and then cuttingff externalgasfueling at theonset of
NBI. This technique was utilized[18] by the MASdamfor H-mode access prior to their HFS
fueling system. INNSTX, it produced comparable (but irreproducible) lddas as copared
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with HFS fueled H-modes, buwith a presumably more distributed fueling sourcEhus, it is
clear that the poloidal location of the gas fueling has a measurable effect on H-mode access.

Investigation of the relationship betwewgansport and turbulence the Himode edge is
continuing with a gas puff imaging diagnostic[120] and a newly installed midplane
reciprocating pwbe. The gas puffimaging diagnostiziews along, distributed gas puff source
along the edge field lines. Aarrow, quiescent emission band is observed in étes with
small or no ELMs. The emission profile broadens and becomes much more turbulent in L-mode.
The decrease in profile width in H-mode is consistent with a decrease in the emission region due
to a decrease in the electron density gradient scale length. Detailed simulations with the DEGAS-
2 atomicphysicscode,and theUEDGE andBOUT boundary transport codes are in progress.
Data from a scrape-ofayer reflectometeshow[21]that thedensity gradient scale length itself
fluctuates tremendously in L-mode, but is more quiescent in H-mode.
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Fig. 3 — Comparison of a HFS and LF#ieled H-mode discharge. The NBI
waveform displayed in pané) was used in both cases. The LiRfgctor
was programmed tgield the ameflow rate asthe HFS injectorAll gas
fueling before t=90 ®ec. came from a second Likkfector and was not
varied during this experiment.
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The heafflux to the divertor targeteasbeen measured in H-mode discharges. A quiescent
lower-single null H-mode dischargeas used (Fig. 5);approximately 3 times more power
strikesthe outer target than the inner tarfféiy. 5c¢). This in/oupower split is more balanced
than the_> 9:1 split observ&f]] in MAST double-null discharge$ower accountability is
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Fig. 4 —Comparison of g T, and \ﬁprofiles fromthe LFS
fueled and HFS fueled disc

n, and T is just beforehe HFS-fueledlischarge L-H
transition time, and the time isthe closest available
to the transition. Notethe reduced edge _.Tand n
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rather good: 70% of B,
is observed at the target
plates. In general, the
core radiated power is
about 10%]eaving about
20% for fast ionlosses
and divertor radiation.
The peak heaflux in an
L-mode with the same
NBI power was about
33% higher, due to
higher ohmic power and
lower dW(dt; total power
observed at the target
plate as a fraction of edge
power wasalso ~ 70%,
l.e. comparable to the H-
mode discharge. The
profile width (full width
at half maximumvalue)
was slightly smaller in
the Hmode (2.2 cm)
than in the L-modé€~2.5
cm), but the H-mode
width is at theimit of the
instrumental  resolution.
Finally peak heatflux
increased non-linearly
with NBI power, up to a
maximum value of 10
MW/m?.  The highest
value observed?3] in L-
modeswas ~ 6MW/m?
A detailed scaling of the
peak heaflux with input
power and densityill be
obtained in  coming
experiments. Simulations
of the heatflux and other
edge data with the
UEDGE code are in
progress.

arges, The profile time for
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In conclusion, Hmode operatiomas provided an operational scenario to furtipeogress
toward NSTX performance targets. Further optimization of theddeswill include theuse of
improved fueling and heating control to create even broader pressure pooftegher 3 limits.

A divertor cryopump andadvanced @il conditioning techniques are being considered for
improved density control during discharges. In addition, research will continue phytkies of
the termination of the Mode phasafter ~ 500msec. lHode research ithe pastfew years
has focused odevelopment as an operatiotabl, but an increasing emphasis is beplgced

on H-mode physics, in terms of accesteria (e.g. power threshold and fueling effects) and
edge turbulence studies.
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acknowledge the contribution of the NSTX technical staff and neutral beam operations staff.

References

[1] Ono, M. et. al.Phys. Plasma4 (1997) 799.
[2] Neumeyer, C. et. alKusion Eng. and Desigt¥ (2001) 275.

[3] Maingi, R. et. al., “Recent Results from the National Spherical Torus Experirféadina
Phys. Contr. Fusiom press.

[4] Synakowski, E.J. et. al., this conference.
[5] Menard, J.E. et. al., this conference.

[6] Mueller, D. et. al., Proc. 29nternational Conference on Plasma Science, Alberta, CA, June
17-22, 2002 in press.

[7] Sabbagh, S.A. et. al., this conference.
[8] LeBlanc, B.P. et. al., this conference.

[9] Bush, C.E. et. al., Proc. of 2&uro. Conf. on Plasma Phys. and Contr. Fusion, Montreaux,
SZ, June 17-22, 2002.

[10] Greenwald, M. et. alNucl. Fusion28 (1988) 2199.
[11] Maingi, R. et. al.Phys. Rev. Lett88 (21 Jan. 2002) 035003.
[12] Bush, C.E. et. alRlasma Phys. Contr. Fusiaht (2002) A323.

[13] Kugel, H.W. et. al., “Impact of Wall Conditioning Program on Plasma Performance in
NSTX”, J. Nucl. Materin press.

[14] Bush, C.E. et. al., to be submittedPays. Plasmall/02.

[15] Snipes, J.A. et. al., Proc."2Buro. Conf. on Plasma Physics and Contr. Fusion,
Berchtesgaden, Germany (1997: Geneva), part lll, p. 961.

[16] Valovic, M., presented at the ITPA Confinement, Database, and Modeling Working Group
Meeting, Princeton, NJ, March 8-11, 2002.

[17] Field, A.R. et. alPlasma Phys. Contr. Fusiah} (2002) A113.
[18] Sykes, A. private communication, 2001.
[19] Zweben, S.J. et. aPhys. Plasm& (2002) 1981.

[20] Maqueda, R. et. al., Proc."IHigh Temp. Plasma Diagnostics Conf., Madison, WI, 8-11
July, 2002.

[21] Wilgen, J.G. private communication, 10/2002.

[22] Counsell, G.W. et. al. “A Review of Plasma Boundary Phenomena in the Mega Amp
Spherical Tokamak’J. Nucl. Materin press.

[23] Maingi, R. et. al., “Heat Flux Scaling Results in NSTX’Nucl. Materin press.



