1Tests of local transport theory and reduced wall impurity influxwith highly radiative plasmas in the Tokamak Fusion Test ReactorK. W. Hill, S. D. Scott, M. Bell, R. Budny, C. E. Bush,1 R. E. H. Clark,2 B. Denne-Hinnov,D. R. Ernst, G. W. Hammett, D. R. Mikkelsen, D. Mueller, J. Ongena,3 H. K. Park, A. T.Ramsey, E. J. Synakowski, G. Taylor, M. C. Zarnstorff, and the TFTR GroupPrinceton Plasma Physics Laboratory, P. O. Box 451, Princeton, NJ 08543AbstractThe electron temperature (Te) profile in neutral beam-heated supershot plasmas(Teo ~ 6 - 7 keV, ion temperature Tio ~ 15 - 20 keV, beam power Pb ~ 16 MW) wasremarkably invariant when radiative losses were increased significantly through gaspuffing of krypton and xenon in the Tokamak Fusion Test Reactor (TFTR) [K. M. McGuireet al.., Phys. Plasmas 2 (1995) 2176]. Trace impurity concentrations (nz / ne ~ 10-3)generated almost flat and centrally peaked radiation profiles, respectively, and increasedthe radiative losses to 45 - 90% of the input power, (from the normal ~25%). Energyconfinement was not degraded at radiated power fractions up to 80%. A 20 - 30%increase in Ti, in spite of an increase in ion-electron power loss, implies a factor of ~3 dropin the local ion thermal diffusivity. These experiments form the basis for a nearly idealtest of transport theory, since the change in the beam heating power profile is modest,while the distribution of power flow between (1) radiation and (2) conduction plusconvection changes radically and is locally measurable. The decrease in Te wassignificantly less than predicted by two transport models and may provide important testsof more complete transport models. At input power levels of 30 MW, the increasedradiation eliminated the catastrophic carbon influx (carbon �bloom�) and performance(energy confinement and neutron production) was improved significantly relative to thatof matched shots without impurity gas puffing.PACS: 52.55.-S, 52.55.Fa1 Oak Ridge National Laboratory, Oak Ridge, TN2 Los Alamos National Laboratory, Los Alamos, NM3 Laboratoire de physique des plasmas, Ecole royale militaire, Brussels, Belgium

2I.INTRODUCTIONTwo of the most challenging problems in tokamak magnetic fusion research are (1)solving the problem of heat flow onto the first wall1,2,3,4,5,6,7,8 and (2) both understandingand finding a way to control anomalous transport.9,10,11,12,13,14,15,16,17,18,19,20,21 In a reactorseveral hundred megawatts of alpha heating power will have to be exhausted, mainly ontothe divertor plates, possibly leading to excessive heat loading,1-8 erosion, and productionof impurities which can degrade the nuclear reactivity. One of the most promisingsolutions proposed for this problem is the use of impurity radiation associated withcontrolled gas puffing to remove a substantial portion of the thermal energy. Thistechnique reduces the concentrated heat flux density at the divertor or limiter.1,22,23,24,25,26This scheme has been called the radiative �mantle� or highly radiative plasma. Tominimize the size and cost of a reactor, yet be sure of achieving ignition with a comfortablemargin, understanding thermal transport is important, because reactor design requiresextrapolating from present, smaller experiments. The extrapolations can be reliable onlyif the plasma models used are reliable. Also, understanding transport mechanisms mayenable experimental attainment of advanced tokamak regimes which can improveperformance and lead to more efficient and cost effective reactor designs.27 Extensiveresearch, both theoretical and experimental, has been done on both the transport issue9-20and the question of dissipating the fusion power by impurity radiation.1-8,28,29,30,31 In thispaper the approach of using feedback controlled impurity radiation is discussed. Thistechnique is used to study both the thermal transport and the potential for reduction ofthermal loading of the first wall.This paper reports the first successful use of controlled high-Z (krypton and xenon)gas puffing at reactor-plasma conditions to increase, by factors of two to three, the fractionof input power which is removed by radiation. Results from two distinct types ofexperiments are reported. These are (1) high neutral beam power (PB >28 MW) dischargesin which the intense impurity influxes from the graphite limiter (carbon �blooms�),32,33often seen without impurity puffing, were successfully suppressed by impurity puffing,and (2) modest power (16 - 22 MW) shots for transport studies; here the lower beampower was used to avoid carbon �blooms� and to minimize MHD activity which can affecttransport. A remarkable observation is that this large increase in radiated power wasaccomplished without degrading plasma confinement or fusion power production in the

3transport-study experiments. In the higher power bloom-suppression studies, bothconfinement and fusion power output were improved relative to that in matched shotswith no impurity gas puff. The advantage of removing power by radiation is that thepower is deposited uniformly to the vacuum vessel wall. In contrast, power which isconducted or convected to the limiter or divertor is concentrated onto a much smaller area,leading to much higher heat loading per unit area. The reduced limiter heat loadingbrought about by the high-Z radiation prevented uncontrolled carbon influxes at highheating power (Pb ~ 30 - 40 MW), thereby improving confinement and fusion power byreducing the �rollover� or degradation of these parameters with time. Thus, furtherdevelopment of this technique could greatly ameliorate or even solve the problems of heatloading to divertors and concomitant uncontrolled wall impurity release.Previous work on highly radiating plasmas has generally involved impurities withlower atomic number, such as N, Ne, and Ar for increasing the radiative losses in both themain plasma and the divertor region, and much of this work has been done attemperatures well below the reactor regime.7,34,35,36,37 The present study extends thework to higher-Z ions such as Kr and Xe in reactor-regime plasmas with central electronand ion temperatures Te0 = 6 - 9 keV and Ti0 = 15 - 40 keV. Most of the studies were donein the supershot regime.38 The higher-Z ions were more effective in TFTR for radiatingmulti-megawatt levels of power with minimal dilution of the deuterium or tritium fuelions. It has been shown39 that at electron temperatures in the range from 100 eV to about10 keV, typical of future reactors or large tokamaks, the radiated power increases verystrongly with Z. The effective plasma fuel-ion dilution, which is proportional to theaverage charge of the impurity ions, increases much more weakly. Thus, high-Z radiatorscan provide the required radiative cooling with much lower impurity ion densities and,thus, lower dilution than lower-Z impurities.This paper also reports on further tests of transport theories by analyzing theplasma response to the high-Z impurity puffing. The highly radiative plasmas provide anearly ideal method to test thermal transport because the changes in the distribution ofpower flow between radiation and conduction plus convection are large and are locallymeasurable by bolometry, while changes in the electron density and neutral-beamdeposition profile are relatively small. As discussed in Sec. IV, the small change in Teaccompanying the large increase in radiative power loss from the electrons is very likely aresult of compensation of the increased radiative losses by an increased power flow to the

4electrons from the ions. The small change is Te is also consistent with the TRANSPanalysis of Sec. V, which shows that the net power flow in the electron channel is nearlyunchanged with the large increase in radiative losses in the impurity puffing shots.In the transport experiments the core electron density ne was found to increase by15 - 30% with the increased radiation. The ion temperature Ti was also significantlyincreased. The increase in density suggests an improvement in particle confinement, since(1) the edge source due to recycling of deuterium was actually reduced, and (2) theincrease in electrons due to the impurity gas which entered the plasma was much smallerthan the observed increase in electron density. The increase in ion temperature wasremarkable because a larger fraction of the ion energy was being coupled to the electronsdue both to the increased density and to the increased ion temperature [ ion-electronequilibration power qi e ~ ne2 (Ti - Te ) / Te3/2]. These observations provide furtherinformation for testing transport models.In Sec. II the experimental technique and phenomenology of the highly radiativeplasmas are described. In Sec. III high heating power experiments are described in whichthe high-Z radiation was used to reduce the power flowing to the limiter and preventuncontrolled carbon influxes. In Sec. IV the more modest power transport experimentsare discussed, and in Sec. V the results of a transport analysis of a xenon-puffingexperiment are presented.II.PRODUCTION OF HIGHLY RADIATIVE PLASMASThe highly radiative plasmas were produced by injection of the noble gases Ar, Kr,and Xe into supershot plasmas. The effects of the puffing are illustrated in Fig. 1. Basicplasma conditions for these shots were R=2.52 m, a=0.87 m, Bt=4.75 T, Ip=2.0 MA,qpsi=4.6, Pb = 16.6 MW, Pco/Pb = 0.7, where the parameters are R: major radius, a: minorradius, Bt: toroidal field strength, Ip: plasma current, qpsi: inverse rotational transform atthe plasma edge, Pb: neutral beam heating power, and Pco: power of neutral beamsinjecting tangentially in the direction of the plasma current. Prior to these discharges thelimiter was prepared in the usual fashion40 needed to ensure supershot plasma operation,including a sequence of Ohmic helium plasmas. The plasma density was sustained almostentirely by hydrogen influx from the limiter surface and beam fueling. In the Kr

5experiments, no gas other than Kr was puffed during the discharges; the Xe was dilutedto about 20% by deuterium. The D influx from puffing the mixture was negligible relativeto the fueling from the wall. All characteristic features of the supershot plasma regimewere realized: enhanced global energy confinement, tE = 135-155 ms = 1.3-1.5 times tE-89P,41 low edge density and a peaked density profile, ne0 / <ne> = 2.05-2.45, modest line-average density ne = 2.8-3.4 x 1019m-3, and high central ion temperatures Tio = 20-24 keVand Tio/Teo = 3-4.The gas puffing rate was feedback controlled on the measured radiated powerfraction fR = PRAD/(PNBI + POH) by means of a digital computer. Here PRAD, PNBI, and POHare the total radiated power, the neutral-beam heating power, and the Ohmic heatingpower, respectively. Figure 1 illustrates the results of puffing xenon into plasmas at twodifferent rates. Shown are the deuterium neutral beam heating power Pb of 16 MW,which was injected from 3.0 to 5.0 s, the radiated powers for the three shots, and therequested gas injection rates of the two shots with gas puffs. These puff rates were set tosustain radiated power fractions of 45% and 75% from t˚=˚3.5 s to 4.6 s for the shotsillustrated by curves with long dashes and short dashes, respectively. The requested gaspuffing rate first increased to high values, since the measured radiated power fraction waswell below the requested value, and then decreased to a steady-state value as themeasured power fraction approached the target. It was found, in agreement withexperience on TEXTOR42 , that such feedback control of the gas puff rate was essential forobtaining steady state plasmas with high radiative power fractions. This requirement ispresumably due to the nonlinear dependence of the gas penetration, recycling, andradiation on puff rate because of modification of edge plasma parameters by the puff.Without feedback control, attempts to increase the radiated power by increasing the gasflow rate would often lead to disruption. We also see from Fig.˚1 that the energyconfinement time tE was essentially unchanged or even slightly improved by the xenonpuffing, relative to that of the no-puff shot, but that the deuterium influx, which isapproximately proportional to the Da emission shown, was substantially reduced. Areduction in deuterium influx usually correlates with improved confinement insupershots,43 all other parameters being the same.The plasma concentration (ion density nI / ne) of the injected impurity gas ions wasvery small, resulting in low dilution of the fuel ions. A knowledge of this concentration isimportant for further modeling and understanding of the highly-radiative experiments.

6The impurity concentration was estimated from the increase in Zeff due to the impurity,with an assumed uncertainty of – 35% (nI/ne = DZeff / <Z>2 , where <Z> is the averagecharge state predicted by the MIST impurity transport code44,45). The uncertainty derivesfrom uncertainties in the calibration, the Abel inversion, the estimate of <Z>, andsubtraction of two Zeff values. For a shot with xenon puffing and 75% radiated power, theinferred concentration was (7.2 – 2.5) x 10-4 , for a fuel dilution value (DnH/nH) in the coreof 3.0 – 1.0%. For a shot with krypton puffing and 85% radiated power the inferredconcentration was (1.46 – 0.5) x 10-3 , translating to a fuel dilution in the center of 4.6 –1.6%. For both krypton and xenon the concentration profile was approximately flat fromr/a = 0 to r/a = 0.7. For krypton additional estimates of the concentration were inferrednear r/a = 0.7 from the intensity of (1) the Na-like VUV resonance line at 179 �, (1.4 x 10-3), (2) the Mg-like VUV resonance line at 158 � (7.3 x 10-4), or at r/a = 0 from (3) the soft x-ray K resonance peak near 13 keV (2.9 x 10-3).46 These measurements are in reasonableagreement with the estimates from the increase in Zeff, considering the uncertainties inthe spectroscopic modeling. The higher estimate from the x-ray diagnostic is notsurprising, since it is impossible to include in the theoretical atomic model contributions tothe effective excitation rate from all of the many hundreds of excitation channels. Theseinclude contributions from excitation to n>2 levels followed by cascading and contributionsfrom many dielectronic-recombination configurations.47Only trace levels of the xenon puffed into the shots of Fig. 1 entered the plasma.Approximately 9 Torr-liters of xenon gas were puffed into the torus. The electronsassociated with this quantity of gas correspond to ~20 times the total electron populationin the plasma, and would represent an electron source rate 11 times higher than theelectron source rate due to ionization of deuterium gas evolved from the limiter surface asmeasured by Da light emission. Nevertheless, the xenon concentration in these plasmas,as estimated from the measured increase in Zeff of ~ 1, remained very small (nXe/ne = 0.72x 10-3, hydrogenic ion dilution = nXe/ne <Z> approximately 0.03). Here <Z> is the averagecharge of the xenon ions, which is predicted by the MIST code to be 42 in the center of thedischarge. The edge electron density as measured by a vertically-viewing interferometerat R=1.80 m (r/a=0.83) changed less than 5% between the xenon and no-xenon discharges.We conclude that only a small fraction of the puffed xenon enters the plasma; theremainder is presumably entrained in the limiter48 or vacuum-vessel surfaces during theplasma discharge and is then pumped away in the 10-15 minute period betweendischarges. Bolometric and spectroscopic diagnostics on reference discharges, following

7discharges with impurity-Z gas puffing, showed a rapid decrease in the high-Z impurityconcentration (typically a factor ~3-5 decrease on the first shot), indicating that there islittle long-term accumulation of these gases in the limiter.The local increases in radiated power due to the injected impurity gases ranged upto factors of 6 in the steady-state experiments, and a range of radiated power profiles49,50were achieved by injecting different gases, as shown in Fig. 2. This local increase islarger than the factor of 2-3 increase in the global radiation. These large increases in localradiation enabled rather strong tests of transport theories. In the reference shot of Fig. 2with no impurity puff, the radiation is edge dominated and is mainly due to lines fromcarbon ions which are not fully stripped near the edge. The argon radiation is alsoconcentrated near the edge, but is much higher in magnitude than the carbon radiation.Both krypton and xenon radiate across the entire plasma, with the krypton radiationslightly hollow and the xenon radiation slightly peaked in the center.The profiles in Fig. 2 are derived from a poloidal average of tomographicallyreconstructed data from two bolometer arrays, one radially viewing and the othervertically viewing the plasma. These shots had similar parameters to those of Fig. 1,except for the shot with argon puffing, which had a neutral-beam heating power of 22 MW.The total radiated power for the shots ranged from about 75% to almost 100% of theneutral-beam power.III.REDUCTION OF LIMITER HEAT LOADING AND IMPURITY INFLUXESOne of the most encouraging outcomes of the highly radiative plasma experimentswith high power neutral-beam heating (PB > 28 MW) was the successful suppression oflarge influxes of impurities from the limiter (�blooms")32, with a resulting improvement inperformance. During previous experiments at high power, the blooms had often led to asevere reduction or �rollover� in confinement and neutron production and had severelylimited the duration, and probably the maximum fusion power output, of the high powerphase of the discharges.32 The improved performance with the high-Z radiation resultedin a record value of total fusion energy production being achieved during the radiativeexperiments (new record, 7.6 MJ; previous record, 6.5 MJ51). The record was achievedeven though the machine was in a considerably poorer state of conditioning (with respect

8to removal of deeply embedded deuterium in the graphite tiles from L-mode operation andclean-up of intrinsic impurities following disruptions)42,52,53 during these experiments,than during earlier high power, high performance DT experiments.54Successful suppression of carbon blooms and improvement of confinement andneutron production are illustrated in Fig. 3. The time histories of two shots with R=2.52m, a=0.87 m, Bt= 5.1 T, Ip=2.2 MA, and Pb = 30 MW from t = 2.8 - 4.6 s are shown. In theshot without the xenon puff the total radiated power was about 8 MW, or 27% of theheating power, rising to 8.8 MW at the end of the NBI (neutral-beam injection) phase.The remaining 22 MW of the heating power was conducted or convected to the edge,leading to an increase in carbon influx (carbon "bloom") from the limiter which isproportional to the CII brightness shown in Fig. 3b.55,56 The energy confinement time tEdropped to 82 ms, or 94 % of L-mode. In the shot with the xenon puff from 2.9 to 4.4 s, asshown in the first frame, the additional 6 - 7.6 MW of xenon radiation reduced the powerto the limiter to about 15 MW. The carbon bloom disappeared, tE remained 20-40%higher, and the fusion power (DD neutron production rate) increased by 30 - 40%. Local reductions in the CII brightness by high-Z impurity gas puffing were oftenmuch larger than the factor of 2 shown in Fig. 3 (b). This signal is the average ofintensities of the 6585� line from nine filter/fiber telescope channels57 viewing the limiterat different poloidal locations. Without the xenon puff the signal from a single CII channelviewing the limiter at 17¡ below the midplane, as measured from the center of the vacuumvessel, was unusually high and dominated the total CII brightness, indicating that itsfield of view included localized emission from a hot spot on the limiter. With the xenonpuff the intensity of the signal from this channel was reduced by a factor up to 7. Inother high power shots emission from such local hot spots was even more dominant, andwas reduced by factors as large as 14 by the high-Z gas puffing. Other parameters whichwere higher in the no-puff discharge shown in Fig. 3 and the maximum factors by whichthey were higher are the near-edge electron density, 1.9; a central line-integratedelectron density, 1.4; the total number of electrons in the discharge, 1.5; the centralelectron density ne(0), 1.1. The electron density peaking factor ne(0)/<ne> was lower by afactor 0.70 in the no-puff shot, where <ne> is the volume averaged electron density.

9IV.TRANSPORT EXPERIMENTSA surprising result of the experiments with krypton and xenon puffing is that theplasma temperatures did not decrease significantly when the core radiation was increasedby such large factors. The behavior of the temperatures is illustrated in Fig. 4 for xenonpuffing to a radiated power fraction of 75%. The shots in this figure are typical of theplasmas which were used in the transport studies. The radiated power was increased by afactor of 3 globally, but a factor of 6 in the center due to the xenon (see Fig. 2), yet thecentral Te dropped at most about 15% relative to that of the reference shot. Naively onewould expect a much larger drop in Te to accompany such a large increase in the power-loss term of the electrons. The increase in central electron density implies improvedparticle confinement, since the increase is much larger than the increase in electrons fromthe xenon ( ni/ne <Z> ~ 7.2 x 10-4 x 42 ~ 0.03), the beam fueling did not change, and theedge fueling decreased significantly as shown in Fig. 1 (d). We also see that the totalstored energy in Fig. 4 and, thus, the energy confinement time was actually higher in theshot with xenon puffing (dashed curves) than in the reference shot without xenon.Intuitively one might expect that the stored energy might be lower in the shot with xenonsince the radiative power loss from the center of the plasma is higher by a factorapproaching 6 (see Fig. 2). Also shown in the figure are an increase in the DD neutronemission rate SDD, and central electron density. With the xenon puff the ion temperatureincreased above its value in the reference shot and remained higher. The increase inneutron emission is consistent with the higher ion temperature, and also consistent withthe small deuterium dilution discussed in Sec. II. The large increase in ion-electronequilibration power qie can explain the lack of decrease in Te, since it compensates for theincreased radiation losses.In the modest-power transport studies either no change or a very small change inglobal energy confinement time tE occurred with enhanced radiative losses from puffing ofargon, krypton, or xenon gases. The confinement results are summarized in Fig. 5, whichplots the ratio of global tE [ = Wtot/(POH + Pb - dWtot/dt)] in supershot discharges withhigh-Z impurity puffing to matched reference discharges without puffing. All data pointsnot connected by a line represent quasi-stationary discharge conditions for which thedWtot/dt term contributes less than 15% to tE. The thin line connecting four Ar pointsand the thick line for Kr each represents a single shot that ultimately suffered radiativecollapse. The global tE was remarkably insensitive to the additional radiative losses, e.g.,

10tE decreased less than 5% for both xenon and krypton at radiated power fractions up to75% and 100% respectively. Limited experience with argon showed a deterioration of 15-20% at high radiated power fraction (fR > 85%). The absence of a drop in tEaccompanying the large increase in radiative power loss is likely related to the reduceddeuterium recycling seen in Fig. 1(d).V.RADIAL PROFILES AND TRANSP ANALYSIS RESULTSRadial profiles of several parameters for the radiative versus non-radiativecomparison shots from Fig. 4 are shown in Fig. 6. These profiles are either measuredinput parameters or derived parameters calculated by the TRANSP code.57 The solidcurves are for the shot with no gas puff, and the dashed curves are for the matched shotwith a xenon puff. In some frames a third, dotted, curve is shown which represents theTRANSP calculation run in predictive mode for a fictitious plasma having the measuredbeam deposition, radiation, and density profiles from the xenon-puff shot, but using theconductivities (c) inferred from the no-xenon shot. Thus, these curves represent thetemperatures, etc. predicted for the shots with a Xe puff, assuming that the relevantconductivities did not change with the gas puff.We see from Fig. 6 that the total net heating power did not change across theprofile, except for a small increase near the center of the discharge. The electron densityincreased, particularly in the center, by a factor much larger than the ~ 3% increaseexpected due to the electrons from the Xe ions; this increase suggests a ~20% increase inparticle confinement, particularly since the influx of both deuterium and carbon decreasedwith the Xe puff.The curves labeled qrad in Fig. 6 show that with the xenon puff the radiated powerdensity increased across the entire profile by a factor as high as 6. This increaseintegrates to an increase in the overall power loss term to the electrons from 25% to 75%,or a factor of 3, as shown previously in Fig. 4.The naive expectation for the plasma’s response to increased radiative losses fromxenon is reduced electron temperature, since less power should be available to sustain Teagainst conduction. The actual plasma response was complicated by two unexpected

11factors: an apparent improvement in core particle confinement [higher ne(0)] and asignificant improvement in core ion energy confinement (higher Tio). These effects greatlyincreased the ion-electron equipartition power in the plasma core (R/a < 0.5), DPie = 3.00 -0.84 = 2.16 MW, which nearly offsets the increased radiation, DPrad = 2.94 - 0.64 = 2.30MW. The observation that the core electron energy content remained nearly constant withxenon puffing (We(r/a < 0.5) = 0.41 versus 0.42 MJ) thus reflects an underlying electronthermal conductivity ce that is unchanged in the presence of xenon. The total electronenergy content of the plasma went from 0.62 to 0.61 MJ.Figure 6 shows that the core ce inferred from kinetic power-balance analysis is verysimilar between the xenon and no-xenon discharges. Figure 6 also illustrates the expectedTe response (dotted curves) in the xenon discharge given a ce that remains fixed at themagnitude and profile inferred without xenon, but taking all other conditions (ne, Ti,heating profile, Zeff, POH) from the measured parameters of the xenon discharge. A netsmall decrease in Te is expected over the profile. The actual decrease in Te was slightlylarger than expected in the plasma center and smaller than expected in the plasmaperiphery, the latter reflecting somewhat improved ce in the edge of the xenon discharge.In the absence of xenon puffing, the electron power balance in the plasma core(volume-integrated to r/a = 0.5) is dominated by collisional beam heating (68%) withsmaller contributions from Ohmic heating (7%) and ion-electron equilibration (26%); thelosses are conduction plus convection (80%) and radiation (20%). When xenon is added,the increase in radiative losses (2.3 MW) is almost balanced by the increased ion-electronequilibration power (2.2 MW). With xenon, the electron power balance is ion-electronequilibration (52%), collisional beam heating (40%), and Ohmic heating 7%), and thelosses are conduction plus convection (45%) and radiation (51% plasma core, r/a < 0.5).The most remarkable plasma response to the increased radiative losses is theincrease in ion temperature. The increase in ne and Ti result in a factor of 2 increase inion stored energy. If the ion thermal conductivity ci had remained unchanged, the iontemperature should have dropped by a factor approaching 2 in the center, as shown by theTRANSP predicted dotted curve. The actual increase in Ti and the modest drop in Te, aswell as the increased electron density, contribute to an increased ion-electron equilibrationterm (Fig. 4), which modifies both the net electron and ion heating; the qie becomes anextra heating term for the electrons and a loss term for the ions. Thus, the net heat flow

12through the electron channel Qe with xenon puffing is larger in the core and smaller forx˚>˚0.5, and that for the ions Qi is smaller throughout the plasma. The increase in iontemperature, in spite of the greatly increased loss from the ion-electron equilibrationpower, is interpreted as a significant decrease in ion thermal conductivity ci.The plasma rotation velocity Wf also increased with the Xe puffing, resulting in anet decrease in the momentum diffusivity cf. If this diffusivity had not changed with thepuffing, the rotation velocity would have changed only slightly, as illustrated by the dottedcurve.The measured electron- and ion-temperature profiles from supershots in the modestpower (PB=16 MW) transport studies were compared with predictions of two transportmodels. These were the IFS-PPPL14 model and the RLWB (Rebut-Lallia-Watkins-Boucher) model58. One goal of the comparisons was to understand the small change in themeasured electron temperature (Fig. 6) accompanying the large increase in radiativelosses to the electrons. The temperatures were predicted by solving the power-balanceequations using the neutral-beam and Ohmic heating powers, the radiative losses, andelectron and ion densities from the TRANSP code as described in Ref. 21. Both modelsgreatly overestimated (factor of 2) the drop in Te with the xenon puff and, therefore,agreed more with the naively expected change. These differences between the predicted and measured response of thetemperatures to the greatly increased radiated power are not surprising because themodels’ predictions were not in accord with the low radiation supershots. It is hoped thatthe discharges described in this paper will provide an important test of a more completemodel which does adequately predict the temperatures in the low radiation shots.VI. DISCUSSIONThe influence of the q profile evolution on the confinement evolution wasconsidered, but no firm conclusions about this effect could be established. It has beensuggested that the slower downward evolution of tE seen in Figs. 1 and 4 might beconnected to the evolution of the q profile, since this evolution might be different in thehighly radiative shots because of the higher Zeff (D Z eff ~1) . Unfortunately,measurements of the q profile were not available for the discharges studied in this paper.

13However, TRANSP calculations of q showed that the change in q during the gas puff forthe shot of Fig. 4 differed from that over the same time interval in the no-puff shot by lessthan –2% for r/a ‡ 0.2. In the center, q increased more rapidly in the gas puff shots thanin those without gas puffing. The relative increase was 20, 20, and 8% higher at r/a =0.05, 0.1, and 0.15, respectively. Thus, TRANSP calculated a significantly different qprofile evaluation ( 8-20%) during the gas puff only in the center of the plasma (r/a † 0.15).It was confirmed by separate calculations that the effect of the xenon in the plasmaon the neutral beam stopping was adequately approximated by TRANSP. In TRANSPthe presence of one or more impurities in the plasma is treated by assuming a singleimpurity having a specified Z, and calculating the impurity density from the measured Zeff. In the present study, the same constant impurity Z was assumed for both the highlyradiative shots and the discharges without high-Z gas puffing (although the effectiveimpurity density was higher in the Xe puffing shot because of the higher Zeff ). In aseparate study the beam stopping was calculated for a plasma having the same Zeff as aXe-puff shot, but assuming that the Zeff - 1 resulted from carbon only. For comparison,the stopping was calculated for a plasma with the same Zeff , but assuming a mix of C andXe, with the C density being the same as that in a reference shot without Xe puffing. Thebeam stopping at r/a = 0.5 for the latter, "correct" case was only 2% lower than thatcalculated assuming that the ˚Zeff - 1 resulted from C only. Thus, a very small error in theneutral beam stopping results from the fact that TRANSP was not aware that theadditional impurity was Xe.In summary, the study of highly radiative plasmas for heat dispersal has beenextended to reactor relevant regimes in TFTR by controlled injection of trace levels of thehigh-Z gases krypton and xenon. Up to 50-75% of the heating power could be exhausted byradiation without deleteriously affecting plasma performance, as determined by energyconfinement, neutron production, and plasma temperatures. With krypton injection,influxes of impurities from the limiter, particularly carbon, were greatly reduced in highperformance supershots with neutral beam heating powers > 28 MW, resulting insignificant improvements in confinement and DD neutron production, relative to the levelsin matched shots without impurity gas injection. Also, krypton injection enabled longersustainment of DT fusion power production at the several MW level, integrating to a DTfusion energy of 7.6 MW. This was an increase of 1.1 MJ from the old TFTR record value,even though the level of limiter conditioning in the present experiments was significantly

14inferior to that during the earlier experiments without increased radiative exhaust ofheat. These experiments suggest a path toward significant reduction in divertor and/orwall heat loading in tokamak reactors. In modest power (PNB = 16 - 22 MW) plasmas fortransport studies, tripling of the radiative power (from the normal 25% to about 75%)resulted in very little change in Te or energy confinement and a significant increase in neand Ti. The higher ion-electron equipartition energy compensated for the greatlyincreased radiative losses to the electrons, to result in very little change in Te.Preliminary comparisons of the change in Te and Ti to predictions of two transport modelswere made. Both models predicted a much larger decrease in Te, than the measureddecrease, in the highly radiative plasmas, relative to that in matched plasmas without theincreased high-Z impurity radiation. It is hoped that comparisons of the experimentalresults with predictions of a more complete model which more accurately describes thereference plasma, without additional radiation, will lead to improvements inunderstanding of thermal transport. ACKNOWLEDGMENTSThe authors gratefully acknowledge the support and encouragement of Drs. R.Hawryluk and K. McGuire. This work was supported by U.S. DoE Contract No. DE-AC02-76CH03073.

15REFERENCES

1 M. Ali Mahdavi, G. M. Staebler, R. D. Wood, D. G. Whyte, and W. P. West, J. Nucl.Mater. 241-243, 305 (1997).2 G. Janeschitz, K. Borass, G. Federici, Y. Igitkhanov, A. Kukushkin, H. D. Pacher, G. W.Pacher, and M. Sugihara, Journ. of Nucl. Mater. 220-222 (1995) 73.3 D.E. Post, ITER Doc. Series No. 21 IAEA, Vienna, Austria (1991)4 G.C. Vlases, Plasma Phys. 35 (1993) B675 P. Monier-Garbet, J. Nucl. Mater. 241-243, 92 (1997)6 H.-S. Bosch, D. Coster, R. Dux, C. Fuchs, G. Haas, et al., J. Nucl. Mater. 241-243, 82(1997)7 G. Vlases, G. Corrigan, and A. Taroni, J. Nucl. Mater. 241-243, 310 (1997)8 A. Kallenbach, H.-S. Bosch, S. de Pena Hempel, R. Dux, M. Kaufmann, et al., FusionEng. Des. 36, 101 (1997)9 K. L. Wong , N. L. Bretz , T. S. Hahm, E. Synakowski, Phys. Letters A 236, 339 (1997)10 J. A. Wesson, B. Alper, A. W. Edwards, and R. D. Gill, Phys. Rev. Lett. 79, 5018 (1977)11 C. M. Greenfield , D. P. Schissel, B. W. Stallard, E. A. Lazarus, G. A. Navratil , et al.,Phys. Plasmas 4, 1596 (1997)12 F. Wagner and U. Stroth, Plasma Phys. Control. Fusion 35, 1321 (1993)13 J. W. Connor and H. R. Wilson, Plasma Phys. Control. Fusion 36, 719 (1994)14 M. Kotschenreuther, W. Dorland, M. A. Beer, and G. W. Hammett, Phys. Plasmas 2,2381 (1995).15 R. J. Hawryluk, V. Arunasalam, C. W. Barnes, M. Beer, M. Bell, et al., Plasma Phys.And Controlled Fusion, 33, 1509 (1991)16 J. W. Connor, G. P. Maddison, H. R. Wilson, G. Corrigan, T. E. Stringer, F. Tibone,Plasma Phys. Control. Fusion 35, 319 (1993)17 F. Tibone, J. W. Connor, T. E. Stringer, H. R. Wilson, Plasma Phys. Control. Fusion 36,473 (1994)18 B. A. Carreras, D. Newman, V. E. Lynch, P. H. Diamond, Plasma Phys. Reports 22, 740(1996)19 P. H. Diamond, T. S. Hahm, Phys. Plasmas 2, 3640 (1995)20 P. C. Efthimion, C. W. Barnes, M. G. Bell, H. Biglari, N. Bretz, et al., Phys. Fluids B-Plasma Phys. 3, 2315 (1991)21 D. R. Mikkelsen, S. D. Scott, W. Dorland, Phys. Plasmas, 4, 1362, (1997)

22 M. Shimada, Nucl. Fusion 22 (1982) 64323 K. Lackner, R. Chodura, M. Kaufmann, J. Neuhauser, K. G. Rauh, and W. Schneider,Plasma Phys. Control. Fusion 26, 105 (1984)24 G. F. Matthews, S. Allen, N. Asakura, J. Goetz, H. Guo, et al., J. Nucl. Mater. 241-243,450 (1997)25 J. Mandrekas, W. M. Stacey, and F. A. Kelly, Nucl. Fusion 37, 1015 (1997)26 J. Mandrekas, W. M. Stacey, and F. Kelly, Nucl. Fusion 36, 917 (1996)27 R. J. Goldston, Phys. Plasmas 3, 1794 (1996)28 Weston M. Stacey, Plasma Phys. Control. Fusion 39, 1245 (1997)29 G. Becker, Nucl. Fusion 35, 39 (1995)30 D. E. Post, J. Nucl. Mater. 220-222, 143 (1995)31 A. Kukushkin, H. D. Pacher, M. Baelmans, D. Coster, G. Janeschitz, et al., J. Nucl.Mater. 241-243, 268 (1997)32 A. T. Ramsey, C. E. Bush, H. F. Dylla, D. K. Owens, C. S. Pitcher, M. A. Ulrickson, Nucl.Fusion 31, 1811 (1991)33 M. Ulrickson, The JET Team, and The TFTR Team, J. Nucl. Mater. 176 & 177, 44 (1990)34 U. Samm, G. Bertschinger, P. Bogen, J. D. Hey, E. Hintz, et al., Plasma Phys. Control.Fusion 35, B167 (1993)35 A. Kallenbach, R. Dux, H.-S. Bosch, K. Buchl, ASDEX Upgrade, NI and ICRH Teams,Plasma Phys. Control. Fusion 38, 2097 (1996)36 M. E. Fenstermacher, S. L. Allen, N. H. Brooks, D. A. Buchenauer, T. N. Carlstrom, etal., Phys. Plasmas 4, 1761 (1997)37 K. Itami and the JT-60 Team, Plasma Phys. Control. Fusion 37, A255 (1995)38 J. D. Strachan, Phys. Rev. Lett. 58, 1004 (1987).39 D. E. Post, R. V. Jensen, C. B. Tartar, W. H. Grasberger, and W. A. Lokke, At. Dat.Nucl. Dat. Tables 20, 397 (1977)40 H. F. Dylla, P. H. LaMarche, M. Ulrickson, R. J. Goldston, D. R. Heifetz, K. W. Hill, andA. T. Ramsey, Nucl. Fusion 27, 1221 (1987)41 P. N. Yushimanov, Nucl. Fusion 30, 1999 (1990).42A. M. Messiaen, J. Ongena, U. Samm, B. Unterberg, P. E. Vandenplas, et al., Nucl.Fusion 34, 825 (1994)43J. D. Strachan, M. Bell, A. Janos, S. Kaye, S. Kilpatrick, et al., J. Nucl. Mater. 196-198,28 (1992)44R. A. Hulse, Nucl. Technol./Fusion 3, 259 (1983)

45B. C. Stratton, S. A. Cohen, F. P. Boody, C. E. Bush, R. J. Fonck, et al., Nucl. Fusion 27,1147 (1987)46 K. W. Hill, M. Bitter, N. L. Bretz, M. Diesso, P. C. Efthimion, et al., Nucl. Fusion 26,1131 (1986)47 M. Bitter, K. W. Hill, M. Zarnstorff, S. von Goeler, R. Hulse, et al., Phys. Rev. A 32, 3011(1985)48 A. T. Ramsey and D. M. Manos, J. Nucl. Mater. 196-198, 509 (1992)49 J. Schivell, Rev. Sci. Instrum. 56, 972 (1985)50 J. Schivell, Rev. Sci. Instrum. 58, 12 (1987)51 K. M. McGuire, C. W. Barnes, S. H. Batha, M. A. Beer, M. G. Bell, et al., Plasma Physicsand Controlled Nuclear Fusion Research, 1996 (International Atomic Energy Agency,Vienna, 1997), Vol. 1, p. 1952 K. W. Hill, V. Arunasalam, M. G. Bell, M. Bitter, W. R. Blanchard, et al., in Proc.Eleventh International Conference on Plasma Physics and Controlled Nuclear FusionResearch, (Kyoto, Japan, November 1986) (International Atomic Energy Agency, Vienna,Austria, 1987) Vol I, p. 207, Paper IAEA-CN-47/A-IV-253 H. F. Dylla, M. Ulrickson, M. G. Bell, D. K. Owens, D. Buchenauer, et al. J. Nucl. Mater.162, 128 (1989)54 K. M. McGuire, C. W. Barnes, S. H. Batha, M. A. Beer, M. G. Bell, et al., Plasma Physicsand Controlled Nuclear Fusion Research, 1996 (International Atomic Energy Agency,Vienna, 1997), Vol. 1, p. 1955 Alan T. Ramsey and Stephen L. Turner, Rev. Sci. Instrum. 58, 1211 (1987)56 K. Behringer, H. P. Summers, B. Denne, M. Forrest, and M. Stamp, Plasma Phys.Control. Fusion 31, 2059 (1989)57 R. J. Hawryluk, in Physics of Plasmas Close to Thermonuclear Conditions, ed. B. Coppiet al. (Commission of the European Communities, Brussels, 1980), Vol. 1, p. 19.58 P. -H. Rebut, M. L. Watkins, D. J. Gambier, and D. Boucher, Phys. Fluids B 3, 2209(1991).

18FIGURES

10

14 Ph/(s-sr-cm

2)Da3.03.54.04.55.001020

0.10.2

103648103809103810010

PradGas flowratetE

MW

Second

T-l/s0.00.51.0 time (s)NBI 16 MW(a)(b)(c)(d)Figure 1 Time evolution of (a) Total radiated power, (b) xenon gas flow rate, (c)energy confinement time tE, and (d) Da brightness for matched supershots with differentrequested radiated power fractions (dashed and long-dashed curves) and a reference shotwithout xenon puffing. The xenon puffing valve was feedback controlled on the radiatedpower fraction. The requested power fractions were 45% (long-dashed curves) and 75%(short dashed curves) of the total NB (Neutral-Beam) plus Ohmic heating power.

19no puffxenonargonkryptonLCFS

Radiated power density (W/cm

3)minor radius (cm)

96150 3.744s 103648 4.1s 103649 4.454s 103810 4.514s

0501000.00.10.20.30.40.50.6

Figure 2Measured radiated power density profiles for supershots with argon, krypton,and xenon gas puffs, and a matched shot with no gas puff for reference. The position ofthe last closed flux surface, LCFS, is indicated.

20Time (Seconds)Xe puff 5 T-l/sNBI 30 MW104114 104113CII emissionTotal radiated powerEnergy confinement time

010200120.080.18

Seconds

10

14 Ph/(s sr cm

2)"bloom"

With XeNo Xe3.03.54.04.55.0

01234

Neutron production rate

10

16 n/s

MWFigure 3Time evolution of (a) Total radiated power, (b) CII brightness, (c) globalenergy confinement time, and (d) DD neutron production rate for two matched supershots.One shot (thin curves) had no impurity gas puffing, and the other (thick curves) had axenon puff as illustrated by the boundary of the hatched curve shown in frame (a).

10

16

/ s

MJ

1019 m

-3 keV keV neTe

2010Ti fRWdiaSDD

0246024601012001

W / cm

33.03.54.04.55.000.51.0 qieTime (s)(a)(b)(c)(d)(e)(f)(g)NBI 16.5 MWxenon puffingFigure 4Time evolution of several plasma parameters for matched supershots with noimpurity gas puffing (solid curves) and with xenon puffing (dashed curve, same shot asshort-dashed curve of Fig. 1). The parameters are (a) radiated power fraction, (b) plasmastored energy, (c) DD neutron production rate, (d) central (upper solid and dashed curves)and (near) edge (lower solid and dashed curves) electron density, (e) central and edgeelectron temperature, (f) central and edge ion temperature, and (g) central and edge ion-electron equilibration power as calculated by the TRANSP code. The xenon puffing periodis illustrated in frame (a) (or in frame b of Fig. 1), and the neutral-beam heating was 16.5MW as illustrated in frame (b).

22 Legend Pb (MW) Argon 22 Krypton 16 Xenon 16 Xenon 22104114 104113

Radiated Power Fraction

t

E

(with puffing) / t

E (without puffing)Intrinsic radiation0.00.51.00.00.51.0

SS971602

}radiative collapse time timeFigure 5Ratio of global energy confinement time in discharges with high-Z impuritypuffing to that in matched reference discharges as a function of radiated power fraction.The solid lines illustrate the time evolution of individual discharges that ultimatelysuffered radiative collapse; the dashed lines represent time periods when dWtot/dt exceeds15% of the total input power.

SS971771 qheat ne00.51.01.50246

MW

/ m

300.20.10.3 qrad 3

1019 m

-3

Qe

MW

/ m202460

510Qi

MW

/ m20.00.51.0

1100.11100.1ci ce m2

/ sec

/

1100.1cf

m2

/ sec0.00.51.0

00.51.0

MJWic = c no-Xe

ii01020Ti keVc = c no-Xeii

Tec = c no-Xe0246 keVee c = c no-Xeff

Wf00.51.0

105

/secminor radius (r/a)

Figure 6Radial profiles of several parameters at a fixed time (near 4.0 s) for the twoshots of Fig. 4. The shots represented by the solid curves had no impurity gas puffing, andthose represented by the dashed curves had xenon puffing. The curves are eithersmoothed measured parameters (ne, Te, Ti , qrad) used as input data for the TRANSP code,or quantities calculated by TRANSP. The short-dashed curves in the frames for Te , Ti ,Wf, and Wi are taken from predictive runs of TRANSP assuming that the respectivetransport coefficients in the xenon-puff shot were the same as those in the no-puff shot.