1PPPL-3228, Preprint: January 1997, UC-420, 426, 427Scaling of Confinement with Isotopic Content in Deuterium andTritium PlasmasC.K. Phillips1, S.D. Scott1, M. Bell1, R. Bell1, C.E. Bush2, H. H. Duong3, J.C. Hosea1,D. Jassby1, R. Majeski1, S. S. Medley1, H. Park1, M. P. Petrov4, A. Ramsey1, J.H. Rogers1,G. Schilling1, C.H. Skinner1, E. Synakowski1, G. Taylor1, and J.R. Wilson11Plasma Physics Laboratory, Princeton University, P.O. Box 451, Princeton, New Jersey 085432Oak Ridge National Laboratory, Oak Ridge, Tennessee 368303General Atomics, San Diego, California 921014Ioffe Physics-Technical Institute, St. Petersburg, Russia 194021(November 7,1996)The scaling of the electron thermal diffusivity, ce, with relative gyro radius, r*, has been measuredon TFTR by comparing nearly identical ICRF-heated discharges which differ only in hydrogenicisotopic content. Contrary to the gyro-Bohm scaling (ce ~ cBr*, where cB is the Bohmdiffusivity) observed on DIII-D when r* was varied through ascan of magnetic field strength, ceis found to scale inversely with r*. Hence, global energy confinement is 8-11% higher indeuterium-tritium plasmas than in deuterium only plasmas, with the higher stored energyattributed almost entirely to the electrons.PACS 52.55.Fa, 52.50 Gj

2One of the most critical issues in fusion energy research is the development of atheoretical understanding of the anomalous cross-field energy transport in magneticallyconfined plasmas. Aparticularly important consideration regarding the performance offuture reactor grade plasmas composed primarily of deuterium (D) and tritium (T) i s the dependence of this transport on the hydrogenic isotope mass. Based on thefundamental assumption that transport depends only on local quantities and is driven bymicro-instabilities arising from local density and temperature gradients, Kadomtsev[1] proposed that the cross-field diffusivity in tokamaks should increase in plasmascomposed of heavier ions, based on the premise that the diffusive step-size of theturbulent transport scales like the gyro radius, r. This widely accepted paradigm,referred to as "gyro-Bohm scaling" [2], suggests that c ~ cB r *, where cB = cTe/eB,r* = r / a, ais the plasma minor radius, Te is the electron temperature and B is themagnetic field strength. If this scaling is correct, then global energy confinement, whichis inversely proportional to the average local diffusivity, should decrease as isotopicmass increases. Though direct measurements of the electron diffusivity in dimensionallysimilar plasmas on DIII-D are consistent with the gyro-Bohm model [ 3 , 4 ] , measurements on JET [5] and TFTR[2] indicate that the effective total thermaldiffusivity is Bohm-like, i.e., independent of r*. Previous experiments comparingglobal energy confinement in hydrogen and deuterium plasmas, heated either ohmicallyor with auxiliary heating such as neutral beam injection (NBI) or electromagnetic wave- particle interactions, in general display an increase in the global energy confinementwith increasing isotopic mass, though the magnitude depends on operating regime anddevice [6]. However, isotope scaling experiments utilizing NBI are subject touncertainties arising from differences in the beam stored energy content and relatedpower deposition profiles, both of which depend on the beam and background ion species[7,8]. In asimilar vein, the analysis of previous isotope scaling experiments i n hydrogen and deuterium plasmas heated with electromagnetic waves is subject to largeuncertainties because the chosen heating scenario, and, therefore, the power depositioncharacteristics, differ significantly depending on the majority isotope underconsideration [6]. More recently, experiments comparing global and local energyconfinement in D and mixed D-T plasmas in the hot ion NBI-driven supershot regime i n the Tokamak Fusion Test Reactor (TFTR) [7] have also shown astrong enhancement ofconfinement with increasing isotopic mass.In this Letter we report the results of isotope scaling experiments on TFTR in Dand D-T gas-fueled plasmas with nearly identical target plasma parameters and withnearly identical auxiliary heating provided with ICRF waves in the minority-hydrogen

3(H) cyclotron absorption regime [9]. We note that the minority-H regime is unchangedfor practical purposes in switching from D majority to D-T majority plasmas. I n addition, momentum input to the plasma by the ICRF waves is known to be insignificantin this regime [10], particularly in comparison to the momentum input in plasmasdriven with unbalanced NBI. The resulting TFTR discharges feature broad density andtemperature profiles with roughly equal ion and electron temperatures, and hence arerelevant to plasmas predicted for the next generation of fusion devices such as theInternational Thermonuclear Experimental Reactor (ITER). An enhancement in theenergy confinement time in the range of 8-11% has been observed in D-T plasmasrelative to the D plasmas. The corresponding increase in the plasma stored energy occursalmost exclusively in the electron channel. Because the plasmas are otherwise nearlyidentical, the confinement enhancement can be unambiguously ascribed to the change i n the isotopic mass, or equivalently, to changes in r* . These experiments indicate that cescales inversely with r *, in contrast with the scaling inferred from measurements i n dimensional similar discharges on DIII-D [3,4] with fixed isotopic content.The experiment consisted of two series of similar discharges, the first in D andthe second in D-T plasmas in which the applied ICRF power was varied up to themaximum available of about 5 MW. Prior to each series, the limiter was saturated witheither D or T, depending on the desired isotopic content. For these plasmas, the majorradius, R0, was 2.62 m, the minor radius, a, was 0.95m, and the plasma current, Ip ,was 1.8 MA. In the chosen minority-H heating scenario, the ICRF waves are directlyabsorbed by the dilute hydrogen species present in roughly the same amount in bothplasmas due to wall recycling processes. With atoroidal magnetic field, BT0, at R0approximately equal to 4.5 T, the ICRF waves at 63.6 MHz were resonant with H nearthe Shafranov-shifted magnetic axis of the discharges. As a result of the high power waveabsorption by the dilute H population, the minority-H ions are accelerated to energieswell in excess of the critical energy, Ec, at which the fast ions would lose energy equallyto bulk ions and electrons via collisions. Since Ec is only weakly dependent on the mass ofthe bulk ions (Ec £ 65 keV / 50 keV for the D / DT plasmas with Te0 £ 7 keV), theenergetic H-tail ions slow down primarily on electrons, leading to negligible differencesin the net power deposition and in the volume-integrated tail ion energy content betweenthe D and D-T plasmas. It is well-known that MHD activity, such as sawtooth oscillations[10] and toroidal Alfven eigenmodes (TAE) [11,12] can significantly affect ICRF powerdeposition. To avoid these complications, the data set was chosen with the ICRF powersufficiently high, PRF ‡ 3 MW, to suppress sawtooth oscillations. At the highest ICRFpowers used, PRF £ 4.8 MW, the TAEmodes were only marginally excited. As an aside,

4we note that there was no significant difference in the power required for onset of theTAEbetween the D and the D-T plasmas, but that sawtooth stabilization was somewhatmore difficult to achieve in the D-T plasmas.Gasfeedback was used to obtain aset of discharges with central electrondensities, ne(0), of about 5.8 X1013 c m -3, within approximately –3%. According tovisible bremsstrahlung measurements, the effective ionic charge, Zeff, in these plasmasvaried between 1.7 and 1.9, with acarbon impurity content of 2 - 3% relative to ne.Based on spectroscopic measurements of the Ha, Da, and Ta emission lines [13], the Hconcentration, relative to the total density of hydrogenic ions, was approximately 12% –3% in the D plasmas and 7% – 3% in the D-T plasmas. By combining the Zeff valueswith the measured relative hydrogenic ratios in the kinetic calculations discussed laterin this paper, the absolute hydrogen concentration relative to the electron density wasinferred to be about 8% in the D only shots and 5% in the DT shots. It is interesting tonote that the ratio of Ha to Da emission remained nearly constant at ~12% over the entire setof discharges. Reasons for the relative constancy of this ratio in both Dand DT plasmas are beingexplored and will be discussed elsewhere. The T concentrations, measured by the samemethods, were less than 2% in the D discharges and were in the range of 45% – 5% i n the D-T discharges.A reproducible increase in the plasma stored energy in the range of 8-11% wasobserved between matched pairs of D and D-T discharges, as shown in Fig. 1 for plasmasheated with 3.1 and 4.5 MW of ICRF power. [The transient drops in the stored energy f o r the 4.5 MW D-only discharge at t »3.3 and 3.9 s were due to brief interruptions in theapplied ICRF power.] Within either the set of D only or DT discharges, the shot to shotvariability in the total stored energy for agiven ICRF power level was about 3-4 % o r less. Comparison of the time evolution of the total measured plasma stored energy, Wtot,and the total electron stored energy, We, calculated with the TRANSP code [14] from thevolume integrated product of the measured electron density and temperature profiles,demonstrates clearly that the increase in the stored energy occurs almost exclusively i n the electron channel, as shown in Fig. 2. We note that in previous isotope scalingexperiments in beam-heated discharges, the enhanced energy content of the plasma wasobserved primarily in the ion channel [7,8] as opposed to the electron channel. Theenhanced energy confinement is maintained throughout the ICRF heating pulse, whichextended over more than 4 energy confinement times. Time independent kinetic analysisof these discharges, assuming that the ion thermal diffusivity, ci, is equal to ce was performedat t = 3.8 s using the SNAP analysis code [15] in order to check the data for s e l f - consistency. The calculated total stored energy exceeded the measurement by between

5160 - 200 kJ in all of the analyzed discharges, where the uncertainty in themeasurement is about –130kJ. Nevertheless, the relative difference in the calculatedstored energy content between the D and D-T discharges is similar to the measureddifference for all of the discharges considered. The calculated neutron yields on the DTdischarges agreed with the measurements to within the –16% experimental uncertainty.Deuterium neutral beam pulses lasting for about 100 ms were applied at the end of theICRF pulse (t ~ 3.9 s) on selected discharges to measure the ion temperature profiles.For r/a ‡ 0.2, there was no discernible change in the measured Ti profiles between theD and DT plasmas, within the error bars of – 200 eV. Within r/a £ 0.2, however, thedata is less certain but is consistent with model estimates for Ti(0) of about 3.5 keV f o r these discharges. Kinetic analysis of these discharges using the measured Ti profiles alsoindicates that ce is reduced in the discharges with the larger effective isotopic mass.In order to verify experimentally that there were no significant changes in theICRF power deposition which could distort any observed isotope effect, the total H - t a i l stored energy was monitored with the magnetic diagnostics. In addition, the peak H - t a i l temperature was measured on selected pairs of shots by injecting alithium pellet andmeasuring the charge-exchange spectra with the Pellet Charge Exchange (PCX)diagnostic [16]. As shown in Fig. 3, for the same discharges treated in Fig. 1, the excessperpendicular stored energy associated with the presence of the H-tail ions is unchangedat a given ICRF power level between the D and D-T discharges. The H-tail stored energiescalculated in the kinetic analysis discussed above are well within the –50kJ uncertaintyrange of the measurement, which is derived from the difference between the total(parallel plus transverse) stored energy and the total transverse stored energy.According to the PCXdata, for the 4.5 MW pair of shots, the H-tail temperature wasabout 205 keV – 10% in the D discharge and about 195 keV – 10% in the DT discharge.The H-tail temperatures inferred from ICRF models in the kinetic analyses discussedpreviously were 186 keV and 195 keV, respectively, for these two discharges. Ameasurement of the H- tail temperature is not available for the D-only shot at 3.1 MW.However, the measured H-tail temperature of 132 keV – 10% in the 3.1 MW D - T discharge agrees well with the kinetically inferred value of 142 keV. For comparison,the calculated H-tail temperature in the companion D-only shot was 143 keV. Changes inthe calculated ICRF power deposition profile to the electrons were minimal between theD and D-T discharges, to within the accuracy of the models, as shown in Fig. 4. The smalldifferences shown are on the same order as variations in the inferred deposition profilesthat can arise from uncertainties in the H concentration or in the assumed antennaspectrum, for example. The observed differences in the core region, if real, would imply

6an even more favorable isotope effect on electron transport than is inferred elsewhere inthis paper.The isotopic scaling of global tE decreases with ICRF power, ranging from tE0.5to tE0.35 as the ICRF power is raised from 3.1 to 4.5 MW, respectively, as shown i n Fig. 5 for the entire set of discharges. The source of the apparent decrease in theenhancement with A at the higher power levels can not be ascertained from this limiteddata set.In summary, apositive enhancement in the total plasma stored energy has beenobserved in ICRF- heated D and D-T plasmas with broad density profiles, with Ti ~ Te,and with negligible toroidal rotation that can be unambiguously ascribed to differences inthe average isotopic mass content of the discharges. The increase in the plasma storedenergy occurs almost exclusively in the electron channel, indicating adecrease i n electron transport with an increase in the effective isotopic mass of the plasma. Thisobservation is at variance with the predictions of gyro-Bohm transport models and withprevious measurements of ce on the DIII-D [3,4] in which agyro-Bohm-like scaling[ce ~ cB r*] for electrons was observed. The data presented here is consistent with ce ~r * -1 ~ A -0.5. Theoretical models based on micro turbulence use the ansatz that c ~ gDr2 where g is the growth rate of the dominant micro instability and D r is the relevantradial correlation length of the turbulence [1,2]. Recent studies [17,18,19] of m u l t i - ion plasmas find growth rates for ion temperature gradient modes (ITG modes) whichdecrease as the effective isotopic mass in the plasma increases. By arguing that D r i s independent of r [19], one can derive an electron diffusivity which scales like A -0.5.However, experimental measurements of the dependence of Dr on the isotopic mass of theplasma in L-mode plasmas have yet to be conducted, and those in the supershot regimeare not yet conclusive [20,21]. In order to resolve the discrepancy between the resultsfor ce scaling obtained in dimensionally similar plasmas and in plasmas which differonly in their isotopic mass content, detailed experimental diagnosis of the relationshipbetween plasma transport and the properties of the micro turbulence present in theplasma should be conducted. Such measurements, when combined with further extensionsof the theoretical models, may lead to abetter understanding of the fundamentalproperties of energy transport in magnetically confined plasmas.The authors would like to express our appreciation of the technical contributionsof the ICRF operations group, the programmatic support provided by R. Davidson, D.Meade, and R. Hawryluk, and the scientific guidance from J. Strachan during theexperimental run period. Discussions on the interpretations of theoretical transportmodels with P. Diamond were particularly illuminating. We would also like to

7acknowledge the computational support provided by D. McCune and M. Thompson. Thiswork was performed under U.S.DOE Contract No. DE-AC02-76-CH03073.[1] B.B. Kadomtsev, Sov. J. Plasma Phys. 1, 295 (1975).[2] F.W. Perkins et al., Phys. Fluids B 5, 477 (1993).[3] C.C. Petty et al., Phys. Plasmas 2, 2342 (1995).[4] C.C. Petty et al., Phys. Rev. Lett. 74, 1763 (1995).[5] J.G. Cordey and the JET Team, Plasma Physics and Controlled Nuclear FusionResearch 1992 (IAEA, Vienna, 1993), Paper No. IAEA-CN-56/D-3-4.[6] M. Bessenrodt-Weberpals et al., Nucl. Fusion 33, 1205 (1993).[7] S.D. Scott et al., Phys. Plasmas 2, 2299 (1995).[8] S.D. Scott et al., Physica Scripta 51, 394 (1996).[9] T. H. Stix, Nuclear Fusion 15, 737 (1975).[10] C.K. Phillips et al., Phys. Fluids B 4, 2155 (1992).[11] C.K. Phillips et al., Radio Frequency Power in Plasmas, (AIP, NY, 1994) p. 44.[12] J.R. Wilson et al., Plasma Physics and Controlled Nuclear Fusion Research 1 9 9 2 (IAEA, Vienna, 1993), Paper No. IAEA-CN-56/E22.[13] C H Skinner et al., Nuclear Fusion 35, 143 (1995).[14] R.J. Hawryluk, in Physics of Plasmas Close to Thermonuclear Conditions(Commission of the European Communities, Brussels, 1980), Vol. 1, p.19.[15] H. Towner et al., Rev. Sci. Instrum. 63, 4753 (1992).[16] S.S. Medley et al., Rev. Sci. Instrum. 67,1 (1996).[17] B. Coppi, Plasma Physics and Controlled Nuclear Fusion Research 1990, (IAEA,Vienna, 1991), Vol. 2, p. 413.[18] R.R. Dominguez, Nuclear Fusion 31,2063 (1991).[19] J.Q. Dong, W. Horton, and W. Dorland, Phys. Plasmas 1, 3639 (1994).[20] E. Mazzucato, R. Nazikian, S. Scott and the TFTR Group, in Proceedings of the 22ndEuropean Conf. on Controlled Fusion and Plasma Physics, Vol. <IV>, 109 (1995).[21] S.F. Paul, S.D. Scott, S. Grossman and the TFTR Group, in Proceedings of the 22ndEuropean Conf. on Controlled Fusion and Plasma Physics, Vol. <IV>, 105 (1995).

82.53.03.54.04.50.20.40.60.81.0

Wtot

(MJ)DDTDDT

time (seconds)

RF pulse

3.1 MW4.5 MWFig. 1. Total plasma stored energy for D and DT plasmas heated with 3.1 and 4.5 MW of ICRF power. The transient drops in Wt o t at t » 3.3 and 3.9 s are due to momentary interruptions in the applied ICRF power.

93.03.54.00.00.51.0 time (seconds)

(MJ)WeWtot

DTDFig. 2 .Time evolution of the total stored energy and electron stored energy in D and DT plasmas heated with 4.5 MW of ICRF power.

10

2.53.03.54.04.50.00.10.20.3

W

tail (MJ)

time (seconds)RF pulse

DTDFig. 3.4.5 MW3.1 MW

Time evolution of the hydrogen tail stored energy for 3.1 and 4.5 MW of ICRF power in D and DT plasmas. The error bar represents the uncertainty in the absolute measurement of the tail stored energy.

1103

P

rf,e

(MW)

DTDminor radius / a00.51Fig. 4 .Volume integral of the ICRF power absorbed by electrons within each radius in D and DT plasmas with 4.5 MW of applied power.

12DT0.150.20.250.33.03.43.84.24.6

taue (s)Prf (MW)

tE,D X �A

Fig. 5.The measured energy confinement time as a function of applied RF power for D and DT plasmas. The dashed line was computed by multiplying the D confinement data by the square root of the isotopic mass ratio between the D and DT plasmas