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            Plasma Density Dependence of L-mode Confinement and L-H transition on Alcator C-Mod Yunxing Ma, Jerry Hughes, Amanda Hubbard, Naoto Tsujii, MIT PSFC Joseph Snipes, ITER Orgnization 0 50 100 150 200 Frequency [KHz] 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 Auto Power (a.u.) nbar=1.3 nbar=1.0 nbar=0.6 Global energy confinement peaks at n bar ~1.0 n 20 , saturates when n bar >1.8n 20 τ E (EFIT) shows clear correlation with fusion rate (T i,0 ) and η e at the edge of plasma bulk (80% normalized flux surface) The inflection point of τ E coincides with local maximum of T i,0 and local minimum of η e (η e =dlnT e /dlnn e ) Implication of the critical η e model is potentially partially responsible for the thermal transport Break-of-slope in local n e scaling with n bar near the inflection point (n bar =1.0n 20 ) n e scaling at the center and the edge are anti-correlated. Peaking factor reaches maximum at 1.0n 20 Appearance of strong low frequency (<150KHz) Coherent EM Fluctuations (CM) in low densities (threshold density ~1.0n 20 ) CM threshold density, confinement inflection and n e break-of-slope point are closely aligned Fractional auto-correlation power of low frequency magnetic fluctuation reaches minimum near the threshold density (~1.0n 20 ) Hypothetical mechanism: CM-> Edge density regulation-> n e profile peaking -> η e reduction -> confinement improvement Distinguished transition of local T e scaling with n bar at ρ~0.8 , so does n e Break-of-slope of local density scaling becomes weaker in the edge of plasma bulk (ρ~0.8) Density profile evolution confirms the maximum peaking at n bar ~ 1.0n 20 T e profiles in plasma boundary (ρ =0.95~1.0) maintained nearly the same for n bar <1.5n 20 ; T e,95 decreases when n bar >1.5n 20 T e at seperatrix ~50eV in the density range studied here Shape of P e profiles are reminiscent when n bar >1.0n 20 , but differs considerably from that of n bar =0.6n 20 ; particle and thermal transport are decoupled at low density Local scales linearly with n bar and saturate at n bar ~1.0n 20 For a given plasma density, local is maintained nearly at the same level between 0.7< ρ<0.9 Local decrease monotonically with n bar ; profile shows a well at ρ~0.8 Exist an upper limit for in plasma edge (ρ=0.95) at n bar ~1.7n 20 L n peaks at n bar ~1.0n 20 . L n is highly related with n e profile peaking (maximum peaking at 1.0n 20 ) For a given density, L n , L T , η e maintain at nearly constant between 0.7< ρ<0.9 and decrease sharply toward the plasma edge (ρ>0.9); shown on the radial profiles are flat regions near edge-core joints L T is subject to minor variation with plasma density (T e profile resilience) η e well in η e -n bar diagram becomes less distinguishable in plasma edge, suggesting η e is maintained nearly critical at plasma boundary with η e,crit ~2.0, regardless of the variation of plasma density L n , L T , η e profiles clearly indicate the radial separation of transport regimes with inflection points at ρ=0.15 (r/a=0.4) and ρ=0.85 (r/a=0.9) η e peaks at ρ=0.85; Variation of η e with plasma density is majorly due to L n e n ∇ e n ∇ e T ∇ e T ∇ L-H threshold P e is approximately constant (isotropic) for n bar <1.0n 20 ; T e is nearly constant (isothermal) for n bar >1.0n 20 T e scaling is reminiscent of power threshold scaling No clear I p dependence is observed Local gradients demonstrate distinguishable I p and n bar dependence Potential existence of a local minimum in P e gradient near n bar ~1.0n 20 Weak dependence of L n , L T , η e on density; η e is still maintained critical ~2.0 near plasma boundary at L-H transition nbar=0.6 1 10 a 0 /L ne 1 10 a 0 /L Te 0 2 4 6 8 η e 0.2 0.4 0.6 0.8 1.0 ρ 0.0 0.1 0.2 0.3 0.4 0.5 0.6 α MHD RF Plos=3.5MW RF Plos=2.5MW RF Plos=1.5MW OH Plos=1.0MW nbar=0.9 1 10 1 10 0 1 2 3 4 5 0.2 0.4 0.6 0.8 1.0 ρ 0.0 0.2 0.4 0.6 0.8 RF Plos=3.5MW RF Plos=2.5MW RF Plos=1.5MW OH Plos=1.0MW nbar=1.5 1 10 0.1 1.0 10.0 0 1 2 3 4 5 0.2 0.4 0.6 0.8 1.0 ρ 0.5 1.0 1.5 RF Plos=3.5MW RF Plos=2.5MW RF Plos=1.5MW OH Plos=1.0MW Variation of the shapes of T e and n e profiles by ICRF is dominantly localized near plasma boundary Enhancement of 1/L n by ICRF is power independent; ICRF effect on changing L T is more obvious at lower density η e at boundary still remained near critical before H-mode with ICRF heating. η e enhanced at ρ~0.85, more obvious in lower density Reversal of η e profile in low density H-mode, but not observed at high density (n bar =1.5) α MHD monotonically increase with ICRF power, faster in high density; α MHD threshold for H-mode are different in low and high densities (next section) Ideal MHD ballooning mode stability boundary α MHD >1.0, α dia >0.75 Secondary self-generated sustained flow suppression α MHD ~0.5, α dia ~1.0 (α dia ~1/υ * ) (Roger & Drake, PRL’98) H-Mode domain: α MHD >0.5, α dia >0.75 C-Mod data fit the resistive-ballooning model (also [4]) Low density data favors Rogers-Drake be a more possible mechanism; high density data favors ideal MHD ballooning limit Plasma Density Dependence of L-Mode Confinement Variation of Local Plasma Parameters and Profiles with Plasma Density in L-mode Ohmic plasmas Plasma Density Dependence of Profile Evolution in ICRF Plasmas Compare with L-H transition theory based on Resistive-Ballooning mode suppression ρ = 0.75 0.85 0.95 n bar 0.65~1.3n 20 n bar 1.3~1.8n 20 n bar =0.65n 20 n bar =1.8n 20 Motivation Motivation Determining an optimum plasma density range in which the power required to access H-mode is minimum is crucial for ITER operation Previous ITER database scaling indicates the L-H threshold power strongly depends on B T and plasma density This study is to investigate detailed plasma density dependence of L-H transition and L-mode confinement physics in C-Mod 5.4T discharges. B T effect is not investigated in this study Data Selection Standards Data Selection Standards L-mode plasmas exhibit high internal self-consistency which is a suitable candidate for statistical database mining A carefully-selected statistically-meaningful database (over 30000 time slices) of Ohmic and ICRF heated L-mode discharges has been explored for L-mode confinement study. Range of plasma parameters: B T ~5.4T, I p ~0.8MA, q 95 ~4.5, n bar =0.3~2.5n 20 , LSN Data used in L-H transition studies are selected from dedicated L-H transition experiments (executing C-Mod MP503,MP529). Range of plasma parameters: B T ~5.4T, I p =0.6~1.2MA, n bar =0.65~1.8n 20 , LSN Major Conclusions Major Conclusions L-mode energy confinement, η e,80 , T i,0 , and n e peaking factor are strongly correlated ; η e,80 and α MHD,95 are critical parameters in L-mode confinement Local plasma parameter scaling with n bar is distinguished between the bulk (ρ<0.8) and edge (ρ>0.8) of plasma volume L-H threshold power and local plasma edge (ρ=0.95) parameters scale clearly with plasma density, but demonstrate no clear I p dependence Local gradients of plasma edge parameters show both density and I p dependence. η e near plasma boundary is maintained critical ~2.0 (consistent with results near SOL[1][2] ) Central T e monotonically decreases with density; edge T e remains nearly constant for n bar < 1.8n 20 Bulk T e and T i are clearly decoupled in low densities W MHD and P e,0 saturate at 1.0n 20 ; α MHD (~q 2 dP/dr) peaks at n bar =1.7n 20 e P ∇ Required power for accessing H-mode increase dramatically for n bar <1.0n 20 (also [3]) An optimum density range for operation is 1.0~1.7n 20 where the H-mode power threshold exhibit a minimum and less sensitive to plasma density ITER power threshold scaling doesn’t reveal the detailed density dependence: it produces the opposite general trend in low densities, and over predict by about 1MW in high densities The L-H threshold power scaling shows correlation with plasma confinement (n bar τ MHD ~ ) and (not confirmed) T i,0 /T e,0 L-H Threshold Power and Local Edge Parameters Scaling ITER Scaling~n 0.7 B T S e n ∇ magnetics ρ = 0.75 0.85 0.95 [1] B.LaBombard, Phys. Plasmas,15 (2008) 056106 [2] B.LaBombard, APS invited talk, Chicago 2010 [3] J.Snipes, Conf. Proc. EPS 2008 [4] A.E.Hubbard, PPCF (1998) ∝ (H) (H) (H) (H) MHD α d α 0.6MA 0.8MA 0.9MA 1.0MA 1.2MA 0.6MA 0.8MA 0.9MA 1.0MA 1.2MA d α MHD α d α d α MHD α T e,95 H L-H L (before 1 st H) L (after 1 st H) 
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Plasma Density Dependence of L-mode Confinement and L-H transition on Alcator C-ModYunxing Ma, Jerry Hughes, Amanda Hubbard, Naoto Tsujii, MIT PSFC
 Joseph Snipes, ITER Orgnization
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 nbar=1.3
 nbar=1.0
 nbar=0.6
 Global energy confinement peaks at nbar~1.0 n20, saturates when nbar>1.8n20τE (EFIT) shows clear correlation with fusion rate (Ti,0) and ηe at the edge of plasma bulk (80%
 normalized flux surface) The inflection point of τE coincides with local maximum of Ti,0 and local minimum of ηe (ηe=dlnTe/dlnne)Implication of the critical ηe model is potentially partially responsible for the thermal transport
 Break-of-slope in local ne scaling with nbar near the inflection point (nbar=1.0n20)ne scaling at the center and the edge are anti-correlated. Peaking factor reaches maximum at 1.0n20
 Appearance of strong low frequency (<150KHz) Coherent EM Fluctuations (CM) in low densities (threshold density ~1.0n20)
 CM threshold density, confinement inflection and ne break-of-slope point are closely alignedFractional auto-correlation power of low frequency magnetic fluctuation reaches minimum near the
 threshold density (~1.0n20)Hypothetical mechanism:
 CM-> Edge density regulation-> ne profile peaking -> ηe reduction -> confinement improvement
 Distinguished transition of local Te scaling with nbar at ρ~0.8 , so does neBreak-of-slope of local density scaling becomes weaker in the edge of plasma bulk (ρ~0.8)Density profile evolution confirms the maximum peaking at nbar~ 1.0n20Te profiles in plasma boundary (ρ =0.95~1.0) maintained nearly the same for nbar<1.5n20; Te,95
 decreases when nbar>1.5n20Te at seperatrix ~50eV in the density range studied hereShape of Pe profiles are reminiscent when nbar>1.0n20, but differs considerably from that of nbar=0.6n20;
 particle and thermal transport are decoupled at low density
 Local scales linearly with nbar and saturate at nbar~1.0n20For a given plasma density, local is maintained nearly at the same level between
 0.7< ρ<0.9 Local decrease monotonically with nbar; profile shows a well at ρ~0.8Exist an upper limit for in plasma edge (ρ=0.95) at nbar~1.7n20
 Ln peaks at nbar~1.0n20. Ln is highly related with ne profile peaking (maximum peaking at 1.0n20) For a given density, Ln, LT, ηe maintain at nearly constant between 0.7< ρ<0.9 and decrease sharply
 toward the plasma edge (ρ>0.9); shown on the radial profiles are flat regions near edge-core joints LT is subject to minor variation with plasma density (Te profile resilience) ηe well in ηe-nbar diagram becomes less distinguishable in plasma edge, suggesting ηe is maintained
 nearly critical at plasma boundary with ηe,crit~2.0, regardless of the variation of plasma density Ln, LT, ηe profiles clearly indicate the radial separation of transport regimes with inflection points at
 ρ=0.15 (r/a=0.4) and ρ=0.85 (r/a=0.9) ηe peaks at ρ=0.85; Variation of ηe with plasma density is majorly due to Ln
 en∇en∇
 eT∇ eT∇
 L-H threshold Pe is approximately constant (isotropic) for nbar<1.0n20 ; Te is nearly constant (isothermal) for nbar>1.0n20
 Te scaling is reminiscent of power threshold scaling
 No clear Ip dependence is observed
 Local gradients demonstrate distinguishable Ip and nbar dependence Potential existence of a local minimum in Pe gradient near nbar~1.0n20Weak dependence of Ln , LT , ηe on density; ηe is still maintained critical ~2.0
 near plasma boundary at L-H transition
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 Variation of the shapes of Te and ne profiles by ICRF is dominantly localized near plasma boundaryEnhancement of 1/Ln by ICRF is power independent; ICRF effect on changing LT is more obvious at
 lower density ηe at boundary still remained near critical before H-mode with ICRF heating. ηe enhanced at
 ρ~0.85, more obvious in lower density Reversal of ηe profile in low density H-mode, but not observed at high density (nbar=1.5) αMHD monotonically increase with ICRF power, faster in high density; αMHD threshold for H-mode are
 different in low and high densities (next section)
 Ideal MHD ballooning mode stability boundary αMHD>1.0, αdia>0.75
 Secondary self-generated sustained flow suppression αMHD~0.5, αdia~1.0 (αdia~1/υ*)(Roger & Drake, PRL’98)
 H-Mode domain: αMHD>0.5, αdia>0.75
 C-Mod data fit the resistive-ballooning model (also [4])
 Low density data favors Rogers-Drake be a more possible mechanism; high density data favors ideal MHD ballooning limit
 Plasma Density Dependence of L-Mode Confinement Variation of Local Plasma Parameters and Profiles with
 Plasma Density in L-mode Ohmic plasmas
 Plasma Density Dependence of Profile Evolution in ICRF Plasmas
 Compare with L-H transition theory based on Resistive-Ballooning mode suppression
 ρ = 0.75 0.85 0.95
 nbar 0.65~1.3n20nbar1.3~1.8n20
 nbar=0.65n20 nbar=1.8n20
 MotivationMotivationDetermining an optimum plasma density range in which the power required to access
 H-mode is minimum is crucial for ITER operation
 Previous ITER database scaling indicates the L-H threshold power strongly depends on BT and plasma density
 This study is to investigate detailed plasma density dependence of L-H transition and L-mode confinement physics in C-Mod 5.4T discharges. BT effect is not investigated in this study
 Data Selection StandardsData Selection StandardsL-mode plasmas exhibit high internal self-consistency which is a suitable candidate
 for statistical database mining
 A carefully-selected statistically-meaningful database (over 30000 time slices) of Ohmic and ICRF heated L-mode discharges has been explored for L-mode confinement study. Range of plasma parameters: BT~5.4T, Ip~0.8MA, q95~4.5, nbar=0.3~2.5n20 , LSN
 Data used in L-H transition studies are selected from dedicated L-H transition experiments (executing C-Mod MP503,MP529). Range of plasma parameters: BT~5.4T, Ip=0.6~1.2MA, nbar=0.65~1.8n20 , LSN
 Major ConclusionsMajor Conclusions
 L-mode energy confinement, ηe,80, Ti,0, and ne peaking factor are strongly correlated ; ηe,80 and αMHD,95 are critical parameters in L-mode confinement
 Local plasma parameter scaling with nbar is distinguished between the bulk (ρ<0.8) and edge (ρ>0.8) of plasma volume
 L-H threshold power and local plasma edge (ρ=0.95) parameters scale clearly with plasma density, but demonstrate no clear Ip dependence
 Local gradients of plasma edge parameters show both density and Ip dependence. ηenear plasma boundary is maintained critical ~2.0 (consistent with results near SOL[1][2] )
 Central Te monotonically decreases with density; edge Te remains nearly constant for nbar < 1.8n20Bulk Te and Ti are clearly decoupled in low densities WMHD and Pe,0 saturate at 1.0n20; αMHD (~q2dP/dr) peaks at nbar=1.7n20
 eP∇
 Required power for accessing H-mode increase dramatically for nbar<1.0n20 (also [3])
 An optimum density range for operation is 1.0~1.7n20 where the H-mode power threshold exhibit a minimum and less sensitive to plasma density
 ITER power threshold scaling doesn’t reveal the detailed density dependence: it produces the opposite general trend in low densities, and over predict by about 1MW in high densities
 The L-H threshold power scaling shows correlation with plasma confinement (nbarτMHD~ ) and (not confirmed) Ti,0/Te,0
 L-H Threshold Power and Local Edge Parameters Scaling
 ITER Scaling~n0.7BTS
 en∇
 magnetics
 ρ = 0.75 0.85 0.95
 [1] B.LaBombard, Phys. Plasmas,15 (2008) 056106[2] B.LaBombard, APS invited talk, Chicago 2010
 [3] J.Snipes, Conf. Proc. EPS 2008
 [4] A.E.Hubbard, PPCF (1998)
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