DraftDraft April 3, 1998Q, Break-even and the ntE Diagram for Transient Fusion PlasmasDale M. MeadePrinceton UniversityP.O. Box 451, Princeton, N. J. 08543Abstract - Q, break-even and the nt E diagram arewell defined and understood for steady-state fusionplasma conditions. Since many fusion experimentsare transient, it is necessary to clarify thedefinitions for instantaneous Q values and break-even so that the ntE diagram can be interpreted fortransient plasma conditions. This discussionshows that there are two mathematically correctmethods to describe the ntE diagram for a transientplasma. The Lawson/TFTR method which isconsistent with previous analyses of the Lawsoncycle, and prior definitions for Q and break-evendescribes a transient fusion plasma in terms of Q =P f u s i o n / P a u x with the plasma energy confinementtime for the nt diagram given by tE * = Wp / Ph e a t where Wp is the total plasma kinetic energy andP h e a t = Pa u x + Palpha - Pb r e m is the net powerheating the plasma. In the Lawson/TFTR definitionbreak-even (Pfusion = Pa u x ) occurs at Q=1, ignitionoccurs at Q = infinity and the ntE * values requiredto achieve a given Q are the same in transient andsteady-state plasmas. The JET/JT-60 method usesthe definitions of Q* = Pfusion/(Paux - dWp/dt) andtE = Wp /(Pheat - dWp/dt). This method producesthe confusing result that break-even requires Q* =P a u x /(Pa u x - dWp/dt) which is >1 for many cases ofinterest. In addition, the nt E value required toachieve break-even depends on dWp/dt and thereforeexperimental data points with different dWp/dt mustbe compared to different Q* curves on the Lawsondiagram. For a pulsed plasma, this issue can beavoided by using the definition of fusion gain firstintroduced by Lawson, namely Q = fusion energyper pulse divided by auxiliary plasma heatingenergy supplied per pulse.I. INTRODUCTIONThe original paper by J. D. Lawson [1] analyzed therequirements for producing net fusion power from a drivenfusion system including transient plasma conditions. Lawsondefined a fusion gain parameter R = �ratio of the (fusion)energy released in the hot gas to the energy supplied� for apulsed system where the energy released related to thatreleased for the entire pulse. During the mid 1970’s thedetailed requirements for producing fusion power by utilizingspecific steady-state driven plasma systems were analyzed [2-4]. A typical system is illustrated schematically in Fig. 1where auxiliary power injected into the plasma is the inputpower and the fusion power produced is the output power.These analyses defined a steady-state fusion power gain, Q =Poutput/Pinput = Pfusion/Pauxiliary , similar to the originaldefinition used by Lawson [1].

Auxiliary HeatingInput PowerFusionOutput Power

FusionPlasmaQ = Output PowerInput Power

Fig. 1. Standard power balance definitions.During the mid to late 1970s specific proposals weremade for the construction of several large tokamaks that wereto produce and study reactor-like plasma conditions. The JETProject Design Proposal [5] defined Q as �Ratio of totalfusion power released to the additional power (e.g. injected byneutral beam); Q = 1 corresponds to the �break-even�condition.� TFTR also used the same definition for Q and�break-even� in the TFTR Reference Design Report [6]. JT-60 also defined Q and break-even in the traditional way [7].In the JET and TFTR proposals Q referred explicitly to theactual fusion power produced and did not address the issuesassociated with using a fusion power projected from differentfuels or conditions.In many high performance fusion experiments the plasmadoes not reach steady-state conditions and the question hasbeen raised regarding the definition of instantaneous values ofQ for a transient plasma. Consider the time evolution offusion power shown in Fig. 2 where constant input power

Case aCase bTimeAuxiliary Heating Power Input1230123450Fusion PowerOutput

6Fig. 2. Fusion power output for constant input power.produces a rising fusion power output versus time thateventually terminates. The definition for the instantaneous Qvalue used by TFTR [6] is simply the instantaneous value ofPoutput/Pinput = Pfusion/Pauxiliary which involves only

quantities external to the plasma. This is the quantity ofinterest for fusion power applications. This definition couldbe extended to average over the fusion power pulse, namely<Q> = <Pfusion>/<Pauxiliary > where the brackets < >indicate a time average over the pulse which would be thesame as the original definition used by Lawson [1] and is thequantity of interest for the International ThermonuclearExperimental Reactor (ITER) which is being designed to havea fusion power pulse length much longer than the plasmaenergy confinement time. Consider the two fusion plasmasillustrated in Fig. 2, case a achieves break-even while case bdoes not using the TFTR definition. In 1990, JET adopted arevised definition of Q that included transient internal plasmadynamics [8]. In particular, it was argued that input powerrequired to increase the internal plasma energy, dWp/dt,should be subtracted from the input power resulting in Q* =Poutput/(Pinput - dWp/dt)= Pfusion/(Pauxiliary - dWp/dt).Consider the plasmas in Fig. 2 with dWp/dt = 0.5 Pauxiliary,now cases a and b have Q* >1. Note that case b has notachieved break-even, since for case b break-even requires Q* =2 to achieve fusion power output equals auxiliary heatingpower input. Neither of these cases would achieve break-evenusing the definition of relevance to ITER.II. DERIVATION OF THE LAWSON (ntE) DIAGRAMThe ntE diagram is based on the energy balance equationfor the plasma following the analysis first developed byLawson [1]. A number of papers [3,4,8,9] have assessed theeffect of fuel, plasma profiles, ion energy distribution, Ti/Te,and impurity content on the Lawson diagram for a specificsteady-state plasma. In this note the essential features neededto analyze the Lawson diagram for a transient plasma areillustrated by considering a thermal plasma with Ti = Te = T,Z = 1, and parameters constant throughout the plasmavolume, Vp,. The plasma power balance is given by Pheat = Paux + Palpha - Pbrem = Ptransp + dWp/dt (1)where Pheat is the net power heating the plasma, Paux is theauxiliary plasma heating power, Palpha is the alpha powerheating the plasma, Pbrem is the bremsstrahlung loss,Ptransp is the transport loss and dWp/dt is the power requiredto increase the thermal energy of the plasma. Equation (1)can be expanded into the standard form ofPaux + n2 <sv> UaVp/4 - CRT1/2ne2Vp= 3nkTVp/tE + d(3nkTVp)/dt,(2)where nD = nT = ne/2 = n/2, n2 <sv> UaVp/4 = Pa is thealpha heating power, CRT1/2ne2Vp is the radiation loss, Wp= 3nkTVp and tE = Wp/(Pheat - dWp/dt) is the energyconfinement time. Using the conventional definition forfusion power multiplication, Q = Pfusion / Paux = 5Pa /Paux , eqn. (1) becomes˚n2 <sv> Ua (Q+5)/4Q - CRT1/2n2= 3nkT/tE + d(3nkT)/dt (3)For the steady-state case d/dt = 0, and eqn. (3) yields ntE= ˚

˚˚˚˚˚˚˚˚˚˚ 3kT˚˚˚˚˚˚˚˚˚˚˚ ˚˚<sv> Ua (Q+5)/4Q - CRT1/2 (4)ntE, with tE = Wp/Pheat, is traditionally plotted as afunction of T with Q as a parameter. Steady-state plasmaswith the same value of T and Q have the same ntE and break-even occurs at Q = 1 by definition of Q. This formulation isthe standard description of the nt diagram for a steady-stateplasma.For a transient plasma, there are two mathematicallycorrect ways to rearrange the terms in eqn. (1) to include thedWp/dt term. However, these two methods result in differentdefinitions for Q and nt, and break-even does not occur at Q=1 in one method.III. ntE DIAGRAM FOR A TRANSIENT PLASMAUSING THE LAWSON/TFTR METHODThe transient plasma case using the Lawson/TFTRmethod follows by noting that the right hand side of eqn. (3)has the properties of a net plasma loss consisting of thenormal transport energy loss, 3nkT/tE, and the d(3nkT)/dt"loss" acting in parallel. The right hand side of eqn. (3) canbe rewritten in terms of an effective Lawson confinementtime, tE*, for the net loss given by3nkT/tE*= 3nkT/tE + d(3nkT)/dt(5)= 3nkT/(Wp/(Pheat- dWp/dt)) + d(3nkT)/dtNoting that Wp = 3nkTVp, eqn. (4) becomes3nkT/tE*=3nkT/(Wp/Pheat)(6)and therefore tE* = Wp / Pheat .(7)Using definition given by eqn. (7), the power balance for atransient plasma given by eqn. (3) can be rewritten as˚n2 <sv> Ua (Q+5)/4Q - CRT1/2n2 = 3nkT/tE*(8)and the Lawson diagram for a transient plasma is given byn t E * = ˚

˚˚˚˚˚˚˚˚˚˚ 3kT˚˚˚˚˚˚˚˚˚˚˚ ˚˚<sv> Ua (Q+5)/4Q - CRT1/2(9) with the following definitionsQ = Pfusion/Paux and tE* = Wp / Pheat .(10)Since eqn. (9) has the same form as the steady-state Lawsoncondition given by eqn. (4), the steady-state Lawson diagramcan be used to describe a transient plasma if the definitionsgiven by eqn. (10) are followed. The Lawson/TFTR methodhas the advantage that break-even occurs at Q =1, and plasmaswith the same T and ntE* but different transient effects willhave the same Q. Since the fusion performance parameter,ntET, relates to the ntE on the ntE diagram, this derivationgives the expression for the instantaneous Lawson fusionparameter, namely ntE*T, for transient plasmas. Table Icontains the parameters for high ntET transient plasmas inseveral tokamaks. The points for deuterium plasmas in JET,JT-60U and DIII-D and a D-T plasma in TFTR are plotted(Fig. 3) on the steady-state Lawson diagram for a D-T plasmawith reference to the curve for break-even using theLawson/TFTR method.T (keV)0102030405060TFTR

JET

n tE

* (m

-3 s)101910201021

D-DJT-60U D-D

Fig. 3. ntE diagram for break-even using the Lawson/TFTRmethod.IV. n tE DIAGRAM FOR A TRANSIENT PLASMAUSING THE JET/JT-60 METHODThe transient plasma case using the JET/JT-60 method[8] follows by combining the dWp/dt term with the Pauxterm in eqn. (1) (Paux - dWp/dt ) + Palpha - Pbrem = Ptransp (11)and defining Q* = Pfusion/(Paux - dWp/dt) to yield (1 + 5/Q*)Palpha - Pbrem = Ptransp. (12)The Lawson diagram for a transient plasma is given byn t E = ˚

˚˚˚˚˚˚˚˚˚˚ 3kT˚˚˚˚˚˚˚˚˚˚˚ ˚˚<sv> Ua (Q*+5)/4Q* - CRT1/2 (13)with the following definitionsQ* = Pfusion/(Paux - dWp/dt) andtE = Wp / ( Pheat - dWp/dt). (14)Since eqn.(13) has the same form as the steady-state Lawsoncondition given by eqn. (4), the steady-state Lawson diagramcan be used to describe a transient plasma if the definitionsgiven by eqn. (14) are followed. However, this methodproduces the confusing result that the ntE values required toachieve break-even depend on dWp/dt and thereforeexperimental data points with different dWp/dt must becompared to different Q* curves on the Lawson diagram.This dilemma is illustrated in Fig. 4 where the ntET pointsfrom Table I are plotted relative to their corresponding break-even curves using the JET/JT-60 method. Also, break-evenrequires Q* = Paux/(Paux - dWp/dt) > 1 for the many casesof interest which have dWp/dt > 0. For example, in caseswhich have dWp/dt = 0.5 Paux, the curve on the ntE diagramfor break-even requires Q* = 2. Similar confusion arises inthe interpretation of plasmas near ignition using the JET/JT-60 method.

T (keV) h ( Pfusion + Pbrem + 3nkT/tE)= 3nkT/tE + Pbrem + d(3nkT)/dt (15)In this case the flexibility to redefine h using the JET/JT-60method does not exist and the transient case is treated bycombining the Ptransp and d(3nkT)/dt terms according to theTFTR method which results inh ( Pfusion + Pbrem + 3nkT/tE) = 3nkT/tE*+ Pbrem(16)VI. SUMMARYThis discussion shows that the least confusing method thatconnects with previous analyses of the Lawson cycle andprior definitions for Q and break-even is to describe a transientfusion plasma in terms of Q = Pfusion/Paux with break-even(Pfusion = Paux) occurring at Q=1 and the plasma energyconfinement time for the ntE diagram given by tE* = Wp /Pheat where Wp is the total plasma kinetic energy and Pheat= Paux + Palpha - Pbrem is the net power heating theplasma.ACKNOWLEDGMENTSThis work was supported by DOE contract No. DE-AC02-76-CHO-3073.REFERENCES1. J. D. Lawson, Proc. Phys. Soc. B, V 70, p 6, (1957).2. J.M. Dawson, H. P. Furth, F. H. Tenney, Phys. Rev.Lett. V26, p1156, 19713. J. Kesner and R. W. Conn, Nuclear Fusion V16, p397,(1976)4. J. F. Clarke, Nuclear Fusion V20, p563, 19805. JET Project Design Proposal, EUR 5791e, p A-4, (1976).6. TFTR Reference Design Report, PPPL 1312, p 3-58,(1976).7. JT-60 Design Proposal papers, ~1977 - 19808. B. Balet, J. G. Cordey and P. M. Stubberfield, 17th EPSConference on Controlled Fusion and Plasma HeatingV14B, Part I, p 106 (1990)9. D. M. Meade, Nuclear Fusion V14, p289, (1974)10. The JET Team, Nuclear Fusion V 32, p 187, (1992).11. K. M. McGuire, et al, Sixteenth IAEA Fusion EnergyConference, paper F1-CN-64/01-2, 1996.12. K. Ushigusa, et al, Sixteenth IAEA Fusion EnergyConference, paper F1-CN-64/01-3, 1996.13. VH mode, T. Simonen, Private CommunicationTABLE I.HIGH ntET SHOTS ARE COMPARED USING THE JET/JT-60 METHOD AND THE TFTR METHOD.

TFTR[11]

JET[10]

JT-60U[12]

DIII-D[13]Shot Number8354626087269492693978136ni (0), 1020m-30.660.410.430.430.72Ti (0), keV4318.635.54521.3PNB, MW17.414.932.932.714.15Wp, MJ4.911.69.328.552.52dWp/dt, MW3.062.316.96.72tE (confinement), s0.341.20.330.750.34tE* (Lawson), s0.280.780.280.260.18

JET/JT-60 MethodnitETi, 1020m-3 keV s9.69.15.115.35.2Break-even requires Q* =1.21.671.082.11.9

TFTR MethodnitE*Ti, 1020m-3 keV s864.35.02.8Break-even requires Q =11111