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1. Introduction 

Tokamak fusion reactors are anticipated to require a major radius of the torus 

of the order of several meters, an aspect ratio of the order of 3, and a medium 

magnetic field (of the order of 5 Tesla on the magnetic axis, the field magnitude 

being limited by technological considerations). 

Recently, a relatively small-size (major radius of the order of 1 meter, aspect 

ratio of the order of 3), high field (exceeding 10 Tesla on the magnetic axis) 

tokamak experiment (IGNITOR) was proposed / l / to investigate the physics of 

ignition and fusion a-particles. 

To assess the possible performance of this machine, a numerical analysis has 

been performed with the l j - D transport code JETTO / 2 / , using the transport 

model originally proposed by Tang and Redi /3 ,4 / . Two "IGNITOR reference 

cases", with respectively 11 and 13 Tesla on the -magnetic axis corresponding to 

two different designs, have been considered, and a sensitivity analysis of their 

performance has been done. Then, to investigate the influence of size on the 

performance, the same model used to simulate the IGNITOR discharges has also 

been applied to a NET-like plasma. For this, parameters corresponding to "NET 

II - 25 MA" / 5 / have been adopted. Note that due to the differences between 

IGNITOR and NET (without/with additional heating, just to mention the most 

evident one) the comparison is not at all straightforward (for instance, the ratio of 

the a-power to the Ohmic power is a basic parameter for IGNITOR performance, 

while it is not for NET). Moreover, the physics is different in the two machines 

(L-/H-mode, just to mention the difference most relevant to transport), so that 

the use of the same transport model is questionable. Therefore, these simulations 

refer to a "NET-like" plasma with a physics similar to that of IGNITOR, rather 

than the actual NET. Finally, independently of the comparison with IGNITOR, 

we have performed some simulations of the actual NET II - 25 MA machine, taking 
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fully into account the NET operation scenario. 

In section 2 the transport model is described in detail. In section 3 the 

results of the IGNITOR simulations are presented and discussed. In section 4 the 

results of the simulations of the NET-like plasma are presented and discussed, in 

particular in view of the results of the preceding section. In section 5 the results 

of the simulations of the NET II - 25 MA machine are presented and discussed. 

Section 6 is devoted to the conclusions. 

2. The Transport Model 

The Tang and Redi (TR) transport model /3 ,4 / has been used, in the form 

reported in / 6 / , with an added 20% reduction of the coefficients of the anomalous 

part of the heat conductivities. The coefficients reported in / 6 / were in fact 

calibrated on TFTR results, / 4 / , and a 20% reduction was recently suggested to 

better reproduce global results of F T discharges / 7 / . In the TR model the electron 

heat conductivity is anomalous, while the ion heat conductivity is given by the 

sum of the neoclassical contribution / 8 / and an anomalous contribution. The TR 

transport model is a "profile consistent" model in which the overall magnitude of 

the anomalous part of the heat transport coefficients is determined on the basis 

of a study of microinstabilities (trapped electrons drift modes and toroidal ion 

temperature gradient, "x/, ", modes). 

The anomalous part of the heat transport coefficients which we use reads 

Xarm(r)[cm2/s] = 0.8 F,(r) x - f 0 , (1) 

where a = e,i for electrons and ions, respectively, r is a flux surface label 

(oc y/$/irBo, where $ denotes the toroidal flux and Bo[T\ the toroidal magnetic 

field on the magnetic axis) normalized to 1 at the outermost magnetic surface (the 
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-edge"), 

F ( r ) = P - e - > | Q r W ) ,,} 
T'K } {n.(r)/n.(0)}r*p,(l)' ^ 

a = g(l) + 0.5, q[\) denotes the safety factor at the edge, p,(r)[MW] denotes the 

total power source on the 5-th species within the magnetic surface whose label is 

r, the number density of the s-th species is denoted by n3(r)[l020ro -3], 

n i n 3 (1-K).257){pe(l)}08 

Xe'o = 4-3"1On.(0)i?J-V->Z^B8-«Wl)r fOT v «*- 0 - 2 ' (3) 

and 

7 is the steepness parameter for a parabola approximating the density profile (it 

is determined by imposing that the number density h(r) = ne(0)[l — r2]"1 gives the 

correct total number of electrons), i?o(m] and a[m] denote, respectively, the major 

and minor radii of the torus (the minor radius being defined as the square root of 

the ratio of the toroidal flux enclosed by the plasma and the product of n times 

the toroidal magnetic field), Z e / / denotes the effective value of Z, the electron 

collisionality 

V2RQBQ 
u'* = n 1-7f> (5) 

is calculated on the q = 1.5 magnetic surface (2?,»,o, Vth,e, £ and rt denote, respec

tively, the magnetic surface-averaged poloidal magnetic field, the electron thermal 

speed y/2Te/me, the inverse aspect ratio of the magnetic surface, and the electron 
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collision time r€ = Zy/mtTi' /4v/2Jre4iVeyle, where ; l e is the Landau logarithm), 

in (\)\06 

^ = 50101MopSiI)F^ fOT "21-5' |6» 
and 

Ai.o = 0, for r/i < 1.5, (7) 

where T/̂  is the maximum value of rf(ln Ti)/d(ln n^) in .he region between the 

magnetic surfaces q = 1 and q = 2. 

In most simulations the electron and ion heat conductivities have been as

sumed to jump discontinuously, at the thresholds vt+ = 0.2 and rjj = 1.5 respec

tively, from the value they have on one side of the threshold to the value they have 

on the other side. This should be regarded as a trick to easily identify the time 

instants at which the thresholds are crossed, in the plots. At these instants, sud

den variations appear in the values of some quantities, like the energy replacement 

time, and in the rate of variation of other quantities, like the central temperatures. 

The introduction of smooth transitions of the values of the heat conductivities has 

only the effect of smoothing these variations in time. Of course, it gives also 

the possibility of reaching steady states in which ut* and/or t)i remain close to 

their threshold values. In this case, the coefficients of the anomalous parts of the 

electron and/or ion heat conductivities, \e,o and/or \ifo, have values which are 

intermediate between equations (3) and (4) and/or equations (6) and (7). 

To avoid too low a value of the safety factor on the magnetic axis, in most 

simulations the safety factor was just constrained to remain above a given value 

(70 = 0.7). From a formal point of view, this is equivalent to assuming the pres

ence of an "electromotive" (i.e. noninductive) electric field opposing the current 

(inside the magnetic surface where q= q0). From a physical point of view, this is 
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equivalent to assuming the existence of some kind of instability which, as soon as 

q decreases below q0, grows and redistributes the electric current so that q returns 

to its limiting value qo, while the other transport properties (of particles and heat) 

of the plasma remain unaffected. The main consequence of this model (already 

used in / 7 / ) is the reduction of the Ohmic heating in the central region of the 

plasma column (inside the q = q0 surface), and an increase in the outer region. A 

sensitivity analysis (see §3) has shown that the influence of the choice of the value 

qo on the performance of the machine is negligible. 

As far as particle transport is concerned, the Alcator-INTOR model has been 

chosen for the transport coefficient, and an inward pinch has been included, as 

proposed in / 9 / , the 'roefficients being adjusted in order to get the desired rate of 

particle pinching. 

In the heat balance equation, the factor 3/2 has been used for the energy 

convection term. 

It is worthwhile to mention some general consequences of the transport model, 

which can immediately be concluded from the form of the dependence of \ t i o and 

Xi,o on the plasma parameters. Firstly, high density plasmas are favoured, and 

plasmas with peaked density profiles are even more favoured, because the heat 

transport coefficients decrease as the density on the magnetic axis increases (note 

that the factor 1 + 0.257 in the numerator on the right hand side of equation (3) 

cannot compensate for the ne(0) in the denominator). Secondly, the confinement 

degradation with power is extremely strong at relatively high collisionalities (i.e. 

at relatively low powers). At low collisionalities (i.e. at relatively high powers) 

it is less strong, although still larger than in most of the accepted scaling laws. 

Finally, by comparing the expresoions of the known power scaling laws for tokamak 

energy confinement time (rj?) with the coefficients of the Tang and Redi model, 

for constant vahies of aspect ratio and safety factor at the edge (which implies 
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constant values ofaBo/I), this model turns out to generally have a more favourable 

dependence on density (n) and size (£,) and a less favourable dependence on power 

(p), current (/) and magnetic field. For example, TE OC I 2 3 5n° xBl 25p~° 5 for the 

ITER scaling law / 1 0 / , while TE OC I 3 V °tf{| V * and « I 3 °n° *Bl
0 °p~° 6 ^ r 

fe* > 0.2 and < 0.2 respectively, in the case of the Tang and Redi model. 

The predictions of the TR model were compared with experimental results for 

a number of devices. The results of a detailed comparison with J E T (Ohmic and 

L-mode) shots are reported in / l l / . The general conclusion is that the TR model 

tends to overestimate (by up to 50%) the temperatures (and, therefore, the energy 

confinement time) of Ohmic discharges. For discharges with additional heating 

the discrepancy tends to become smaller as the amount of additional heating 

increases. It should be mentioned that this overestimation was also found for the 

FT discharges we considered. As an example, in fig. 1 the results are reported of 

the simulation of the ASDEX shot #17529 /12 / at the instant t = 1.05 sec, i.e. 

during the steady state obtained in the Ohmic phase. The measured loop voltage 

was Vi = 1.25 and the energy confinement time TE = 0.087. The simulation was 

done with diffusion coefficients larger (by 25%) than those used in the IGNITOR 

simulations, i.e. with the coefficient 1.0 replacing the 0.8 in equation (1). Also, a 

simple sawtooth model was used. The density profile was kept fixed, equal to the 

experimental one. 

As far as the model for alpha particle production and energy deposition is 

concerned, it has been assumed that the alpha particles created by the D-T re

action release their energy locally in space (i.e. no alpha particle transport, is 

considered) and progressively in time (accordingly to their slowing-down process). 

The dilution of the D-T plasma due to the production of alpha particles has not 

been taken into account. 
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3. Simulations of IGNITOR 

Two main IGNITOR configurations have been considered, which will be re

ferred to in the following as "high field" (B = 13.12T, I = 12 MA) and 'low 

field" (B = 11.11 T, / = 10MA). In both cases, the geometrical parameters are 

i?o = 1.175m and a = 0.6m. and the safety factor at the edge is q{a) = 2.S. 

For each case we have a "reference run'*, evolving for 7 seconds (from t = 0 to 

t = 7sec) from given initial conditions (see below). The equilibrium is calculated 

at I = 0 and the shape of the magnetic surfaces is kept fixed during the run. The 

plasma composition is deuterium, tritium and two impurity species, carbon and 

oxygen. The value of the recycling factor is 1 for all species, and deuterium and 

tritium are assumed to have the same density. The edge temperature Ttigt{t) (for 

both ions and electrons) increases linearly during the first second from a low value 

to Ttjge(JO) = 600eV and remains constant for t > 1 sec. 

For each reference run a sensitivity study has been performed with respect 

to changes in various parameters and conditions. This study was rather complete 

for the "low field reference case". With some exceptions, ?11 the runs simulate the 

discharge for 7 seconds. The runs are presented below and their summary in the 

Tables. A suitable figure of merit for the performance of the various runs is the 

ratio 3? of the alpha power deposited in the plasma to the Ohmic power. In the 

tables we give the instants fj, i2,*i, *io at which 3J = 1, 2, 4, 10, respectively, 

is reached and the value of 5R at t = 7 sec. Moreover, we give the sign of the 

first and second derivatives (P'a and P£ respectively) of the a-power. They give 

an idea of the behaviour of the discharge for t > 7 sec (a tendency towards a 

steady state is displayed by the combinations [+,—] and [—,+]; that a steady 

state is already reached is displayed by the combination [0,0]; a thermal instability 

(ignition) is displayed by the combination [+,+]; a thermal collapse is displayed 

by the combination [—,—])• 
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3.1 The low field reference run 

The low field reference run (referred to as LFO in the following), the essentials 

of which can be seen in fig. 2 and Table I, is characterized by the fact that it 

tends to a steady state in which the alpha power dominates the Ohmic power 

( $ ~ 4) and the ion heat transport is neoclassical, because r/, remains below 

threshold during the whole discharge. The existence of such steady states is made 

possible by the strong dependence of the heat conductivities on power. The initial 

density profiles are parabolic squared, with central ion density 1.5 x 1021 m - 3 , 

and the initial temperature profiles are parabolic, with central temperatures 4.6 

keV for the electrons and 3.9 keV for the ions. The central densities of carbon and 

oxygen are 6 x 1018 m - 3 and 6 x 1017 m~ 3 , respectively, leading to a Z e / / of 1.20. 

The minimum q is forced to remain above <fo = 0.7, which impedes accumulation 

of the current in the center and results, at the end of the run, in a centrally 

rather flat, even slightly hollow current profile, the flat region (where q takes on 

its central value) extending almost up to half radius. The electron temperature 

profile changes within one second from its initial parabolic-squared shape into a 

bell-shape. The central temperature then climbs steadily from the initial value 

of 2.95 keV to a final value of 10 keV. The Ohmic power density, fig. 2(g), is 

characteristically peaked off-axis. In the central region, its dependence reflects 

the flat current density profile in the presence of a centrally peaked electrical 

conductivity (as a consequence of the electron temperature profile and the trapped 

particles effect). Here, the coefficient of the anomalous inward pinch (Qi„w = 3.0) 

is chosen in such a way that the "peakness factor" of the density (n e (0) /n , , where 

ht is the volume average of the electron density) remains almost constant (changing 

from 2.7 at t = 0 to 2.9 at t = 7) during the discharge. Actually, fig. 2(d), the 

density profile remains rather steady. The loop-voltage shown in fig. 2(c) represents 

the averaged Ohmic value. It comes down steadily from an initial 1.6 V to a final 

9 



0.7 V at 7 seconds. For this distuarge, the energy replacement time rg\ fig. 2(b), 

has a peak value of 460 ms at 1.5 seconds and drops to 350 ms at 7 seconds. The 

alpha-power bypasses twice Ohmic power at 4 seconds, fig. 2(a). 

3.2 Sensitivity analysb of the low field case 

Firstly, the sensitivity of the performance of the reference run to the relatively 

high initial temperature was investigated. By halving the value of the pressure, 

the initial temperatures of the reference run were brought down to half their values 

(LF1: Tt(0) = 2.3keV, T,(0) = 2.0keV). In this case, for the initial 2 seconds 

studied, the alpha power increased in the same fashion as for the reference case, 

though at a slightly lower rate (X = 1 was obtained at r = 2.3sec). This is a 

consequence of the fact that, starting from a lower ion temperature, the a-particle 

source is initially smaller and more time is therefore needed to build up a significant 

a-particle concentration and, hence, the associated power source. 

The effect of sawteeth is very bad for the performance of the machine. Saw

tooth crashes were simulated by increasing transport in the central region by 

including a Bohm-like term or by allowing for density and temperature Batten

ings inside the magnetic surface q — 1 every time the value of q on the axis went 

below 0.8. We have allowed in LF2a as little as 10% of Bohm diffusion, imposed 

below q = 0.8 - in other words between 0.7 and 0.8 which is half the radius and 

one quarter of the volume, and see a value of ?R below 0.5 despite good confine

ment, TE of 470 ms. In LF2b the lower bound to qo (qo = 0.7) was taken out, so 

that current penetration was classical (a central q value of 0.35 was obtained at 

t = 7 sec), and 10% of Bohm diffusion was allowed for q < 0.7, leading to a similar 

result (5R = 0.42 at i = 7sec), in spite of having recalculated the equilibrium at 

t = 0.5, 1.0, 2.0 and 4.0, which tends to improve (see below) the performance 

of the discharge. In LF2c, where the reconncction model was used, a sawtooth 
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period r3t ss 0.1 sec was found and a low-Sc (3t = 0.17) "steady state" was rapidly 

reached. 

Raising the value of the anomalous electron heat conductivity by changing the 

coefficient of equation (1) from 0.S to the standard value of 1.0 (run LF3) is fatal: 

the value of 3i at i = 7sec is 0.04. Of course, only the electron heai conductivity is 

relevant here, because the ion heat conductivity remains in any case neoclassical. 

In LF4 and LF4a the effect of a larger impurity content was studied. Doubling 

the carbon and oxygen central densities increased Ztff to 1.33. In this case (LF4). 

R increases much slower in time, with respect to LF0. reaching 1 only after 3 

seconds and tending asymptotically to a relatively low value (3? = 1.54 at t = 

7sec). Tripling the impurity content (LF4a) leads to Zeff = 1.46 and brings the 

value of 3R below 1. 

Lowering the primary central densities by 20% (to 1.2 x 1021 m - 3 (LF5)) 

decreases substantially 3R (only 1.6 at r = 7 sec), much more than expected from 

the small related increase of Ze/f. Note that the energy confinement time is in this 

case, at the end of the shot, 0.40 sec. Note also that with less density the discharge 

reaches its stationary" phase in a shorter time, so that its behaviour seems to be 

better, if only the first phase is looked at. This is due to two facts. Firstly, a lower 

initial density implies a higher initial temperature (because the initial pressure 

profile is kept fixed in our simulations). Secondly, in the initial phase, where 

Ohmic heating is the dominating heating mechanism, a lower density helps to 

increasing the heating rate of the plasm« column. Of course, in the final phase the 

a-power source, which is proportional to the density squared, is more important 

in determining the temperature. The shot LF5a, where the central value of the 

density was kept fixed while the density prpfile was chosen parabolic instead of 

parabolic squared (with, hence, a substantial increase of average density), confirms 

this interpretation: the too high value of the density impedes heating in the early 
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phase, and 3ft increases slowly to 0.24 at t = 7 sec. 

Changing the fraction of deuterium from the initial 50% to 70% (LF6) has 

also a strong impact on the performance of the discharge, in spite of the moderate 

decrease (by 16% only) of the a-power source. In this case, 3? reaches 1.12 at 

t = 7 sec. 

Lowering the current in the reference run to 9 MA (LF7) does also lead to 

a lower performance: 3? = 1 is achieved at 3.9 seconds and 9? = 1.1 at / = 7 sec. 

Decreasing the density by 20% (LF7a) confirms that a lower density allows to 

reach the steady state in a shorter time, but at a lower value of 3ft. This is clearly 

shown by the comparison of the values of 3ft at t = 0.1, 1.0, 2.0, 7.0sec for the 

two shots. We get 0.17, 0.24, 0.50, 1.1 in LF7 and 0.29, 0.57, 0.98, 0.97 in LF7a. 

Lowering the value of the edge temperature leads to a lower performance, 

until a kind of threshold value is reached, below which the discharge ends in a 

very low-temperature steady state, like that one which is found by increasing the 

transport coefficients by 25%. This is shown by LF8a, where the edge temperature 

Tedge for t > 1 sec was lowered to Ttdge{oo) = 400eV and 3? = 2.1 was reached 

at t = 7sec, and LF8b, where Tedee(oo) = 300eV and 3ft = C.05 is reached. No 

attempt has been made to determine the parameter dependence of the threshold 

temperature. This should actually be regarded as an extremely important item, 

because the plasma is assumed to be extremely clean and it is difficult to reconcile 

this requirement with a high temperature in front of the edge. 

If the edge temperature is raised, the performance of the discharge increases. 

In shot LF8c Ttdgt{t) increases linearly in time from 160eV at t = 0 to 1200eV 

at t = 2 sec and remains constant for t > 2 sec. This leads to 3? = 113 at t = 

6 sec, where the a-power (215 MW) is still increasing linearly in time at a rate 

of almost 90 MW per second, although its second derivative starts to become 

negative. This shows that, if the edge temperature is high enough, ignition cases 
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can easily be found. Of course, they can also be found if the edge temperature 

is not increased but the values of the heat transport coefficients in front of the 

edge are decreased below what is foreseen by the TR model. This leads in fact to 

the formation of a temperature pedestal in front of the edge, which ha« the same 

effect as increasing the edge temperature. To this effect can probably be ascribed 

the difference between our results and those, much more favorable to IGNITOR, 

presented in / 7 / , where the transport coefficients in front of the edge were limited 

by a Bohm-like expression. 

The effect of increasing the anomalous particle pinch has a favourable effect 

on the discharge, because it tends to increase the or-power source progressively in 

time, without affecting the discharge too much in the initial phase, when too high 

a density would impede Ohmic heating from attaining a high enough temperature. 

This effect can be seen in LF9, where the reduction by 33% of oti„w leads to a 

reduction of 3? by 43%. Recalculating the equilibrium during the time evolution 

of the discharge has the same favourable effect, because of the diamajnetic pinch 

related to the current penetration. In LFOr, the shoi LFO was repeated by recalcu

lating the equilibrium at i = 0.5, 1.0, 2.0, and 4.0 sec, with a strong improvement 

of the performance of the discharge. 

The effectiveness of a somewhat lower density coupled to a strong particle 

pinch and recalculation of the equilibrium is exhibited by the three shots LVa, 

LFb and LFc (Table II). They are similar to LFO, but for the value of Te(/9e(oo), 

which is 400 instead of 600, the value of the central ion density, which is 20% 

lower, and the value of otinw, which is 2, 3 and 10, respectively, in the three shots. 

In LFa the boundary temperature is clearly below threshold. The same boundary 

temperature is clearly above threshold for shot LFb, the change being due to the 

higher value of ctinw. This shot, compared to LF8a, shows the accelerating effect of 

a lower density on the performance of the discharge. Eventually, shot LFc exhibits, 
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with its high performance, the fundamental importance of dynamic peaking of the 

density. In this shot, the final value (at t = 7 sec) of the peaking factor of the 

density is 5.3 (initial value 2.5). 

Another series of shots at increasing strength of the anomalous particle pinch 

is LFd to LFg (see Table 11). Here the initial density profile is parabolic (the initial 

value of the peaking factor is 2) and the average particle density is slightly larger 

than in LFO (ne = 6.2 x 10 2 0 m - 3 ) . The first shot ends in a low-9ft steady state. 

The other three shots show a very good performance and, at the same time, a 

peculiar behaviour. They seem to smoothly evolve into a low-3? steady state (this 

is particularly evident for the shots LFe and LFf), when, suddenly, the a-power 

starts to increase, the energy confinement time increases, the transport losses 

decrease. From a detailed analysis, it is possible to see that the precursor of this 

"explosion" is due to an increase of the electron temperature just in front of the 

edge. This implies that the energy input to the electrons decreases there, because 

they loose more power to the ions. As a consequence of the transport model 

adopted, the (anomalous) electron heat conductivity in front of the edge decreases, 

so that the electron energy loss through the conduction channel decreases. If 

the ion heat conductivity were also anomalous, the ion energy loss through the 

conduction channel would increase, due to the increase of the power they receive, 

compensating the reduced electron losses. But in our case the rji threshold is never 

reached, the ions are neoclassical and, therefore, the associated heat losses remain 

unchanged. Hence, a kind of thermal instability develops as a consequence of the 

thermal insulation of the edge. In Table II, for the first shot, the peaking factor 

at the end of the run is shown. For the other three shots, in which the a-power 

starts to increase at a well-defined time instant, this is shown together with the 

value of the peaking factor at that moment. By looking at the values of the central 

temperature and TE at these instants, it is possible to deduce the rough rule that, 
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in order to be able to start towards ignition or atleast towards a high-3? steady 

state, the temperature on axis should be of the order of 5 keV and, simultaneously, 

the energy confinement time larger than 0.4 sec. 

Shot LFg is a high-performance shot with still a reasonable, although large, 

density peaking (3.3 at r = 7 sec). A sensitivity analysis was also performed 

starting from this shot, to see if the negative influence of some of the variations 

could be mitigated by the higher performance of the starting point. The results are 

presented in TABLE III, which is self-explanatory. With respect to the sensitivity 

analysis of LFO, two additional cases are considered here. Firstly, to see the 

influence of the presence of anomalous ion heat conduction, the r/i threshold was 

arbitrarily lowered (to 0.6 in LFgla and to 0.4 in LFglb). In LFglb the ion heat 

conductivity is always anomalous, and the discharge tends smoothly to a low-3? 

steady state where the heat loss due to conductivity is 60% on the electron channel 

and 40% on the ion channel. In LFgla the discharge is near threshold, so that 

the anomalous ion heat conductivity is not always on. As a consequence, the 

shot shows phases of "good behaviour", during which the ion heat conductivity is 

neoclassical and the plasma temperature increases, and phases in which, having 

the ion temperature peaked enough so that the threshold is reached, the ion heat 

conductivity is anomalous and the temperature drops. Secondly, the relatively 

weak influence of the value of go is shown by LFg6a and LFg6b. Shot LFg6c has a 

similar behaviour up to t ss 5.7 sec, where the rising of the tempeature is suddenly 

stopped, and the performance starts to worsen. This is not directly due to the 

change of qo, but to the fact that it causes the reaching of the rji threshold at 

t « 5.7 sec and the turning on of anomalous ion heat conductivity. 

3.3 The high field reference run 

The high field reference run (referred to as HF0 in the following), presented 
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in Table IV and in fig. 4, differs slightly from the low field reference run LFO in 

having the anomalous inward pinch initially set to 

Ofjmu— 2.5 and the central ion 

density initialized as 1.2 x 1021 m - 3 . Like the low field reference run, it tends to 

a steady state in which the alpha power is dominating the discharge. The lower 

initial density is reflected as slightly higher initial central temperatures 5.5 keV 

for the electrons and 4.7 keV for the ions, and with impurity densities the same, 

the resulting Zf,jf becomes 1.25. 

During the discharge, the density profile remains essentially unchanged after 

the first second, while the central electron and ion temperatures rise steadily to the 

final values of 17.5 keV and 16.5 keV. The current profile reaches its characteristic 

flat character up to half the radius in 1.5 seconds. The energy replacement time 

T£; has a peak value of 420 ms at 1 s and drops to 240 ms from 4 s onwards. As 

for Ht , the alpha power bypasses twice Ohmic power at 1.3 s, four times at 1.8 s 

and ten times Ohmic power at 3.7 s. 

3.4 Sensitivity analysis of the high field case 

Sensitivity tests mirroring those of the low field reference run were carried out. 

The first modification of the reference run, HFOr, recalculating the equilibrium 

at t = 0.5, 1.0, 2.0, 4.0 seconds, shows the sharp discontinuities in the transport 

properties as the equilibrium is recalculated, resulting in fairly small changes in the 

physical parameters, as well as the change at 2.2 seconds when the rji criterion has 

first been met, resulting in a qualitatively changed discharge. Up to that instant 

the discharge shows a behaviour very similar to HF0 and to the behaviour found for 

the low field reference case (generally, recalculating the equilibrium improves the 

alpha power), from that instant onwards its performance drops and the discharge 

tends to a much lower-3? steady state. The physical parameters (< Te > , < Tj >, 

T£i etc.) show abrupt variations in their rates of change, which are clearly related 
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to the abrupt onset of the anomalous ion heat conductivity. 

Simulating the sawteeth with 10% of Bohm diffusion imposed below q = 0.8, 

HFl , resulted in a quenched alphapower, reaching a peak 3t = 2.6 at 1.8 seconds, 

but then falling off to 1.6 at 7 seconds. The energy replacement time TE rises to a 

peak of 420 ms at 1.2 seconds, drops to a minimum of 350 ms at 2.2 seconds and 

has a final value of 380 ms at 7 seconds, indicating that we have a marginal case 

for the combination of parameters and transport model chosen. 

Raising the value of the anomalous electron heat conductivity to the standard 

value, HF2, is as fatal here as it was for the low field case: a steady state with 

alpha power equal to Ohmic power resulted. 

Increasing the impurity content by doubling the central densities of carbon 

and oxygen, HF3, gave a Z e / / = 1.43 but only a quantitative decrease of the 

ignition rate: by the end of the discharge 3? was 7.3. Increasing the deuterium 

ratio to 70%, HF4, is similar: a final steady-state 5ft of 3.5 is reached at 7 seconds. 

A more interesting result was reached by lowering the anomalous inward pinch 

Qjnu, to 2.0, HF5. The discharge starts off like the high field reference run, but 3? 

reaches a peak of 8.5 at 4.2 seconds and falls off as if quenching to 3.6 at 7 seconds. 

A closer examination of the discharge reveals that the anomalous ion transport has 

been triggered, increasing the losses through the ion channel by almost a decade. 

The high field reference run itself does not trigger anomalous ion transport. 

The physics for ion transport was given in equations (6) - (7), but the formula 

actually used is a smoothed version 

xn = xi,ooH(Vr - vr1) 

where \i,oo is given by equation (6), 77™ is the maximum value of </(ln T,)/d(ln n,) 

in the region between the magnetic surfaces q — 1 and q = 2, and H(x) = 

(l + tanh(xz))/2. 
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A set of runs were carried out to study sensitivity to this triggering with 

respect to smoothing {z) and varying the TH threshold (i?"1 ' = 1.5 and z = 50 in 

the reference run). 

Without recalculating the equilibrium, varying z to 4, HF6bl, and 2, HF6b2, 

shows a degrading of performance with respect to our reference run HFO, due 

to the fact that although the discharge remains below threshold, \« has a small 

anomalous part due to the presence of the smooth transition. 

Varying z to 20, HF6al , and 5, HF6a2, while recalculating the equilibrium 

shows essentially the reference case HFO and not HFOr (recalculated equilibrium), 

indicating that such an insignificant modification is enough to change the global 

transport picture by making the difference between neoclassical and anomalous 

ion heat conductivity. For the latter case, HF6a2, 3? remains below 10 (8.1 at 7 

seconds) and the transport properties are smooth. 

3.5 Conclusions 

From the previously described IGNITOR simulations using the Tang and Redi 

model, the conclusion can be drawn that many conditions have to be simultane

ously fulfilled to obtain IGNITOR discharges in which, at least at the end of the 

discharge (we recall here that the flat-top time of IGNITOR is of the order of 4 

seconds), a-particle heating becomes the dominant heating mechanism. These are 

the following: 

(i) ion heat conductivity losses must be at the neoclassical level, 

(ii) neither sawteeth activity nor other types of enhanced transport are present 

in the center, 

(iii) a high temperature is present at the plasma edge, 

(iv) a very low impurity concentration is ensured, 

(v) a high peaking of the density must be obtained. 
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These conditions were obtained with the Tang and Redi transport model adopting 

a r* duced coefficient (0.8) in front of the anomalous heat conductivities (smaller 

than required to simulate most tokamak experiments). This prescription could be 

referred to as condition (vi). 

Within the framework of the model (the aforementioned prescription in

cluded), conditions (i) and (ii) are "hard", in the sense that the introduction 

of anomalous ion heat losses or sawteeth activity degrades confinement to such an 

extent that it cannot be compensated in any way, not even by making conditions 

(iii) to (v) as far as possible more restrictive. If condition* (i) and (ii) (and vi) 

are fulfilled, a possible quantification of conditions (iii) to (v) is the following: 

Ttdgt > 500cV, Zefj < 1.3 and density peaking factor increasing from 2 to 3 dur

ing 4 seconds. Actually, it is difficult to reconcile the first two requirements, and 

the third one requires a very careful control of the plasma density profile, which 

should provide peaking without cooling. Of course, some conditions can be relaxed 

if other ones are simultaneously made more stringent. For example, increasing the 

peaking rate of the density allows to decrease the edge temperature, as shown by 

shots LFa to LFc. 

4. Simulations of a NET-like plasma 

In order to examine the effect of size on the performance, the same transport 

model used for the IGNITOR simulations was also used for a few simulations of a 

NET-like plasma. To this aim, the parameters of "NET II - 25 MA" /5/wcre used. 

These are B = 6.0T, I = 25MA, Ro = 6.3m, a = 3.041 m (corresponding to an 

actual horizontal minor radius of 2.05 m and an elongation of 2.2). The magnetic 

surfaces were assumed in the simulations to have elliptic, concentric cross sections, 

resulting in a safety factor of 2.5 at the edge. The average electron density was 

0.92 x 1020ra~3. As in the IGNITOR simulations, a 50-50 DT mixture in the 
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presence of carbon and oxygen impurities was considered, with a recycling factor 

1 for al' the species. The edge temperature (for both ions and electrons) was 

assumed to be constant, 40 eV, in the initial, 5-seconds long Ohmic phase (from 

t = —5sec to r = Osec), to increase linearly in time to Tt</JC(oo) in the following 

second, during which the additional heating power increased linearly from zero to 

its maximum value, and then to remain constant. In this way the "initial" state, 

i.e. the state at the beginning of the additional heating phase (at f = Osec), was 

a self-consistent Ohmic equilibrium. The main differences, with respect to the 

IGNITOR simulations, was a higher impurity content ( Z e / / = 1.9 in the reference 

run for NET) and a parabolic profile for the initial density, with the strength of 

the inward pinch chosen in such a way that the peaking factor for the density 

remained almost constant (% 2) during the simulations. 

In the following subsections we describe the NET reference run and the results 

of a sensitivity analysis for it. 

The discharges were let to evolve for 10 seconds or more during the additional 

heating phase and the value of %t at t = 10 sec (i.e. after 9 seconds of additional 

heating at full power) is usually reported in TABLE V, which summarizes the 

results. This was done to be able to compare analogous quantities for both NET 

and IGNITOR. In the case of NET, due to the presence of the additional heating, 

the ratio of the a-particle power to the additional power is, during the time the 

additional heating is on, the better performance parameter. 

In the case of NET, it is interesting to consider also simulations in which the 

additional heating power is on for a limited time interval. Therefore, a number 

of discharges have been simulated in which the additional power increases linearly 

in time from zero to the full value over one second, remains constant for a given 

"heating time", and then decreases linearly in time from the full value to zero, 

again over one second. 
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4.1 The NET-like reference run 

The NET-like reference run (referred to as NTO in the following), the essentials 

of which can be seen in fig. 6 and in Table V, is the counterpart of the reference 

runs for IGNITOR. 

We again stress the presence of a higher impurity content, obtained by assign

ing the amount of carbon and oxygen (in the ratio 5 to 1) needed to get Z e / ; = 1.9 

and the absence of any peaking of the initial (parabolic) density profile. To simu

late the effect of the additional heating system, 88 MW of total (magic) power is 

assigned and equally distributed (50%-50%) to ions and electrons, with a parabolic 

power density profile. 

The edge temperature for r > l sec is, as in the IGNITOR reference runs, 

Tedgt(oo) = 600eV. The lower boundary of the safety factor, q0, is also 0.7, but 

in the case of NET this boundary plays a negligible role, because the region where 

q = 0.7 is very small. The magnetic surface on which q = 1 is located at roughly 

half radius, while in the IGNITOR case it was at two thirds of the radius. 

In order to compare the NET-like and the IGNITOR reference cases under 

the same conditions as far as the transport coefficients are concerned, in this run 

the ion heat conductivity was imposed to be neoclassical (for t > 4.0 sec). 

Under the action of the additional heating, the plasma heats up and the em

power becomes equal to the additional power at f = 7.1 sec. At the end of the run 

(t = 10 sec), the a-power has reached a value of 225 MW and continues to increase 

at a rate of 40 MW per second, while the central temperatures (almost equal for 

both species) are larger than 20keV, and increase at a rate of almost 3keV per 

second. 

The shot NTOa is identical to NTO apart from the fact that the ion heat 

conductivity is set to be neoclassical at all times, and the additional heating time 

is 13 seconds (i.e., the additional power is on at its full value for 13 seconds). 
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The initial behaviour of this discharge is, of course, similar to that of NTO. After 

turning off the additional heating, the plasma tends smoothly to a high-3? steady 

state. The asymptotic value of the o-power is 486 MW, of the central electron 

and ion temperatures it is 33 and 38 keV, respectively. By increasing the heating 

time, higher-X steady states are reached, the parameters of the steady state being 

essentially equal to the parameters reached by the plasma at the end of the heating 

phase, as if a region of "indifferent" equilibrium were reached by the plasma. 

Actually, an extremely slow time evo'ution (almost negligible on a 10 sec time 

scale) towards a common steady state can be seen in the longer runs. 

The assumption of neoclassical ion heat conductivity could, perhaps, be jus

tified for IGNITOR, but is questionable for NET. On the other hand, NET should 

work in the H-mode, not in the L-mode. Hence, a NET-like plasma should be 

better simulated by letting \ i be anomalous and reducing the TR transport coef

ficients by a factor of the order of 2. These two corrections tend to compensate 

each other, as shown by shot NTOb, which differs from NTO and NTOa in the ion 

heat transport, anomalous in NTOb, and in the heat diffusion coefficients, which in 

NTOb are reduced by 12.5% with respect to the IGNITOR runs, i.e. by 30% with 

respect to the standard values calibrated against L-mode TFTR shots by Redi et 

al. / 4 / . Moreover, in NTOb the heating time is 28 seconds and the additional 

power 44 MW. In this run, at the end of the additional heating pulse, the plasma 

goes into a high-3? steady-state in which Pa = 240 MW. 

In order to compare IGNITOR with NET more directly, the sensitivity ?na-

lysis which follows has been done with respect to NTO (neoclassical ion heat trans

port, L-mode). 

4.2 Sensitivity analysis of the NET-like reference run 

The sensitivity to the introduction of anomalous ion heat transport was exa-
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mined in the shot NT1, where \i 1S anomalous all the time. This shot shows the 

tendency to go into a high-P0 steady state (P„ = 255 MW after 19 seconds of 

heating at full power, with Pa = 8 MW/sec, decreasing). By limiting the heating 

time, the a-particle power reaches a maximum at the end of the heating pulse, 

and then decreases again (see NTlb , NTlc , NTld) . With a 20 seconds heating 

pulse, Pa becomes again equal to Pohm at < = 60 sec. 

The sensitivity of the NET-like reference run to a reduction of edge tem

perature (NT2), to the inclusion of Bohm diffusion in the central region of the 

discharge (NT3a to NT3e) and to a 50% increase of the coefficients of the anoma

lous heat conductivities (NT4) was also studied. The results are presented in Table 

V and show clearly that the NET-like reference run is much less sensitive than the 

IGNITOR reference runs to these modifications. 

In Table V are also reported two cases in which the amount of additional 

power was reduced by 30%, Bohm diffusion was included inside the magnetic 

surface q — 1 and the length of the heating pulse was limited (NT5a and NT5b). 

Also in these cases the discharge tends, after the additional heating is shut off, to 

a steady state at high Pa. 

4.3 Conclusions 

From the simulations presented above it appears clearly that going from IG

NITOR to NET parameters allows reaching ignition in a wide parameter range. 

In particular, density peaking is not required at all; Z e / / can be much higher, 

fully justifying the assumed values of the edge temperature; lower values of the 

edge temperature are actually allowed; a substantial degradation of confinement 

inside the q = 1 surface is also allowed. The condition which is to be maintained 

is that either the ion transport is neoclassical, or the numerical coefficient in front, 

of the anomalous transport conductivities is reduced (from 0.8 to 0.7, see the next 

23 



section and fig. 13), or the temperature in front of the edge is larger (from 0.6 keV 

to a few keV, see the next section). This is not surprising, as a NET-like plasma 

cannot be expected to ignite in L-mode operation as described by a particularly 

unfavourable scaling of energy confinement time with heating power. 

In the absence of a transport model specifically validated against H-mode 

discharges, H-mode operation is usually simulated by reducing the L-mode heat 

conductivities by a factor of the order of two. Alternatively, one could increase 

the edge temperature to simulate the formation of the temperature pedestal at 

the separatrix. 

5. NET II - 25 MA modelling 

In this section we present and discuss the results of some NET simulations 

made by taking into account, as far as possible, the peculiarities of the NET II -

25 MA scenario / 5 / . 

The machine parameters were chosen as given in /5/and used in the preceding 

section (B = 6.0 T, I = 25 MA, R0 = 6.3 m, a = 3.041m, coming from a small 

minor radius of 2.05 m and an elongation of 2.2). The magnetic surfaces were 

approximated by tori with elliptic, concentric cross sections {q(a) = 2.5). The 

particle profiles were assumed to be fixed in time (particle transport and pinch 

were not included). A 50-50 DT mixture in the presence of carbon and oxygen 

as impurities was considered, with such concentration that Ztjf — 1.9. In the 

absence of a final decision on the additional heating method which will be chosen 

for NET, the additional power was assumed to be equally distributed between ions 

and electrons, with a parabolic deposition profile, and to be applied progressively, 

increasing linearly in time from zero to the full value during the first second of 

the simulation, remaining constant for a given time (the heating time), decreasing 

(linearly in time) during the following second and then remaining zero. The edge 
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temperature (for both ions and electrons) was assumed to increase linearly in time 

from 100 eV to 600 eV during the first second and then to remain constant. The 

initial temperature profiles were assumed to be parabolic, with central values of 

3000 eV. 

The electron and ion heat con luctivities were taken according to the Tang 

and Redi model, with a reduction factor to represent H-mode operation. Note 

that in the following the reduction factor is given with respect to the full value 

of the Tang and Redi conductivities, which was calibrated against L-mode TFTR 

shots by Redi et al. / 4 / . Note also that the IGNITOR simulations presented in 

Section 3 used a reduction factor 0.8. 

5.1 NET II - 25 MA simulations 

The simulations show that, for the NET reference electron density of n ( = 

0.9 x 10"° m~3, with square-root-of-parabolic profile, a reduction factor 0.6 (i.e. an 

enhanced confinement factor with respect to the L-mode equal to 1.67) is sufficient 

to get the desired performance, i.e. ignition is reached. This is shown in fig. 7(a), 

where the time behaviour of the powers is given for a case where 44 MW were 

applied for 20 seconds and a steady state with Pa = 240MW was reached (shot 

NETa). That the amount of additional power used cap easily be lowered by 

simultaneously lengthening the heating time is clearly shown in fig. 8, where only 

22 MW were applied lor 30 seconds to otherwise the fame case (shot NETb). A 

reduction factor 0.5 would lead to a much larger Pa, as shown in fig. 9 (44 MW 

for 15 sec were applied in this case, shot NETc). 

Fig. 10 shows that a worse confinement could be cured by just increasing the 

average density: it refers to shot NETd, wher? the reduction factor was 0.7 (i.e. 

the enhanced confinement factor with respect to the L-mode was equal to 1.43), 

the average electron density was 1.17 x 1020m~3and 44 MW were applied for 30 
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seconds. Fig. 11 shows the possibility to operate for a substantial time interval (of 

the order of many energy confinement times) in a sub-ignited regime in which the 

a-power, in spite of being by far the dominating heating mechanism, is not very 

high, so that the heating loads are reduced and burn control is not required. This is 

obtained (shot NETe) by shutting off the additional heating just before the ignition 

point is reached. Note that shot NETe (fig. 11) differs from shot NETd (fig. 10) 

only in the heating time (25 seconds instead of 30 seconds). Already a heating 

time of 26 seconds would be enough to ignite, but 25 seconds are just not enough, 

and, after the shutting off of the additional power, the discharge dies slowly away, 

allowing the study of a 20-seconds long Ohmic phase with Pa = 80 ~ 100 MW 

and Pai'Pohm > 10. 

Of course, in all these simulations the temperature profile was Gaussian, be

cause this is imposed by the transport model. The only way to get a broader 

temperature profile is to increase substantially the edge temperature (partly to 

simulate the temperature pedestal of the H-mode, partly just to get a broader 

temperature profile). In this case, no reduction factor is to be used for the heat 

conductivities, the impnn ed confinement (with respect to the L-mode) being auto

matically obtained as a consequence of the high edge temperature. In fig. 12 a 

case is shown (shot NETf) where the temperature at the edge was set equal to 

5 keV (resulting, at the end of the run, in a peaking factor for the temperature of 

the order of 2), the reduction factor was equal to 1, and 44 MW were applied for 

15 seconds. For the rest shot, NETf was identical to shot NETa. 

Figure 13 shows the time behaviour of the powers for shot NTOb, which 

differs from shot NETa for the density profile (parabolic instead of square-root-

of-parabolic), the reduction factor (0.7 instead of 0.6) and the heating time (28 

seconds instead of 20). By comparing fig. 7 with fig. 13, we see that a worse 

confinement could also be cured by providing a less flat density profile. 
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Sawteeth will degrade the performance, but not dramatically. Fig. 14 (shot 

NETg) shows that, with a reduction factor 0.5 (i.e. an enhanced confinement factor 

with respect to the L-mode equal to 2) and the reference density (0.9 x 1020 m~ 3 ) , 

the desired performance is also obtained in the presence of Bohm diffusion (with 

coefficient 1) inside the magnetic surface q = 1 (which flattens the temperature 

profiles up to half radius). With a less pessimistic modelling of sawteeth (Bohm 

diffusion inside the magnetic surface q — 0.9, resulting in a temperature profile 

flat up to 2/5 of the radius) ignition is marginally obtained with a reduction factor 

0.6. This is shown in fig. 15 (shot NETh). Finally, a simple sawtooth model was 

also used. In this model, ref. / 1 3 / , the sawtooth crash is modelled by a sudden 

flattening of the density and temperature (and safety factor) profiles inside the 

mixing region. The flattening (which conserves energy) takes place every time the 

value of the safety factor on avis reaches a given value qcrit < 1- This determines 

the sawtooth period. In these runs the density profile was allowed to evolve in 

time, with the same particle transport model used for IGNITOR, with a "weak" 

inward pinch as in the low and high field IGNITOR and in the NET reference 

runs. In shot NETi (fig. 16) this model was applied to the same parameters of 

shot NETa (apart from the heating time, 1 second longer), with qcru = 0.98, which 

leads to a sawtooth period of 350 ms in the final phase of the discharge. In the 

same phase, the slowing down time for a-particler. in the central part of the plasma 

is 600 ms: this explains the absence of fluctuations in Pa(t) in the figure. In spite 

of the presence of the sawteeth, this shot exhibits a performance very similar to 

that of shot NETa. This is probably due to the higher central density obtained as 

a combined effect of particle diffusion, particle pinch and flattening of the density 

at the sawtooth crash (compare fig. 16(c) with fig. 7(f)). In fig. 16(b) the ion 

temperature profiles just after a sawtooth crash (which happened at t = 32.513) 

and just before the following sawtooth crash (which happened at t = 32.894) are 
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shown. The electron temperature profiles have a similar behaviour. On the other 

hand, the electron and ion density profiles do not show appreciable variations 

during a sawtooth period. The shape they have at the end of the discharge (at 

t = 35 sec) is shown in fig. 16(c). 

5.2 Conclusions 

In conclusion, the Tang and Redi transport model predicts for NET II - 25 MA 

operating at the reference density and in the H-mode that NET ignites and has 

a good ignition margin. This can be quantified by the value of the enhancement 

factor of H-mode confinement (with respect to L-mode confinement), which is 

required to achieve ignition. This value is 1.67 for the nominal density and can 

be lower than 1.5 for a slightly larger (by 30%) average density or a more peaked 

(parabolic instead of square-root-of-parabolic) density profile. Sawteeth have been 

shown to have a relatively small effect, provided they do not lead to a large loss 

of the high-energy component of the a-particle population. 

6. Overall Conclusions 

An extensive numerical predictive study of IGNITOR discharges, a number of 

comparative runs for a NET-like plasma, and some runs for the NET II - 25 MA 

operating mode of NET have been performed using the Tang and Redi transport 

model and the l | - D transport rode JETTO. The aim of this work was to assess 

the IGNITOR performance and the effect of size on it, and to compare IGNITOR 

with NET. 

Firstly, it must be stressed that all the conclusions which are drawn here on 

the performance of IGNITOR and on the comparison IGNITOR-NET should be 

qualified as based on adopting the Tang and Redi transport model. Due to the still 

existing uncertainty regarding the physical mechanisms responsible for transport 
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in tokamaks and, as a consequence, regarding the tokamak transport coefficients, 

adopting the Tang and Redi model is an important assumption. 

Actually, a comparison of the predictions of this model with a number of shots 

from different machines has shown that it tends to be optimistic for low-power 

discharges, the discrepancy decreasing as the power increases. This behaviour is 

due to the strongly unfavourable power dependence foreseen by the model, stronger 

than in most of the existing global scalings. Another feature of the Tang and Redi 

model which should be recalled here is its favourable scaling with density, and 

in particular with density peaking. All these dependencies favour small, high-

density machines like IGNITOR with respect to larger, lower-field machines like 

NET. On the other hand, the Tang and Redi model, always in comparison with 

the existing scaling laws, has a relatively stronger (favorable) dependence on size 

and a relatively weaker (favourable) dependence on the magnetic field intensity. 

This favors large, low-field machines with respect to smaller, higher field machines, 

more than other scalings. Therefore, the model does not have a clear bias towards 

one of the two types of devices. A peculiar aspect of the Tang and Redi model 

is the fact that it can exhibit bifurcation, as discussed in detail in section 3.2 in 

connection with shots LFd to LFg. 

From the IGNITOR simulations, the conclusion has been drawn that many 

conditions have to be simultaneously fulfilled to obtain IGNITOR discharges in 

which, within the flat-top time, a-particle heating becomes the dominant heating 

mechanism. From the simulations of the NET-like plasma, it appears clearly 

that in this large-size plasma, ignition is more easily reached. Finally, from the 

simulations of the NET II - 25 MA operating scenario of NET, it was confirmed 

that ignition can be obtained in NET, in the H-mode, under a variety of conditions. 
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Figure Captions 

l.ASDEX-shot. In (a) the measured and calculated profiles of electron and ion 

temperatures are given. In (b) the electron heat conductivity and the ion 

heat conductivity (full line) and, for comparison, the neoclassical ion heat 

conductivity (dashed line) before having taken into account the volume 

correction due *o the shape of the equilibrium magnetic surfaces, in (c) 

the time dependence of the loop voltage and the energy confinement time 

is given. 

2.LF0. The "low field reference run". In (a) the time dependence of the powers 

is given (A = Ohmic power, B = alpha power, C = bremsstrahlung, E 

= impurity radiation); in (b) and (c) the time dependence of the energy 

confinement time and the loop voltage, respectively, is given; in (d) and 

(e) the initial and final electron density and central electron temperature 

profiles are plotted (t=0.0 s is dashed, t=7.0 s is solid); in (f), (g), (h) and 

(i) the profiles (at t=3.2s) of the following quantities are given: electron 

heat conductivity (f); Ohmic power density (g); current density (h); safety 

factor (i), observe: qn = 0.7. 

3.LGg. In (a) the time dependence of the powers is given (A = Ohmic power, 

B = alpha power, C = bremsstrahlung, E = impurity radiation); in (b) 

and (c) the time dependence of the energy confinement time and loop 

voltage, respectively, is given; in (d) and (e) the initial and final electron 

density and central electron temperature profiles are plotted (t=0.0 s is 

dashed, t=7.0 s is solid); in (f), (g), (h) and (i) the profiles (at t=4.0s) of 

the following quantities are given: electron heat conductivity (f); Ohmic 

power density (g); current density (h); safety factor (i), observe: go = 0.7. 

4.HF0. The "high field reference run". In (a) the time dependence of the powers 
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is given (A = Ohmic power, B = alpha power, C = bremsstrahlung, E 

= impurity radiation); in (b) and (c) the time dependence of the energy 

confinement time and loop voltage, respectively, is given; in (d) and (e) the 

initial and final electron density and central electron temperature profiles 

are plotted (t=0.0 s is dashed, t=7.0 s is solid); in (f), (g), (h) and (i) 

the profiles (at t=4.0s) of the following quantities are given: electron heat 

conductivity (f); Ohmic power density (g); current density (h); safety 

factor (i), observe: qo = 0.7. 

5.LFe. In (a), the time dependence of the powers is given (A = Ohmic power, B 

= alpha power, C = bremsstrahlung, E = impurity radiation), and in (b), 

(c) and (d) is given the time dependence of the energy confinement time 

(b), the average (c) and central (d) electron (full line) and ion (dashed 

line) temperatures. 

6.HET. The NET reference run with 13 sec of additional heating (NTOa). In (a) 

the time dependence of the powers is given (A = Ohmic power, B = 

alpha power, C = bremsstrahlung, D = additional power, E = impurity 

radiation); in (b) and (c) the time dependence of the energy confinement 

time and loop voltage , respectively, is given; in (d) the initial and final 

electron density profiles are plotted (t=0 s is dashed, t=20 s is solid); in (e), 

(f), (g) and (h) the final profiles (at t=20s) of the following quantities are 

given: electron heat conductivity (c); electron (full line) and ion (dashed 

line) temperatures (f); current density (g); safety factor (h), observe: qo = 

0.7. 

7.NETa. In (a) the time dependence of the powers is given (A = Ohmic power, B 

= alpha power, C = bremsstrahlung, D = additional power, E = impurity 

radiation); in (b) and (c) the time dependence of the energy confinement 
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time and the loop voltage, respectively, is given; in (d) the power loss (Px) 

due to the heat conductivities of electrons (full line) and ions (dashed 

line) are given; in (e) the average temperatures of electrons (full line) 

and ions (dashed line) are given; in (f), (g), (h), (i), (j), (k) and (1) the 

profiles (at t=35s) of the following quantities are given: electron (full line) 

and main ion (dashed line) densities (f) and temperatures (g), electron 

heat conductivity (h); Ohmic power density (i); current density (j); safety 

factor (k), observe: qo = 0.7; ion heat conductivity (full line) and its 

neoclassical part (dashed line) (1). 

8.HETb. The time dependence of the powers is given (A = Ohmic power, B = 

alpha power, C = bremsstrahlung, D = additional power, E = impurity 

radiation). 

9.NETc. The time dependence of the powers is given (A = Ohmic power, B = 

alpha power, C = bremsstrahlung, D = additional power, E = impurity 

radiation). 

lO.NETd. The time dependence of the powers is given (A = Ohmic power, B = 

alpha power, C = bremsstrahlung, D = additional power, E = impurity 

radiation). 

ll.NETe. The time dependence of the powers is given (A = Ohmic power, B = 

alpha power, C = bremsstrahlung, D = additional power, E = impurity 

radiation). 

12.NETf. The time dependence of the powers is given (A = Ohmic power, B = 

alpha power, C = bremsstrahlung, D = additional power, E = impurity 

radiation). 

13.NT0b. The time dependence of the powers is given (A = Ohmic power, B = 
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alpha power, C = bremsstrahlung, D = additional power, E = impurity 

radiation). 

14.HETg. In (a) the time dependence of the powers is given (A = Ohmic power, B 

= alpha power, C = bremsstrahlung, D = additional power, E = impurity-

radiation); in (b) the electron (full line) and ion (dashed line) temperature 

profiles at i = 30 sec are given. 

15.NETh. In (a), the time dependence of the powers is given (A = Ohmic power, B 

= alpha power, C = bremsstrahlung, D = additional power, E = impurity 

radiation); in (b) the electron (full line) and ion (dashed line) temperature 

profiles at r = 50 sec are given. 

16.NETi. In (a) the time dependence of the powers is given (A = Ohmic power, B 

= alpha power, C = bremsstrahlung, D = additional power, E = impurity 

radiation); in (b) the ion temperature profile at r = 32.53 (just after 

a sawtooth crash, full line) and at t = 32.88 (just before the following 

sawt- "th crash, dashed line) are shown; in (c) the electron (full line) 

and main ion (dashed line) density profiles at the end of the discharge 

(r = 35 sec) are shown. 
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TABLE I 

Run 

LFO 
LFOr 

1.9 
1.7 

<2 

3.4 
2.3 3.2 

<io 

5.7 

*(7) 

3.5 
11.6 

Sensitivity to Initial temperature: 

PL 

+ 
+ 

p" 

LF1 2.3 Halved initial temperatures; shot ended at r = 2.3 sec 

Notes 

Z = 1.2, nt = 5.8 x 1020m-3 

eq. recalculated at .5, 1., 2., 4. 

Sensitivity to sawteeth : 

Sensitivity to heat diffusion intensity 
LF3 

Sensitivity to Zeff : 

Sensitivity to the ion central density 
LF5 1.4 1.6 

Sensitivity to the initial profile : 
LF5a 0.24 

LF6 3.3 1.1 

Sensitivity to edge temperature : 
LFSa 
LFSb 
LF8c 

2.1 

2.1 

4.8 

2.7 3.4 4.1 

Sensitivity to particle pinch 

2.1 
0.05 

LF2a 
LF2b 
LF2c 

0.43 
0.42 
0.17 

0 
0 
0 

0.04 0 

LF4 
LF4a 

3.0 1.5 
0.9 

+ 
0 

Sensitivity to deuterium-tritium ratio : 

Sensitivity to the value of the current : 
LF7 

LF7a 
3.9 
3.5 

1.1 
0.97 

0 
0 

0 
0 

0 
0 
0 

0 
0 

0 
0 

3?(6) = 113. 

LF9 1.9 4.3 2.0 

0.1 Bohm for q < 0.8 
0.1 Bohm for q < 0.7; qo = 0; eq. recalc. 
reconnection for q < 0.1 when q(0) < O.S 

Xt increased by 25% 

Z = 1.33 (double impurity content) 
Z = 1.46 (triple impurity content) 

20% smaller than in LFO 

quadratic profile 

70% deuterium and 30% tritium 

IP(MA) (= 10.0 in LFO) 
9.0 
9.0; moreover: 20% lower density 

Tedi re(oo)(=0.6keVinLF0) 
0.4 
0.3 
Tedge(t > 2) = 1.2keV 

ainw (= 3 in LFO) 
2.0 
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TABLE II 

Run 

LFa 
LFb 
LFc 

LFd 
LFe 
LFf 
LFg 

<i 

1.8 
1.7 

5.6 
3.2 
2.6 

<2 

3.1 
2.2 

6.9 
4.3 
3.6 

*4 

2.8 

5.7 
4.6 

<io 

3.5 

5.7 

*(7) 

0.05 
2.6 
97. 

0.13 
2.1 
9.9 
44. 

P' 

0 
0 
+ 

0 
+ 
+ 
+ 

P: 

0 
0 

0 
0 
+ 
+ 

Notes 

<*inw = 2.0 
<*inw = 3.0 
<*i„w = 10. 

n t(0)/ne, see text 
2.3 at 7s 
2.2 at 4.3s 
2.1 at 1.9s 
2.0 at 1.2s 
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TABLE III 

Run 

LFg 

Sensi 

LFgla 
LFglb 

Sensi 

LFg2a 
LFg2b 

Sensi 

LFg3 

Sensi 

LFg4 

Sensi 

LFg5a 
LFg5b 
LFg5c 
LFg5d 
LFg5e 

Sensi 

LFg6a 
LFg6b 
LFg6c 

U 

2.6 

tivity t 

3.7 

tivity t 

6.7 

tivity t 

tivity t 

tivity t 

3.3 
3.5 

tivity t 

2.8 
3.1 
3.9 

<2 

3.6 

of 

4.5 

o edge 

o Bohi 

o heat 

o Zeff 

6.2 
6.2 

O Qmin 

3.7 
4.0 
4.7 

*4 

4.6 

m . 

5.5 

tempe 

n diffu 

diffusi 

: 

• 

4.7 
4.9 
5.5 

t,o 

5.7 

rature 

sion : 

on inte 

5.7 
5.9 

stop a 

»(7) 

44. 

3.6 
0.4 

: 

1.2 
.04 

0.5 

nsity : 

0.6 

2.3 
2.4 
0.7 
0.8 
0.8 

42. 
36. 

t 6.6 sec 

K 

+ 

+ 
0 

+ 
0 

0 

0 

+ 
+ 
+ 
+ 
+ 

+ 
+ 

1 

P: 

+ 

0 
0 

+ 
0 

0 

0 

0 

+ 
— 
— 
— 

+ 
+ 

1 

Notes 

2 = 1.2, n, = 6.2 x 10 2 0m- 3 

(neoclassical in LFg) 

rje = 0.6 
i;e = 0.4 

r« ,„(oo)(=0.6keVinLFg) 

0.3 
0.2 

no Bohm diffusion in LFg 

0.1 Bohm for q < 0.8 

Xt,i increased by 25% 

Z, n«,i4, "c,i2, "o,ii 

1.4, 5.7, 6.2, 6.2 
1.4, 6.1, 6.3, 6.3 
1.6, 6.3, 9.4, 9.4 
1.6, 6.2, 9.4, 9.4 
1.6, 6.1, 9.4, 9.4 

Qmin > 0.8 
qmin > 0.9 
qmin > 1.0; x r " m for t > 5.7 
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TABLE IV 

Run 

HFO 

U 

0.9 
HFOr 0.9 

| 1 
Sensitivity t 

HF1 

Sensi 

HF2 

Sensi 

HF3 

Sensit 

HF4 

Sensi 

HF5 

Sensi 

HF6al 
HF6a2 
HF6bl 
HF6b2 

0.9 

tivity t 

1.7 

tivity t 

1.1 

ivity tc 

1.1 

tivity t 

0.9 

tivity t 

0.9 
0.9 
0.9 
0.9 

i* 

1.3 
1.4 

o sawt< 

1.4 

oheat 

oZtff 

1.9 

> deute 

2.2 

o parti 

1.5 

o smoc 

1.2 
1.3 
1.3 
1.4 

(4 

1.8 
1.9 

eeth : 

diffusk 

: 

3.0 

rium-ti 

cle pin 

2.5 

>thing < 

1.7 
1.7 
1.9 
2.1 

fio 

3.7 

>n intei 

itium i 

±: 

>f ni-th 

3.3 

«(7) 

11.5 
* ( 4 ) = 

1 

1.6 

wity : 

1.0 

7.3 

-atio : 

3.5 

3.6 

reshold 

11.3 
8.1 
9.6 
7.2 

PL 

0 
5.7 

I 

0 

0 

0 

0 

— 

"• 

0 
0 
0 
0 

K 

0 

+ 

0 

0 

0 

+ 

0 
0 
0 

Notes 

Z = 1.25, n« = 4.6 x 1020 

eq. recalculated at .5,1., 2., 4. sec 

0.1 Bohm for 9 < 0.8 

Xc increased by 25% 

Ztff = 1.43 (double impurity content) 

70% deuterium and 30% tritium 

Qinw = 2.0 

z = 20 eq. recalculated 
z = 5 eq. recalculated 
z = 4 
z = 2 
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TABLE V 

Run 

NTO 
NTOa 
NTOb 

no »(10) P: P" 

NTla 
NTlb 
NTlc 
NTld 

3.5 4.3 5.2 6.5 72. + + 
135 heating pulse; »(f > 15) = 307. 
28s heating pulse (44MW); X?n°m; X * '?/8 

+ 

Sensitivity to the introduction of \? 

3.5 4.5 22. 5.7 j 7.7 
13s heating pulse; P™ax = 200 MW 
20s heating pulse; P ™ 1 = 260 MW 
30s heating pulse; P™ax = 300 MW 

Sensitivity to edge temperature : 

NT2 4.5 5.3 6.2 7.5 43. + 

Sensitivity to Bohm diffusion (qo = 0) 

NT3a 
NT3b 
NT3c 
NT3d 
NT3e 

3.5 
3.5 
3.5 
3.5 
3.7 

4.3 
4.3 
4.4 
4.5 
4.6 

5.2 
5.2 
5.3 
5.4 
5.6 

6.5 
6.5 
6.7 
6.9 
7.1 

72. 
71. 
63. 
53. 
39. 

Sensitivity to heat diffusion intensity : 

+ 
+ 
+ 
+ 
+ 

NT4 6.4 8.1 9.5 

NT5a 
NT5b 

5.2 

Lower power input (62 MW) and Bohm diffusion for q < 1 

+ 

+ 
+ 
+ 
+ 
+ 

+ 

Notes 

Z = 1.9, ne = 0.9 x 1020, parabolic 
P Q = 4 8 6 M W f o r t > 1 5 s 
Pa >225MWfor t>30s 

(neoclassical for t > 4 sec in NTO) 

Pa(t = 20) = 225 MW 
goes back to Ohmic 
goes back to Ohmic 
goes back to Ohmic 

T(a,t >l) (=0.6keVinNT0) 

0.3, 

no Bohm diffusion in NTO 

0.1 x x
Bohm for q < 0.7 

0.1 x x
Bohm for q < 0.8 

0.1 x x
Bohm for q < 0.9 

0.1 x X
Bohm for q < 1.0 

1.0 x X
Bohm for q < 1.0 

1-5 x x«,i 

15s heating pulse; R(t > 17) = 45. 
20s heating pulse; R(t > 22) = 120 

P a = 170MWfor<>17s 
P a = 250 MW fort > 22s 
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