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3A 
SUMMARY 

A short summary of the present status of experiaental observations, 

theoretical ideas and understanding of the density liait in tokamaks is 

presented. 

It is the result of the discussion that was held on this topic at the 

4th European Tokamak Workshop in Cop'-ihagen (December 4th to 6th, 1985). 

RIASSUNTO 

Si presenta una concisa rassegna delle osservazioni sperimentali, 

delle idee teoriche e dello stato della comprensione attuale dei fe

nomeni fisici a "proposito del limite di densità dei tokamak. 

Questo lavoro è il risultato della discussione sul limite di den

sità svoltasi durante il 4° European Tokamak Workshop che è avvenuto a 

Copenhagen dal 4 al 6 Dicembre 1985. 



1. INTRODUCTION 

The main peculiarity of the density limit in tokamaks is that the 

experimental data, collected up to now, seem not to show an obvious 

ordering with respect to a dimensionless plasma physics parameter (the 

most used n R/B_ (Wb-1) Murakami parameter is dimensional). 

A very popular interpretation of this fact is that the density 

limit in tokamaks is not purely "plasma thermodynamics", but it is the 

result of a subtle interplay between plasma properties and boundary 

condition effects. 

The present experimental evidences have been compared, during the 

4-th European tokamak Workshop, with the present theoretical ideas: the 

density limit has reasserted itself as a complicated phenomenon to 

which, up to now, no unique consistent explanation is available. 

The observed phenomena indicate that the plasma edge looks the 

region of the tokamak discharge that bears the largest responsibility 

for the density limit. On the other hand many observations seem to 

suggest that the density limit could be deeply linked with the 

anomalous electron thermal conductivity. 

These two observations could be reconcilied by means of the recent 

ideas of "profile consistency" [1,2], that emphasize the role of the 

plasma edge on the confinement properties of the discharge. 

2. THE DENSITY LIMIT IN OHMIC DISCHARGES 

The well known Hugill-Murakami scaling n m a x = 15 T 20 (B /Rq ) • 

* 1019 m-3 for pure plasmas (Z ~ 1) *-s confirmed in all ohmic 

tokamaks. However, in most of the cases, such expression is able to 

describe the density limit just for safety factors at the edge qT>3r4, 

thus giving a maximum Murakami parameter n R/B_ ~ 5*1019 Wb-1 [3,4]. 
< 

The general opinion is that when qT ~ 3 the density limit and the q. 

limit influence each other, due to the very short distance of the q=2 

surface from the plasma boundary. Thus a suggestion would be to focus 

the study of the pure density limit to regimes with qT > 4; but, on 

the other hand, the low q (2 < q < 3) regime is, for a variety of 

reasons, the most reactor relevant and so must be explored with a lot 

of detail. 

A notable excepion to the low-q density limit behaviour of ohmic 

discharges is Dili [5], where, in elongated, TiC limiter, Ti gettered 
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ohmic discharges with an equivalent q 1 as low as 1-5, Murakami param

eters n R/B_ as high as 8*1019 Wb-1 were observed. 

A word of caution must be added for the large tokamaks that have, 

up to now, exhibited a density limit more restricted than the medium 

size devices. In the' JET ohmic discharges the largest Murakami param

eter obtained has been n R/B < 4-1019 Wb-1 [6], in TFTR n R/B < 

~ 3*1019 Wb-1 with gas puffing has been obtained, value that was 

raised up to 5.6«1019 Wb-1 only with the help of multiple pellet injec

tion [7]. 

3. THE DENSITY LIMIT IN ADDITIONALLY HEATED DISCHARGES 

The additional heating system by which most attempts to increase 

the tokamak density limit have been dorè is still the neutral beam 

injection (NBI). 

The density limit results for NBI heated tokamaks exhibit two 

different behaviours. In some machines like DITE [8] and PDX [9] the 

result that was achieved was just to continue the Hugill-Murakami l/qT 

scaling down to q ~ 2: so no increase in the density limit with qT > 4 
- < 

was possible and the largest Murakami parameter obtained was n R/B_ ~ 

~ 8-1019 (Wb-1). 

On the other hand other tokamaks like ISX-B [10] exhibited an 

increase of the density limit during NBI over the whole q_ range, 

with Murakami parameter up to ii R/B_ ~ 10 «1019 Wb-1. The recent ASDEX 

data [A] also exhibit such increase over the whole q_ range up to 

n R/B_ ~ 8«1019 Wb-1, but the increase in the density limit is much 

less than linear with the input power. At the Workshop the suggestion 

was n ~ PUBT with a < 0.5, and such weak dependence could be con-

nected with the degrading of confinement with additional power input. 

Moreover the ASDEX results seem to suggest that in strongly NBI heated 

discharges the Murakami parameter could not be anymore the right em

pirical parameter that describes the density limit. 

A record Murakami parameter n R/B_ ~ 17«1019 Wb-1 is reported to 

have been achieved in NBI heated discharges in Dili [11]. 

The tokamaks with divertor do in general not show any difference 

in the density limit with respect to the limiter operated ones; the 

only exception being the difficulty in working at q, < 3 in the 

diverted discharges or in obtaining (ASDEX) the high confinement regime 
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with q < 3. 

The use of multiple pellet injection has proved to be useful in 

increasing the density limit, but the coexistence of this technique 

with NBI is difficult in practice. 

Some encouraging results have very recently been obtained in 

increasing the density limit by RF additional heating; at the Workshop 

increases in the density limit by ICRH on JFTM-2 and TEXTOR, and by 

ECRH on CLEO were reported. 

4. PHENOMENOLOGY OF THE DENSITY LIMIT 

The phenomena that precede the density limit show some variety in 

the different tokamaks, but a common scheme can describe in general 

terms the time evolution, as the Murakami parameter is increased, in a 

discharge ending in a high density disruption: 

1) stable discharge; 

2) alteration in the power balance; 

3) onset of the MHD instabilities; 

4) disruption. 

Among these phases the most interesting one is certainly phase 2): i.e. 

the changes in the power balance. 

5. THE ROLE OF THE RADIATION LOSSES 

If the density limit is interpreted as an edge physics phenomenon, 

power balance losses that increase with density and decrease with tem

perature have to be considered, in order to be able to drive a thermal 

instability after a critical plasma density. 

A first term in the power balance that has such properties is the 

radiative loss from impurity line emission, that is proportional to the 

product of electron and impurity concentrations times the impurity 

cooling rate (per electron and per impurity atom), that often has a 

sharp peak, as a function of the plasma temperature, at the low tem

peratures typical of the tokamak edge. In such a rase the plasma edge 

can go thermally unstable [12] and shrink, exciting MHD instabilities. 

A somewhat different theoretical model [13] shows that, even before the 

plasma edge becomes thermally unstable, the effect of the radiative 

losses from impurity line emission could be able, as the density is 
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increased, to produce MHD unstable current density profiles. 

From the experimental side many tokamaks have observed an increase 

°f D̂Àn/Pìutiirr before the density limit disruption and a peculiar con-
KAD INrUT 

centration of the radiation loss profile at the edge of the plasma. 

However the absolute numbers turn out to be widely different. Contrast

ing with JET [14], that has 100% radiative losses at the density limit 

and disconnection of the T profile from the limiter, other experiments 

quoted much smaller values such as PDAT./Pym„rP < 40% in Dili [15] or 
KAD INrUI — 

PRAD/PINPUT ~ 50% in ALCATOR-C [16]. 

It was noted in the Workshop that it is very important to study 

experimentally the behaviour of PRAn taking into account all possible 

toroidal and poloidal asymmetries of the radiation, as unaccounted 

energy losses in many devices seem more than a suspicion (the case of 

ASDEX diverted discharges, in which the power flowing to the divertor 

plates goes to zero at the density limit, was reported at the Workshop). 

In general the radiated power from within the plasma core (q. < 2 

region) seems fairly small and the Z dependance of the density limit 
_ _\/CII 

seems to be confirmed as n ~ Z ,,2 even with 1 < Z ,, < 2. 
e eff eff 

6. THE ROLE OF MARFES 

In many experiments the density limit is precurred by MARFES; i.e. 

by an asymmetric increase of the radiation from a region of cold and 

dense plasma that exists in a toroidally continuous region localized at 

the smaller major radius of the main discharge [4,16,17,18]. In other 

experiments, like JET [6] and DITE the MARFES, althrough observed, seem 

to have a more ambiguous role with respect to the density limit. 

The MARFES are usually localized in the Hugill-Murakami plot at 

q. > 3, near the high density boundary [3,4], with a threshold density 

of about 70% of the density limit. 

A theoretical explanation of MARFES as thermal edge instabilities 

has been proposed [19]. 

The most common opinion in the Workshop has been that, if MARFES 

are thermal instabilities of the plasma edge, when they are observed, 

they represent nonlinearly saturated stages that can last for many 

confinement times in a quasi-steady state. 

Their poloidai asymmetry could be explained from the general 

poloidal asymmetry of power and particle flow from the plasma core 
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to the plasma edge; such asymmetry has been confirmed, also far away 

from the density limit, by all experiments that investigated the 

question, both with limiter (TEXTOR, ASDEX) as well as with divertor 

discharges (PDX [20], ASDEX). 

7. THE EFFECT OF RECYCLING 

The effect of the main gas recycling on the density limit, con

sidered as a thermal edge instability, has been investigated theoret

ically [21]. The result is that, if the radiatively unstable zone is 

within the recycling zone of the plasma edge, the charged particle 

flux from the plasma core can displace the density limit to larger 

values. This could explain why pellet injection, compelling unbalanced 

density profiles, can increase the particle flux and so increase the 

density limit. On the contrary also in an uncontaminated plasma the 

charge exchange and ionization losses from the recycling of the working 

gas could set a density limit [22], in a way analogous to the impurity 

radiation in a contaminated plasma. 

8. THE ION LOSSES - A COINCIDENCE? 

Another term in the electron power balance that represents a loss 

increasing with the density and decreasing with th» temperature (and so 

being able to drive a thermal instability after a critical plasma den

sity) is the electron-ion collisional power transfer [23]. 

A quite impressive fact is that in very different tokamak ex

periments, such as ALCATOR-A [24] and Dili [25], the density limit is 

not far from the point where the ion power losses become competitive 

with the electron losses. A different way to reassert this fact is 

that, if an ohmically heated plasma loses all of its energy through the 

ion channel, its streaming parameter v. x»/^». should approach •Jm /m. 

[26]; this is roughly indeed the value of the stream.ng parameter that 

is observed in all ohmically heated tokamaks near the density limit. So 

the density limit would correspond to a point at which the ion power 

losses become dominant with respect to the electron power losses. This 

kind of idea is well in the direction of the "profile consistency" 

[1,2]: i.e. until the power losses are through the electrons, the 

dominant anomalous electron therm il conductivity is able to "con

sistently" rearrange itself to keep the current density profile stable 
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with respect to the macroscopic instabilities; on the contrary, when 

the "neoclassical" (or "less anoaalous") ion thermal conductivity is 

the dominant one, the "consistency" of the thermal transport is lost, 

the current density profile is not anymore fedback and the plasma goes 

aacroscopically unstable. 

Up to now there is no experimental evidence of this last kind of 

aechanisa, and so this ion power loss explanation of the density limit 

should be considered, at present, less plausible than the radiative 

thermal instability explanation. 



11 

REFERENCES 

[I] COPPI, B., Consents Plasma Phys. Control. Fusion, 5 (1980), 261. 

[2] FURTH, H.P., "Three Novel tokamak Plasma Regimes in TFTR", Course 

on Basic Physical Processes in Toroidal Plasmas, Varenna (Italy) 

1985. 

[3] ALLADIO, F., and FT Group, Nucl. Fusion, 25 (1985). 

[4] NIEDERHEYER, H., et al., in 12th European Conf. on Controlled 

Fusion and Plasma Phys., Budapest (1985) Vol. 1, p. 159. 

[5] KITSUNEZAKI, A., GA Annual Report (1982), p. 36. 

[6] O'ROURKE, J., et al. in 12th European Conf. on Controlled Fusion 

and Plasma Phys., Budapest (1985) Vol. 1, p. 155. 

[7] SCHMIDT, G.L., et al. in 12th European Conf. on Controlled Fusion 

and Plasma Phys., Budapest (1985) Vol. 2, p. 674. 

[8] AXON, K.B., et al., in 8th Int. Conf. on Plasma Phys. and Contr. 

Nucl. Fusion Res., Bruxelles (1980) Vol. 1, p. 413. 

[9] MEADE, D., in 8th Int. Conf. on Plasma Phys. and Contr.Nucl. Fusion 

Res., Bruxelles (1980) Vol. 1, p. 665. 

(10] W00TTON, A.J., Journal of Nucl. Mat., Ill & 122 (1982), 479. 

[II] MAISEL, M.W., et al., Nucl. Fusion, 25 (1985) 1113. 

[12] OHYABU, N., Nucl. Fusion, lj) (1979), 1491 

[13] ROBERTS, D.E., Nucl. Fusion, 23 (1983), 311 

[14] WESSON, J., et al., in 12th European Conf. on Controlled Fusion 

and Plasma Phys., Budapest (1985) vol. 1, p. 147-

[15] EJIMA, S., et al., Nucl. Fusion, 22 (1982) 1627. 

[16] LIPSHULTZ, B., et al., Nucl. Fusion, 24 (1984), 977. 

[17] ALLADIO, F., et al., Phys. Lett., 90A (1982), 405. 

[18] BAKER, D.R., et al., Nucl. Fusion, 22 (1982) 807. 

[19] STRINGER, T.E., in 12th European Conf. on Controlled Fusion and 

Plasma Phys., Budapest (1985) vol. 1, p. 87. 

[20] OWENS, D.L., et al., Journal of Nucl. Mat. 93 & 94 (1980), 213. 

[21] T0KAR, M.Z., Nucl. Fusion, 23 (1983) 1395. 

[22] TENDLER, M., Journal of Nucl. Mat., 128 & 129 (1984), 100. 

[23] GUZDAV, P.R., Phys. Fluids, 27 (1984), 447. 

[24] GONDHALEKAR, A., et al., in 8th International Conf. on Plasma 

Phys. and Controlled Fusion Res., Bruxelles (1980), Vol. 1, p. 199. 

[25] NAGAM1, M., et al., Nucl. Fusion, 22 (1982), 3. 

[26] FURTH, H.P., et al., Phys. Fluids, 23 (1970), 3020. 


