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CONCLUSIONS OF THE WORKSHOP ON COLD-BLANKET RESEARCH 

JUTPHAAS, 2-5 MAY 1977 

Rapporteurs: F. Engelmann, A. Gibson, G. Grieger, O. Klüber, B. Lehnert 

and L.Th.M. Ornstein. 

1. The objective of the Workshop was to identify and discuss cold-plasma 

blanket systems to achieve the following ends: 

1.1. in order to minimize the bombardment of the walls by hot 

neutrals the plasma should be impermeable. This requires 

a density edge-thickness product of n& > 1015 cm"2. 

1.2. TO prevent the accumulation of impurities in the interior of 

the plasma. 

1.3. To ensure the exhaust of the a-particles produced in fusion 

reactions. 

1.4. To ensure refuelling of a reacting plasma by inward diffusion. 

2. The Cold-Blanket is a plasma blanket rather than a gas blanket be

cause the neutral density at the wall is expected to be less than 

the ion density in the edge region of the plasma. For example, in a 

tokanak reactor with a toroidal field (B) of 50 kG, an edge density 

(n ) of I011* cm-3, and an edge temperature (T_) of about 1 eV, the 

neutral density (n ) at the wall is constrained to be below 1013cm"3. 
n 

In a high-field reactor (say B - 100 kG; n "• 4*10lt' cm-3; T * 1 eV) 
d ct 

the neutral density is constrained to be below 10l>* cm"3. This limit 

arises from considerations of the balance, in steady state, between 

the outward diffusion flux of ions and the inward flux of neutrals 

for the case of 10 times Pfirsch-Schlüter diffusion in the edge re

gion (yielding a scaling n « n|q2/B2). 
n a 

3. Tokamak discharges have already been established which are imperme

able to neutrals <na approaches 10i6 ci"2 in Alcator). A clear qua

litative indication of this is the disappearance of the high-energy 

charge-exchange neutral flux from the central region. Whether or not 

this shielding alone produces a sufficient reduction of the wall 

bombardment by energetic neutrals to adequately restrict impurity 

production, remains to be seen and will depend on the wall proper

ties. 
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4. Calculations using the full collisional transport model indicate 

that steady states can develop with no important impurity accumula

tion in the plasma interior, and with fluxes that are such that 

plasma refuelling should be possible. 

5. Simulation calculations for the next generation of large tokaroaks 

using a particular transport model, indicate that the plasma edge 

profile can be controlled to reduce the production of sputtered im

purities to an acceptable level. These methods of profile control 

are based upon the introduction of radially dependent energy and 

particle sources. A great deal of freedom still remains to optimize 

the choice of these sources (neutral injection, RF-heating, skin 

heating). Beyond this, the possibility exists of using azimuthally 

localized sources to influence the toroidal flows and hence the 

transport behaviour. These methods of profile control demand a 

certain expenditure of power. In the cases simulated, considerably 

improved impurity control was obtained for modest power. 

6. The profiles established in these calculations are essentially model-

dependent, so that while the results are encouraging, they cannot be 

confidently applied to a reactor. Thus, as in other fields of toka-

mak research, further progress depends on the development of trans

port models which are experimentally validated in the relevant param

eter regime. One example of the deficiency of present transport 

models is that there is no universally accepted explanation of the 

density build-up by gas puffing into the impermeable Alcator. 

7. These methods of impurity control require a small fraction of the 

radial space to accommodate the cold-plasma layer. This reduction 

of aperture is a worthwhile price to pay for good impurity control. 

8. Refuelling with such a system can be envisaged through the feeding 

of gas into the outside layers of the system. The problem of exhaust 

is, however, more complicated. If the cold-blanket scheme works as 

predicted in the model calculations, then a-particles generated by 

fusion will be transported to the cold outside layer. The question 

'of how these n-partides can be removed from that layer remains to 

be discussed. It is conceivable that simple gas flow to pumping 

ports will suffice, though this will certainly lead to difficult 

gas handling problems. However, at present it is not possible to 

exclude the possibility that more complicated systems will be neces

sary, in the limit the cold blanket might have to be replaced by a 
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divertor with a controlled scrape-off layer. 

In addition to the lower limit on the impermeability parameter na 

(certainly greater than 10 1 5 cm - 2 and probably of the order of 

10 ? 6 cm" 2) there is also an upper limit (of the order of a few 

times 10 1 6 cm" 2) if neutral injection heating is to be possible. 

Furthermore, an upper bound for na may also be imposed by the hydro

gen radiation losses from the outside layer (an effect of this type 

was observed in RINGBOOG I ) . It must be emphasized that the require

ments imposed at the plasma edge lead to limitations also of the 

heat flux entering into this region, and it is important that these 

limitations can be fulfilled in the relevant parameter range. 

The stability of these systems with low edge temperatures requires 

further consideration. Non-ideal effects may be important, as may 

questions of thermal stability. 

The presence of a limiter and of localized gas inlet sources in 

present-day tokamaks introduces a deviation from axisymmetry which 

could lead to difficulties in extrapolation to reactors. 

The Communities' experimental programme of research in this area 

can be discussed in terms of the tokamaks which are available and 

planned. These are listed below, together with measured (x) and es

timated (+) values of na: 

device operating n(cm"3) a (cm) na"(cm"2) 

Pulsator yes 10 l u 10 10 1 5 (x) 

Alcator yes 5*101'f 10 5xi0 1 5 (x) 

D1TE yes 101(* 26 2xl0 1 5 (x) 

TPR-600 1977 > 101*» 23 > 2*l0 1 5 { + ) 

FT 1977 5X1011* 20 10 1 6 ( + ) 

RINGBOOG II 1977 101"» IC 1 0 1 5 ( + ) 

Textor 1981 (?) 5xl0 1 3 50 2xl0 1 5 { + ) 

Torus II 1981 (?) 1 0 ^ 90 10 1 6 ( + ) 

JET 1982(?) 101'* 125 I0 i 6 { + ) 

In the period up to 1980 a number of machines will be available with 

na of the order of 10 1 5 cm~2 with 'a' between 10 and 25 cm. However, 

only one machine (FT) with na of the order of 10'6 cm"2 will operate 

within the Community, One of the above machines (RINGBOOG II) is 
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specifically designed for cold-blanket research. The programnes of 

the other machines will permit only global rather than detailed in

vestigations of the cold blanket (although DITE is con»itted to a 

programme of plasma-wall interaction study). Consequently, the study 

of strongly impermeable plasmas in this period will only occur as a 

part of the FT programme and will be constrained by other demands 

and, maybe also by the available pulse length and diagnostic access. 

In the period after 1980 the larger machines should become available, 

permitting studies up to the same values of na (1016 cm"2) as in FT, 

but at the opposite extreme of smaller n and larger a (to confirm 

that indeed, only the product na is important). 

Furthermore, we expect to get relevant information from machines out

side the Community, such as PLT and T-10, as well as guidance from 

model experiments, such as those in progress in Stockholm. 

Provided all the machines listed come into operation as assumed 

above and provided the necessary emphasis is given to profile con

trol and cold-blanket studies, it would seem that adequate informa

tion in the effectiveness of these techniques for impurity control 

and fuelling should become available on a 5 to 7 year time-scale. 

However, it should be noted that until TORUS II or JET becomes avail

able, full studies of the na * 1016 cm-' region will probably not 

be possible. It follows from this that TORUS II should have as a 

main aim to study the topics of profile control and cold-blanket 

behaviour. In so far as the study of plasma-wall interaction and 

impurity control is a stated JET objective, these topics will also 

form a part of the JET programme. 

13. The development of diagnostics for the plasma edge region is impor

tant to all tokamak programmes, but is especially essential for 

programmes concentrating on cold-blanket studies. It is therefore 

important that sufficient resources be devoted to diagnostic devel

opment. Examples of required development areas are: edge profiles 

of the neutral and impurity density, energies of neutrals and par

ticle fluxes. Diagnostic development (e.g. fluctuation measurements) 

taking place in the general tokamak programme are also important 

here for understanding the transport process which determines pro

files and fuelling. 
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14. Two options present themselves for the continuation of cold-blanket 

research. 

14.1 Option 1 

The construction of a new tokamak to be devoted exclusively to cold-

blanket research, aiming at an na value of > 10l6 cm"2. 

14.2 Option 2 

Establish a European Cold-Blanket Task Force with a nucleus formed 

from the RINGBOOG II and Stockholm groups using their own experintents 

and experience as a basis for the following investigations: 

- a limited study of edge behaviour and refuelling on FT; 

- a detailed cold-blanket program» on TEXTOR and/or TORUS II aiming 

to begin to produce results in 1982; 

- a major programme on JET, in parallel with and extending beyond 

the TEXTOR/TORUS II programme, but directed to demonstration ra

ther than exploratory experiments. 

This task force should play an essential part in the formulation of 

the experimental programmes of the machines on which it works. 

Opt ion 1 is to be preferred from the point of view that it would 

devote the expertise of an existing team on an existing site 

(Jutphaas) to a machine specifically dedicated to cold-blanket 

research. This option increases the overlap of community programmes. 

At present no resources have been identified for such a programme. 

Option 2 is very desirable from a planning point of view, but may 

be put in jeopardy by the demands placed on staff by the high degree 

of mobility required. 
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I. MAIN FEATURES AMD POTENTIALITIES OF GAS-BLANKET SYSTEMS 

by 

B. Lehnert 

Royal Institute of Technology, S-10044 Stockholm 70, Sweden 

A review is given of the features and potentialities of gas-blanket 

systems, with respect to plasma equilibrium, stability, and reactor 

technology. The treatment is mainly concentrated on quasi-steady magne

tized plasmas confined at moderately high-beta values. In these systems 

the plasma becomes separated from the blanket only when the ion density 

is chosen far inside the impermeable regime. Steady solutions exist 

within limited parameter ranges. The pressure and density profiles are 

affected by ionization of neutral gas, by the presence of various atom 

species and impurities, as well as by Hernst, toroidal, and anomalous 

effects. Further, tne partially ionized boundary layer becomes dianag-

netic, the blanket pressure does not balance the plasma pressure, the 

heat balance determines the boundary layer thickness, and the strongly 

inhomogeneous distributions of the plasma and the neutral gas param

eters in space modify the stability properties, especially on account 

of an existing boundary layer. The gas-blanket approach has certain im

portant potentialities as fusion reactor, e.g. in connection with the 

desired densities and dimensions of full-scale systems, refuelling as 

well as ash and impurity removal, and stability. 

This abstract covers also the lecture on the stability of gas-blanket systems given 
by B. Lehnert. 



2. STEADY STATES OH TRAMSPORT TIME-SCALES 

by 

F. Engelmann 

Association Euratorn-FOM, FOM-Instituut voor Plasmafysica, 

Jutphaas, The Netherlands 

For the cold-plasma blanket to be a useful refuelling device, appropri

ate steady states of the plasma on a time-scale longer than the parti

cle confinement time must exist. The implications of this condition are 

displayed. It is concluded that for treating the cold-plasma blanket 

problem realistically from a theoretical view point, more detailed 

knowledge about the actual anomalous transport properties of the plasma 

is required. 



3. 
The KIMCaOOC W p i w c i M by L.Tfe.B. Ornateis 

Association Euratoa~Pm. PW-Iastiteat voor Plesaofys'. a. Jwtphaas. Tho betherl 

rationale of oar work is the protectie* of pleas» against the ceataaiaatiag ia-

teractioa with the walls by wuiuirtsj tb* hst cars wits layers of col* plasn* and 

neutral gas. If the oater layers are «f sufficient width sad density at lansraaeble 

blunfcet is obtniued. la tats blanket the energy of U M neutral charge-oachnngi flax 

from the hot core is Moderated to seen aa extent that tho wall is only reached by 

part ie los with energies bolow tho spwtteriag threshold. This principle has hoaa coa-

firaad experiaeatally ia tho oporatioa of tokaaohs with fas iajeetiee, e.g. Alcator. 

The density ia thoso experiaeats is round to iacroaso strati y with tho (as isjoc-

tloa. Processes responsible for the ohserwd coast ty iacroaso «a to 101S car3 (which 

caaaot ho explained hy classical inward diffusion of neutrals) aay prove to at a 

powerful net bod to fool tberaouoclear plasms, la tao toiiaar experlneats tho energy 

coafiaoaoat tiao increases liaoarly with density - apparently tho «0—81080 energy 

loss through tho oloctroas disappears - and, ceasosjasatty, tao toaporatarc stays 

high (order of 1 koV). 

la oar experinent RIRGSOOG a toroidal discharge is «track ia hydrogen at relatively 

high filling pressures. This lends to densities siailar la aagaitud* to tho spoor 

liait reached ia Alcator. Notwithstsadiag tho fact that tho ohnic dissipation is 

high, the teuneruture stays low. The oaergy balaace of tho core is doniaated hy the 

Mission, of hydrogea Lynaa liaos. Tho resoaaat radiation is reubsorued ia the dense 

outer layers whore it leads to additioaal ioaisatioa. This effect doaiaatos the local 

particle balance so that hollow <unatable) deasity aad pressor* profiles are found. 

The energy- aad perticle-balaaces ia the blanket region are studied sunerically; ra

dio tioa, ionlxntioa as well as diffusion are tafcoa into accowat. A coafiraotloa of 

the effect described above is gives for a variety of peraaeters. 

Generally, the possibility of shioldiag hot plasaas by cold blaakets nay bo Halted 

by the doaiaaat role of radlatioa in the traasltloa layers, since such layers would 

be sisilsr in character to our R1HCB00C plnsaa. 

In order to obtnin stable discharges enclosed by cold blaakets, tho RIMGBOOG facil

ity is at present belag rebuilt. This will enable us to obtain clean pi asses at lower 

filling pressures. Apparently, two different nodes of operstioa exist at sinilar 

densities, disebsrge currents, and aagaetic fields, depending on the history of for

est ion of the high-density plsshs. We expect to study the still unexplored region 

between the resistive sre regiaes of RIHCSOOG and the well-known clnssicsl high-den

sity toknaak. Those types of discharges will operate in the iaperaosble regies. 

Furthermore, provisions will be asde to control the current density and teasersture 

profiles directly by skin heating. 

* E.P. Bnrblan. C.J. Berth, w. van den Boon, G.J. Roxaen. J.J. Russer, W.J. Goedheer, 
C.A.J. Kugcnholtz, L.C.J.M. de Bock, H.A. van der Laan, O.G. Kruyt, J. Lok, 
P. Kanlntveld, B.J.H. Hoddens, L.Th.i. Orasteia, R.W. Polnan, A. Ravestela, 
W.J. Schroder, PC, Scnuller, A.C.A. van Wees. 



4. STOCKHOLM EXPERIMENTAL RESULTS 

by 

Stockholm Group» presented by B. Lehnert 

Royal Institute of Technology» S-10044 Stockholm 70, Sweden 

Impermeable plasmas with characteristic transverse dimensions of about 

0.08 m have been confined in poloidal fields up to B = 0.8 tesla, at 

ion densities n * 2xl021 m~3 and peak temperatures T =* 2xl05 K within 

the fully ionized core. The plasma body is separated from a surrounding 

neutral gas region of density n =• 1021 m"3, by a partially ionized 

boundary layer of thicxness somewhat less than 0.01 m. The following 

main results have been achieved: 

(i) The plasmas are generated and preheated by the crossed-field 

technique of rotating plasmas, which easily provides a burn-out 

power of several megawatts, to convert the filling gas into a 

fully ionized state. 

lii) This state can be further sustained, either by viscous shear heat

ing in a rotating plasma, or by high-frequency magneto-acoustic 

heating in a non-rotating plasma. In both cases the fully ionized 

conditions can be preserved, down to a "minimum-power" level of 

about 0.5 MW, below which the plasma suddenly collapses into a 

lowly ionized gas. 

(iii) During rotating plasma operation, Doppler shift measurements of 

impurity spectral lines, as well as probe recordings and studies 

of the equivalent electric capacity, give results being consis

tent with present models of the gas-blanket concept and its par

tially ionized boundary layer, 

(iv) Free-wheeling times of about 200 microseconds and equivalent beta 

values up to 30% are observed in the rotating plasmas, and beta 

values at about 10% in the high-frequency heated non-rotating 

plasmas. All results indicate that the plasmas are at least stable 

with respect to the most important MHD-modes. This agrees with a 

previously performed stability analysis, in which the partially 

ionized boundary layer and the inhomogeneity of the confining mag

netic field introduce important stabilizing mechanisms. 



5. GAS INJECTION INTO TOKAMAK DISCHARGES 

by 

Pulsator Team, presented by O. Klüber 

Association Euratom-IPP 

Max-Planck-Institut fur Plasmaphysik, Garching, Germany 

Due to pulsed gas inflow, the density of tokamak discharqes can be in

creased by more than an order of magnitude. This results in appreciable 

improvements of the plasma parameters. In particular, the hydrogen ions 

constitute almost half of the plasma pressure and the energy confinement 

time increases roughly proportionate to the density. 

The investigations on high density plasmas in the Pulsator device lead 

to the following conclusions: 

1. the maximum density achieved so far is limited by the occurrence of 

the disruptive instability; 

2. the penetration of hot neutrals into the p1asma core appears to es

tablish a source term sufficient to explain the observed densities. 

Thus, there is no need to assume additional mechanisms; 

3. apart from the increase of the hydrogen content, the decrease of 

the effective ion charge is due to the decrease of the density of 

heavy impurities whereas the relative oxygen density does not change 

markedly. 

It is discussed whether these conclusions hold also for the high den

sity plasmas achieved in other machines. 

I 



6. TOROIDAL RESISTIVE DISCHARGES IN THE RINGBOOG FACILITY 

The RINGBOOG-Team, presented by F.C. Schüller 

Association Euratom-FOM, FOM-Instituut voor Plasmafysica, 

Jutphaas, The Netherlands 

A toroidal discharge with an impermeable gas blanketSAs studied in 

RINGBOOG: a tokamak-like device with R =»0.52 m, r = 0.»S7 m, 
o o ^%. 

BT <_ 3.2 T, A* = 1.2 Vs, filling pressure p = 10 to 100 mtorr H2- We 

report on discharges with I = 25 kA at B_ = 1.6 T, v = 300 to 400 V, 

pulse duration - 3 ms. Radial profiles have been studied: T ( r ) , as 

measured by Thomson scattering, is in agreement with local conductivity 

temperatures (Z_« - 1) and is rather flat with T (o) = 3.0 eV. 

Spectroscopically it is found: T. = T . As determined by CO^-laser in-

terferometry and confirmed by absolute Thomson-scattering intensities, 
n (r) is hollow. At p„ = 100 mtorr, n (o) = 2.5xi021 m~3, while e o e 
n (0.75 rQ) = 5*10

21 m"3. Combining these profiles we find a hollow 

pressure profile: p(0.75 r /p(o) - 1.4. 

This is in good agreement with magnetic probe measurements of B_ and 

B . At lower densities the pressure maximum shifts to the very outside: 

r = 0.9 r . The hollow profiles are explained by the reabsorption of 

Lyman-ot radiation in the outer layers with high neutral density 

^abs = * i™1) • This gives a strong overpopulation of n > 2 levels, 

leading to a local ionization rate for higher than predicted by Caha 

or Corona models. 

A strong oscillatory (10 kHz) behaviour of many quantities is found. 

The spatial variation is a complex superposition of acoustic modes with 

m=0 and n=0,l,2 as most important mode numbers. The pressure oscilla

tions in the outer regions correspond to the observed oscillations of 

BT and Bp. 

The low energy-replacement time, T„ - 20 us, is due to line-radiation 

losses caused by the high neutral density. It is also found that there 

exists a specific relation between the neutral density of the gas blan

ket and the electron density in the cold plasma blanket. These obser

vations together suggest that the application of a gar; blanket for 

shielding hot tokamak discharges may be limited by the influence of 

radiation in the outer layers. 



7. ESTIMATES FOR A POSSIBLE CRITERION ON WALL-RELEASED IMPURITIES 

by 

W. Bieger, K.H. Dippel, G.H. Wolf 

Institut für Plasmaphysik der Kernforschungsanlage Jülich GmbH 

Association Euratom-KFA, 5170 Jülich, Germany 

Several methods are intended to reduce plasma-wall interaction and the 

resulting invasion of wall-released impurities into the hot plasma core 

to a tolerable level. In the following an attempt is made to quantify 

this aim somewhat by comparing the generation of wall material impuri

ties with that of another and unavoidable type, i.e. the a-particles 

from fusion processes. 

This comparison appears reasonable since, even without any kind of 

plasma-wall interaction, the burning cycle of a thermonuclear plasma 

eventually will be terminated by a-particle accumulation, unless we 

achieve a sufficient outward transport of these alphas and their dis

posal by some unloading mechanism, e.g. by a divertor or by a scrape-

off limiter (1). However, even without sufficient outward transport of 

these alphas, the resulting pulse duration might not necessarily become 

too short for economic power production, although longer burning cycles 

or even genuine steady-state operation would be desirable. 



8. ON THE ACCUMULATION OF IMPURITIES AND HELIUM 
IN NEOCLASSICAL TOKAMAK REACTORS 

by 

P.J. Fielding 

Euratom-UKAEA Association for Fusion Research 

Culham Laboratory, Abingdon, Oxon, 0X14 3DB, U.K. 

Classical transport in a hot plasma surrounded by a dense gas blanket 

leads naturally to steady-states with inverted plasma density profiles, 

which in addition to the gas blanket itself, screen the hot core from 

wall-generated impurities. However, source-free steady-states of a to

roidal plasma, in which transport takes place according to neoclassical 

theory, do not possess inverted density profiles, so that in the absence 

of significant temperature gradients, impurities may accumulate at high 

concentration in the core. 

The steady-states of a tokamak-like reactor are investigated on the 

basis of a simple model using a neoclassical transport theory, to de

termine the extent to which temperature gradients can prevent the build

up of heavy impurities in the central core and to determine the range 

of conditions under which steady-states exist, when the thermonuclear 

production of helium is taken into account. It is found that, at the 

moderately high values of charge state (e.g. 10) for which the transport 

theory employed will be valid, temperature gradient screening of im

purities is fully effective at acceptably low contamination levels, 

ceasing to act only at very low concentrations. Helium-generating 

steady-states are found to exist above 10 keV, over a substantial range 

of helium concentration levels, with a mild degree of central 'peaking' 

becoming more marked only when the concentration is near the minimum 

level at which a steady-state exists. 



9. APPLICATION OF THE COLLISIONS. TRANSPORT MODEL TO THE 

COLD-PLASMA BLANKET PROBLEM 

by 

A. Nocentini 

Association Euratom-FOM, FOM-Instituut voor Plasmafysica 

Jutphaas, The Netherlands 

Steady states of magnetically confined plasma, without and with impurity 

content, are investigated in cylindrical and toroidal axisymmetric geom

etry. The classical transport model is adopted taking into account, in 

the toroidal case, the existence of the different regimes of neoclas

sical theory with inclusion of a generalization of the Pfirsch-Schlüter 

regime appearing at higher collisionality. Values of 6 for which the 

pinch effect is negligible are considered, and the aspect ratio is taken 

large. It is found that the steady-state solutions, indeed, show the 

appearance of a cool and dense blanket and that no important accumula

tion of impurities at the discharge centre occurs for them. 



10. IMPURITY CONTROL BY MEANS OF A COOL PLASMA BLANKET* 

A. Gibson and M.L. Watkins 

A method is presented of controlling the influx of sputtered impurities 

into tokamaks. A cool plasma blanket (C.P.B.) is formed around the hot 

core of the discharge to prevent sputtering of wall material by both 

charged particles and charge-exchanged neutrals. Numerical simulations 

show that: 

(a) the C.P.B. can be established and maintained by a low energy neutral 

beam; 

(b) the C.P.B. is effective in preventing impurity contamination and 

(c) the resulting clean plasma can be heated by a high energy neutral 

beam. 

Work under EURATOM JET Design Contract/30-74-FUA-C. 

Papers to be presented at AGTOK Gas Blanket Workshop (Jutphaas, 

The Netherlands, 2-5 May 1977) and Eighth European Conference on Con

trolled Fusion and Plasma Physics (Prague, Czechoslovakia, 19-23 Septeni 

ber 1977) and the authors' contribution to "The JET Project: Scientific 

and Technical Developments" - R8 (1976). 

+ 
JET Design Group, Culham Laboratory, Abingdon, Oxon, U.K. 

+ 
UKAEA, Culham Laboratory, Abingdon, Oxon, U.K. (Euratom/UKAEA Fusion 

Association) . 



11. PARAMETRIC CALCULATIONS CONCERNING THE INFLUENCE OF NEUTRAL 

INJECTION AND GASINLET ON IMPURITY TRANSPORT IN A TOKAMAK 

by 

A. Nicolai 

Institut für Plasmaphysik der Kernforschungsanlage Jiilich GmbH 

Association Euratom-KFA, 5170 Jülich, Germany 

Impurity transport is one of the main problems in tokamak physics and 

of particular relevance for TEXTOR. Therefore the evolution of the im

purity-profiles in space and time has been calculated with the Tokyo-

version of Duchs' code taking into account neutral injection, the re

sulting enhancement of the plasma density and neutral gas influx from 

the outside. The beam deposition is computed from the data character

izing the beam cross-section and the beam trajectory. It is assumed 

that the flux of neutrals which arises from charge exchange of the de

posited hot ions with the background neutrals penetrates the plasma 

without further charge exchange or ionization. This neutral flux is in

cluded in the recycled flux of cold neutrals. 

The calculations concern 1. the reversion of the flux density of alight 

impurity (oxygen) by profile shaping thereby assuming that no heavy 

impurities are present and 2. the suppression of sputtering by the for

mation of a cool plasma blanket thereby neglecting the light impurities. 

The main results obtained are the following: 

1. By applying weak gasinlet (N = 4.3«1020/sec) the ion density maximum 

is shifted to the plasma edge and the impurity flux density (oxygen) 

is reverted in the vicinity of the plasma centre. By adding neutral 

injaction heating with the beam axis shifted out of the equatorial 

plane the impurity flux density is reverted throughout the plasma 

except the region close to the plasma edge. 

2. By applying strong gasinlet (N = 3.5*102'/sec) the plasma edge is ef

ficiently cooled (cool plasma blanket). The outflux of hot neutrals 

with temperatures above the sputtering threshold and therefore the 

influx of sputtered iron is almost stopped, if the beam power is 

less than about 1 MW. 



12. SKIN HEATING IN RINGBOOG II 

by 

L.C.J.M. de Koek 

Association Euratom-FOM, POM-Instituut voor Plasmafysica 

Jutphaas, The Netherlands 

The new RINGBOOG II will have special facilities to induce fast rising 

toroidal current pulses superimposed on both the resistive arcs of the 

RINGBOOG-type as well as on tokamak discharges. The rise time of the 

pulses is 3 ys with a flat top of approximately 15 \is. The pulses are 

programmable in time and in strength up to 50 kA. 

The energy of these pulses will be deposited locally in the outer layers, 

due to the skin effect. Estimates obtained with the approach of 

De Kluiver, Piekaar*) and the numerical method of Kalfsbeek**) indicate 

in which density and temperature domains turbulence, and thus efficient 

absorption of energy will occur, and in which domain classical dissipa

tion can be expected. 

In some regimes a cold impermeable plasma blanket cannot be sustained 

by the available ohmic energy input. Oscillating currents in this layer 

may give sufficient additional heating. The influence of the additional 

heating pulses on the current density profiles on a longer time-scale 

will be investigated experimentally. 

*) H. de Kluiver, H.W. Piekaar, Rijnhuizen Report 73-82. 

**)H.W. Kalfsbeek, private communication. 



13. ON THE STABILITY OF BALLOONING MODES IK THE BOUNDARY 

LAYER OF A GAS INSULATED PLASMA 

by 

D. OhIsson 

Royal Institute of Technology, S-10044 Stockholm 70, Sweden 

In order to fulfill power density requirements in future steady-state 

fusion reactors the ion density in central parts must be of the order 

1021 m-3. In such systems high density neutral gas will surround the 

hot plasma, whether introduced on purpose or not, provided the neutral 

gas flux from the plasma is not continuously removed by external means. 

In these types of gas insulated plasmas large density and pressure gra

dients will arise close to the boundaries on account of plasma neutral 

gas interaction effects. In this paper the stability of gravitational 

driven ballooning modes in the boundary region is investigated. In par

ticular, the coupling between plasma and neutral gas investigated in 

previous stability analysis is reconsidered. Also effects previously 

neglected for example the Nernst effect is taken into account. 



14. HIGH-B TOKAMAK EQUILIBRIUM AND STABILITY CONSIDERATIONS 

by 

J.P. Goedbloed 

Association Euratom-FOM, FOM-Instituut voor Plasmafysica 

Jutphaas, The Netherlands 

The results of recent work on sharp-boundary high-0 tokamaks in collab

oration with D'Ippolito, Freidberg, and Ren axe brought to bear on gas-
blanket confinement schemes. Here, the main effect of the gas blanket 

is thought to provide cooling of the exterior region resulting in a 

finite conductivity of the force-free layer surrounding the hot ideally 

conducting plasma core. Scaling laws for high-density tokamak equilib

rium and stability are derived exhibiting separately the influence of 

non-circular cross-sections on the equilibrium and the influence of the 

current density profile on global MHD-stability. The relationship with 

flux-conserving tokamaks is pointed out. 



15. NUMERICAL MODELLING OF HIGH-DENSITY PLASMAS 

IN TOKAHAKS WITH PULSED GAS INFLUX 

by 

D. Düchs and G. Becker 

Association Euratom-IPP 

Kax-Planck-Institut fur Plasmaphysik, Garching, Germany 

Plasma transport in tokamaks is based both on processes in the plasma 

volume and on processes on the boundary. For the neutral hydrogen 

(density n , velocity v ) the Düchs-Code takes into account ionization, 

charge exchange, linear isotropic propagation in the volume and a given 

neutral flux specifying the boundary condition. Numerical modelling of 

standard tokamak operation with small additional gas influx worked very 

well, when a v corresponding to a few Frank-Condon eV was assumed and 

when n was determined from a recycling condition with an additional 

source term. For pulsed gas influx {as in Pulsator or Alcator), however, 

this model leads to hollow plasma density profiles which shield all 

further incoming neutrals and limit the plasma density on axis to values 

not above 1011* cm-3. Instead of postulating an enhanced diffusion, that 

cannot easily be motivated, the Düchs-Code prevents hollow profiles by 

altering the theory for the boundary conditions. Measurements on Pulsa

tor and Alcator could be reproduced in detail when v » y/ ÎcT./m. was 

assumed. 

In order to justify this assumption, the back-scattering of particles 

from the wall was studied in more detail. By taking into account a spec

trum of velocities for the incoming particles (ions, neutrals) and by 

determining the portion of particles being reflected or absorbed on the 

basis of recently measured coefficients, outward peaking of the plasma 

density was avoided. The additional cold gas enters the plasma volume -

as previously - with a few eV. It is not claimed that the described 

boundary conditions are the only way to model high density tokamaks. An 

additional anomalous transport in that regime might exist. 



16. VELOCITY DISTRIBUTION OF KEUTRALS 

by 

J. Hackmann and J. Uhlenbusch 

Physics Institute II, University of Düsseldorf, Germany 

The velocity distribution of neutrals emitted by tokamak plasmas axe 

analyzed by means of a detailed kinetic description including neutral 

particle - wall interaction. It is shown that the prominent processes 

between plasma and neutrals are ionization by electron impact and 

charge transfer. The solution of the kinetic equation leads to the 

result that the high energetic tail of the energy distribution of 

neutrals is dominated by the temperature of ions originated in the 

centre of the tokamak, whilst the low energy part is influenced by dif

ferent processes at the wall and inside the wall sheath. Evaluating the 

central ion temperature it must be taken into account that at least the 

energy spectrum has to be measured up to a maximum energy of approxi

mately 5 times the central ion temperature. For comparison, neutral 

energy spectra and ion temperatures in the tokamak discharges T3, 

Pulsator, TFR and Textor are computed. Additionally, measurements of 

neutral particles distribution functions in the low energy range using 

a high current, low pressure arc are reported. 



17. ANOMALOUS TRAMSPORT OF COLD PLASM» AMD IMPURITIES 

by 

T.J. Schep* and B. Coppi** 

* Association Euratom-FOM, FOH-Instituut voor Pl«- afysica, 

Jutphaas, The Netherlands 

** Massachusetts Institute of Technology, Cambridge, U.S.A. 

a) By bleeding neutral gas into the discharge recent tokamak exper

iments have reached a density regis» where the plasma becomes 

"optically" thick for neutral penetration. He explore the possibility 

that collective modes can produce the transport of cold plasma from the 

edge of the column towards the centre. The relevant modes are unstable 

if the temperature gradients become sufficiently steep with respect to 

the density gradient. 

b) The transport of particles and thermal energy that can result from 

plasma modes driven by a relatively small concentration of impurities 

is discussecl. In the short mean free path limit fluid modes exist asso

ciated with the finite ion thermal conductivity. In the long mean free 

path limit kinetic modes appear that are destabilized by inverse ion 

Landau damping. These modes mav be unstable for an impurity density 

distribution peaked toward the inside of the plasma, for realistic main 

ion temperature gradients, and can transport impurities and thermal 

energy outward. 



18. THE ENERGY BALANCE OF A STEADY-STATE INFINITELY LONG 

CYLINDRICAL DISCHARGE IN HYDROGEN GAS 

by 

W.J. Goedheer 

Association Euratom-FOM, FOM-Instituut voor Plasmafysica 

Jutphaas, The Netherlands 

Numerical calculations of steady-state temperature and pressure profiles 

are presented for an infinitely long cylindrical discharge in hydrogen 

gas. The discharge is heated by an axial current I and the energy is 

lost by thermal conduction, by diffusion and by the emission of radia

tion. The Ly -radiation, emitted in the centre of the discharge, is re

absorbed in the cool outer layers, where the neutral density is high. 

An axial magnetic field, B , reduces the thermal conduction and provid-
z 1) 

es a pressure gradient due to the ambipolar diffusion and the Nernst-
2) 

Ettinghausen effect 

The calculation of the neutral density is based on a simplified leve" 

scheme of the hydrogen atom. In this scheme we distinguish three dis 

crete levels, viz. the ground state and the first two excited levels; 

all higher levels are lumped into a band with average transition prob

abilities. In this level scheme we have also accounted for the diffusion 

of groundstate atoms. 

Results are presented for discharges with temperatures on the axis up to 

5 eV and maximum electron densities between 5><1020 m~3 and 1.5xl021 m"i. 

The results show, that in spite of the strong reabsorption of the Ly -

line at high densities, the o t h T line radiation is the most important 

energy loss in the outer regions. Furthermore, it is found that the in

fluence of the wall is limited to a region very close to that wall; 

this is due to the Impermeability of the discharge. 

Comparison of the results of this cylindrical code with the profiles of 

the RINGBOOG experiment shows similarities, for instance the temperature 

pr*- s flat and the electron density stays high near the wall. How

ever, the neutral density in the cylindrical model is far too low, while 

also the dissipated energy is far below the RINGBCOG values. In order to 

simulate toroidal effects with enhanced electron diffusion, we have re

peated the calculation with a 15 times increased flux of electrons. The 

results of this calculation will also be presented. 
References 
1) Wienecke, R., Z. Naturforsch. 18a (1963) 1151. 
2) Klüber, O., Z. Naturforsch. T2£~(l967) 1599. 
3) The RINGBOOG-Team, presented by F.C. Schüller, Int. Symposium on 

Plasma Wall Interaction, Julich, 1976, paper E8. 



19. BETA LIMITS FOR HIGH-DENSITY TOKAMAKS DUE TO 

NEOCLASSICAL ION-HEAT CONDUCTION 

by 

D.C. Schram*, F.C. Schüller 

Association Eurat^.n-FOM, FOM-Instituut voor Plasmafysica 

Jutphaas, The Netherlands 

The energy confinement of high density tokamak discharges in Alcator 

is evaluated by means of a simple model. It is assumed that electron 

temperature and pressure profiles as found experimentally by means of 

Thomson scattering can be approximated by gaussians. It will be shown 

that the ion temperature must be very close to the electron tempeture. 

Under the assumption that Z ,f is constant over the radius (j « T'
2) 

the effective heat flow is calculated and compared with the heat flow 

predicted by the neoclassical heat conduction of the plateau and 

Pfirsch-Schlüter regimes. 

As a result it is found that the effective heat flow in the central core 

can be explained by neoclassical ion heat conduction alone. In the out

side layers the contributions of convection, charge-exchange losses and 

impurity radiation become of equal importance as the (Pfirsch-Schlüter) 

ion heat conduction. 

Several conclusions can be drawn: 

1) Anomalous electron heat conductivity is not important in high den

sity tokamaks. 

2) &0 is limited by neoclassical heat conduction. Scaling laws will be 

given. 

3) The efi -limit becomes higher with the ionic charge number if other 

gases than hydrogen are used. 

Present address: Technical University, Eindhoven, The Netherlands. 



20. SPECIFIC DIAGNOSTICS FOR COLD BLANKETS 

by 

E.P. Barbian 

Association Euratorn-FOM, FOM-Instituut voor Plasmafysica 

Jutphaas, The Netherlands 

Observations to be done in the cold plasma blanket region should provide 

a link between the region of the plasma-wall interaction and of the cen

tral plasma core. The expected strong gradients impose specific demands 

on the diagnostics: measurements must cover changes of several orders 

of magnitude and permit an overlap between methods of different kind. 

The time evolution of the parameters becomes especially important if 

correlations between evolving instabilities and the properties of the 

gas blanket are studied. 

Methods promising to yield the needed spatial resolution are preferen

tially based on non-material probing, either by laser light or by par

ticle beams. 

The possibilities to extend Thomson scattering towards an instant re

cording of the density and temperature profiles along the traversing 

laser path are discussed. 

The heavy ion-beam probe might become an additional method useful to 

determine the space potential. 

To obtain impurity concentrations and the neutral density distribution 

the resonant or near-resonant Rayleigh scattering is considered to be

come an important diagnostic. 



21. NEAR RESONANCE RAYLEIGH SCATTERING 

by 

H. RÖhr 

Association Euratom-IPP 

Max Planck-Institut fur Plasmaphysik, Garching, Germany 

Resonance scattering is a well-known means to detect low densities of 

neutral atoms, also suited for plasma diagnostics. In certain cases, 

however, Rayleigh scattering in the close neighbourhood of a resonance 

may be the better method. 

The limitations of resonance scattering, namely optical thickness, 

equal population of energy levels, background radiation, will be dis

cussed and compared with the case of Rayleigh scattering. 

A formula for the cross-section which covers Rayleigh as wall as reso

nance scattering, derived by Mollow for the case of high incident 

electromagnetic fields will be used for more detailed discussion. 



22. DETECTION OF NEUTRAL HYDROGEN AND LIGHT IMPURITIES 

BY RESONANCE SCATTERING IN THE VACUUM ULTRAVIOLET 

by 

P. Bogen, Y.T. Lie 

Association Euratora-KFA 

Institut £ür Plasmaphysik der Kernforschungsanlage Jiilich GmbH, Germany 

By resonance scattering in the vacuum ultraviolet, the densities of 

several gases, especially atomic hydrogen, can be determined space-

resolved without a knowledge of the electron densities and temperatures. 

To detect low densities in the order of 1010 cm*3, as expected in toka-

maks, powerful light sources are required. 

Experiments have been carried out using a capillary discharge in helium 

with a blackbody temperature of about 5-101* K, a duration of 2 ys and 

a diameter of 0.2 cm. It was shown that krypton and deuterium at densi

ties below 1010 cm-3 could well be measured. 

Estimates of the sensitivity are given for other gases. The applicabi

lity of the fluorescence spectroscopy for the detection of atomic hy

drogen and impurities in the shadow of the limiter and in the divertor 

chamber will be discussed. 



23. VELOCITY ANALYSIS OF SLOW NEUTRALS 

by 

H.C.W. Beijerinck, D.C. Schram, P.G.A. Theuws 

Eindhoven University of Technology, Eindhoven, The Netherlands 

The velocity analysis of neutrals which escape from the plasma is tra

ditionally achieved by energy analysis of ions resulting from stripping 

the neutrals in a stripping cell. Advantages of this method are a high 

detection efficiency and an easy velocity analysis of the resulting ions 

with the relatively simple electrostatic analysis. 

The main disadvantage is that the method cannot be used for analysis of 

neutrals with velocities smaller than 150 eV as the stripping process 

shows a thresholdlike behaviour in this energy range. 

For low temperature plasmas or for analysis of the cold plasma at the 

wall other methods have to be used. 

A second disadvantage of the stripping method is Lhat, in particular 

for low temperature plasma, only the tail of the ion velocity distribu

tion is measured. Thus, care must be taken that a non-thermal tail is 

misinterpreted as part of a thermal distribution. 

In Eindhoven the different approach of velocity analysis of (slow) 

neutrals by time of flight (TOF) method is used to obtain the velocity 

distribution of the ions in full detail including the low velocity 

part . In this method the slow neutrals are also detected (even prefer

entially, contrary to the stripping technique). The price to be paid 

is the smaller sensitivity and a mora difficult discrimination between 

background neutrals and plasma neutrals. In continuous arcs (as in 

Eindhoven) this can be overcome by time integration. In pulsed systems 

an effective discrimination of plasma- and background neutrals is essen

tial in regard to the limited integration time. For high-density toka-

maks the method should be applicable with careful optimalization of the 

detection efficiency the use of UHV techniques and maximizing the neu

tral beam intensity. Then full advantage can be taken of the potentials 

of the method: full detail of the velocity dependence of the escaping 

alow neutrals. The TOF method should be regarded as a complementary 

diagnostic method different from the stripping method and applicable 

under different conditions (i.e. low temperature and high density), 

1) P.G.A. Theuws, H.C.W, Beijerinck, D.C. Schram, and N.F. Verster, 

J. Appl. Phys. May 1977 in press. 



24. PT-EXPERIMENTS 

by 

the FT-group 

Association Euratom-CNEN, Centro di Frascati, Italy 

The FT-tokamak has been constructed to perform experiments on the 

physical behaviour of a plasma in the high density, high-current den

sity regimes, which were expected to be reached in high toroidal field 

devices. In this paper the main technical features of the design will 

be recalled and the expected machine performances in different modes 

of operation will be listed. The characteristics of the diagnostic 

apparatuses being installed on the machine or under preparation will 

be described and an outline of the planning of the experimental pro

gramme will be given. 



25. THE EXPERIMENTAL PROGRAMME OF RINGBOOG II 

by 

The Ringboog-Team, presented by L.C.J.M. de Koek 

Association Euratom-FOM, FOM-Instituut voor Plasmafysica 

Jutphaas r The Netherlands 

A description will be given of the RINGBOOG II experimental facility. 

In this tokaraak-like device (BT £ 3 T, A* = 1.2 Vs, R = 0.56 m, 

a = 0.08 m) resistive arcs of the RINGBOOG-type as well as tokamak 

discharges can be produced. RINGBOOG II has an improved vacuum vessel 

of stainless steel bellows, four ceramic breaks, and a copper shell. 

The breaks allow for the penetration of fast rising current pulses for 

additional heating; the copper shell acts as the primary winding. 

In RINGBOOG discharges (typical Tg <\- 2.5 eV; n£ ^ 8xl020 m-3; I ^ 25 kA) 

we will study possible changes in discharge parameters due to the new 

stainless-steel wall and the stabilizing effect of the copper shell, 

better vacuum conditions will hopefully enable us to explore a regime 

of filling pressures of several 10"3 torr, i.e. in the parameter range 

between the resistive arcs and tokamaks with pulsed gas feed. Electron 

densities of a few lO20 m~3 are expected. 

In a later stage also tokamak discharges with pulsed gas feed can be 

produced. On a relatively long time-scale (> 100 ms) the stabilizing 

function of the copper shell is lost. Then, the stability of the equi

librium position of the plasma torus in the horizontal plane is strong

ly affected due to the close proximity of the central core of the 

transformer. This imposes severe requirements on the vertical field 

configuration. A stable configuration has been found which even covers 

the change of 3 from 0.2 to 2. 
P 

In all types of discharges additional toroidal current pulses can be 
induced on a short time-scale for local additional heating. Studies will 

be t-.-inducted on the influence on the current density profile on a longer 

time jcale and also on the possibility to sustain a cold plasma blanket 

uy means of skin heating. 



26. INVESTIGATING A COLD BLANKET IN TEXTOR 

by 

H. Conrads, K.H. Dippel 

Association Euratoro-KFA 

Institut für Plasmaphysik der Kernforschungsanlage Jülich GmbH, Germany 

Possible applications of the TEXTOR device for investigating a cold 

blanket are described. TEXTOR is specially designed for observing the 

limb of the plasma, the limiter zones adjacent to the plasma boundary, 

and the walls facing the plasma. Neutral injectors and bundle divertors 

are foreseen to bias the temperature in the outer region of the plasma 

core. 

According to the present design flow rates of cold neutral gas and the 

distribution of gas influx along the "surface" of the plasma are feed

back controlled. Methods are described how to seed cold gas homogeneous

ly distributed at a low flux density and how locally for obtaining a 

high flux density. The latter one should be good enough to isolate the 

plasma for a time of about 10 msec from material walls. An investigation 

of the plasma during this time could have some relevance to high density 

gas blanket research, if the plasma will remain MHD-stable. 


