THERMONUCLEAR TOKAMAK PANEL REPORT

The Thermonuclear Tokamak Panel, summoneBihyR. Pellat, High Commissioner &f.E.A., to
evaluate the physics basis of the ITER-FEAT and IGNITORmxgntal propsals,met inParis on

the 25th and 26th of November 1999. The designated panel members were:

e Prof. James D. Callen, University of Wisconsin, Madison, WI, USA

e Dr. Geoffrey Cordey, JET, Abingdon, UK

e Dr. Otto Gruber, ASDEX U, Max Planck Institut, Garching bei Muenchen, Germany
e Prof. Wendell Horton, IFS, University of Texas at Austin, TX, USA

e Dr. Jean JacquinotDirector of JET, Abingdon, UK (nowDirector of DRFC, C.E.A.,

Cadarache, France)
e Prof. Guy Laval, Chairman, Ecole Polytechnique, Paris, France
e Prof. Jean-Francois Luciani, Ecole Polytechnique and C.E.A., Paris, France

e Prof. Franco Porcelli, Politecnico di Torino, Italy

A ninth panel member, Dr. Oleg Pogutse of JET, could not take part in the panel discussions.

On thefirst day of the meeting,the panel members heard a presentation ofl@¢ITOR
project by Prof. Bruno Coppi of the Massachusetts Institute of Technology, Camt&lyeand a
presentation of the ITER-FEAT project Brof. Karl Lackner ofthe MaxPlanck Institut and Dr.

David Campbell of EFDA, both from Garching bei Muenchen, Germany.

On the second day, the eight panel members discussed the physics tresia/ofproposals,
their expected performances and their contribution to a reactor-oringtelgy. Atthe end of the

second day, initial conclusions were reached and presented to the High Commissioner.



Several key physics issues were discusséideaheeting. Some of thesssues, such as the
problem of plasma transport and confinemarg, not fullyunderstood. The gmel members agreed
that a common methodology and common guidelsiesuld beagreed to evaluate the different
proposals,and that this task would be bestarried out by a dedicatestudy group.The High
Commissioner himselfafter hewas briefed about the preliminargonclusionseached by the panel
membersgncouragedvork to resolvediscrepant points of view. Was agreed that a panel report
would be issued that presentschssely as possiblthe commorview of the panel members on the
two exgerimental propsals under consideration. Tieat objective, an intense activityas initiated
after thetwo-day meeting in Pariswhich involved not onlythe eight panemembers, but also a
number of colleagues in the scientific fusion community who helped with comments, suggestions and
sometimesactualwork. The contribution of these colleagues is acknowledged at the end of this

report.

This report is organised dsllows. The goals andthe parameters of thewvo proposals,
IGNITOR and ITER-FEAT, are presented in Sec. letbgr with adiscussion othe significance of
thermonuclear ignition. Section Il presentshggics assessment tife IGNITOR proposal.Section
[l presents a physics assessment of ITER-FEAT. Conclusimespresented irSec. IV and

recommendations are given in Sec. V.



I. ITER-FEAT AND IGNITOR IN THE FUSION PROGRAM

The main parameters of the two devices under consideration are presented in TableuldIt

be made clear from the beginning that the two experimental proposals have different goals

The goals of the ITER-FEAT experimérare (1) to achieve an extensivaurn ¢thyrn > 100

t_) ininductively driven plasmas with a thermonuclear gain parar@eter(F,,/P,,) of order 10 for

a range of operating scenarios and with a duration sufficieathieve stationargonditions on the

time scale characteristic of plasma processes; hgres, the fusion power and,Rs the input heating

power; (2) to demonstrate steady-state operation using non-inductive current drive with@t~ezast

In addition, by operating at a higher currét?MA) very high Q (~50) and ignitionvould be
possible. Thdaechnologicalgoals ofthe ITER-FEAT device include the demonstration of integrated
operation of technologies essential for a fusion reactor, the testing of components for a future reactor,

and the testing of concepts for a tritium-breeding module.

The goals ofthe IGNITOR exgeriment are (1) to demonstrate ignition in a magnetically
confined plasma; (2) to study the physics of the ignition process and alpha particle confi(@ntent;
heatand control a burning plasma under non-statioanditions. According to the propnents, a
high field, compact approach is likely to provide the cheapest and most expeditious path toward a first
burning plasma Ipysics experiment. In addition, IGNITORay indicate a @ssible path towards

tritium-poor, neutron-poor fusion.

In IGNITOR parameters, a peaked profile witfm=1.9 is required tget Q~10 (Q* == ),

as will be discussed in Secs. Il.6Bnd IV. Ignition would be reachedunder non-steady-state
conditions. However, the ignited regime would last a few (5 to 10) confinement times and many alpha
particle slowing down times, which is adequate from the physics point of view but is not long enough

to study the helium accumulation and pumping.



The concept of ignition adoptéedy the IGNITOR proponents correspondgtie plasma state
where the heating power duette fusion alpha particles compensates dtbforms of power losses
(due to anomalous transport and radiation). It is worthwhildigouss thisconcept quantitatively,

especially in view of non-steady-state operation. Consider the power balance equation,

dw/dt=P, +P,+ P, P

loss

whereW is the plasma energyontent,P,, ., is the ohmic powerP, is the alpha particle heating

ohm

power,P,  is the auxiliary heating peer, andP,_ . is theloss power,ncluding radiatiorlosses. In

aux loss

the ignited state?, =P, and the auxiliary poweR,,, may beswitchedoff. Thus,ignition would

loss aux!

correspond to anverheated state witdW/dt = P, > 0. One mayintroduce a parameterQ* =

hm

P.d(Poss- P,), Wherethe fusion power isgiven asP;, = 5P, for aD-T reacting pasma. With this

fus

definition, Q* = oo at ignition. Alternatively, using the power balance relation, one may write

Q* =P, J(P,,- dW/d),

whereP, =P, .+ P,

The paramete®* is the one used by the IGNITOR proponents to quatiigyproximity to an
ignited state. One can see tlEt becomes equal to thesualQ = P, JP,, whendW/dt=0, i.e. Q* is
the natural extension of the thermonuclear gain pararoatir non-steady-state operati@uring
transient regimedhe difference betwee@ and Q* becomes important arshould be kept in mind.

For instance, fothe simulation example in Tableof an ignited discharge itGNITOR, one finds

Q* = oo, while Q = 8.6.

The panel members believe that a valu® ofose toten, sustained for duration of at least a

few confinement times, is the minimum value required in order to study a burning plasma where alpha



particle heating is the dominafirm of heating. Indeed) = 10 implies P_,=2(P ,.+P,.). We note

ohm

that both ITER-FEAT and IGNITOR satisfy this criterion, although only marginally.

Fromthe scaling of confinement in tokamaks one can obtain an approximate scaling of Q in
terms of major radius and toroidal field in tfilowing manner:Qo< nTr. = SR Br.). For a gyro-

Bohm transport modeBT, < p** f(v*,q,8) . Expessingp* in terms ofv*, 8, q, RandB we

obtain

Qo< B'R"?g(v¥,q,B,x) . (1)

For gyro-Bohm type of scaling expressieimilar toIPB98y, g is found to be a veweak function
of B andv* varying asv*'% From the above equation we can see that thereasplete family of

tokamaks with different values BfandR that can in principle give the sarf@e IGNITOR with B =
13T and R = 1.32m is at one end of the range and ITER-FEAT with B =5.3T and R = 6.2m is at the
other end. There have been several other proposals with intermediate values of R arexd&nga
FIRE: B=10T, R=2m; BPX: B = 9T, R = 2.6m; LHT: B = 8T, R = 3.4, MTB:=5.4T, R =
5m. The cost oach of these machinagreases approximately withe majorradius, butalso the

range of jhysics henomena that can lagldressed also increases witie size. For example, the

length of theburn interms of the number of helium confinement times increfieas su- ~Tu in

Ignitor to Toum ~ 25T in ITER-FEAT.

Table 1l compares the main physical parametersJBff, IGNITOR, and ITER-FEAT,

including the threedimensionless parameteys*, 8y and v*. This table shows thatthe three

tokamak plasmas have valuespof, within a factor of two of one another. The valugdqf is lowest
for IGNITOR, which is an asset from the point of view of improkdD stability. The value of the
collisionality parameten*, is a factor of 10 higher in IGNITOR than IMRER-FEAT; the present L
and H mode data encompass this range. One other interesting feature of Table Il is the close proximity

of IGNITOR in its dimensionless parameters to JBT L-mode pulses; this is due fow [3



operation of IGNITOR. This means that these JET L-mode plasmas potentially form a useful test bed

for IGNITOR modeling studies.

During the discussions in Paris, problem areragrgedor boththe propsed IGNITOR and
ITER-FEAT devices. The question was how to deal with these problems in an effective manner. For a
fair and productive scientific assessment, it was considered to be important that the same guidelines be

applied to all experimental proposals. The terms of refesevee stated by Rene Pellat as follows:

“The assessment will deal in particular with:

--The physics basis for eadevice and the confidence in achieving the performance required
for reaching the statedbjectives. In particular, confinement, stabilitygwer, and prticle

extraction, and D/T burning (with the possibility to reach ignition) will be examined.

--The contribution of each facility to the above reactor-oriented strategy: enrichment of
experimental databases with respect to thermonuclear physics and control of burning plasmas;

extrapolation of the expected results to reactor conditions."

These terms of reference will be taken abaais forthe reprt. Consequentlyfechnical
aspects othe pojects, engineering feasibility andeliability of the propsed devices will not be

assessed. Costs and construction opportunities should not be mentioned in this report.



Table I: Nominal parameters of ITER-FEAT and IGNITOR as given by the proponents, see
Ref. [1] and the February 2000 revised version of Ref. [2].

Note:

1. The reference IGNITOR case had no ICRH; however up to 24MW would be applied if required.

Parameter ITER-FEAT| IGNITOR
R/A (m/m) 6.2/2.0 1.32/0.47
BT (T) 5.3 13
Ip(T) 15.0 11
! 1.84/0.5 1.83/0.4
Oys 3 3.5
0.65 0.26
ﬁp
B.% 2.6 1.2
A
B 1.81 0.67
<n > (1020/m3) 1.0, 1.0 5.0, 6.2
ne(o) (1(?0/m3) 1.1 9.5
n /nGW 0.85 0.4
Te(O) (keV) 23 11.5
T.(0) (keV) 19 10.5
POH (MW) 1 11
PI R (MW) 7 (0
PNBI (MW) 33 0
P (MW) 80 19
PBREM S (MW) 22 4
dW/dt(MW) 0 11
V\/th (MJ) 323 12
Q Q) 10 (10) 8.6 (o)
o 1.7 1.2
7.(s) 3.7 0.63
E
nTE(lozo m_3 S) 4 1 60
PBosy2 1.0 0.66
H 2.5 1.3
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Table II: Comparison of Dimensionless Plasma Parameters

B I a <n> W LT | <T> | p"0) | <p™> | B~ | <v*>
Machi T MA 10”m> | MJ) | KeV | keV
achine | (T) | (MA) | (m) m? | (MJ) | KeV | keV | 5| 10
JET D-T
ELMy 3.9 3.7 0.94 5.9 10 8 4.5 3.9 2.9 1.3 .62
H-mode
JET D-T
L- mode 3.9 3.7 0.94 3.9 2.9 3.6 1.4 2.9 1.8 0.4 2.1
IGNITOR
at ignition | 13. 11 0.47 62 13 13 4.2 3.0 1.7 0.7 4.0
0
ITER- 5.3 16 2.0 9.7 470 22 9.0 2.3 1.4 1.6 0.4
FEAT
Notes:

1. We have used the following definitions: p*= 5.1 10° T/?/Ba and By= 8.5W/a kRBI .

2. Of'the several definitions of <v*>, we follow K. Lackner, Physical Equivalence of Tokamak
Discharges, Comments Plasma Phys. Control. Fusion, 1990, Vol. 13, No. 4, pp. 164.

<v#> = Rl = 7.5 X 10° &' n &2 Z,/6¥% WP




[I. IGNITOR PHYSICS ASSESSMENT

1. Goals of the IGNITOR experiment

IGNITOR* is a physics demonstration experiment. l@mygoal is to achieve thermonuclear
ignition, defined ashe regime where thiusion alpha heating compensates tlee thermal energy
losses due to anomalous transport and radiationréléeant information thatvould begained from

such an experiment can be summarized as follows:

() Improved understanding of plasma turbulence and transpmregses, byhe exploration
of high-plasma-densityhigh-magnetic-field regimes never accessed beftMere specifically,
IGNITOR would provide insight into the ohmic confinement scalawss and self-organizedgsma
profiles at high temperatures. Furthermore, it would proxétkvant information on the conditions
requiredfor the spntaneouggeneration of plasma rotation through anomalous angular momentum
transport. Plasmeotation is believed to play an important role in determining the level of turbulent

fluctuations.

(i) Alpha particle fysics issues, in goticular: alpha particle confinement, collective
electromagnetic modes excited by the fusion alphas, and the nature of afphe@heating. Wenote
that an outstanding alpha physics issue is whetblkctive instabilities excited by tHeision alpha
particles, such as fishbones and oidal Alfven EigenmodegTAE), can seriously degrade the
quality of confinement. Aecond outstanding physics issue is whether alptielp heatingcauses

the same degree of confinement degradation as other forms of auxiliary plasma heating.

(iii) The control of afusion burning msma over physically significatime scales. With a
current flat top of dew seconds, IGNITOR shoulshve a long enough pulse-length to thoroughly

examine alpha particle physics and thermal transients associated with the DT burn.



(iv) The IGNITOR experiment would give first indications about a possiblelopment path

to tritium-poor, reduced neutron production of fusion power.

While IGNITOR would represent a long-awaited fusion ignition demonstration and a possible
way to study some burning plasma issues at relatively low cost,nibtesl that reactor-relevant
technological issues are not a motivatiagtor. It is noted, however, thaome ofthe technological
solutions found by the IGNITOR team, such as the so-called bucking and wedging stoartoepkt

for the magnet coils system, have also been adopted by the ITER design.

2. IGNITOR operational flexibility

Tokamak plasmaare complex physicalystems As such, it isgenerally accepted that our
confidence in accurate quantitativeegiictions of plasma behaviour in future tokamak experiments is
relatively limited. Experimentsuch as IGNITORare preciselydesigned having in mind the
exploration ofnew plasma regimes and unforeseeasiplabehaviour. In this respect, any new
tokamak experiment must have sufficient flexibility in order to counter unexpected fastanaour.

The flexibility of the IGNITOR experiment is related to:

(i) Its ability to explore a wide range of plasma densities and currents;

(i) The operation of a high-speeeéllet injectorfor the control of plasmarpfiles and for the

exploration of enhanced confinement regimes.

(i) The presence of d8-24 MW lon CyclotronRadio Frequency system edgbe of
providing additional heating, therebyaffecting the currentlensity evolution, and also adge of
producing a suprathermal minority ion population the control of MHD instability andfor the
simulation of alpha particlbehaviour. For instance, ICRéan be applied to relativelpw-density
regimes, in which the plasma temperature can be raised to values considerably higher trtamathe op

values for ignition, to attain the desired ratios of fast particle pressure relative to the plasma pressure.



(iv) A highly flexible poloidal field coilsystem,able to produce a considerable variety of
equilibrium ®©nfigurations. This includesthe possibility of producing magnetic X-pint

configurationsas an added tool for the investigation of enhanced confinement regimes.

3. A short assessment ofplasma performance in present hgh-field tokamak

experiments

IGNITOR belongs to d&amily of high-field tokamak exgriments, pioneered bihe Alcator
machine at MIT in thd970sand continued by thAalcator C/C-Mod and the Frasca&T/FTU series

of experiments. A full assessment of plasma performance in these experiments istibegoade of

the present work. It is noted, nevertheless, that a record valyg.of 1 x 100° m® s wasreached in
ALCATOR C experimenfs’ with high peak densityn{ ~ 2 x 10*'m®) and a confinemertime of
about 0.05s. In IGNITOR, a value af higher by about a factor of ten is needed to reaclatiet

valuen, 7. ~6 x 10°° m*®s.

Experience fromALCATOR C-MOD? and from FTU indicates that theworst-case
discharges in these machines have a confinement time that follows the ITER89P &ealodg both
in ohmic and in auxiliary heatetischarges at relatively high densitiegjile the neo-Alcator scaling
is followed at lower densitieRRegimes of improved confinement at high plasma density bega
observed. H-modes have been observed in limiter as well as divertor configuratimmsiaras well
as in auxiliary heatedischargesEnhanced confinement in L-mode type ofemgiion, such as the
Improved Ohmic Confinement (I0C) regime of the type observed in ASDEXHasbeen observed

in Alcator C at relatively high density in plasmas with peaked density profiles.

We note, howeverthat high-field operation in recent experimehts been limited. As a
result,the available dathank is rather @or. It would bedesirable to extend the database to more
IGNITOR-relevant demonstration discharges in order to incréasemargin of confidence for

extrapolations to IGNITOR.



4. MHD stability and collective alpha particle modes

One of the mairassets othe IGNITOR experiment is the increased safety margin against
MHD instabilities. The relativeljow values ofthe plasma beta parametard relately large values
of the safety factor needed at ignition guaratiée Thus, IGNITOR should epate wellbelow the
stability thresholdsfor ballooning modes andbr longer time scale neoclassical tearingodes.
Likewise, the incidence of disruptions in IGNITOR can be expected to be very low. Howewee a

precise quantitative assessment of MHD stability requires further work.

The assessment of stability against intekiak modes, leading tthe well-known sawtooth
internal relaxation oscillations arighbone oscillations, deserves a agpediscussion. Here, the
IGNITOR team has carried out a considerable amount of in deptitvbrlleed, it appears as if the
ignition strategy INIGNITOR is partly driven bythe necessity to avoid the deleterious effects of
sawteeth. The transient nature of the approach to ignition is such tlgptbile may develop g=1
surface only well into the current flat top, after ignition is reached. In thistvag=1 radius,which
measures the extent of the central plaseggon affected bypawteeth, should meain small. Thus, if
sawteeth appear al, their effectshould cause only a minor redistribution d¢fie plasma core
properties. However, anomaloasrrent penetratiorfpr instance caused by double tearimgdes,
may lead to an early onset of sawtooth oscillations. In additideta@ledanalysis ofthe evolution of
the current density profile and of the sawtooth trigger conditidhdrpresence of alpha particles and

of kinetic effects related to trapped thermal ions has not been carried out.

Fishbone oscillations may lexcited by theusion alpha partles inIGNITOR. The relevant
instability regimecorresponds to modesscillating at the thermal ion diamagnetic frequéhcy
Trapped alpha particles can resonate with these modes only at energies below 500 keV ,after only
they have deposited most of their energythie gasma. Theeffect of fishbones on slowed-down
alphas at these etively low energiesshould be relatively mild. It isoted that thdoss of slowed-
down alpha particles may even be beneficial, as the deleterious effect of alpha ash accunuué&tion

be reducet.



Since IGNITOR is designed teeach ignition at relativelyow plasma temperatures, the
projected alpha particlergssure is relatively low, ingticular lower thanthe threshold for the
excitation of Toroidal Alfven Eigenmodd3AE). However, operation at lower density al€RH
injection lead tahigher plasma temperatures and higher alpdréicfe pessureswhich couldthen

allow for the experimental observation of TAE modes.

IGNITOR is expcted to operate atich low ploidal beta that neoclassical tearimgpdes
would only be very weakly excited, if at all. Alseven if they did occur theywould probablygrow
too slowly toinfluence the approach tgnition. To the extent that durning plasma gme is
achieved andustained for @#me of theorder ofthe skin diffusiontime in IGNITOR, neoclassical
tearingmodesmight beobserved andtudied. However, ahe high collisionality inIGNITOR, the
threshold island width is likely to be quite high. Thus, neoclassical tearing modes seems to be of little

concern for IGNITOR's basic mission.

5. Impurities

Another important asset tiie IGNITOR exgeriment is the expectedigh purity associated
with high plasma density operation. The self-cleaning ability of high-density pldsamésen well
documented by Alcator C-MCDand FTU® experiments. A scaling lawelating plasma writy,
radiated power, and machine dimensions has been derived from a number of exgériBasts on
these experiments, averagg values of around.2 should be possible in IGNITOR. However, the
problem of plasma purity is associated with the problem of reducingotiergoad orthe first wall,

where sputtering and evaporation can produce impurities.

One possible solution to this problemtle divertorconcept. However, whilthe IGNITOR
poloidal systemmay be capable ofrpducing an X-point withirthe vacuunmvessel,the IGNITOR
first wall is not capble of handling the concentrateower bad associated with divertor exation.

Hence, this solution appears impractical for IGNITOR.



The solution proposed bthe IGNITOR team is thecold radiating mantle concept, with
molybdenum tiles as thérst wall material. Inthe high density regimes at which IGNITOR is
expected to operate, strong screening of the main body of the plasma column from impurities has been
observed. Recent espmentalresults® have indicated theaggsibility of operating with aadiating
mantle able to dissipate up 90% ofthe total pwer lost bythe plasmawithout energy confinement
degradation. Thermal loads in IGNITOR have been calculated for an ideal continuous first wall, under
the conservativassumption that only 70% ttie input pwer is radiated. Under normal operation,
the maximum thermal load is estimdtéal be 1.8MW/m? with an averagéeatflux of less than 0.7

MW/mZ.

6. Transport considerations

The study of plasma transport is one tbé outstanding problems in fusion research.

Following Kadomtsel

At the beginning of tokamak research there washtpe that experimentsould allow
us to determine empiricaxpressions fothe relevant transport coéffents, which
would then be explained theoretically. This hope was supporteddecaale byresults
from small and medium size tokamaks, which suggestedthiation thermal
conductivity was close tine neoclassicalalue. As for electrongherewas hopehat
experiments might help tproduce a universal formulapplicable to all cases.
Understanding of confinement deepened in the 80s patrtially as a result ofletaited
investigations in medium-size tokamaks, but mainly as the reshé operation of the
new generation of large size tokamaks, such as JETFTR, JT60. A new

understanding has emerged as a result of the discovery of various confinement regimes.

It has become evidettat self-consistent coupling dhe turbulencevith the plasma mfiles
plays acrucial role in the determination of the effectivansport coefficientsDue to thefeedback
loops within this complexdynamical sgtem, bifurcations arise analogous to those vkelbwn in

turbulent neutral fluids. Thus, there are a variety of plasma confinement states. In sonsincideses,



system control parameters result in dischargastake different confinemengagns. A well-known
example occurretbr the matchedlischarges in TFTR, in whicbne ultimately deviatedrom the
other throughthe bifurcation to anew state known as Enhanced Reversed She@ERS)
confinement’. These issues of plasnsanfinement are of fundamental importance to plasma science

and can be addressed in fusion-grade plasmas with IGNITOR.

The IGNITOR teambases itsconfinement predictions on a combination of &gl and
theoretical 1-Dflux-surface-averaged transpartodeld. While such 1-D models are intellectually
appealing,the unfortunate reality of tokamalhysics is lhat we do not have a generally accepted

model of turbulent transport.

The confinemenissue for IGNITOR should be addressed with varimethodologies and
from many different perspectives in ordemakesure hat the confinement will be sufficiefar the
ignition objective.One methodology is to examine theeatdiffusivity value neededor ignition in
IGNITOR relative to what has been achieved in other high field, compact tokamak experirablets.

IV provides one possible comparison:

Table IV: Comparison of Alcator C and C-Mod with IGNITOR

Plasma parameters

Alcator C(1983) Alcator C-Mod (1996 IGNITOR
a(m) 0.165 0.22 0.47
R,(m) 0.64 0.67 1.32
» il 1.65 1.83
B(T) 11.2 5.4 13
I(MA) 0.78 i 11
Plasma confinement performance
Alcator C(1983) Alcator C Mod(1996) IGNITOR
Normal Peaked
density density L-mode H-mode PTP99/06
profile profile p. 33
7(s) 0.025 0.05 0.04 0.08 0.5
E 0.27 0.136 0.5 0.25 0.2
Xe(n/s)




In Table IV, as suggested on p. 33 of the February 2000 version of Rehg2]efinitiony.

= a’ k4 1. has been used.

Table 1V shows that an average heat diffusivity as low as that needed for ignition in IGNITOR
hasbeen achieved viz., in Alcator C in1983, with the use of llet injection to produce a peaked
density profile,enhanced confinement regimixgma. However, normalensity profile plasmas in
Alcator C and a large number of later tokamak experiments throutjieonbrld have apparently not

been able to produce a low enough diffusivity for ignition in IGNITOR.

It is not clear how to extrapolate these lower temperatyrel(b keV inAlcator Cand 3 keV
in C-Mod) plasmas tahe propsed IGNITORregime pasmas (T>= 10.5 keV). However, both
Bohm and gyroBohm scalings mosthydicateincreases in the extrapolated values of avelsge
diffusivities that could benticipated iINNGNITOR. The one exception is th&r the gyroBohm

extrapolation from C-Mod to IGNITOR the factor is 0.530t&7 (with mass and elongation effects),

which yieldsy; values similar to those in Alcator C, whereas the same extrapolation from Alcator C to

C-Mod is off from the experimental results in C-mod by a factor of 5.

A significant concern as one movesthe larger, highertemperature plasmas required for
ignition is that of fueling. Early tokamak plasmas were mostlyfgaed fromthe edge by means of
edgeFrank-Condon andharge-exchange neutisburceswhich yieldedmoderately peaked density

profiles. However, as the plasma mimadius hasncreased over theapt two decades, this fueling

source has beconmaeore localized to theery edge £ 3% of the minorradius) ofthe gasma, the

density profiles have become flatter, atind rate of core plasmdensity build-up has slowed
considerably. On the other hand, almost all enhanced plasma confinement regimes have highly peaked
density profiles and seem to require significant cmerces of power and patés to build up the

peaked profiles orthe confinementime scale. In most present-day auxilidmgated [asmas the

peaked density profiles are produced by the core fueling provideddogetic neutral beams. A very

peaked density profile and enhanced (mainly inidns) confinementwas produced ilcator C by



pellet fueling. However, hydrogenice pdlets have difficulty penetrating plasmas with temperatures
above 2keV unlesstheir velocity is increased rathsubstantially. Inside launch pellets seem to
penetrate better into mediudensity plasmas, but thdyave not yet been tried dmgh density

plasmas.

Our preliminary assessnt of confinement predictions ilGNITOR is based, irthe first
instance, orD-D empirical confinement scalingws. In m@rticular, we consider a firgstimate of
confinement time INGNITOR based ornhe L-mode scalingaw. This estimateshould represent the
expectedower bound on @formance if no care is taken to control the plasmediles. Then, we
considerthe pssibility of enhanced confinement regimes IBNITOR. Finally, we pesent

considerations based on the dimensional analysis of energy confinement.

One reculiar feature of th&GNITOR experiment is its transient approach ftgsion, which
implies that relevant plasmaameters, in grticular the ohmic and alphaticle heating pwers,
vary in time; consequently the confinement time should also be chandingeiduring the discharge

duration.
A. Confinement time based on L-mode scaling laws

A good description ofhe L-mode databaseith approximately3000 etries is given by the

ITER97 L-mode formul¥ :

TEL97:0-023 KD.64 R1.83 AO.OG BTO.OS ﬁ£.4 rneffO.Z |p0.96 PL-O.73

where # is the line-averagélensity, P, is theloss power thaincludes ohmic power, auxiliary
injected power, the fusion power deposited by the alpha particles thanuate of variation o$tored
energy,dW/dt At ignition, dW/dt=RP, +P_,, and’. =%, . For the reference case of Table R,

=19 MW at ignition. Taking the remainder of the parameténesm Table I, with line-averaged



densityn, =6.2x 10°n?, givest__ = 0.47s; thus to obtain the requireshfinementime of tg =

0.62s, an Hfactor of 1.3 would be required.Similarly if the older L-mode scaling esgssion

ITER89-P scaling is used, then, = 0.39s and an H factor of 1.6 is required.

A key scientificissue that IGNITOR would address is whettiex ohmic pwer atmulti-
megawatt levels plays the same rolePgg in the confinement scalingws as assumed the above
estimate of the confinement time. The same kind of question &istte alpha heatingquwver since

this would become the dominant form of heating in IGNITOR.

The ITER L97 scaling formuldasbeen compared with confinement in Tore Stfrahe

Tore Supra databaseas 50 discharges with Fadtave ICRH that depositsts energy into the

electrons P .., =P, exp(-r/L ), in a highly localised core with =~ a/5. Thus, the fast wavelCRH

heating is aoughsimulation of the alphaqwer heating tahe electrons. In additionTore Supra
operates routinely in L-mode and exhibits various levelsnbancement over the L97-mode scaling
law as a function of density profile peaking. Thus, even though not didligltokamak,Tore Supra

is relevant to IGNITOR considerations. The best discharges have an enhancement factar4otdd

1.7 with respect to the ITER 97-L mode formula, which should be a conservative calculation of

In a recent contribution by Jlohnet®, invited by the paneinembers, IGNITOR L-mode
confinementwas analysed othe basis ofthe zero-dimensional thermal equilibrium cdd&LIOS.
The analysis assumetie ITER-97P(th) scaling law andvaluated the enhancemeattor, H,

needed for ignition (defined as the condition where the alplhgeipcan compensat®r all forms of

power losses) as a function of the profile peaking faetQrando.,;, wheren(p)=(1-p%)*" andT(p)=
(1-p)“". The ignition simulation example in th&NITOR report, Ref. [2lcould be reproduced by

the HELIOS code byssuminghe valuesx, =1.8 and o,=2.4 an enhancement factor, #L..4. For

parabolic density and temperatunefges, the enhancement factor becomes=HO9. Clearly, the

value of H required for ignition is lower for more peaked profiles and higher for leslsepones. It



should be pinted out that, in existing tokamak experiments, profile peaking asmwhanced
confinement normally come together (see the next section). The question arises as tcadbeqtize

profile peaking can be produced and maintained in IGNITOR for a sufficiently long time.

B. Improved confinement regimes with peaked density profiles

Since the IGNITOR proponents suggest that ignition may be reached with ohmic bedfing
it is convenient to start our discussion with the consideration of ohmic confinemeet. As isvell
known, the LOC (linear ohmic confinement) mode is a regime of ohmic confinemesrevehnear
relationship between energy confineménte and density, i.e.neo-ALCATOR scaling, is valié’.
The LOC regime corresponds to the best confinement mode. Unfortunately, at regular conditions with
increasingdensity, the LOC regime makes a transition either into a saturated ohmic confinement
(SOC) mode or into the L-mode with Goldston confinense@ing. Thecritical density at which the
transition between LOC and SOC regimes occurthés so-called Shimomura density whose
expression is

n,=~(4,/2)"*B, /q,R ,

wheren_is the density in 78m?, 4; is the atomic mass numbd@, is the toroidal field in Tesla and

Ris the major radius in meters.

Different improved confinement regimes look like a LOC mode extended intughalensity
region with subsequent saturatio@ne such impoved confinemenimode, the H-mode, will be
discussed in Subsection. 6D. Here, soasider improved confinement regimes ite be reached

with peaked density profiles. These regimes are listed as follows:

(i) The improved ohmic confinement (IOC) mode, initially discovered in ASBEX

(i) The radiative improved (RI) mode, discovered in TEXTOR

(i) The P-mode, which is anode of improved ohmic confinement both in ohmic and in

auxiliary heated discharges, first obtained with the help of pellet injection in ALCATOR-C



(iv) The supershot, or S-mode, eximentally discovered imFTR with central neutrabeam

injection (NBI) and strongly peaked density distributfdns

(v)  Fast Wave ICRH on Tore Supta

In the experimental regimes listathove,energy confinement enhancement factors up to 2-3
over that forL.-mode have beenbtained. Clearlythe relevantguestion is whether IGNITOR can
access any of thesegimes. Note thathe key feature common to these improved confinement
regimes is the realisation of peak#ehsity profilesDifferent methods and considerable operational
skills in the four tokamaks mentioned above have achieved this. In AS[2aKeg densities and the
IOC mode were obtained after appropriate wall conditioning and decrgasequuffing. In TEXTOR,
the transition from the L to the Rl mo#eas obained with impurityseeding. In thisvay, a strongly
radiating layer was established at the edge, with a corresponding decrease of the edge temperature and
a steepening of théensity gradient deeper insitlee pasma. INALCATOR-C, pellet depsition in
the plasma core resulted in peakkshsity profiles andhe establishment of the-mode. INTFTR,

very peaked densities were obtained in supershots with central NBI deposition.

From a theoretical viewpoint, peaked density profiles are known to hbeeeficial effect on

plasma confinemernhroughthe quenching of the ion temperature grad{€n&) driven turbulence.

Peaked density profiles redutiee two dimensionless pfile parametersy; and n,, that represent

driving termsfor the instability of ion and electron temperature gradieatles andheir associated
plasma turbulence for peaked density profiles. flatter density profilesthe ITG stability condition
is thatL,/R exceed a criticalalue, which is typally not compatiblewith the overall required
temperature difference between the edge and ctasmps. Inthe 80s, several theoretical

investigations of ITG modes supporti@® conclusion that the impved confinement iAlcator C

pellet fueling experimeritsvas correlated in time with the drop of the parameter. Numerougther

machines havehown dischargewith improved confinement from densityegking. For instance,

Ref. [23] predicts suppression thfe ionthermalflux due to ITGturbulence going from L-mode to



the RI-mode in TEXTOR*. As far as the electron temperature gradient driven turbulence is
concernedthere aretwo theoreticalforms of the anomalous electrotinermal diffusivity that are
depressed by high densitthe dissipative trapped electron turbulehffusivity, and the short
wavelength electromagnetdiffusivity with mixing length proportional tahe collisionlessskin

deptt?>.

In IGNITOR, ignition would bereached with densities wdilelow the Greenwald density
limit, which must be considered as a distinct advantage. However, density peatangakto gain
access to improved confinemerggimes. Strong density geag in IGNITOR depends on the
existence of amward particle pinch. There arvo theoretical modelsised to explairthe particle
pinch that occurs in tokamaks. The classical mechakmwn asthe Ware pinch is theff-diagonal
transportcoefficient that is conjugatihirough symmetries téthe experimentally verifiedootstrap
current. While no clear experimental verificatexists forthe Ware pch, an inward convection is
requiredfor transportmodeling to be consistent withe measuredlensity profiles. The density
pinch effect is also modeled through drift wave turbulence driven by the tempeyatdrents, where
again symmetrieglictate anoff-diagonal transpormatrix producing a turbulent inward agticle

transport®.

As noted in Sec. 5, IGNITOR has adopted the cold radiatiagtlesolution, whichmay turn
out to be advantageous for the formation of peaked densitiyes. Indeedthe qualifierradiative in
the RI-mode refers tdhe fact thathis mode wagsliscovered inTEXTOR while the cold plasma
mantle conceptvas being established as a feasible means to ghlvaeactorexhaust problefi.
Modeling the density profile with the RITM code has shdviimat an essential ingredieior peaking
of the density profile is the action of the radiatimantle on theasnomalous inward pinch velocity,,
which is taken to have thdorm v, =1/(2T)(dT/dr)D, whereD is the perpendicular agticle
diffusivity. This form may be justified by arguments of profilensistency, butnore generally as a
fundamental off-diagonal contribution of th&ansport matrix for fluctuation-driven prticle

transport®. It was also found to be essential in explaining the SOC-IOC transition in ASDEX



The question othe degree of profile control Hyigh-speed @llet injection,which translates
into thequestion ofthe penetration of the pellet particleshigh-density plasmas, thusecomes a
crucial issue for the IGNITOR project. Possible solutions for hoinjéat pelletsfrom the high field
side and facitate pellet penetratiomust be investigated. Control tife plasma edgdensity during
start-up and current flat top is also important, since it regullagesurrent penetratiorate, as well as

being related to the edge temperature.

C. Reversed magnetic shear modes

In the IGNITOR device, transient effects can be exploited to reach ignition in ohnhieatigd
plasmas. When the current ramp is considered, the plasma current increases bgkaddhygrs on
the outer surface of the plasma colufhe current penetratiaiime based on neoclassical resistivity
is comparable to theupse lengthtime scale. As a consequence, non-monotgnprofiles may form
during the current ramp anduring a significant fraction othe current flat top. Since ignition is
expected to be achieved near the end of the curaemp, IGNITOR is well suited for a Reversed
Shear (RS) mode of operatibof the type observed in JET andTRTR, among othedevices. The
PEPmodée®, which isthe JET variant of the RBiode, was obtained wittentrallCRH and pllet

injection. Forthese modes of operatioapnhancement factors ¢ = 2-3 can beachieved. The

physics of confinement enhancement for a non-monotppiofile clearlyhasbasic differences with

that in a monotoniq profile. It is possible that reversed magnetic shear is only one factor in achieving
reduced turbulence, with sheared plasma rotation and/or peaked profiles also playing impesgant ro
Thus, although non-monotoniq profiles may occur spntaneously in IGNITORthe assistance of

pellet injection and ICRH in accessing enhanced RS regimes of operation seems rather important.

D. H-modes
H modes of operation normally require the presencemégnetic X-pint and heating power
levels above a threshold value. The L-H power threshold formula recommentiesl IBER hysics

expert group is



P LHIPBQQ(S) - 324;7; 0.62 BO.75 R).QS a.0.81 m—leff .

If an H mode is accessed, the ITER ELMy H-mode scaling law predicts a confinamesatcording

to the formula

TEIPBQS - 00562(078 R1.97 A—O.58 |p0.93 BTO.lSHE 0.41 rn0.19eff P-0.69.

For IGNITOR, these formulae give a power threshold

P_,, % (IGNITOR) = 17 MW,

easily exceeded by a combination of ohmic HDBRH or alpha heatingand a confinemernime at

ignition OfTEIPng ~0.78s  Again the parameters of the example simulatiofiahble | have beensed

in these estimates. With these valueshef confinementime, thereshould be no pidem to reach

ignition in IGNITOR. Similar conclusions were reached by Jofiner

It is noted that the IGNITOR poloidal fieklystem is cagble of poducing an X-point within
the vacuumvessel, in whichcase IGNITORhas sufficient pwer for atransition to H-mode
confinement. However, th&SNITOR first wall may not be capable of handling the locali$eat
fluxes associated with divertor operatiofhus, standard H-mode operation is not desirable in
IGNITOR. Onthe other handH-mode quality plasmas have sometimes been obtained with the
magnetic X-pint outsidethe vacuumvessel. Indeed, H-modedsave beenobserved inlimiter
configurationg'. Furthermorethere is evidencéom Alcator C-MOD of anenhanced L-mode with

the magnetic X-point inside the vacuum ve€sdh this casethe plasma is preventdbm entering

the H-mode by reversintpe toroidal magnetic field so set theVB drift away fromthe single null

divertor. For power thresholds well in excess of those that would be required for @rahskon (if



theV B drift were inthe favourabledirection), enhancement factors df2-1.4 relative to L-mode

have been obtained.

In all these cases, a more favourable, i.e. more uniform, heat flux distributioafitst wall
may result. Thus, immpved confinementassisted by X-point operation is a possibiligorth
exploring in IGNITOR, although at present the available experimental information is insufficient to be

able to rely on this.

7. Burn control

Development ofburn controltechniques is one of the major areas of investigation for
IGNITOR. Transporsimulationsindicate that precise time-dependbotn @ntrol throughvariation
of the plasma density is difficult if the particle confinement time is longer than the energy confinement
time, as would be exgtedfor IGNITOR. Muchbetter control is pssible by operating in a slightly
sub-ignited state driven by a small amountt@RH heating. Thismay be the preferred mode of
operationfor a reactor andvould constitute an importanthysics demonstration on the path to a

reactor that could be carried out in an ignition experiment.

Emergency methods dfurn corrol include the firing of &iller pellet into the plasma to
rapidly quench run-awaygnition conditions and prevent anitigate a pssible disruption. This

method has been adopted in IGNITOR.

Fusion reactions with low rates of neutron production, utilising advanced fuels sucfHas D-
or possibly D-D, may be more attractive than Er& reaction, which produces 80% of its energy in
14 MeV neutrons. To begin exploring fusion watvanceduels, aD-T burning plasma exgiment
at high field is much closer tthe required parameters thamegent-day large sizéokamaks.
IGNITOR would allow initial studies atthe level of approximately 1 MW ofaggver in charged

particles from the DHe reaction cycle.



8. Conclusions

IGNITOR is essentially amgnition physics experiment, which isrgected to bring a long-
awaited demonstration of the scientific feasibility mégneticfusion and a possible way to study
alpha particle and burning plasma issues. The main assets of IGNITOR are its high magnetic field and
low beta, whichincrease safety margins with respectMbID instabilities, and its expected high
purity plasma. With high ohmic heating and intense ICRH, it should be possible to access interesting
regimes without relying on alpha particles and a highly irradiatedronment.Thus, the physics

exploration of confinement regimes and optimisation could go far before the difficult ignition runs.

Any tokamak experiment innexplored plasma domaistould possessufficient versatility
to counter unexpected adverse behaviour and to explore a wide range of opesatoaaios.
IGNITOR flexibility lies in its ability to produce a wide range of plasma densities and currents and a
variety of equilibrium configurations, including the capability obgucing amagnetic X-pint. The
key to IGNITOR success, however, relies on adequate density profile contrah@@bsistance of a
high-speed pellet injector and adequatever injection from an ICRHsystem, cagble ofsustaining
the plasma temperature at relevant valsiesuld ohmic scenariosfall short due to poorethan
expected confinement properties. Pellets E&BRRIH would alsoallow relevanturn control studies at

slightly sub-ignited states.

Ignition in limiter discharges is a distinct possibility I&GNITOR. However,this relies
importantly on accessing improved confinement regimes with an enhancement factor df. a6t
over predictions of confinement time based on L-mode schling. Impoved confinementegimes,
such asthe IOC, RI, Pand S confinementmodes,may be accessed IGNITOR, providedthat
peaked density profilesre poduced. Again, @let injection is expected to play an important role in
this. Reversed Shear and PEP modes may also be realized, since hon-mgnuatoiiies may form
during the transient approach tmnition. The control of current penetrati, by means of
appropriately ramping theurrent, density and @enavolume, is alsccrucial in order to ofimize
ohmic heating andor sawtooth avoidanced-modesare not desirable iInGNITOR, given the

intolerable levels of localised heat flux to the first wall thauld result. However an appmigte use



of the magnetic X-pint may povide some degree @nhancement in L-mode type béhaviour. It
should be remarked, nevertheless, that transport in tokamak plasmas is not fully understbatd and

predictions about confinement performance should be taken with great caution.



. ITER-FEAT PHYSICS ASSESSMENT

Goals and present status of the ITER-FEAT experimental proposal

As stated inSec. |, the goals ofthe ITER-FEAT (Fusion Energy Advanced Tokamak)
experiment ar€l) to achieve extensiveurn in aninductively driven plasma with a thermonuclear
gain parameteQ = (P, /P,,) of order 10 for aange of operating scenarios and with a duration
sufficient to achieve stationary conditions on the time scale characteristic of plasma processes; and (2)
to demonstrate steady-state operation using non-inductive current drive with @t1east

Ignition would also be possible iitTER-FEAT with either a10% impovement in the
confinement at the reference current of 15MA or by operating at a higher current of HowAver,
it would require operation closer ttensity, betaand confinement limits simultaneously and this
introduces uncertainty aggardsthe performances isuch regimes. Consequentignition is not

considered as the main objective of ITER-FEAT.

The technologicaboals ofthe ITER-FEAT device include the demonstration of integrated
operation of technologies essential for a fusion reactor, the testing of components for a future reactor,

and the testing of concepts for a tritium-breeding module.

The objective of a reactor-scale thermonuclear experiment motivategbyeenments of the
Four Parties -- the European Union, Japan, the Russian Federation and the United States -- to initiate,
in 1987,the International Thermonuclear Experimental Reactor/Conceptual Design Activities (ITER
/ICDA). This phase, which wasompleted in1990, led, in 1992, t¢he ITER Engineering Design
Activities (ITER /EDA) Agreement, aimed at developing an integrated engineering fi@smreactor
scale tokamak facility that would achieve controlled ignition and extelndied As envisioned by the
Agreement, the ITER deviagould bethe central element of anternational, “one step to a reactor"

strategy®.

Because of thevay the projectwas set up, the original ITER progal (whose FinaDesign

Report is referred to as ITER-FBAR enjoyed a broad base of participation. Fbi point of view



of clarification of the relevant physics issues, a tremendous experimental and theoreticalasfost
in motion, whichinvolved a large fraction of the international scientéemmunity. This effort
culminatedwith the preparation of the ITERhysics Basis documént The panel members are
satisfiedthat the ITER pysics assessment in thiscdment representthe state of the art for

knowledge of plasma physics issues applied to ITER-FDR.

The US partner withdrew fronthe ITER project in 1998, partly following cost
considerations. This has forcélte remaining three paers to reconsidethe poject, mainly to
redefine a reduced-cost ITER device, whiobuld beaffordable by the three partners alone (Ref.:
ITER-FEAT reprt, presented to the gmel). Thisreduced coswersion, ITER-FEAT, hadeen
worked out very recently. The cost of ITER-FEAT is about half of the casteobriginal ITER-FDR
device (i.e.,about3.3 billion US$). It is expctedthatmost physics considerations that applied to
ITER-FDR, detailed in the ITERPhysics Basis Documént remain validalso for ITER-FEAT.
However, some othe panellists expssed uneasiness abde factthat, since the ITER-FEAT
proposal hadeen put on the tablenly very recently, not enougiime to reconsiderthe relevant
physics issues fdTER-FEAT hasbeenallowed, consideringhe reducedlimensions and modified
objectives of the device. Nevertheless, the general impression was testdiienoves ofthe ITER-
FEAT project to a reduced fusion technology &agis,and to a sustained burn@t= 10 objective,
along with enhanced flexibilitjor exdoiting advanced tokamak modes ofeogtion,are appropriate

steps toward reducing the cost and enhancing the scientific viability and flexibility of ITER.

The scientific assessment that follows is limited to the few problem fmeBER-FEAT that
emerged at the Paris meeting, namely: (1) Transport and confinement; (2) Resistive MHD stability; (3)
Alpha patrticle issues; and (4) Thickness of the scrape-off layer.

1. Transport and confinement

The reference scenarfor the operation of ITER-FEAT & ~ 10is the ELMy H-mode.

According to the 'TER-IPB98(y,2) scahg law, aconfinementime of about 4s is predicted, which



together with the expected plasma density and temperabuiel be appropate for the attainment of

the declared goals with a good margin of confidence.

It is noted, however, thahe projected ITER-FEAT plasmwould differ from existing

plasmas in large size devices in two important aspects:

() ITER-FEAT plasmasvould ogerate close to th&reenwald density limit. In present
experiments, a deterioration of confinement is sometimes observed, starting from density values about
70% ofthe Greenwald densify. This iscertainly anissue hat hasrecently received considerable
attention and sophisticated fuelling techniques have now been used to obtain densities in excess of the

Greenwald density limit with little degradation in confinement.

(i) ITER-FEAT plasma will have a relativelpw toroidal rotation velocity as compared to
present experiments, in view thfe large size of thelgsma.Velocity fields areknown to quench
turbulent fluctuations and to ameliorate MHD stability, therefore caution is neduatextrapolating

from present experimental data to ITER slowly rotating plasmas.

2. Resistive MHD stability of ITER-FEAT

The ITER-FEAT reference scenario corresponds to plasmas operating at about hatiexdl the
MHD limit. While this appears as a significant margin with respecidéal MHD macroscopic
instabilities,the presentinderstanding ishat the actual beta limit isstablished by resistive MHD
modes, which are driven in part by pressure gradients and neocla$igictd, moshotably resistive

internal kinks and neoclassical tearing modes, discussed in subsection A and B below.

A. Resistive internal kinks and monster sawtooth oscillations

Sawtooth oscillationsre expected to play an important rolelTiER-FEAT, not asmuch

because of their direct irapt on cofinement, but because of possible couplings between sawteeth



and other (non-ideal) MHD activity. Indeed, recent experimental evidencelfriiid *” suggestshat
sawteeth may induce seéslands forthe growth of neo-classical tearingnodes. Furthermore,

sawteeth may couple to lockedodes and edgeepurbations, such a&LMs and external kinK.

These couplings may effectively limit the achievable values g8 fgameter in ITER-FEAT. On the

other handrecent ITER demonstration experiments on3JEnd long pulse demonstration plasmas
in other tokamaK$*' indicate that sawtooth adtity at ITER-FEAT relevant dimensionless
parameters is either absemt if present, does natecessarily hinder the plasmarfmrmance. In
addition, sawteetican be controlled by current drive and auxiliary heatireghods, whiclwill also

be operational in ITER-FEAT.

The sawtooth crash is triggered the instability of an interndtink mode wherthe value of

the helical winding index for magnetic field lingg drops below unity in the central plasmegion. It

is worth recalling that the theoretical ideal MHD biatait, 3., assumes optimal profiles for wh,
in particular,q > 1 is satisfied everywher&henq drops below unity, a new class ideal MHD

instabilities is predicted to occur wifh< 3, internal kinks being one of theowever, it is clear

from experiments that ideal MHD theory is not accurate in predicting the threshold torsiteof the

sawtooth crash. Fdnstancé’, sawtooth crashesan be supssed for long periods in discharges

where a significant population of high energy ions is present, even when the vglue @f0) < 1is

less than unity and the value of the thermal plasma poloidalfetawell in excess dthe threshold

value for ideal internal kink&**,

A quantitative assessment of sawtooth stability in ITER-MRIR pesented irRef. [45]. We
expect this analysis to remain essentially vétid the new design, ITER-FEAT. Based dhis
analysis, we may conclude that sawteeth will not hinder the performance of ITER-FEAT, as far as the
approach to a burning plasmagimme isconsidered. However, ithe presence ofusion alpha

particles, giantmonster-like sawteeth may aggr, which may limit the duration of thegood



performance phase to times of the order of 10-50 s. On the other hand, fesdbdgizktion methods

can be used and should be investigated in present experiments.

More specifically: A fully penetrated profile for a typcal ITER-FEAT reference discharge
has itsq =1 radius at about hathe plasma minoradius. This profile islikely to be unstable to
internalkink modes. The situation, however, is asimilar from that othe ITER demonstration
discharges mentioned above. In non-ignited ITdisthargesthe sawtooth period isrpdicted to be
about 1s, i.e., a fraction of the expectemfinement time, anthe sawtooth amigude is small[45].

The likely consequence of small amplitude, frequent sawtooth activity is to prevent full penetration of

the current, i.e., to keepon axis close to unity (perhapg = 0.8), and to keep thergssure mfile

relatively flat from the axis up to the sawtooth mixing radius. The [Tdafhasalready allowed for
this in transport simulations [35], with the finding that this situation does not degrade significantly the

energy confinement time.

Of more concern would be monster-like sawtooth crashes, which could couple tactdte
(externalkinks, ELMs etc.), causing a significant degradation of plasma confinement. Monster
sawteeth may arise in ignited ITER-FEAT discharges due to the presence of energetiaréigba, p
which would play a role similar to that of fast minority ions producedd®H in JET. Fast ions are
believed to be the cause mibnster sawteeth in that machine. In ti@ispectseveral considerations

can be made.

The period of monster sawteeth in ITER-FEAT is predicted to btheooarder of (10-50 s).
This figure is an extrapolation frodET, wherethe monster sawtooth period is a few secolugy,
given that the ratio of theesistive diffusiontimes for the two machines is of ordet0. Thus, the
period between monster crashesTER-FEAT is several confinememimes, which should allow
reaching ignition between monster sawtooth crashes, or maintaining ignition foivalyelahg time
before the onset of the first monster crash. For instance, if the discharge duration were limited to 50 s,

the adverse consequences of monster crashes could be avoided.



Heating and current drive scenarios were proposed for ITER-FDR, sudhetbaset of the
first (monster) sawtooth crash is delayedsbyeralhundred secontfs This exploited the fact that the
projected global current diffusion time in ITER-FDWRs exceedinglylong, ofthe order of10" s, so
that ignition could be reached well before the curvesite fully penetrated. Similar scenargisould
be applicable to ITER-FEAT asell, although quantitative simulations to ascertdiis for realistic

power levels should be performed.

Heating and current drive schemesn also be used tanduce frequent,small amplitude
sawteeth,thereby avoiding theadverseeffect of monster crashes.One mssible scheme was
demonstrated in JET with fast wave current drive. It is essential ihattdel experimental time be
allotted in JET and other large-size devices to demonstrateofisgbitity of monster sawteeth at

ITER-FEAT relevant values of resistive MHD dimensionless parameters.

B. Neoclassical tearing modes

While neoclassical tearing mod&ssually grow too slowly to be of concern durithg initial
heating mase and approach to a burning plasma regime, on Idingerscales (fractions of the

diffusive skin time - for sustained burn regimes) these modes may cause confinedetatiooate or
perhaps cause major disruption. Thevalue 3,=1.8 in ITER-FEAT is slightly lower tharthe 3,
values in present tokamak experiments where neoclassical t@aoidgs occurThere are some

indications however that the critiddl for the onset ofthe modes could be lower #te lower values

of p, of ITER-FEAT. A possibleremedy is touse feedback stabilization. Since these modes

apparently would not influence the approach to a burning plasma regime, bubtamiiyafly limit the
duration or performance of a burning plasma regime, and since feedback stab#ieatimpssible,
the neoclassical tearing mowsue presently seems liketractableone that needs to be addressed

carefully, not one that is a substantial threat to the ITER-FEAT mission.



3. Alpha particle physics issues

The next stegusion ex@riment must have as one of its main sciengfalsthe study of
alpha particle pysics. This impliesthe production of durning plasma, in whicthe alpha particles

represent the dominafarm of heating andhe dominantfast ion populationITER-FEAT has the

potential for fulfilling these conditions sin€@~ 10impliesP,, = 2P, which may fulfil (qualitatively)

the notion of being the dominant form of heating.

However, if the auxiliary pwer is such as to produsgnificant fast ion poylations,these
may competewith the alphas irdriving collective modes such as fishbones and Toroid#len
Eigenmodes. It would be difficult, in that case, to separate the effect of the alpha particles from that of
the other fast ions. This situation would arise with minority ion cycldteating (if the minority ion
concentration is kept relatively small) and with rgeeéic neutral bearheating. Of coursethere are
ICRH schemes thawill not produce a significant fast ion papation, such as resonafritium
absorption in a 50-50-T mixture. Thesare therefore highly recommendedadrder to avoid this

potential difficulty.

4. The consequences of the small scrape off lthyekness on divertor loading is an opssuethat

must be considered carefully.



IV. CONCLUSIONS AND OPEN ISSUES

Panel members are convinced that magrfeson hasmade significant ypgress over the
years and that, in spite of incomplete understanding, the world fusion program is now in a position to
proceed to thelesign and construction of a burning plasma experinkégite, a burning plasma is

defined as a plasma where fiasion-produced alpha particlese the dominarform of heating. In

quantitative termsthis implies values of alphaagicle power,P,, significantly exceeding the input

power, which isthe sum ofohmic and auxiliary heatingowers,P,, = P, +P,,. In terms of the

thermonuclear gain paramet@s P, . /P, , whereP,

fus in? fus

=5P,, a fusion burning plasma shoutdveQ

> 10for periods that are long on the relevant plasma evolution time scales.

The two experiments under consideration, IGNITOR and ITER-FEAT, follow different paths
to reach this target and have important differences in ebgactives.ITER-FEAT is well capable of
reaching Q=1Gssumingealistic flatdensity profiles; ignition is notrpcluded, but wouldequire
slightly peaked density profiles or operation close or beyoretagpnal limits, such as beta,
Greenwald densityand enhancement oveiFmode confinement. In IGNITORhe goal of ignition
(Q*=infinity) would be reached with a non-stationasgyored energy and Q close 1@, povided
peaked density profiles, withfxn> of order two,can be maintainefbr a few energyonfinement

times.

The ITER-FEAT design isthe result of abroad based effort othe part of thefusion
community, while IGNITOR has not enjoyed such a broad based participation, which must be born in
mind in any comparison. Successful operation of a plasma confinement experiment such as IGNITOR
would greatly benefit in exploring operational modi@seventual operation of fasion poto-reactor

device such as ITER.

A number of open issues apply to IGNITOR and to ITER-FEAT. Hendleeifollowing the

two machines are dealt separately. These problems listed below are being addressed with high priority



by the internationatommunity, but should not be used as an excustelay decisions to proceed
with the finaldesign and construction of either, looth, of the two experimental pograms under

consideration.

IGNITOR

Significant pogress orthe IGNITOR concepthas been madeaecently. Mostnotably, as
compared with pevious versions,the new IGNITOR proposal hasncreased flexibility by
incorporating adequatlCRH power levelsand llet injection in thedesign. Thesesystems are
considered to be essential in providing a degree of confidencaccess to impved confinement
regimes. In additionthe poloidal fieldsystem now hashe capability of pducing a variety of

equilibrium configurations, including magnetic X-points.

The IGNITOR design does notcinde a divertor. Consequentlthe reference mode of
operation is thé.-mode. However, an IGNITORha&t performed no better thawhat one projects
from the ITER89 L-mode scaling lawould be disappointing, as it wouletach values of the
thermonuclear gain paramet@mot larger thali 3. On the other had, if peaked density profiles in
IGNITOR can be ppduced and maintained, then ignition require®m@mancement betwedn3 and
1.6 relative to L-mode, depending tre degree of profilegakedness. It should beipted outthat
profile peaking and enhanced confinement occur together in existing experiafi@gitdogether with
impurity accumulation again degrading therfprmanceTokamak operating regimes (other than H-
mode) with enhancements thie required magnitude have besserved aleasttransiently, sothat
ignition in limiter configurations is a distinctgssibility. However, ppducing andmaintaining an
adequate density profile in IGNITOR for a sufficiently long time are still open issues which have to be
faced owing totheir critical importancdor achievingthe required prformances. Moreovemnce
these matters amgettled, arenhancement confinement factor will still heeded Although present
experiments show that enhancement factors of the required magnitude are obtained in peaked density

limiter discharges, the empirical database for extrapolation to ignition has to be developed.



The panel members note that several questions related to IGNITOR perfoareusté open
and require further studies andditated experimental campaigns in existmigamaks. In particular,

we offer the following recommendations:

(i) Develop a database for high field, compact (i.e., |&@® experiments. We expeENEA
to be a prime actor on this, with an aggressive IGNITOR campaign on FTU. Unfortunately, FTU has
a circular cross-section; therefore, dannotaddress sific questionsrelated to thelGNITOR
geometry.Alcator C-MOD may also be in a position to contribute witledicated exgriments. Key
questions are whether peaked profiles can be produced and maintained in very high density and high
magnetic field exeriments, with prticular attention to fueling and enhanced confinement
possibilities, and whether high purity is maintained with a radiatiagtle at the plasmadge, with
particular attention to wallgwer handlingissues.The access to improved confinement regimes of

relevance to IGNITOR should be investigated experimentally also in other devices such as JET.

(i) Perform independent transport calculations with codes such as PRET@ABDUR in
order to directly compare IGNITOR and ITER-FEAAlso, these codeshould be testedgainst the
available experimentalatabase. Apply first-principlée.g., gyrokinetic plasma turbulence) codes to
investigate relevant transport physics issues. Existing transport codes in Europe and the US should be

considered for these tasks.

(i) Performcomputational and experimentaliet penetratiorstudies in IGNITOR-relevant

plasma conditions.

(iv) Perform comprehensiveMHD stability studies, with spcial attention to major
disruptions, whichmay limit high field operation at fulcurrent. Also,electromechanical effects of
disruptions andhe production of runaway electrodsiring disruptions as well as possibly during

current ramps need to be assessed.

(v) Proceed with designs of ICRF antenaasl high-speeddtietinjectors, in order to find

out whether prospects for these systems are realistic.



(vi) Clarify diagnostic systems that can be implemented in the IGNITOR machine.

(vii) Begin engineering system integration and detailed industrial cost assessment.

ITER-FEAT

The panel members noted that a significant internatieffiatt was set in pace inorder to
clearly define the goals, the physics basis, and the engineering aspects, including costs, of the original
ITER-FDR experimental prasal. Even though open problems remainedyds clear that these
problems were being addressed with maximum priority by a large sectibe witernational lpysics

community.

The new proposal, ITER-FEAT, represents a scaled-dogguced-cost version of ITER-
FDR. The goals of ITER-FEA®relessambitious than those ¢TER-FDR. This new proposal has
been put on the table vemecently. It istempting tosay thatthe physics andengineering
considerations that applied to the old proposal are now valid for the new one. However, dotheguate
should be allowed for a proper reassessmamuding dedicated ITER-FEAT demonstration
experiments that take into account the modified geometry (diffefengation, triangularity, etc.) of

the new ITER as compared to the old one.

ITER-FEAT should reach the goal ofQ ~ 10 in steady-state, ELMy H mode operation
assuming flat density profiles. The panel is confident that this objective during 400 sec of operation is
within reach. Ignition is not precluded; however this requires slightly peaked profiles or an
enhancement of 10% over ELMy H-mode scaling predictions or operation BiNt# level close to
beta (MHD) andGreenwald density limitsThus, the achievement of ignition in ITER-FEAT cannot

be expected with the same confidence.



There are three problem areas that have been iderfitfiddER-FEAT. These must bdealt

with in order to allow a proper judgment on the physics factors listed above:

(i) The consequences of the small scrape off layer thickness on divertor loading is dmissue

must be considered carefully.

(i) An experimental demonstration, in existing tokamak devices, on the possibility of avoiding
or mitigating monster sawtooth crashes in preferred scenarios must be given, uneemenxl
conditions (i.e. awiliary power levels,q profiles, confinement regimes and values w@levant
dimensionless parameters) as close as possible to those foreseen for ITERFR&ETexperiments
as well as others ithe databasshould be used taalibrate codes based on sawtooth models.
Predicted performance in scenarios which safely avoid sawteeth by profile control or by utilising the
long skin time should be estimated. We point bat the typical timescalefor the monster sawtooth
period is estimated to be a few tens of seconds in ITER-FEAT. If the plasma performance is degraded
after thefirst monster sawtootlerash, lhen theburning plasma phase e discharges would be

significantly limited in time.

(i) Issues ofMHD stability -- in particular neoclassical tearingpdes andhe influence of
low plasma toroidal rotation at which ITER-FEAT is expected to operateh couldlead to reduced

performance-- should be explored.

The panel membergrust that these problemsan be dealiwith satisfactorily provided
dedicated experimental time is allottedlamge-size tokamak devicesich as JET and appraie

numerical simulations are performed.



V. RECOMMENDATIONS

Although being both intended to confine and study a burning plaemdTER-FEAT and the
IGNITOR experiments have not to be consideredcasipetingfor the sameobjectives. The
objectives of ITER-FEAT are more far reaching thidwose of IGNITOR, which expins the
difference in cost and construction time of the two machines. The mgsicptarget of ITER-FEAT
is to achievevalues of Q ~ 10 under steadfate with respect tthe relevant plasma evolutidime
scales including helium accumulatioalpeit only marginally with respect tahe global current
diffusion time scale. The machine would be pulsed, with discharges lasting approximately one to two
global current diffusion times. Ignition in ITER-FEAT is not precluded with slightly more favourable
conditions on density profiles or confinement. In additidiR-FEAT aims ataddressingeactor-
relevant engineeringssues. Howeversince it will take at least twelvgears to producehe first

burning plasma in ITER-FEAT, it has to be considered as a long-term fusion research objective.

The high field, high density approach, defined in thelGNITOR project, is aralternative
route to a burning plasma experiment. It sepamtiethe ITER-FEAT line nobnly by the magnetic
field strength, but also by the involved confinement physics, which hdeatavith a peaked density
profile (n/<n> ~ 2), a cold radiating mantle and no diveggstem. Highvalues ofQ in IGNITOR
would bereached transiently oveime intervalslasting between five and ten energy confinement
times, but shortethan a global currendiffusion time. An expriment along these linesould be
aimed at exploring the potential of this alternative configuration for providing an expeditious and cost-
effective path in which the initial phase of a burning plasma couktusked, without addressing the

helium accumulation problem or any reactor-relevant engineering issues.

Consequently, the recommendations stated below will not provide aroe dlor provide any
comparative assessment between the two projects. They only intend to gresyusstions raised in

the terms of reference, as recalled at the beginning of the report.



Recommendation 1:Panelmembers believihat the TER-FEATproposal issound,has reached
maturity and that th@lasma performances remed for reaching the statedbjectives of TER-FEAT
rely on robustextrapolationsfrom validated experimental databas€anelmembers believehat the
ITER-FEAT proposalwill reachits main objectives and will bring awutstanding contribution to a
reactor oriented strategy. The remaining issues, although not critical, deserve to be addreskeg but

must not delay any positive decision concerning the experiment.

Recommendation 2:In the near term, an effort should b®ade toacquire a degree afonfidence
on the remainingppen issuesoncerning IGNTOR by appropriate R&D, dedicatedexperiments in
existing tokamaks andumericalinvestigations. Such aaxperimentwould be onthe frontier of
plasmaphysics and thusave bothrisks and opportunities, geature in commonwith other great

physics experiments.

Recommendation 3 Establish an international burning plasma study group.

A broader scientific dialogue should be encouraged, so as to coordinate thethest inputs
from the world fusion community, to strengthen common guidelines and methodologies and to build
an even broader consensus in support ofrtteenationalburning plasma exgimental pogram. It is
proposed that this task be co-ordinated througmtamational experyroup, and involve a network

of participating fusion laboratories and research centres.
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