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1. INTRODUCTION

Over the last few years an increasing stream of individual tokamak
physics results has been forthcoming, e.g., nt in Alcator, Ti in PLT, B
in ISX, etc. During the same period semiempirical numerical models for
basic plasma processes have been constructed, and the results have
strengthened our belief that heating to ignition is attainable in a
device on the scale of the Engineering Test Facility (ETF). In ETF we
will attempt to meet ignition and plasma burn control requirements
simultaneously. Although it is by no means straightforward to simulate
definitively the multitude of interacting processes, we assemble here
what is considered known about confinement and ignition (and a certain
feature of alpha particle dynamics) and what some of the design margins
may be for the present choice of ETF parameters. We shall do this with
a critical look for large extrapolations, for the validity of underlying
assumptions, and for the high-leverage physics issues.

Figure 1 shows a typical time history of Ti and n, on the way to
ignition in ETF, as modeled by Houlberg et al.! It seems that ignition
is reached at B = 4%, after =6 s of neutral beam heating. The rest of
this paper discusses some obvious and hidden uncertainties that arise
when one incorporates many individual, extensive subroutines describing
beam heating, fueling, cross-field transport of electrons, fuel ions,
alphas and impurities and ensuing radiation, plasma-wall interactions,
divertor models, etc.

It is difficult to make the necessary simplifications and approxi-
mations uniformly and self-consistently in all places. For example, a
(necessarily) strongly simplified impurity transport model can result in
large uncertainties in the radiation profile. This produces the same
uncertainties for Te(r) and thus for the current density and pressure
profile (both sensitively affecting ideal and resistive MHD stability at
high beta), the neoclassical impurity screening, the divertor efficiency,
and therefore the impurity source rate, which closes the cycle of
indeterminancy in predicting ignitiomn. This was reflected in a recent
European meeting on beam requirements for JET (see Table 1). However,

experiments will continue to provide benchmarks for the developing



Table 1. Previous predictions for JET® (extended performance with 45 MW at 160 keV)

No impurities

With impurities

Code Result Source of impurity Transport Result

Duechs Near ignition Neutral particle Neoclassical (with 3T/3r No ignition
sputtering screening + xe/4)

Watkins/Gibson Ignition Ion plus neutral Neoclassical (without No ignition
sputtering 3T/dr screening)

Mercier Ignition Fixed percent of Ignition if £ < 0.2%
impurity of iron

Hughes/Ashby Ignition Neutral particle Neoclassical (with Ignition

sputtering

aT/ar + xe/4)

aFrom "US/EC Meeting on Neutral Beam for D-T Machines," Varenna, September 1979.



transport modeling. In this situation it follows that a continued
focused effort in tokamak experiments (ISX, PDX, TFTR, JET) and theory
and transport modeling by independent groups will be essential for a
sound design for ETF.

The rest of this paper will deal briefly with JET modeling (Sect. 2),
INTOR modeling (Sect. 3), ETF modeling (Sect. 4), and a model of anomalous
alpha particle transport (Sect. 5). Conclusions for the present ETF
design are included in the last section. It should be pointed out that
ideal and resistive MHD stability considerations have not yet been

integrated with the transport modeling results in this paper.

2. JET MODELING

We briefly discuss the recent results by M. L. Watkins et al. on
the approach to ignition in large tokamaks.2 Major parameters are given
in Table 2. Figure 2 shows ignition boundaries in na versus B* space
for four different eicctron scalings: (A) Xe = Kl/n; (B) X = Kz/nTe;
(C) x, = K3vT;7an; and (D) x, = (K,/m)(1 - r2/a2)3:-5, Note the factor
2 variations in B*ig and na for the different confinement models,
perhaps implying serious desigi changes. Note also that the density at
the minimum B*ig tends to be below 10!% cm™3 for all scalings. We will
return to this in Sect. 3. Figure 3 shows the same parametcr space for
scaling (A) and 160-keV D? injection. One notes the existence of a
saddle point on the surface of the injection power required for power
balance (the curves are labeled with the injection power in megawatts).
This shows that a variable-density startup3 path exists across the
saddle along which beam power is minimal. Experimentally verified
knowledge of this path would clearly be of great design relevance.
Figure 4 shows a constant density cut through the landscape of Fig. 3,
demonstrating again the large effect of Xe scaling on ignition capa-
bility, in this case beam power. Figure 5 accentuates the uncertainty
in impurity modeling by showing a doubling of required beam power for
ignition for modest amounts of impurities.

A 50% beam power margin capability suggests itself from these

studies; this may be easier to accommodate than a variable minor plasma



Table 2. Machine parameters

JET INTOR (1979) ETF (1980)
R, m 2.96 4.8 5.4
Vab, m 1.62 1.47 1.64
b/a 1.7 1.5 1.6
BT(O), T 3.45 5 5.5
Percent of coils 12 10
Typical <n_>, m-3 1 x 1020 1.4 x 1020 1 x 1020
Fueling Gas puff Gas puff Pellets
Beam current 0.6/0.24/0.16 0.53/0.25/0.22
Beam power 0.58/0.23/0.19 0.73/0.17/0.10

Beam tangency radius,
m 1.63 3.55
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radius. Figure 6 depicts ignition parameters as before, plus the time
needed to get to a certain point with the basic (17.5-MW) or extended
performance (45-MW) beam power system for JET. The number in paren-
theses is roughly pa/Ploss’ 1.0 being ignition. Probably the most ETF-
relevant branch is the extended performance, Xe ™ 1/N model, impure solid
branch II showing attainment of 80% of ignition and T0 = 29 keV after
5 s but failure to ignite because of impurities. This will be corrobo-
rated in the next section.

In summary, these JET studies show (1) significant sensitivity of

and P to factor 2 variations in electron heat conductivity;

Big beam
{2) the existence of a minimum beam power path to ignition using a
variable density approach and favoring densities below or at 101% cm-3;
(3) the need for a 50% beam power margin to compensate for impurity
radiation; and (4) the possibility that, depending on rather modest
possible variations of electron confinement scaling and impurity con-

centration, full ignition may not occur.

3. INTOR MODELING

We briefly discuss work by C. Singer et al.* using the January 1979

INTOR parameters shown in Table 2. Figure 7 shows ignition at Btotal = 5%
and its components for fixed impurities with Zogg = 1-5- Figure 8 shows
again the substantial sensitivity of Big and tig on a possible factor 3

variation of Xe/ne' A resulting threefold increase of ty would consti-
tute a severe beam system design change. A 50% margin capability for
tig seems indicated. A very interesting idea to ensure the design
against a 2.5-fold uncertainty of Xe is shown in Fig. 9. By varying the
minor plasma radius according to a? « Xe» the increase in size (and
various other parameters so that beam power density, etc., is kept
constant) conpensates for deteriorating electron confinement Xe* Note
that in this way Big and tig can be kept at acceptable levels. A
possible 2.5-fold increase in X cannot be ruled out in view of the fact
that even the highest volume-averaged (not peak) ion temperatures
achieved in PLT are almost an order of magnitude lower than the optimal

reactor burn average temperatures. Note also (at the bottom of Fig. 9)



that, with the second case the standard INTOR size and the third close
to ETF (see Table 2), ETF appears to have a substantial ignition margin
over this INTOR design, provided that standard INTOR scaling for Xe
applies. From this study it appears that a variable minor radius
capability would be desirable.

Figure 10 shows the effect of heavy metal impurities on the attain-
ment of ignition. Similar to the JET modeling results, tig + =« for
rather modest impurity concentrations. Quantitatively these one-
dimensional (1-D) transport calculations confirm previous 0-D fatal
impurity fraction® estimates to within a factor of 2. Figure 11 demon-
strates quench at 22% nickel, and Fig. 12 shows the critical impurity
fraction (where radiation equals the beam power input) versus atomic
number. Radiation losses dominate conduction losses so much that
increasing the minor radius a -+ © is ineffective. The figure also shows
an independent result by H. Howe.®

Figure 13 deals with the dependence of the steady-state helium
fraction fHe on the helium-pumping rate at the edge. A long-pulse
(t 2 15 s) simulation is needed to reach the ignition quench becaue of
helium ash accumulation. For the long-pulse simulations Singer et al.
add several effects to the code such as thermal ripple losses with 1%
edge ripple, charge exchange of fast ions on hydrogen, scrape-off layer
and recycling, etc. The figure shows a 0.5% edge pumping fraction to be
sufficient with very little reduction of fHe beyond that. This is due
to the dominant helium recycling at the edge.’

In summary, these INTOR studies show (1) ignition occurs at Big =
4-5%, tig = 7 s with a flat, constant, low Z impurity density at Zeff =
1.5; (2) Big and iig (and beam power and pulse length) are a strong func-
tion of x, (at densities of =101"% cm~3 a factor of <3 enhancement of X3
over x.

i neoclassical
kept in the 4% range if a minor radius increase according to a? « Xe is

does not matter very much, however); (3) Big can be
designed should Xe increase with the needed tenfold increase from
present PLT values of volume-averaged ion temperature to steady-state
burn temperatures; (4) fatal metal impurity concentrations from this

1-D simulation agree roughly with previous 0-D predictions (an increase

in minor radius is quite incapable of increasing these fatal fractions);



and (5) a 1% edge ripple permits ignition, and a 0.5% helium-pumping
fraction suffices to avoid quench due to alpha particle ash in long-

pulse simulations.

4. ETF MODELING

ETF transport modeling work has recently been carried out at Ozk
Ridge National Laboratory {ORNL) and Princeton Plasma Physics Laboratory
(PPPL)}. The ORNL work by W. Houlberg et al.l on the bundle divertor
version of ETF deals with ignition startup (variable density and fuel
mix), particle and energy flux balance to walls and divertors, and
sensitivity of the fusion alpha power to fast-particle losses. The
present emphasis is on the increasing realism and self-consistency of
the various subprocesses involved in the transport codes reflected in

the development of

(1) self-consistent, time-dependent sputtering rates (impurity
sources),

(2) a detailed recycle model for deuterium, tritium, and helium,
distinguishing between recycling on the wall and recycling
from the divertor,

(3) tritium lean pellet fueling scenarios, and

(4) sensitivity of fusion power to thermal ions and fast-alpha

bananas.

At PPPL work on the poloidal divertor version of ETF by D. Mikkelsen
et al.® has begun on state-of-the-art ripple loss modeling of beam ions
and alpha particles. An investigation of neutral beam ion confinement
for varying injection angles shows that the design value of 16° away from
perpendicular provides adequate fast-ion confinement, to be discussed
below.

4.1 ETF BASE CASE WITH BUNDLE DIVERTOR

Figure 14 shows the temperature and density evolution during fusion
startup in ETF. Ignition occurs at <g> = 4%. The transport equations

used are given in Table 3. The model for Xe is the PLT model (D) defined



Table 3. Plasma transport model for ETF base case
(W. Houlberg et al.)

an.
r, = €0 _pat _J1 j=D,T,a; T =ZZ.T,
J J or e 3]
. 9T,
q. = qneo ripple n J
] j j j or
oy e
% Xe e or

17

p?" o 1:25 X 1077 | 5400 (y/x )3

J n s

e
BD o 1 x 10%7
€ _ 213.5
ne[l 0.4(r/rs) 1

KEIPPI® yekan, Uckan, and Moore, ORNL/TM-5603 (1976) .

1

Including noncircular cross section; not
including ripple plateau diffusion.




by Watkins? in Sect. 2. TIts radial increase of Xg leads to strongly
peaked profiles with T(0) = 2<T> [see Fig. 14(a)]. Beam heating lasts
for 6 s; a thermal steady state is reached due to ripple losses for Ti
and mainly conduction and radiation losses for Te. The radial profiles
total> >~ 6,8% and

<B > = 2%. These rather high values follow from the rather low

o, fast
values of density [see Figs. 14(c) and (d)], the small ripple losses, and

for Ti and Te in Fig. 14(b) are at t = 20 s when <B

the absence of impurities. The behavior of ne(O) in Fig. 14(c) reflects
pellet fueling. Note in Fig. 14(d) that a delayed lean tritium fueling

scenario has been chosen to minimize neutron loads on the beam injection
system but that the result is still high fusion power output (see below).

The chosen value for <ﬁé> = 101* cm™3 raises a question with respect
to the Murakami limit. Figure 15, taken from recent DITE experiments,9
is reassuring in this respect, showing that the original density limit
in ohmically heated tokamaks is substantially extendable by auxiliary
(and presumably also alpha particle) power. The value of (B¢/R) is very
similar for DITE and ETF, suggesting that a mean density of 101% cp~3
should be achievable,

Figure 16 shows the particle balance for this ETF base case with a
bundle divertor. Charged particles hitting the wall [Fig. 16(a)] are
assumed co fully recycle as neutrals. The neutral flux to the wall is
approximately half the charged particle flux [Fig. 16(b)]. Charge
exchange neutrals are reflected according to the Oen-Robinsonl0 walil
reflection model, partly as hot, partly as thermal, neutrals. The ion
flux to the divertor is shown in Fig. 16(c), assuming zero divertor
recycling. Particle pumping efficiencies for deuterium, tritium, and
alphas are listed in the figure.

Figure 17 shows the energy balance. Figure 17(a) contains brems-
strahlung (and synchrotron radiation) but no impurity radiation, an
omission reflecting the present uncertainties in self-consistent impurity
source transport modeling. (Work on this has started, however.) Simi-
larly underestimated is the amount of charged particle energy flux to
the wall [Fig. 17(b)], again omitting the contribution from impurities.
The charge exchange and ionization power losses are given in Fig. 17(c)

and the power deposition to the divertor plates in Fig. 17(d). The
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corresponding divertor energy pumping efficiencies are given in Fig. 18,
together with the total fusion and alpha power output for this case.

The plasma parameters for burn can be substantially altered over a
wide range if burn control by variable toroidal field ripple can be
assumed. An effect of increased ripple is to suppress Ti relative to
Te' The plasma density can then be increased to retain similar values
of fusion power and plasma beta. The increased fueling (by pellet) can
substantially increase the density and decrease the temperature in the
bundle divertor scrape-off region, resulting in a dramatic reduction in
the wall power load via charge exchange neutrals. The results of these
calculations are summarized in Table 4.

It is seen that for a constant fusion power (Pa = 150 MW) via burn
total from 7.3 to 4.9%, Prad
(in the absence of impurities) from 6.6 to 22.5 MW, and ch from 24.6 to

control, <Ti> can vary from 23 to 7 keV, B

1.5 MW as <n.> is varied from 0.8 x 101% to 2.0 x 101* cm~3. Power into
the divertor and on the limiter (first wall) via charged particles
remains relatively unchanged. It should be noted that the ripple mag-
nitude (aedge) indicated in Table 4 is based on Stringer's model of ion
heating conduction enhanced by ripple trapping. More detailed modeling
of ripple effects is expected to result in reduced values of Gedge
required for burn control. It is by no means clear which of the three
areas indicated in Table 4 is more nearly optimal.

We next present results on the effect of plasma current on the
ripple losses and, therefore, on fusion power and temperatures. Although
the empirical or INTOR electron energy confinement scaling is independent
of plasma current (although Coppi-Mazzucatto claim otherwise), ripple
enhancement of ion heat conduction depends on the current through the
flux geometry form factor G(a). For circular cross section G(a) is
inversely proportional to the safety factor. For general flux geometry
one obtains a more complicated dependence on the poloidal field and,
thus, the current.ll Table 5 shows the sizable effect on the fusion
power of dropping the current from 5 to 4 MA. Note also the drop in
peak ion temperature and a flattening of Ti(r) due to increased ripple

conduction losses.
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Table 4. Plasma burn parameters and power loads for various

plasma densities in a bundle divertor ETF with a = 1.3 m,
A (scrape-off) = 0.1 m, R0 =5.4m o=1.6, Ip =5 MA,
BT = 5.5 T and assuming ripple burn control
to maintain Pa = 150 MW

Low N Medium N High N
<n,>, 101% cp3 0.85 1.5 2.0
8 , % +1.0 +3.3 +5.4
edge
<Ti>’ keV 23.0 9.5 7.0
<Te>, keV 24.8 13.8 9.3
_B_plasma’ % 5.5 4.7 4.4
Btotal’ % 7.3 5.6 4.9
Spellet’ number/s 29 52 62
e (0D, 1013 cm-3 0.7 1.5 2.0
Pd. , MW 70.5 90.0 88.8
iv
Pl. , MW 46.0 43.7 39.5
im
prad’ MW 6.6 10.4 22.5
P, MW 24.6 5.0 1.5

(¢
»”
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Table 5. Effects on power balance of changing plasma current
and therefore ripple losses

I =5MA

(base case) I =4MA
Ptotal 835 750
Pa 167 150
T, (0) 52.5 44
<Ti> 26.4 22,7
T, (0) 63.4 59.7

<Te> 28.5 26.2
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Because there are strong indications that the ripple due to a
bundle divertor is too large to confine the fast-alpha bananas, 12 the
effect of eliminating the trapped fraction (2r/R)1/2 of all energetic
alpha particles from the burn was studied. Table 6 shows the expected

strong 50% drop in Pa but only a 19% drop in P However, the

total’
remaining alpha power is still larger than the beam power originally
used to reach ignition. One concludes that this loss of trapped alpha
particles is tolerable from an energy perspective but still must be

evaluated in terms of blistering and impurity production.

4,2 ETF BASE CASE WITH POLOIDAL DIVERTOR

One of the most significant differences between bundle and poloidal
divertors lies in the reduction of ripple losses and, therefore, the
possibility of more perpendicular neutral beam injection. Figure 19
shows injection at 2.5° from vertical.® Beam ion banana tips lie entirely
in the symmetric trapping region and are thus subject to strong ripple

losses. 60 is the ripple strength parameter in the assumed ripple model
§(R,2) = 8, exp {[(R - R)2 + 22]1/2/2) .

Figure 20 shows the remarkable improvement at an injection angle of 16°,
the design value. T .gure 21 contains a summary of complete injection
heating simulations for various sets of plasma parameters (denoted by
P1, P2, P3, and P4, with Pl being the standard ETF design case) and
various values of safety factor q (see insert in Fig. 21). The lower
four curves show the expected behavior of beam power loss with the
injection angle at 0.75% edge ripple and clearly favor low q operation
for the purpose of good orbit confinement, possibly in conflict with
profile requirements to avoid MHD instabilities. The attainable beam
power coupling to the plasma appears high. The upper two curves in
Fig. 21 were run with a deliberately high edge ripple of 4.5%, showing
intolerable beam power losses, as expected.

The conclusions on ETF modeling will be given in the last section
of this paper.
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Table 6. Effect of losing all fast-alpha bananas « +/2¢

Before losing After losing
Piotal 835 679
P, 157 136 ~ 68.3
T, (0) 52.5 48.8
<T;> 26.4 20.7
Te(O) 63.4 52.3

<Te> 28.5 19.7
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5. ANOMALOUS ALPHA PARTICLE TRANSPORT

The two main questions regarding the dynamics of alpha particles
are their anomalous relaxation in velocity space, possibly leading to
anomalous fuel ion heating, and their anomalous radial transport from
the center to the edge, where the helium ash can be pumped. Kolesnichenko
has recently reviewed the role of alpha particles in tokamak reactors.l3
Here we report a new development regarding their radial outward diffusion.
Sigmar, Tsang, and Whitsonl" have shown that the low mode number
Alfvén wave can exist with a discrete spectrum of radial eigenmodes in a
tokamak with sheared magnetic field. A complete numerical computation
of the spectrum reveals that radially neighboring resonances w? = Cikﬁ
are spaced so narrowly (e.g., =3 cm) for fixed m= 2, 2 = 3 or m = 3,
2 = 4 that island overlap of the perturbed alpha particle orbits in
action-angle space occurs at very small threshold amplitudes ei¢/Ti =
0.05 of the enhanced Alfvén fluctuations in the fusion plasma. Evaluating
the stochastic diffusion coefficient at this threshold, one obtains for

the fast alphas [with v, > €y (the Alfvén velocity)]

¢~ 3 2 = 2 o =
Drr = 4.4 x 10° cm?/s, Ty (a /2)Drr 1.1 s .

Note that this alpha particle confinement time is longer than the slowing-
down time but shorter than the estimated main particle confinement time,
thus guaranteeing alpha particle heating yet rapid ash removal from the
burning center. It should be mentioned that although the authors are
satisfied with the exact calculation of the linear spectrum, the estimate
of D;r is preliminary. The difficulties of a seif-consistent nonlinear
transport theory for driftlike waves (driven in this case by the alpha
particle density gradient) are well known, and it remains for the experi-
ment to check this prediction. Because without effective ash removal

the ETF fusion burn would quench in 20-25 s, it is very important to
obtain experimental data on the behavior of fast alpha particles in

TFTR, as has been suggested by D. Post et al.,!5 using a 6-MeV lithium

doping beam, charge exchanging with alpha particles in the reaction



16

He2* + Li® » He? + Li?* |,
shown schematically in Fig. 22,

6. CONCLUSIONS

This brief review of recent transport simulations of JET, INTOR,
and ETF leads one to the following observations for the consideration of
an ETF design.

(1) The present ETF design parameters permit ignition at <B> = 4% after
6-7 s of neutral beam heating if a very simplified impurity model is
used and assuming the fatal fractions of heavy impurities have not
been reached. Automatic ripple burn control then leads to a thermal
steady state with 1-2-MW/m? neutron wall loading.

(2) Several issues of previous concern have been cleared up; e.g.:

(a) There exists a variable-density startup path with minimal beam
power requirements.

(b) The Murakami density limit is ex.endable by beam (and perhaps
by alpha) power; <ne> > 10!* cm™3 appears to be attainable.

(¢) The ten-coil design with <1% edge ripple is tolerable.

(d) A 16° injection angle is acceptable for the poloidal divertor
design, and 35° is acceptable for the bundle divertor design
(with two T-shaped coils, suggested by T. Yang).

(e) A loss of all banana-trapped alpha particles is tolerable with
respect to the overall power balance.

(f) Helium pumping >0.5% at the edge is sufficient to avoid quenching
of the burn. Theoretical estimates yield sufficiently large
anomalous outward diffusion of fast-alpha particles to transport
the helium ash to the edge.

(g) Burn control occurs automatically as a result of a combination
of ripple losses and density control.

(3) Although getting into better focus, several sensitive areas affecting
ignition remain. These include the following:

(a) One area is the self-consistent analysis of long-pulse impurity

generation and transport with and without divertor modeling.
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(b) As part of this, there exist maximum allowable values for the
increase in nz/ne for all impurity species Z and for dZeff/dt
and the impact on required beam power and pulse-length margins.

{(¢) Because <Ti> will increase by a factor of 5-10 from present
values (in PLT) to reactor values, a factor of 2 increase in
Xe is conceivable. Then to stay within the range of Big = 4%
and tig < 7-10 s would require a minor radius margin capability
of V2, or a corresponding margin in beam capability to run ETF
as a wet-wood burner.

(d) Good beam and alpha particle confinement against ripple losses
favors operation at low safety factor, which may be incompatible

with other profile shaping requirements not discussed here.

In closing, two overall impressions should be mentioned. One is
the suggestion to continue to explore design variations, particularly at
a lower magnetic field and higher beta (mainly at similar densities and
higher temperatures). The other is to state that the attainment of the
minimum physics objective of ETF, namely, obtaining operation with alpha
power dominating the power balance at least in the inmer half of the
volume, must be protected by approximate design margins, particularly in
the auxiliary heating system, and by the possibility of plasma parameter
and profile control. As a corollary, even if it were possible to produce
one certain cost-optimized ETF design, this would yield only one data
point of fusion device, and the next-generation demonstration reactor

might have to carry the burden of exploring the deviations from this one
point,
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FIGURE CAPTIONS

Fig. 1. Ion temperature and electron density in ETF as a function
of radius and time (from Ref. 1).

Fig. 2. Generalized Lawson diagram for various scaling laws as
described in the text (from Ref. 2).

Fig. 3. Generalized Lawson diagram with contours of constant beam
power in megawatts. Note the path to ignition across the saddle point
(from Ref. 2).

Fig. 4. A cross section of the contour map of Fig. 3 showing beam
power needed vs ion temperature for the different scaling laws of Fig. 2
(from Ref. 2).

Fig. 5. The same plot as Fig. 4 but showing the effect of

impurities. Note the increased amount of beam power needed (from
Ref. 2).

Fig. 6. Various paths in the generalized Lawson diagram for
various defined scenarios explained in the text and in Ref. 2.

Fig, 7. Beta as a function of time during the approach to ignition.
The curves show the beta of the electrons and ions, of the beam, and of
the alphas and the total beta (from Ref. 4).

Fig. 8. The sensitivities of beta at ignition and the time needed
to reach ignition as a function of variable electron heat conduction.
Note the increased demand on Big and tig if the electron heat con-
duction is increased (from Ref. 4).

Fig. 9. Effect on ignition requirements of varying the minor plasma
radius according to a2 « Xe if Xe increases (from Ref. 4).

Fig. 10. Beta at ignition and time needed to reach ignition as a
function of impurity content (from Ref. 4).

Fig. 11. Electron temperature achieved as a function of time for
various levels of nickel impurity content. Note the limitations on
the electron temperature for nickel concentrations larger than 0.15%
(from Ref. 4).

Fig. 12. Maximum permissible (fatal) impurity fraction as a function
of atomic number (from Ref, 4). The dot labeled H. Howe was obtained
independently by this author.
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Fig. 13, Helium fraction remaining in the plasma as a function
of helium-pumping efficiency (from Ref. 4).

Fig. 14. Various plasma parameters as a function of time and radius
for the approach to ignition of ETF (from Ref. 1).

Fig. 15. Extension of the Murakami density 1imit with auxiliary
heating (from Ref. 9).

Fig. 16. Particle balance of various fluxes to the wall and
divertor in ETF (from Ref. 1).

Fig. 17. Energy balance of various quantities going to the wall
and divertor in ETF (from Ref. 1).

Fig. 18. Overall fusion power as a function of time (from Ref. 1).

Fig. 19. Ripple losses in ETF; &p is the ripple strength. Injec-
tion angle is 2.5° from vertical (from Ref. 8).

Fig. 20. Ripple losses in ETF; 8§y is the ripple strength. Injec-
tion angle is 16° from vertical (from Ref. 8).

Fig. 21. Beam power loss as a function of injection angle measured
by the tangency radius. P1l, P2, and P3 refer to a set of plasma
parameters; qy means safety factor at the edge = 3, etc. 6 is the ripple
strength (from Ref. 8).

Fig. 22. Schematic of alpha particle diagnostic experiment (after
D. Post, Ref. 15).
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