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ABSTRACT 
The possibility of obtaining ignition in TFTR by means of very centraLly 

peaked density profiles is examined. It is shown that local central alpha 
heating can be made to exceed local central energy losses ("central ignition") 
under global conditions £or which Q s 1. Time dependent 1-D transport 
simulations show that the normal global ignition requirements are 
substantially relaxed for plasmas with peaked density profiles. 
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J V.iV '• I. INTRODUCTION 
"" ; " Significant alpha particle heating is normally considered beyond the 

scope of TFTR, since at the nominal goal of Q « 1 (where Q is the ratio of 
fusion paver to input power), the total alpha heating power in steady state is 
only about 20Z of the totaL energy loss rate (since the alpha power is s 20% 
of the total fusion power). This global limitation, however, does not 
preclude the possibility that if very centrally peaked alpha heating profiles 
can be obtained, the local central power balance can become dominated by alpha 
heating and ignition conditions may be obtained, at least at the center of 
TFTT.. 

In fact, as will be shown below, it may be possible with sufficiently 
centrally peaked density profiles to create within TFTR a "central ignition" 
region, in which the 'ocal central alpha heating exceeds the local central 
losses, despite Che fact that Che global plasma condicions may be far from 
ignition (i.e., Q 5 1). Furthermore, it will be .shown using 1-D space-time 
BALDUR simulations that, once formed, such a central ignitinn condition can 
lead through a radially propagating "burn" to global ignition on time scales 
on the order of ? 1 sec, starting with global nTg values up to a factor of 
three below those usually required for global ignition. 

Crucial to obtaining such favorable plasma scenarios is the attainment of 
very centrally peaked alpha heating profiles. In the present context, this 
central peaking was simulated by forcing the density profile to become 
centrally peaked, e.g., with n(Q)/n ? 2.7, either through an assumed inward 
particle pinch or an assumed "frozen" density profile. In practice, such 
density profile control is not easy to achieve, but might well be within the 
scope of specifically tailored pellet fueling. What we show is that if 
sufficiently peaked density profiles can be obtained, then the possibility for 
central ignition improves substantially. 

Of course, the magnitude of alpha heating also depends upon the 
temperature profile, and hence on the assumed form for the thermal 
conductivity x(r) together with the assumed sawtooth model. Unfortunately, no 
guidelines for specifying a x e( r) profile appropriate for these peaked n(r), 
high beam power discharges have yet been well established, so that a 
"realistic" simulation of these scenarios is not possible here. Instead, what 
we have done at this stage is simply to choose some fairly standard parametric 
forms for the anomalous x e(r) and a relatively simple sawtooth model in order 



3 

to illustrate in a concrete way the basic effects of a density profile 
variation on the possibility of central ignition. 

Previous work along these lines has alre'ady pointed out that relaxed 
ignition requirements can be obtained with peaked profiles [1-3], and the 
possiblity of central ignition and a radially propagating burn has been 
discussed in a preliminary form [4,5]. However, up to now the standard 
modeling of TFTR for Q = I has been done using only relatively flat density 
profiles, with the consequence that, so far, alpha particle heating effects 
are predicted to be relatively small [61• 

The present paper is mainly motivated by the recent advances in pellet 
fueling, which have already produced peaked density profiles n(0)/n > 2 in 
TFTR [7] and D-III [8], and also by the increasing desirability of some near-
term evaluation of diagnostics for alpha particle confinement and heating. 
Although the attainment of centrally alpha-heated discharges is already a main 
goal of JET [2j, there is no reason, in principle, why such discharges cannot 
be obtained in TFTR as well, since alpha particles should be classically 
confined for I 5 2 HA {at R/a = 3) and should heat on time scales of * 0.5 sec 
for plasma densities of n = 10 1 4 cm and plasma temperatures Tfi = 10 keV. 

The paper is organized as followsl in Sec. II, we discuss in a 
simplified way the requirements for creating ignition-like conditions in the 
center of TFTR; in Sec. Ill, we describe the specific transport assumptions 
used in 1-D space versus time BALDUR simulations of this phenomenon; in Sec. 
IV are the results Tor two BALDUR scenarios which, show the effect of density 
profile shape on the approach to ignition, and in Sec. V is the Discussion and 
Summary. 

II. SIMPLIFIED ESTIMATES 
In this section, we describe in a simplified way the essential point of 

obtaining ignition through centrally peaked density profiles. More detailed 
results are obtained through 1-D BALDUR transport simulations, as described in 
the next section, 

A. Central ignition 
The simplest form of the balance between global plasma energy losses 

Ploss a n d t a C a l alpha particle heating P a, i.e., ? a = ? \ o s s t results in a 
global ignition requirement of the form "̂ n̂ tg = 3 * 10 •* cnf^sec an <T^> a 10 
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keV , where <n>, <T->, and T £ are the global (i.e., volume-averaged) density, 
ion temperature, and energy confinement time. However, application of tae 
same argument to the central region of a plasma (e.g., r/a < 0.33) leads to 
the conclusion that "central ignition" can be obtained within some minor 
radius r = r- if the central plasma parameters n(0), T.(0), and Tj.(0) satisfy 
the same conditions locally, i.e., Po(0) = Pi o s s(0)> °r typically, 

n(0) T_(0) = 3 x 10 1 4 cm"3 sec , T (0) = 10 keV , (1) 
Et 1 

where we have written schematically n(0), 1^(0), and xE(0) for the typical 
electron density, ion temperature, and energy confinement time within the 
central region inside r = r- . Thus, central ignition, as defined above, is 
evidently easier to obtain than global ignition if n(0) > <n>, T;(Q) > <T.>, 
and T E ( 0 ) > ig, the last relationship between central and global energy 
confinement times having been observed in recent experiments of TFTR and JET 
[9,10]. 

Of course, such central ignition will not necessarily lead to a globally 
self-sustaining plasma burn, since the region outside r = r> is not specified 
by Eq. (1), and may well cool without auxiliary heating, thus leading 
eventually to increased losses through rj, and to loss of central ignition. 
However, Eq. (1) does imply that at the least inside r = i-- fusion reactor
like conditions are obtained, which is of interest for alpha confinement and 
heating physics. It also implies the possibility that rapid self-heating of 
this central region may result in a propagating radial "burn" which can 
globally ignite the plasma even without any additional heating (see below). 

Mors specifically, if we assume profiles of the form: 

n(r) * n(0) {l - (r/a)2] , 

T.(r) = T.(0) [l - (r/a) 2] Y , (2) 

then the local alpha energy production rate in a thermonuclear plasma (502 D, 
50ZT) for Tj_ = 10 keV is given by: 

2 2 
P (r) = 0.16 [n(r)/1014 cm"3] [T.(T)/10 keV] [watts/cm3] 
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2 2 , , 2<Y*5) 
or P (r) - n V - P (0) 1 - (r/a)^ , (3) 

a a * * 
therefore, P„(r) is naturally very peaked and clearly the influence of local 
alpha production increases with y+<5. Since for I 5 2 MA in TFTR we can assume 
(at least to a first approximation) that the alpha orbits are confined 
sufficiently well so that the alpha heating profile is similar to the alpha 
creation profile [11], we can calculate the central peaking factor for alpha 
heating, Pa(0)/<Pa> = 2(y + 5) + 1, where < P a

> is the volume-averaged alpha 
heating power, and also the fraction of the alpha heating within r/a = 0.33. 
This is done in Table I for various y + S. The table shows that even for 
modestly peaked profiles, y + S = 4, the central alpha heating is about ten 
times the volume-averaged alpha heating, and that about 65% of the total 
alpha heating occurs within r/a = 0.33. Thus, one would expect that central 
ignition might he obtained under conditions far from global ignition, i.e., at 
low Q. 

B. Estimate of Q 
The conventional figure of merit for TFTR is "Q," the ratio of the total 

fusion power P[us (alphas plus neutrons) divided by the total external input 
power P e x C (principally from the neutral beams). An approximate Q value for a 
central ignition scenario using the profiles of Eq. (2) can be obtained by 
assuming P e x t = 3<n><T>/rE in steady state (i.e., <P a> « P e x t ) , P £ u s = 5 
< P a > » ^ o * = Pa(.0)/[2ly+S) + 1], and P o(0) = 3n(0) T ( 0 ) / T E ( G ) (i.e., central 
ignition): 

_ 5 It + S + X] _ T_E_ ... 
g " [2( Y + «> + II T E<0) * W 

Thus for peaked profiles (y + fi) » 1 and for fgCO) » T E , the global Q 
values at central ignition can be considerably smaller than the Q » 5 for the 
onset of global ignition for flat profiles (y + 6 = 0). For example, if (y + 
i) - 4 and Tg(0)/Tg = 2.8, then Q = 1 at central ignition, at least at this 
level of approximation. 

C. Beta 
The central ignition condition (1) can be written in a slightly more 

general form using Pa(0> from Eq. (3) and Pi o s s(0) = 3n(0)T(0>/tE(0), assuming 
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T = T £ = T e, as! 

n(0) T.(0) T„(0) 2 3 x 1 0 1 8 cm" 3eV sec. (5) 
L b 

Thus, the central energy confinement time determines the central S(0) 
requirement for central ignition: 

For example, with the central ignition parameters of Eq. (1) for B T(0) - 50 
kC, 8(0) = 15X. 

The volume-averaged <S> is related to central 6(0) for the profiles of 
Eq. (2) by: 

<B> - . «<•» . . (7) 
1 + Y + 5 

Thus, che volume-averaged beta for the typical central ignition parameters of 
Eq.(l) can be a reasonably small, e.g., <8> = 3Z if Y + 5 = A. 

D. Central ignition parameter 
Generalizing slightly the central ignition condition for the case when 

P (0) > pi 0 S 3t°)» w e define the central ignition parameter M- (0) = 
Pa(0)/Pi (0) where again we indicate the central region inside r-
schematically by "(0)"; hence, using Eq. (3) for P a(0)* 

iu cm 
For Mj (0) = 1, the central region is marginally ignited, while for M- (0) > 1 
the central region should self-heat and ihermally run away (if T|j(0) i s 

constant in time) since P - T ^ O ) . Note also that for the profiles of Eq. 
(2), the relation between M; (0) and the global ignition margin <M- > = 
V Ploss < i n s i d e rig " a> i 3 ! 

ig l y * S T E g 
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Thus, the central ignition margin is larger than the global ignition by about 
a factor of two if T E{G) * Tg and y * 5 » 1. 

E. Central thermal runaway 
Assuming for the moment that the central region inside r̂  is isolated 

from the exterior plasma region, we can write the central power balance as: 

-fj [3n{0)T(0)l = Pa(0) - 3 n i 0

x

} } § } • (10) 
E 

Assuming n(0) and T E(0) are independent of time and Pa(0) is given by Eq. (3), 
this equation can be rewritten as: 

dt T E(0) l igv J 

If ti\^lt (0) and T i n l t{0) are the central ignition margin and central 
temperature at some initial time, then the initial rate of thermal runaway for 
the central region is approximately: 

T i n i t(0) 
dt T_(0) l lg ' 

Therefore, if the central region remains isolated from the externaL region, 
its central temperature runs away on the time scale T r u n(0) * T E(0)/(M^" I C (0) 
- 1], e.g., T r u n(C) - T E ( 0 ) for MJ n i t(0) = 2. 

F. Transition to global ignition 
The rate of energy loss from the central region inside the r- to the 

exterior region outside r- is (assuming dominantly conductive losses): 

Q ) (0) = M°£<°> V. , (13) 
xloss T E ' 0 ' l g 

where V- = (irr- K2nR) is the volume of the central ignition region. The 
rate of energy loss from the external region r > r̂ „ to the wall is 
approximately 
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where V is the total plasma volume (V » V£ ), and r E is the global energy-
confinement time. The central energy losses to the external region can equal 
the external region's losses to the wall when: 

n(0) T(0) TE . a 2 ,.,, 
^n>~ <T> TJoT 2 - k " ; 

Ig 
At this poind a "burning" central region can feed enough energy into an 
unburning external region to maintain the energy in the external region, 
assuming tp and tr(0) are constant in time. 

For the density and temperature profiles of Eq. (2), this is equivalent 
tos 

( 6 + i x Y + 1 ) = ( j _ ) _I= (i6) 
rig V y ' 

for such a balance. With & + Y = 4 and r;~/a = 0.33, this requires T E ( D ) a 

(1-2) x E. 

G. Radial burn propagation 
I^ ^loss^' > ^loss^' c h e e x t e r n a I - region will also heat if tg is 

constant in time, thus increasing the ignition radius r- . The possibility t£ 
a radial burn propagation, whereby r- - a due to heating of the unignited 
external region by the burning central ignition region, is evidently dependent 
on the details of the 1-D profiles and, so, cannot be evaluated in any 
simplified way. However, a straightforward test for such n radial burn can be 
done using a 1-0 versus time transport code, as described i.i Sec. IV.D: Once 
a central ignition region is formed, the external auxiliary heating pow«r can 
be turned off, and then either the external losses overcome tcie central 
thermal runaway and r^ decreases with time, or else the central thermal 
runaway overcomes the external losses and r- increases with time until r- -
a, and the plasma is globally ignited. 

Thus, the intuitive idea here is to create in the tokamak a situation 
analogous to the usual way one burns a piece of wood or gasolina; namely, 
first a small piece is ignited, then this place heats adjacent fuel to the 
ignition temperature, and then the burning region propagates spontaneously. 
Some evidence for behavior similar to this is seen in the 1-D BALDUR transport 
simulations in bee. IV. C. 
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III, TRANSPORT SIMULATION ASSUMPTIONS 
Two specific experimental scenarios far two types of auxiliary heating 

have been considered for 1-D versus time simulations f'ic TFTR, The first 
scenario assumes adi^batic compression of a 1500-kA, 70--cm-rac;iua TFTR plasma 
which has been heated with 27 MW of perpendicular neutral injection for either 
0.330 sec or 0.530 s.-"-.. The second scenario assumes 27 KW of perpendicular 
neutral beam heating of an uncompressed full-bore (S3 CP>), high current (220O 
kA) TFTR plasma for up to 2 sec. These „wc scenarios were designed to f.'.t the 
potential hardware capabilities of TFTR and are intended to reflect typical 
rather than optimized assumptions. 

The 8ALDUR transport code has been used for these simulation studies. 
BALDUR [12j is a multifluid one-dimensional transport code which solves 
coupled diffusion equations tor particle density, energy density, and poloidal 
magnetic field. It includes the nonlinear effects of ohmic heating (using 
neoclassical resistivity), neutral beam heating and fueling, adiabatic 
compression, sawtooth mixing, radiation and neutral losses due to charge 
exchange and recombination, and classics/, alpha particle confinement and 
heating. 

For both scenarios, the particle and energy ba ance equations ave! 

3n . 3n 
— - = - |- (r D _ 2 • rn V ) + S a = d,t (17) 
at r 3r l a 3r a a' a ' 
, 3n.T. dT. - 3n. 
2 at r It ' J AJ dr ' 2 l j j ar J J J J 

The transport coefficients D, V, and x are specified by assumed parametric 
forms, as described below, and the particle source function S is specified by 
standard neutral gas penetration and neutrii. beam penetration models. 
Note that pellet fueling is not explicitly included in the present 
modelling. The energy source functions ?• are specified by standard chmic, 
neutral beam, and adiabatic compression heating models. 

The ion heat conduction coefficient Xj i-a taken to be three times the 
neoclassical Chang-Hinton value. In most cases, this choice resulted in an 
ion contribution to the total power balance which was small compared to the 
anomalous x e assumed below. 

Most of the results ware obtained with one of two different models tor 
the electron heat conduction coefficient 
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X e<r) - xeC0) [ 1 + 4 Cr/a)2] , (19) 
or 

XBM = x* [ n 0 / n e ( r ) J , (20) 

where in the first case the central x e O ) w a s varied from 2 x 10 3 era /sec to 2 
x 10 cm /sec, and where in the second case the coefficient x e

 w a s varied from 
2 x ID 3 cm2/sec to 2 x 10 4 cm2/sec, with n 0 = 3 x 10 1 4 cm"3. The first choice 
(19) was motivated by early TFTR beam heating results which showed the 
anomalous xe(r) to be in increasing function of r[13], while the second choice 
(20) is similar to the INTOR scaling (but only partially consistent with 
results from neutral-beam-heated tokamak experiments [14]). Although chese 
two choices result in differing x e f )/xe(a) and, consequently, differing 
electron temperature profiles, particularly for the peaked density profile 
cases, the qualitative results with respect to central ignition are similar, 
as discussed in Sec. IV. 

We have chosen two ad hoc methods of parameterizing the density profile 
shape; unfortunately, neither of these corresponds to a physically realizable 
profile control scheme (such as pellet fueling). In particular, the 
maintenance of extremely peaked density profiles via cold neutral gas puffing 
(plus some beam-particle fueling) requires some unrealistic assumptions for D 
and/or V, since such peaked profiles are not normally observed without pellet 
injection. However, the intent here is to show that ^f such density profiles 
can be achieved (i.e., through pellets), then the possibility of ignition in 
TFTR is substantially improved. 

For the first transport particle model, which we will call the "pinch" 
model, che assumptions were: 

D(r) = [0.4 + 1.6(r/a)2l 10 3 cm2/sec , (21) 
and 

V(r) = D<r>f-. [in (n* n i t)] , (22) 

where here D(r) = 1/5 x e ( a s evaluated at x (0) = 2 x 10 cm /sec) and V(r) 
is an anomalous inward pinch velocity designed to maintain an initially chosen 
density profile; i.3., if n 1 I U £ = n(0)[l - (r/a) 2] 5, then V/D is proportional 
to 5 and so an initially peaked profile with large S is supported by a large 
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inward pinch velocity. The initial condition here is a full-current ohmically 
heated plasma, and the particle source function S [Eq. (3)] is cold neutral 
gas puffing (i.e., edge fueling) plus beam-particle fueling. Typical values 
for V(a/2) = «D/ta/2) = 10 3 cm/sec for 6*1 and V(a/2) = 5 x 10 3 cm/sec for 5 = 
5. Thus, D is in the range of the observed D = 2 x 10 3 cn/sec for TFTR, but 
the V assumed here can be much higher than the observed V - 10 - 10 cm/sec 
in most tokamaks . 

The second particle transport model avoids the need to specify specific 
transport coefficients by arbitrarily "freezing" an initial density profile. 
This is done by assuming 

D = V = 0 , (23) 

and also no recycling at the limiter and no gas puffing. Of course, this 
"frozen" particle assumption is not meant to be realistic, but rather to check 
the results obtained with the first particle model, wherever possible. 

The simulations were run with an initial (i.e., ahmically heated) density 
profile of n(r) = n(0)(l - (r/a) J , where & varied fot different runs from 1 
to 2 to 5, while keeping the Initial line-averaged density the same for all 
6. For various 6, the ratio of central to line-averaged plasma density ranged 
from n(0)/n = 1.5 (for S = 1) to n(0)/n = 2.7 (for 6 = 5). These initial 
density profiles were maintained approximately constant versus time Chrough 
Che pinch assumptions [Eqs. (21) and (22)], or chrough the frozen particle 
assumption (Eq. (23)]. Beam fueling and sawtoothing modify these profiLes in 
some cases, as discussed in Sec. IV. 

The initial temperature profiles were chosen to be rather broad, i.e., 
T(r) = T(0) [1 - (r/a) 2] 4 / 3 for all S, with TjCO) = Te(0) = 1 keV. The 
subsequent temperature evolution was governed by the energy balance equation 
in the usual way through Eq. (4). The edge boundary conditions were chosen to 
be Te(a) = Tj/a) = 100 eV and n(a> = 2.5-5 x 10 1 2 cm - 3, i.e., n(r) = n(0) [1 -
(r/a) 2] 5 + n(a) where n(a)/n(0) = 10"2 (see also Sec. IV.E.6). Ue have 
assumed for simplicity Ze££ = 1 throughout, i.e., no impurity radiation was 
present in any of these runs. 

Sawtoothing in these simulations was handled by averaging n(r) and T(r) 
within an inversion- radius near q = 1 with an arbitrarily set periodicity 
(typically 30 msec). The inversion radius is found from the Kadomtsev 
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poloidal flux function. It was found that if q(a) was too low, e.g., q(a) 3 
2.5, the sawtoothi^g significantly reduced the density peaking effect 
otherwise built into this model; therefore, in all of the simulations, we 
chose q(a) ~ 3,0 with consequently minor sawtoothing effects on the alpha 
particle heating profile (Sec. IV.E.3). 

Alpha confinement was calculated from the neoclassical orbit model, which 
predicts excellent central alpha confinement for the conditions used in these 
simulations, i.e., I(MA) x (R/a) = 6.7. Alpha heating was modelled using the 
simplifying assumption that the alphas thermalize classically on the flux 
surface of their birth; this was checked to be negligibly different from 
results obtained using the more elaborate finite gyroradius options in 
BALDUR[11]. 

IV. TRANSPORT SIMULATION RESULTS 
The main variable for these simulations was the density profile shape 

parameter 5, where n(r) = n(0) [1 - (r/a) ] . The main outputs from these 
simulations were the alpha heating profiles P (r,t), the ion temperature 
profiles 1^v,t), and the radial power balance results which determine whether 
central ignition has been obtained. In general, these results show that 
increasingly peaked n(r) profiles produce increased central alpha heating, 
increased central ignition margins, and an increased likelihood of spontaneous 
propagation toward a self-sustaining global plasma burn. In parts IV.A and 
IV.B, the relative effects of density profile shape on central ignition are 
described for the two basic plasma scenarios; in part IV.C, some "frozen" 
particle model results are compared to the "pinch" model results of Sec. IV.A 
and IV.B; in part IV.D, the time dependences of central ignition and radial 
burn are described, in part IV.E is a discussion of the sensitivity of these 
results to input modelling choices, and part IV.F describes how more realistic 
modelling of central ignition in TFTR can be approached. 

A. Compression scenarios 
In Table II-A are listed the basic machine parameters used for the 

compression scenarios of central ignition. In all cases, an initial ohmically 
heated plasma with R = 279 cm, a = 70 cm, I = 1500 kA, n e = 1.2 x 10"l4cm~3, 
502D/50ZT, and T^CO) = T e(0) = 1 keV is first run for 0.1 sec, then heated by 
perpendicular neutral beam injection [21.6- MW at 120 keV, 4 MW at 60 keV, 1.4 
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MW at 40 keV] for either 0.3 or 0,5 sec, and then adiabatic&ily compressed by 
a factor C = 1.24 over the next 30 ins. The beams are turned off immediately 
after compression in order to look for the development of global ignition over 
the next =0.5 sec. 

Some typical results for this compression scenario with the first of the 
two x e models [Eq. (19)] are shown in Figs. 1-3. In Fig. 1 are the density, 
ion temperature, alpha power, and neutral beam power profiles for the three 
density profile shapes 5 = 1, 2, and 5, all for X e(0) = 2 x 10 3 cm2/sec (and 
otherwise identical assumptions). In Fig. 2 are the time dependences of the 
central values n(0), T(0), and the volume-averaged <S> for these same cases, 
while in Fig. 3 are examples of T(0) versus time for three different xe(0) 
assumptions for 6 = 5 only. Note that the neutral beam is on from 0.1 to 0.43 
seconds and compression is on from 0.40 to 0,43 sec for ail these casts, and 
also that the "pinch" particle model assumptions are used for all runs in this 
section. 

A typical result as illustrated in Fig. 1 is that Che most peaked 5 = 5 
case shows global ignition, i.e., T.(0) increases after beam turnoff, whereas 
the least peaked & = 1 case fails to globally ignite, i.e., 1^(0) falls 
rapidly after beam turnoff. The intermediate 5 = 2 case is marginally 
globally ignited, wi"-.h T;(0) after beam turnoff increasing between sawtooth 
"crashes," but decreasing slowly over - 1 sec. These differences are 
essentially due to the increased central alpha heating power at the higher 
n(0) for the peaked n(r) cases, e.g., PQ(0) = 0.46, 0.93, and 3.3 watts/cm3 

just after compression for 5 = 1, 2, and 5, respectively, compared with Pi-eam 
< 2 watts/cm , a trend which is at lease qualitatively consistent with the 
n(0) dependence of the simplified estimates described in Sec. II. 

The other general characteristic of these results is the sensitivity to 
the magnitude of x e(0), as illustrs'.ed in Fig. 3 for the 5 = 5 cases. 
Evidently, there is a maximum xe(0) which allows global ignition for a given 
density profile, a trend which is also qualitatively consistent with Che Tg 
requirement for ignition as discussed in the simplified estimates. 

These two influences of S and x e C ) r , n the simulation results are shown 
more explicitly in Tables III and IV. In Table III-A are the central ignition 
margins M- (a/3) just after compression for these three 5 and three x (0) 

*•& e 

choices, and in Table IV-A are the corresponding central ignition rates 
dT£(0)/dt for cases which were at or close to global ignition, as measured 
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during the interval 0.1 za 0.4 sec after neutral beam turnoff (the beam power 
is negligible 0.1 sec after beam turnoff). Note that the central ignition 
margin here is defined as P a(a/3)/P l Q S S(a/3) as evaluated between sawtooth 
"crashes" (the sawteeth are relatively small, with a radius of <a/3 in these 
simulations). 

Tpble III-A shows the general trend for the central ignition margin to 
increase with Che density profile peaking factor <S at fixed x e(0); f° r 

example, with xe<0) = 6 x 10 3 cm2/sec, M i g(a/3) = 0.13, 0.34, and 2.8 for 6 = 
1,2, and 5, respectively. Table IV-A shows that the cases with M. (a/3) > 1 
were also those cases at (or close to) global ignition, and also that the rate 
of global ignition dTr(Q)/dt increases with the magnitude of M- (a/3). 

Results analogous to those just described, but for the second x e( r) model 
[Eq. (20)] are shown in figs. 4-5, here for x= = 2 x 1° cnr/sec. The main 
difference between these two sets of results is in the shapes of the 
calculated T (r) profiles, which are sensitive to xe(0)/xe(a) and so are more 
peaked for the second x e model, particularly for 5 > 1. This is illustrated 
in fig. 6, which shows the T (r) profiles just after compression for the 6 = 
2, xe(0) = X e

 = 2 x 10 cm /sec cases. The second x e model has a more peaked 
T (r) profile, corresponding to x e(°)/x e( a) = 50, compared to the relatively 
flat electron temperature profile resulting from the firs,. x e model. 

Otherwise, the relative dependences of M- (a/3) and dT£(0)/dt on 5 and x e 

are similar to those for the first x e model, as seen in Tables III-B and IV-
B. For example, for x\ = 1 * 10 3 cm2/sec, M. (a/3) = 0.47, 0.96, and 1.9 for 
& = 1,2, and 5, respectively. The most peaked case S ? 5 globally ignited 
while the less peaked cases did not. Mote that since for the second model the 
X e averaged over radius is typically higher for xe(0) = X e, the neutral beams 
were kept on for 0.53 sec for the second model instead of the 0.33 ~<ec for the 
first x e model. 

In summary, these compression scenario results are generally consistent 
with the simplified arguments of Sec. II, which predicted improved central and 
global ignition prospects with peaked density profiles. A more quantitative 
comparison of these simulation results with the simplified estimates is made 
in the discussion of Sec. V.A. 

B. Full-bore scenarios 
In Table II-B are listed the basic machine parameters used for these 
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full-bore scenarios of TFTfi. In all cases, an initially ohmically heated 
plasma with tt = 255 cm, a = 83 cm, I = 2200 kA, n e = 0.5 * 10 1 4 cm"3, 
50ZD/502T and T-(0) * Tfi(0) = 1 keV is first run for 0.1 sec, and then heated 
by 27 MW of perpendicular neutral beam injection (21.6 MW at 120 keV, 4 HW at 
60 keV, 14 MM at 40 keV). For the standard cases, the beams are turned off at 
2 sec in order to look for development of global ignition over the next 0.5 
sec; runs with shorter beam pulses are discussed in Sec. IV.D. 

In general, these full-bore runs ignited more easily than compression 
runs at the same & and x e(r). This improvement is mainly due to the larger 
plasma radius (xe is assumed to be independent of the normalized radius, hence 
T E - a 2 ) , and to the increased beam pulse length (note dT^(0)/dt > 0 at the 
end of the beam pulse in the compression cases). The other main difference 
between the full-bore and compression runs is the increased importance of 
beam-particle fueling for the full-bore cases, due simply to the longer beam 
pulse. Note also that as for Sec. IV.A all runs in this section assumed the 
"pinch" particle model. 

In Figs. 7-9 are some typical results for the full-bore scenario with the 
first of the two x e models [Eq. (19)], here "ith xsW = 2 < 10 4 cm2/sec. The 
cases with S = 1 and & = 2 both showed a decrease in Tj(0) after 0.7 sec; 
however, the & = 5 case shows an increase in T^(0) until 2 sec, at which point 
the plasma globally ignites after beam turnoff. The decreases in T^(0) for 
6=1 and 2 are due to the increasing n(0) versus time (mainly from beam 
fueling), while the increasing T£(0) for 5 = 5 is due to the onset of 
significant alpha heating, i.e., P„(0) = 0.23. 0.50, and 1.6 watts/cm for 5 = 
1,2, and 5, respectively, at t = 0.65 sec, compared with ph e a n l(0) " ^.5 
watts/cm3 at this time. As was the case for the compression scenarios, the 
trend for increased central alpha heating for more peaked density profiles is 
at least qualitatively consistent with the simplified estimates in Sec. II. 

The dependence of these results on the magnitude of x ef0) i 3 illustrated 
in Fig. 9. As was the case for the compression runs shown in Fig. 5, there is 
evidently a maximum xet0) which allows global ignition for a given density 
profile; for these examples with fi=2, a plasma with x e O ) 5 6* 10 cm /sec is 
marginally globally ignited. 

The dependence of K^e(a/3) and central ignition rates on i and x e O ) are 
shown for these full-bore runs in Tables V-A and VI-A. The relative trends 
are similar to those seen for the compression runs in Tables III-A and IV-A; 
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namely, peaked density profiles result in increased central ignition margins 
for a given x e(r), and the Mj_(a/3) > 1 cases are those at or close to global 
ignition with dT^Oj/dt > 0 after beam turnoff. Note that all the results in 
Tables V and VI are evaluated at the fixed beam turnoff time of 2 sec; 
however, in some cases the plasma was actually ignited well before this time, 
as discussed in Sec. IV.D. 

Results analogous to those just described but for Che second x e(r) model 
are shown in Figs. 10 and 11, here for xe* = 2 x 10 3 cm2/sec. In these 
examples with very low central xe» both the 4 = 2 and 5 = 5 cases globally 
ignite after 2 sec while the 6 = 1 case does not. Note that although the 
exact location of the central ignition boundary M: (0) = 1 in 5 vs. \ space 
for the second x e model in Table V-B is different from that for the first x e 

model in Table V-A, the relative results are similar in that the central 
ignition margin for a fixed x e increases with 6 (and for a fixed 5 decreases 
with x )• just as it did in all previous cases. Also, note that Che boundary 
between globally ignited and nonignited cases as shown in Table VI-B also 
follows Che trend observed previously that global ignition correlates 
approximately with M- (a/3) = 1. 

In summary, the results described so far have shown that peaked density 
profiles increase Che cencral ignition margins, and that for the most peaked 
profiles central ignition with M- (a/3) > 1 can be obtainei at central \A0) = 
2 x 10 J - 2 x 10 cm , the exact value depending on the particular x e and 
heating model assumed. More details concerning the sensitivity of these 
results to the particular modelling choices are given in Sec. IV.D, and a 
discussion of the extent to which these scenarios are realistic for TFTR is 
given in Sec. IV.F and also in Sec. V.B 

C. Frozen particle model 
Several runs were made which were identical to those discussed in the IV-

A and B except that the "frozen" particle model was used [Eq. (23)] instead of 
tlie "pinch" model [Eq. (21-22)]. The results of these two models were 
approximately the same for those cases in which they both succeeded in 
maintaining the initially peaked n(r) profile, 

for example, typical results for the compression scenario showed that for 
Xe(0) = 2 x 10 3 cm2/sec [with the first x e model] the pinch (frozen) model 
resulted in cencral ion temperatures at beam turnoff of Tj(0) = 10.5 (11.8) 
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keV for 6=5, T^O) = 9.2 (10.0) keV for 4*2, and T^O) = 7.9 (8.2) keV for 
S=l. For 6=5 both pinch and frozen model cases ignited after beam turnoff, 
while for 5=1 both pinch and frozen model cases failed to ignite. For 5=2, 
however, the pinch model case marginally failed to ignite globally, with 
dT-(0)/dt = -1.7 l-.eV/sec after beam turnoff, while the frozen model case was 
marginally globally ignited with. dT^(0)/dt = +2.3 keV/sec. This difference is 
due to the sum of several small effects, the main one for r < 0.5 a being an 
approximately 2 MW reduction in heat conduction losses in the frozen case due 
to a slightly flatter temperature profile. 

Several full-bore scenarios were also run using the frozen particle 
model. A typical result w ith xe(0) = 6 x 10 3 cm2/ sec [first x P model] and 5=5 
showed Chat both models ignited after beam turnoff at 2 sec, but the pinch 
model ignited considerably faster than the frozen model. This difference was 
due Co the predominance of beam-particle fueling for these long beam pulse 
length scenarios, for which the pinch model successfully maintained the 
initially peaked n(r) profile despite off-axis beam fueling, while the frozen 
particle model did not. The broadening of Che n(r) profile in the latter case 
caused the frozen model simulations to ignite less rapidly, consistent with 
the general results of the previous section that broadened n(r) profiles 
reduce ignition margins. 

We conclude that the pinch model is more suitable for maintaining an 
initially peaked density profile than the frozen particle model, but that both 
models give similar results in cases where they both succeed in maintaining 
the desired n(r) profile. Of course, a more realistic model would include 
explicit pellet fueling with appropriate D and V terms (see Sec. IV.F). 

D. Time development of central ignition and radial "burn" 
The results described so far have concentrated on the relative effects of 

density profile shape and Che magnitude of y on Che eventual development of 
central and/or global ignition. In this section, the time development of 
central alpha heating, central ignition, and the "burn" toward global ignition 
are described in more detail for a few typical cases. 

Figure 12(a) shows the central energy balance versus time for a 
compression case with 5 = 5 and xe(0) = 6 x 103'cm2/sec. The dominant central 
energy term (i.e., within r/a £ 0.33 a) before compression is neutral beam 
heating, such that Q0/Qbeam "• °' 2 a t a b o u t u * 4 s e c ( h e r e Q refers to the 
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voluma-integrated power). However, a£ter compression the central ion 
temperature and density have risen considerably, so that by a 0.45 sec the 
alpha heating power exceeds that total energy loss Q i o s s at r/a = 0.33, and so 
the plasma is centrally ignited. The subsequent time evolution shows the 
central Q increasing approximately linearLy due to thermal runaway (note that 
^beam a " after 0.5 sec), but with Q ^ o s s also increasing approximately 
linearly versus time. This increased loss rate is due to changes in dT/dr at 
r/a = 0.33 which lead to increasing electron heat conduction losses Q e c c n d 

,cond = * "̂̂  "" D e t M e e n 0"5 an<i 1 sec) and ion heat conduction loss 
(aQ^ c { j n d = + 1.7 MW between 0.5 and 1 sec). Thus, the cencral thermal 
runaway, which was begun by central ignition, leads to more centrally peaked 
temperature profiles (see Figs, lb and 7b) and so to increased central 
conduction losses, a process which self-consistently slows down (but does not 
stop) the process of central thermal runaway. 

Another example of this process in shown in Fig. 12(b), which is a full-
bore case with 5 = 5 and x e(0)= 2 x 10 cm2/sec. Here the central alpha 
heating Q increases gradually in time until central ignitiea with Q = 
Q T O S S occurs within r- = 0.33 a at s 1.2 sec. Subsequently, Q increases 
rapidly versus time but so does Q i 0 S S f again due mainly to the increased heat 
conduction losses caused by increasingly centrally peaked temperature profiles 
[see Fig. 7(b)]. Thus, the central thermal runaway rate is apparently 
restrained by increased losses from the center to the exterior region outside 
r. , a process which naturally tends to reduce the central ignition margin 
Mj„(0) and to increase the global ignition margin <M^ >. 

In Fig. 13(a) and (b) are plots showing the ignition margins K^„(0) and 
<M- > versus time for these two cases, again evaluated for r = 0.33 a. For 
the compression case in Fig. 13(a) the central ignition margin increases to 
M- (0) * 3 just after compression, indicating that central alpha heating has 
increased significantly before temperature profile changes increased Q i o s s i 
however, between 0.45 and 0.6 sec Mj_(Q) decreased to = 1.5 due to these 
losses. On the other hand, the global ignition margin increases after 
compression, mainly due to heating by these same central losses, such that 
<Hj > 1 C.4 at 0.4 sec but <M± > = 1.5 at t = 0.7 sec. Subsequent evolution 
shows <M£-> > Mj_(0), at which time global ignition is established. 

Another example of this comparison of the time evolution of central and 
global ignition is shown in Fig. 13(b), which plots Mĵ  (0) and <Mj> for the 
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full-bore case in Fig. 12(b). Here M- (0) inside r = 0.33 a increases slowly 
in time until central ignition occurs at tt 1.2 sec, at which time <H- > a 
0.6. Subsequently, the increase in M- (0) is restrained by increased central 
losses, which contribute to increased <H^g >, such that global ignition <bf̂  > = 
1 is obtained at S 1.75 sec. 

In comparison with these particular 6=5 compression cases, in Fig. 13(c) 
and 13(d) are shown simulations exactly the same as 13(a) and 13(b) but with a 
less centrally peaked density profile, i.e., 5 = 2 . Neither of these cases 
showed central ignition within r = 0.33a, and neither globally ignited. At 
the other extreme, a strongly ignited full-bore case (for the Lowest X e(0) 
with 5 = 5) is shown in Fig. 13(e); again, the central ignition margin M- (0) 
is followed closely in time by the global ignition margin <M^ >. Therefore, 
taken together the results of Figs. 12 and 13 suggest that central ignition 
leads to global ignition if the central ignition radius is in the range r- = 
0.33a for these cases. 

Note further that the choice of radius r=0.33 a for evaluating M£fi(0) was 
arbitrary and, in fact, r- develops in time as shown in Fig. 14. In 14(a) 
are shown r£„ versus time (inside of which M£„(r^g) = 1) for several cases 
which eventually globally ignited, including the two discussed in Figs. 12(a) 
and (b). In each case r:_ is seen to increase gradually from rr_ a 0 to r; * 
a in the time scale * 1 sec. Thus, the transition from central ignition to 
global ignition proceeds in two ways: the central ignition margin within a 
fixed radius increases in time [Fig. 13(a),(b)], but also the radius within 
which Mj_(rj_) » 1 increases in time until r- = a at global ignition, i.e., 
<M- > = 1 (Fig. 14a). This latter process is qualitatively similar to tli3 
radially propagating burn as discussed in Sec. II, since the "burning" region 
inside r- is defined by the net alpha heating condition M- (r- ) > 1. 

Note incidentally that the rate of increase of r- is correlated with 
increased density profile peakedness 6; for example, for the full-bore cases 
with 6 = 5 and x~(0) = 2 x 10^ cm2/sec, r:„ increases from r.-. = 0.33 a to r-„ 

B lg lg lg 
= a in 0.8 sec, whereas for the 5 = 2 case r- increases from r- = 0.33 a co 

ig ig 
only r> s 0.7 a in 0.8 sec. Also, the rate of increase in r̂  is correlated 
with decreased x (0), as can be seen by comparing the 5 = 2 cases in this 
figure with xe(0) = 6 x 10 3 cnr/sec and 2 x 10^ cnr/sec. 

Also shown in Fig. 14(b) are cases which had only transient regions of 
central ignition but which did not evolve into global ignition. This occurs 
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if 5 is too small for a given xsW, or if x e i-s too large for a given S. 
Note that the case with very slowly decreasing r̂  (& = 2, xe(0) = 2 x 10 
cm /sec, with compression) was the sub-marginally ignited case described in 
Sec. IV-A, which was marginally centrally ignited between sawtooth crashes. 

In order to see more clearly the time development of this type of radial 
burn, several full-bore ii=5 simulations were run in which the duration of the 
usual 1.9-sec long neutral beam pulse was gradually reduced to the point where 
global ignition was not obtained. With such shorter beam pulse durations the 
time development of central ignition and the radial burn can be seen without 
the complication of simultaneous neutral beam heating. Some results from 
these runs are shown in Fig. 15 for the case xAQ) = 2 x 10 cm /sec which was 
discussed previously in Figs. 12(b) and 13(b). 

Figure 15 shows that for this case global ignition with dT-(0)/dt > 0 
after beam turnoff is obtained for a beam turnoff time of i 1.3 sec, but not 
for < 1.15 sec. The time development of the ignition radius for these cases 
is shown in Pig. 16(a). Mote that at 1.3 sec r£„ = 0.4 a, which is consistent 
with the suggestion from Figs. 12 and 13 that r- = 0.4 a is sufficient for 
the development of global ignition with thi" x e model. The spontaneous radial 
burn from r- = 0.4 a to r- = a can be seen to occur within ? 0.5 sec after 
beam turnoff at 1.3 sec. 

Another example of this radial burn process is shown in Fig. 16(b), where 
X e = 2 x ID cm /sec is used with the second xe(r) - l/n(r) model instead of 
the fixed xe(r) model used for the examples above. In this case the central 
ignition radius required for a radial burn is slightly larger than that for 
the first xQ(r) model, i.e., a central ignition radius of r. = 0.45 a is e lg 
obtained without the eventual development of global ignition. This is 
evidently due to the relatively larger loss rates in the exterior plasma 
regions implicit in the second x e model, given these peaked n(r) profiles. 

In summary, these examples of the time development of central ignition 
have shown that central ignition can develop into global ignition when the 
central ignition radius is large enough that the central thermal energy losses 
can sufficiently "feed" the nonignited region exterior to r;B to allow r- to 
propagate radially. This process was seen to occur either during or after 
neutral beam heating. The latter case, in which central ignition 
spontaneously propagates in a radial burn without auxiliary heating, 
represents a minimal route to global ignition, as discussed in Sec. V.B. 
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E. Sensitivity co modelling choices 
There.are many choices possible for each of the parameters involved with 

heating, fueling, and transport in a plasma simulation. In this section the 
typical sensitivity of these results to a few of these choices are 
illustrated. Note that for most of these sensitivity checks the first of the 
X e models was chosen [Eq.(19)j. 

1. Beam pulse length 
The relatively short bean pulse length of 0.33 sec for the first set of 

compression runs [Figs. 1-3] was chosen originally for comparison with 
previous Q=l modelling of TFTR. However, since dT^(0)/dt is still increasing 
after 0.33 sec of beams in these simulations (Fig. 1), it is clear that longer 
beam pulses would further increase the likelihood of central ignition. 

Several compression simulations were run with a. longer beam pulse length 
of 0.53 sec instead of the .33 sec used previously for the cases shown in 
Figs. 1-3 [6=2, xe(0) = 2 x 10 3 cm2/sec]. The result was that the 0.53 sec 
beam cases had higher T;(0) just before compression, e.g., for the 6=2 case 
Tj(0)=9.4 keV instead of 6.4 keV, and so these longer beam cases naturally 
ignited more readily. Also, the globally unignited 6=2 case with 0.33 sec 
beams globally ignited with 0.53 sec beams, and the 6=5, xe(0)=2xl0 cm /sec 
case, which was not even centrally ignited with 0.33 sec beams (see Table III-
A), was close to global ignition with M^ (a/3) = 1 with 0.53 sec beams. Note 
that even after 0.53 sec of beams T-(0) was still rising; thus the results of 
Sec. IV.A for the compression cases significantly underestimate the central 
ignition margins possible with long-pulse beams in TFTR. 

The 2-sec-long beam pulse used for most of the full-bore runs was chosen 
to fit the maximum hardware capability of TFTR. However, in many cases, 
global ignition could be reached with shorter beam pulses; for example, Fig. 
15 showed that for 6=5 and \A0) = 2 x 10^ cmz/sec a 1.3-sec beam pulse is 
sufficient for central ignition to develop into global ignition. Furthermore, 
even shorter beam pulses are enough to obtain significant alpha heating within 
r = 0.33 a, e.g., for this same case, P a = 11 MW and Mj (0) = 0.75 for a 1-sec 
beam turnoff and P a = 6 MW and M- (a/3) = 0.5 for a 0.7-sec beam turnoff. 

The short beam pulse cases also show most clearly the minimum 
requirements for central ignition and radial burn. Some of these cases are 
discussed in more detail in Sec. IV.F. 
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2. D/T species mix 
The initial 50ZD/502T gas fill used for these simulations is not optimal 

when significant deuterium beam fueling occurs, as is the case for all of the 
2-sec-long full-bore cases, despite the fact that the code automatically 
adjusts the gas puffing mix to try to maintain the initial plasma D/T mix. 
For example, an initial species mix of 502D/50%T becomes 79ZD/212T after 2 sec 
of beams for the (5=5, x e C ) = 2 * 10* cm /sec case discussed in Sec. IV.B. 

Additional simulations were therefore made using this same case, but with 
an initial fill mix of 25XD/75XT or 12D/99XT in order to optimize the 
thermonuclear reaction rate. The resulting central ion temperatures were 
higher for the higher tritium fill percentages; i.e., at 2 sec, T-(0) = 18.3 
kev, 19.S keV, and 20.4 keV for 502, 752, and 992 initial tritium fill, 
respectively (all at approximately the same central density of 6.5 * 10 
cm ). Incidentally, with 100% D and zero alpha heating power, the 
corresponding ion temperature was T-(0) = 8.5 keV at 2 sec. 

Of course, the optimal tritium fill will ultimately depend upon the 
actual particle confinement physics, which is not realistically modelled in 
these simulations. However, these results do show that the ignition margins 
for the full-bore cases of Sec. IV.B. are underestimated somewhat due to 
nonoptimal D/T mixes. 

3. Sawtoothing 
In choosing the baseline simulation parameters an attempt was made to 

keep the sawtoothing radius as small as possible by minimizing the plasma 
current for a given B T, consistent with the usual requirement for classical 
alpha confinement, I{MA) x R/a S 6, with the result that q(a) = 3 for all 
cases described so far. The sawfothing radius was then determined from the 
initial temperature and current profiles (note that these simulations were all 
started at full current), and from the self-consistent time evolution cf the 
electron temperature profile and associated neoclassical resistivity. In most 
cases, the resulting sawtoothing radius in the simulations was either very 
small or even nonexistent, with typically q = 1 at r < 0.17 a, so than the 
resulting sawtoothing effects were negligible. For example, in the 
compression case with xe(0) = 2 x 10J cnr/sec and 6=5 for which the 
sawtoothing can be seen to flatten out the alpha heating profile to 
approximately r/a=0.25 [Fig. 1(c)], a simulation without sawtoothing had a 
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time-averaged ^(0=9.9 keV instead o£ the Ti(0>=9-8 keV for the siwtoothing 
case. 

However, it is by no means clear that the actual sawtoothing in full-beam 
power TFTR discharges will be at such a benign level, since unusually large 
sawteeth already have been observed after compression, and since the effect of 
alpha heating itself on sawtoothing remains to be seen. If large sawtooth 
mixing regions do exist, they will directly affect n(0), T(0), and Tg(0) and 
so potentially could strongly inhibit the course of central ignition,. 

4. Xj[ mult ipl ier 
The effect of ion neoclassical heat conduction on these scenarios \s 

generally small, even w\th the standard multiplying factor of 3 used in all 
cases (see Sec. II). One run was made with a multiplier of 1 (full-bore, 
Xe(0) = 2 x 10*, a=5, pinch), witn <-he result that the pean ion temperature at 
2 sec increased from <Ti> = 18.6 keV with 3 x x f C to <7^> =• 18.9 keV with 1 x 
Xi • Mote, however, that if X{ was chosen to h? anomalous according to the 
possibility that x; " Xet then the effect o£ x^ can be significant. For 
example, the same full-bore simulation was run with x^Cr) = Xe(r) = 2 x 10 
enr/sec {l+{r/a)2] (i.e., similar to the case shown in Fig. 7 except for the 
Xj model); this anomalous Xj case reached only T^(0) = 6 keV after 2 sec 
instead of the Tj^O) = 18.6 keV reached with the standard ion thermal 
conduction model (three times ion neoclassical). 

5. x 0 radial profile 
The shape of the assumed X e(f) profile is important in that it determines 

the shape of the temperature profiles and also U.e ratio of the central to 
global energy confinement times which, as noted in Sec. II, is important in 
determining the ratio of central to global ignition margins. However, for the 
two forms of x«(r) used in Sees. IV.A and IV.B, the results with respect to 
central ignition were qualitatively similar, in that the central ignition 
margins increased with peaked density profiles and for smaller \,. 

To see more clearly hnw the shape of X e( r) affected these results, a set 
of full-bore, 8=5 simulations was made varying only the shape of the x (r) 
profile with fixed X e(0), i.e., xe(r) = 2 x 10* cm2/sec [1 + X(r/a)2] where X 
= 0, 1.5, 4 (the standard choice for this model) and 9. The resulting central 
ion temperatures after 1.9 sec of beams were T^(0) = 32, 30, 18, and 6 keV for 
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these four cases, respectively,- The first three cases globally ignited after 
be«m turnoff, but the last case did not. Evidently, such changes in xe? even 
though they ?re mainly in the exterior region r S a/2, do affect the 
development of T^(0) and central ignition. This occurs through changes in 
dT /dr and Q_( r) caused by the changing exterior xe5 £°r example, in these 
cases Q e at r = 0.33 a at 600 msec varied from 5.7 MW for X = 0 to 6.6 MW for 
X « 1.5, 7.4 MW for X = 4, and 9.2 KW for V = 9. 

In order to optimize the possibility of central ignition at low values of 
Q and/or low values of the global ignition margin, one would like to maximise 
the central xg(0), i.e., minimize the central xe(0)» as described in Sec II. 
The extent to which these simulations do this is described in Sec. IV.F. 

6. Exterior density 
The magnitude of the exterior density r 5 a/2 affects the electron heat 

flow similarly to the exterior xe» since Q - nx £. Thus, one expects that for 
a given n{0), the exterior n(r) profile also affects central temperatures and 
central ignition. This is a significant area of sensitivity for these 
simulations, since î(r) profiles having quite low exterior density were 
implicit in the parameterization n(r) = n(0) [1 - Cr/a) ]* + n(a), where in 
the cases discussed so far n(a) = 2.5 (5) x 10 cm for the full-bore 
(compression) profiles. 

A set of simulations was run to see the effect of the choice of n(a) on a 
full-bore, fairly strongly ignited case with 6=5 and Xfi(0) = 6 x 10 
cm2/sec. In these cases the edge density could be increased to n(a) = 2 x 
10 cm without losing ignition; however, T-(0) does decrease from T.(0) = 
15.7 keV at 600 msec for n<a) = 2.5 x 10 1 2 cm"3 to Tj/0) = 11.1 keV for n(a) = 
1 x 10 1 3 cm"3 and to T £(0) = 7.6 keV for n(a) = 2 x 10 1 3 enf3, indicating a 
significant sensitivity to the exterior n(r) profile within the context of 
this model. However, in these cases the density profile as a whole also 
changes with n(a) through the inward pinch process, such that at n(0)/n = 2.5, 
2.2, and 1.9 at 600 msec for n(a) = 0.25, 1, and 2 x 10 1 3 cm"3, 
respectively. Thus this apparent n(a) sensitivity is associated in part to a 
broadening of the density profile as well as to a local increasing of the edge 
density. 
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F. Approaches to more realistic TFTR simulations 
The simulation results described here have had several unrealistic 

aspects! the assumed density profiles were maintained by an ad hoc pinch 
model, the assumed x e( r) profiles were specified independently of the time-
evolving plasma parameters, the constraints imposed by MHD stability were not 
explicitly applied (i.e., beta and density limits), and the impuricy radiation 
losses were absent. These simplifications are appropriate for preliminary 
explorations of the possibility of central ignition in TFTR, but eventually 
more realistic modelling choices need to be made. However, at present the 
appropriate pellet scenarios, scaling laws, operational limits, and impurity 
levels are not well known, so further more realistic modelling must be 
deferred. 

On the other hand, a rough assessment of the degree to which the present 
results are realistic for TFTR can come from a search for those cases which 
showed central ignition for the minimum required values of T_, n , <&>, and Q, 
the projected values of which are fairly well known. Several of these 
"optimized" cases are shown in Table VII. 

The first two cases "A" and "B" in Table VII are compression and full-
bore simulations using the first of the x e models [Eq. (19)1, the second two 
cases "C" and "D" are compression and full-bore simulations using the second 
X e model [Eq. (20)], and the last case "E" is a full-bore simulation using a 
modified form of the second x e scenario in which the shape of x e( r) is 
multiplied by (r/a) to increase the central energy confinement relative to the 
global energy confinement time. Note that these cases have varying beam 
durations of 0.5-1.2 sec and that for all but one of them the most peaked 5 = 
5 density profile was assumed. 

The central ignition margins for the first four cases were all M- (a/3) = 
1 at r/a = 0.33, indicating central ignition according to- the convention 
previously used for Tables III and V. These cases all have a relatively high 
global tg in the range 0.6-0.9 sec, which at present seems somewhat 
unrealistically large for high neutral beam power TFTR plasmas. However, note 
that the ratio of central to global energy confinement times for cases A-D are 
in the range Tg(a/3)/Tg = 1.0-1.1 for the first x e model and 1.1-1.6 for the 
second x e model, thus missing the potential advantages of relatively high 
central energy confinement time as discussed in Sec. II. The last case "E" 
with a modified x e profile resulted in a relatively low global energy 
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confinement time of Tr, = 0.46 sec for this case with M- (a/3) = 0.7 and 
b lg 

M i g(a/6) = 1. 
In general, the results shown in Table VII suggest that these central 

ignition scenarios are marginally realistic for TFTR in terms of the required 
confinement times, densities, betas, and Q'a. This is discussed somewhat more 
quantitatively in the next section. 

V. DISCUSSION 
In Sec. V.A is a comparison between the BALDUR simulation results 

presented in Sec. IV and the simplified estimates discussed in Sec. II, and in 
Sec. V.B is a brief discussion of the constraints which at present appear to 
impede the attainment of central ignition in TFTR. The last section (V.C.) is 
a summary. 

A. Comparison of simulation results with simplified estimates 
The simplified estimates of central ignition outlined in Sec. II argued 

that: Ci) central peaking of the density profile helps to create a central 
ignition region with M£„(0) > 1, (ii) with peaked profiles central ignition 
can be reached at relatively low global Q and beta, and (iii) such a central 
ignition region, once formed, can lead to a radially propagating burn and to 
global ignition. The BALDUR simulation results, which included more realistic 
plasma heating and loss physics as discussed in Sec. IV, have confirmed at 
least qualitatively these simple estimates: in Sec. IV.A and IV.B it was shown 
that the central ignition margin increases with peaked density profiles, all 
else being equal; in Table VII the Q and <B> values for some specific central 
ignition scenarios were shown to be reasonably small, and in Sec. IV.D the 
development of a radial burn was shown explicitly for some specific cases. 

To examine the first point more quantitatively, refer to Tables III and 
IV, which show the central ignition margins for simulations which differ only 
in the shapes of the density profiles (at constant line-averaged density). 
The improvements in Kj (a/3) are typically a factor of two for the variation 
from 6 = 1 to 6 = 2, and another factor of two from & = 2 to 6 = 5, at least 
for cases with M- (a/3) s 1. Also, the improvement with a density profile 
change of 5 » 1 to J » 5 allows central ignition at typically a factor of 
three higher x . In terms of the simplified estimates, one would expect that 
an increased n(0) due to peaked profiles would linearly increase the central 
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ignition margin, at least at fixed T^(0) and fixed T E ( 0 ) , and proportionally 
decrease the requirement for XgCO) at a fixed 1^(0); therefore the simulated 
increases in H- (0) are somewhat larger than expected, since n(0) increases by 
only a factor of two between 4 = 1 and S = 5. This discrepancy is most likely 
due to the increases in T-(0) near central ignition due to alpha heating, 
which were not accounted for in the simplified estimates. 

To further examine the central ignition requirements more quantitatively, 
refer to Table VII, which contains a list of simulation cases for which 
central ignition was obtained at "minimal" values of tg, Q, <6>. Note that 
the simulation parameters were evaluated at (or very shortly after) beam turn-
off, after which the simulated temperatures gradually fell with time, 
indicating submarginal global ignition, as shown for example in Fig. 17 for 
case (D). 

From Table VII, it can be seen that the central ignition margins for 
these cases were approximately M. (a/3) => 1, suggesting that the simplified 
estimate for the central ignition condition fEq. (5)] should be approximately 
satisfied. In fact, the simulated central figure of merit n(0)Tj(0)TE(a/2) 
ranges from 2.3 - 5.0 x 10 cm J eV sec for these cases, which is 
approximately equivalent to the simplified requirement n(0) T^O) T E ( 0 ) > 3 X 
10 1 8 cm - 3 eV sec from Eq. (5). 

With regard to the second point, the associated Q values as calculated at 
beam turnoff (normalized to the full-beam power) of Q = 1.5-3.8 agree roughly 
with the Q = 1.5-2.5 predicted from Eq. (4) for the t + & » 1 and T E < 0 ) = T E 

of these cases. Although no simulations with central ignition at Q < 1 were 
obtained, in principle this could be achieved if one were to allow a higher 
Tg, or a Tp(0) » Tg, i.e., through a X e( rJ profile which is even more hollow 
than that of case E. 

The <a> values obtained just after beam turnoff were <%> = 2.2-4.1Z with 
central 0(0) » 3-6 <8> = 9-17%. These are again roughly consistent with the 
expected 3(0) = 152 at T E ( Q ) = 1 sec and <S> = S(0)/(y+S+l) = 3% anticipated 
from the simplified arguments described by Eqs. (6) and (7) (note that the 
compression cases have lower S values in part due to the higher toroidal field 
for the compressed plasma). 

With regard to the third point, the time scales for central thermal 
runaway as estimated by Eqs. (10-12) can be seen for example in Fig. 15, where 
the temperature approximately doubles within one second after central ignition 
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has been reached (1.3-2.3 sec). Since the typical central ignition margin for 
this case is a 1.5 during this time (see Fig. 13(b)], and since che central 
energy confinement time for this case is typically a 1 sec (see Table VII), 
this result is approximately consistent with che simplified estimate of a 
central thermal runaway time of s 2 sec fvom Eq. (12). However, in generaL, 
the thermal runaway rate does not simply increase proportionally to [M- (a/3) 
-1], as implied by Eq. (10), but rather shows a balance whereby central 
thermal runaway "feeds" global energy losses more similarly to that expressed 
in Eqs. (14-16). For example, the centrally ignited case shown in Fig. 17 
and in Table VII(D) approximately satisfies this balance condition whereby 
central energy losses support global losses (i.e., Eq. (16) is approximately 
satisfied with 5 = 5, y a 1/2, (a/^ ) 2 = 10, and T E ( 0 ) / T E = 1). Therefore, 
although these simulation results show approximate agreement with the 
simplified estimates of these time scales in Sec. II, they are not really 
adequace for quanticative estimates of the detailed i-D versus time 
development of these scenarios, since they assumed a central region which is 
decoupled from the exterior region. 

In short, we conclude that the simplified arguments on central ignition 
in Sec. II are at least qualitatively and in many respects quantitatively 
consistent with the BALDUR simulation results. Some of these simplified 
arguments will be used in the next section to discuss the potential for 
realization of central ignition in TFTR. 

B. Realization in TFTR 
Since TFTR can confine alpha particles at I > 2 MA and chermalize them 

over * D,5 sec, there is no reason in principle why such central ignition 
scenarios cannot be realized in TFTR. However, the required plasma 
performance as outlined in Sec. II and exemplified in Table VII does stretch 
the existing empirical limits at several points, as outlined below. 

The most serious difficulty in obtaining central ignition is probably 
that associated with the high <B> and fl(0) required, typically <8> = 2-4% and 
3(0) = 10-15Z for these simulations. The empirical <8> limit for circular 
tokamaks like TFTR is presently estimated to be [15] <g> = 3.5 
I(MA)/(a(m)BT(T)) = l/[5A q(a)) (where A = R/a), which for TFTR is typically 
<B> * 2Z. The empirical B(0) limit is not so well documented; however, 8(0) = 
6.72 at <B> > 2Z have been obtained in Doublet III at ^(0/ » 5.5 keV [16]. 
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The requirement for high global <S> at central ignition is actually set 
by the requirement for a high central beta [Eq. (6)] and by the assumed 
profiles [Eq. (7)]. Thus, if the central energy confinement times were higher 
than the simulated xE(a/2) = 0.5-1.0 sec (see Table VII), then the associated 
6(0) and <S> requirements would be relaxed. Recently, very high central 
energy confinement times of Tg(a/3) > 1 sec with xe(a/3) ? 10 cnr/sec were 
observed in TFTR following pellet injection [7] (although at modest neutral 
beam powers of i?b < 5 MW and T^O) « 2 keV, and not the simulated P b = 27 MW 
and T;(0) =10 keV). Thus the beta requirement does not necessarily preclude 
central ignition in TFTR. 

The requirement for centrally peaked density profiles with n(0) a 3 x 
10 cm and n(0)/n 3 2.5 cm can only be obtained with pellet fueling. The 
best results obtained so far with pellets on TFTR have had n(0) < I x 10 i 4 

cm'3 with n(0)/n = 2.25 [for a 4-mm pellet], and n(0) 5 1 x 1 0 1 4 cm"3 with 
n(0)/5 = 1,6 [with smaller 2.67-mm pellets]. The radial profiles in the 
former case fit approximately n(r) - [1 - (r/a) J within r/a = 0.5, but had 
significantly higher density in the exterior region, i.e., typically, n(3a/4) 
? 5 * 10i": cm . Peaked density profiles with pellet injection have also 
been produced in PDX [17] with n(0) = 3 x 10 1 4 cm"3 and n(0)/n = 3, in 
Alcator-C [18] with n(0) = 8 * 10 1 4 cm - 3 and n(0)/n = 2, and in D-III [8] with 
n(0) = 1.5 x 1Q 1 4 cm"3 and n(0)/n > 2. Note that in all these cases the 
plasmas were relatively cold (̂  2 keV), i.e., pellet penetration at the 
required T-(0) « 10 keV may be a problem [8]. Note that the empirical 
Murakami density limit [15] of n = 1.5 x 10 1 A BT(T)/q(a)R0(m) = 1 * 10 1 4 cm"3 

is exceeded by only 3 2 in the BALDUR simulations of Table VII. 
To reiterate the main point: a high global confinement product n-r£ is not 

required for achieving central ignition, which depends only on the central 
parameters, as discussed in Sec. II. Although the scalings of central plasma 
performance are not as well documented as those of global plasma performance, 
a high central confinement product of n(0)-rE(a/3) 5 1 x 10 1 4 cm"3 has already 
been obt-ained in TFTR at T^(0) = 2 keV with peaked profiles and Pj. = j MW 
during pellet injection, giving n(0) T^O) Tg(a/3) = 0.2 x 10 1 8 cm"3 eV sec, 
compared with the value of = 3 x 10-10 cm J eV sec required for central 
ignition. If_ T^(0) increases linearly with beam power to P. = 27 MW, and if 
the central n(0)iE(0) can be increased by = 50Z, then central ignition 
conditions will be obtained in TFTR. Note that even if the peaked density 
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profiles and high central energy confinement times are transient, the relevant 
time scales needed to observe alpha heating effects are relatively short, 
e.g., approximately 0.3 sec for the cases in Table VII. 

The central and global parameter requirements for global ignition as 
determined from some marginally globally ignited BALDUR simulation runs are 
platted in cig. 18. The required global ntg are reduced by as much as a 
factor of three from the usual zero-dimensional ignition condition, even in 
these simulations for which the central energy confinement time is not 
significantly larger than the global energy confinement time. It is 
interesting to note that the results for global nt E versus T^ requirements as 
obtained from the simulations with peaked density profiles (6=5) are similar 
to the predictions of an early analytic estimate for ignition with peaked 
profiles [I]. 

C. Summary 
We have suggested here that central ignition conditions might be obtained 

in TFTR if the density profile can be made sufficiently peaked. We have also 
shown that once formed such a central ignition region can lead to a radially 
propagating burn and to global ignition, starting with global nr £ values as 
much as a factor of three below those calculated for flat profiles. Although 
several of the requirements for such scenarios stretch the existing empirical 
limits on tokamak performance, there is no reason in principle why they cannot 
be achieved on TFTR, since alpha particles near the center of TFTR should be 
well confined ar.d quickly thermalized. 

It central ignition conditions -an be achieved in TFTR, then some of the 
unresolved issues concerning "burning plasma" phenomena could be assessed. 
For example, it is not yet clear whether alpha heating would be associated 
wit.i deteriorated confinement due to new alpha-generated instabilities, or 
with improved confinement more similar to that usually associated with 
ohmically heated plasmas. 

With respect to diagnosing the existence of central ignition, perhaps the 
first step would be to oiiiurve just che central temperature, which should 
reflect the central alpha heating through an increased decay time after beam 
turnoff (see Fig. 17). The testing of appropriate Alpha diagnostics could 
begin on centrally ignited TFTR discharges. 

Although the BALDUR simulations described here have been used to explore 
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the general possiblity of central ignition, they can evidently be improved in 
several respects• Most important would be an improved particle model, which 
would include internal pellet fueling and more realistic D(r) and V(r). Also 
important to include would be appropriate scaling laws for both the electron 
and ion X(T) for these peaked density profile (and compression scenarios) used 
here. Of course, more realistic impurity and sawtooth modelling would also be 
desirable. 

Even if the eventual results on TFTR fall short of actual central, 
ignition, the attainment of a significantly alpha heated plasma core would be 
of interest for future ignition studies. New physics concerning alpha 
confinement and heating, the effect of alphas on energy confinement and 
sawcoothing, and alpha-generated instabilities could be obtained well before 
the next generation of ignition machines, and even possibly at Q < 1 given 
this more relaxed goal. 
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TABLE 1: CENTRAL PEAKIMG FACTOR OF ALPHA HEATING 

Y + S Pa(0)/<Pa> ZPa(a/3)/ZPa 

1 3 0.29 
2 5 0.44 
4 9 0.65 
6 13 0.77 

TABLE II-: - TFTR Scenarios 

COMPRESSION SCENARIO 
R = 279 - 225 cm 
a = 7 0 + 6 3 
I = 1500-1860 kA 
B T = 5 T 
q(a) = 2.9 
n g s i x 10 1 4cm" 3 - 2 * 10 1 4cm~ 3 

Heated by 0.33 sec 27 MW NBI and fzst compression (30 ms). C = 1.24 

FULL-BORE SCENARIO 
R = 255 cm 
a = 83 cm 
I = 2200 kA 
B T = 5 T 
q<a> = 3.1 
n e = .5-2 x 10 1 4/cm 3 

Heated by two seconds of 27 MW NBI 
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TABLE I I I : CENTRAL IGNITION HAilGINS FOR COMPRESSION SCENARIOS 

A. F i r s t x model: X e <r) * Xfi(OJ [ l + <8<r/a> J 

DENSITY PROFILE EXPOHENT 

X E (01 
2 E 

(CM /SEC) 

6=1 fi-2 6*5 

2 x 1 0 3 1.2B 2 .3 4 . 6 

6 x 1 0 3 0 . 4 1 1.26 2 .6 

4 
2 x 10 0 .03 O.OB 1.55 

B. Second v model: v (*) = n * [ 3 x 10 cm" / n ( r ) l e e e fc 

DENSITY PROFILE EXPONENT 

tar/SEC) 

6=1 6=2 S=5 

2 x 1 0 3 1.0 1.8 3 . 0 

6 x 1 0 3 0.12 0.22 0.62 

2 x l O 4 0.02 0.02 0.06 
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TABUS XV: CENTRAL IGNITION RATES FOR COMPRESSION SCENARIOS 

(numbers i n keV/sec @ . 1 - . 4 sec a f t e r beam turnoff) 

2T A. F i r s t x e » o d e l : x^ir) - x e<°> [ l + 4 < r / a ) J 

(CM /SEC) 

6-1 £-2 5-5 

2 x 1 0 3 - - 1 . 7 14 

6 x 1£>3 - - 7.3 

2 x 1 0 4 - - -

B. Second x model; X e <r) • X * [ 3 x 10 cm~ / n ( r ) ] 

(CM /SEC) 

5*1 fi-2 6-5 

2 x 1 0 3 - - 2 . 8 +9.2 

6 x 1 0 3 - - -

2 x M 4 - -
• 
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TABLE V: CENTRAL IGNITION MARGINS FOR FULL-BORE SCENARIOS 

,2-! A. F i r s t x e model: x e < r ) - x e (0) [ l + 4 ( r / a r ] 

DENSITY PROFILE EXPONENT 

X E (0) 
(CM /SEC) 

5-1 6-2 a-5 

2 x 1 0 3 0.43 1.05 > 10 

6 x 1 0 3 0.13 0.34 2.B2 

2 X 1 0 4 0.01 0 . 0 7 0 .76 . 

14 - 3 . B. Second x model: x <r' • X * [ 3 * 10 cm" / n ( r ) ] 

DENSITY PROFILE EXPONENT 

(CM /SEC) 

S- l 4-2 5=5 

2 x 1 0 3 0.47 0.96 1.9. 

6 x 1 0 3 0.12 0.18 0.59 

2 x 10 4 <0.01 <0.01 0.02 
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TABLE V I : CENTRAL IGNITION RATES FOR FULL-BORE SCENARIOS 

(numbers i n keV/sec @ . 1 - . 4 s ec a f t e r beam t u r n o f f ) 

A. F i r s t x e modeli X , ( r i • X , (0 ) [ l + ^ r / s ) 2 ] 

DENSITY PROFILE EXPONENT 

X B W) 
<CM /SEC) 

£-1 « 6-5 

2 x 10 3 6.7 20 48 

6 x 10 3 - 2 43 

2 x 10 4 - - 13 

B. Second x model: x lr) * X * [ 3 x 10 nn" /n (r)3 

(CM /SEC) 

5-1 «-2 5-5 

2 x 10 3 -2.5 +8.6 +30 

6 x 10 3 - - -

2 X 10 4 - - -
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TABLE VII: SOME CENTRM, IGNITION SCENARIOS FOR TFTR 

A B C D E 
TYPE 

2 
X (r) (cm / s e c ) 

COMPR. 

(1+4 < r 2 / a 2 ) ) 

FULL-BORE 

2 X 1 0 4 « 

a + 4 - < r 2 / a 2 ) ) 

COMPR. 

2 x l 0 3 « < 3 x 

l o " / a ( r ) ) 

FOIL-BORE 

2 x l 0 3 *(3X 

1 0 l 4 / n ( r ) ) 

FULL-BORE 

4 x l 0 3 • ( r /a ) x 

( 3 x l 0 1 4 / n ( r ) ) 

£ 5 5 2 5 5 

M. (a/3) 0.97 1 .2 0 .95 1.J.5 0 . 6 6 

t > a ( * / 3 ) / P b ( a / 3 ) 8 .3 1.7 1.6 0 . 6 5 0 . 7 0 

D(0) (10* cm" 3) 6 .7 4 . 3 4 . 1 3 . 0 3 . 4 

T. (0) (XeV) 9.5 13.6 1 0 . 6 16.5 11 ,8 

r £ ( a / 2 ) ( sec) 0 .59 0 .77 0.97 1.0 0 . 5 8 

n d o 1 4 C B ' J ) 3 . 1 1.9 2 .S 1.3 1.5 

T E ( sec) 0 .58 0.72 0.60 0.B8 0 .46 

S(0> (%) 15.7 17 .2 8 . 8 14 ,0 1 2 .6 

*$> <*) 3 . 2 4.1 3 . 1 2.6 2 . 2 

V 3 .0 3 .8 2 .3 2 .1 1.5 

KSI ( sec) 0 .5 1.2 0 . 5 0 . 7 0 .9 

ACI# 227 182 255 236 270 

*P f * / P t e at time -': beam turnoff (Fall-Bore cases) ox shortly after (compr. cases) 
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FIGURE CAPTIONS 
FIG. 1, Radial vs. time dependences of (a) density, (b) ion temperature, (c) 

alpha heating power, and (d) neutral beam heating power for 
compression simulations with neutral beam heating from 0.1-0.43 sec 
and adiabatic compression from 0.40-0.43 sec. In each case Che cop 
ploc is for a density profile shape of 5 = 1, the middle plot is for 
<S = 2, and the bottom plot is for the most peaked £ = 5. In these 
examples the 6 = 5 case globally ignites after beam turnoff, while 
the less peaked cases do not. 

FIG. 2. Time dependences of the central density, central temperatures, and 
volume-averaged <B> for the same compression simulations shown in 
Fig. 1. Note that the central temperature increases after beam turn-
off (0.43 sec) for the 6 = 5 case, indicating global ignition. 

FIG, 3. Central temperatures vs. time for compression simulations similar to 
those in Fig. 2 with 5 = 5 , but for three different assumptions for 
X„{0). Global ignition is obtained for approximately xe(0) - 10 
cm /sec in this model. 

FIG. 4. Time dependences of Che central density, central temperatures, and 
volume-averaged <S> for compression simulations similar to those 
shown in Fig. 2 but for the second x e( r) model, for which xeCr) -
l/n(r). Note that the beam pulse length was 0.53 sec for these 
cases, instead of the 0.33 sec for Figs. 1-3. Note also that the 
central temperature increases after beam turnoff for the 5 = 5 case, 
indicating global ignition. 

FIG. 5. Central temperatures vs_. time for compression simulations similar to 
those in Fig. 4 with 4 = 5 , but for various x e" with the second 
Xe(r) model. The results are at least qualitatively similar to those 
shown in Fig. 3, i.e., global ienition is obtained for approximately 
X e*^ 10*cm2/sec . 

FIG. 6. Radial profiles of density and temperature for 6 = 5 compression 
simulations for the first ("a" and "b") and second ("c" and "d") 
Xe(r) models, respectively. The electron temperature profiles in the 
second model are more peaked, reflecting an increased x e near the 
plasma edge. These profiles are for a time just after compression 
(0.45 sec for the first x e model and 0.65 sec for the second \ 
model). 
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FIG. 7. Radial vs time dependences of (a) density, (b) ion temperature, (c) 
alpha heating power, and (d) neutral beam heating power for full-bore 
scenario simulations with neutral beam hei. '.ng applied from 0.1-2.0 
sec. In each case the top plot is for a density profile shape of s = 
1, the middle plot is for fi = 2, and the be .torn plot is for the most 
peaked 5 = 5 case. In these examples the 5 = 5 case globally ignites 
after beam turnoff, while the less peaked cases do not, which is 
similar to the compression scenario examples shown in Fig. 1. 

FIG. 8. Time dependences of the central density, central temperatures, and 
volume-averaged <6> for the full-bore simulations shown in Fig, 7. 
Note that central temperature increases with time for the 5 = 5 case 
after beam turnoff (2 sec), indicating global ignition. 

FIG. 9. Central temperatures vs time for full-bore simulations similar to the 
5 = 5 case in Fig. 8, but for three different assumptions for 
X (0). Global ignition is obtained for xe(0)£ 10 enr/sec in this 
model. 

FIG. 10. Time dependences of central density, temperatures, and volume-
averaged <8> for full-bore simulations similar to those shown in Fig. 
8, but for the second xe(r) model. The results are at least 
qualitatively similar to those shown in Fig. 8, in that more peaked 
profiles for a given X e( c) ignite more readily; however, the 
magnitude of x e is different here than for Fig. 8. 

FIG. 11. Central temperatures vs_ time for full-bore simulations similar to the 
5 = 5 case in Fig. 10, but for three different assumptions for x ". 
Again, as for Figs. 3, 5, and 8, global ignition is obtained for 
sufficiently low central x e within the context of this model. 

FIG. 12. (a) Time dependences of the central energy balance terms for a 6 = 5 
compression case which is globally ignited after beam turnoff at 0.43 
sec (see Fig. 3). The central alpha energy input Q increases 
aproximately linearly with time after 0.5 sec, but so does the total 
central energy loss rate Q i o s s - (b) Time dependences of the central 
energy balance terms for a 5 = 5 full-bore case which is globally 
ignited after beam turnoff at 2 sec (see also Figs. 1 and 2). 
Central ignition with Q a = Q]^ o g s is reached at approximately 1.2 sec, 
after which the central alpha energy input Q a and central energy loss 
Ql both increase approximately linearly with time. 
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FIG. 13. Central and global ignition margins vs time for several 
simulations. In (a) and (b) are the two simulati'-m cases of Fig. 12 
with 6 = 5 (note that central ignition is obtained well before global 
ignition in both cases); in (c) and (d) are simulations similar to 
those in (a) and (b), srcept with less peaked 5 = 2 density profiles 
(note that neither central nor global ignition is obtained); in (e) 
is a rapidly ignited case which shows tint? the global ignition margin 
follows the central ignition margin. 

FIG. 14. Tir.ie dependence of the central ignition rauius r- for various 
simulations. In each case the Ei-st x e model and the full neutral 
beam pulse lengths are used, i.e., for compression the beam pulse 
ends at 0.43 sec, while for the full-bore cases it ends at 2 sec. In 
(a) are cases which reached global ignition (r- = a), while in (b) 
are cases which obtained central ignition ( r£ e ^ a) but which did not 
globally ignite. Note that the central ignition radius increases 
monotonically in time for almost all cases in (a), while for (b) the 
central ignition radius can reach 0.45 a without development of 
global ignition. 

FIG. 15. Time dependences of central temperatures for one full-bore simulation 
case with a varying neutral beam puls'j length. For this case x e(0) = 
2 x 10 4 cm2/sec •,.• & = 5 [see also Figs. 8 and 14(a)]. Note that 
global ignition :i, tually obtained for cases in which the beam 
pulse length is 2 1.3 sec. 

FIG. 16. Time dependences of the central ignition radius for full-bore 
simulations in which the neucral beam pulse length is shortened from 
its normal 2 sec. In (a) are cases corresponding to those shown in 
Fig. 15 for the first x e model, while in (b) are cases also with 6 = 
5 but with the second x e model, with x e = 2 x 10 cm /sec. N.ce 
that global ignition is eventually obtained if at some time r- > 0.5 
a. 

FIG. 17. Central temperatures vs time for full-bore simulations in which a 
centrally ignited 50ZD/50ZT case is compared to an identical case but 
with 100XD. For chess simulations 6 = 5, \ " = 2 x 10 3 cm /sec, and 
the beam turn-off time is O.S sec [see also Fig. 16(b)]. Note that 
the decay time of the central temperatures after beam turnoff is 
significantly longer with D/T, showing that central alpha heating is 
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substantial and would be easily observable. 
PIG. 18. Requirements for global ignicion in TFTR bated on some sample BALDUR 

simulations for peaked density profile cases. For each case the 
simulations were centrally ignited at beam turnoff, after which 
global ignition was obtained through a radial burn. The dashed line 
is from a calculation in Ref. 1 of global ignition requirements with 
peaked profiles. Cases #1-4 are for the first x e model, while cases 
#4 and 5 are for the second x 6 model; case.5 #1-3 and 6 are for full-
bore scenarios, while cases 4 and 5 are for compression scenarios. 
All cases are for 6 = 5 except for case #3 which is for 5 = 2 . 
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