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IGNITION OF AN OVERHEATED, UNDERDENSE, FUSIONING TOKAMAK PLASMA 
C. E. SINGER, D. L. JASSBY, AND J. HOVEY 

Picsma Physics Laboratory, Princeton University 
Princeton, NJ 08544 

ABSTRACT 

Methods of igniting an "overheated" but "underdense" D-T 
plasma core with a cold plasma blanket are investigated using a 
simple two-zone model with a variety of transport scaling laws, and 
also using a one-dimensional transport code. The power consumption 
of neutral-beam injectors required to produce ignition can be 

reduced significantly if the underdense core plasma is heated to 
temperatures much higher than the final equilibrium ignition 
values, followed by fueling from a cold plasma blanket. It is also 
found that the allowed impurity concentration in the initial hot 
core can be greater than normally permitted for ignition provided 
that the blanket is free from impurities. 
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I. INTRODUCTION 

Heating of a tokaraak plasma directly to ignition with 
neutral beams may require a very large beam °nergy in order to 
penetrate the plasma. According to the "empirical scaling" of 
energy confinement [1,2] the required beam energy (in keV/deuteron) 
is 

W b = 1.8 x 10" 1 4<n>a, (D 

where <n> is the volume-averaged electron density in cm - J and a is 
the plasma radius in cm. For typical reactor parameters, this 
implies that W^ liec; in the range of 200 to 400 keV [1], an energy 
range where positive-ion-based beams are impractical. One method 
of reducing the tob required for ignition is to heat a low-density 
plasma, followed by major-radius compression to form an ignited 
core [1J. The ignited core can then be fueled from a dense cold 
plasma blanket [3] formed by addition of neutral gas during 
compression. The cold plasma blanket may have the additional 
function of decreasing impurity generation by protecting the 
containment vessel from the hot fusioning plasma core [4]. 

Here, we show that ignition can eventually occur in a 
fusioning core surrounded by a dense cold plasma blanket even if 
the coi.e is not initially ignited. [Ignition is defined here as 
the condition where power deposition of fusion alpha particles (and 
ohmic heating) can maintain or increase the plasma thermal energy 
against transport and radiation losses.] Eventual ignition occurs 
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in a plasma with initially decreasing temperature if the fusioning 
core is fueled rapidly enough to enhance alpha-particle heating but 
slowly enough to avoid quenching the fusion reaction. We shall 
call this process "smouldering" to ignition. 

Use of the smouldering technique extends the parameter 
range of fusioninn cores which can be ignited, because it allows 
ignition of cores with lower initial density, albeit with higher 
initial temperature. It therefore allows good penetration of the 
core with lower energy neutral beams. However, more neutral beam 
power is generally required to produce the overheated core. In 
this paper we examine these conflicting requirements by computing 
the gross electrical power required for ignition of various 
starting plasmas. The gross electrical power is the injected power 
divided by the injector efficiency at energy w'b, which for 
simplicity is taken to be the efficiency with which the accelerated 
ions are neutralized in the injector [5], (Power losses in beam 
transmission are assumed to be of the same magnitude as power 
returned to a direct recovery system.) The effects of the cold 
plasma blanket will be illustrated with a simple two-zone model of 
the plasma energy and particle balance for a variety of energy 
confinement scalings, and with a one-dimensional (1-D) mode) using 
"empirical" transport. 

2. MODEL FOR EVOLUTION OF HOT PLASMA CORE 

Figure 1 illustrates the core/blanket configuration. The 
arrows indicace the initial direction of evolution of the core 
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density and temperature. The initial core electron density, 
typically n_ - 10 1 4cnT 3, rises due to influx of gas from the 
blanket, which has an electron density n b = 4 :< 10-*-4cm-^. [We take 
the ion density equal to the electron density, ignoring small 
effects oue to dilution when considering impurities, and denote 
either density by the symbol n c (core) or n b (blanket).] Following 
beam heating, the initial core temperature Tc(0) drops because of 
dilution by inward diffusion of cold particles from the blanket and 
because of radiative and transport losses, if the temperature does 
not fall too rapidly, the increase in n c results in sufficient 
alpha heating to ignite the core (_i.£. , the core "smoulders" to 
ignition). If the core temperature drops too rapidly, ignition 
never occurs U.e_., the core "fizzles"). 

The equations used to follow the evolution of the core 
temperature and density are as follows: 

dT n T dn 
~ = ~ (R - R D - R^ ) - T /T ~ (2) 
dt 3 a Br Fe c E n dt 

Q 
alpha Brem. impurity Transport dilution 

heating radiation Losses dn n, - n c _ h c 
dt " < P 

with transport scaling laws: 

(3) 

T„ = r K E emp -*1 (£)"(£)' 
-19 5 x 10 citi-s (empirical, or "Alcator," scaling [2]) 

i n 1 4 " 3 n t = 10 cm 

T, = 1 keV 

2:W T p = r p K n , a 2 | ̂  I 1 ^ 1 <*> 
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ana l o s s e s and n e a t i n g : 

R = 3.3 v 1 0 " ] 5 Z „ T 1 / 2 keV-cni 3 - s C4] (6) 
Br e f f c 

3 . 1 x l 0 _ 1 1 ( ^ ) k e V - c m ^ s " 1 T6] (7) R F e 

R = 3500 { 8 ) 

a 4 

exp(-20.78 T " 0 - 3 0 3 6 7 - 25.814 - 0.06625 T c + 0.00031 T 2) 

3 "I r 7n keV-cm • s L ' •' • 

Here temperatures are in keV and other units are cgs. 
Z e f f = 1 + 5=;2(nFe/ne) is the effective electric charge for a 
hydrogen plasma with F e x x v impurity. Plasma parameters are taken 
to be uniform through the core. 

The equation for(dTc/dt) follows from considering the most 
important effects determining the rate of change of the energy 
density, 3n cT c, in a dense plasma core, where T e * T^ = T c, and 
ohmic heating and charge exchange losses are minor contributors to 
the energy balance. The expression for R assumes 1:1 
deuterium:tritium in the core. The equation for (dnc/dt) is 
essentially a definition of the particle confinement time, T 

The ratios r e m p(= x E / T E f e m p when v = 1 , T = 0) and r p 

relate the energy and particle confinement times to "empirical" 
scaling at the reference plasma parameters n* = 10 1 4cnT 3 and T* = 1 
keV. For the results presented here we take r = 2, v' = 0, and 
T ' = 0 for simplicity. (The results obtained for the values of 
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n c and T c needed for ignition have been shown to be insensitive at 
least to the density scaling of [ Changes in r„ can be 
approximately compensated for by the appropriate changes in the 
blanket density n^, to obtain, in the context of the present model, 
results identical to those presented here.) 

3. RESULTS FOR "EMPIRICAL" SCALING 

Figures 2a and 2b show the evolution of the core density 
and temperature from a variety of starting conditions. We can 
determine the evolution of the core from any given initial 
conditions [n c(0), Tc(0)J by eliminating the time t, and plotting 
T c vs n c. Figure 3 illustrates the division of (n, T) space into 
ignited cores, "fizzling" cores, and cores which "smoulder" to 
ignition as the density increases. The dashed line indicates 
plasmas which are just ignited in steady state. The bold solid 
line indicates the values of [n c(0), Tc(0)J for which the plasma 
just barely "smoulders" to ignition <!•£•» the "smoulder 
fizzle/boundary"). 

4. INJECTOR ENERGY AND POWER 

The above results illustrate the existence of plasmas which 
"smoulder" tc ignition, but give little information about the 
usefulness cf the "smoulder" technique. As a measure of the 
usefulness of the technique, we calculate the gross electrical 
power required for the neutral beam injectors to form a plasma 



which will smoulder to ignition. To calculate the gross electrical 
power *;e proceed as follows. 

First, we compute the required injected beam power P b to 
produce a plasma on the "smoulder-fizzle boundary." This oower Is 
plotted as a function of the initial core temperature in Fig. 4a. 
The value of P b shown in Fig. 4o is the maximum power required to 
slowly heat a constant-density plasma to the indicated temperature, 
as computed from the steady-state, 2ero-dirnensional energy balance 
for the coie. For nigh n, low T plasmas, the maximum P b is 
required to heat the plasma to a temperature (5 to 10 keVj where 
alpha heating becomes important. for low r., high T plasma cores, 
the maximum P b it required to maintain a high T plasma against 
transport losses. Also shown in Fig. 4a is the maximum P b 

required to produce an ignited core at the indicated temperature. 

Second, we compete the beam energy W. = 1.8 x lH~^iinca 

required LO penetrate each "smoulder-fizzle boundary" plasma core. 
At high densities, lower beam energies result in deposition of beam 
energy near the plasma edge, which is expected to result ir, 
inefficient heating and possible problems with increased impurity 
generation. In reality there is a continuous transition from the 
optimum utilization of beam power when rtb • •• 1.8 x l f - ' V a , and 
inefficient utilization of beam power when W b -. 1.8 x 10~ 1 4n a. 
We choose the above cutoff value as a convenient synopsis of the 
beam penetration problem. The values of w b required to form 
"smoulder-f i;:zle boundary" plasma cores are shown in Fig. 4b. 
Also shown ate the W b required to produce ignited cores. 

Third, we compute the gross electrical power 



Vos~ = h,/-jr.] '••' '•""•' "••'•"•iJ'i'--'--li/Zj..- b'-'n-iary [ W o a o , .si.v; 

the- Vol J'.-:; 'if ">. 'l'.-r;cr iL'r'i J-/OV<- ro dc-tc-r:r. 1 r;<- t:.'.- i n j e c t o r 

e f f i c i e n c y ' lr,,. lnjI'HJ ]'- '-howri in fig. :,a , tsr.i/.n fro:r ?e < . 

e . Trie resulting I' r,ro,.,. for s.-noa J de-r-I i zz 1 e boundary pi a:.:;.::; 1.-; 

compared to tliat lor direct ignition in Fig. Of-. l-or e-n.p i r i .-.j ] 

energy conf ine;i.ent, only a .Todo-st: f:.j7i.T;:; in gross o 1 c-ct r 1 c.-i o" j-: 

power is obtained by using the- s;r,o J 1 ner tecnniu je-. However, r;.i. 

smoulder te-chn lgee doe-:; :i.air.'- use- of nea r -ct ate-o 1 -1 r: e- -. J r * 

(Tf'i'k-typej lie am techno 1 ogy . 

vj. TI<ANolJOJ<T SCAMNCJ 

Extrapolation ol experimental confinement measur cnen*-s to 

thermonucleai reactor plasmas requires a large "leap of faith." 

Therefore, any discussion of reactor plasmas should consider t.e< 

possibility of transport scalings different from those currently 

fashionable |8]. for example, the gross beam power required for 

direct heating and "smouldering" to ignition are illustrated in 

Fig. 6 for models with ' fc, ' a

l and ... ' n^^a^. 

The influence of transport scaling parameters on the gross 

beam power required for ignition is shown in Fig. 7. Here we show 

the minimum values of P g r 0 S 3 for direct and "smoulder-fizzle 

boundary" ignition. The minimum values of P q r o s s are obtained from 
p g r o s s ! T c ( 0 ) plots such as Figs. 5 and 6. It is evident from Fig. 

7a that the smouldering core technique offers the most significant 

savings in gross beam power if the value of T E i n high temperature 

reactor plasmas scales as i E
 a n^ where 0 < '•> < 1. 
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The t'.-r.-Jtrat jr-.- :.:•;..-r.donce of g evidently does not have 

IBJCT. influence on »•• usefulness of the smoulder technique, 
i-.owevtr , the dependence o: I J

u r o q F on the temperature scaling of ' E , 
shown in Fig. It, does illustrate the extreme importance of 
maintaining good energy confinement as the plasma temperature is 
increased. For more optimistic scalinqs than t = 5 x ll)""n'A , 
the smoulder technique is unnecessary, and direct ignition becomes 
relatively easy. For much more pessimistic scaling, beam heating 
to ignition is impractical without additional schemes such as 
compression of a beam-h'-aced plasma. Present experimental results 
indicate that while j.e nf., the gross confinement time !

E ' n e 

with 8 ' < 1, and p increases somewhat less rapidly than 
linearly with plasma temperature (when T p ~ T:), 

Also shown, in Fig. 1c, is the dependence of P q r o s s on the 
coefficient r i i m 0 of n ca^ in the usual empirical scaling law. Since 
E ' remp a /' a n increase in r e m is equivalent to an increase in 
a^. Tne particular results shown in this paper correspond to an 
"equivalent circle model," with a - 110 cm, of the elongated hot 
plasma core in the Princeton Ignition Test Reactor (PITR) design 
19). with standard empirical scaling, ' E = 5 x lt) _ 1 9n ca 2, smaller 
cores in PITR require excessive beam power and larger cores are 
unnecessary. 

6. COMPARISON WITH 1-D TRANSPORT CODE 

Sophisticated transport codes are too cumbersome for the 
large parameter-range searches undertaken here. Such codes can, 
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however, provide insight into the details of the- burn process and 
provide a check on the accuracy of trie assumptions used. Figures 
6a to 8d show the evolution of T e , T^ , nf.,and alpha heating 
profiles with a hot core and co]d plasma blanket, as computed with 
tne BALDUR transport code [IK], which solves the 1-D plasma 
transport equations [4|, For computational convenience, the col i 
plasma blanket is formed by gas puffing during a moderate major 
radius compjession by a factor C = 1.14. The transport 
coefficients used were / f, = rj x 10 7 / n e , /j = neoclassical, --nd 
D = 2 x Kd^cm^/s. The corresponding confinement times are 
• E e = a 2/(4/ e) = 5 x Hr13nea2 and p = aV(4D) = 1 x 10 _ 4a 2, all 
in cgs units. The transport losses through the ion energy channel 
are smaller than, but comparable (about 60%) to those through the 
electron channel, so that i e - ;|;.e. The total energy and particle 
confinement times are very nearly equal to those in the "empirical" 
transport model used in the two-zone calculations above. Transport 
is enhanced to retain marginal MUD ballooning stability when the 
pressure graciient exceeds the MHD ballooning threshold (11J, and 
resistivity is enhanced over neoclassical when needed ta maintain a 
safety factoi q = 3 at the edge of the plasma. 

The validity of the simple two-zone mode is supported by 
the observation that the boundaries of the hot core and region of 
alpha heating stay nearly constant during the evolution of the 
burn. A comparison with the simpler core/blanket model of the 
values of <T> ~ (<Te> + <Ti>)/2 and -n >, averaged over the volume 
inside the radius a = 110 cm of the initial compressed plasma, is 
shown in Figsi. 2 and 3. 
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7. HFFIXTS OF IMPUMTIES 

it is well known that small concentrat; >ns of 
moderate-to-hiyh Z impurities prevent ignition because of radiative 
losses |121. The effect of a specified constant fraction of iron 
impurity on cores smouldering to ignition is shown in Fig. 9a. 
For example, the plasma starting with T c = 30 keV, 
n = 1.25 x lu^cm -^, and 0.4*. iron, just fails to cross the dashed 
line in Fig. 9a, which is the ignition curve for 0.4% iron. If 
the cold plasma blanket is equally contaminated, there may be 
difficulty in preventing radiative collapse and recombination of 
the dense blanket plasma. This might be prevented by neutral beam 
heating of the blanket, but a detailed examination of such 
questions is beyond the scope of this paper. 

However, one of the primary motivations for proposing the 
cold plasma blanket was the hope that it would be substantially 
free from impurities (4). In this case, fueling of the core should 
dilute the original core impurity concentration. This leads to a 
much higher tolerable concentration of initial impurities in the 
core, as illustrated in Fig. 9r-. The benefits of reduced impurity 
influx evidently can complement the benefits of the technique of 
smouldering to ignition in reducing t.he technological requirements 
for obtaining ignition in tokamaks. 

8. CONCLUSIONS 

The results discussed herein demonstrate the possibility of 



igniting a'-low density, high temperature plasma core by fueling 
from a cold plasma blanket. This technique allows ignition to be 
achieved front a wider range of starting plasmas. In particular, 
the lower density "smouldering" cores can be formed with lower 
energy (more efficient) neutral beams than are required to 
penetrate ignition-sized plasmas, resulting in a reduction in the 
gross electrical beam power required for ignition. Large 
reductions in the sross beam power requirement are obtained with 
the smoulder technique if energy confinement improves only weakly 
with plasma density. Finally, the cold plasma blanket can also 
allow significant increases in the initial impurity levels in the 
beam-heated core, provided that the blanket remains substantially 
pure. 
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FIGURE CAPTIONS 

Fig. 1 Core/blanket configuration. 

Fig. 2 Evolution of (a) n c and (b) T c V£ t from various 
starting densities. Curves of T c evolution are labeled by 
starting values of n c in units of 10 1 4cm~ . 

i E = 1.3 Kna 2, i p = 2K n*a2, 
K = 5 x 10 - 1 9cnTs, a = 110 cm. 
Dot-dashed line is 1-D code result (c.f_. Section 6). 

Fig. 3 Evolution of T'c \̂ s n c as in Fig. 2. Dot-dashed Line 
ic 1-D code result. 

Fig. 4 (a) Beam power P b and (b) energy Wj-, required to form 
ignited ( ) and smoulder-fizzle boundary plasma 
cores ( ). Confinement as in Fig. 2. 

Fig. 5 (a) Injector efficiency vs_ beam energy. 
(b) Injector electric power requirements for direct ignition 
and "smoulder-fizzle boundary" plasmas. Confinement 
as in Fig. 2. 

Fig. 6 Injector electric power requirements for direct 
igr.ition with confinement scaling as in Fig. 2 but 
T E = 1.3 Kn*(n c/n*) Va 2 with v = 1/2 and v = 0. 
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Minimum injector electric power required to form ignited 
( ) and "smoulder-fizzle boundary" plasma cores ( ) 

as a function of confinement scaling parameters. 
TE ;= remp K < n

c/ n*) V (Tc/T*)T a 2 ' T p = 2 K n * a 2 ' 
K = 5 x 10 _ 1 9cm~ 3, n* = 10 1 4cm~ 3, T* = 1 keV, 
a = 110 cm. v = 1, T = 0, r e =1,3 when 
these parameters are not being varied as indicated. 

Evolution of plasma parameters, calculated by the 
BALDUR 1-D transport code [10]. Initial a = 120 cm plasma 
'£•'!•' formed by neutral beam heating) 

witii parabolic T e<r), T i<r), and <Te> = <T^> = 11 keV is 
compressed from R = 320 cm to R = 280 cm 
during t = 0 to t =.80 us, with gas puffing to form 
an a = 110 cm core surrounded by a cold blanket. After 
gas puffing, boundary conditions are 100% 
recycling, T e = T^ = 0.1 keV, plasma current 
= 7.7 MA. B T = 4 T. 

(a) T e, (b) Tj, (c) n e, (d) alpha-particle heating-

fa) Evolution of T c ys n c for various constant 

iron impurity levels from 0.0% to 0.5%. Dashed line 

is ignition boundary for 0.4% iron. (b) Evolution of 
Tc Y-§. nc f° r various initial iron impurity 

levels in core. Impurity is diluted volumetrically by 

influx of pure blanket gas during the burn. Confinement 

scaling as in Fig. 2. 
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F i g . 1 . 793716 
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