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IGNITION OF AN OVERHEATED, UNDERDENSE, FUSIONING TOKAMAK PLASMA
C. E. SINGER, D. L. JASSBY, AND J. HOVEY
Piasma Physics Laboratory, Princeton University

Princeton, NJ 08544

ABSTRACT

methods of igniting an "overheated" butr "underdense" D-T
plasma coare 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 alsn
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 tokamak plasma directly to ignition with
neutral beams may require a very large beam energy in order to
penetrate the plasma. According to the "empirical scaling" of
energy confinement [1,2] the required beam energy (in keV/deuteron)

is
Wy = 1.8 x 107 %<n>a, (1)

where <n> is the volume-averaged electron density in cm~3 and a  is
the plasma radius in cm, For typical reactor parcmeters, this
implies that Wy lies in the range of 209 to 400 kev [l], an energy
range where positive-inn-based beams are impractical. One method
of reducing the @, rejuired for ignition is to heat a Ilnw-density
plasma, fol.owed by major-radius compression to form an ignited
core [1). The ignited care 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 additinnal
function of decreasing impurity generation by protecting the
contaiﬁment vessel from the hot fusioning plasma core [4].

Here we show that ignitinn can eventually occur in a
fusioning core surrounded by a dense cold plasma blanket even if
the co.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.] Eventnal 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 avnid gquenching the fusion reaction, We shall
call this process "smouldering" to ignition.

Use of the smouldering tachnique extends the parameter
range of fusioning cores which can be ignited, because it allows
ignitinon 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 eftficiency at energy Wy, which for
simpiicity is taken to be the efficiency with which the accelerated
ions are neutralized in the injector ([5]. (Power laosses 1n 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 & one-dimensional (1-D) model 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 <c¢ore electron density,
typically ng - lﬂ14cm_3, rises due to influx of gas from the
blanket, which has an electron density n, = 4 2 lﬂl4cm'3. [We take
the ion density equal to the electron density, ignoring small
effects wue to dilution when considering impurities, and denote
either density by the symbol n. (core} or n, (blanket).] Following
beam heating, the initial core temperature Tc(ﬂ) drops because of
dilution by inward diffusion of c0ld particles from the blanket and
because of radiative and transport losses., 1f the temperature dones
not tfall too rapidly, the increase in n. results in sufficient
alpha heating to ignite the core (i.e., the core "smoulders" to
ignition). If the core temperature drops too rapidly, ignition
never occurs (i.e., the core "fizzles").

The equations used to follow the evolution of the core

temperature and density are as follows:

ch Do Tc dnc
— = - - R - - - = = 2
dt 3 (Ra Br RFe) TC/TE n_  dt (2)
. . A c

alpha Brem. impurity Tramnsport giiution

heating radiation Losses
e _Mp T e (3)
dt ¢

p

v T

2 (% Tc
= < < 4)
TE rempK n,a (n*) (T*) (
= y -19 LR n " s
K=5=x%x10 cm*s (empirical, or "Alcator," scaling [2])
ng, = 1014cm_3
T, = 1 keV
¥ 1
(k) (%) :
Tp = ern*a " T:) (5)



and losses and heating:

-1
R, = 3.3 1071%7 _ ot/? keVecmoes  [4] (6)
Br eff ¢
- n -1 -
R = 3,1 x 10 1 (_EE) kevecmo-s (6] (7)
Fe
c
< 3500 (8)
Ra 4
-0.30367 2
exp(-20.78 T, - 25.814-0.06625 TC + 0.00031 Tc)
-1 -
KkeV-cm®-s L7
Rere temperatures are in kev and other wunits are cgs.

Zogg = 1 + 552(np./ng) is the effective electric charge for a
hydrogen plasma with FeXXV impurity. Plasma parameters are taken
to be uniform through the core.

The equation for(4dT./dt) follows from considering the most
important eifects determining the rate of change of the energy
density, 3n,7., in a dense plasma core, where T, *T; * T., and
ohmic heating and charge exchange losses are minor contributors to
the energy balance. The expression for Ra assumes 1:1
deuterium:tratium in the core. The equation for (dn./dt) is
essentially a definition of the particle confinement time, Tpe

The ratios Femp (= TE/TE,emp when v =1, t= 0) and I'p
relate the energy and particle confinement times to "empirical"
scaling at the reference plasma parameters n, = 1{/]l4cm‘3 and T; = 1

kev. For the results presented here we take r_ = 2, v’ = @, and

P
T* = @ for simplicity. (The results obtained for the values of
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n. and T; needed for ignition have been shown to be insensitive at

least to the density scaling of Tp. Changes 1in rp can be
approximately compensated for by the appropriate changes in the
blanke: density ny, 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 aiven initial
conditions [n_ (@), T.(¥)] by eliminating the time t, and plotting
T vs ng. 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 [nc(ﬁ), T.(8)] for which the plasma
just barely "smoulders" to ignition (i.e.o, the "smoulder

fizzle/boundary”}).
4, INJECTOR ENERGY AND POWER

The zbove results illustrate the existence of plasmas which
"smoulder" tc ignition, but give 1little information about the
usefulness c<f the "smoulder" technique. As a measure of the
usefulness of the technique, we calculate thé gross electrical

power reguired for the neutral beam injectors to form a plasma
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which will smoulder to igrnitinn. To calculate the gross electrical
power we proceed as follows.

First, we compute the required injected beam power Pp to
produce a plasma nn the "smnulder-fizzle houndary.” This o»ower s
plotted as a functinn of the initial core temperature in Fig. da.
The value nf Py shnwn in Fig. 4a Is the maximam power required to
slowly heat a c¢onstant-density plasma to the indicated tempesature,
as computed from the steady-state, zern-dimensional energy balance
fnr the core. For nigh n, low T plasmas, the maximum Py is
required to heat the plasms to a temperature (5 tn 18 keV; where
alpha heating becomes impnrtant. Far low o, high T plasma cores,
the maximum Py is required to maintain a high T plasma against
transport losses. Alsn shown in Fig. 4a is the maximum Py
required to pronduce an ignited core at the indicated temperzture.

Second, we compute the bLeam energy Wb = 1.8 x lw—l4nca
required 5 penetrate each "smoulder-fizzle bnundary" plasma core.
At high densities, lower beam energles result in depositinn of beam
energy near the plasma edyge, which 1g expected to result irn
inefficient heating and prssihle problems with increased impurity
generation, In reality there i3 a continuous transition frem the
optimum utillzatinn‘of Leam power when Wp-- 1.8 x lﬂ;iqncé, znd
inefficient wutilizatinn of beam power when Wy, - 1.8 x l@"l4nca.
We choose the above cutnff value as 2 convenient synopsis of the
beam penetration problem, The values of Wy required to form
"smoulder—fizzle boundary" plasma cores are showr 1in Fig. 4b,
Also shown are the W, required to produce ignited cores.

Third, we compute the gross electrical powver
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S TRAHGPORT SCALING

Extrapolation of cxperimental conflnement measucrements te
thermnnuclear reactor plasmas requires a large "leap of faren."
Therefore, any discussinn of reactor plasmas  should consider oo
possibility of transport scalinge different from those currently
fashionable |8]. For example, the ygrnss beam power required for
direct heating and "smouldering" tn ignitinn are illustratecd in
Fig. 6 for models with , - a? and g nl/252,

The influence of transport scaliny parameters on the gross
beam power required for ignition is shown in Fig. 7. Here we show

the minimum values of fnr direct and ‘“smnulder-fizzle

Pgross
boundary" igrition. The minimum values nf Pgrnss are obtained fram
Pgross1Tc(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 Tg in high tem;erature

reactor plasmas scales as g né;where 0 < vl

i
7
i
|
!
H
i




The temoeravsre  dependonce of  poevidently does not have
mucrh  anfluence on  tr.  uasg-fulness of the smoulder technique.
However, the dependence of Pirnss 70 the temperature scaling of ",
shown 1n Fig. 7%, does illucirate the extreme impnrtance of

maintaining 4goad eneryy confinement as the plasma temperacure is
increased, For more optimistic scalings than L= 5 X 1@‘19n1T@a2,
the smnulder technigue (S unnecessary, and direct ignition becnmes
relatively casy. For much more pessimistic scaling, beam heating
tn  ignitinn is dimpraectical without additional schemes such asg
compressinn af a beam~hoaced plasma. Present experimental results

3

indicate that while 7 ne., the gross confinement time 'p Ne
with ¢ - . <1, and " increases somewhat less rapidly than
linearly with plasma temperature {(when To 7T

Alsn shown, in Fig. 7Jc, is the dependence of Pgross on the
cnefficient T emp of nca2 in the usual empirical scaling law. Since
a®, an increase in emp is equivalent to an increcase in
a¢., Tne particular results shown in this paper correspond to an
"eguivalent <circle model," with a = 110 cm, of the elongated hot
plasma core in the Princeton Ignition Test FReactor (PITR) design
i9). with standard empirical scaling, Tg =5x lw'lgncaz, smaller

cores in PITK regquire excessive beam power and larger cores are

unnecessary.
6. COMPARISON WITH 1-D TRANSPORT CODE

Sophisticated transport condes are too cumbersome for the

large parametar-range searches undertaken here. Such codes can,
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however, provide insight irnto the details of the burn process and
provide a check on the accuracy nf tne assumptinong  usged. Figures
8a tn #d show the evnlutinn of T., Ti. n.rand alpha heating
profiles with a hnt core and cold plasma blanket, as computed with
the BALDUR transport code (l&], which solves the 1-D plasmsz

transport equations [4]. Far computational convenience, the c¢nti

plasma blanket is formed by gas puffing during a moderate najor

radius compression by a factor C = 1.14. The transport
cnefficlents used were e = 5 X Jm17/ne, #i = neonclassical, 7nd
D=2 x lﬁ3cm2/s. The correspnnding confinement times are
Tpe = a2/(47g) = 5 x 107 % a4 and o= a?/@ap) = 1 x 197%a%, all

in ¢gs units., The transport losscs through the ion encryy channel
are smaller than, but comparablce (ahout 60%) to those thrnugh the
electron channel, so that 1, - ... The total eneryy and particle

confinement times are very nearly equal to thnse in the "empirical"

transport moael used in the two-zonc calculations abnve. Transport

is enhanced to retain marginal MHD kallmoning stability when the

pressure gradient exceeds the MHD ballnoning threshold [11], and

resistivity is enhanced over neonclassical when needed ta maintain a

safety factor g = 3 at the cdye nof 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> + <T;>) /2 and ane>, averaged over the volume

inside the radius a = 118 cm of the initial compressed plasma, is

shown in Figs. 2 and 3.
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7. EFFLCTS OF IMPUKITIES

1t is well known that small concentrat; »ns of
moderate-to-nigh 2 impurities prevent ignition because of radiative
1nsses [12]. fThe effect aof a specified constant fractinan of iron

impurity on cnres smouldering to ignition is shown in Fig. 9a.

For example, the plasma starting with T. = 3¢ keV,
n. = 1.25 x 101%cm™3, and #.4% iron, just fails to cross the dashed
line in Fig. Ya, which is the ignition curve for @.4% iran. It

the cnld plasma blanket is eqgually c¢ontaminated, there may be
difficulty in preventing radiative cnllapse and recombination of
the dense blanket plasma. This might be prevented by neutral beam
heating of the blanket, bhut & detailed examination of such
guestionns 1s beynnd the scnpe of this paper.

However, one of the primary motivations for proposing the
cold plasma blanket was the hope that 1t would be substantially
free from impurities (4]. 1In this case, fueling of the core should
dilute the ariginal core impurity concentratinn. This leads to a
much higher tolerable concentration nf initial impurities in the
core, as illustrated in Fig. 9*. The benefits of reduced impurity
infilux evidently can complement the benefits of the technique of
smouldering to ignition in reducing the technolagical requirements

for obtaining ignition in tokamaks.

8. CONCLUSIONS

The results discussed herein demonstrate the possibility of
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igniting ;\low density, nigh temperature plasma <¢ore by fueling
from a cnld plasma blanket. This technique allows ignitinn tn be
achieved from a wider range of starting plasmas. In particular,
the 1lnwer density "smouldering" <c¢nres can be formed with lower
energy (more efficient) neutral beams than are reguired £o
penetrate ignition-sized plasmecs, rcsulting in a reduction in the
gross electrical beam power required for ignition. Large
reductinns in the c¢ross beam pnwer requirement are obtained with
the smoulder technigue if energy confinement improves only weakly
with plasma density. Finally, the cold plasma blanket can alsn

allow significant increases in the initial impurity levels 1in 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. and (b) T, vc t from various

starting densities., Curves of T, evolution are labeled by

starting values of n, in units of 181dcn3,

g = 1.3 Kna2, Tp = 2K n*az,

K=5x 167 1%m*s, a = 110 cm.

Dot-dashed line is 1-D code result (c.f. Section 6).

Fig, 3 Evolution of T, vs n, as in Fig. 2. Dot-dashed Line

o)

iz 1-D code result.

Fig. 4 (a) Beam power Pb and (b) energy Wp required to form
ignited (~--} and smoulder-fizzle boundary plasma
cores (——). Confinement as in Fig. 2.

Fig. 5 (2) 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
igrition with confinement scaling as in Fig. 2 but

g = 1.3 Kn*(nc/n*)\)a2 with VY = 1/2 and V = 9.



Fig. 7

Fig. 8

Fig. 9

_16_
Minimum injector electric power required to form ignited
(--~-) and "smoulder-fizzle boundary" plasma cores (—)
as a function of confinement scaling parameters.

K (ng/ne) ¥ (Io/Ta) 2%, 1, = 2Knga?,

TE * Temp
K =5x l@'lgcm"3, Ny = 1@l4cm‘3, Ty = 1 keV,
a=110 cm. v =1, t = 0, remp = 1.3 when

these parameters are not being varied as indicated.

Evolution of plasma parameters, calculated by the

BALDUR 1-D transport code {[18]. 1Initial a = 128 cm plasma
{e.3., formed by neutral beam heating)

witn parabsalic To{r), Ti{r), and <Tg> = <T;> = 11 keV is
compressed from R = 320 cm to R = 288 cm

during t = 0 to t = 80 ms, with gas puffing to form

an a = 118 cm core surrounded by a c¢old blanket. After
gas puffing, boundary conditions are 108%

recycling, T, = Ty = 0.1 keV, plasma current

= 7.7 MA. Bp = 4 T,

{a) Ty, (b) T;, (c} n (d) alpha-particle heating.

er

(a) Evolution of T. vs n, for various constant

o
iron impurity levels from 6.06% to #.5%. Dashed line
is ignition boundary for 6.4% iron. (b) Evolution of
T, vs n. for various initial iron impurity

levels in core. Impurity is diluted volumetrically by

influx of pure blanket gas during the burn. Corfinement

scaling as in Fig. 2.
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