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1. INTRODUCTION

The power density produced in a reactor plasma depends on the density and
temperature of the fuel ions burned. In the case of a deuterium-tritium fueled
Eystem, this quantity is given by'NDNT<ov>QF. Tokamak reactors will have to
operate under ignition conditions to attain economic viability. This requirement
imposes parametric constraints on the containment system since ignition depends
on density, Lemperature, and energy confinement time. The energy confinement
time in turn depends on other variables but at present this dependence is not
known. There are indications, however, that confinement time will scale favorably
with an increase in density. This result is suggested both by experiments and
theoretical analyses. Thus -there eare incentives from severa) points of view to
operate the reactor plasma at high density.

r
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Several approaches for achieving high densitvy can be envisioned. A method
which requires a moderate magnetic field (orcﬁigh beta) is desirable for economic
reasons. This may be possible using the confpt of a f]u*—conserving tokamak.(l)
(2} Finally, high magnetic

Noncivcular plasmas may offer a mecns to higﬁ density.
fields (or low beta) may be necessary.(3) In this paper a reference systen
which includes a moderate magnetic field, a moderately elongated plasma and

high beta has been assumed.

High density imposes constraints on the design and operation of the systenm.
For example, high power density means that the first wall will be subjected
to high neutron fluxes (> 1 MW/mz) as well as a high thermal flux. The break-
down and curvent rise phases of start-up may require high voltages when increased
filling pressures are used. Supplemental heating using neutral beams may be
difficult due to the beam energies required to achieve adequate beam particle
penetration. Finally, impurity and burn product effects in a dense plasma must
be examined. In some cases technological developments may be needed to meet
the criteria set while in otheyr cases operating procedures may provide the
desired solutions.

Specific areas affected by high density operation are discussed below.
These include scaling, plasma dynamics, impurity criteria, neutral beam heating,
and Tow density start-up.

I1I. SYSTEM MODELING

There are many ways to simulate the detailed energy balance processes in a
tokamak. In the present work the same model used previously in the ORNL
Experimental Power Reactor Design Study(4) has been adopted and the impact of ;
high density has been assessed. The time dependent mcdel includes deuferium, f |
tritium, alpha, electron and impurity particle and energy balance equations.

It alsc includes beam-plasma fusion and heating, and cold neutrals to simulate
both recycling and fueling, and the effects of impurities on radiation and
transport. Psuedoclassical, neoclassical, and dissipative trapped particle
mode scaling laws are included. Conduction and convection times are functions
of plasma collisionality.

‘ Impurities affect plesma energetics through the creation of a fuel jon
defect and by incrgasing ZEFF and enhancing radiation losses. The source of
high-Z (iron) and low-Z {carbon) impurities is due to sputtering of the wall by




deuterons, tritons, alphas, and impurities as well as by churge-exchanged neutrals
and neutrons produced in the plasma. The impurity model is discussed further j
later.

Figure 1 shows the plasma radius required for ignition as a function of b
. temperature. The density is 2 x 1020 m'3, the plasma elongation (height to f
width ratio) is 1.6, and the axis magnetic field for three cases is shown. :
The minimum size for ignition occurs at about T = 13 keV. Below this temperature
the Nt reqiiired for ignition increases sharply and an increase in size is necessary
to aitain it. Above 13 keV, trapped ion mode transport (Nt « BZT'lllz) dominates
the scaling and an increase in plasma size ~gain is required. The neutron wall
loadings asscciated with various operating temperatures are also shown. Note
that at N = 2 x 1020 m'3, T =13 keV and By = 45 kG, the wall loading exceeds
3 Mw/m2 and the plasma radius necessary for ignition is 1.25 m. With a field
strength of 65 kG, the size required is reduced to + 1 m and the wall lcading
is ~ 2.5 Md/m?.

Figure 2 shows the plasma radius required for ignition as a function of
density. In these cases T = 13 keV. At lower densities the collisionality o
the plazma is such that transport is dominated by the trapped ion mode which
requires an increased plasma size. As density is increased the size required
for ignition decreases since the impact of the trapped ion mode becomes less
pronounced. Thare is no quantitative answer to the question of what maximum
density is acceptable. Also, theoretical work 5 suggestis that g ~ 20% or
high=r may be attainable. For this analysis an operating density of about ;
2 x 1020 m'3 is assumed. This results in a g ~ 10% at 13 keV, a wall loading f
less than 4 MW/m2 and an igniticn size of 1.25 m. Table 1 summarizes the %
reference system parameters computed from a time-dependent, self-consistent
simulation model.

Table 1. Reference Parameters

Major radius, Ro(m) 5

Horizontal minor radius, a(m)} - 1.25

Elongation, b/a (~) 1.6

Toroidal #ield at winding, Bmax(d) 8

Toroidal field or axis, BT(T) 4,32

Plasma current, I{MA) 4 :
Electron density, Ne(m"B) 2.2 x 10;3 ;é

lon density, N (n™>) 2.0 x 10 e




Table 1. (cont'd)

lon temperature, Ti(keV) . 13.6
Energy confinesient tise, 1E(s) 1.2
Torocidal beta, £ {-) 0.14
Average neutron wall loading, Lw(ﬁw/mz) ) 3.7
Thermal fusion power, Pth {1 1510

FIT. OPERATING CORDITIONS AND DYRAMICS

The operating parameiers shown in Table 1 represcnt steady-state conditions.
Since the model used includes ihe trapped ion mode where Tp T’ll/z, the
teaperature increases to the point where the energy loss rate equals the heating
rate due to therionuclear alpha particles and a steady-state is achieved. Figure
3 shows i vs, Te for three different values of magnetic field. ZEFF = 1 and the
system size is that given in the table. As the temperature increases, Nr is
dominated by pseudoclassical, trapped electron mode, and trapped ion niode
diffusion lusses.(ﬁ) "1 required for ignition is also shown. For example,
vhen B1 = 43 kG ignition cccurs at 10 keV, a thermal excurs?un occurs after
ignition since P{alpha) and P(Josc), and steady-siatc conditions are scached
at 15 kev, i.e., NT)oparation = NT)ignitéun' There is a miimum field for this
size device which can provide ignition. It is aboui 40 kG and results in an
I\‘1)operation curve which i;otaggent to NT)ignition‘ Hote that this would occur
at about 13 keV and 2 x 10 m ~ which ir turn implies 2 fusion power cutput of
1200 M. This is an dmportant point since it means that {assuming this scaline
model) the minimum power output associatled with an ionited device of this size
is greater than 1000 M. A heat removal capability compatible with this power
would have to be installed in such a device.

The device could be operated at a higher field. In the 60 kG case. ignition
occurs at 7 keV but the thermal excursion persists Lo a temperature greater than
20 keV. This is the result of improved confinemwent at the higher field. Under
these conditions the sysiem could achieve ignition at a density less than
2 X 1020 m'3. The power produced is proportionat to N2 so that ignition conditions
would be compatible with a power less than 500 M. This, of course, represenis
a low beta system and is less atiractive economically. Alternatively, a smaller
size system could be used to achieve ignition under high field conditions.

Figure 1 showed that a 1 m plasma radius may be sufficient. In this case the

power output would be 630 MW when N = 2 x 1050 m~3 and Ti = 12 keV.
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The ignition calowlations above assuaed & puve (ilf! 1Y plasma. Vion
impurities are included, both the igaition requircsonl and Uhe system operating
characteristics change. Figure 4 shows this for the refercuce {(Table 1) syaton,
Iron is assumxd (o be the ispwrity. Due to eshanced radiation losses, ignilion
camnot be achieved above ?Fff = 1.5, This vsianli'hv~ the $mpuritly control
criteria which will have to be met. during the bure nyclo of the Jdevice. Hole
also Lhat in the trapped electron mode iy « "‘nrp and in the trapped ion mede
N« ZEFF s0 that the con{incment charactoristics cress over afier the transition
into the trappeu ion mode.

Iv. [IMPURITY CONTROL

The plasma simulation wodel includes treatwant of losses from line radiation,
radiative recomination, and diclectronic :ﬁcvwblnctwnu.(l) The model used is
based on theoretical calculations by Nerts et al. (8} The calcuvation is for
iron and takes into account that, depending on plasma poramplers, the iron sy
be partially ionized in some rvegions of the plasma,  The resulis are depandent
nn plasma electron tempecature. The iepurity vadiation less is found to M
approximately constant Lelow a temperature Té. and again approximetely conttlant
(with reduced magnitude) above # tumperaturve T:. A Tingar interpoiation is
ssed te connect the two regions. This rvedially dependeni loss process is incledsd
in the model.

The electron temporature and eleclron density profiles ari assumed v be
centirally peakad parcabolic functions of » {minor vedius), The widths of those
profiles are fixed by the initial conditions, namely the initia} values for the
average temperature and density and their assueed values ol the plases edge.

The profiles are then detormined.  The peak viluis ére re-computod a5 o Tunction
of time, since the code follows the evolulion of 311 plasge pavgmoter averaces,

The high-2 impurity density is treated similarvy, but the peak of the profils
is allowed to cccur at arbitrarily chosen redii.  In periicelar, ihe ispuriiy
density way be peaked at the will., This sodel allows ispurities to build up
at the plasme edge or at the plasss confer, so that the impYications of various
inpurity diffusion theories may be assoessed.

Hith the ahove assumptions, the total radiation inlegral over the plasis
volume is evaluatesd.

Figure 5 shows typical profiles for electron densitly, eleciron ltesparatuie,
impurity density, and atomic vadislion. For this cate the imperily profile is




centered at the plasme cdge,

The high-temperature region, the transition rvegion, and the low-temperature
regicn con he distinguished between r = 0 and v = 2. The remainder of the shape
is due te the volume elomeal variation with r and the density distributions
used, .
The equaticns used for the impurity radiaztion loss are:

it

P lw/n®) = € (Ty) x 10732 0 (073w (73), (1)
where

- e L
€ (Tc) = 4.1 when Te < Te

and

= ’\.t" u-
C (Te) 0.32 vhen Te > Te :

1 -1,
. U N
C (Te) = (4,1 - 3,78) u i when 1e < Ie <T
Te ~ Te

u
v (2)
M l‘ o . ' ~U - AL
For irosm, T” = 1.0 keV ond Ty © 2.1 kev.
The bunldup of the carbon and ivon impurity densities due o sputtering
from the walls ic constdercd,  The sputioriag processes included in the Nc and

"re
devtorons, tritons, alphas, carbon and ivon dons; fusion neuirons and neutrons

sauations are due to incident particles which result from diffuzion, i.e.,

incidontl from the blasket; fast neutral atoms from charge-exchonge; and chemical
sputtering of carbon. The fons that diffuse from the plasma are assumed to be
wondenergetic,

Figure 6 shows the model used for sputtering by devterons. For cases where
carbuon is assumed, the chemical sputterindyicld 9) is taken to be constent.
In the curve labeled 1 the particle snutte#ing yields are euergy—depondent(lo)
and in the same ratics as those gliven by Behrisch(ll for Kb, The absolute
valuss are norsalized 1o those for deutevons (0.04). A fit to the receni
(12) (13) 4ng 1

sputtering daia from Belrisch et al. was obtained from Conn

showun for comparison.




The neutron sputtering rate is proportional to the neutron production
rate in the plaswa due to background and beam-plasma fusion events. The neu‘ron
sputtering coefficient is taken from Ref. {11). The result is actually for
a 0.5-cm niobium wall and lithium-cooled blanket. It includes the 14.1-MeV
source neutrons, and the random neutron flux at all energies which results
from interactions in the blanket. The charge—exchangé flux to the wall is
computed from a spatia¢ integration over the plasma. As in the radiation case
above, radially dependent ion and neutral profiles are used.

The sputtering yield per unit volume is

<}
=

Vg -0
6 vy f [T{(r)] Ocy @ ( D ND vpt g NT vT) dv ,

where y = Ye» OF Ypq when appropriate. The neutral density is assumed to
fall exponentially, as given by

No(r) = No(a) e'(a = r)fa,

where X is the characteristic Tenglh for neutrel attenuation.
The sputtering coefficients, y, are shown in Table 2.

Table 2. Peak Sputtering Yields

Carbon and Iron

Deuterons 0.04

Tritons 0.06

Alphas 0.64

Carbon 13.0

Iron 12.0

n 3.0 x 1075
cherrical 0.03 (carbon only)

Figure 7 summarizes the technique used to incorporate sputtering and impurity
effects into the plasma simulaiion model. Spatially averaged time-dependent
parameters are computed and advanced in time in the program. As part of the
calculation, spatial profiles for the plasma parameters, impurity species and
neutrals in the system are assumed. The profiles are chesen to have average
values consistent with those in the code. Using the spatially dependent informaticn,
charge state distributions and line and recombination radiation losses are

I T A T T . ST e e AR




calculated. The results are integrated over the plasma volume and the integral
results are used in the spatially independent energy halance computation.
Similarly, the charge-exchange flux, which is dependent on space and energy,
can be computed Trom the sssumed profiles. This source of particle flux,
together with the flux resulting fromparticle diffusion, is coupled to the wall
by the sputtering model previously discussed. The diffusion flux is assumed
to have a temperature of 100 eV. Sputtered impurities are assumed to reenter
the plasma with some efficiency and on a profile which is selected a priori.

It should be noted that major uncertainties exist in this area. For example,
impurity transport and therefore the density profiles are not well understood;
sputtering models (especially at low energies) remain to be verifiad; and
detailed neutral behavior is an active area of concern.

It may be possible to contrel impurities in several ways. For the purpose
of this work, two efficiencies have been defined. The first efficiency applies
to the charged particle flux which is directed toward the wall, i.e., an
efficiency of 90% means that only 10% of the flux impinges on the wall. This
can be visuaiized as an unioad divertor efficiency. The second efficiency
applies to impurities which are returning from the wall to the plasma, i.e.,

a 90% efficiency means that only 107 of the sputtered impurities returi into

the plasma veiume. This can be visualized as a screening divertor efficiency.
Thus charged particle sputiering is affected by both whereas neutral sputtering
is only affected by the “"screening" efficiency. In the cases discussed below
both efficiencies are taken to be equal o that a 99% charged particle efficiency
implies a 90% neutral particle efficiency. In all cases the characteristic

fall off distance for the background neutral density is taken to be 5 cm. The
neutral density at the boundary is specified.

Figure 8 shows the ion temperature vs. time for the reference system and
four charged particle efficiencies. The impui ity is assumed to be iron and
the neutral density at the boundary is assumed to be 1 x 108 cm'3. The
desirable pulse length is defined to be 30 seconds. For chargped particle
efficiencies of 95, 95 and 90%, ignition occurs in 8 - 10 seconds using 75 M
of neutral beam injection. The burn conditions attained are essentially the
same 'in all three cases and the 30 second cycle is achieved. When the
efficiency is reduced to 80% a steady burn is not achieved. Impurity buildup
causes the encrgy loss rate to exceed the alpha power input and the ignition
condition cannot be maintained without intermiitent beam heating. The limits




for beam control have been set in a manner whicn facilitates demonstrating
the concept of team driven operation. Beam heating is initiated whenever
T; < 10 keV and terminated when Pa —'Ploss > 5 Md. Each subsecuent dignition
point occurs at successively greater temperaturcs due to the continuous
buildup of impurities and the associated increasc in losses. 7Err & 1.4 during
beam driven operation and igntion can be achieved but ‘with little margin.
Figure 4 showed that at about ZEFF = 1.6 ignition cannot be achieved under the
reference conditions. In fact if this mode of operation is required it must
be optimized. A wide band for beam control, such as the onc shewn, resultis
in minimum amount of time that the beams are on but results in large power
output fluctuations. A narrow control band would havc the opposite effect.

Ignition can be achieved but no maintained fer 30 seconds when the
charged particle efficiency is 997 and the neutral density at the plasma boundary
is assumed to be 1 x 109 cm'3. Sputtering due to charge exchange is excessive.
Using 75 M of neutral beam injection results in ignition after 11.5 secends.
The plasma is barely ignited however since ZEFF = 1.5, N=2.2 x 1020 m"3 and
T. = 12.2 keV. Ignition cannot be maintained and after 14.2 secconds ihe
temperatune has decayed to 10 keV and ZEFF has increased to 1.63. Bean injection
is initiated again but the plasma cannot be reignitcd due to the high 1.purity
Tevel. In the same system impurity control efficicncies less than ~ 957 do
not permit ignition at all.

The ignition requirement places requirements on the degree of impurity
control which is needed and establishes the level for the neutral density
in the plasma which can be tolerated, The two criteria, of course, are closcly

coupled.

V. HEATING AND START-UP

The fundamenial aspects of neutral beam heating during the plasma stert-up
are discussed in this sectien. The supplemental heating power level necessary
to achieve ignition in the reference system is about 6 seconds is found to be
75 Mw. This calculation is hased on energy balance considerations using the
final density (~ 2 x 1020 m'3) and does not include the problems of beam
penetration into a dense plasma. High density and high impurity content make
penetration into a large plasma increasingly difficulv. Beam focussing,
perpendicuiar injection and high beam energics may be necessary to overcome

;
i
i
i
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the penetration problem. Small radius ctart-up and low density start-up may
provide another means to solve the problem. Here the concept of low density

(14,15) is outined.

start-up, which has previously been suggested

Beam deposition can be characterized by the function H{r) which was first
introduced by Rome ot al.(lﬁ). H(r) is a gcometric measure of the deposited
fast jon number density profile which results from injection, It is desirable
to have the beain deposition peaked in the central region of the plasma for
maximun heutin efficiency. In these caliulations a deuteron beam, 30 cm in
diameter, is assumed t2 be injected into a ZEFF = 1 plasma.

Figure 9 shows the deposition profiles for several different beam energies.
In these cases injection is nearly perpendicular (160 from perpendicular to
prevent ripple trapping of the fast ions) and the density profile is assumed
to be i = 3 x 1020 [1 —-(r/a)zlm'3. Adequate penetration can be achieved in
this way if a beam energy of ~ 250 keV can be made available. Impurity
effects dictate an even higher energy.

High density and temperature are required at the ignition point where the
beams are no longer needed to sustain the plasma energetically. It may be
possible to establish the temperature conditions at low density, incregase the
fueling rate to build up the necessary density while continuing injection,
and tolerate the less favorable injection profiles which will occur near
the end of the heating phase. Figure 10 shows H{r) for 150 keV tangential
injection into average densities of 7.5 10, and 20 x 1019 m'3. The injection
deposition profiie is favorably peaked wien N = 7.5 x 1019 cm'3, is reiatively
flat for N = 1 x 1020 m'3 and becomes peaked at r/a = 0.75 when N = 2 x 1020
m‘s. Therefore, heating efficiency will decrease when N > 1 x 1020 m’3, but
if this part of the heating cycle occurs over a time on the order of an
energy confinement time, the less efficient heating process may well be tolerable.

Figures 10 and 11 show the time-dependent density and power histories during
heating. Initially N= 7.5 x 1019 w™®, T =100 ev, and P, = 75 M. At
t = 2 seconds, Ti = 12 keV and the fueling rate is increased to begin the
density buildup phase. The plasma ignites and beam injection is terminated
after t = 4.4 seconds. Density buildup occurs over a period of 2.4 seconds
and the average energy confinement time during this phase is 1 A 1.5 seconds.
Energcotically this scenario is feasible since 75 MW is sufficient to heat the
plasma to ignition at full density. In fact, more detaiied studies of the approach
using a coupled beam deposition-spatially dependent transport calculation is

necessary to optimize the start-up procedure.

T e
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VI. SUMMARY

The incentive for high density operation of a tokamak reactor has been
discussed. It is found that high density permits ignition in a relatively
small, moderately elongated plasma with a moderate magnetic field strength.
Under these conditions, neutron wall loadings ~ 4 M!-.'/ni2 must be tolerated.

The sensitivity enalysis with respect to impurity effects shows that impurity
control will most likely be necessary to achieve the desired plasma conditiens.
The charge exchange sputtered impurities are found to have an important effect
so that maintaining a low neutral density in the plasma is critical. If it is
assumed that neutral beams will be used to heat the plasma to ignition, high
energy injection is vequired {v 250 keV) when heating is accomplished at full
density. A scenario is outlined where the ignition temperature is established
at low density and then the fueling rate is increased to attain ignition.

This approach may permit beams with energies being developed for use in TFTR
to be successfully used to heat a high density device of the type described

here to ignition.
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