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Abstract Peaking the density profile increases the usable bootstrap current and 
the average fusion power density; this could reduce the current drive power and 
increase the net output of power producing tokamaks. The use of neutral beams 
and pellet injection to produce peaked density profiles is assessed. We show that 
with radially 'hollow' diffusivity profiles (and no particle pinch) moderately peaked 
density profiles can be produced by particle source profiles which are peaked off-
axis. The fueling penetration requirements can therefore be relaxed and this greatly 
improves the feasibility of generating peaked density profiles in large tokamaks. In 
particular, neutral beam fueling does not require MeV particle energy. Even with 
beam voltages of ~200 keV, however, exceptionally good particle confinement, r p » 
Tfc, is required to achieve net electrical power generation. In system with no power 
production requirement (e.g., neutron sources) neutral beam fueling should be capable 
of producing peaked density profiles in devices as large as ITER. Fueling systems with 
low energy cost per particle — such as cryogenic pellet injection — must be used in 
power producing tokamaks when r p ~ Tfe. Simulations with pellet injection speeds of 
7 km/sec show the peaking factor, n e o / (w e ) , approaching 2. 

1. Introduction 

It has long been recognized that peaking the density profile — at fixed (/3) and 
#t«r— increases the average fusion power density[1], and has a beneficial effect on 
reactor performance[2,3] which is similar to raising the (3 limit. The magnitude of the 
effect is illustrated in Fig. 1 using the peaked density profile of a supershot[4] and 
a flat H-mode density profile[5]. The 'extra' power could be used to run the system 
which produces the peaked density and will also reduce the auxiliary heating power 
needed for startup. 

The weak temperature dependence of the fusion power near its maximum can be 
exploited by trading plasma density for temperature according to the needs of the 
fueling method: lower density facilitates neutral beam fueling, while deep pellet fuel
ing is easier at lower temperature. A similar strategy has been used before for other 
purposes: the low density/high temperature regime is favorable for non-inductive 



current drive (higher temperature is also associated with improved confinement in 
supershots[6]). 

Raising the density peakedness is theoretically expected to increase the total boot
strap current and improve the current profile 'alignment', i.e., the bootstrap current 
density is closer to the desired current density[7]. These effects lower the auxiliary 
current drive power and the recirculated electrical power. In addition, peaked den
sity profiles may cause sawtooth suppression[8] which, in turn, would have beneficial 
consequences in large tokamaks[9-ll], not the least of which is that it facilitates the 
creation of peaked density profiles. 

It has recently been shown in detailed calculations with TPX parameters that a 
moderately peaked density profile is desirable for producing an 'advanced' plasma 
regime with reversed magnetic shear which has excellent MHD stability properties, 
very high bootstrap fraction, and very good current alignment [12]. Further peaking 
of the density profile would raise the stability threshold (for both /?£ and /3N) °f high-
n ballooning modes and low-n external kink modes, but it would also drive excess 
bootstrap current deep in the plasma core and create a need for anti-current drive in 
order to maintain the negative magnetic shear that is crucial to the stability of this 
regime[13]. 

While we shall examine the use of deep fueling for the purpose of producing 
peaked density profiles, it should be noted that deep fueling is beneficial in several 
other respects. Simulations of ITER show that even relatively shallow pellet injection 
is preferable to gas puffing because the higher fueling efficiency (more of the particles 
reach the main plasma) reduces the pumping requirement and will tend to reduce 
the tritium inventory in the gas processing system[14]. If the D:T mix is 'tailored' 
by using a deep fueling method preferentially for tritium and using deuterium gas 
puffing it should be possible to lower the tritium concentration in the scrapeoff region 
and hence reduce the tritium inventory in the plasma facing components (which will 
become saturated with the D:T mix which flows to them). 

Tokamak experiments with centrally fueled plasmas have shown that peaked den
sity profiles often have enhanced performance. Peakedness does not uniquely deter
mine the degree of enhanced confinement, however, and a better understanding of the 
causes of the enhanced confinement is desirable. High density peakedness, 71^/(11^) = 
2-3, is correlated with improved energy confinement, TR/TR^ = 2.5-3.0, in TFTR 
supershots[15], as well as in high /3poi discharges in JT-60[16], TFTR[17,18], and 
DIII-D[19]. It is also associated with enhanced energy confinement in pellet fueled 
regimes in TFTR[20], the PEP mode in JET[21-23], and low q(a) discharges in JT-
60[24]. High density peakedness also occurs in high bootstrap fraction discharges in 
TFTR[25] and JT-60[26]. Peaked density profiles in advanced large tokamaks could 
facilitate access to these enhanced performance regimes. 

In discharges with very good core particle confinement peaked density profiles 
could be maintained even if the central particle source rate is modest. All that is 
required is that the source be sufficient to meet the losses, so peaking of the density 
does not necessarily require a centrally peaked source. Indeed, density peaking has 
been reported during IBW heating with no beam or pellet fueling[27]. It is also 
important to recall that a particle 'pinch' could assist any core fueling method. In 
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principle, a pinch could suffice to produce a peaked density with no core particle source 
whatsoever; a better understanding of core particle confinement might even lead to 
the benefits of peaked density profiles without the costs of deep fueling systems. In 
the absence of such an understanding, however, we use general characterizations of 
transport to estimate the neutral beam and pellet injector requirements for producing 
peaked density profiles in power producing tokamaks. 

We find that neutral beams of ~200 keV particles can fuel the core of a large 
tokamak but the energy cost per particle places strong constraints on the particle 
confinement: net electrical power can be generated only if r p ^ Tfe. If r p ~ TE the 
fueling must be done with a system which has a lower energy per particle. Cryogenic 
pellet injectors have appropriate characteristics and have received considerable atten
tion. Previous simulations of core pellet fueling in ITER produced modest peaking, 
tteo/(fie) ~1.1-1.4, because they used relatively small, slow pellets which did not pen
etrate deeply[14]. We have extended that work to faster, larger pellets which lead to 
neo/(ne) ~2 . 

Although we will not consider it in detail, another potentially suitable fueling 
method is compact toroid injection[28,29]. Unlike neutral beam or pellet fueling, 
penetration does not depend on the tokamak plasma density or temperature and 
essentially all the injected mass is deposited in a small region where the toroid stops. 
The penetration criterion is that the initial kinetic energy density be equal to the 
tokamak's magnetic energy density at the deposition point. In order to keep the 
energy per particle low it is important to use relatively slow high-density compact 
toroids (high speed, low-density toroids will have a larger energy per particle). Further 
development is required to raise the density of hydrogenic toroids, to reduce the 
impurity content, and to test the penetration in ~5 T fields. 

2. Core fueling by neutral beam injection 

A critical design issue for the beam fueling option is the choice of beam particle 
energy: lower voltage minimizes the recirculating power, while higher voltage provides 
better penetration to the plasma core and increases the beam, driven current. The 
inherent conflict in choosing the beam voltage is reduced by operating at low den
sity (and consequently higher temperature), by minimizing the distance between the 
magnetic axis and the outboard edge of the plasma, and by maximizing the bootstrap 
current to reduce any required beam driven current. This permits the use of lower 
beam voltage and more perpendicular beam injection to enhance penetration. An 
optimized design thus has a higher aspect ratio, higher (3poh larger Shafranov shift, 
higher bootstrap fraction, and, potentially, a lower current drive requirement than 
conventional designs. These characteristics fit naturally with the other advantages of 
high aspect ratio designs[30] and are also attractive for a long pulse tokamak with 
predominantly inductive and bootstrap current drive. Any advances in tokamak per
formance which lead to smaller practical reactors should also be favorable for core 
fueling by beams. 

The first important requirement of a beam fueled system can be derived from the 
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equation for the net electrical power: 

*Vnet = VthPf ~ Pb/lb = VthPf (1 ~ 1/VthVbQ) 

where rjth is the thermal to electric efficiency of the generating system, and r^ is the 
electrical efficiency of the beam system. If the fraction of the gross electrical power 
which is recirculated to run the fueling beams is to be limited to a modest fraction, 
say 1/3, we require Q > 3/T;thT?b ~ 12, for fyh = 0.40 [31,32] and r^ = 0.60 for a 
negative-ion-based neutral beam system[33]. Lower Q would be acceptable, however, 
in a facility which does not produce net electrical power, e.g., a neutron source or 
pilot plant [34-36]. This matter is discussed in more detail — and with very similar 
conclusions — by Conn and Kesner[37] and their Ref. [24]. 

2.1. 0-d Model for Beam Fueled Plasmas 
The fundamental issues of particle and energy balance in the plasma itself are 

readily illustrated by a 'zero-dimensional' model of a beam fueled fusion system, 
and a number of important qualitative conclusions can be drawn from this model. 
We assume a plasma of uniform density and temperature. We make no estimate 
of the beam penetration to the plasma core, rather, we assume all beam particles 
are deposited in the plasma core. This is not a valid assumption but the results 
of this model provide a good framework for understanding the results of the next 
section where beam deposition is treated realistically. An interesting complementary 
analysis of beam driven reactors focused on energy balance (particle fueling was not 
addressed) can be found in Ref. [37]. 

We assume equal D and T densities, nx = TID, and particle source rates, ST = S&) 
to provide equal beam penetration we require JE?T = 1.5JS?D- The fueling rate must 
be sufficient to maintain the density in the face of particle losses determined by the 
particle confinement time, Tt>=Tr, and by the fusion rate: 

5D = n^/ro 4- Sa. 

As shown above only high Q conditions are of interest so beam-target and beam-
beam reactions (with Q < 1) are ignored and the fusion power density is taken to 
be 

P f = 5EaSa = 5EanDnT(<rv)th = 5Eanl(<Tv)th. 

The ratio of the fusion and beam power densities is then 

= 5EaSa = 225« ( nDTt»(<n,)th \ 
bEDSD/2 ED \l+nDTD(<rv)th) ' 

As the particle confinement time, Tt>, improves Q asymptotically approaches an upper 
limit set by the ratio of the fusion energy release and the energy *cost' of the beam 
injected pair of DT fuel ions: 

Qlimit = 2Ea/Ev. 
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While MeV beams may seem desirable since they can penetrate to the core of a large 
dense plasma, they cannot be used as the major fueling source in power producing 
tokamaks because the resulting low Q necessitates an unacceptable reduction in the 
net electrical power. Conversely, very low beam energy is ruled out because it leads 
to edge fueling and a flat density profile. 

The confinement parameter required for Q = Qumit/2 is n^ro = l/(<Tv)th- The 
analogous parameter for standard ignition where losses are balanced entirely by alpha 
heating is, 

nDTgg = 1.5T(ne + nD + n? + n H e ) /E a n D (crv) t h ~ 6T/jE?a(<Tt;>th, 

and thus 
TD ~ (EJGT)T$ ~ 60r£. 

Thus, the particle confinement for a high performance beam fueled plasma must be 
much better than the energy confinement; this is particularly true for Q > Qumit/2 
where Q approaches its limit asymptotically. 

This requirement for very good fuel particle confinement requires us to evaluate the 
helium 'ash' buildup, the consequent dilution of the reacting fuel, and the reduction 
of the fusion power density (subjects of concern for conventional tokamaks also[38]). 
Taking the particle confinement time of the helium to be THC = nne/Sa, the ratio of 
the ash to deuterium density is 

™He TucSa The / QE&/2E, 

: ) • 
^D ^(SD — Sa) Ttj \1 — QE&/2E, 

Avoiding serious dilution for Q > Qumit/2 requires THC/TD <̂C 1, i.e., helium confine
ment muft be much less than that of the fuel ions (Fig. 2a). 

Since the total plasma pressure is expected to be limited by MHD instabilities, the 
increasing ash density will lead to a reduction of the fuel density and, consequently, 
the fusion power density. 

Pf = 5Ea{<Tv)th [ o m M t 0 — T T T - T ) = (<™)th(-^r) *d 

Wth = 1.5T(ne + 2n D + n H e ) = 6Tn D ( l + 3n H e / 4n D ) , 

6T(1 + 3n H e / 4n D )y S { < T v ) t h \WJ 
where Fa is the fusion power reduction factor due to dilution of the fuel by ash buildup 
(Fig. 2b). 

Taking the gross electrical power density to be rjthPf» the effective net electrical 
power density is 

/ W t n \ 2 

Pe.net = VthPf ~ Pb/Vb = tyh^th (-gjT ) *d(l " l/VthVbQ) 

= rfth(crv)th\-^nj F n e t , 
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where Fmt is the overall net power reduction factor due to both dilution from ash 
accumulation and recirculated power for .he beam fueling system. Note that this 
power reduction will overcome the higher a\ ^rage fusion power density provided by 
peaked density profiles unless both high Q and low THC/TD are achieved (Fig. 2c). 

At this point we can compare the relative merits of positive-ion-based neutral 
beams (with "% ~ 0.3 and ED ~ 100 keV) and negative-ion-based beams (with 
7ft, ~ 0.6 and E& ~ 200 keV). For fixed particle confinement times the Q is higher 
for the lower energy beams but the fuel dilution is the same. However, the lower 
electrical efficiency of positive-ion-based beams offsets their higher Q and the net 
electrical power densities are equal. The better beam penetration of higher voltage 
beams breaks the tie in favor of negative-ion-based beams for power producing devices. 
However, in smaller neutron sources or pilot plants the lower injected power and 
higher power density through vacuum vessel ports are likely to weigh heavily in favor 
of positive-ion-based beams. 

Finally, the ratio of thermal and particle confinement times is 

TZITD = Wthl(ro(Ph + Pa)) = 6T (2Ea/E» - Q(l - 0.75W*b)) / ( & ( 5 + Q))-

As expected, Fig. 2d shows that high Q requires much better fuel particle confinement 
than thermal confinement. 

In summary, good performance for a beam fueled power producing system requires 
Q > 3/T7th»7b ~ 12, ED < Ea/Q ~ 200 keV, TD » Tfe and 7t> > 7fce (but note that 
The >̂ Tfe is permissible). The minimum reduction in net power due to fuel dilution 
and to recirculated electrical power for the beams is 30-40%. This essentially balances 
the increase in fusion power which arises from the peaked density profile, so the 
increased average power density can be sufficient — in this idealized analysis — to 
provide the power to run the beam fueling system. 

This discussion has assumed that the beam penetration is good, i.e., all injected 
ions have equal chances to undergo a fusion reaction. In the next section we find that 
the inclusion of realistic beam deposition leads to more stringent requirements on the 
ratio of thermal and particle diffusivities. 

2.2. 1-d Calculations of Beam Fueled Plasmas 
Prior work [39] on beam fueled high Q plasmas with a priori peaked density profiles 

is compatible with the 0-d results of the previous section. It showed that the implied 
particle diffusivity was much lower than the thermal diffusivity, and that the central 
beam fueling rate was comparable to the fusion loss rate. 

The goal of the 1-d simulations described here is to generate self consistent steady-
state simulations of plasmas which are fueled by neutral beams and heated by the 
beams and fusion products. Since the 0-d model indicates that the ratio of parti
cle and thermal confinement is a fundamental determinant of the performance we 
generate a sequence of plasmas with different values of the ratio of thermal diffusiv
ity to hydrogenic particle diffusivity, x/^Hy? hut with the same total stored energy. 
(In order to simplify the comparison we assume that the (3 limit is independent of 
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pressure peakedness.) The ash to fuel particle confinement ratio is parameterized by 
Z>Hy/Ale oc Tfc«./rD and the two diffusivity ratios are varied to find the conditions for 
high Q beam fueling with a peaked density profile. 

Since tokamak temperature profiles are quite 'resilient' and generally well approx
imated by T(r) oc [1 — {p/a)2]ar with 1 < C*T < 2 we assume a fixed temperature 
profile shape. In order to simplify the calculations we use 7]=T e. We assume a central 
temperature of 25 keV and a? — 1.5. Although low plasma density is desirable for 
beam penetration, good divertor performance requires a substantial edge density[40]. 
The edge electron density for these calculations is accordingly fixed at 3 x 10 1 9m~ 3. 
The edge helium density is 10% of n e , and the carbon density is 2% of n e through
out the plasma (Zeff > 1.6). Calculations not reported here show that reasonable 
variations of temperature profile shape or hydrogen and helium edge density lead to 
modest changes in the results. 

The hydrogenic densities are calculated from a particle diffusion equation — with 
no pinch — involving only the beam source and the fusion sink. The helium ash 
source is assumed to be equal to the local fusion reaction rate — we thus assume no 
losses or radial diffusion of alphas as they thermalize. The fusion rate includes both 
beam-target and thermal-thermal reactions. Inclusion of a particle pinch would, of 
course, have both beneficial and undesirable effects by peaking the hydrogenic and 
ash density profiles, respectively. 

The density profile determines the beam deposition which is, in turn, the source 
for the density calculation so we use an iterative algorithm with the following steps: 

• the beam fueling is calculated using initial guesses for the density profile and 
the beam power, 

• the 'effective' single-fluid thermal diffusivity is inferred from the integrated heat
ing power minus the convected power (1.5T times the particle flux from beam 
fueling), 

• the particle diffusivity is derived from the thermal diffusivity using an input 
value of x/Duyi ^ncl the density profiles for hydrogenic ions are determined by 
solving a 1-d radial diffusion equation, 

• the density profile of helium ash is similarly determined using a helium diffu-
sivity proportional to the hydrogenic diffusivity, 

• the new density profile is used to recalculate the beam deposition and the above 
steps are repeated until the the hydrogenic and helium density profiles have 
converged, 

• the total stored energy is calculated, the beam power is adjusted, and the above 
steps are repeated until the total stored energy converges to the desired Wtot. 

The preceding 0-d analysis makes it clear that performance is maximized by in
jecting low energy beams into a plasma with small minor radius. The High Aspect 
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Ratio Design for ITER, HARD, is such a relatively compact tokamak[30]. This toka-
mak has Ho=6.3 m, a=1.6 m, «©B=2, J P = 1 5 MA, and BQ=7.1 T, and a total stored 
energy of 0.37 GJ. For these calculations the core elongation of 1.65 is used for all 
flux surfaces. The results of the previous section suggest that a beam energy of ~50 
keV might lead to a sufficiently high Q to be attractive. Unfortunately, calculations 
of the type described in this section show that the penetration is so poor that the 
peakedness of these high Q plasmas is ~ 1.0, i.e. the profiles are essentially as flat as 
with gas puffing. 

It would be desirable to develop reactor designs with even smaller minor radius 
so that low energy beams could fuel the core but there are two obstacles along this 
path: 

1. conventional energy confinement scalings favor large J p and hence higher a, 

2. the blanket thickness is independent of the plasma minor radius and this causes 
the ratio of the plasma volume to the blanket volume (and the fusion power per 
unit cost) to fall with declining a. 

A full scale systems code is needed to properly optimize a beam feuled reactor, but 
this is beyond the scope of the present work. 

For the calculations reported here we use 200(300) keV D(T) beam fueling in one 
of the smallest available reactors, HARD. This beam voltage is adequate to produce 
a density peaking of 2. The D:T beam power and voltage ratios are fixed at 2:3 in 
order to provide equal particle source rates; the quasi-perpendicular injection radius 
is î tang—l HI. 

Results from these 1-d simulations with ED=200 keV, {7])n=(T c)n=15 keV, for 
Dny/Dn^ — 0.2 are in general agreement with the 0-d model. As expected Q rises 
with increasing x/Aiy* D U * TfcAte increases more slowly than x/Dny (Fig. 3a). This 
sublinear behaviour occurs because as Q rises the fusion loss rate of fuel ions be
comes appreciable and it flattens the effective particle source profile; this tendency 
is 'amplified' as the broader density profile causes the beam deposition profile to be 
broader. The density peakedness varies from 2.7 to 1.9 for 10 < x/Dny < 100. The 
increasingly broader fuel source profile causes Tt> to rise more slowly than 1/D; this 
also causes THe/it* to rise from ~ 1 —* 2Duy/Dne as x/Aiy rises from 10 to 100 (Fig. 
3a). For the 1-d model a given Q requires somewhat lower TO/T^ than the 0-d model 
(Fig. 3b), but the values of x/Aly which are required for high Q are larger than 
ihe Tt>/TErequired by the 0-d model. Also as anticipated, the helium ash fraction 
rises with increasing x/^Hy? n e a r the 'average' radius of r = a/2 the results are in 
reasonable agreement with the 0-d model (Fig. 3c). Avoiding serious fusion power 
reductions for high Q plasmas again requires very different particle diffusivities for 
helium and hydrogenic species: DH« ^ Day 

By varying the helium and hydrogenic diffusivities separately we find that DH« = 
x/10 is sufficient to permit high Q operation without serious fusion power reduction; 
i.e., the diffusivity of the helium can be low — relative to x — without leading to 
catastrophic fuel dilution. Unfortunately, while Dne ~ ^ has been reported from a 
number of tokamaks[41,42], the available data are not sufficient to demonstrate that 
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large helium diffusivities can occur simultaneously with low hydrogenic diffusivities. 
Recently, the measurements of x/Dn*s ~ 1 — 3 obtained for L-modes and supershots in 
TFTR have been used to infer a steady-state helium profile for ITER which would not 
adversely affect the plasma reactivity[43,44]. If the desired level of helium transport 
does not occur naturally it may be possible to move the alphas toward the plasma 
edge with external systems[45-47]. 

Profiles from a simulation with x/^Hy = 100 and Dny/Du9 = 0.2 illustrate the 
various profiles. The hydrogenic beam fueling source (Fig. 4a) in our beam fueled 
simulations is peaked well off-axis as a result of the poor penetration of 200 keV beams 
in large dense plasmas. Note that in spite of the broad source profile and large fusion 
loss rate near r ~ 0 the density profile is peaked (Fig, 4b). (Even if the net source 
were zero in the core the density profile would be flat in the source-free region.) It is 
remarkable that this occurs for a diffusivity profile which is nearly flat in the core of 
the plasma (Fig. 4c); with the very hollow diffusivity profiles found in some peaked 
profile discharges with very good core confinement [23] the density profile would be 
much more peaked than shown here. The helium source, and thus the helium density, 
are much more centrally peaked. 

Values of 1 < %jD < 10 have been observed[6,48,49] (it should be noted, however, 
that their definitions differ in detail from those used here). Supershots, in particular, 
have very peaked profiles but their convectively dominated cores[50] with x/D ^ 1 
do not provide the conditions for high Q operation. Very large ratios, x/D ~ 100, 
have not been reported but the implied particle diffusivities are of the same order as 
the neoclassical diffusivities in large tokamaks and may be achievable if 'anomalous' 
transport processes can be suppressed. 

While the net electric power of a beam fueled system with a peaked density profile 
may not be significantly higher than that of plasma with a flat density profile there 
are other reasons for considering beam injection. Driven systems can tolerate higher 
impurity levels[37] and also have an inherent means of burn control, pressure profile 
control and, hence, bootstrap current control. This in turn, could lead to improved 
MHD stability, higher operating pressure, and higher fusion power. The added cost 
of the beam system should therefore be compared to that of alternative systems for 
achieving these ends in order to assess the relative advantages of the two approaches. 

3. Core fueling by pellet injection 

In contrast to neutral beam fueling, pellet injection requires negligible power and 
differs in its dependence on plasma density and temperature. The largest handicap of 
neutral beam fueling, recirculated power, is no problem at all for pellet fueling because 
the average energy expended per particle is quite small. The largest uncertainty is 
the feasibility of making pellet injectors with sufficiently high speed to deposit much 
of the pellet mass deep in the plasma. It is not necessary, however, to deposit most 
of the particles very near the plasma center because particle diffusion can be counted 
on to move particles to the center while they are removed from the outer part of the 
plasma. 
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This scenario has been observed in TFTR discharges with partial penetration of 
multiple pellets [51,52]. After each pellet was deposited particle diffusion filled in the 
center of the density profile while the density in the outer regions declined and the 
profile became moderately peaked (Fig. 5). (The neutral beam fueling rate was less 
than 5% of n e while the core density was rising in the region r < 0.2 m.) The density 
peakedness repeatedly returned to neo/(ne) ~ 2 as the density in the outer regions 
diffused away. Since the density profile is periodically flattened locally in the core 
this fueling scenario may not be sufficient to suppress sawteeth at all times via a;* 
stabilization [53]. 

The neutral gas shielding model[54] for pellet ablation used below accounts for 
the measured pellet penetration depth in JET experiments[55], but the radial pro
file of the change in density following the pellet event is somewhat shallower than 
predicted[56]. Furthermore, in auxiliary heated discharges up to half the particles in 
the pellet appear to leave the plasma very quickly. In practice, therefore, one would 
use larger pellets than in the present simulations. This would compensate for both 
the missing particles and the broader than expected deposition profile, i.e., the cal
culations reported here should be viewed as representing the actual deposition from 
pellets containing twice as many particles as those used in the calculation. This need 
to use larger pellets should cause no difficulty for the overall plant power balance since 
the energy cost per particle is negligible, but it might affect the tritium inventory and 
the pumping requirement. 

The neutral gas shielding model for pellet ablation provides to an estimate of the 
fractional penetration[55] in terms of the pellet speed and radius, the central electron 
density and temperature, and the horizontal minor radius of the plasma: 

V o o c U 2 W J ' 
for density and temperature profiles proportional to [1 — p/o]a and where 7 = 3/(3 -f 
a n 4- boti). Pellet penetration is enhanced strongly at low electron temperature, but 
depends only weakly on plasma density. The key to improving pellet penetration 
is therefore to use the lowest electron temperature which is compatible with other 
constraints. 

The other major factors determining penetration are the pellet size and speed. 
The size is constrained by the allowable change in the number of ions, which in turn 
is determined by the allowable change in the fusion power or the density limit. Large 
excursions in fusion power lead to thermal oscillations in the tokamak and blanket 
which could cause structural 'fatigue'. For fixed major radius, penetration is almost 
independent of plasma minor radius because the permissible pellet size increases with 
plasma volume. At constant plasma minor radius the pellet size can be increased 
by raising the major radius, elongation, or the toroidal magnetic field strength (the 
average density rises with Btor). As with neutral beam injection, a large Shafranov 
shift is helpful since it minimizes the distance between the core and the outboard 
edge of the plasma. 

Penetration to the center of conventional reactor designs requires pellet speeds of 
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10-15 km/sec[54] but present day experiments show that deep penetration to the core, 
r ~ a/3, is sufficient to produce a significantly peaked density profile. By using deep 
penetration and by reducing the temperature of the target plasma it becomes possible 
to produce a peaked density profile in a reactor with pellet speeds of 5-10 km/sec. 
This can be done without significantly reducing the fusion power by operating near 
the optimal temperature (Fig. 1). 

It is not uncommon for pellets to increase the number of particles in present day 
plasmas by factors of 2-3, but such a large change in density would necessarily cause a 
large change in the fusion power which would lead to undesirable thermal transients 
in the surrounding tokamak structural components and in the neutron absorbing 
blanket. We have therefore examined smaller changes in density with AN/N <1. 
For pellets with a modest fractional density increase, AN/N =^0.2-0.5, the target 
plasma temperature should be on the low temperature side of the reactivity curve 
(see Fig. 1); even after the pellet decreases the average temperature the fusion power 
can be above the level produced by broad density profiles. For large pellets with a 
fractional density increase AN/N =M).5-1 the target plasma temperature should be 
near or above the optimal temperature; again, after the temperature reduction the 
fusion power remains high. Even with this strategy higher pellet speeds are preferable 
since the fusion power can be maintained near the maximum with smaller pellets and, 
hence, smaller changes in density and fusion power. 

In order to quantitatively evaluate these strategies we have used the PELLET 
code[55] to calculate the change in fusion power in HARD [30] for pellets which in
crease the average electron density by 20 and 60%. Its higher toroidal magnetic field 
strength and larger fractional Shafranov shift make it more attractive for core pellet 
fueling than the ITER/CDA. In these calculations the pre-pellet target density is pro
portional to [1 — (p/a)2} and the target temperature is proportional to [1 — (p/a) 2 ] 1 , 5 . 
We assume TI=Te; the pellets while the hydrogenic plasma ions are composed of a 
50:50 D:T mix. The thermal stored energy and impurity dilution are maintained at 
the levels in the standard HARD ignition scenario as the target temperature and 
density are varied (the pellet size is adjusted to follow the corresponding change, in 
density). When pellets do not fully penetrate the immediate post-pellet density pro
file is typically 'hollow' (Fig. 6) and the core temperature remains high. In order 
to estimate the full change in fusion power which would occur after the hollow den
sity profile has filled in, the post-pellet density and temperature profiles have been 
flattened (conserving particles and energy) inside the radius where the local density 
equals the interior average density: 

n e(r) = 2/r 2 f ne{r')r' dr''. 
Jo 

We find that pellets which reach r ~ 0.35a are sufficient to maintain the peaked-
ness of the assumed target density profile when the target density and temperature 
are chosen carefully for each pellet size and speed; the results for these cases are shown 
in Fig. 7. There is remarkably little difference in the average fusion power for small 
or large density changes; even for speeds of 5-10 km/sec the fusion power changes 
only 10-15% and remains higher than that of the nominal HARD ignition scenario. 
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This brings the required speed much closer to the range of existing pellet injectors. 
At 15 km/sec it would be possible to maintain peaked density profiles with modest 
changes in density and essentially no change in fusion power, but pellet speeds this 
high do not appear to be necessary in order to maintain peaked density profiles. 

While the preceding calculations are useful in scoping out the pellet fueling sce
nario we need a more complete simulation of the density and temperature evolution 
after pellet injection. In particular, we need more physical estimates of the evolution 
of 1) the density profile and 2) the fusion power as the density profile relaxes and the 
temperature responds to the changing alpha heating power (the thermalization time 
scale and the 'birth' rate vary). This has been provided by a simulation of refueling 
with large, fast pellets (pellet radius = 0.725 cm, pellet velocity = 7 km/sec) in the 
ITER EDA (with Jfc=8.11 m, a=3.00 m, IP=24MA, Bt„=b.7T) using the WHIST 
1.5 D transport code[14]. Pellets with a 50-50 D-T mix were injected whenever the 
total number of ions in the plasma fell below a fixed target value by more than half of 
the number of atoms in a pellet. This choice of pellet size and plasma target density 
produced AN/N = 0.22. The pellet deposition was computed by the neutral gas 
shielding model[55] used above. The code evolves profiles of electron temperature, 
ion temperature, and the density of three species of thermal ions: deuterium, tritium 
and helium. 

The assumed transport model has two parts: anomalous transport according to 
the ITER 89-P model[57] and the full neoclassical treatment of Hinton and Hazel-
tine[58]. The anomalous diffusivities are assumed to have a radial profile proportional 
to (1 4- 4p2/a2) and the thermal diffusivities are normalized (as a function of time) 
to produce global energy confinement equal to the ITER 89-P L-mode scaling. The 
particle diffusion coefficient, £>, was the same for all ion species, and the relationship 
between the anomalous thermal and particle diffusivities was taken to be Xe= X\~ 
2D. As noted in the previous section, considerably larger ratios of \jD are sometimes 
observed[6,48,49), but we expect simulations based on a higher ratio to differ only by 
having a longer timescale for density evolution and a correspondingly longer interval 
between pellet injection. In particular, the amplitude of the variation in fusion power 
and the depth of pellet penetration should not be affected. 

At the wall, a gradient boundary condition with a 5 cm characteristic length was 
applied for both Teand T\. Since the wall is separated from the bulk plasma by a 5 
cm scrape-off layer, the conditions there have a very weak imiuence on core plasma 
behavior. Transport in the scrape-off layer is treated analogously to the core plasma, 
but with the addition of a loss term representing parallel flow to a divertor collector. 

In addition to the explicit simulation of helium ash buildup it was assumed that 
beryllium density was 4% of the local electron density; as a result the total Z*g was ~ 
1.5 at all radii. All of the flow of hydrogenic ions to the wall is recycled as neutral gas; 
the radial source profile of neutral ionization is computed using a 1-D slab model. The 
neutral recycling within the divertor region is implicitly modeled in the simulation 
by adjusting the ion parallel flow loss rate to match the specified pump throughput 
(there is no neutral flux from the divertor back to the plasma). The pump throughput 
used for these simulations was 0.8 bar-liter/sec (4.24 x 10 2 2 atoms/sec) which is below 
the ITER design value of 1 bar-liter/sec. The separatrix density produced by these 
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transport assumptions, 8 x 10 1 9m~ 3 , is close to the Borrass density limit for ITER[59]. 
The instantaneous fusion power in the time dependent pellet fueled simulation 

shows (Fig. 8) larger oscillations caused by sawteeth and smaller changes caused by 
pellets (±10% from the average value). A somewhat smaller change is shown in Fig. 7 
for this pellet speed; the difference is probably due to the lower average temperature, 
(Te)„ ~ (Ti)n = 4.2 keV, in the time dependent simulation which has lead to deeper 
pellet deposition and larger changes in the core density. By operating with a lower 
average density and a higher temperature closer to the optimal temperature, the 
change in fusion power could probably be made smaller. The fusion power recovers 
rapidly after each pellet because the higher density and lower electron temperature 
cause more rapid heating of the thermal plasma by the preexisting suprathermal alpha 
population. The density diffuses in both directions away from the off axis peak in 
the pellet deposition; the central density rises by ~ 10% while most of the particles 
diffuse out of the plasma in a manner which resembles the density evolution shown 
for TFTR in Fig. 5. 

We conclude that core fueling with cryogenic pellet injection could effectively pro
duce peaked density profiles — without the considerable cost of recirculated power 
needed by neutral beam fueling. While developing injectors with speeds > 5 km/s 
is a demanding challenge it is desirable because they would raise the average density 
peaking that could be achieved and enable the use of smaller pellets to reduce the 
variation in fusion power. A recent review [60] has shown that the speeds achieved 
with experimental accelerators in the laboratory and with working injectors on toka-
maks have steadily increased as more advanced pellet injection systems have been 
developed. Speeds above 3 km/sec are now achieved routinely with fueling systems 
based on the two-stage light-gas gun accelerator. Such a device has set the speed 
record for hydrogenic pellets - 4.3 km/sec - and demonstrated reliable separation of 
pellet and protective sabot[61]. Projectile speeds in the desired range have already 
been achieved in non-fusion applications with two-stage light-gas guns and electro
magnetic rail gun launchers and it is not unreasonable to hope that this level of 
performance could be realized in tokamak fueling systems as well. 

4. Conclusion 

The potential for producing peaked density profiles in large tokamaks has been 
assessed with 0-d and 1-d plasma simulations. The use of neutral beam and pellet 
injectors for this purpose has often been dismissed by noting the severe requirements 
for producing centrally peaked source profiles, i.e., very high beam energies, ~1 MeV, 
and pellet speeds, ~10-15 km/sec. Since broad source profiles are adequate to pro
duce peaked density profiles we find that more feasible injectors, 100-200 keV beams 
and ~7 km/sec pellets, are sufficient to produce peaking factors ~ 2 . 

We find that it is possible, in principle, to produce a peaked density profile in a 
high Q large tokamak using neutral beam fueling if the particle diffusivity is ~50-
100 times lower than the thermal diffusivity. Such a large difference between particle 
and thermal confinement is not seen in current tokamaks — the required particle 
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diffusivity is of the same order of magnitude as neoclassical diffusivity — so neutral 
beam fueling appears to be practically restricted to lower Q devices such as neutron 
sources and pilot plants [34-36]. 

Pellet fueling, on the other hand, involves no significant power consumption and 
provides an attractive way of creating peaked density profiles. The variations in the 
fusion power can be minimized if injection speeds are raised by continuing to pursue 
promising injector technologies[60]. 

These results are encouraging and should prompt further studies of density peak
ing which would fit naturally into the search for 'advanced tokamak' plasma regimes 
with profile control for plasma optimization. The incorporation of the features of 
peaked density profiles and the characteristics of selected fueling methods in tradeoff 
studies should lead to optimized designs which can more fully realize the improve
ments sought in advanced tokamaks. 
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6. Figure Captions 
1) The fusion power density vs. average temperature for broad and peaked density 

profiles (temperature proportional to (1 — ( r / a ) 2 ) a T with ax = 1.5 for the solid curves, 
and 1.0 for the dashed curves, B c =5 T, /3tw=6%). 

2) Results of the 0-d model with J5fo=200 keV, tfc = 0.6, rjih = 0.4, T = 15 keV, 
for 7ine/irt>=1.0, 0.5, 0.2, and 0.1: a) the ratio of helium and deuterium densities, b) 
the fusion power reduction factor due to dilution, c) the net electrical power reduction 
factor, d) the ratio of fuel particle and energy confinement times. 

3) Results from the 1-d simulations of beam fueling in HARD with 2?D=200 keV, 
(7]) n =(T e ) n =15 keV, for Z?Hy/Afe = 0.2 compared with some of the 0-d results 
described in Figure 2: a) the ratio of fuel particle and energy confinement times and 
the ratio of ash and fuel particle confinement times as functions of the ratio of thermal 
and fuel particle diffusivities, b) the ratio of fuel particle and energy confinement times 
as a function of Q for the 1-d and 0-d models, c) the ratio of helium and deuterium 
densities as a function of Q for the 1-d model (at r = 0 and r = a/2) and the 0-d 
model. 

4) Profiles from a 1-d simulation with £ D =200 keV, (7]) n =(r e ) n =15 keV, x /#H y = 
100, and £>Hy/Ale = 0.2: (a) the deuterium and helium particle source rates, (b) their 
density, and (c) the effective thermal diffusivity. 

5) The electron density profiles for a TFTR discharge immediately prior to and 
following pellet deposition which peaked the density off-axis. 

6) The electron density profiles for simulations of pellet deposition in HARD. 
7) The fusion power vs (Ti)n for HARD using pre-pellet, post-pellet, and 'filled 

in* profiles (the pre-pellet points lie on the solid line) for three choices of pellet speed 
and the pellet size chosen to produce (a) AN/N = 0.2, and (b) AN/N — 0.6. 

8) (a) The fusion power vs time for a WHIST simulation of the ITER EDA 
tokamak refueled by pellets injected at 7 km/sec producing AN/N = 0.22, (b) the 
density evolution after pellet injection relaxes to the pre-pellet profile. 

« 
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