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ABSTRACT

Confinement capability, burn characteristics, heating and fueling requirements,
and fast alpha particle effects are assessed for the TIBER-II engineering test
reactor (ETR/ITER). Confinement predictions for a wide variety of empirical
scaling laws show that ignition in TIBER-II (or similar ETR-like devices) is
marginal at 10 MA, whereas the design goal to achieve noninductively driven,
steady-state burn with @ > 5 can easily be attained. Operation at the higher
plasma currents being discussed for ITER or the attainment of higher density
limits and/or favorable H-mode scalings improves the ignition capability. Pel-
let penetration calculations indicate that density profile control with pellets may
not be feasible even for pellet velocities up to about 50 km/s; however, den-
sity peaking could result from inward pinch effects, as frequently inferred from
experiments. The fast alpha contribution to pressure is substantial (10-30%) at
TIBER (or any ETR/ITER) burn temperatures (8-20 keV). A relatively low level
of fast alpha radial diffusion or a modest level of thermal alpha buildup significantly
influences the ignition and steady-state burn capability. The fast alpha population
can also modify the background plasma ballooning mode stability boundaries, low-
ering the beta limit f..;—in particular, operation at the high electron temperatures
needed for efficient current drive can exacerbate this effect. The use of high-energy
neutral beams offers the promise of two important improvements in projected per-
formance: an effective method for noninductive current drive and a means for con-
trolling the current density profile deep within the plasma, as required for stable

operation at high beta levels.






1. INTRODUCTION

The Tokamak Ignition/Burn Experimental Reactor' (TIBER-II) is being pur-
sued in the United States (led by Lawrence Livermore National Laboratory) as a
candidate for the next-generation Engineering Test Reactor (ETR/ITER). The In-
ternational Thermonuclear Experimental Reactor (ITER) is the name of the ETR
being studied jointly by the United States, the European Community, Japan, and
the U.S.S.R. TIBER-Il is a compact (3-m major radius), low-cost ETR designed to
accommodate noninductive current drive (CD) capability for long-pulse or steady-
state (Q > 5) operation and a double-null poloidal divertor for impurity control and
good (H-mode) confinement. Details of the design features are given in Ref. 1. Key
design parameters are listed in Table 1.

This paper summarizes the results from physics studies carried out at Oak Ridge
National Laboratory (ORNL) in support of the TIBER-II design. The physics mod-
els and assumptions used in these studies (see Table 1) are those developed initially
for the Compact Ignition Tokamak (CIT)?~* by the CIT physics team and the Ig-
nition Physics Study Group (IPSG). The CIT and TIBER-II (ETR/ITER) share
the same tokamak data base, although the physics requirements, prime operating
conditions, and startup scenario for the CIT differ from those for the noninductively
driven TIBER-II, as illustrated in Fig. 1.

Confinement projections are given in Sect. 2. Burn dynamics and volt-second
consumption for inductive, pulsed ignition mode are analyzed in Sect. 3. Results
from pellet penetration calculations are summarized in Sect. 4. The effects of fast
and thermal alpha particles on confinement capability and ballooning mode stability
boundaries are given in Sect. 5. Prospects for high-energy neutral beam CD are

discussed in Sect. 6.

2. CONFINEMENT PROJECTIONS

The performance of TIBER-II under various confinement scalings has been eval-
uated using both global analysis® and the 13-D WHIST transport code.* Initial
cross-checking of the results from these two calculations indicates good agreement
on the confinement projections. However, more detailed studies are warranted for
examining profile effects—particularly those associated with CD and MHD beta
limits. In this section, we present three examples from these calculations: (1) sen-

sitivity of performance to confinement assumptions, (2) ignition capability for a



Table 1. TIBER-II Plasma Parameters and Physics Models®

Design Parameters

R, =3.0m k=222 B,=6T
a = 0.834 m =04 I =10 MA
Calculated Parameters
eyl = ¢x = (5a? By /I R,)[1 + £*(1 + 26%)]/2 2.5
Density limit (102° m~3)
Murakami, (ng,) ~ 1.5(B/q.R,) 1.2
Greenwald, (ngr) ~ 0.6[x(J)] 2.75
Troyon beta limit (Gerit &~ 31/aB%) 6.0

Reference Physics Models and Assumptions
Radial Profiles X =X, (1-7%/a?)**; X =n, T (and j)
In global model:  a, =0.5; a7 = 1.0; ay ~ 3ar/2 ~ 1.5
In WHIST code:  a, = 0.5; ay = transport determined;
ay = fixed to maintain ¢(0) > 1
Effective Charge Z.g = 1.5 (when specified)
Confinement Scaling (1/7)? = (1/Ton)? + (1/TEaux)? with
Neo-Alcator: TEOH = TENA ~ 0.07 (ngo)aR2q,
Kaye-Goldston: TEaux = TEKG
N 0.072f 1124 R1-6550-28 1y, 10.26
-~ (Pheat )?-58a0-49 B0-09
(L-mode f = 1, H-mode f = 2;

average atomic mass A; ~ 2.5)

In global model:  7g. &~ TE: ~ 75 (e.8., Xi ¥ XKG+NA)
xkG+Na = [(xka)® + (xwva)?]*®
In WHIST code:  xe ® xkG+NA; Xi = XiNC t+ 0.2X.
XKG+Na = see global model
XiNc = ion neoclassical diffusivity
Power degradation: Pheat = (OH + alpha + aux — rad) power
Units mks, MA, MW, keV, ngp = n,/10?° m™?*
(n) volume-average density

(T) = (nT)/(n) density-weighted average temperature

% Design parameters are given in Ref. 1. All others are computed based on the

CIT physics assumptions/models given in Refs. 2--4.
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reference confinement scaling law (see Table 1), and (3) accessibility of the @ > 5
regime with noninductive CD.

The difficulty in selecting among common models for confinement scal-
ing is illustrated in Fig. 2, which shows the predictions of a wide va-
riety of empirical transport scalings for TIBER-II (10 MA). The predic-
tions vary widely but, in general, indicate that the TIBER-II design goal
of achieving noninductively driven, steady-state burn with ¢ > 5 can be

attained for most L-mode and nearly all H-mode scalings. The capability to achieve
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ignition may also exist for some H-mode scalings. For a given confinement model,
the ignition or high-@Q capability can be improved with centrally peaked density or
temperature profiles, as illustrated in Fig. 2.

Figure 3 shows ignition contours (in (n)-(T') space) for various L-mode enhance-
ment factors (f) for combined Kaye-Goldston and neo-Alcator scaling (x. ~ xi ~
XKG+Na ). These contours were obtained from global analysis considering different
levels of impurity and thermal alpha concentration. Reference density and beta
limits are shown to indicate the extent of the operational boundaries. For densities
below the Murakami limit, ignition appears possible only with H-mode-like scalings
requiring an L-mode enhancement factor f > 1.8-2.

Figure 4 shows the steady-state operating contours for 10-MA, noninductive CD
operation in TIBER-I1. The confinement model is xe ~ Xi ~ Xkg+Na. A reference
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for various CD efliciencies. The L-mode enhancement factor is ~1.3. Shaded region:

and :Bcrit-

CD scheme is taken as a lower hybrid (or neutral beam) type®® with an efficiency
YeD = Yo = Nl Ro/P ~ 0.047T, yielding 5, = I/P ~ 0.2 A/W at nominal limits
of density ({(n20)mu ~ 1.2) and beta (Byor & Berit 6% => (T.) ~ 18 keV). Shown
in Fig. 4 are the contours of (1) @ == 5 and 10, (2) external (heating + CD) power
required to sustain the plasma (and drive the current) at a given temperature (7T')
and density (n), and (3) CD limits for several efficiencies [y = (0.5-2)7,]. The
shaded region in the plot corresponds to a (} > 5 operating window for v < 7,

(77 < '770)‘

3. BURN DYNAMICS AND VOLT-SECOND CONSUMPTION

Using the WHIST transport code, we examine an inductive startup scenario for
TIBER-II, scope out the magnetic flux requirements for the poloidal field system,
and illuminate other features of the burn dynamics. The reference startup scenario

is a 10-s field ramp phase followed by a 4-s auxiliary heating phase. The plasma



evolution is followed for 25 s to observe the thermal excursion and buildup of alpha
ash.

The results of a calculation for H-mode confinement are shown in Fig. 5. The
toroidal field is ramped from 3 to 6 T while the toroidal current is increased to
10 MA during the field ramp phase, a scenario similar to that employed in CIT.?
The deuterium fuel is maintained by gas fueling and 90% recycle; the tritium fuel,
by injection of 2.2-mm-radius spherical pellets and 90% recycle, as shown in Fig. 5a.
Pellet injection is delayed until 2 s before the heating phase to reduce tritium con-
sumption. Only 2-3 pellets are required to bring the tritium density up to the
nominal operating density, and a repetition rate of ~1 s™! is required to sustain the
plasma. Although the data shown are for pellets injected at 10 km/s, the results
down to ~1.5 km/s are very similar. Accumulation of thermal alphas becomes sig-
nificant after ~20 s (assumed here to be recycled at 100% for illustrative purposes)
with (n,)/(n.) reaching 17% at 25 s.

The heating phase consists of 20 MW of RF power applied 0.2 m outside the
magnetic axis with a Gaussian width of 0.4 m. When the auxiliary heating is
turned off at 14 s, T, and 7; continue to rise and the plasma is ignited (Fig. 5b).
Thermal runaway is arrested naturally in the vicinity of 20 keV by a combination
of the reduced rate of rise in the fusion rate with temperature, the increase in
synchrotron radiation losses, burnout of the fuel in the plasma core and replacement
by alpha ash, and the reduction in thermal plasma confinement assumed in the
Kaye-Goldston H-mode model. Thus (8}):,4 stays below the nominal 6% limit and
energetic alphas make up 15% of the total kinetic pressure (see Fig. 5c). There is
some flexibility for uncertainties in the confinement model since the baseline fuel
density can be adjusted up or down to increase the fusion rate and satisfy the
thermal balance (as was done in a series of computational runs that yielded the
case presented).

Poloidal flux consumption is dominated by the internal and external components
(Fig. 5d); the resistive loss is about 10% of the total 58 V-s required. Dissipative

losses from sawtooth activity” were found to be negligible for this startup scenario.

4. PELLET PENETRATION AND DENSITY PROFILE CONTROL

Pellet penetration in hot plasmas has long been an issue in the fusion program.
The physics goal of penetration to the plasma center (to give maximum external

control over the density profile and a possible opportunity to optimize confinement)
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must be weighed against the technology required for producing high-velocity pel-
lets. Both particle and energy confinement have been improved in pellet injection
experiments. But the relative roles played by pellet penetration depth and plasma
diffusion processes in determining the density profile and plasma confinement prop-
erties are not yet well enough understood to allow definitive criteria to be set for
pellet penetration and pellet velocity.

Stand-alone pellet penetration studies have been carried out for TIBER-II with
an ablation model that has been extensively benchmarked against experimental data
from the Joint European Torus (JET).® Figure 6 shows the penetration of pellets
with a 2-mm effective spherical radius. Each pellet represents about 20% of the
Murakami density limit of the TIBER-II plasma. A measure of fueling efficiency is
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1.0
PELLET PENETRATION IN TIBER-II
rp=2 mm (SPHERICAL)
Q b
w 08 (km/s)
o 3
2 s 5
w06} \ + 10
2]
=2
P -
<
m -
¥ 0.4
a
=
O
5
a 0.2
@
[T
0 ! I a | |
0 5 10 15 20 25 30

Te (O) (keV)
Fig. 6. Fractional radius penetrated by pellets in TIBER-II decreases rapidly

with increasing electron temperature and improves weakly with pellet velocity.



10

the fractional volume penetrated, which is roughly given by fy =~ 2f,.(1— f,./2); i.e.,
30% radius penetration gives direct fueling of about 50% of the volume. In Fig. 6,
T, and n. profiles are assumed parabolic with n(0) = 1.6 x 102 m~?. Penetration
improves only weakly with increasing velocity. Additional shielding eflects that may
become important in higher-ternperature plasmas (e.g., magnetic shielding) could
improve the scaling of penetration with pellet velocity. Nonetheless, penetration
to or near the magnetic axis would still require extremely high pellet velocities,
whose development is problematical, or development of different technologies, such
as gun plasma fueling.? So it becomes critical to understand (1) the natural tendency
of tokamak plasmas to rapidly fill in a hollow density profile after partial pellet
penetration and (2) the characteristics of the optimum density profiles.

Figure 7 reflects the influence of the density profile (which is influenced by pellet
size and velocity and the particle pinch model) on the ignition curve for TIBER-II

ORNL-DWG 87-2932 FED
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Fig. 7. A more centrally peaked density profile (influenced by pellet size and
velocity and inward particle pinch model) improves ignition prospects for these

TIBER-II cases with L-mode confinement scaling of the thermal conductivity.
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with L-mode confinement. The reference pinch velocity (Coppi model) is given by'°
vy = —0.7D(r/ka®)[1 + 4.1(ves)*?] ,

where D is the particle diffusion coefficient and v, is the electron collision frequency
normalized to the bounce frequency. This model produces a density profile n(r) =~
n(0)(1 — r?/a*)"® in a plasma fueled by neutral gas injection and recycle. The
ignition curve is noticeably lowered for 2-km/s pellets with nominal spherical radii of
1.4, 1.75, and 2 mm. Injection of 5-km/s pellets yields about the same improvement
as increasing the pellet size from 1.4 to 2 mm. To get a significant gain in pellet
penetration and performance over that for 2 km/s, velocities of 50-100 km/s must
‘be reached. On the other hand, there is a large uncertainty in modeling the pinch
term and extrapolating to an ETR-class device, so these conclusions must be viewed
with caution. The ignition curve using a pinch model given by Becker*! for modeling
ASDEX data, |
vp = 0.5D(8InT./0r) ,

yields a very peaked density profile [~(1 —?/a?)?] even for neutral gas fueling and
an ignition curve that more closely resembles H-mode confinement (see Figs. 3 and
7). The density is already so peaked that even 100-km/s pellets do not produce
significant additional improvement.

In conclusion, in the absence of a pinch effect, central fueling by pellets would
require a pellet velocity that is not credible with present pellet acceleration schemes.
However, the effect of pinch terms as now understood makes it credible that pellets
with velocities of <10 km/s will fuel adequately, provided (1) the level of pinching
persists for larger devices with higher densities and pressures and the addition of
burn physics and (2) more sharply peaked density profiles are not required for

reasons of CD efficiency or confinement.

5. FAST AND THERMAL ALPHA PARTICLE EFFECTS

The long classical thermalization time for fast alphas in ETR-like plasmas (0.5—
1.0 s in the core) gives a significant contribution to the plasma pressure (8o /Bin ~
20-30% in the core) and makes the fast alphas vulnerable to radial transport during
the thermalization process (especially if D, ~ Dy3).!? Figure 8 shows the steady-
state fast alpha distribution function fo(v,r) for a typical TIBER-II plasma with
D, = 0-0.5 m?/s. Radial diffusion broadens f, and reduces its magnitude. With
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Fig. 8. Steady-state fast alpha distribution function in TIBER-II for H-mode
scaling with fast alpha diffusion D, = 0-0.5 m?/s.

radial fast alpha diffusion at a level comparable to the thermal particle diffusion
(D ~ Dy, > 0.5 m?/s), it is feasible that an inversion in distribution function
(8fa/Bv > 0) could occur, which may drive instabilities.

Figure 9 shows the effect of increasing D, on the ignited and driven (Q = 10)
operating regimes of TIBER-II. The results were generated by the WHIST code.
An increase in radial diffusion moves the H-mode ignition (or the L-mode @ = 10)
contours to higher densities, and the operating regime is eliminated if D, is further
increased. For example, for the H-mode case, at densities below the Murakami
limit, a small ignition window exists for D, = 0 but is eliminated if Dy > 0.1 m?/s.

For higher density limits, however, the ignition window persists but is significantly
reduced for D, =~ 0.5 m?/s.
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Fig. 9. Influence of fast alpha radial diffusion on (a) H-mode ignition and (b)
L-mode @ = 10 contours in TIBER-II.

Thermal alpha accumulation dilutes the fuel like any other impurity and reduces
fusion power production. In general, for a single impurity of charge Z, the impurity
and thermal alpha effects on ignition are nearly the same if 2(na/n.) & Z(n,/n.) =~
(Zes — 1)/(Z — 1) (see Fig. 3). Figure 10 shows the influence of thermal alpha
concentration (fo = ng/ne = 0-20%) on the ignition capability of TIBER-II with
an H-mode scaling. Increasing the amount of thermalized alphas (ash) moves the
ignition contours to higher densities and eventually eliminates the ignition window
within the operational boundaries. For 100% recycling, the time it takes to reach a

given level (fo) of alpha ash is'?

t= (4/ne<0'v>DT)fa/(1 - Zfa) .

For a plasma with n, = 102 m™® and 7 =~ 10 keV, t ~ 20 s for 5% and 45 s for
10%. The accumulation time is inversely proportional to n7?. Thus, at higher n
and T, ash buildup is rather fast (see Fig. 5), limiting the burn to a few tens of
seconds if no active ash removal scheme is implemented.

The fast alpha population can lead to modifications of the background plasma

ballooning mode stability boundaries.’® One would normally expect the more highly
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Fig. 10. Influence of thermal alpha concentration (0~20%) on ignition in TIBER-
IT with H-mode scaling.

peaked fast alpha pressure profiles to destabilize ballooning modes. The kinetic
effects from these energetic alphas can be even more important than the profile
modifications. One such effect of particular importance is the coupling between the
ballooning mode diamagnetic drift and the alpha-banana precessional drift.!® This
is generally destabilizing, since it couples the background plasma more strongly to
the bad curvature region on the outside of the tokamak, where the alpha bananas
reside. The alphas in the energy range (E;q)/T; < 150 (where (Efq) is the mean
fast alpha energy) are the most destabilizing energy group. Operation at T, > 10-20
keV, as needed for efficient current drive, could exacerbate this effect, lowering Be:it
by as much as a factor of >2 under certain cases. Calculations indicate that plasma
shaping (x,8) appears to have much less influence on ballooning mode stability

boundaries in the presence of fast alphas than in the ideal case without alphas.
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6. HIGH-ENERGY NEUTRAL BEAM CURRENT DRIVE

Current drive using high-energy neutral beams gives promise of two important
improvements for projected performance of the TIBER-II (or any ETR/ITER): an
effective method for noninductive CD and a means for controlling the current density
profile deep within the plasma. The latter is important for stable operation at high
plasma energy densities. Preliminary results suggest that neutral beam injection
has the flexibility necessary to reproduce current profiles required for stability at
the beta levels predicted by the Troyon scaling.

Optimal beam energy for efficient CD® is around E;/AT. ~ 30-50. Sim-
ple beam penetration analysis shows that, although not optimal, energies around
500 keV may be adequate in small configurations such as TIBER (H, ~ 3 m). For
larger tokamaks, obtaining adequate beam penetration would limit operation to
low densities (~ a few x 10'? m™3). At low energies, the efficiency of CD is low-
ered by slowing down on plasma jons below the critical energy (~330 keV for T, ~
20 keV). In the higher energy regime, both the penetration and the efficiency are
improved. Estimated CD efficiencies for higher energies are in the range from 0.2
to perhaps 0.3 A/W. These were calculated from (1) simple 0-D slowing-down es-
timates, (2) work by Cordey® and others,® and (3) an application of the PROCTR
code to provide a full radially resolved treatment. Projected plasma parameters
for operating regimes consistent with CD efficiencies in the range 0.1-0.4 A/W are
shown in Fig. 4.

An interesting possibility is that of using oppositely directed high- and low-Z
beams. This could provide control of the rate of the momentum injection, as well
as enhanced CD efliciency. For this purpose and for optimal penetration, the two
beams would have about the same energy per amu (~1 MeV/amu). If oxygen or
carbon were used, the required rate of injection would be small, raising the plasma
Zeg by ~1073 571 and contributing about 0.5% to the plasma beta (8/8n ~ 10%).

Beam 1ons with speeds above the plasma Alfvén speed v, could slow down
anomalously rapidly by exciting Alfvén waves.!* The primary energy source for
this unstable coupling of beam free energy lies in regions of positive gradients of
the ion velocity distribution: 8f;/0v or 0f;/0v, > 0. The analysis estimated the
threshold density above which electron Landau damping can no longer stabilize the

coupling.
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For “sharp” distributions and compressional Alfvén waves, the instability crite-
riou given by Berk et al. is'* ny/n, > (meve/mpvy). For example, consider an ETR
or reactor plasma with 10-MA current driven by a 3-MeV neutral deuterium beam
in a plasma of density ~ 102° m™3; the threshold density ratio is ~1073, so the
simple stability criterion might be violated by a factor ~ 2. However, the thresh-
old is modified for the case of a smoother “collisionally equilibrated” energetic ion
distribution,

nb/ne > (meve /myvs)[(Avy))?]/[(v5.1)* /03]
~ 107%(0.5%/0.25*) ~ 107 x (10-100)

Here, we have estimated Avy /v ~ 0.5 and vy1 /vs = 0.25 as typical of a collisional
distribution. Since this offers some margin for stability, the simple criterion v > v,
is clearly insufficient to rule out energetic neutral beam injection at these high
energies.
The requirements for beam destabilization of shear Alfvén waves were also es-
timated:
Oln fp/81n vﬁ > (kypb/k”rnb)(vﬁ/vavb) ,

nb/ne > (me/mi)o's(mivi/mbvb)(Avb/vb)z(k‘lpb)z(k”Ro)z .

Let us assume a collisional distribution, with the left side of the first equation ~ 0.2
and the ratio of beam distribution radius to plasma radius, rnp/a, ~ 0.04. Sup-
pose the first equation gives the parallel wavelength, while the maximum poloidal
wavelength (minimum k,) is given by kya ~ 1 and the maximum radial wavelength
by k,a =~ 2.4. Then the minimum threshold estimate is about the same as the
previous one, ny/n. > 1072, but is quite sensitive to details. If the stability calcula-
tion included desirable improvements to the simple slab model, the threshold might
be higher. Better linear analysis with drift orbit corrections and realistic geometry,
nurmerical studies, and experiments are needed to assess the correct stability criteria
and determine whether the instability carries a serious potential for reducing beam
CD efliciency.
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