Y - . s [l A "'"-':l —

\ £
%"mez"ass @ & PPPL-2063

\

. Uc20-G

|

SAWTOOTH EFFECTS IN INTOR AND TIBER

By

D.P. Stotler, D. Post,'and G. Bateman

AUGUST 1987

PLASMA §
LABORATORY K

PRINCETON UNIVERSITY
PRINCETON, NEW JERSEY

PAEPARED FOR THE U.5. DEPARTYMENT OF ENERGY,
OWDER wﬂ_’?_fh_@;""mﬂl'lJ.
RS L R N N




PPPL~--2463
DE88 00346

Sawtooth Effects in INTOR and TIBER

D. P. Stotler, D. Post, and Glenn Bateman

ABSTRACT

Transport simulations of the present designs for the INTOR and TIBER
ignition devices predict that broad sawtooth oscillations will appear in these
experiments. As was noted previously in studies of the Compact Ignition
Tokamak, the primary effect of the oscillations is to reduce fusion power
production on the average through profile flattening. Due to the disparate
time scales for energy and current diffusion between sawtooth crashes, the
simulations also produce peaked pressure profiles over a large low shear region
inside the g = 1 surface (g is the safety factor). Pressure-driven modes will

likely be unstable in this case.
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1. Introduction and Simulation Model

The broad sawtooth oscillations typically found in simulations of elon-
gated, high current tokamaks affect ignition more through their effects on
the plasma profiles than on the energy confinement time. Degradation of the
energy confinement time is not expected unless the sawtooth mixing radius
is larger than 70% of the minor radius so that more than half of the plasma
volume is being disturbed. On the other hand, sawtooth oscillations have
a big impact in the center of the plasma where most of the fusion power
production takes place.

For plasma temperatures in the range 10 - 20 keV, the fusion power is
proportional to (n?T?), essentially the volume average of the plasma energy
squared. Clearly, {n®7? > ({nT})*. The equality holds only if nT is a
constant over the plasma volume as is the case with very flat profiles. In the
opposite extreme of highly peaked profiles, we can maximize fusion power
for a given plasma energy, (nT). Unfortunately, broad sawtooth oscillations
cause the plasma density and temperature to remain flat on the average. A
simplistic power balance at ignition implies (nT")/{(n®T?) = arg, whereaisa
constant and 7g is the global energy confinement time. From this we can see
that a nearly minimal value of (n®T?} places the most stringent requirements
on 7g. Conversely, we can say that flat profiles need a higher (nT) (which
forces (n®T?) to increase) for a certain 7g in order to ignite.

This effect has been discussed previously in connection with the Compact
Igrition Tokamak where sawtooth oscillations extending past 70% of the
plasma minor radius are predicted.’ In the absence of current profile control,
similarly broad sawtooth oscillations should appear in INTOR and TIBER.
Such sawtoath oscillations also create a large low shear region inside the
g = 1 surface. This leads to stability problems for both high and low mode
number ballooning modes. Parameters assumed here are as in Table 1.

The 1-1/2-D BALDUR transport code®? is used to simulate the steady-
state performance of INTOR and TIBER, both in ignited and Q = 5 driven
modes of operation. The density, temperature, and current profiles are com-
puted self-consistently on each flux surface. The plasma current is taken to
be driven inductively since our code is not presently able to model rf current
drive. Typical contours of constant toroidal flux are depicted in Fig. 1. The
auxiliary heating for all simulations is, for simplicity, assumed to be equally



distributed between ions and electrons, and is taken to have a deposition
profile that is centrally peaked and extends out to half of the minor radius
along the midplane. A constant volume-averaged density is maintained by
gas puffing. For the ignited scenarios, helium ash is removed at the appro-
priate rate to allow a steady-staie to be maintained. Carbon is used as the
primary impurity; its initial concentration is chosen to yield the value of Z, 4,
specified in Table 1. . .

' The parameters of the thermal transport model are varied to achieve a
specified level of confinemnent relative to the Kaye-Goldston scaling.* For the
Q = 5 driven mode of operation, the energy confinement time is required
to be close to that predicted by the Kaye-Goldston formula (L-mode}. This
limit is placed at twice Kaye-Goldsten (H-mode) for the ignited cases. We
find that the magnitude of the sawtooth mixing radius is largely insensitive to
the particular choice of the th=rmal transport model, In all cases, the particle
diffusivity is taken to be D = 1/n, ;9 m?/s, where n_ , is the electron density
in units of 10®m~3. An anomalous inward pinch velocity of v = 2Dr/a? is
assumed to be present; 0 < = < a is the half-width of a flux surface measured
on the midplane. It should be noted that a smaller inward pinch would lead
to flatter profiles and even more pessimistic results.

Sawtooth oscillations are modeled using a Kadomtsev reconnection pic-
ture; the period is fixed and prescribed on input. With each sawtooth crash,
the particle densities and temperatures are flattened inside of the mixing
region. A period of 0.5 s is used througbout; we find that the results are
insensitive to moderate changes in this value. The code also has the capabil-
ity of locally enhancing plasma transport in the presence of unstable high-n
ballooning modes. We will demonstrate that this makes ignition even more
difficult.

II. Simulation Resuits

The sawtooth oscillations in all simulations d..cussed here are very broad.
Typically, the half-widih on midplane of the mixing radius is rm./a =~ 0.7
for both INTOR and TIBER. In INTOR, g, = 2.3 at the edge so that this
result is expected. Because of ine high elongation used for TIBER, the safety
factor is larger: g, =~ 4.1. In this case, the large mixing radius is due to the
high shear near the separatrix associated with such elongations. In Fig. 2 we
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show the radial and temporal variations of the ion temperature and density
for the ignited INTOR simulation. Note the changes in profile due to the
sawtooth oscillations.

The search in parameter space for the minimum requirements on ignition
is aided by a 0-D analysis. In these calculations, profile effects on fusion power
and other quantities are accounted for in a simple fashion by assuming a
radial dependence z.= zo(1~r?/a?]}**, where z represents the plasma density,
temperature, or current density. In Fig. 3, contours of the auxiliary power
in MW required to maintain steady-state at a given density, temperature,
and level of energy confinement are plotted; the contours labeled by 0 in
the upper right-hand portion of the plot represent ignited equilibrium. The
parameters for the solid line contours in this 0-D calculation are taken from
the ignited INTOR simulation; the “x” indicates its operating point. The
profile parameters used are @, = 0.27 and ar = 0.64. The dotted contours
represent the same calculation but wiih o, = 1.0 and ar = 1.0,

As a result of the sawtooth oscillations, the central values of ion density
and temperature are not much larger than the volume.averaged values when
averaged over a sawtooth period. Higher densities or temperatures are then
required to reach ignition or @ = 5 for a given confinement time. In all cases,
raising the volume-averaged density appears to be the most eflective remedy.
As evidence, we present in Table 2 the steady-state parameters from four
simulations.

For the reference confinement scaling, 7e kg, We use an inverse quadratic
combination of a neo- Alcator ohmic scaling and the Kaye-Goldston? auxiliary

heated scaling:
1 1 1
2 = 2 + 2 L)
TExc TnNa  Tauvx

where
na = T % 107 %7aR gy,

A! -4-2 0.2%
TAUX = TAUX,KG X ApAp

_~ _ _ ﬁ-; 0.26 .
Tiawxkc = 3.04 x 107 2x0# g-0.0% 1.2 p-0.58 (m) a~0P o5

and
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Here, 77 is the line-averaged election density in units of m~2. The minor
and major radii in m are denoted by a and A. The magnetic field, B, is in
Tesla, and I is the plasma current in MA. The total power, P, {alpha, ohmic,
and auxiliary) is in MW, The additional factor added to 74y x represents one
possible scaling for the mass dependence of the energy confinement time.
In this expression, 4; is the mass of species 7; 1 and 2 refer to the main
components of the plasma under consideration; D and H are for deuterium
and hydrogen, respectively. The plasma elongation and triangularity are
labeled by x and §, respectively.

In the ignited runs, the total plasma 3 values correspond to Troyon coef-
ficients of 3.9 for INTOR and 3.5 for TIBER. These are below the expected
limit of 4, but are close enough for concern. Although a Murakami den-
sity limit may not apply to these experiments, we should note that all of
the above cases exceed (.} = 1.58B/Rgy ( 8.6 x 10'®* m™2 for INTOR and
1.0 % 10*® m~3 for TIBER). The 0-D calculations indicate that raising rg to
twice Tg kg for the ignited scenarios will not lower the required density below
this limit. In the Q = 5 driven simulations, the densities may be too high to
allow efficient current drive. In INTOH. this problem is further aggravated
by relatively low plasma temperatures.

A high plasma current does not necessarily imply sawtooth oscillations
as broad as the ones discussed above. For example, a rough simulation of an
ITER design with R = 434 m, 2 =16 m, x = 20,8 = 04, I = 18 MA,
and B = 1.8 T yields 7mis/a = 0.55. The aspect ratio, R/a, is much smaller
than either INTOR or TIBER. For this reason, gey for ITER is larger than
the INTOR value despite having more than twice the current. Hence, the
narrower sawtooth oscillations are expected. Since this ITER design is less
elongated than TIBER, the shear near the edge is not so great. Consequently,
the smaller mixing radius is again not surprising. It should be noted that
this simulation still displays relatively flat profiles, with similar but less severe
consequences. ' .

The inclusion of bootstrap current may mitigate some of the effects of saw-
tooth oscillations. Repeating the driven TIBER simulation with bootstrap
current leads 1o a slightly narrower mixing radius, rmiz/2 >~ 0.55. Conse-
quently, the profiles are more peaked and performance improves, Q ~ 5.3.
The magnitude of these changes is consistent with the fact that bootstrap
current js expected to be noticeable, but not dominanat in TIBER.



I11. Stability Considerations

During a sawtooth crash, the current density and plasma pressure profiles
are flattened out to the mixing radius. The pressure peaks up again on a
time-scale comparable to the energy confinement time. Howsver, the time-
scale for current diffusion is much longer in these machines (10° - 10% s). So,
unce the current is flattened by the first sawtooth crash, it tends to remain
that way throughout the run. As a result, there is never any apprecizble
shear inside the g = 1 surface. To demonstrate this eflect, we show in Fig. 4
plcts of the safety factor and total plasma 3 as a function of radius just prior
to a sawtooth crash for the INTOR and TIBER ignited simulations.

From Fig. 4, it is clear that a significant pressure gradient exists in a
vervy low shear region. We expect such a configuration to be unstable to
. various pressure-driven modes. The high-n ballooning stability properties of

each flux surface are calculated periodically by the BALDUR code. For this
purpose, the high-n ballooning mode equaticn is taken to be

2 9P
B 5y
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where B = Vax Vi is the magnetic field, and ¥ is the poloidal flux divided
by 2m. The field line curvature, & = g-V’ g‘ ; @ represents the perturbed
electrostatic potential. Each time the equilibriume is recomputed (yielding
B and Va ), this equation is solved for the critical pressure gradient, g{
We find that, in general, this critical pressure gradient is exceeded over some
range of flux surfazes inside the mixing radins.

The code can be instructed to enhance transport on these flux surfaces,
forcing the pressure profile to flatten and remain :lose to marginal stability.
ln Fig. 3, we demonstrate the eftzci of this on the temperature in the @ = 4.4
simulation of TIBER. The profile remains flat, and (T;) =~ 9.4 keV, well below
the value of 15 keV reached in the original simulation, This is also indicative
of less fusion power production: @ =~ 2 for this run. In addition, the overall
confinement worsens, Tg =~ 0.6 s = 0.87g k5. Hence, ignition becomes more
difficult if the plasma is required to be ballconing stable across the minor
radius. If narrower sawteeth are achieved, tie average shear in the center
will increase, allowing larger pressure gradients and greater fusion power
production.



Recently, it has been discovered that the low mode number counterparts
to the high-n ballooning modes can yield even smaller critical pressure gradi-
ents in low shear situations such as this.® In fact, they can be unstable under
conditions in which the high-n modes would be predicted tc be stable. These
instabilities tend to have a large radial extent, and thus may lead to drastic
changes in the plasma profile.

TV. Conclusions

We have demonstrated that broad sawtsoth oscillations, rmiz/a ~ 9.7,
can arise in both INTOR and TIBER. The resulting decreases in fusion
power lead to increases in the density required for ignition or @ = 5 at a given
level of confinement. Conversely, for a given total plasma energy the needed
energy confinement time is higher. In addition, the stability properties of
these plasmas are not favorable. Consequently, some form of sawtooth or
current profile control would help these machines to reach their design goals.
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. INTOR TIBER

minor radius (m) 1.20 0.83
major radius (m) 5.0 3.0
magnetic field (T) 5.50 5.55
plasma current (MA) 8 10

elongation 1.6 2.4
triangularity 0.25 0.40
auxiliary power (MW) 50 80

Tz 1.50 2.09

Table 1: Parameters for INTOR and TIBER



INTORI | TIBERI ;| INTORII | TIBER I
Q 5.6 4.4 o0 o0
(n.) (10%m=3) 1.4 1.4 1.6 1.8
(rp --ng) (10%m~2) | 12 1.0 1.4 1.2
npe — nr (1000m~3) | L6 1.4 1.8 1.7
{T}) (keV) . B3 15.0 11.0 170
Tip (keV) 15 3 16 27
Bee) (%) 3.1 5.6 a7 75
P, (MW) 56 53 104 81
7z (5) 1.20 0.75 1.60 1.30
TE/TE,KG 1.3 1.2 1.8 1.7

Table 2: Simulation results
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Figures

FIG. 1. Contour plots of equilibrium flux surfaces for (a) INTOR and (b)
TIBER.

FIG. 2. Plot of ion temperature in keV, (a), and density in 102®m~3, (b),.as
a function of time and radial half-width.

FIG. 3. Contour plot of auxiliary power (in MW) required in steadyv- state
for given dsnsity, temperature, and confinement as determined by a 0-D
calculation. The solid contours are appropriate for the ignited INTOR
simulation; its operation point is marked by the “x”. The dashed contours
are for parabolic density and temperature profiles.

FIG. 4. Radial dependence of the salety factor and total plasma 4 just prior -
to a sawtooth crash for the ignited (a) INTOR and {b) TIBER simula-

tions.

FIG. 5. Plot of ion temperature in keV as a function of time and radial
half-width for a driven TIBER simulation with enhanced transport on
ballooning-unstable flux surfaces. :
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