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Abstract

We have numerically investigated the dependence of pedestal properties such as the pedestal
height and the pedestal width on various global parameters using the EURO-DEMO as reference
equilibrium. We have used EPED, a predictive model of the edge pedestal. Among global parameters
we have chosen to vary, the triangularity, 8, the elongation, k, and the poloidal beta, 8, have larger
effect on the pedestal properties. Improvement of pedestal properties can be achieved for more shaped
plasma boundary. However, the increase in the pedestal height and the width with § saturates around
6~0.6. Also, the pedestal width saturates and the pedestal temperature starts to decrease for k > 1.9.
Improvement of the pedestal properties due to & is larger at higher poloidal beta. The pedestal width
slightly increases with the electron density at the pedestal top and the effective charge number.

1. Introduction

The next step in the development of fusion energy after the ITER project currently under
construction in France, is the so-called DEMO reactor that will demonstrate the production of
electricity from fusion power. The general guidelines in the design of DEMO are outlined in previous
studies [1, 2]. A more specific design for European DEMO (EURO-DEMOQO1) is presented in Ref. 3.
One of the key requirements for any DEMO design is reasonably high energy multiplication factor Q,
i.e. the fusion energy produced divided by the energy used heating the plasma. The main effect on Q
comes from plasma confinement; The better the confinement is, the easier it is to reach high value of
Q. The confinement in H-mode can be divided into two components, the confinement in the core
region, which is dominated by turbulent transport that restricts the temperature gradient VT/T below
a critical value due to so-called stiff transport and the confinement of the pedestal near the edge where
the density and temperature gradients can be significantly steeper than in the core due to suppression
of turbulent transport. Instead of turbulence, the H-mode pedestals are ultimately limited by the MHD
instabilities such as peeling-ballooning modes (PBM) [4]. In the EPED model [5], the PB stability
criterion is combined with a criterion for the kinetic ballooning modes (KBM) to give a prediction for
the pedestal temperature.



In this paper, we investigate the parameter dependencies of the EURO-DEMOL1 design [3] in the
EPED1 framework, which first creates a series of equilibria with the pedestal height and width (Apeq)
being tied by the condition, Apeq = 0.076\/m, where By 5eq IS the poloidal B at the top of the
pedestal. Then the pedestal prediction is the equilibrium corresponding to the crossing of the stability
boundary for PBMs. The equilibria are solved including the self-consistent bootstrap using the model
by Sauter [6] implemented in HELENA code [7]. The stability of the equilibria is solved using the
MISHKA-1 code [8].

The design parameters are the following; Major radius (Ry): 9.1m, minor radius (a): 2.9m, plasma
current (I,) 19.6 MA, toroidal magnetic field at geometrical axis (By): 5.7 T, elongation at the plasma
boundary (x): 1.78, triangularity at the plasma boundary (8): 0.45, global poloidal B (B,): 1.1,
electron density at the top of the pedestal (nepeq): 6.8 X 10*°/m?, effective charge (Zeg): 2.58 and
the charge of the main impurity, Xenon (Zn): 54. We vary these parameters around the nominal
values and perform EPED predictions. To gain insight on the physics behind the effects on EPED
predictions, we then investigate more in detail how the changes in EPED predictions are related to the
changes in equilibrium and PBM stability.

2. Results
2.1 Effect of plasma boundary shaping parameters

The geometric characteristic of plasma boundary is usually defined by triangularity and
elongation. Since & and x can change various plasma parameters such as the safety factor, current
density and pressure gradient not only in the core but also at pedestal region, they can strongly affect
MHD instabilities including PBM in edge region. As a result, pedestal structure may strongly depend
on the plasma shape. To find the effect of the plasma shaping on the pedestal properties, we calculated
the height and width of the edge pedestal by changing & and k separately from the reference
equilibrium. The results are shown in Fig. 1. From this figure, it can be seen that Apeq and Tpeq
(Tpeq is the temperature at the top of the pedestal) vary considerably with k and 6, for low to
moderate values. Both A,.q and T,eq increase as both shape parameters increase. These results
agree well with various experiment findings [9-13]. Fig. 1(a) shows that Ap.q increases by 70%,
while T,eq increases threefold, as 6 changes from 0 to 0.5. When « varies from 1.4 to 1.8, Apeq
and Tyeq improve by 60% as shown in Fig. 1(b). The reason for improved pedestal structure turned
out to be the increased stabilization of PBM, as manifested in Fig. 2 which shows the stability
boundary of PBM on j4, — a space, where a = —(2u0q?%/eB3)(0P/ dp) [14] is normalized pressure
gradient, and jg, is edge current density. Both ji, and a values are their maximum near the center of
the edge pedestal region. Here, q is safety factor, p is normalized radius, € is inverse aspect ratio,
P is plasma pressure, and Br is toroidal magnetic field at magnetic axis. As & and x increase,
stability region widens and it allows plasma equilibrium to move diagonally to the region of larger o
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and jg. This will lead to improved pedestal structure, due to the fact that « and Ap.q are correlated
under KBM condition [5,15] in the EPED model, where the following Eq. (1) is satisfied,

1/2
a pped/Aped x Bp,ped/Aped x Aped X Tpéd- (1)

Here P,eq is plasma pressure at pedestal top. Therefore, larger o will make Apeq Wider and Tpeq
higher. Also, Tpeq increases faster than Apeq because Tpeq Af,ed. As a consequence, both Apeq
and Tpeq Can increase as the stability boundary widens when & and/or k increase to moderate
values. This is consistent with previous studies of shaping effect on PBM [16-19].

Large improvement in pedestal properties with plasma boundary shaping observed for low to
moderate k and & values cannot be sustained as shaping becomes stronger. In Fig. 1(a), it can be
seen that Apeq and Tpeq saturates at & > 0.6. The saturation of pedestal structure with & is related
to the behavior of trapped fraction, f.. At pedestal region, the toroidal current is dominated by the
bootstrap current, j,s, Which is proportional to pressure gradient (< a) and f, [6]. The trapped
fraction does not change much with & when & is small, so both critical j, and « can increase at
the same time in j4, — a space if the stability boundary widens. But, for large 8, f; considerably
decreases [20], and j,s cannot grow further even if a increases. Fig. 3(a) shows how reduction in f;
can affect the movement of the critical equilibrium. In Fig. 3(a), the critical equilibrium point moves
up diagonally (i.e., both critical j4 and critical o increase with &) nearly following the nose of
stability boundary for & < 0.6 because f; remains almost same. When & > 0.6, however, jus
decreases since f; decreases as & increases. The critical equilibrium point then moves downward
accordingly (i.e., critical j, decreases while critical a does not vary much with §). Therefore, even
though the stability boundary still improves for & > 0.6, the improvement cannot be fully utilized
because j4 decreases. As a result, Apeq and Tpeq begins to saturate near § =~ 0.6 . Comparison of
fi(8) with jg,/a (x jbs/VP) as a function of & for the critical equilibrium points as shown in Fig.
3(b) shows consistency of this explanation, such that the saturation of Ap.q and Tpeq in large & is
mainly due to f;.

Figure 1(b) also shows that T,.q starts to decrease when x> 1.9 while A,.q steadily
increases with k. When x changes from 1.9 to 2.3, Apeq increases by 10% and T,eq decreases by
10%. This phenomenon can be understood from the expression of T,.q with x. Under the KBM
constraint, Tpeq and 0Tyeq/0x can be described by Egs.(2) and (3) when x variation is allowed,

Tped & Bppealp/L? o< AZo412/(k* + 1). ©)
OThedq/ 0K ¢ 0Apeq/I K — Dped/K- (3)

where I, is plasma current and L is the perimeter of plasma boundary. As shown in Fig. 1(b), Apeq
increases rapidly with x for k < 1.9. Therefore, dApeq/0x is larger than Ap.q/k in this range.
Consequently, Tyeq increases with x from Eq.(3). On the contrary, 0A,eq/0 x become smaller than
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Apeq/x for large x, because stabilization effect of k saturates at large shaping. In this range,
0Tyeq/0x becomes negative when k > 1.9 and therefore, Tyoq decreases as k increases. This
explains the behavior of Ty,eq in Fig. 1(b) as a function of «.

2.2 Effect of the poloidal beta

Poloidal beta, B,, is one of major global parameters in tokamak plasma that indicate the
performance of plasma confinement. Since B, has strong dependence on pressure profile and
poloidal flux distribution, it affects PBM and pedestal structure. Especially, a previous study found
that B, induces Shafranov shift, Agy,, [21] and that it stabilizes the edge instability via Shafranov
stabilization effect [4, 5, 22]. We performed B, scans and results are shown in Fig. 4. In this figure,
Apeq and Tpeq are shown to increase as B, increases. This agrees fairly well with the expectation
from Shafranov stabilization and also with experimental results [23-27].

Improvement in Apeq and T,eq With B, is larger at higher & than at lower 8. As shown in
Fig.4, a change in Ap.q when B, varies from 0.8 to 1.3 is almost negligible (less than 1%) when
8 = 0.2, while it becomes larger by more than 15% for 6 = 0.5 in the same range of . This
indicates that effect of B, on pedestal structure can be enhanced by strong shaping. A similar trend
has been found in experiment [28].

This behavior turned out to be due to higher stabilization effect of B more dominantly on pure
ballooning mode than on the pure peeling mode. Fig.5 shows the edge stability boundaries for two
different B values (0.8 and 1.1) for & = 0.4. It can be seen that the stability generally improves for
larger 8, more predominantly in the large a direction. The nose of the stability boundary moves
upward only by 10%, while moving to the right in large a direction by 25%, which indicates the

stabilization of the ballooning mode. Larger critical a allows the growth of the pedestal structure
(Aped and Tpeq), according to Eqg. (1). Horizontal distance between noses of different Sp values in

Jo
for 6 = 0.6, when Bp is varied from 0.8 to 1.1. Therefore, difference of pedestal structure in two Bp

— a space increases as & increases. The increase in a is only 10% for § = 0, while it reaches 30%

cases is enlarged for higher 6. It can be concluded that the stabilizing effect of § on edge pedestal is
enhanced with Bp, and vice versa. The mechanism that describes the synergetic stabilization effect of

Bp and & on PBM still remains as a question.

2.3 Effect of electron density and effective charge number

The effect of electron density at the pedestal top, ne,eq, and effective charge number, Zg, on
pedestal properties has also been investigated. The effect of ng,eq is shown in Fig. 6(a) for two
different values of 6 (6 =0.45 and & = 0.65). A mode structure of a critical equilibrium with
6 = 0.45 shows dominant components due to peeling mode, thus the critical equilibrium being
located at left of the nose of the stability diagram in ji, — a space. On the other hand, a critical
equilibrium with § = 0.65 has an eigenfuction with dominant components due to ballooning mode.
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The critical equilibrium is located at lower right of the nose. In both cases, Fig. 6(a) shows that Apeq
increases by 10% as nepeq Changes from 3 x10'°/m? to 7 x 10'°/m®. However, Tepeq
decreases by more than 50% for the same change in ngeq. This can be understood by the KBM
constraint in EPED model, where T,.q can be expressed as Eq. (4),

Afed Zetr— 1\ (4)
Toed = Pped/Nped X — <2—e—> :
pe pe pe ne,ped Zimp
We have used the relation,
Zesr — 1
Nped = Neped (2 - eZimp >; (5)

which is satisfied for a single species of impurity with the impurity charge number Zy,,. Since
variation of Apeq isnotlarge, 1/ng,eq term dominates in Eq. (4). Therefore, T, ,eq decreases even
if Apeq slightly increases when ng o4 increases.

The results of Zgg scan are shown in Fig. 6(b), where Ap.q increases monotonically by 5% as
Zege is varied from 1.5 to 4.5. From Eq. (4), Tyeq Is expected to increase if Apeq increases as Zeg
increases for fixed nepeq and Ziyp. As expected, Fig. 6(b) shows that T,eq also increases
monotonically with Z.g. We assumed a flat Z.g profile in calculation.

The electron density and the effective charge number are found to affect the edge stability through
the electron-ion collisionality, ve;. The collisionality changes resistivity and bootstrap current [29].
Therefore, the edge plasma current distribution will be changed and this has influence on the PBM
stability [30, 31]. The dependence of the effective collisionality on ngpeq, Zesr, and Ziy,p can be
written as Eq. (6),

_ 3 -3 Zegr — 1\2 -3
Ve = g poqZeffPpeq <2 - Tmp) X ZeffNe,ped Toq & Vei - (6)

After we expressed the variations of ng,eq and Zeg in terms of that of vegr, which is normalized to
the reference equilibrium value, we have re-plotted previous results of Fig. 6 in Fig. 7. Here, veg
varies because either ng peq OF Zegr changes. It can be clearly seen that Ap.q variations are nearly
same in both cases. However, T,.q curves show different behavior for obvious reasons, i.e., due to
Egs. (4) and (6). If we have plotted P,eq curves instead of Tpeq curves, they will also show good
agreement, of course. Although we have not shown the effect of Z;p,,, we found from its scan that the
behavior of the pedestal structure with Z;p,,, can be also understood from the variation of vegy.

Experimental results of correlation between the pedestal width and the collisionality are not yet
clear. They sometimes reach different conclusions even in the same machine. A,eq increases with
nepeq N DII-D and JET [32], as predicted by our calculations. It is also shown to increase with Zg
in JT-60U [33] and with collisionality [34]. In other cases, Apeq is shown to decrease with ng peq in
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DIII-D [35,36] and JET [37], or they have not shown any meaningful correlations in JET and DIII-D
[38,39].

The critical equilibrium points are plotted with n,,eq Vvariation in Fig. 8 in the jg, — o space.
The change in stability boundaries is almost negligible unlike when 6, k, and B, are varied. The
result that Apeq increases with ng ,eq as shown in Fig. 6(a), seems to contradict our intuition when
equilibria are located in the ballooning dominant region due to large shaping of & = 0.65. It can be
seen that the critical o decreases as ngpeq increases in this case, which generally means Apeq
should also decrease according to Eq. (1). This can be reconciled by considering the fact that a new
equilibrium is constructed when ng .4 IS varied, and that Eqg. (1) cannot be applied for this change. A
new equilibrium with increased ngpeq has smaller a and jg, for the same Apeq, such that it enters
inside the stability boundary. This then allows a and Apcq to increase where Eq. (1) can be applied.
Therefore, Apeq increases even if the critical a decreases compared to that of the smaller ng yeq
equilibrium.

3. Conclusions and discussions

With edge predictive model EPED, we determined the temperature at the pedestal top and width
of the pedestal when plasma parameters (8, x, Bp, Nepea and Zeg) are varied. The plasma boundary
shaping parameters (6 and k) change plasma equilibrium properties and the PBM stability boundary
considerably. These affect the pedestal structure and EPED model predicts that Apeq and Tpeq
generally increase with the shaping. This agrees well with experimental findings. However, A,.q and
T
improvement for very large & cases is due to the drop in the trapped fraction which then makes the

ed Saturate or even decrease when & and k increase further. The degradation of the edge pedestal

bootstrap current decrease. This implies that excessive shaping is less effective as far as the edge
pedestal structure is concerned. Large shaping also induces difficulties in plasma control and there
exists some limit in plasma operation window. Optimum shaping parameters can be determined by
considering both control issues and predictive modeling.

Effect of B, on pedestal structure is also quite large. High B, is favorable because of Shafranov
shift stabilization effect dominantly on the ballooning mode, thus changing the stability boundary by
increasing the critical pressure gradient. This behavior also agrees well with experimental results.
Furthermore, synergetic improvement of edge properties due to 3, and shape parameter is found and
it is expected that optimization of edge pedestal structure via shaping will be more effective in plasma
with higher .

Increasing nepeq and Zeg also makes Apeq increase. But their influence is quite small
compared to that of §, k and P, because the change in the stability boundary is negligible. Effect of
Neped and Zggr is shown to be mainly through effective collisionality, thus changing the bootstrap
current.

We have performed the parameter scans for EURO-DEMOL1 reference case. But our results can
be also applied to explanation of edge properties and optimization of edge structure in conventional
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tokamaks.
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