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Abstract. Thisépaper presents acomparative study of the poloidal distribution of
mean FE X B shearing rate.for positive triangularity (PT) and negative triangularity
(NT) tokamaks. The effects of flux surface up-down asymmetry due to asymmetric
upper and lower triangularities is also considered. Both direct eddy straining and
effectsCon’ Shafranov_shift feedback loops are examined. Shafranov shift increases
the shearing ratesat all poloidal angles for all triangularities, due to flux surface
compression. . The maximum shearing rate bifurcates at a critical triangularity 0cpi: (S
0). Thusjithe shearing rate is maximal off the outboard mid-plane for NT, while it
is‘maximal on the outboard mid-plane for PT. For up-down asymmetric triangularity,
the usual up-down symmetry of the shearing rate is broken. The shearing rate at
the out board mid-plane is lower for NT than for PT suggesting that the shearing
efficiency in NT is reduced. Implications for turbulence stabilization and confinement

improvement in high-3, NT and ITB discharges are discussed.
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1. Introduction

Negative triangularity (NT) discharges have demonstrated H-mode-like pressure and
energy confinement times for L-mode-like edge conditions [1}H5]. Improved confinement
with an L-mode edge is advantageous to a fusion reactor [6,(7]. This is because NT
L-mode is an attractive operation regime that is naturally free of ELMs. Also, NT
discharges manifest very weak degradation of confinement with power 1], along with
broader scrape off layer (SOL) heat flux widths as compared to conventional PT H-mode
cases, reduced fluctuation levels [1}44], and reduced plasma wall interaction [8|. However,
understanding of the physics of confinement improvement and, L<H transition in NT is
still in it’s infancy. Improved confinement in L-mode should facilitate easy access to H-
mode i.e., with lesser power than the conventional L-H tra’nsition threshold. While this
is observed at weak negative triangularities, H-mode becomes completely inaccessible
at strong negative triangularities(d, < —0.18),even if high power is applied. This has
been linked to loss of access to 2nd stability region of the infinite-n ideal ballooning
modes [9,/10]. This model is built upen a previous study predicting reduced pedestal
height, clamped by degraded PB and KBM stability, due to closed access to the second
stability region for ballooninggmodes,in the case of negative triangularity [11|. Some
of the past experiences with COQ/entional H-mode discharges suggest that 2nd stability
access may not be a necessary requirement for H mode. Loss of 2nd stability, triggered
by changing the squaréness of plasma shape, only changes low frequency high amplitude
ELMs to high frequeney low. amplitude ELMs, without eliminating the H-mode [12}|13].
A recent experimental study using ECE-imaging suggests that NT edge pressure is
limited by lew-n interchange type MHD modes or resistive ballooning modes [14].
Gyrokinetic ‘simulations [3,/4,/15-19] attribute linear stabilization of trapped electron
mode (TEM) or ion temperature gradient (ITG) mode to the observed reduction of
turbulencerand transport in the core of NT configuration. One thus naturally wonders
about the role of mean ExB shear in NT confinement and L-H transition physics. Clearly,
the ideas'in the NT landscape are still evolving, and a consensus on confinement and
L-H physics is still lacking. This begs for a study of the mechanisms of turbulence
saturation and transport in N'T shapes.

Zonal flow shear [20-22] and mean ExB shear are candidate players in the saturation of
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: drift wave turbulence in tokamaks, and also play significant roles in the L-H transition.
? Both zonal flow shear and mean ExB shear break up turbulent eddies, thus reducing
g the turbulence coherence length [23]. As a result, transport is reduced, andyregulated
10 by both zonal flow and mean ExB shear. Our recent work shows thatithe zonal flows
:; are weaker in N'T than that in PT due to enhanced neoclassical pglarizationy from an
12 increase in trapped fraction in NT [24]. As zonal flow lowers thesthreshold power for
12 L-H transition [25], the prediction of reduced zonal flows in NT is ¢onsistent with the
1{73 observation of increased power threshold for L-H transition. Nete that'no validated first
19 principle theory of L-H transition [26,27] exists. However; the transition is almost always
5(1) linked to transport bifurcation due to mean ExB shearing,[25,28]29]. Similarly, core
;g transport barriers in high poloidal beta reversed shear discharges - often called internal
;‘; transport barriers (ITBs) - are sometimes linked to tramSport bifurcation induced by
26 the local mean E x B shear [30-32].

3573 Thus, E x B shear suppression of turbulence and transport is one of the key element
gg of the physics of transport barriers! Given the significant role of mean £ x B shear in
;; transport barriers formation one wonders, what happens to the shearing rate when the
2431 flux surface shapes changes from the PT to NT? This is precisely the aim of this paper,
35 which illustrates magnetic geometry dependent features of the mean E x B shearing
;? rate contrasting the effects®f positive’and negative triangularities. It is well known that
gg magnetic geometry plays‘arole in/shearing physics [33]. Here, we focus on the interplay
2(1) of NT configuration with.mean F x B shearing. Usually, shearing is considered as a flux
g surface averaged guantity. Experiments usually report the shearing rate at the outboard
44 mid-plane. Here, we study the poloidal structure of the mean E X B shearing rate as
22 the flur surface shapes wary from PT to NT, using Miller’s parametrized equilibrium
2; model [34)-"Thisialso allows the study of the local parametric dependence of the shearing
gg rate with triangularity gradient, elongation, elongation gradient squareness, squareness
51 gradient and Shafranov shift gradient as the triangularity changes from PT to NT. The
gg significance of each of these shaping parameters are explained in table. All these local
gg shaping parameters affect the shearing in a non-trivial way. We determine that the mean
g? F x B shear at the out board mid-plane is lower for NT than that for PT. The maximal
58

p mean shear bifurcates at a critical triangularity 0., < 0 and the shear is maximal
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off the mid-plane for NT. The shearing becomes up-down asymmetric for asymmetric
flux surfaces owing to different upper and lower triangularities. Triangularity gradient
reduces the shearing rate, while elongation and elongation gradient increases,the mean
shear. Negative squareness eliminates the geometric bifurcation for NT fand narrows the
poloidal distribution of the shearing. As a result the flux surface averaged shearing rate
becomes lower for negative squareness than that for positive squareness. I'TB formation
in high poloidal beta (f,) discharges is frequently linked to transport b?furcation due to
turbulence stabilization due to drift reduction/reversal by largesShafranov shift [35-H37].
This interpretaion ignores the coupling of mean shear t6 Shafranov shift effects. Mean
E x B shear exists in these discharges, after all. So, one,wonders what happens to
mean shear in high Shafranov shift regime? Our analysis shows that the mean E x B
shear increases with increasing Shafranov shift gradiént, beGuuse of enhanced flux surface
compressiton. Thus, there is a direct boostief mean shear by the Shafranov shift, which
complements the conventionally invoked Shafranov shift effect. This observation and

the related physics analysis are the major. results of this paper.

Shaping parameters related to
Triangularity o how triangular the shape is
Triangularity gradient Ss radial variation of triangularity
Shafranov shift gradient Rgsj tadial varition of shift of magnetic axis from geometric axis
Elongation how elongated the shape is
Elongation gradient, Sy radial variation of elongation
Squareness @ how square the shape is
Squareness gradientyS,, radial variation of squareness

Table 1. Shaping parameters and their meanings.

Therest of the paper is organized as follows. The dependencies of the shearing rate
on different geometric parameters is calculated in Section 2. The results are discussed

and conclusions are given in Section 3.
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4
5 2. Flux surface geometry dependence of mean ExB shearing rate
6
7
8 The Hahm-Burrell formula for the mean E x B shearing rate 33|, ignoring mean parallel
9
10 flow shear, is obtained from a 2-point correlation calculation for an axisymmetric toroidal
11
:g system and reads as
14
2

Is we= (B8} T g < (1)
16 AC ) o2 ’
17
12 where Ay is the turbulence correlation width in poloidal magnetic flux ¢ and A( is
;? toroidal correlation angle of the ambient fluctuations. In, fact, ¢ is stream function
22
23 for poloidal magnetic field and is poloidal magnetic flux (divided by 27). The mean
24 'S
25 electrostatic potential is assumed to be a flux function ie., &y = Py(¢)). Since,
26
27 fluctuation diagnostics (such as Beam emission spectroscopy, Doppler back scattering
28
gg etc.,) measure correlation length Awyin the radial co-ordinate r, it is useful to express
g; At in terms of Ar as Ay = Arg—f. Here R is the major radius and By is the poloidal
33
34 magnetic field. Similarly, the toreidal correlation angle A( can be expressed in terms
35 -
;? of poloidal correlation angle A\@ as AC = vAf, where v = g:gg = 5{2‘171}, is the local
38 safety factor. I = 52I%, is anfeffective measure of the total poloidal current I
39
2(1) (both plasma and tereidal field coil currents) outside the flux surface » = const. J
fé is the Jacobian of transformation from toroidal coordinates to orthonormal Euclidean
44
45 coordinates, 7(r, @, ()with 7 = Rsin (% + R cos (g + ZZ being the position vector in the
46
47 euclidean spaeé spamned by the unit basis vectors (Z, 9, 2). Notice that, J /¢’ is the
48
49 Jacobian of the flux coordinates (1,6, (). Therefore,
50
. Ay Ar R )
53 AC A0 1T
54
55 where
56
57

I
58 W = W) £ ‘72 (3)
59 2mq () R
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which has been obtained from the definition of the global safety factor ¢. Thus, the
magnetic geometry/topology dependence of the mean E X B shearing rate -enters though

the Jacobian J, the major radius R and the radial gradient of poloidal flugyi.c., "

for fized 88—1;(1)0(@/1). Clearly, AA—Q/? is not a flux function, and varies«with @ en a given
flux surface. So, the mean shearing rate varies with # on a flux surface, such that the
~

shearing rates are not symmetric at the inboard and the outhoard mid-planes. In-out

asymmetry of mean F X B shearing rate and fluctuations has been observed in DIII-

D PT experiments [38]. The factor RQ}W captures theé'poloidalvariation of the mean
E x B shearing rate on a flux surface. To specify the flux surface shape, we use the local

parametrized model for D shaped plasmas developed by Miller et al [34] and generalized

for up-down asymmetric flux surfaces with finite squareness

cos(@Fsin ' 9,(r)sinf) VO<OH<m
R=Ry(r)+r (4)

cos(f + sin Mg (r)sind) Vr <6< 2n
Z = k(r)rsin (0 4 0 sin20) . (5)

Here, 0, is upper triangularit;} 0 is lower triangularity,  is ellipticity or elongation
and o is the squareness of the flux surface. For up-down symmetric flux surfaces, the
shape is parametrized by asingle triangularity parameter 6 = 6, = d;. Note that r is
the minor radius at,# = 0. The primary advantage of this model as compared to a full
numerical equilibrium 1s that the parameters can be individually varied. This allows
for systématic studies of the effects of each parameter upon stability and transport for
shaped fluxssurfaces. Here, we study the effects of each of these shaping parameters on
the mean B x B shearing rate. The effects of triangularity recieves special focus. The

magnetic field is defined in flux coordinates (v, 0, () as:

B =1IV(+ V(¢ x V. (6)

Page 6 of 28
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—_
N
~

17 d¢

;? / Rcos¢

54 Figure 1. Coordinate conventions useddfor calculations.
L

27 The Jacobian 7 of transformation 7(r,0,¢) is defined as J = 97 9% x g—g = m.

29 Since ¥ = Rsin(z 4+ Rcos(y + Zzpwith Rand Z given by equations and , the

Jacobian J becomes:

34 _(OROZ ~OROZ
j_R(arae BT 87") (7)

N
37 where

2(1) % =Ryt cos(0 + sin ™ 6(r) sin @) — S5 sin(f + sin~! §(r) sin §) sin @
44 OR : R - R
45 0= 18in(0 + sin~" 0(r) sinf) (1 + sin~" 6(r) cos 6)
0z : : : .
pie Y ks (14 S,)sin (0 4 osin26) + koS, sin(26) cos (0 + o sin 26)
51 07 '

— = krcos (0 + osin26) (1 + 20 cos 20)
53 a0

0, VO<O0<m

57 where 0 = , R = 2B jg Shafranov shift gradient, S, = Z2¢ is

or K Or
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as
ellipticity gradient, Ss = \/% is triangularity gradient, and S, = £22 is sqdareness

— o or

gradient. Thus, the mean ExB shearing rate depends not only on lo¢al triangularity
0, ellipticity x and squareness o but also on their local radial gradients Ss, Sk, and
S, through the Jacobian J. Here we assume Ry, S, and Ss and S, are independent
parameters. For vanishing squareness o = 0, the Jacobian takes the familiar form shown

~

in Ref [24] i.e.,

J = Rer [R|cos(#) + cos (zsin0) + sin(0 + zsin 0) sin § {Sx. — S5 cos 6 + (1 + S,;) z cos0}],

where x = sin™'§(r). In the following, we ezamine how the poloidal structure of the
mean shearing rate varies with the fluxz surface shaping.parameters for fixed 66—1;2@0(1/))

and fized ratio of radial correlation length topoloidabecorrelation angle i.e., for fixed %.

2.1. Variation of mean shearing rate withstriangularity o

Notice that the geometric modulation to the mean E x B shearing rate is manifested

through the term %, where the explicit formulas for R, ¢’, and J are given by

equations, and resp(}tively. Hence, the variations of mean F x B shearing

R21/)'2
J

rate with shaping parameters arednferred based on the dependence of the factor on
shaping parameters: Variations of the poloidal distribution of shearing rate and the flux

surface averaged shearing rate with triangularity 6 = d, = d; for the up-down symmetric

equilibria are shown dn ﬁgure. This figure clearly shows that:

e The shearing rate is maximal at the outboard mid-plane for positive triangularity
0". Butrthe shearing rate is maximal off the outboard mid-plane for negative
triangularity 6. So for 07, the shearing effect is stronger for finite k, modes than
for k, = 0 modes. Recall that k, = 0 modes are the most dangerous modes, which
balloon at # = 0 and cause maximum transport by short-circuiting the plasma

radially.
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e The peak shearing rate bifurcates at a critical triangularity d..;. This is/because

the Jacobian (or equivalently the local safety factor v) is a noulinear function

oNOYTULT D WN =

9 of 0, which exhibits spontaneous symmetry breaking (i.e., the minimum, of the
Jacobian bifurcates) for 0 < 0q4. For § < O, the minimumysplits into two
and locates symmetrically above and below the outboard mid-plane for up-down

15 o
16 symmetric triangularities. The d..;; can be obtained from the'solution of equation

6% 7 | p—0

= 0. Clearly, the critical triangularity J.,; for theenset of bifurcation is
20 a function of triangularity gradient S, ellipticity gradient Sg-and the Shafranov shift
gradient Ry, squareness o and squareness gradient S,. The critical triangularity is

derit S 0 for typical experimental parameters. y

27 e Peak shears move toward the good eurvature region and the shearing rate at the

29 outboard mid-plane # = 0 decreases withiincreasing 6.

32 e The poloidal width of the shear distribution increases, so that the flux surface
34 averaged shear for NT is slightly higher than that for PT. The shearing is weaker
36 at the poloidal mid-plane er NT, at equal values of radial force balance %@0(1&),
38 while the fluctuations intensity balloon at # = 0. The mismatch in ballooning angle
and maximum shear location may reduce the shearing efficiency for NT. This may
43 contribute to the observed increase in the L-H power threshold. Also, the transition

45 might befinitiatedroff the mid-plane for NT, in contrast to PT shapes.
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Figure 2. (a) Structure of mean ExB shearing rate in (6 — 6) space. The solid red line
tracks the maxima of the shearing rate and thé dotted,red line tracks the shearing rate
at the mid-pane. Maximum shearing bifur¢ates at a critical §. Here, §.q;y = —0.22.
Shearing at @ = 0 is lower for 6~ than thatsfor d. (b) Flux surface averaged shearing
rate is higher for 6~ than that for 674 Parameters: R) = —0.4, Ss = 0.8, k = 1,
S.=1,0=0,5,=0,e=0.18, ¢ = 3.

2.1.1. Effect of up-down asymmetric triangularity> The effect of flux surface up-down
asymmetry due to up-down asymmetrie triangularity is analyzed here. The plots in
the ﬁgure show how the poleidal structure of the mean shear and the flux surface
averaged mean shear varies with the varying degree of asymmetry in upper and lower

triangularities. These plots clearly show that:

e The flux surface averaged shearing rate is higher for negative upper triangularity
9, than for positive:upper triangularity 0., for fixed lower triangularity ¢;. Also
for fixedeupper triangularity ¢,, the shearing rate is higher for negative lower
triangularity 6, /fhan that for positive lower triangularity 6;". Flux surface averaged

shearing déereases with |§;| because the flux gradient /' decreases with |d;].

e The poloidal distribution of shearing rate becomes asymmetric in # when the upper
and"lower triangularities are different i.e., 6, # 9;. This is because the poloidal
structure of the Jacobian above the mid-plane (0 < § < 7) depends on d,,, whereas

the poloidal structure of the Jacobian below the mid-plane (7 < § < 27) depends

Page 10 of 28
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on ;. The structure of the shearing rate in (0 — d,,) space varies strongly mwith ¢,

oNOYTULT D WN =

as shown in ﬁgure. Notice the contrast with the up-down symmetric flux surface
9 case shown in figure(Z)), where the max shearing rate (at § = 0) bifutcatesiinto two
equal strength peaks located symmetrically above and below thetouterrmid-plane.
Comparison of the poloidal distribution of the shearing rate shows that the poloidal
12 width is bigger for , (6; ) than for §;(5;"), for fixed 6;(d,). Interes\tingly for strong
18 d, (> 0.2), another peak of the shearing rate appears below the outboard mid-plane
20 for all 9,,. The shearing peak below the outer mid=plane gets stronger and moves
further away for the outboard mid-plane (¢ ="0),on increasing 6, . For & > &; crit
and &, > 0ycri the shearing rate is maximal at thes6utboard mid-plane (6§ = 0).
27 For 0; > 6crie and 9, < 0y crie the shearing rate’is maximal above the outboard
29 mid-plane (0 > 0). For ¢; < 9, and 9, >0y e the shearing rate is maximal
31 below the outboard mid-plane (0°<0). For 6; < ;i and 6, < 0y it the shearing
rate peaks both at § < 0 and # > 0. Height and locations of the shearing peaks
depends on values of 9;, 6, and how far they are from their respective critical values
37 N

38 O1,crit and 0y crie. Herve, 014t = Oycrit = Ocrie Since all other shaping parameters are

40 up-down symmetric.
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Figure 3. (a) Flux surface averaged shearing rate vs upper triangularity (d,) for
various lower triangularities (d;) as parameters. (b-h) Structure of mean ExB shearing
rate in (6 — &,) space for different 0;’s. The solid red line tracks the local maxima
of the shearing rates at § > 0 and 6 < 0 and the dotted red line tracks the shearing
rate at = 0. For 6, < 0y crit and 0; > &, shearing rate is maximal above the outer
mid-plane. For 6; < §;,crit and 0, > §; shearing rate is maximal below the outboard
mid-plane. Other parameters same as in ﬁgure.
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2.2. Variation of mean shearing rate with triangularity gradient Ss

Variations of poloidal distribution of shearing rate with triangularity gradient Sgrare

shown in ﬁgure. The figure clearly shows that

e Increasing S; moves the critical triangularity d..; for the onset oftbifurcation
towards increasing 6~. That is, for higher Ss the geometric_bifureation occurs
at higher negative triangularity.

e The shearing rate at the outboard mid-plane decreasesias Ss/increases.

This shows that the radial profile of the triangularity mattersy not only its local value.

The shearing rate increases significantly upon deereasing the triangularity gradient Sj.
L

(b)

o
—

o
o
®

Max(R*"™/7)
5

o
o
=

1r<

Figure 4. (a) Variations in (§ — d) structure of the max shearing rates (solid lines)
and /the shearing rate at § = 0 (dashed lines) with triangularity gradient Ss. The
max shear bifurcation point d..;; moves along d~ on increasing Ss. Shearing at 6 = 0
decreases ondncreasing Ss. (b) Projection of (a) on §-axis. Other parameters same as

in ﬁgure.

2.8. Variation ‘of mean shearing with Shafranov shift gradient Ry,

Variations‘of the poloidal distribution of shearing rate with Shafranov shift gradient Ry,

are shown in the plots in ﬁgure. The figure clearly shows that:

e The shearing rate increases with increasing —R;, for all §. This is because of an

increase in compression of flux surfaces, which occurs for increasing Shafranov shift.
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This result is consistent with an earlier observation of Hahm et al |39] for/eircular

flux surfaces.

e The critical triangularity d..;; for bifurcation of the max shearing imoves tewards
increasing 6~ for increasing —Rj,. That is, the geometric bifureationroccurs at

stronger negative triangularities on increasing the Shafranowvsshift, gradient.
~

e Since Ry o< 7, [40], this effect is significant for high=B,(poloidal beta) ITB
regimes. Negative triangularity experiments suggest,that 5, for 6~ is higher than
that for 0 [1]. Hence, the Shafranov shift induded boost 6f mean E x B shear is

also important for NT discharges.
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4

5

6 0.1

7 0.09
8 0.08
9 0.07
10 0.06
11 ’

12 0.05
13 0.04
14 0.03
15

6 0.02
17

18

19

20 0.18
21 0.16
22

23 0.14
24 0.12
25 0.1
26 0.08
27 0.06
28 '

29 0.04
30 0.02
31

32

33

34 Figure 5. (a) Maximumishearing rates structure in (6 — §) space with Shafranov shift
35 gradient R{, as parameter. Shearing rate increases with —R{,. The bifurcation point
36 moves along increasing 0~ on increasing R(. Solid lines are the loci of maxima of the
37 mean ExB shearing}ate in' (0 — 0) space. The dashed lines track the shearing rate at
38 6 = 0. (b-d)(3d plots of shearing rates at different Rj. Other parameters same as in
39 ﬁgure.

40

41

fé Realistic MHD equilibrium study shows that Ry, is not a free parameter and varies
2;" with & even forgfixed 3,/41]. In fact, —Rj is higher for 6~ than for §* for fixed f3,.
46 As a result,/mean shearing should increase when PT—NT, even at fixed /3,, owing to
47

48 enhanced Shafranev shift gradient. This in turn can improve confinement and increase
49 . . . . .

50 Bp. The increase in [, then drives stronger shearing and Shafranov shift, further
g; in¢reasing confinement and S,. Thus, enhanced mean E x B shearing by Shafranov
53 shift produces positive feedback in the development of Shafranov shift induced transport
54

55 bifurcation [35-37]. Conversely, the Shafranov shift also has a positive effect on the
56

57 feedback loop of mean E x B shear induced transport bifurcation, not only through a
gg reduction of linear growth rate , but also through the enhanced F x B shearing rate.
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vp, 8,4 AP{Shafranov shift} ExB shear V04

I

Magnetic drifts y
reduced/reversed

| S

Turbulence ¥

Figure 6. Feedback loops of mutual interactions of Shafranov Shift, mean ExB shear
and turbulence. Shafranov shift and mean ExB shear reinforces each other.

L
Thus, Shafranov shift gradient affects turbulence in two distinct ways:

(i) The Shafranov shift stabilizes turbulenee by reduction/reversal of magnetic drifts.

(ii) The Shafranov shift directly ‘enhanéeésythe mean E x B shear, which causes

additional turbulence suppression.

While (i) is well known [42,43], (ii) i8a novel finding in this paper. Both (i) and
(ii) can cause bifurcation indep?ndently to enhance confinement, through their positive
feedback loops. Théy.€an also,werk in tandem. This is shown in figure(6]). However, (i)
is often invoked as@ meehanism of turbulence suppression and confinement improvement
in high-3, discharges [35-37|, ignoring the role of mean E x B shear. But given the
significant boost'of mean ExB shear by Shafranov shift, the two mechanisms (i) and (ii)
can reinforce eagh other to reduce the critical VP for onset of bifurcation to an internal

transport barrier (ITB) state in PT reversed shear plasmas.

2.4. Variation of mean shearing with elongation k and elongation gradient Sy

Variations of poloidal distribution of shearing rate with elongation s and elongation

gradient Sy are shown in ﬁgure. The figure clearly shows that:
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e the shearing rate increases with increasing x and Sj.

e The critical triangularity o, for bifurcation of the maximam shearing is

independent of x, while the d..; moves towards higher §~ uponfan increase in

S,.
025 —
— k=10
S 02 k=14
Q,\ — k=18
=
= 0.15
=
g 01
~
= ] -
0.051—
1

Figure 7. (a) Shearing rateselevates, on increasing the elongation k. (b) Shearing
rate elevates and the bifurcation point moves along the §~ direction on increasing the
elongation gradient S,. Solid lines are the loci of maxima of the mean ExB shearing
rate in (6 — §) space.The dashed lines track the shearing rate at # = 0. The solid red
line tracks the maximum shearing rate and the dotted red line tracks the shearing rate
at the mid-pane. Other fixed parameter : R = —0.4, S5 = 0.8, k = 1 for (b), S, =1
for (a), o =0, SG:\O, e =0.18, ¢ = 3.

2.5. Variation of mean_shearing with squareness o and squareness gradient S,

Variations of poloidal distribution of shearing rate with squareness o and squareness
gradient S, are showmn in ﬁgure. The calculations are done for up-down symmetric
flux surface shapes ice., 6 = 9§, = §; to clearly delineate the effect of squareness o. The

figures clearly show that:

e The flux surface averaged shearing rate increases with increasing squareness and
decreases with decreasing squareness, such that the shearing rate is higher for

positive squareness ot than that for negative squareness o~ .

e However the shearing rate at § = 0 decreases with increasing o such that the
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shearing rate is higher for o~ than that for o*.

e On increasing ot the critical triangularity d..;; for onset of geomeétric bifurcation
increases i.e., moves towards higher 6. The maximal shearing (peaks, located
symmetrically about the outboard mid-plane, get stronger anddthe poloidal width

of the shearing rate increases with increasing o*.
~

e On decreasing o below zero, the geometric bifurcation of.the'maximal shearing rate
in ¢ disappears. The shearing at € = 0 becomes thehe maximal shearing and the
poloidal width of the shearing distribution gets narrew on increasing o~ .

Variations of shearing rate with squareness gradientsS, are shown in ﬁgure. The figure
clearly shows that the shearing rate increases with increasi?lg S,, for all . However, the
rate of increase of shearing with S, is wéaks, This is because the S, appears in multiple
of o in the Jacobian (see (7)) and since |o| <\1, the effect of S, is weakened. Notice that
the maximum shearing rate and the shearing rate at = 0 increases with increasing .S, .
Also the critical triangularity d.,.; for the'onset of geometric bifurcation moves towards

increasing .
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Figure 8. (a-e) Shearing rate variations in (§ — §) space for different squareness

o. (f) Maximum shearing rate variation with ¢ for different . The dashed lines in

f) correspond to the shearing rates at # = 0, and the solid lines correspond to the

max shearing rates. Notice that for ¢ = —0.2, —0.4 the max shearing rates are the

shearing rates at § = 0. (g) Flux surface averaged shearing rate vs ¢ for different

o. (h) Shearing rate increases with squareness gradient S,. Other fixed parameters:
0 =-04,5=08,k=1,5,=1,5, =0.4sign(c), e =0.18, ¢ = 3.
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2.6. Variation of mean shearing with inverse aspect ratio € and safety factor q

Variations of poloidal distribution of shearing rate with inverse aspect ratio.e and safety

factor ¢ are shown in ﬁgure@. The figure clearly shows that:

e the shearing rate increases with increasing e, while it decreases with incerasing q.

This is because the flux gradient i'increases with increasing ¢ and decreases with

increasing q.

e the critical triangularity ..; for bifurcation of sthe maximum shearing is

independent of € and gq.

_— - / ‘\\\\\\ ., — }
— — \\\\\\ - B o

02 [—e=018 T~ 03+ —q=2
S €=0.22 S _q=3
S 045 |—e=026 o 02 [—g=4
= q =
= S X
T 0.1 ‘g
S =
= =

0.05 L-

Figure 9. (a) Shearing rate elevates on increasing the inverse aspect ratio e. (b)
Shearing rate ‘decreases on increasing the safety factor g. Solid lines are the loci of

maxima of the mean ExB shearing rate in (6 — ) space. The dashed lines track the
shearingrate at,0/= 0. Other fixed parameter : Rj = —0.4, S5 = 0.8, k =1, S, = 1,

o =0, So =0, ¢ = 0.18 for (b), ¢ = 3 for (a).

3. Discussion/and conclusions

Mean F' X B shear is well known to reduce turbulent transport and improve confinement,

even in L-mode discharges [44]. Observation of improved confinement in the L-mode

and diverging threshold power for L-H transition in strongly negative triangularity

(0 < —0.18) discharges has motivated this research to evaluate the mean F x B shear

strength in matched positive and negative triangularity shapes. Here, we studied the
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: flux surface shape dependent features of the mean E x B shearing rate, which are felevant
g to L-H transition physics in different plasma shapes. The Hahm and Burrell formula
:;O for the mean E x B shearing rate 33| for an axisymmetric toroidal system is analyzed
1; for negative and positive triangularity flux surface shapes, including the effects of up-
12 down asymmetry, using the locally parametrized equilibrium model of Miller et al [34].
12 Here, the radial electric field shear 68—1;(130(@0) is taken as fixed, and s\et by ion radial
1&73 force balance. Detailed results are inferred from the dependeneeérof the term RQ}W on
%? the shaping parameters. The pre-factor Rz}l’g yields afpurely geometrical modification
;g to the mean E x B shearing rate. We study this factor as triangularity varies from
;g 0 > 0tod < 0. The results are summarized in the table@. Notice that the shearing
;? peaks symmetrically above and below the eutboard mid-plane for up-down symmetric
;S NT flux surface. This up-down symmetry ‘of shearing is broken, and the shearing is
i) strongest above the outboard mid-planefor up-down asymmetric NT shapes. Geometric
2431 modifications of the mean shearing can have following important implications.

35

g? e The Shafranov shift gradiqlt directly boosts the shearing rate, for all 4. This is
;2 because of an increase indluxicompression with increasing Shafranov shift gradient.
2(1) This effect is significant for high-f, regimes as well as NT discharges. This means
jé that this effect will'be even more important for NT high-5, ITB regimes. Mean
2;1 shear enhancement” by Shafranov shift gradient provides additional turbulence
jl? suppression. This mechanism complements the commonly invoked mechanism for
48

:g confinement improvement in high-/3, regimes, which is based on stabilization due
g ; to curyature drift reduction/reversal by Shafranov shift.

53

54 e Shearing is weaker at the outboard mid-plane for NT, at equal values of radial force
gg balance 88—2/;@0(1@, while fluctuations balloon at § = 0. Thus, shearing efficiency is
gg reduced for NT. This may contribute to the increase of the L-H power threshold for
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NT. This mechanism complements the one based on loss of 2nd stability/of ideal

MHD ballooning modes [9,/10].

However, notice that going from PT to NT edge produces two competing effects. The
direct effect of going from PT to NT is reduction of mean F x B shear.at the outboard
mid-plane. The indirect effect of going from PT to NT is the global (in#) boost of
mean F x B shear by self-consistently increased Shafranov shift. Thesparameters in
the Miller’s model are not all free. Thus, MHD equilibriumseodes should be used for a
more accurate calculation of the mean E x B shearing rate variations with the shaping

parameters.
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Shaping Effects on mean E x B shear
parameters f- symmetry of | flux surface shear at 0 = 0, wgy. | 0o fOr
WEg averaged shear wg geometric
bifureation
Triangularity 6 | up-down increases with decreases with depends on
(up-down symmetric, decreasing ¢ such decreasing ¥ such other shaping
symmetric) maximum at that that parameters
[Figure] 6 # 0 for wp(0™) > wg(d) wre(®%) <\wE0((5+) (Oerit < 0)
NT =

shearing more
effective for

k., # 0 modes
Triangularity up-down increases with deereases with depends on
0u 7# 0y asymmetric, decreasing d;4such | decreasing ¢;, such | other shaping
(up-down maximum at that that parameters
asymmetric) 0>0o0rf<0 wE((SlTu) > GE((SZFU) s wEo((SlTu) < (Ouerit S 0)
[Figure(3)] for NT dependig wro(0;,)

on 4y, 0y.
Triangularity decreases with decreases with decreases
gradient Sy increasing |Ss| increasing |Ss| (moves towards
[Figure (4)] higher 67)
Shafranov shift increases with increases with decreases
gradient Ry, increasing — Ry, increasing — Ry, (moves towards
[Figure ()] higher 67)
Elongation N increases increases no effect
[Figure(7)]
Elongation increases increases decreases
gradient Sy (moves towards
[Figure(7)] higher 07)
Squareness o increases with decreases with increases

[Figure (§)]

increasing o such

increasing o such

(moves towards

that that higher §)
wE(O'_) <wE(O'+) wE(O'_) >wE(O'+>
Squareness increases weakly increases weakly decreases

gradient S,

with increasing S,

with increasing S,

(moves towards

[Figure higher §7)
Inverse aspect increases with increases with no effect
ratio € [Figure increasing € increasing €
Rl

Safety factor ¢ decreases with decreases with no effect

\ [Figure (9)]

increasing ¢

increasing ¢

Table 2. Summary of effects of shaping parameters on shearing rate.
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Finally, we present some suggestions for the experimentalists.

e Since the mean shearing is maximal off the outboard mid-plane for'd < d..;; (~NT),
the eddy tilting should be maximum off the outboard mid-plane.. For up=down
symmetric shapes, eddy tilting should maximize symmetrically above ‘and below
the outboard mid-plane. For up-down asymmetric flux surface sh@es, eddy tilting
should maximize above the outboard mid-plane for d,.< 04y and 6; > §,. Eddy
tilting should maximize below the outboard mid-plane for & < d..;; and 9, > §.
This can be directly visualized in experiments by gas puff imaging [45]. The poloidal
distribution of the tilt angle of the joint pdf.of the radial and poloidal velocity
fluctuations should also exhibit symmetry/ asymmet?y about the outboard mid-
plane, depending on the flux surface symmetry. This implies that the poloidal
envelope of the Reynolds stregssshould also exhibit similar symmetry /asymmetry

due to flux surface shaping effects.

o Re-assess the role of meansF % B shear in high-3, reversed shear ITB discharges

given that Shafranov shift\boosts the mean £ x B shear.
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