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The problem

Liu et al. Nucl. Fusion (2004).

 Toroidal plasma rotation has
been used in experiments
to significantly increase the @
plasma pressure —

- The usual methods to drive rotation do not appear to scale well to larger
devices such as ITER

* Numerical modeling suggests that, to see a benefit, ITER requires rotation
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The solution?

Camenen et al. PPCF (2010).

- Use plasma turbulence to transport momentum and spontaneously generate
“intrinsic” rotation from a stationary plasma

 For future large devices, we need intrinsic rotation that scales with size

- As we will see, this severely restricts our options: up-down asymmetry in the
magnetic equilibrium
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Generalization of Miller local equilibrium

Miller et al. Phys. Plasmas (1998).

- Works well with GS2, a local of gyrokinetic code

- Specify the flux surface of interest as a Fourier
decomposition:

ro (0) = 740 (1 — Z Cyn cos (m (0 + Htm))>

\0

- Specify how it changes with minor radius:
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Gyrokinetics

« Governs turbulence in tokamaks:

« Allows us to calculate the turbulent fluxes, such as

= 2mil Z ko < ¢ (ky, k )/ded,u v)1Jo (k

ky ko

- Calculate the eight geometric coefficients from MHD equilibrium



—stimating the Alfvén Mach number el ot 8. PPOF (2014)

Peeters et al. PRL (2007).
df)
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* Ignoring pinch is conservative, may enhance rotation by a factor of 3

MA%




Up-down symmetry argument

Peeters et al. PoP (2005). & Parra et al. PoP (2011).
Sugama et al. PPCF (2011).

- Negating ky, 8, and v| leads to a second solution of the gyrokinetic eq.
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» Second solution has a canceling
momentum flux:

<H>t — <H>t
0

« Constrains M 4 = 0 to lowest
orderin px = p;/a <K 1
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MHD equi\ibrium argumeﬂ’[ Rodrigues et al. Nucl. Fusion (2014)

Ball et al. PPCF (2015).

- Grad-Shafranov equation for a constant toroidal current profile:
__, p2dp _dl
Fr22 L

— const

- To lowest order in aspect ratio, solutions are cylindrical harmonics:
m= 2 mode m=3 mode m=4 mode
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Screw pinch argument

- Screw pinches have no toroidicity, so \
up-down symmetry has no meaning
My =0
« Mirror symmetric flux surfaces
generate no rotation

 Rotation can be generated by
breaking mirror symmetry (i.e. the
direct interaction of two different

shaping effects)
Ma # 0

* This can occur in tokamaks
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Poloidal tilting symmetry argument

Ball, et al. PPCF 58 045023 (2016).

- Rewrite geometry specification to distinguish 2 = mCQ (the fast poloidal
scale) from @ (the connection length scale): e

ro (0) = ryo (1 — ) Cpcos (m (0 + etm))>

« Convert to the form of a 2-D Fourier series
using k = m — Im,

ro(0,z) = T¢O< Z Z Crtim.

[=0 k=0

x [ cos (1 (z + mebym)) cos (k (0 + O,)) — sin (1 (2 + meby,)) sin (k (0 + Op)) })

- Define [ = |m/m. | according to the physics of the scale separation
(defines any mode M > M, as “fast”)
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Poloidal tilting symmetry argument

Ball, et al. PPCF 58 045023 (2016).

+ Specify r(t)ﬂt (0,2) = fr'(l)ld (0, 2 4+ zgit)
Qgg‘o (0,2) € {B,E-ﬁ@,vdsw,vdsa,aus, Vi
Qggg — Q;So (97 zZ + Ztilt) .

w1 (0,2) = B (0.2 )

tilt "/ d . ,
() X () —0

%
- But remember we expanded in m., > 1 . Ztilt&&
<<Htilt>t>z -~ MA ~ exp (_mc)
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Verify 7" (0, 2) = 729 (0, 2 + 2

Ball, et al. PPCF 58 045023 (2016).

{ — Simulation (up-down sym.) }

m=/ geometry:
,, == =1 Theory prediction for tilted

— Simulation (tilted)
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Verify =i (6, z) =

m=>5; 7TC
0.06}

-0.06¢

Ball, et al. PPCF 58 045023 (2016).

0.06}

-0.06¢
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—nvelope argument: Expansion in m > 1

Ball, et al. PPCF 58 055016 (2016).

m = 2 m =3 m =4 m = 9o m =0

- Created using two modes, 1M and n = m + 1, with distinct tilt
angles, ¢, and 0y,

- Calculate geometric coefficients order-by-order in 1m0 > 1

- Look for beating between fast shaping effects (creates an envelope on
the connection length)
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—nvelope argument: Expansion in m > 1

Ball, et al. PPCF 58 055016 (2016).

- Calculate magnetic drift coefficient within flux surface, Ugsqn

‘ By dry 3 ~2 3 2 "
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—nvelope argument: Numerical scaling with m > 1

Ball, et al. PPCF 58 055016 (2016).

. Mirror sym. = = Fxp. scaling
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Two options to maximize rotation

- Use lowest 1 possible to break mirror symmetry and create up-down
asymmetric envelopes

* Prefer modes to be controllable by external shaping magnets

"Shfranov shift & elongation §| Elongation & triangularity
¢ (eem=1and m=2) } (i.e. m = 2and m = 3)
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Momentum flux from Shafranov shift

Ball, et al. arXiv:1607.06387 (2016).

+ Reduced by including effect of a constant dp/dr., which affects the
magnetic equilibrium through the Grad-Shafranov equation
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Two options to maximize rotation

- Use lowest 1 possible to break mirror symmetry and create up-down
asymmetric envelopes

 Prefer modes to be controllable by external shaping magnets

Shafranov shift & elongation 'Elngtlon & 4r|angulyar|ty ’
(|e m = 1land m = 2) i‘ (|_e_ m = 2and m = 3)
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Momentum flux from elongation and triangularity
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Momentum flux from elongation and triangularity

Up-down sym. envelope 3
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Conclusions

* Intrinsic rotation generated by up-down | The “optimal” geometry
asymmetry scales well to larger machines |

(ITER, DEMO, etc.), unlike other mechanisms

- Tilting the elongation of flux surfaces is a
simple way to generate significant rotation

* The magnitude of rotation is roughly what
IS needed to permit increasing the plasma
pressure in ITER

| 3
| |

|
ek
~J
N
=)

|

/4
/6

S KX
|
-
e
S
S
%
|

* Breaking ALL the symmetries, especially with
external shaping, can boost the rotation
significantly

| Ma~15%inITER |
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Extra Slides



Verify 78" (0, 2) = 789 (0, 2 + 2t

Expansion fails at m=4:
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Ball, et al. PPCF 58 045023 (2016).

{ — Simulation (up-down sym.) }

f === Theory prediction for tilted

— Simulation (tilted)
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Breakdown in poloidal tilting symmetry

(a) (b)
0.20,
0.15}
0.10}

Amplitude

0.05|

000 %24 6
Fourier mode Fourier mode

Figure 7.3: (a) The Fourier spectrum of the poloidal distribution of the ion momentum
flux generated in circular flux surfaces.

(b) The Fourier spectrum of the poloidal distribution of ion momentum flux after
subtracting the flux generated by circular flux surfaces (shown in (a)) for up-down
symmetric (grey) and tilted (black) configurations in the m, = 7 (solid) and m, = 8
(dashed) geometries.
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Global Shafranov shift in tilted elliptical geometry

Ball, et al. arXiv:1607.06387 (2010).

i
/'" .
» Calculate from Grad-Shafranov eg. (to next . axis Oaxis
order in aspect ratio) for ITER-like parameters
i
i
. Verify with the equilibrium code ECOM .
P
- Insensitive to shape of current profile (holding I, fixed)
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Global Shafranov shift in tilted elliptical geometry

Ball, et al. arXiv:1607.06387 (2010).

T"axis

 Calculate from Grad-Shafranov eq. (to next Oaxis

order in aspect ratio) for ITER-like parameters

- Verify with the equilibrium code ECOM

|

|

|

|

|

|

|

|
D
- Insensitive to shape of current profile (holding Paxis / ¢b fixed)
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Global to local Shafranov shift

Ball, et al. arXiv:1607.06387 (2016).

dR, dz .
« GS2 requires the local change in the flux surface center, and
d?“¢ df/‘w
Rc — RO
a
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Can something like this be done in 1

* | think so, but there is a catch

- The shape of the first wall is fixed

» Reduced plasma volume

« Each shaping coil has a current
limit

" Reduced plasma current

- For B = 3, it’s worth a shot

R

70



