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Bootstrap current large in edge pedestal

* Bootstrap current in edge pedestal is large, hence important
* Hard to measure 2 need formulas to estimate it

e Simplifying assumptions in existing formulas valid for core
plasma = problems for edge pedestal and separatrix

 Koh et al. - new XGCO-based formula to
improve Sauter’s formula in pedestal/separatrix region

* E. Belli reported disagreement between NEO results and the
improved formula for tight aspect ratio (APS 2013)

— Verification of Koh’s findings is the purpose of this work
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The XGC codes

* XGC: whole-volume full-f particle-in-cell codes for the
simulation of fusion plasmas

— XGCO: guiding-center neoclassical physics

— XGC1: gyrokinetic turbulence code

— XGCa: axisymmetric version of XGC1 (GK neoclassical code)
— Include X point and scrape-off layer

— 5D phase space (3D in configuration space)

— Full-f

— Rich physics: impurities, neutrals (with DEGAS2), heating/
cooling/torque...

 XGCO is used for Koh’s formula and this study
— Monte Carlo collisions with intra-/inter-species conservation



What makes the plasma edge special?

Radial orbit width ~ L, pp~ Ly

>
— Small orbit width expansion
(used in most codes, incl.

Sauter and NEO) breaks
down

— Separatrix effect and orbit >
loss physics
Strong ExB flows
Small passing particle region

Geometry effect at small
aspect ratio—> special field
line topology




What makes the plasma edge special?

UL
. . . e <1 A
Radial orbit width ~ L,

— Small orbit width expansion
(used in most codes, incl.
Sauter and NEO) breaks

down >
— Separatrix effect and orbit
loss physics
Strong ExB flows
Small passing particle region

Geometry effect at small
aspect ratio—> special field
line topology

ft%\/Q_E

Moderate to large €
AL




What makes the plasma edge special?

Radial orbit width ~ L,

— Small orbit width expansion
(used in most codes, incl.

Sauter and NEO) breaks
down

— Separatrix effect and orbit
loss physics
Strong ExB flows
Small passing particle region

Geometry effect at small
aspect ratio—> special field
line topology

NN

Good N Bad
Curvature - . ’ Curvature
y L
Magnetic = \
Field Line 2 R / ‘
\ Magnetic
N N Surface



Trapped-Passing boundary layer physics
IS more important at tight aspect ratio

Barely trapped particles not confined in toroidal direction

rbit Trapped particle orbit
partic!® © 1o T T 7

0.5+

-0.5-

0.0 0.5 1.0 1.5 2.0

— Solubility condition is used in 2D equation to implement approximately toroidal
dynamics (e.g., trapped particles do not contribute to bootstrap current)

— 2D orbits fine for collisionless physics
- With collisions: these particles “forget” that they are trapped = toroidal current

- 3D (x-space) code needed to treat particle orbits correctly to show enhanced
bootstrap current - Removal of the solubility condition is crucial



XGCO-based bootstrap current formula for
edge pedestal

Retains structure of Sauter’s formula because of the reasonable
agreement at low v . or € = simplification of the application

p dlnp dInT, T, dIn'T;
-B) = 1Ip, | Ly — L
(Jp-B) =1Ip ( 31 + L3z 0 + 7T, 40

pe dV

Coefficients L;, modified

— Based on numerical results of XGCO

— Based upon >100 simulation cases
Optimized for edge plasma

— Orbit width comparable to gradient scale length

— Moderate to large trapped particle fraction

— Arbitrary aspect ratio 2 spherical tokamaks

— Effect of separatrix

— Allows ~5% fitting error
Formula is made to reduce to Sauter for lower € or weaker v,



Verification: Good agreement with Sauter at
low collisionality or large aspect ratio
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XGCO does not agree with Sauter’s formula (and
other existing formulas or simulations) for NSTX

e XGCO finds that bootstrap
current in pedestal significantly

larger than Sauter in collisional *samer | e
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Edge effect appears in the opposite directions
between conventional and tight aspect ratio

tokamaks o'
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Verification of tight aspect ratio effect on
enhancement of j, .,

e Set up simple test to check Koh
et. al.’s explanation

* Hypothesis: some trapped
particles contribute to
bootstrap current at tight
aspect ratio due to extreme
variation of field line pitch
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Simulation setup (in response to NEO’s request)
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Current density psZtime

Results x 10"
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Verification of tight aspect ratio effect on
enhanced j, .,

* More sophisticated approach
- three simulations, same (pedestal) profiles:
— One reference surface at same position in all 3 cases
— “Circular” Grad-Shafranov geometry from Isolver (R. Andre)
— Concentric circular
— s-a geometry
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Field-line traces on reference surface

of realis™ Grad-Shafranov
Degre€ Variation of field line pitch
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r/R=0.68
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r/R=0.68
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The transition of edge physics across €=0.44
at high v« is from real physics

e Koh made thi

s transition quite sharp (jump in 15t derivative),

in an attempt to produce the simplest transition formula

Transport coefficients , f;=0.7, v,.=1
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The transition of edge physics across €=0.44
at high v« is from real physics

* Koh made this transition quite sharp (jump in 15t derivative),
in an attempt to produce the simplest transition formula

Transport coefficients , f;=0.7,v,,=5

€



The transition of edge physics across €=0.44
at high v« is from real physics

* Koh made this transition quite sharp (jump in 15t derivative),
in an attempt to produce the simplest transition formula

Transport coefficients , /;=0.7,v,,=10
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* We can improve the transition to be milder in the formula

* But, no machines with highly collisional edge pedestal at
€=0.44 exist: This sharp transition will not be seen in practical
tokamaks



Sharp transition due to unfortunate choice of
fitting function

Koh’s formula reproduces enhanced bootstrap current

e Jump unfortunate but no show-stopper

p dlnp dInT, T; dInT;
<Jb > p ( 31 . 1

La1 = affiesp+ as(fiers) +as(firss)® +aa(fPers)?

Koh’s

ex) T Y y Vex
modification f eff(ft’e Vex) f eff[ (€, Vex)

@x tanh (3.25(6) (63/225(62*))1'4> . B(e) = R((e — 0.44)7)

* Width of tanh becomes small for high collisionality



Jump hard to hit for practical conditions

* Only unrealistic
condition can hit the
jump




Jump hard to hit for practical conditions

* Inreal experiment,
everything varies with
¥ : aspect ratio,
collisionality,
pressure...

* Koh’s very sharp
formula is not for
unrealistic situations

e Realistic parameters
give milder transition
results




Jump transition is hard to hit for practical
conditions

In real experiment,
everything varies with
¥ : aspect ratio,
collisionality, pressure...

Koh’s very sharp
formula is not for
unrealistic situations

Realistic parameters
give milder transition
results.

We can improve the
transition formula to be
not so jumpy.




Worst case scenario r/R=0.44!
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Simple fix for “jump” in formula

) .. Correction factor 140
 Width of transition =N
region?

— = Set minimal width
for tanh-function!

— Ad-hoc improvedment
based on XGCO results:

(63/2Veff)1'4
0 « tanh (3.25(6) Za(2)

Vers(e < 0.44) = min|ve, 12]
Vess(e > 0.44) = min|ve,, 2]

* To beincluded in the
new manuscript



Comparison between original and

modified formula In the worst case scenario
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Summary

Koh et al’s formula optimized for edge pedestal plasma
Reproduces XGCO results with reasonable accuracy in pedestal

Enhanced bootstrap current in tight aspect ratio tokamaks
— Field line pitch + collisionality

— Confirmed by XGCO comparing s-a , concentric circular and Grad-
Shafranov circular geometry

— Realistic geometry crucial for accurate bootstrap current in pedestal

Verification of the collision operator: XGCa with nonlinear FPL collisions
queued on Hopper

We welcome cross verification with other codes on these results

— BUT: improved treatment of the strong field line pitch variation of a
spherical tokamak (appearing as analytic solubility condition) is crucial in
2D configuration space!!!



Material for discussion



Local approximation used by Sauter and NEO
breaks down in edge pedestal

2.5. Expansions to second order

E. Belll, J. Noting that v ~ vy, |vp| ~ pwi€vy and [vg| ~ pyivia d,(e®/ Ty:), Where@is the

ratio of gyroradius to system size of the primary ions and € = r/ Ry is the inverse aspect ratio,

Can dyl Plasma we may work out the usual hierarchy of equations by |expanding the full equation as a series|
Phys. Control. in the small parameter ;.

. fa=f0a+f1a+f2a+"'a (33)

Fusion 50 D= Do+ D +Dyt---, (34)

(2008) 095010 Sa =Sat-, (35)

where &; ~ O(,o’*‘i), etc. For the E x B drift velocity, we introduce the notation

o® = %b X Vo, ~ pktl, (36)
6
Plasma Phys. Control. Fusion 54 (2012) 015015
E. Bell i’ J. by just the term proportional to W, which reduces to the usual
drift velocity.
Can d Y, Pl asma We note that the hierarchal expansion in p,; assumed here
h I is valid throughout most of the core of the plasma. If the
P YS . CO ntrol. equilibrium-scale temperature and density gradient factors or

Fusion 54
(2012) 015015




Tight aspect ratio magnetic geometry effect:
Solubility condition and convergence of bootstrap current in NEO

Plasma Phys. Control. Fusion 54 (2012) 015015 E A Belli and J Candy
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Figure 5. Convergence of the ion energy flux, electron energy flux and bootstrap current with number of grid points for a case with kinetic
electrons and using the full Fokker—Planck collision operator implemented with the Laguerre-(1/2+3/2) method for the energy basis.



Disagreement with NEO unlikely due to

Deviations
between NEQ’s
collision
operator and
simplified
operator only
for extremely
high
collisionality!

collision operator?

Limitations of Bootstrap Current Models 13
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Figure 8. Ion flow coefficient, bootstrap current, and ion and electron parallel currents
and energy fluxes versus electron effective dimensionless collision frequency v, for the
GA standard case, comparing the NEO simulation results with full (NEO) and reduced
(FP-ie) ion-electron collisional coupling. NEO is the only simulation code with the full
Fokker-Planck collision operator and complete cross-species collisional coupling, which
allows for accurate simulations at high collisionality.

E A Belli, J Candy, O
Meneghiniand T H
Osborne,
submitted for
review to NSTX
group, 2013
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Nonlinear Fokker-Planck-Landau
collisions (E. Yoon) with XGC1/a

Relaxation of temperature anisotropy




Nonlinear Fokker-Planck-Landau
collisions (E. Yoon) with XGC1/a
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Nonlinear Fokker-Planck-Landau
collisions (E. Yoon) with XGC1/a

XGCa radial heat flux vs. time
at ¥ =0.54 compared to Chang-Hinton formula (orange)
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Nonlinear Fokker-Planck-Landau
collisions (E. Yoon) with XGC1/a

XGCa radial heat flux+time average (red) vs. ¥
at t=1.334 ms compared to Chang-Hinton formula (orange)
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Differences between NEO and XGCO

NEO

Time-independent continuum
code

4D phase space
6f-code
Local approximation a/p<1

Solution: Laguerre and Legendre
polynomials = Choice of basis?

Uses solubility condition for
toroidal particle dynamics info.

Full linearized Fokker-Planck
(relevant only for v_.2100, E.
Belli)

XGCO

Time-dependent particle code
5D phase space

Full-f code

Global (including SOL)

Fully numerical particle
simulation: no approximate
solubility condition

Solution is statistical sampling
of phase space

Simplified linearized Fokker-
Planck



