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FESAC Priorities Panel Report (2005)

The PPPL turbulence and transport simulation group is
engaging in multi-scale transport physics research to seek
answers to the following questions asked by the panel :

T4) How does turbulence cause heat, particle and
momentum to escape from plasmas?

Ts5) How are electromagnetic fields and mass flow generated in
plasmas?

T6) How do magnetic fields in plasmas reconnect and
dissipation their energy?
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PPPLs Simulation Effort is Highly Leveraged
through Extensive Collaborations Activities

* Theory Team at PPPL

* SciDAC Center for Gyrokinetic Particle Simulation of

Turbulent Transport in Burning Plasmas (GPSC)
- PPPL (lead), Columbia, Colorado, ORNL, UC-Irvine, UCLA, UC-Davis, UT-Knoxville

* FSP Center for Plasma Edge Simulation (CPES)

- NYU (lead), Caltech, GA, LBNL, Lehigh, UC-Irvine, Colorado, ORNL, MIT, Rutgers,
PPPL, Utah, UT-Knoxvillle

* ASCR/MICS Project for Multi-Scale Gyrokinetic Particle

Simulation of Magnetized Plasmas (MSG)
-—- PPPL (lead), Columbia
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( GTC studies on NSTX, DIII-D, JET, JT60oU, NCSX, ... ITER and Benchmarking

( Benchmarking with GEM, PG3EQ, GS2, and GYRO

data management and visualization

@TC studies on NSTX, DIII-D, JET, JT60U, NCSX, ... ITER and Benchmarking

( General geometry, modularity, parallelization, parallel solvers, )

(Kinetic electrons and magnetic fluttering models) ( Gyrokinetic MHD models

Edge simulation and ) (Core-edge integration simulations and
code-edge coupling development comparisons with experiments
Transport time scale

: ; Integrated
simulation development : )

> Simulation

( Wave heating and ) Applications
gyrokinetic MHD coupling PP

TR
c—c Co5O @D

Algorithm design Code development Simulation applications P P P4l'
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Governing Equations for Particle Pushing

* GK Vlasov equation - in gyrocenter coordinates

[Lee PF ‘83; Dubin et al. PF ‘83; Hahm et al. PF ‘88; Hahm PF ‘88; Brizard PF ‘88;
Brizard J. Plas. Phys. ‘89; Qin et al. PoP ‘99; Qin et al. PoP ‘oo; Qin et al., PoP ‘oo; Lee
and Qin PoP ‘03 }

0Fagc N dR . OF o gc n dv| OF o g¢

ot T dt OR T a@t oy

R ey U bo X VinBy — —Vé x b
g = VP g b x VinBo — o 0
dvj v, ( \ 104 ) -- Velocity Space
T Uiyt vinB, - b
dt 2 vind, M Vot c Ot Nonlinearity
,LLBEi P “bo V x by | ~ cons.
QBO € BO
b*zb+Q” bo % (bo - V)bo, b= byt L A
a0 BO
¢ / ¢ -- Coordinate
z R) = o(x—R — p)d
( A ()= A (X)l (x PYix) s Transformation
N,

Foge = 25 (R = Ra;)d (1 = f1aj)0(v)) = Vjay) 5
~PPBL

Lee



Governing Equations for Particle Pushing (cont.)

* GK Poisson’s equation - in laboratory coordinates

Vit —-[0(x) — d(x)] = —4mpge(x)

Ls 72 (x) = —ampye(x)

d(x) =< /gE(R)Fi(R, 1, v))0 (R — x + p)dRdpdv) >,

o) = 2 o / w0 (R)O(R — x + p)dRdv)dps)

* GK Ampere’s law -- in laboratory coordinates
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Particle Noise in Particle Stmulation

* “Kinetic theory for fluctuations and noise in computer simulation of plasmas,” A. B.
Langdon, Phys. Fluids 22, 163 (1979)
- based on fluctuation-dissipation theorem (FDT) for linearly stable plasmas

* The studies on noise reduction in gyrokinetic particle simulation through the
elimination of space charge waves and noise suppression of linear growths due to
Resonant Broadening, Aw, through random walk were based on FDT [Lee, JCP ‘87}

v > Aw ~ kD
D =~ (Az)* /At

-— delta f methods can alleviate the problem

* Particle noise in the steady state turbulence simulations may enhance (e.g., Parker
and Lee ‘93) or suppress (e.g., Nevins et /. ‘05) particle and thermal diffusion.
* To resolve this issue,
-— we are exploring the development of a modified FDT applicable to nonlinearly
saturated plasmas
-— we are undertaking convergence tests for I'TG simulations using LCF at ORNL
-—- convergence tests of ETG simulations are ongoing by GPSC (Lin, Parker and Chen)
then by broader community:.
- if noise is indeed a issue, remedies such as re-gridding and collisions will be explored
(long term memory vs. short term memory)
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Perturbative Particle Simulation - noise reduction

e Delta-f simulation schemes:

-- [Dimits and Lee, JCP ‘93; Parker and Lee, PF ‘93}

F = Fy+6f , dof _ dFo
dt dt
5f -
Let w=— —— 6f =23 w;d(R—Ry)o(n—p;)d(vy = vy)
j=1
Noise reduction: |E|* < w®* {[Huand Krommes, PoP ‘94]

-- {Aydemir, PoP ‘941
F=F+0f —— w (5_77,
n
* Split-weight schemes: {Manuilskiy and Lee, PoP ‘00; Lee et al., PoP ‘or}

1 0A||
F = Fy+yFy+ 6h wqu—i—E/WdCEHO

* Time step is determined by zeroth order transit time of the electrons

along the field line.

* CFL conditions can be violated without numerical instability.
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Global Gyrokinetic Toroidal Particle Simulation Code: GTC

|Z. Lin, T. S. Hahm, W. W. Lee, W. M. Tang and R. B. White, Science (1998)]

e Magnetic coordinates (/. ¢, () |Boozer, 1981] %7
e Guiding center Hamiltonian [Boozer, 1982; White and Chance, 1984]

e Non-spectral Poisson solver [Lin and Lee, 1995]

e Global field-line coordinates: (¢). v, (), e = 6 — (/¢

— Microinstability wavelength: A, « p,, )\| x g

— With field-line coordiantes: Grid # N o a”. a: minor radius, A( o< R

— Without field-line coordinates: grid # N o a?, AC o< p | 4
— Larger time step: no high & modes -
e Collisions: e-i, i-i and e-e 5 By
a7 e
e Neoclassical Transport Code: GTC-neo [W. X. Wang, 2004] B
g

9
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ITG simulations without velocity-space nonlinearity

PMP Code Comparisons

(W. M. Nevins, 04)

* Good agreement at linear and early nonlinear stages

A - -
- GTC@a/r=500 .
= EE'- GYRO®a/=500, NT64. Code Comparisons:
~ L .
S F 1 GTC-Particle Code
& E -
[ - E
Q .
~ 3 GYRO-Continuum Code
- F .
= F W {  PG3EQ- Particle Code
1 f 3
2 PG3EQ 256x256 .
g 500 1000
t (alcy)

* Differences in the late nonlinear stage are not well understood:
particle noise, poor velocity space resolution, geometry ...



Steady State ITG simulations with velocity-space nonlinearity (Lee, Ethier et al.)
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Field Energy - a/p,=500

(part/cell=10, mzetamax=64, cyclone case profile)
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* Reaching steady state sooner but at lower level * Lower field energy and enhanced zonal flow
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Steady State I'TG simulations with velocity-space
nonlinearity (cont.)

alp, = 500, t=400 a/c
004F ‘ ‘ ‘ ‘ ‘ I
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(a very large region is affected)
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(transition from Bohm to GyroBohm is not
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Time Evolution of I'T'GG turbulence (GPSC)
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Convergence tests of I'TG simulations (LCF- ORNL)

Particle/cell scan: linear & nonlinear

10
100
400

thermal fluxes seem to converge

GTC Simulations - Ion thermal diffusivity
(Cyclone base case - a/p = 125)
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Initial particle weight scan: growing weights
cause higher flux

Ion thermal diffusivity -- scan of initial fluctuations
(Cyclone base case - a/p = 125 - 10 particles/cell)
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Theoretical Interpretations of the ITG Simulations

Entropy balance in ITG turbulence:
velocity-space nonlinearity, collisions and numerical noise & dissipation in steady state

o, [df2 ) ¢ [ Of? doy ([ 05fi v ..\’
Z d { — i ias\
51t et Vel g s o [ 5 (Guter + hofi) ) = writQu
Monotonic  Vanishes in Velocity Space Collisional and/or numerical Ent;opzr.
increase in  gteady state Nonlinearity dissipation production
time
[Lee and Tang, ‘881
TETe/Ti KT, = —dlnTOZ/dx <> E/dx/v
dfi
Let w= / , we obtain
Fo;

N
gz (1—a/4) w3 2+ 2ur(1— 3% osz = K7 (Qiz)

7=1

o =1, << 1 and N is number of simulation particles.

* Thus, without collisional or numerical dissipation and without velocity space nonlinearity
eftects, delta-f or particle weights will grow in time.
* Velocity space nonlinearity reduces ion energy flux, but collisions and numerical dissipation 15

enhance it. %ip PPL
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General Geometry Extension in GTC

1

turbulence intensity <éd™>

W. X. Wang
Energy N
Cascadeto
longer wavelength: <#=SE22
modes

t=1200

Turbulence
Spreading

w0 £=2000

10°%

10°%
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GTC-Neo Calculates Neoclassical fluxes with finite-orbit effects

Near-neoclassical(?) NSTX shot
210°

* Global particle code GTC-Neo
[W.X. Wang, et al., Comp. Phys.
Comm. 164, 178 (2004)] calculates 1510° Ee
neoclassical fluxes of particles, !
momentum, and energy, as well as
associated quantities such as radial
electric field, bootstrap current, and
poloidal velocity

5 experimental |
110 (all thermal

ions)

510*

ion heat flux (W/ m?)

0!

4 standard neoclassical '
-5 10" - (NCLASS) result (D) \/

* Intrinsically non-local over the S
scale-length of the ion banana width s %2 o o8
due to included finite orbit effects t/a

(implies smoothing) 40 ‘

* Interfaced with MHD codes for the 50 A
numerical MHD equilibrium and with '
TRANSP for experimental plasma
profiles

GTC-Neo results
(no impurity or
beam species) 4

20 |

E (kV/m)

10 -

standard — ]
neoclassical L

* 9 cases have been run for NSTX

. |mpur|ty and hot beam Species to o NSTX - shot 112163204 - t= 0.430 s \

be added in future o 02 04 06 08 1
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Electron Dynamics Extension in GTC

The split-weight scheme for toroidal, gyrokinetic particle-in-cell
simulations with kinetic electrons

Motivation: remove the adiabatic electron response analytically and solve for non-adiabatic
response numerically

Split-weight scheme dynamically resolves non-adiabatic electron response only
Good agreement with the FULL code [G. Rewoldt] for linear growth rate
Numerical method is stable for large time step At = 2 — 5w_!

Global finite element method coupled with PETSC standard solvers (Y. Nishimura et al,
JCP 2005) used for inversion of global (toroidal) elliptic equations

Steady-state x; in presence of trapped electrons increases when parallel velocity non-
linearity is retained

Zonal flow structure a&;ea@yﬁ to have shorter wavelengths in presence of trapped electrons
r,

(in progress) , =
WD e
NS ~ ]
0.2r /!f A‘.qe,:‘\ i E
d ;':' a ".‘ p = ]
0.0F b L AN 5
~0.2} \*‘\ifi-\ s | W :
BN Y P2 ol
—0.4 S UL SeASN 0.40 0.45 050 0.55 0.60 0.65 0.70
06 08 1.0 1.2 1.4 o (70 18
Parameters: R/L, = 2.22, Ry/Ly, = Ry/Ly, =6.92,r/a = 0.5. %Pppl

[J.L.V. Lewandowski] Lee



Ongoing GTC benchmarking studies

"

v(c /L

» Linear benchmarking, including the effects of trapped electrons,
against global GT3D code (JAERI) and radially-local FULL code, for
linear growth rates of ITG and TEM modes, carried out showing
reasonably good agreement

« Nonlinear runs of GTC with trapped electrons, for convergence
studies and for planned benchmarking, are now under way

0 2 4 6 8 10 R/L
0.5 : L ] ‘ ‘ 0 2 4 6 g 10

. 0.6 ‘ ‘ :
Cyclone parameters with Cycl ‘ ters with RIL = R/L , R/L
RIL_=RIL , RIL_, kp,=0.335 all fixed, O s e T e

k p. =0.335 all fixed, R/L_ (n) varyin
RIL,. (n) varying oPi . (n) varying

0.4 0.4 _ Includes non-adiabatic electron response; electrostatic _|
Includes non-adiabatic electron '
response; electrostatic ; —~
02 % NFULL (TEM root
0.3 — :I‘ ( root)
2 :
- | LI }
= 0 1 ®lectron diamagnetic direction
\(:):" ! . ion diamagnetic direction
0.2 - 1o
3 i \
\]
0.2 PN GTC
L
0.1 - 4 X \
FULL (ITG root) 0.4 - FULL (ITG root) ' 7\ |
4 FULL (TEM root) GT3D
0 1 | 1 | 0.6 | | |
0 1 n 2 3 4 5 0 1 2 3 4 5
i n;
Y. Idomura (JAERI), Z. Lin (U.C. Irvine), G. Rewoldt
Lee
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Enhancement of GTC performance on MPP platforms
for ITER-size Plasmas (GPSC)

* Gyrokinetic particle codes are more portable, scalable and efficient on both cache-based and
vector-parallel MPP platforms in comparisons with other fusion codes
* 3.7 teraflops achieved on the Earth Simulator with 2048 processors using 6.6 billion particles

Compute Power of the Gyrokinetic Toroidal Code

Number of particles (in million) moved 1 step in 1 second

10000 £ | | | | | | | 5
~ i i
= - i
=
g 1000 _
o, c E
G C ]
o I~ —
75} - .
: I~ —
Re .
= 1 Ethier
é 100
= =3 e—e CRAY XIE E
g C m—a Earth Simulator .
o B +—¢ CRAY X1 -
aq; B A—aA Jacquard .
E I Thunder .
g" =—a Seaborg(MPI)
8 10 = Seaborg(MPI+OMP) 3
C —® Blue Gene/L 7
B v—v NEC SX-8 e
I I I I I I I I I
64 128 256 512 1024 2048 4096 8192 16384
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Enhancement of Poisson Solver Performance for ITER-size plasmas

(GPSC in collaborations with TOPS-ISIC)

* Use modern solver techniques, we can efficiently solve our Poisson’s equation
and Ampere’s law with realistic electron dynamics in large simulation systems

Poisson lterations

Poisson lterations

| | * Multigrid preconditioned Krylov solver
10° // - Prometheus (Columbia) & HYPRE (LLNL)
i » Scaled speedup
107 ¢ 3 - ~38K dof per processor
- 1 to 32 processors/plane
0 L . - . J - 8 planes, 20 time steps, 4 particles per cell
0 ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ 0 ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ 0 “““““““““ ‘0
100 G mmmmmmmmmmmmam Bmmemmmm== —— Jacobi m
-m- SuperLU . 5
.4 HYPRE GTC component time (rtol=10"), ~38K dof per processor
+= Prometheus 200 . : ‘ . | :
107 > - [ Field
10 10 - Ch
Number of equations (x1000) 159 E Soﬁ/reg?HYPRE)
Poisson Solve Times 160 [l Push
10°! —— Jacobi ‘ 140+
> -m- SuperLU
S +¢ HYPRE ’ 120
‘qw: +- Prometheus 2
w
_g , —‘_II g 100
o L - 4
& 10‘ . =
g S T SR ¢
iq:) qy-r—__—", """"""""""" 60
> "
810"} ..e" 40
D10y -~
o
3 20
&
0
0 ‘ ‘ 5 10 15 20 25 30
10 102 3 Processors per plane - IBM SP Power3

Number of equations (x1000)

10 21
[M. Adams, Y. Nishimura, Ethier} %PPP[
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SciDAC collaborations: Data Management challenges
(GPSC in collaboration with SDM-ISIC)

» GTC is producing TBs of data
- Data rates: 80Mbs now, 1.6Gbs 5 years.
- Need quality of service (QOS) to stream data.

 This data needs to be real-time processed and post-processed

» The post-processed data needs to be shared among collaborators
-- Particle Data
-- Field Data

Beck, Bhat, Klasky, Ma, Parashar
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Plans for GTC

Near Term (‘06 - ’07)

e Implementing the split-weight scheme for
electrons to study finite-beta physics in general
geometry using GTC is the top priority

* Benchmarking with other simulation codes
and carrying out NSTX and DIIID simulations
will follow

Longer Term (‘08 and beyond)

e NCSX simulation studies
e ITER simulation studies

* Integrated simulation studies sj|l|l|233|,

lee v pwsna
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Plans for

Core-Edge Simulations via GTC
(GPSC & CPES)

e Basic requirements for the validity of gyrokinetic Vlasov-Maxwell equations are:
p/Lp ~ ole).
AF[dg =0,
dpp/dl = 0.

o GTC already has Lorentz collision operators [or e¢-i, and momentum and energy conserving

collision operators for like species.

e The core uses the o [ scheme of

Dsf DR
DT~ Dt
e The edge uses the o f scheme of
of =1 - K.
e Core-edge simulation inside the separatrix using GTC with electrons and #Fppl

multi-species ions is feasible.
Lee



Extending Gyrokinetic Simulation to MHD Regime
(MSG)

* For given zeroth-order field and density, parallel current and temperature profiles

Jjge(x Z%Z”Hay — Xaj))e

J_gc Z o Z VJ_Oéj Xaj)><p
«@
J_gc an Zvdaj onj)>g0

e Ampere’s law

V2A:—4—7TJQC
C
B=VxA

* FLR effects are taken into accounted in gyrocenter-space and electron inertia is also
accounted for.

* Implement these calculations in GTC, we will have temporal integration
between turbulence and gyrokineticc MHD

~PPAL
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Extending Gyrokinetic Simulation to Wave Heating
MSG)

High-Frequency Gyrokinetics

¢ GyrokKinetic equation in slab geometry (p/L — 0) as

JF . ¢Exb_ OF i - F ) qg ¢IF Jd g PIF
Ub - E-b — () F— — () =
ot +{ B ) JR i m ol e m B op dpm B dp
e For F = Fy+dfand dF,/d¢ =0,
dé f : cl x b ANFy+4df) NFy +4f) d .. q PIF,
— b+ —E b— 20— () — .
ot T(Ub+ B ) JR m ou U‘gp[ /- mB dp ) =0

e Separate gyrocenter motion from gyromotion: 4 f = d f,(R) + gl¢].

dg  Jg Qf)_{; 0 d g POF dg
dt — Ot Oy dyo mB dp dt

g JFy

-E ,
VLB dp

e To the next order, we have

98], _ Exb 0F, ¢ -0R

dfy _ dif, v B b 90 fq i
&= g TUb+—p—) GRI+E-bor 5 orR ~mE P
2 2z 2
® Dispersion Relation: 1 — 2n _exp(— k=T k<T
p( )M ( )
[Qin et al. PoP, 1999.1 Z k2)\2 Z (w/0)2 — 02 02m

® Need efficient numerical schemes for wave heating.
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Plans for Integrated Gyrokinetic Particle Simulation

* Microturbulence simulation including electron dynamics and finite-f physics:
- Time step set by electron zeroth-order orbit, e.g., 0.1 Psec.
FL-coord. + Split-weight + Adiabatic field pusher
- Simulation time to reach steady-state turbulence: e.g. 1 msec.
- Transport time scale: e.g. 1 sec.

* Wave Heating
- Time step to resolve Bernstein harmonics: 0.0t Psec

* Gyrokinetic MHD
- FLR effects electron inertia and compressional Alfven effects

* Disparate spatial scales: ¢/Wpe =~ 0.0§ cm, pi=0.5 cm, a=1m.

Ir ansport time scale simulation: combinations of gyrokinetic turbulence and
MHD simulations with reduced models

Integrated simulations of gyrokinetic MHD and wave-heating

~PPPL




Summary and Conclusions

Ours is a joint endeavor of fusion, applied mathematics and computer sciences communities
OFES provide crucial support, which is well leveraged through SciDAC and MICS
We have made excellent use of computing resources and will benefit from more

Our activities are enabled by collaboration and support from our fusion colleagues in and out
of PPPL

We plan to train young computational physicists through summer school courses (MSG)

We have made substantial progress in ITG global simulations and will focus our attentions to
ETG and the associated noise issues, if any, in the near future

We are progressing towards incorporating electron dynamics and finite-beta effects in shaped
plasmas in preparation for code comparisons with our simulation colleagues and, in
collaboration with our theoretical and experimental colleagues, for realistic DIIID, NSTX,
NCSX and, eventually, ITER simulations

Integrated simulations of fusion plasmas, in both space and time, based on solid physics
principles and efficient numerical schemes, that are most suitable for MPP platforms, are our
ultimate goal.
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Outline

* Collaborative activities
* Past and recent accomplishments
* Gyrokinetic particle simulation and particle noise
* Microturbulence simulation
- Global Turbulence Code (GTC)
- I'TG simulations and convergence tests
- Code comparisons
- Performance on MPP platforms
- Associated computer sciences issues
* Neoclassical simulation
* Future plans
- Finite-p physics and gyrokinetic MHD
- Core-edge simulation
-"Iransport time scale simulation
- Wave heating

* Conclusions

Lee
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Enhancement of GTC performance on MPP platforms
(S. Ethier)

GTC performance

#of | #part IBM SP 3 Itanium 2 + Opteron + CRAY X1 ES
proc. | (Bil- (Seaborg) Quadrics Infiniband

lion) Gflop | %Pk | Gflop | %Pk | Gflop | %Pk | Gflop | %Pk | Gflop | %Pk

64 | 0.207 90| 93 250 6.9 37.8 | 13.3 82.6 | 10.1 | 102.4 [ 20.0

128 | 0414 | 179 93 499 | 6.9 75.5| 133 | 1562 | 9.6 | 199.7 | 19.5

256 | 0.828 | 35.8 | 9.3 973 69 | 1459 13.1 | 2995 9.1 | 3968 | 19.4

512 1.657| 71.7| 94 | 1946| 6.8 | 261.1| 11.6 783.4 | 19.1
1024 | 3.314 | 1434 | 87 | 3789 | 6.7 1,925 | 23.5
2048 | 6.627 | 266.2| 84 | 757.8| 6.7 3,727 | 22.7

3.7 Teraflops achieved on the Earth Simulator with 2,048 processors
using 6.6 billion particles!!
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Highlights of Turbulence and Transport Simulations at
PPPL

We have

* Laid the foundations of nonlinear gyrokinetic theory

* Developed the methodology of gyrokinetic particle
(PIC) simulation and the associated numerical schemes

* Confirmed I'TG modes as possible candidate for turbulent
transport in tokamaks

* Studied the paradigm of global zonal flow physics

We are working on

* Relating turbulence spreading to scaling trends

* Exploring the connection of turbulence & steady state

transport

* Implementing electron dynamics, finite-beta effects and
general geometry in the GTC code

* Demonstrating the efficiency and scalability of PIC codes ,,
on MPP platforms Lee =PPPL



Extending Gyrokinetic Simulation to MHD Regime

* GK Three-field Equations for k1 p; < 1 w/o geometric simplification {I.ee and Qin PP ‘o3l

d 2
dt

JLgC = Bio Z [pa(v x bg) L + pabo X (VlnBo)}

* Reduced High- Three-Field MHD Equations {Strauss PF 78}

c ot

dViqb 2 2 Op
b - A —
dt c ( VIVid) - Ry Oy
e L )
ot B
dp
dt =0

S+ A (b V)V2A, -

Lee

2

U
A
02 VJ_ JJ_gC

+b-Ve=0.

— 0

=0
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Future Plan
Turbulence Simulation in Transport Time Scale

(MSG)

Run microturbulence
simulation as an initial

/ value problem \

Reduced Models

Nonlinear calculations for

profile changes (density, Reloading particles
temperature, current)

Calculations of
new magnetic

equilibrium

~SPPRL
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Visualization of I'TG simulations {Klasky and Ethier]

TracerParticles Perturbed Potentials

. A GFSPFPL Prdyc i

Diffusion is a global phenomenon
(Net particle diffusion is zero, but thermal diffusion is nonzero)

~PPRL
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