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Qutline

» Motivation: Jenko and Dorland continuum gyrokinetic simulations found that
ETG turbulence could be large in some regimes. Recent PIC simulations by Z.
Lin (IAEA 2004, APS 2004) claimed much lower ETG turbulence. Investigate
particle noise as possible explanation of differences between the two
simulations.

« Simple estimate of the spectrum of potential fluctuations due to a discrete
number of gyrokinetic particles, shielded by an adiabatic species. Within a
factor of 2 of the more detailed calculation based on an extension of Krommes’
1993 using the classic fluctuation-dissipation theorem or test-particle
superposition principle.

* Noise spectrum agrees very well with Dimit's gyrokinetic PIC ETG simulations
(with no free parameters!)

« Renormalized calculation of noise-induced ExB diffusion, D, .., for a test-
particle in this spectrum of random potential fluctuations. Agrees very well with
observed y at late times when noise dominates (again with no free parameters).



Predicted Noise Spectrum Agrees Well with
Dimits PIC ETG Simulation at Late Times
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 No Free Parameters in Theory!

. : L Total fluctuations at late time

« Discrete partlcl? noise in PIC 10.00F -
codes is quantifiable — well ) : .
studied in past: Noise fluctuations

— Langdon 79 — Birdsall&Langdon
'83, Krommes '93

1,00t -
= Useful code verification tool.
We can develop objective
criteria to determining when
discrete particle noise is a 0.10F -
problem
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Isn’t Electron Temperature Gradient (ETG)
Turbulence Too Weak?

 ETG modes with k, p, ~ 1 with adiabatic 10n response
are (nearly) 1somorphic to

ITG modes with k, p, ~ 1 with adiabatic electron response
therefore 60X smaller ?

— Vii 2
Xi = Xio L P

X = T 2 |02 = |
e el LT e Ml- i

But Jenko & Dorland (PRL 2002, PoP 2000) found that isomorphism broken by
nonlinearly by difference in ion/electron adiabatic response:
zonal flows reduced in ETG -->

In some regimes ETG turbulence increases: Y o0 >> Ao so that Xe ~ Xi



Stiff critical gradients can cause y, -y,
even 1f y,, 1sn’t as big as 60 y,,.

ITG threshold improved by high Ti/Te, impurity dilution
lons may be close to critical gradient,
Electrons may be further above critical gradient



Why do we care about ETG modes?

e Jon Thermal barriers w/o
corresponding electron
thermal barrier

* Electron thermal transport
doesn’t always turn off
with 1on transport

— Mechanisms which
transports electrons only:

* Broken flux surfaces

= Instabilities with 4~ p,




Jenko & Dorland found ETG turbulence >> ITG turbulence
(in Gyro-Bohm units)
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FIG. 1. x"S (upper curve) and y; ' (
parameters.

(Dorland & Jenko 2000, see also Jenko & Dorland 2002: with larger box, Lx=512 p, report x, = 13)

lower curve) for similar



ETG eddies are radially extended streamers

FIG. 2. Characteristic ¢ contours in the outboard x-y plane.
This snapshot was taken at the end of the ETG run shown in

Fig. 1. The figure 1s 256p, X 64p,.

High ETG transport relative to ITG transport theoretically understood as due
to difference in adiabatic response for ions vs. electrons ==> reduces ETG
zonal flows ==> ETG streamers get to higher velocity and are more elongated.

(Rogers & Dorland, Jenko & Dorland 2000, 2002, etc.)

(Jenko & Dorland 2000)



Key ITG/ETG Difference:
different adiabatic response to zonal flows

ITG turbulence, adiabatic electron response:

electrons don’t respond to zonal flows (k =0, pure E,).
since electrons are adiabatic because kv,, >> ®

ETG turbulence, adiabatic ion response:

lons do shield zonal flows for ETG
Since ions are adiabiatic because k p;, >> 1.
| zonal flows --> streamers elongate --> transport 1

Detailed secondary/tertiary instability analysis includes this, explains ITG/ETG
saturation level differences, scalings (Rogers, Dorland, Jenko papers)



Key ITG/ETG Difference:
different adiabatic response to zonal flows

ITG turbulence, adiabatic electron response:
n, =n,

) _((D - <(j[)>) = jd3vjoﬁ — Ny (1 - ro(kLpi))§®

1

Flux-surface averaged potential, electrons adiabatic because k;=v,, >> ®
don’t respond to zonal flows (k =0, pure E,).

ETG turbulence, adiabatic ion response:
ni = ne

M ?(D = J'd3VJ0fe T 1, (1 —1I, (klpe))§®

T

lons adiabiatic because k p, >> 1. lons CAN shield zonal flows.
| zonal flows --> streamers elongate --> transport 1

Detailed secondary/tertiary instability analysis includes this, explains ITG/ETG
saturation level differences, scalings (Rogers, Dorland, Jenko papers)
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Jenko-Dorland ETG =13 1

Z.Lin reports ETG %=3

Dimits Cyclone ITG x=0.7 1
200 1000 1500 2000

From Z.Lin’s IAEA 2004 slides (at URL below). Believed

to be x4 (t). Initial large values of ., comparable to

Jenko-Dorland 2002 y, ~ 13. Ignoring initial “transient’,

reported result is x, ~ 3. Scanned 5 to 20 particles/cell.
http://www.cfn.ist.utl.pt/20lAEAConf/presentations/T5/2T/5 H 8 4/Talk TH_8 4.pdf



Standard approach to discrete particle noise

Particle discreteness ==> Fluctuations ==> Collision operator

Klimontovich Eq. ==> Vlasov Eq. + Collisions C(f)

diffusion in velocity
from <0E2> fluctuations
o< 1/(NAp3)

Gyrokinetic Klimontovich Eq. ==> Gyrokinetic Eq. + C(f)

diffusion in g.c. position
from <(0ExB)?> fluctuations
o< 1/(nV

smooth)

Various standard approaches to calculating C(f): binary collision operator
cut off at Debye shielding scale, BBGKY hierarchy, etc.



Krommes’ Calculation of Gyrokinetic Noise Spectrum

Krommes’ 1993 calculation of the gyrokinetic noise spectrum uses the classic
fluctuation-dissipation theorem, and shows equivalent results from the test-
particle superposition principle (shielded test particles can be treated as
independent). (see also W.W. Lee 1987, classic paper by A.B. Langdon 1979)

Krommes’ calculation used shielding by linear dielectric from gyrokinetic
equation in a slab, uniform plasma. Hu & Krommes 94 extended to of.

We have extended Krommes’ test-particle superposition calculation to:
» Treat one species as adiabatic instead of with particles.

* Include factors for finite-size particle shape S (accounts for interpolation of
particle charge to grid, and forces from grid to particles) & S, factor for
explicit filtering of ®. Important for quantitative comparisons.

 Use a renormalized dielectric, including a k2D, term on the non-
adiabatic part of the shielding cloud, and including random walks in the test
particle trajectories instead of assuming straight-line trajectories. Affects
frequency spectrum of fluctuations, but not the frequency-integrated k
spectrum.



Applying thermal noise to non-equilibrum systems

Can’t directly apply Fluctuation-Dissipation Theorem or Test-Particle
Superposition Principle to a linearly unstable plasma, because they use

the dielectric response to calculate particle correlations and shielding, and rely
on all poles being in lower half ® plane. In an unstable plasma, the linear
dielectric leads to amplification of noise, not shielding.

Standard approach is indirect: use FDT or TPSP to calculate spectrum of
fluctuations and the resulting collision operator C(f) in thermal equilibrium,
then use that C(f) to study collisional effects on non-equlibrium problems
(e.g., effects of collisions on trapped particle modes or reconnection). Good
approximation if sufficient separation of time/space scales.

Our calculation of |®
D

ise(K,@)[2 spectrum and D, . follow similar approach.
dominated by high k; & high k;,, so a self-consistent regime exists where

noise

~ Kyl Vi + K2 Dyoige >> 7, @ T

Vnoise noise

Alternatively, as suggested in Hu & Krommes '94, etc., one could use a
renormalized nonlinear dielectric to model nonlinearly saturated turbulent system.
(All perturbations decay in nonlinearly saturated system. Future work...)



Simple Estimate of Noise: Randomly Positioned Particles

— k35 Within a factor of 2
Fourier conventions: (I)(.X') — Z e (I)l; of more detailed theory
= because one species is
adiabatic, which provides
half of the shielding in

Y — l J. d3xe—i/€'f (I)()_(,:) thermal equilibrium.
V V

Quasineutrality:  Adiabatic species + polarization density = “bare” guiding center contribution

Gyrokinetic Poisson Eq: 5 — e® .|_n0kip2 e(I) z jd3VJ &
(W.W. Lee, Phys. Fluids '83) T S
— Sﬁlzzwi']oz'é()_é—)_éi)
Fourier transform: e, S i ik 3,
ny, (Z_Fo) T - ZWiJOie

_ Sflt i(%-%;)
T | nVQ-T,) ZZWWJO’J‘”e

Averages to zero unless i=j




Simple Estimate of Noise: Randomly Positioned Particles (I1)

2

Average over uncorrelated e® h - S ;h Z 2 o
random particles: T B nsz (2—F0)2 - WiJoi
s2 (k
o Zflt( ) : n0V<Wl-2 >F0
(V) (2-T))
|2 ~ |2
e®@(x)| \ Z ed,
T - T

:<wg>z S L ()

nV < 2-T,)Y" " nV

smooth,N

Noise power scales with 1/(Number of particles per smoothing volume)

Vemooth ~ 190 cells ~ (5.3)3 cells for Dimits’ smoothing parameters



Quantifying Particle Discreteness (2)

(a partially correlated fluctuation spectrum)

* More detailed calculation following Krommes93 gyrokinetic test-particle
superposition calculation, including dielectric shielding in kinetic response,
numerical filtering/interpolation factors, resonance broadening renormalization:

<

* The fully uncorrelated spectrum (for comparison), equivalent at high k, only
a factor of 2 larger at small k:

<

eP.
T
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2> :< >S;lter(k)S (k)F (klpth) <Wl~2>



Test Particle Superposition with Renormalized Trajectories

Test Particle Superposition Principle: Trajectories of “dressed” test particles can be
treated as statistically independent. Dominant correlations included by a shielding

cloud (calculated using the plasma dielectric response) that follows each moving
test particle.

Intuitive approach, usually agrees with the rigorous Fluctuation-Dissipation
Theorem in thermal equilibium (Krommes’93, Rostoker, ...).

Include resonance-broadening type of renormalization of test particle trajectory:

<exp(—ik ' (Xi(t) — Xi(tz)» = eXp(—i/q‘VH,i(t —1,)— Dt.p.sz_‘t — tz‘)

Renormalization important for consistently handling both
weak noise limit, where D_ ;. o< ®? ..., @nd

strong noise limit, where D (0

. oc .
noise noise-



Renormalized Dielectric Shielding

Nonlinear gyrokinetic Eq. (uniform slab, electrostatic):

0of ~ c - . q®
? + V”b . V@p + EbXVJO(D . V@(‘ = —V(b . VJO 7)FMax,0
If ExB velocity is small-scale random fluctuations, treat as random walk diffusion:

5 . ~ O
a—? + VHb -Vof ~ DNLVi@F - _V(b -VJ, %)FM%O

Better renormalization (Catto 78): nonlinearity affects only non-adiabatic part of of:

aa% + V”l; . V& — DNLVi_(@F + FMax.OJO %j = _V([; ' VJO %)FM“X’O

Insures no nonlinear damping of a thermal equilibrium solution (the adiabatic
solution) (Catto78, Krommes81, Krommes02). Combined with using the same D
for the shielding cloud as the D, , for the test-particle trajectory, preserves the form

of the Fluctuation-Dissipation Theorem.



Detailed Calculation of Noise-Spectrum Incl. Self-Shielding

Potential induced by shielded test particle density p: D= 4”qfext
k*e(k,w)

(k, )= ki (1 §)+1F+S dS*JIN+LZ (& +il))

E\k, 2T K it < > GZ(§+ig)

Gyrokinetic dielectric shielding including simple renormalized D, model of

nonlinear effects on shielding cloud and test-particle random walk trajectory,

Cp= k 2Dy /(Ikyl v 22). Integrating <|®@,|?>(w) over all ® gives a result independent
of Dy, (but D, important for getting frequency spectrum right to calculate test-particle
diffusion). Resulting k spectrum:

e&)noise,k 2 _ V2<W2> S;ItS <J2>
d N {T(l—ék Je1-T,+S,,d,5%( >}{T(1—5k )+1—r0}
Ta I % g ) 7; I

Only difference from simple random-particle spectrum.
< @, 2> only 50% lower at low k, (adiabatic electrons
already got half of shielding), equal at high k , (ion
shielding vanishes)



Why Particle Weights Grow in Time

J q . of
§+(V| +VExB)-Vf+ " E, ™ =0
o,

Dt

Clever of algorithm to reduce noise: f=smooth f, + particles of

D D
E@F:_Efo =~~~V Vo

f = constant along particle’s trajectory.
D Dx df, . "
—f = =0 But as particle moves to position where
Dt Dt dx local f, is different than the f where
df, particle started, weight grows to
JF = (X_XO)d—): represent difference.

@F = Zwi(t)J('x_'xi (l‘))a(V—Vi(t))

aw’ d <(@f )2> 2

rms

entropy balance in steady state
dt dt f? L W.W. Lee & W. Tang 88



Note: In the following plots comparing the noise
formula on the last page with <d®?(k,,k,)> spectra
from Dimits gyrokinetic PIC simulations, there are

no free parameters.

Detail: Nevin’s GKV diagnostic 1s the k|, spectrum at z=0, so have to sum the
expression for the noise @, ? spectrum over all k :

~~ 2
ed,

~ 2
e(l)kx,ky (Z = O) 1 Z
T

T L4




Simulation Verification (1)
The Transverse (to B) Fluctuation Spectrum

Requires: |¢|2[I{}r. k=000, t=1.80E4+02] (((p/Lr)T /2%
fi2f T & F od B & 2 P 0 E o 2 0 & F 51

*  From Simulation,
— Fluctuation data in plane £ to B
— The time-series (W?)(?)
— Numerical details about the field-solve 109 =

A mixed representation, (/¢ /? Nk, k,z2)

P -

_ <W2> { E ﬂi[Az fhe T, dk}
n (L) 2z 2 -, 2-(1-S,.4 )]

eQ, k, (2)
T

e¢kx ’ky >kz
T

104+

— Predicted noise spectrum fits the data.
No Free Parameters!

. . . . 1 I:'_ﬁ 1 L L 1
—> This simulation has a noise problem. 0.0

pgdeq 1284128
A, Oimits cycetqd.conc



xa[t] {(ow/Lr}owvm)

80 T S
Discrete Particle Noise can sometimes be '
an 1ssue for Particle-in-cell simulations -
40+
* Red curve: 16 particles/cell, 256 x 64 x 32 »ol
« Black curve: 8 particles/cell 128 x 128 x 64
» The mean square particle weight <w?>(t) _
measures discrete particle noise 0 A
0 500 1000 1500
« Entropy Theorem of Lee & Tang: % Dot t{L/e) cye_gShac
wait] O
4x104 .

* ¥, is larger (in GK-units, p?v, /L) Discrete iy

particle noise a greater issue for ETG that
ITG? 2x104

« Discrete particle noise looks important for ¢
> 700 L,/v,, in PG3EQ simulations 110




Total & Noise part of ¢ spectrum S (k) at t=

Sy (k) from simulation:
Sy(k,=0, k, )—black
Sy(k, , k,=0) —red/brown

Sy (k) from noise:
Spoise (£,=0, k, ) —blue
S noise (kx ’ ky:O) —green

Xa[t] {(oe/Lr}osvm)

60 —
40+
20
0 ] P
0 500 1000 1500
pgdeq t (L/cy) eye_atg3

A, Dimits eyc_atgd.h.nc

[P Ky k=0.00, t=800.] (({ps/Lr)T/ )%}

1|:|E T T T T T T T T T T T T
104
102

104

1 I::'_B 1 1 1 1 1 1 1
0.0 0.5 1.0 1.5 2.0
ky 1/ 0p,0)
pgdeq 128128
A, Oimit= cyc_ekq3.conc



Total & Noise part of ¢ spectrum S (k) at t=

Sy (k) from simulation:
S¢ (k.=0, ky ) —black a2k, ke=0000, t=1.00E+03] {((p/LriT /22

Sy(k, , k,=0) —red/brown toe e B B N O B B e

Sy (k) from noise:
S,oise (=0, ky ) —blue 109
S noise (kx ’ ky:O) —green

Xalt] {(pa/Lr}oavm) 10-2
E‘EI T T T LI S B S B B
40} et
20r 10r% PRI A S| 1 TR N
I R 0.5 1.3 1.5 2.0
| o (170000
pgdeq 128128
b [ A, Dimit= cycetg3.c.nc
o
pgdeq



Total & Noise part of ¢ spectrum S (k) at t=

Sy (k) from simulation:
Sy(k,=0, k, )—black
Sy(k, , k,=0) —red/brown

Sy (k) from noise:
Spoise (£,=0, k, ) —blue
S noise (kx ’ ky:O) —green

Xa[t] {(oe/Lr}osvm)

60 —
40+
20
0 PP
0 500 1000 1500
pgdeq t (L/cy) eye_atg3

A, Dimits eyc_atgd.h.nc

|¢|2[|.;},| ko=0.00, t=1.40E+032] {((p/Lr)T 22
e 7 = & & % & © F B F 52 2 ® F 5 L

100 -

10-F

104

1 E'_B 1 1 1 1 1 1 1 1
.o 0.E 1.0 1:5 2.0
ky 41/ 00,1
pgdeq 128128
A Oimit= cyc_ekq3.conc



Total & Noise part of ¢ spectrum S (k) at t=

Sy (k) from simulation:
Sy(k,=0, k, )—black
Sy(k, , k,=0) —red/brown

Sy (k) from noise:
Spoise (£,=0, k, ) —blue
S noise (kx ’ ky:O) —green

Xa[t] {(oe/Lr}osvm)

60 r—
40t
20
0 PP
0 500 1000 1500
pgdeq t (L/cy) eye_atg3

&, Dimiis cycatgd.hnc

|¢|2[|.;},| ko=0.00, t=1.80E+03] {((p/Lr)T 22
e 7 = & & % & © F B F 52 2 ® F 5 L

109 .

10-F

104

i E'_E 1 1 1 1 1
0. 0.5 1.C 1.5 2.0
ky 41/,
pgdeq 128128
A. Oimit= cycetg3d.c.nc

1/(D, ... k,2) ~ 1/((2/3) 2 0.05%) ~ 300

noise



As number of particles T, the duration of strong
turbulence T, but eventually the noise grows to the
same level needed to suppress turublence.

Xe [t] ((Pe/ LT)PVtc}

100 -
16 p/c 500 p x 125 p
el |
50 _
16 p/c 250 p X 62 p
23
[ 4 p/c 500x125
O L s - , - ‘ — ‘
0 2plc 750 1500 2250 3000

500x125 t (LT/vt) r/R=0.18



Noise Theory Agrees Very Well With Simulation
¢ Spectrum At Late Times

(Sid ¢ P2 Ky ]

Total fluctuations at
— t=1200-1300 L/v,
t=2500-3000 L /v,
Noise at
t=1200-1300 L /v,
t=2500-3000 L /v,

100.00

10.00

1.00F

0.10f

0.01 : L

0.0 0.5 1.0 1.5 2.0

3 k, (1 19256x64d
Zg D?:ﬂs Y ( /(P')) ceigf;S?defc nc




Noise Theory Agrees Very Well With
Simulation ¢ Spectrum At Late Times

(Zicl[2)el ]

Total fluctuations at
Late time t=2500-3000 L/v,

/Simple noise estimate ignoring self-shielding

Noise from full theory

| Same late-time data

as previous slide, on

0‘4 0.8 1 .2 1 .6 a linear scale

ky (1/(p2)) crt Da0atd e



Simulation Verification (2)
The Fluctuation Intensity

Cyclone base-case-like ETG
Fluctuation Intensity

A less computationally intensive {lfﬁlz,}[,t],(F’D{L.T}.?(T.ffa],gj. ——

50.’.} T T T T

diagnostic

sooE Averaged over :
e\ 1 eg,] <W2> s Outboard midplane
— = — k = / E
< T > v’ Zk:<| r | > 1,V shieta ool _
g Averaged over ]
where :
- volume :
1 S, T, (k2 p2) B HeE .

V;I;I)d E{ 3_[ 3 sitterL o\ Py } s

(27) [2 - 1_‘0 ]lZ - (1 - SﬁlterdH )FOJ

Noise level

-1 100
V(N) E{ 1 J'dSk szilterro(kipti)} -
R-r,2p2)f

a 500 1000 1500

Typically V.., = 30 AxAy Az o okl e
A, Oimit= cycebg3d.conc



Simulation Verification (3)
The Fluctuation Energy Density

Fluctuation energy density may be a Cyclone base-case-like ETG
more relevant diagnostic: Fluctuation Energy

2
» Has direct physical significance :Sﬁl[t], ((‘ﬁl’/ LT) HITJ,
(energy associated with ExB motion)

3{:,_ T T T T T T T T T T

* Closely related to transport coefficient AVeé‘age(Cil Ovceirl ]

D~ Dt Outboard midplane]

| Ve /o | N = _
where b Noise level

- LK) p*S ., (OT (KT )
K2p? Vi d3kKL( ' filter 0\ P
< i > {(2”)3'[ [2_FO]lz_(l_SﬁIterdH)FOJ

(K2p?),. E{V J d3kKf(k)/’zséher(k>Fo<kipi>} R
3
(27) p-reo)! | L

1500 1800

t QLo

noise

cyo_stgd

A, Oimit= cyc etgi.c.nc



Renormalization of Noise-induced test-particle diffusion

t

D,y = [ dt' (v(x(),0) v(x(t'),1"))

—0Q

1
<V ExB> Z I, P i W (in simple limits)

1
ki |V, + k2D, +V

noise turb

2 12 2
— ZkyJO | ¢n0ise,k |
k

k. |v,+kiD
o< [, k2J2 _ 2 10 ||, max noise zurb
Zk% »< 0 |¢n01se,k | g[ k

noise turb

Test-particle diffusion coefficient has a logarithmic divergence in the
correlation time if integration is over straight-line trajectories. Use standard
trick of treating trajectories as stochastic random walks consistent with
diffusion. Include also model of effect of larger-scale turbulence on smaller
scales as turbulent shearing rate v, (but results insensitive to this at late
times when turbulence is small).



Noise-induced test-particle diffusion

Integrate over properly weighted (w,k) spectrum of noise fluctuations to find
test-particle diffusion coefficient. Used a renormalized propagator to
resolve a logarithmic divergence in the correlation time. (Have also
included est. of turbulent shearing decorrelation, etc.)

2
D = L VS(}fe;d k2 i €
noise 12 VSh’z 1N eB

_¢ i 3 05 10 1 |max te\/7
I |max te \/7 : 3. OS(Dnozsek2 + V*)

o

v

VZ Decorrelatlon Renormalized decorrelatlon
ExB rate depends on D
rate v, noise

3
2 Dnoise

Znoise

For details see
http://www.mfescience.org/mfedocs/ucrl-jrnl-212536.pdf




Dimits GK ETG simulations demonstrate y, falls
{0 Yhoise PY €Nnd of run, when D k2>vy

noise
AlthOUgh Xnoise << max Xturbulence’ thIS Xnoise iS
Xe[t] ((pe/LT),Othe) still large enough to give significant
25 [ UL | T 7 IW T 1T 1T [ g v 7 [ T T T T [ T 111 damplng, Xnoise kJ_z >> ,Y“near
- 2
20+ Y(ke) and k 0 Dnoise
s 0.05 | | | |
i 0.045 =
_ Yroica—0-0
i 0.04 - Xnoise_z'1 noise
1537 0.035 =0.2
i —~ 003 ]
B -
- ;_, 0.025
10 i ~  0.02
i 0.015
- 0.01 -
ST 0005 | -
- 0 1 1 1 1 1
i 0 0.1 0.2 0.3 0.4 0.5 0.6
0 L_J TR T et Ke
0 T‘D 100P 15040 2000 2500 Growth rate for Cyclone base case
t (Lr/ve) with s-alpha geometry.
Yroiee=0-2, 0.6, 2.1

Final %,,.se (With no free parameters)
agrees well with simulation at late times



Noise follows expected trends as
particle number varied & trapping turned off

ETG Dimits /R=0.0 v(ky) and k2, D,
20 \l ’ I 0.05 T T T 1 T I
\ 0045 F . . =2.1 Xnoise—0-6 Xnoise=0-2

15 | / 004+ /R=0.18 ‘
- \ ] 0.035 -
< \ j = 003
8 . Vo S| 0025
5 \ / | o002}
. W 0.015 -
5 / § 0.01 |
0.005 -

/' /,—-——""‘*‘W"L 5 -‘--.1*; 5 e 0 / I L I 1 I
0 S A4 ! 0 0.1 0.2 0.3 0.4 0.5 0.6
0 500 1000 1500 2000 ka p
t (Loivp
Xnoise 10 P/C Turning off particle trapping
(r/R=0) significantly reduces
5 tdt' (t) Increasing # particles just v at low k
%% A leads to longer initial period
o OF o of high y,.., so final ... IS
noise tot noise

N N not sensitive to N.



Discrete Particle Noise Suppresses Transport
In Cyclone-base-case like ETG Simulations

'Xel[ﬂ | ( <'/OBI/ L'T)/?e\/lte)

AQF 7 7 T T T T
E 8 particles/cell .
E \ 16 particles/cell E
S0 / -
20F =
E J Jenko-Dorland E
- Continuum result .
10 =
- 2 particles/cell
_O L Il 1 1 1 1 1 1 1 1 1 1
0 D00 1000 1500

pgdeq cyc_etgd
A. Dimits t (L/c,) cyc_etg3.h.nc



Discrete Particle Noise Suppresses Transport
In Cyclone-base-case like ETG Simulations

'Xel[ﬂ | ( <'/OBI/ L'T)/(l)e\/lte)

40 ' ]
E 8 particles/cell E
- \ 16 particles/cell ]
S0 / ]
20F =
- J Jenko-Dorland .
C Continuum result ]
10 7
- GTC?* 3
C 2 particles/cell ]
_O C L 1 N N 1 1 | 1 ) 1
O D00 1000 1500
pgdeq cyc_etgd
A. Dimits t (L/c,) cyc_etg3.h.nc

*GTC curve from Slide #13 of Z. Lin’s IAEA presentation, which can be found at:
http://www.ctn.ist.utl.pt/20IAEAConf/presentations/T5/2T/5 H 8 4/Talk TH 8 4.pdf



The Bolton/Lin “Noise Test”

Select reference simulation: = Only “memory” in GK simulations
7/R,=0.18 encoded in particle weights/positions
- 250px62.5 p, — Ifnoise suppresses of ETG:
— 16 particles/cell o« i =
Determine (v?) at end of simulation —  (¢#?)= constant
(e Dinar =7-8X10* ) — ), =constant

* (Wz)initial < (Wz)ﬁnal

Restart simulation with:
— Exponential growth of (¢°)

~  Same physics operating point — yincreases as (W), .., decreases
— Same simulation parameters _ y starts low, grows with (#)
e 5
N : .. ‘
New part?cie pos.lt;lons{ 1 chosen b — If noise does not suppress ETG:
— ew particle weights, /w.; chosen by
* No dependence on (W?), .,

random number generator such that new

2 : 2 e New runs similar to previous run:
(W), PTOpOTtional to old (w?), p

— Bust of ETG turbulence
— . independent of (W?), ...



The Bolton/Lin “Noise Test’:

Discrete particle noise suppresses ETG transport

Xelt] ((pe/L7)pevte)

100" " T T T T T T T T T T T A | _
8 O __ ﬂ (Wz)inm I~ 1. OX(WZ)ﬁna/ __
: (Wz)initial: ]/2X(w2)ﬁnal :
60 :_ (W2)[nitial: I/SX(WZ)ﬁnul _:
40 -
20 /\'\ -
Ol o o . . _nzwq
0 1000 2000 3000 4000
PG3EQ t (Lr/wt) Noise Tests

A. Dimits cetq_256x64d.h.nc



Predicted y, .., = measured y,
for every (w?), .., in noise test

initia

)ICe [t] <I</Oe/|—T>/OeIVteI>

5 ' | ' ' ' |

@N|

AL

w
|

[
- ' /JJ
1E W
- |
O - ) I ) ) L | L L L l' L L L l . . .
2600 2800 5000 5200 5400
PG3EQ 1 ('—T/Vt> Noise Tests

A. Dimits cetg_256x64d.h.nc



X (cTleB) sIL,

Predicted y, .., = measured y,
as (w?). .. varies by factor of 512 in noise test

25

20

15

10

2
Random restart <w > scan

16 x <wW?>

2
4 X <wW >

std <w2>

50 100 150
t (Lo/vy)

Scan to larger random weights

200

7 pvell,)

100

10

0.1

Random restart <w2> scan

Xsim +

2
<W2>init/ <W >final

10




Discussion of results

* Large initial transients in x,(t) seen by Dimits & by Z. Lin are larger than or
comparable to Jenko & Dorland y,,. But this high ., quickly drives weights
so large that k2D, ..~ Vi, @nd the turbulence is suppressed or significantly reduced.

« Scanning from 5-20 particles/cell appears to be converged (but isn’t). Just wait
longer and the weights build up to give the same noise level:

T | Rt
noise _YZV nV

—1/2

smooth smooth

« ETG eddies are radially very extended but still short scale in poloidal direction,

so only takes a little bit of D, << Jenko-Dorland y, to suppress or significantly
reduce the turbulence. Radially extended ETG eddies more sensitive to noise than
ITG is, requires many more particles to converge:

2
D - 7/ kJ_Dnoise _|_D

total ~— k ) noise

r




Caveats

Used guestimates of filtering/numerical parameters for Z. Lin's ETG
simulations, based on Lin’s previous ITG spectra.

Neglected differences in zonal components of noise due to
differences in ITG/ETG zonal flow dynamics.

Fluctuation-dissipation theorem used uniform plasma dielectric in
unsheared slab geometry. Probably good approximation at late
times when noise dominates and turbulence is suppressed, but
would be interesting to try a renormalized model of turbulent
dielectric.

Long-time scale variability often seen in % (t) makes detection of
trends harder

At present have used just test-particle diffusion coefficients,
assuming y = (3/2) D, Should calculate energy weighted thermal
diffusion more consistently, including adiabatic constraints that allow
heat transport but no net particle transport.

Transition from turbulence-dominated state to noise-dominated state
expected to be slower in Z. Lin’s simulations then in Dimits’ initial
simulations (because of box size differences).



Conclusions

: : . 100.00
Simple calculation of spectrum of noise

fluctuations due to random uncorrelated
particles, agrees within a factor of 2 of more
complicated derivation.

10.00

/Total fluctuations atjlate time
Noise fluctugtions
/

Detailed calculation of noise spectrum 1.00} 1

(extending Krommes 93 calculation to include

filters, etc.) agrees very well (no free

parameters) with observed spectrum at late  0.10} I

times in Dimits’ gyrokinetic ETG simulations

(chosen with parameters similar to Z. Lin’s

simulations), confirming that noise grows to ~ 9:01 ' ' '

dominate those ETG results. ao o5 1.0 15 20
s b (/D) Tt

Resolves discrepancy, supports Jenko-Dorland
result that ETG can give large transport.

« Renormalized calculation of ... (also with no free parameters) agrees very
well with PIC simulations.

« ETG simulations require many more particles for convergence than ITG.
Motivates search for additional methods of reducing noise (such as the
Vadlamani-Parker weight resetting algorithm). Have to be careful that the artificial
dissipation introduced by these methods isn’t too big...
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