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Why do we care about ETG modes?

Ion Thermal barriers w/o
corresponding electron
thermal barrier

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

= Mechanisms which
transports electrons only:

e Broken flux surfaces
e Paleo-classical transport
=>Instabilities with A ~ p,

Ion
Thermal
barrier




Electron Temperature Gradient (ETG)
Turbulence has A ~ p, << p,

e Electron Heat Transport
through ion thermal barriers
— Need yx, =1 m’/s
e Isn’t ETG transport too weak?

— (nearly) Isomorphic to ITG
but 60x smaller ...
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* For ITG, typically ), < 1

Can x,, >> 1 for ETG???

weak zonal flows — strong turbulence?

Previous simulations:
=> Jenko & Dorland, PRL 89, 225001 (2002)

flux-tube continuum GK-simulation
(nearly) Cyclone base-case-like ETG
X~13 = =1 mls
increases with s, VT ...
Labit & Ottaviani, Phys. Plasmas 10, 126 (2003)
“global” simulations, but a/p, ~ 1-2 dominated by profile
variations; model eqgs. not full gyro-fluid eqgs.
X0 >> Xip (but “small”)

Li & Kishimoto, Phys. Plasmas 11, 1493 (2004)

slab and flux-tube gyro-fluid simulation

model egs. not full gyro-fluid eqs
X.o1ncreases with s, VI

Lin et al, 2004 IAEA Mtg. (for example)

http://www.cfn.ist.utl.pt/20IAEA Conf/presentations/T5/2T/5 H 8 4/Talk TH 8 4.pdf

global PIC GK simulation
Cyclone base-case-like ETG
X~ 3 — x,~0.2 m?/s




Cyclone base-case-like ETG Turbulence

e Plasma operating point
[after Dimits et al, Phys. Plasmas 7, 969 (March, 2000)]
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Why do Jenko & Dorland (x,~13) get
different results than Lin et al (),,=3)?

e Different operating point???
Linear growth rate

with (7/R,)=0.18 and without (7/R)=0
magnetic trapping

r/R=0.18 ——— -
0.04 r/R=0.0 —— 4




Why do Jenko & Dorland (x,~13) get
different results than Lin et al (),,=3)?

Cyclone ITG Benchmark

Different operating point???
Global vs. flux tube???

PIC vs. Continuum???

— Same codes get y,, within £30%
for Cyclone ITG benchmark
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Why do Jenko & Dorland (x,~13) get
different results than Lin et al (),,=3)?

Different operating point???
Global vs. flux tube???

PIC vs. Continuum???

— Same codes get y,, within £30%
for Cyclone ITG benchmark
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Why do Jenko & Dorland (x,~13) get
different results than Lin et al (),,=3)?

Cyclone ITG Benchmark
. : i int?2?
Different operating point?? OOr[t] ((ps/L)osCs)
e Global vs. flux tube??? 14 "7 - T T T T T
e PIC vs. Continuum??? 1.2F
— Same codes get y,, within £30% I
for Cyclone ITG benchmark 10 5
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Why do Jenko & Dorland (x,~13) get
different results than Lin et al (),,=3)?

Cyclone ITG Benchmark
e Different operating point??? GO ((0s/L)sCs)
e Global vs. flux tube??? 1.4T ' L B
e PIC vs. Continuum??? 1.2F
— Same codes get y,, within £30%
for Cyclone ITG benchmark 1-0r
= Compare both Jenko/Dorland 0.8F
and Lin et al with PG3EQ 0.6 -
— LLNL/UCLA code ak
e Flux tube 0.41
— PG3EQ agreed with GTC, GS2 - -
in Cyclone ITG benchmark boLA o
0 200 400 600  8OQ

t (a/cs)



PG3EQ Convergence tests
without magnetic trapping (/R ,=0)

Xelt] ((oe/L1)pevin)

80 ! T
250p,x62.5p,, 16 particles/cell 7
_ 125p,x125p, ; 8 particles/cell
60~ 125p,x125p, ; 4 particles/cell ]
125p,x125p, ; 2 particles/cell
40 -
20 ]
oL . . . P ————v—
0 500 1000 1500 2000
pg3eq t (I—T/Ca) 128x128
A. Dimits cyc_etg3.h.nc
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PG3EQ Convergence tests
without magnetic trapping (/R ,=0)

Xelt] ((0e/L1)pevin)

80 o o
i 250p,x62.5p,, 16 particles/cell 7
_ 125p,x125p, ; 8 particles/cell
60 125p,x125p, ; 4 particles/cell |
- 125p,x125p, ; 2 particles/cell
40 - -
20 -
- Jenko/Dorland -
- ;Q :: ; : : result (/R =0) 1
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PG3EQ Convergence tests
with magnetic trapping (r/R,=0.18)

xel t] ((oe/L1)pvee)

2500,x62.5p,; 16 particles/cell
n 500p,x125p,; 16 particles/cell
B 500p,x125p, ; 4 particles/cell |
500p,x125p, ; 2 particles/cell
|
O /730 12500 2250 3000

t (Lr/wy)
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PG3EQ Convergence tests
with magnetic trapping (r/R,=0.18)

xel t] ((oe/L1)pvee)

100 ' .
2500,x62.5p,; 16 particles/cell
A 500p,x125p,; 16 particles/cell
/o 500p,x125p, ; 4 particles/cell ]
500p,x125p, ; 2 particles/cell
o0 - -

VA

O 730 1500 2250 3000

Jenko/Dorland
result (/R =0)
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PG3EQ Convergence tests
with magnetic trapping (r/R,=0.18)

xel t] ((oe/L1)pvee)

100 ' .
2500,x62.5p,; 16 particles/cell
A 500p,x125p,; 16 particles/cell
/o 500p,x125p, ; 4 particles/cell ]
500p,x125p, ; 2 particles/cell
o0 - -

VA

O 730 1500 2250 3000

Jenko/Dorland
result (/R =0)
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The mid-plane potential
(r/R,=0.18; 250p,x62.5 p,; 16 particles/cell)

o Starts out looking like we’ve
verified results of Lin et al:
— Characteristic ETG “streamers”

— Cascade to long wave length
— %.o=3 (at late times)
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The mid-plane potential
(r/R,=0.18; 250p,x62.5 p,; 16 particles/cell)

* Starts out looking like we’ve e Ends up looking like somebody
verified results of Lin et al: disconnected the TV antenna

— Characteristic ETG “streamers”

— Cascade to long wave length . .
— %.,=3 (at late times) particle noise?

= Perhaps we’re seeing discrete

dlx, v, t=2.99E+03] ((o/L7)(T/e))

60 a0 —20. 0.0 20. _ 40, 50,

9 50 100 . 150 200 7250
3 radlu tq_25Ex64d
pg-eq éoe> cetgf;,'i%xﬁél-d)_{c.nc

A, Dimits
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What’s known about
discrete particle noise in of PIC codes?

The major source of controversy
between PIC and Continuum
GK-simulation communities

It’s quantifiable — a literature on

particle discreteness in PIC codes:
— Langdon ‘79 - Birdsall&Langdon ‘85
—  Krommes ‘93 — Hammett ‘05

= We can develop objective criteria

to determine when discrete particle =

noise is a problem

Can be a problem for:
— Cyclone base-case-like ETG

— Some Cyclone base-case ITG
(mainly longer simulations)

Cyclone base-case-like ETG
Mid-plane potential

#lx, v, 1=250.] ((pe/Lr)(T/e})

|

—50.

75,

120

—26. o 25 &0. 7a.

100
=1
GG

=

40

20

O
O 20 45 a1 &

HAps)

100 1240

pgdeq
A, Oimit=

coyo_etgl
cycetgd.c.nc



What’s known about
discrete particle noise in of PIC codes?

e The major source of controversy Cyclone base-case-like ETG
between PIC and Continuum Mid-plane potential
GK-simulation communities

e [t’s quantifiable — a literature on
particle discreteness in PIC codes:
— Langdon ‘79 - Birdsall&Langdon ‘85
— Krommes ‘93 — Hammett ‘05

= We can develop objective criteria
to determine when discrete particle
noise is a problem

e (Can be a problem for:
— Cyclone base-case-like ETG

— Some Cyclone base-case ITG
(mainly longer simulations)
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Why Particle Weights Grow in Time

of q . of
~ + (v, +V -V + —E =0
at ( Il ExB) f m Il GV”

Lo/
Dt

Clever 6 f algorithm to reduce noise: f=smooth f, + particles 6 f
D D
—f =——f, ==V, V
Dt f Dt fO ExB fO

& = Y wi(1) 8(x - x,(1) 8(v - v,(1))

d
of = (x — xo)L
dx
f = constant along particle’s trajectory. But as particle moves to position where local
f, Is different than the f where particle started, weight grows to represent difference.

dw? ~d <(5f )2> ~ 2 X ot

ms _ entropy balance in steady state

dt at f2 L2 W.W. Lee & W. Tang 88 19




Simple Estimate of Noise: Randomly Positioned Particles

] . - .I_C'.—v ~
Fourier conventions: P(x) = Eel gON
k

1
=— | d’xe DX
V{ (X)

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

ed ed
Gyrokinetic Poisson Eq: "o —. 71 kipz = Sfiltfd3VJO of
(W.W. Lee, Phys. Fluids '83) r
= Sﬁltz Wi, 00X - X;)
i : ed S —ik %
Fourier transform: nO(Z _ ro) ko D filt Ewi‘,Oie kX,
T |
~ 2
e®d : _i
L= S EEWW Joio € kE5)
T | nV:Q2-T,)

Averages to zero unless i:j



Simple Estimate of Noise: Randomly Positioned Particles (II)

Average over uncorrelated

sz‘ilt 2 12
random particles: - n§V2(2 — ro)z zwi Joi
N l

s2 (k
= J;l ( ) nOV<w.2>FO
(n,V) (2-T,)°

e,
T

e®D(x)
T

-3
Wil Su p )

nV <« 2-T) " nV

smooth ,N

k

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

Voo ~ 150 cells ~ (5.3)3 cells for Dimits’ smoothing parameters 21



Quantifying Particle Discreteness (2)

(a partially correlated fluctuation spectrum)

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

<

e Only difference with simple fully uncorrelated spectrum is factor of 2 at
long wavelengths from Debye shielding by discrete particles:

<

e,
T

> _ V(w?)S82,, (S*(OT, (K2p2) Vi)
= N, [2 - Fo(kfpfh)][z - (1 -S ﬁzzerSzdﬂ(k))Fo(ki Pfh)] k=0 N,

e
T

2> VAW )85, ()S*(RT, (K: 3,) Vi (w?)
N

2 k=0
Np[z_rO(ka_ptzh)] N,
22



In ¢f PIC simulations (w?) and
the discrete particle noise increase in time

Computing ([ ¢,(1) [2), .., Tequires:
— Information about the code
* Suk) * S(k)
o I(kjp?) = dy(k)
— Information about the run
° Np ° NG
— The time-series (W?X(t)
(which quantifies the “noise”™)
Best to get (w2)(t) from the code
(as in all examples shown here)

If unavailable, can use the
Lee/Tang Entropy theorem:

(W)= [ 2,0

(w2)[t]
4X1O4:"'""""""""""'

' 2/L.2 dt :
3x104F (L) x -
2x104f- .
1X104F .

OIII M P

0 200 400 600 800 10001200
pg3aq t (l—'r /Cn) ncatg 256x64b
A. Dimits

neetg_258x64b.h.ne
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Simulation Verification (1)
The Transverse (to B) Fluctuation Spectrum

Cyclone base-case-like ETG

Requires: Mid-plane potential
e  From Simulation, Blglk,, t=0.00] ()
— Fluctuation data in plane L to B 00.000 F T T T
—  The time-series (W?)X(1) E
— Numerical details about the field-solve 00.000 F 3
* A mixed representation, ([ ¢, [?).. _
10,000 F E
2 2 i
% B E e¢kx,k_‘.,kz _ -
r|) A\ LEw0; ‘
<W2> AXAZ e S]%ilterrodkxdkz 0.100 §_ =
np(LyAxAZ) (27[)2 —w/Ax -7/ Az [Z_FO][Z_(I_Sﬁlterdll)FO] . T
0.010F
=> Predicted noise spectrum fits the data 0001 L i T
=> This simulation has a noise problem! 00 02 04 06 08 1.0 1.2 1.4
pgdeq ky (1/(p.)) cety_256x64d
A Dirnits cetg_2506x64d.cone
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Simulation Verification (1)
The Transverse (to B) Fluctuation Spectrum

Cyclone base-case-like ETG

Requires: Mid-plane potential
d From Slmulatlon, {Ek}c|¢|2}t[k}f] ()
— Fluctuation data in plane L to B T L e W W

—  The time-series (W?)X(1)
— Numerical details about the field-solve a4
* A mixed representation, ([ ¢ [?), ._o

.2

~ <W2> {AXAZ e S]%ilterrodkxdkz

e¢k\.

T

e, k.
T

<

n,(L,AxAZ) | (27)° _ﬂ/M_mAZ[Z—FO][Z—(l—Sﬁ,,erd“)l“o] i f ]
=> Predicted noise spectrum fits the data 2 T T T T TN .. S T
=> This simulation has a noise problem! 0o 02 04 0B 08 1.0 1.2 1.4
pq3eq kﬁ" (1 /(PJ) cetg F56x644
A, Oimit= cetg 256xB4d.c.nc
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Simulation Verification (2)
The Fluctuation Intensity

A less computationally intensive
diagnostic

_¢> §<Ie¢klz> _ )
T P | r | npvshield
where

-1
Y 1 f 3 St To(kips)
e’ [2-T, ]2 (1-S.d,)T,

(N) _
Viiela =1

-1
1 3 S_]%ilterr() (kiptzh )
2 3 fd k ) 2
(27) [2_r0(klpth )]

Typical V# .~ 150 AxAyAz for
Dimits PIC filtering parameters

Cyclone base-case-like ETG
Fluctuation Intensity

Uellt] Lo/ L)1/ )%)

50.’.} T T T

Averaged over

405 =
: Outboard midplane
- /
30 E
: Averaged over
s volume
200

1005 :— .
- ﬂ Noise level
{:' : L L I 1 | —'—"'-'l_'_'l_ 1 | 1 1 | 1 1 1

pgleq
A, Oimit=

oyo_etgd
cycebg3d.conc
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Simulation Verification (3)
The ExB Energy Density

, Cyclone base-case-like ETG
ExB energy density may be a

_ . ExB Energy
more relevant diagnostic: £[t] ((o/L0)nT)
 Closely related to transport coefficient N
D= (VEXBZ) Teorr E Averaged over ]
I Outboard midplane!
o gV (w?) “ 5
__121 ¢ qu =nT <Kip2> . I
Q c 4r np ‘/shield nome i
where . - Noise level
<K2p2>(H) — Vshield fd3 Ki(k)pzsflezer(k)ro(kiptzh)
2p2) " o ) Dahild
e | @)’ [2-T, ]2 (1- ST |
( o e e e B e o B
(K: 2>(N.> _ ] Vvhield3 [ dzkKi(k)stﬁzter(f)fo(/;iP;) o 500 0, 1500
noise | (27r) [2—1‘0(klp,,1)] pydeq oen
- A. Oimits cyc etgd.c.nc
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Discrete Particle Noise Suppresses ETG
turbulence and associated transport???

What happened in simulations?
— Burst of ETG turbulence

— Discrete particle noise grows
(as measured by (w?))

— ETG turbulence goes away
Nevins at TTF Mtg.:

“Discrete particle noise suppresses
MBTG turbulence”

= As n,increases burst lasts longer, but
disappears at same noise level, (w?)/n,,

Lin at TTF Mtg.:

Decay of ETG turbulence has nothing
to do with discrete particle noise

= Proof: Bolton/Lin “noise test"

zk><|¢ |2[ky ) t]

400 T

k,p=0.2

300 F
200t

100

B ol
vt =

a 500 1000 1500 2000 2500
pg3en 1 (Lr / c .) catg 256x64d
A. Dimits cetg_256x64d.c.nc
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The Bolton/Lin “Noise Test”

Select reference simulation: = Only “memory” in GK simulations
r/R,=0.18 encoded in particle weights/positions
- 250p,x62.5p, — If noise suppresses of ETG:
— 16 particles/cell . W2 = (W )ﬁml
Determine (w?) at end of simulation — (¢?) = constant
( (W) =7-8x 10%) — X, =constant

Wi < (wz)final

Restart simulation with: _
— Exponential growth of (¢?)

— Same physics operating point _ yincreases as (), . decreases
— Same simulation parameters — x, starts low, grows with (¢)
- New part?de pos.itions — If noise does not suppress ETG:

— New particle weights, {w_} chosen by « No dependence on (w2}

random number generator such that new

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

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

29



The Bolton/Lin “Noise Test:

Discrete particle noise suppresses ETG transport
Xelt] ((0e/L7)pevie)

100" """ T T T T T A | ]
__ ﬂ (Wz)ilﬁﬁél = ]OX(WZ) ina —_
80 B (WZ) initia;: 172 X(wzj]“'inai 1
60 :_ (Wz)initial: ]/8X(W2)final _:
401 .
20 /ﬁ"”\* -
oL J. .. : "—Zﬂmm-il
0 1000 2000 3000 4000
PG3EQ t (Lr/wi) Noise Tests
A. Dimita cetq_256x64d.h.nc
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Why does discrete particle noise suppress ETG?
Discrete particle noise = (computer) particle diffusion

No velocity scattering Xelt] ((oo/LT)PeVto)
(“partially linearized” simulations) 23 :' T V B
ExB motion leads to diffusion: - 3 X,
Dnoise = i (g)z %2 -
12 eB T ) 15 n
Vi, 305 |
VSh,Z kllmaxvte\/z 1 O -'
Kimax V' V2 [
x log|1+ ) [
3.05(D, k0 +V.) 5L
Xnaise = %Dnaise :
For details see 0 500 1000 1500 2000 2500
http://www.mfescience.org/mfedocs/ucrl-jrnl-212536.pdf t <|—T/Vt)
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Predicted y, ;.. = measured ¥,
for every (w?). .. in “noise” test

Xe[t] ((/o e/|—T>/Othe>

(N

’lll

—_—
. %

LI T

| b 4l
lﬂ;.uth.l M‘MM 'vq [

2 =
3 / E
(= .J\J""f ‘——'——""—'—'—'J‘;
- o E
- | -
OB . . . . | . . . I| . . . | . . . ! ——
2600 2800 3000 3200 3400
PG3EQ 1 (l—T/Vt) Noise Tests
A. Dimits cetg_256x64d.h.nc
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The Bolton/Lin “Noise Test:

“Noise” suppresses linear growth of ETG modes

Growth-rate of fastest-growing
mode can be measured after
each restart

— 1/2 slope of Ln( [ ¢, [?) vs. t 10.00¢

— Data of sufficient quality to
provide good estimates of y, .

Clear trend:
— Increasing (w?),

=> Decreasing v, .

100.00

nitial C.10¢

ka‘¢‘2[ky’ t]

- 2 _ 2 '
Vimax™ 0 for (W ) initial— (W ) final 0.01
0 100 200 300 400 500
Egiﬁq ) t (L/c.) cetg_256x64d

cetg_256x64d.c.nc
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Why does noise suppress growth of ETG modes?
= noise-induced particle diffusion

w[kype, D] (Vte/LT) Y[ kyoe, D] (Vte/L1)
Q.20 [T T I T T T T T ] 0.05FTTTT T T T Mt ]
0.04F
0.1bF - - ]
S | o.ozi
0.10 :
0.02f
0.05F -
: 1 0.01
0.00 Liuinnn, i i, i, i ' o_oog
0.0 0.1 02 03 04 05 0.0 0.1 02 03 04 05

D ((pe/L1)peVte) D ((pe/LT)peVte)

Data from GS2 kinetic solution of linear initial-value problem "
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A. Dimits

Discrete particle noise 1s a problem in some
Cyclone base-case ITG turbulence simulations

E4lt] ((o/a)?nT)

xi[t] ((os/a)pscs)

B
B ’ £phi -
4 | —
- I £noise -
(GTC a/rho=500)
[ hli (pg3eq 250x250 rho) )
i . A chi. 1
2 [ J.'* h’k ! -
i N H AW a L
O y ] ] . ]
0 500 1000 1500
cyc 25B8g
t (a/cs) cyc_256g.c.00000.nc
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Summary: discrete particle noise

Computed fluctuation spectrum due to discrete particle noise

— Excellent agreement between computed noise spectrum and simulation
Proposed five diagnostics for use in quantifying the noise level in
PIC simulations of plasma microturbulence

— The perpendicular fluctuation spectrum (noise vs. signal)

— The fluctuation intensity (noise vs. signal)

— The ExB energy (noise vs. signal)

— The transport level (... VS. signal)

— Noise decorrelation compared with growth rates (... k> vs. v(ky))
Quantitative comparisons between simulation data and these diagnostics show
potentially serious issues for PIC simulations of:

— ETG turbulence
(resolution of the Jenko-Dorland vs. Lin ETG controversy)

— ITG turbulence
(may help to explain remaining discrepancies in CY CLONE base-case benchmark)
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Summary: discrete particle noise

e Computed fluctuation spectrum due to discrete particle noise
— Excellent agreement between computed noise spectrum and simulation
e Proposed three diagnostics for use in quantifying the noise level in
PIC simulations of plasma microturbulence
— The perpendicular fluctuation spectrum (noise vs. signal)
— The fluctuation intensity (noise vs. signal)
— The ExB energy (noise vs. signal)
* (Quantitative comparisons between simulation data and these diagnostics show
potentially serious issues for PIC simulations of:

— ETG turbulence
(resolution of the Jenko-Dorland vs. Lin ETG controversy)

— ITG turbulence
(may help to explain remaining discrepancies in CY CLONE base-case benchmark)

=> Perhaps PIC code-development effort should focus on noise reduction?
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|612[ky, k=0.00, t=1.80E+03] {((pe/LIT/)2)

Conclusions I

Simple calculation of spectrum of noise v
fluctuations due to random uncorrelated
particles, agrees within a factor of 2 of more

complicated derivation. e i
Detailed calculation of noise spectrum L S
(extending Krommes 93 calculation to include - ; -
filters, etc.) agrees very well (no free ol e S \x
parameters) with observed spectrum at late = ' : =
times in Dimits’ gyrokinetic ETG simulations B it e

(chosen with parameters similar to Z. Lin’s
simulations), confirming that noise grows to
dominate those ETG results.

» Renormalized calculation of y, ..., also 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... 39
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