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FORTEC-3D code, which solves the drift-kinetic equation for torus plasmas and radial electric field usdifg the
Monte Carlo method, has developed to study the variety of issues relating to neoclassical transport phenomena in
magnetic confinement plasmas. Here the numerical techniques used in FORTEC-3D are briefly reviewed, and recent
progress in the simulation method to simulate GAM oscillation is also explained. A band-limited white noise term
is introduced in the equation of time evolution of radial electric field to excite GAM oscillation, which enables us to
analyze GAM frequency with fine resolution even in the case the collisionless GAM damping is fast.
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I. Introduction been utilized to calculate transport coefficients in LHD plas-

. mas with including radial electric field, and it is found that the
Neoclassical transport thedrj treats transport phenom- e S ,
non-local effect alters the equilibrium electric field profile. Its

ena of plasmas in toroidal magnetic field configurations

which are governed by guiding-center motion and Coulom\é’Ide applicability is alsg being demonsirated n researc_hes of
- . . recently concerned topics such as the geodesic acoustic mode
collisions of charged particles. In torus plasmas, particles

which velocity pitch|v /| is small are trapped in a region? AM) of electric field oscillation and Landau damping of

where magnetic field strenath is weak. and those trapped gf” and simulation study of neoclassical toroidal viscosity
g g ! pped p tokamaks with weak perturbation magnetic fiéld.

. . . . . |
ticles mainly contribute the radial particle and heat transport. : . . . .
y P P In this paper, first we briefly review the numerical method

The plasma distribution function tends to deviate from Iocaé]c thed f Monte Carlo method, which solves the DKE for de-

Maxwellian f; as the magnetic field is non-uniform and as’. . R . .
T 9 iation of distribution function from local Maxwelliar,f =

the plasma collisionality is low. Then precise information of". L
P Y P — fm- The conserved-form Monte Carlo collision operator

plasma distribution in the phase space is required to evalu éﬁd implementation of a parallelized pseudo-random numbers
the transport. In neoclassical transport theory, the time evolu- P P P

tion of plasma distribution function is described by the drift-generator (PRNG) used in it are also explained. Then recent

kinetic equation (DKE), which describes time evolution ofProgress in the simulation method is shown about the exci-

gyro-averaged distribution function in five-dimensional phas tion of GAM by introducing a band-limited white noise in
the time evolution of the radial electric field. It enables us to
space(x, v, v ).

From the early researches, DKE has been solved an nalyze GAM frequency spectrum in LHD plasma, of which

yicaly or by computers adoping several approxmatoni A ST HEnG. oY S0 O eng e
and simplifications, some of which are not always prope '

to simulate realistic cases in high-performance burning plag. The §f Monte Carlo Method

mas in forthcoming ITER experimen®sfor example. Recent S )

progress in computation environment enables us to solve DKE FORTEC-3D solves the drift-kinetic equation for perturbed
directly and to evaluate transport coefficients more correctiglistribution functio f = f — far,

We have developed FORTEC-3D c4déwhich is applicable D 9 05 f

to general 3-dimensional magnetic field like helical config-—df = —df+ (vH + vd) -Véf+K—== —Cr(f)
urations of Large Helical Device (LHD) in NIF.It treats ot P oK
self-consistent evolution of radial electric field and the finite- = — <vd -V + K@IC) far + Pfur. (1)
orbit-width (FOW) effect of guiding-center motion, which are

usually neglected in conventional methods. FORTEC-3D h%nerefM is a time-independent local Maxwellian which has
*Corresponding author, E-mail:satake @nifs.ac.jp constant density. and temperatur@’ on a flux surfacey, =

© 2011 Atomic Energy Society of Japan, All Rights Reserved.
72



A New Simulation Method of Geodesic Acoustic Mode in Toroidal Plasmas by Using Band-Limited White Noise 73

x — v b is the drift velocity,b is the unit vector along the v4 = cocB/(m;n;)'/? is the Alfvén velocity, and the sub-
magnetic field line, and the independent velocity variables aseripta specifies the particle species. The radial particle and
chosen here a§ = mv?/2 andp = mov? /(2B). FORTEC- heat fluxes are evaluated from the guiding-center radial drift
3D adopts the Boozer magnetic coordind¥@p, 0, ¢), which  velocity as follows:

is the toroidal magnetic flux within a flux surface, poloidal an-

gle, and toroidal angle, respectively. The effective minor ra- D (4, 1)

</d3v5favd . V¢> . (6a)

diusr = ay/%/1edge IS also used as a flux-surface variable, ¥

wherea = \/2tedge/Bo, Veage 1S the value ofi) at the outer- QP (6,1) </d3vwéav25fuv(1 . V¢> . (6b)
P

most flux surface, ané, is the magnetic field strength at the
magntic axis¢ = 0). Magnetic field in Boozer coordinates is . . .
given by In_nec_)classmal trangport S|mula.t|0|js for LI-_|D pIa;mas, deter-
mination of the ambipolar electric field profile, which evolves
B = V) x VO +.V( x Vi =GV(+IVO+ 3.V, (2) sothaty, e,I'P = 0is satisfied on each flux surface, is one
of the main tasks sindg” and@? in non-axisymmetric plas-
whereG () andI(+) are the poloidal and toroidal current, ..o .o strongly affected Hg‘; B rotationyspeed. |E or-

and:(y) is the rotational transform of the field line, respecyq (o reduce the computation time, FORTEC-3D only solves
tively. The Jacobian of Boozer coordma_tesV@_B — (G_+ __ion neoclassical transport, and another code GSRAKE
I)/B2. We assume that only electrostatic radial electric fiel sed to evaluatd?, which solves a bounce-averaged ap-

E = —(d®/dy)Vy = B,V exists and the magnetic field proximated DKE for helical configurations. In solving DKE

is steady in time. Note thalt is allowed to be time-dependent. ¢ i, FORTEC-3D neglects the ion-electron collisions be-
To solve Eq. {), FORTEC-3D adopts the two-weight ., oo, s < 1

scheme ofof Monte Carlo method~'2 Each simula- o have applied this method so far, because the finite-
tion maker, of which distribution function is written as o \yith effect and the strict conservation property of like-
.g(X’ U, L)y _has two weights which are defmeq soas to S;’qiarticle collision term, which are the merit of FORTEC-3D,
isfy the relationsug = of and.pg = fu, respectively. Since 6 congidered to be more important for ion transport analysis
each marker. MOVes ac;cordmg to the I:h.s. of Eq)’ OF  than that for electron, because of the large mass difference.
Dg/Dt = 0, time evolution of marker weights are given by In the recent LHD experiments, however, core electron tem-

) P .0 perature becomes very high @ore Electron-Root Confine-
wo= “fu [Vd "V K% - P} fary (3a) ment(CERC) plasma$? and positive ambipolar radial elec-
9 tric field is considered to play an important role to achieve
p = fi [vd -V + K@IC] far (3b) good electron confinement. Since thegradient in CERC is
M

very steep and trapped electrons in such higtplasmas is
The linearized Fokker-Planck-Landau collision operatoinsensitive to Coulomb collisions and can drift widely in ra-
(for like-particle collisions) is decomposed into the testdial direction, it is concerned that the FOW effect on electron
particle operato€ and the field-particle operat® f,,;. The neoclassical transportin CERC plasmas would not be negligi-
former is implemented in a Monte Carlo way by a randonfle. To simulate neoclassical transport and ambipolar electric
walk of simulation marker velocity in thév, v, ) spacetd field in CERC plasmas, FORTEC-3D is being extended for
The latter is defined so that the collision operator satisfies tiféectron transport simulations. For that purpose, the unlike-

following relations particle (electron-ion) collisions operator as well as the like-
5 particle ones is included. From benchmarks of the d6de,

J oM (Cr(f) +Pfu) =0 it is found that the radial electron particle and heat fluxes in
for M = {1, v, v?}, (4a) high-T, LHD plasma are largely different from those evalu-

Cr(f) +Pfar =0 for 6f = (co + crvy + c20?) far, ated from conventional neoclassical calculations especially if

the E x B rotation is weak, which suggests the importance
of precise calculation method of neoclassical transport in an-
which describes the conservation property and the null-spaatyzing highd’, core plasmas.
of the linearized operator, respectively. The accuracy of the FORTEC-3D is written in Fortran90 and parallelized by
conservation property has improved recently by introducingsing MPI. In the parallelization of a massive Monte Carlo
new numerical scheme f@® f,,; operatof code, pseudo-random number generator (PRNG) may be a
The time evolution of the radial electric field on each fluxpottle neck. In a typical simulation run, FORTEC-3D uses
surface is given from the time derivative of Poisson’s equatioaboutl ~ 4 x 107 markers and calculates abaut* ~ 10°

ci € R, (4b)

in Boozer coordinates as follows: times collisions, which requires a fast, long period, and sta-
2 P tistically good quality PRNG. We have adopted a parallel
€0 <|V¢|2 (1 + 2) > —Ey(h,t) = — Z eaT'?, (5) PRNG according to Mersenne twistBmwith the dynamic cre-
YA/ [y ot a ation method?® which generates independent random num-

ber sequences on each MPI process. FORTEC-3D is usu-

where(- - -) denotes a flux-surface average defined as X .
ally executed using 64 to 256 MPI processes with 8 paral-

a = $dOd¢\/gpA(,0,Q) lel threads on shared memory, and the time cost of PRNG is
{ >w = $ dod¢\ /5 ’ less than 1% of the total simulation time. The parallel PRNG
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has passed a statistical independencyfésthe Mersenne follows:

twister in FORTEC-3D can manage up to 1,024 MPI parallel e o o

computation now, though increase of communication time of ~ @Er(r,t) = T eocl (ZiT7 (r,t) =T (r1)) dt

MPI_REDUCEtype operations which are required in solving .

P fur operator and Eq.6) becomes bottle neck as the number Fop(r)dW (1), 0

of MPI processes increases. where the radial coordinate is transformed fromo - for sim-
plicity, and the "diffusion coefficient" of radial electric field

lll. Excitation of GAM Using White-Noise o is considered as a very small factor. Equati@hdan be
regarded as a random-walk of radial electric field around an

Zonal flows and the geodesic acoustic mode (GAM) osciambipolar state which mimics the effect of any turbulence on
lation in toroidal plasmas have been investigated recently, afectrostatic potential in plasma. Concerning the noise term, a

the zonal flow suppresses micro instabilities and anomaloygnd-limited white-noise, of which frequency range contains
transport? Cross-device investigatiéh has revealed both the GAM frequency; < we < wy, is adopted :

similarities and differences in the nature of GAMs among sev-

eral devices. One possibility to explain it is the magnetic field 2dt X

structure. Theoretical studies on GAMs in non-axisymmetric dW(rt) =1\ 57 > coslwt + gi ()], ®)
magnetic field based on the gyrokinetic model by Sugama and k=1

Watanab& have shown that the GAM frequency and dampyhereN is sufficiently large numbert 100), wy, = w; -+ (k—

ing rate depend on the magnetic field spectrum, and the cql/o)Aw, k = {1,2,--- , N}, Aw = w, — w;, and the phase
lisionless damping of GAM oscillation in helical plasma isy, () are random numbers i, 27) given independently on
faster than that in a comparable scale tokamaks. To Verigﬁch radial simulation mesh. Since the ambipolar electric field
the analytic expectation of GAM in LHD magnetic configu-is (T, /(ea)) andwg ~ vy;/ Ry Wherew,; is ion thermal

rations, we have carried out a simulation study of the depeQg|ocity andR, is the major radius, the diffusion coefficient
dence of GAM frequency and damping rate using FORTEGs . js given by

3D It has been shown there that GAM frequency is

lower and the collisionless damping rate of GA is higher 2 (1) — g2 T;(r) 2 v (1)
when the magnetic axis position of LHD is shifted inward. We op(r) = Ro
have also shown there that the DKE simulation of FORTEC-

3D corresponds to thE. /T; — 0 limit of the gyrokinetic the- with a control parametef < 1. Band-limited white noise
ory. Since executing global simulations of GAM in realisticlS used so that GAM oscillation can be excited efficiently by
configurations in a gyrokinetic model is time-consuming, resSmall noise amplitude without bringing very high and low fre-
searching GAM using a DKE model is considered as a usefdHency components which are irrelevant to GAM excitation

tool. The reliability of FORTEC-3D for GAM simulation has into the simulation. The idea of application of white noise is
been proved by a benchmarkvith full- f gyrokinetic Vlasov borrowed from the numerical method used in the researches of

code GT5D seismic resistant and structural analyses of buildfigSince

In th . dv. h h d MHD white-noise consists of continuum spectra, one can simulate
. 'nt € previous 'stu y, NOWEVer, we have use €aUthe response of a structure to general earthquakes, without
librium magnetic field of LHD with the rotational transform knowing details of the spectrum of "real" earthquake wave
prof(ljle LIS f|xe(:] o a low _valug In surveying the GAM de- nor the eigenfrequncies of the structure. Similarly, though the
pe_n ence on.t € T]aggenc gms posmon,:. 0.35 tﬁ|0'5 at physical driving mechanism of zonal flows and GAMs is re-
=0~ 0.8, since the GAM damping rate is roughly prOpor'garded as nonlinear couplings of micro instabilities, which is

tional to., anq strong Landgu Qamping oceurs Whe,ﬂ L. beyond the drift-kinetic approach, we can still study the be-
In LHD experiments the profile is determined by the internal havior of excited GAM with DKE by using white-noise in-
plasma current profile and magnetic axis position, usually iré'tead of unknown driving term

creasing with minor radius. However, even ik 1, the heli-

cal magnetic perturbations in LHD also causes rapid damping, .- motion and weight evolution are solved by the 4-th or-
of GAM. Because of the strong GAM damping, it is dIffICUItder Runge-Kutta method. To suppress the discretization error

to analyze the frequency spectrum precisely from simulatiqrﬂ time evolution, the time step sizk is chosen small enough,
result, since in evaluating GAM frequency by power-spectrum

| | d ion d o u wedt, w,dt < 1072, We have checked the simulation results
analyze, long-duration data F" (v, t) and £y (v, 1) are re- frequency and amplitude of excited GAM) are not affected by
quired to obtain a fine resolution in frequency. In the DK

. . L he choice ofit and N in Eq. @) by varying these parameters.
model, however, there is basically no driving force of GAM, To demonstrate the numerical scheme, we carried out sev-

and.tk'u.e initial GAM in the simula'ltion is excite.d' ju'st because, .. simulations in a LHD magnetic field configuratiofy(—
the |n|t_|al conditiond f = E, = 0 is not an equilibrium state 3.75m, By = 1.5 T, without plasma current) obtained from
of toroidal plasma. a MHD equilibrium calculation code VME&) FORTEC-3D

To resolve this problem, we devised a new technique of esdopts a Fourier series expression of magnetic field spectra as
citing GAM in DKE simulation. A white-noise term is intro- shown in Ref. 5). We used 22 componentsBy, ,, spectra
duced in the equation of time evolution Bf on a flux surface, in the present study. Core ion density and temperature are
which is described here as a stochastic differential equationag = 2.0 x 10'¥ m~2 andT;; = 1.0 keV, respectively.

)

ca

Numerically, Eq. ) is solved by the Euler method, while
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Fig. 1 Time evolution of radial electric field,. in GAM ex-  Fig. 2 Time evolution of radial particle fluX'; in GAM ex-
citation simulations observed afa = 0.21 surface. The  citation simulations observed afa = 0.21 surface. The
time is normalized by the ion collision timeg. The am- amplitude of the white-noisg&is varied 0.00, 0.01, and 0.03
plitude of the white-noisé is varied 0.00, 0.01, and 0.03 in these simulations.
in these simulations. The noise parts are plotted at the off-

center position in the graph with magnified by 200. o o ) ] ]
LHD magnetic field. The band-limited white noise has uni-

form power spectrum in the range from to w, as shwon
The . profile is monotonically increasing(r = 0) = 0.34, in Fig. 3(c). On the other hand, we cannot see clear peak
1(0.56a) = 0.50, and:(a) = 1.2. The collisionality with of power spectrum if the white noise is cut as in Fig. 3(a).
these parameters was very low, and then the effect of collFhough we do not show the power spectruni'¢f, it has al-
sions on GAM damping is negligible. The plasma configuramost the same profile as thatBf. The radial position where
tion is made similar to a LHD experiment with observation oflear peak of GAM oscillation is/a = 0.05 ~ 0.20, which
GAM.26:27) seems consistent with the observation of GAM using Heavy-
The time evolution of the radial electric field and particldon-Beam-Probe (HIBP) in a LHD experimetft, of which
flux in the simulations are shown Figs. 1and2, where three profile is similar to the one in the simulation. We have also
cases { = 0.00 (without noise), 0.01, and 0.03) are plotted.confirmed that the GAM frequency and the peak radial posi-
In Fig. 1, the given noise portions ih=0.01 and 0.03 cases tion of GAM in simulation are almost unaffected by varying
are also plotted. Note that the noise amplitude is very smdle white-noise amplitude fro@=0.01 to 0.03.
compared to the totdl,., then they are magnified by 200inthe Next, the peak frequencies and peak amplitudes of the
figure. The GAM frequencyy; is approximately estimated as power spectrum of  and E,. are compared with the gyroki-
netic theory?? which takes into account of the helical mag-
wao = \/7/4(vei/ Ro) (1 + 46/49¢%)"/? (10) netic ripples of LHD configurations. Analytic solutions of
wg and e for the gyrokinetic analysis in th&,./T; — 0
in the T,./T; — 0 limit of simple axisymmetric tokamak drift-kinetic limit is shown in Egs. (7) and (8) in Ref. Sfig-
configuration. In the present cases, it ranges aB6Hz  ure 4(a) shows the radial profile of GAM frequency. Note
(r = 0) > wgo/(2m) > 17 kHz(r = a). Therefore, thatwg is an approximate estimation of GAM frequency in a
the band-limited white noise was given in the range frontokamak geometry. Both gyrokinetic analysis and FORTEC-
wy/(27) = 10 kHz to w,,/(27) = 36 kHz. In Figs. 1 and 3D simulation show lower thanwgo, which is the effect of
2, one can see that GAM was successfully excited continielical configuration of LHD magnetic field. The radial pro-
ously in time with very small amplitude of white noise. Com-file of the peak of power spectrum amplitudesigt and E,.
paring the amplitude of the noise pdrt and the totalE,, are plotted in Fig. 4(b). The peak of amplitude is located at
the ratio is aboutE, /E,| ~ 1/100, and excited GAM am- r/a ~ 0.125, and the amplitudes decay at outboard region.
plitude is roughly proportional tez. On the other hand, if It was diffucult to find a clear peak in power spectrum and
the white noise was turned off, initial GAM oscillation disap-identify wg from simulation results at/a > 0.35. It is be-
peared soon because of the strong Landau damping of GAdduse both and the helical ripple components of magnetic
in helical configurations, and only a small fluctuation fromfield spectrum are increasing functionsoih the LHD config-
Monte Carlo noise remained. uration used here, which results in the larger damping rate of
From the data of continuous wave form of GAM in particleGAM, |y¢|. One can see that the peak amplitudes observed
flux TP (r, ¢) and radial electric fields,.(r, t), we can analyze in FORTEC-3D simulation tend to be proportional|tg~¢/,
the GAM frequency by taking the power spectrum of thenmwhich means that the GAM excited by the white noise actu-
as it is shown irFigs. 3a), (b) and (c). Fop = 0.01 case, ally damps according to the kinetic mechanism that gyroki-
the peak of the spectrum appears slightly below the estimatioetic theory explains. Recent analysis of LHD experiment has
wgo, Which is an approximation by neglecting the helicity offound that the spacial profile of GAM power shows the sim-
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Fig. 3 Contour plots of the power spectrum &f. for (a):
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ilar tendency as Fig. 4(8)) This is simply explained using
a model of forced vibration of an oscillator of which natural
frequency isvy,

mi + ywod +wiz = f(t), (11)

wherey is the damping rate. If the driving forggt) is white-
noise of which power spectral densitydéw) = Sy, the varia-
tion of the displacement? = E[x2(t)] is known to be propor-
tional to Sy /(yw3),?? where E[g] means the expected value
of g. Note here that%, oc Sy in Eq. (7). Though Eq. {1) is

a simple model of GAM damping by neglecting radial corre-
lations, it explains thak[|E,. — E,|?] < |yg|~!. We could
have seen GAM at/a > 0.35 if the driving term had been
much stronger, however, the coincidence of the radial profile
of the GAM power between simulations and observation im-
plies that the realistic choice of the GAM driving teiis the
order of 10~2. More investigation by comparing the GAM
oscillation amplitude between simulation and observation is
planned near future.

Finally, at the closest position to the magnetic axis =
0.05, difference between simulation and theory is large. It
is possibly because of the FOW effect of passing particle or-
bit around the magnetic axis, of which radial drift width is
wide there (so called potato orbits), or because of the effect of
boundary conditior®,.(r = 0) = 0 in the simulation. The gy-
rokinetic analysis do not assume the existence of potato orbits
nor the magnetic axis.

IV. Summary

We have developed a new simulation scheme to simulate
GAM in LHD plasmas, in which the GAM damping rate is
essentially high compared with that in tokamaks, by apply-
ing a band-limited white noise as a driving term of GAM os-
cillation in FORTEC-3D DKE Monte Carlo code. From the
test simulations in a LHD magnetic configuration it has been
demonstrated that the GAM oscillation can be excited by very
small amplitude of white noise, and the GAM frequency and
the peak amplitude of the power spectrum of GAM oscilla-
tion are consistent with a gyrokinetic analysis for helical plas-
mas. With the GAM excitation scheme FORTEC-3D simula-
tion is able to simulate GAM oscillation and damping in real-
istic LHD plasma profile and analyze GAM power spectrum
with fine resolution. LHD is equipped with HIBP which ob-
serves electrostatic potential profile in core plasma. GAM fre-
quency profile can be obtained from the diagnostics, and then
we can carry out precise comparisons among observation, gy-
rokinetic theory, and FORTEC-3D simulation, which will be
profitable for further understanding the physics of GAMs and
zonal flows in helical plasmas. Further improvement of the
simulation model is planned in near future to include the im-
purity heavy ion effect, which is one of the candidates that
change the observed GAM frequency from the analytic esti-

§ = 0.00 and (b):6 = 0.01 case, respectively, and (c): themation.

power spectrum of the white-noise part o= 0.01 case.
Green line represents an approximate estimation of GA
frequency for tokamak case, EqL0j. Note that the scale

of the color contour is different among these figures.
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