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The model equations describing the non-linear evoluticth saturation of drift-Alfvén

turbulence in flux tube geometry under gyro-Bohm normailiretnay be written as [1, 2]

aa_?‘i‘VE'DQ:K(n)‘i‘D,J‘FUQDiQ, (1a)
%—i—w;ﬂ(neq—l— n) =& (n— @)+ 0,(J —u) + 02 n, (1b)
% (Elp +ﬁJ> +Hve - 0J = 0,(Neqg+n—@) —CJ, (1c)
§(% +VE - Du) = —0,(Neg+ ), (1d)

governing the vorticityQ = 02 @ with @ the electrostatic potential, the deviatiorof the
plasma particle density from its equilibriungg(x), the magnetic potentia) and parallel cur-
rentd = —Dqu, and the parallel ion velocity. The electric drift and magnetic field perturba-
tions are given bye = b x g andB = —b x (Y. Perpendicular and parallel spatial lengths
are scaled bps and 21gRy, while time is normalized biz| /cswherel | = ]aneq/ax]_l is the
equilibrium density length scale. Furthermore, we havethiced the differential operators
0% = <g+ §£)2+a—2, 0, = 9 _BbxOyY-0, % =—wg (sinsi +coss£> :

ox qRy 0y ay?2 ds ox ay
and defined the parametégs= (qR/L | )? being the scale ratio of parallel and perpendic-
ular dynamicsﬁ = (2uoP/B3)€ representing magnetic inductiop,= (me/m )€ describing
finite electron inertia effectsC = 0.51L | [i/TeCs = 0.51V[l governing resistive relaxation,
§=0Inq/dInr the magnetic shear, and finalyg = 2L, /Ry describing magnetic field in-
homogeneity and curvature. The notation is otherwise stdndh 1¢ is the electron colli-
sion time andRp the magnetic field radius of curvature. In the computationse presented
here the equilibrium, satisfying (Neq) = 0Jeq/0s andd@eq/0s = —CJeq, is allowed to evolve

self-consistently under the influence of the turbulent tlatbns.
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To diagnose kinetic energy transfer and zonal flow generdiip electromagnetic drift

wave turbulence we further define the following energy intisgra

:/dx%'ﬁz, K(t):/dX%(DL@Z, U(t):/dX%V%

Here we denote flux-surface averages by a zero index and tregidevfrom this average by an

over-tilde. The evolution of the zonal flow energy level iadgy obtained from equation (1a),

du
e Trs+ Tus + Team + A4, (2)

where the kinetic energy transfer terms due to Reynoldsss{RSS), Maxwell stress (MS) and

geodesic acoustic modes (GAM) are given respectively by

Trs = /dxvX y 60 Tuvs = —E/dxgxgy%, Team = —wB/dxvonsins.

The last term in EqQ. (2) represents collisional damping duédgcous diffusion. Flow gener-
ation by Reynolds stresses is well known to result from an gespaase correlation between
the velocity fluctuations in the drift plane spanned by xtendy coordinate axes. The ten-
dency of convective structures to be tilted with a seed skeffoes makes the transfer term
Trs generally positive, draining energy from the fluctuatingtiors to the zonal flows [3, 4].

Neglecting the toroidicity of the equilibrium magnetic fielthe vorticity equation (1a)
gives the linear spectral relatic(m/lg‘)?p( = (k. If the parallel phase velocity/k, is close
the Alfvén speed we ha\ffx( = ﬁl/z Jik, indicating a possible cancellation of electrostatic and
magnetic stresses [5]. The latter effect is most likely tanbpgortant at Iarg@.

The transfer termigam in EQ. (2) shows that sidebands of the axisymmetric density pe
turbations may alter the evolution of the zonal flow enerfyvé for the moment assume

adiabatic electron motion and and neglect dissipationptihedally mean flows are given by

aVO

5 aa (vxvy—BBXBy)O-i—wB(nsins)O:O. (3)

From the plasma continuity equation (1b) we find the evolutibthe density sidebands,

0 . o[ . 00 .o 0N\ . > 00 . 0u
3 (nsms)oJra—X (SInS na—y)o+w5 (smzs&)o =B (smzs,&)o— (smsa—s)o. 4)
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The contribution of the flowp = d@p/0x in the first term on the right hand side of Eq. (4),
describing the up-down asymmetric plasma compression dpeltodal rotation, couples
with the zonal flow equation (3) and results in geodesic aconstdes (GAMSs) at frequency
we/v/2 (Refs. 6-9). Other terms in Eq. (4), along with coupling toitreflow side-bands,
may cause an acceleration of zonal flows in the presence oidpdiioasymmetric particle
fluxes, known as Stringer-Winsor spin-up [7—10]. In this cection we also note that the
transfer to the energy of the fluctuating motions due to toroidal geometry is givgn b
—/dx?px(n) = —(oB/dx <sins ng—()[:-i—coss ng—(j) .
This indeed indicates the tendency towards a ballooningttre of the fluctuations since this
drives velocity fluctuations as far as the turbulent plasrmadport is radially outwards from
the torus axis and poloidally towards the out-board midweld his geodesic transfer process
was recently revisited in Ref. 1 where it was claimed that the Greisfer is generally from
the zonal flows through the density side-bands to the turbillestuations.

To address the simultaneous action of all these effects veetiesthree-dimensional nu-
merical computations of the four-field model (1) on a grid 466256 x 32 points, with di-
mensions 64 256 21in X, y ands, respectively. Nominal parameter values are 18750,
H=5,8=1,wg =0.05 andug = yuy = 0.025. In Figs. 1-3 we present the variation V\flihnd
v of the energy integrals, the turbulent radial plasma trartsj, and zonal flow energy trans-
fer rates averaged over 1@me units in the turbulent state of the computations. Weeokes
that the fluctuation energy and turbulent transport in@easth the parallel resistivity over
the whole range oﬁ investigated. On the other hand, at Icﬁ/\the saturation level of zonal
flow energy decreases with b(ﬁt’andﬁ, and is significantly smaller than the kinetic energy in
the fluctuating motions. The branching ratio of kinetic gyeinto the zonal flows decreases
slightly with v and[AB. Also shown are the zonal flow energy transfer rates. We ob#eavéhe
Reynolds stress transfer is always such as to drive zonal fioivdecreases with increasing
v andﬁ. With increasingﬁ the Maxwell stress acts to cancel the Reynolds stress dnige, fi
at lowV but eventually over the whole range of collisionality at mfg Finally, the geodesic
transfer mechanism generally drains energy out of zonalroaes at Iov@ andv but drives

zonal flows in the opposite limit where the turbulent flux is &arg
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Figure 1. Transport, energy integrals and Figure 2: Transport, energy integrals and

zonal flow energy transfer terms fﬁr: 1.0. zonal flow energy transfer terms fﬁr: 7.5.
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Figure 3: Transport, energy integrals and Figure 4: Scatter plot of zonal flow energy

zonal flow energy transfer terms fﬁr: 30. transfer rates against the turbulent fltx
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