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Abstract

Intrinsic rotation has been observed in I-mode plasmas flenC-Mod tokamak,
and is found to be similar to that in H-mode, both in its edgginrand in the scaling
with global pressure. Since both plasmas have similar &igdut completely differ-
ent edgévn, it may be concluded that the drive of the intrinsic rotai®the edg&/T
rather thanVP. Evidence suggests that the connection between gradiedttation
is the residual stress, and a scaling for the rotation fronversion of free energy to
macroscopic flow is calculated.



Understanding the mechanism whereby turbulence drivescaaszopic sheared
flow is a classical problem in the physics of self-organ@matiEfforts to understand this
phenomenon have motivated development of mean field thesygdtds stress closure
models for convective and MHD turbulence [1]. In tokamak®aed toroidal rotation
appears spontaneously, seemingly as a result of turbutkivem self acceleration.

Rotation and its shear play important roles in the suppsassi MHD modes [2]
and turbulence [3] in tokamak plasmas. Toroidal rotatiopredominantly driven by
neutral beams in present day tokamaks, but this method withich less effective
in future devices. An alternative approach is to utilize sleé-driven flows (intrinsic
rotation) which have been widely observed in plasmas witlesternal momentum
input [4]. An understanding of this phenomenon is necesgaoyder to extrapolate
confidently to reactors. Since the transport and relaxatioaroidal momentum is due
to turbulence (withy,/x; ~ 1), intrinsic rotation necessarily implies the existente o
an agent or element of the momentum flux which can opposelamrbuiscosity. This
off-diagonal flux, the residual streBg°*, is likely responsible for driving intrinsic flow
[5]. The connection between observed intrinsic rotatiod dinectly measuredl”**
has been demonstrated in CSDX plasmas [6]. Residual st@g®enunderstood as a
momentum flux driven by macroscopic gradients which prodacdirected bulk flow
by converting radial inhomogeneity to brokepsymmetry of the fluctuation spectrum.
This process resembles an engine, in that the turbuleneedsithermodynamic free
energy to macroscopic flow [7].

Several questions arise, the first of which is concerned thighdriving gradient.
This is a subtle question, since the pressure gradiéntan drive instabilities, breai
symmetry [8] by its contribution to the zonal flow shé&fz)’, and also quench turbu-
lence [9] via(VE)'. Other possibilities includ® T andVn. Here, comparison studies
of different confinement regimes (H- and I-mode plasmas)aeel to isolate the driv-
ing gradient. The link between this gradient and the maaiscflow is I1"¢%. A
simple theory of the intrinsic rotation engine, based onagyt dynamics, is described,
and yields a scaling for the intrinsic rotation velocity.

Intrinsic rotation has been found to be well correlated it plasma stored en-
ergy in H-mode plasmas [10] in C-Mod and many other devicégs This effect is
demonstrated in Fig.1.

Following the L- to H-mode transition{0.62 s) there were increases if ii.(0),
W,, and Vr,,(0), the latter determined from the Doppler shifts of x-raaes. Shown
for comparison are the time histories for an I-mode plasmathRlischarges had
Br=5.4 T and b=0.8 MA, with similar target densities and heating powere Tihain
difference was that the I-mode plasma was formed with thewaréble ionBx VB
drift direction. There was very little change in m the I-mode case, and a larger in-
crease in T. The stored energy in these two discharges was very simsawas the
magnitude of \f-,,.(0) and velocity profile shape.

I-mode is an operational regime [11] which exhibits H-modergy confinement
with L-mode particle confinement. Shown in Fig.2 is a comgamiof edge profiles
from the plasmas of Fig.1.

Both plasmas display an edge energy transport barrier, agaated by the pedestals
in T, at 3 mm inside of the last closed flux surfac&sI at this location is the same
for both plasmas, about 60 keV/m. Only the H-mode dischaggeahpedestal in
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Figure 1: Time histories, from top to bottom, of the plasnmedt energy, electron
density, electron temperature, rotation velocity (pesitienotes co-current) and ICRF
power, for an H-mode (green dashed) and an I-mode (solidoledina.
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Figure 2: Edge profiles of the electron density (a), elecieomperature (b) and electron
pressure (c¢) from the H-mode (green dots) and the I-modeagtettisks) discharges of

Fig.1.



however; in I-mode the edge profile is similar to that in L-mode. That heat and par-
ticle transport is decoupled in I-mode allows a unique opputy for energy barriers
to be studied separately; in H-mode both transport charamelssually linked. Since
there is no particle barrier in I-mode, the edgP is considerably lower(0.7 MPa/m,
about a factor of three in this comparison) compared to Hendthe pedestal Ewvell
depth is also shallower in I-mode compared to H-mode [12].

For H-mode plasmas, it has been established that the iictristaition originates at
the plasma edge, and propagates in to the core on a momentiimezoent time scale
[13]. Similar behavior is seen in I-mode plasmas, as shoviigrB.
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Figure 3: Parameter time histories for an I-mode dischdrgthe bottom frame is the
normalized chord-averaged toroidal rotation velocityestesal radial locations, evenly
spaced from r/a=0.6 to r/a=0.0.

Following the transition to I-mode (0.7 s),7V, first appears at the plasma edge,
then propagates in to the plasma center.

It is well documented that the change in-)/. between L- and H-mode is propor-
tional to the change in the plasma stored energy (normatizeg) [10, 4]. Similar
behavior is apparent in I-mode, as can be seen in Fig.4. Tinedle

points (red asterisks) overlay the H-mode points (grees)dicim a large database,
suggesting a common phenomenology giving rise to the outati

Given the evidence that the origin for the intrinsic rotatis in the pedestal region
([13] and Fig.3), it would be natural to seek a local edge igraidather than the global
stored energy as relevant to the rotation drive. Intringiation in JT-60U plasmas has
been linked to the ion pressure gradient [14]. Shown in BigsSthe change in the
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Figure 4: The change in the core toroidal rotation from L-ead I-mode (red as-
terisks) and to H-mode (green dots) as a function of the ahamghe stored energy
normalized to the plasma current.



rotation velocity as a function of the change in the pedégal (In C-Mod plasmas,
the edge ion and electron pressure profiles are the samg [12].
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Figure 5: The change in the core rotation velocity as a fonctif the change in the
pedestaVP (a) and pedestaT (b) for H-mode (green dots) and I-mode (red asterisks)
plasmas.

For the H-mode points, there is a very good correlation betwev and edgevP.
However, the I-mode points do not coincide, because théoates the same whil& P
is lower than in H-mode (as seen in Fig.2). The two sets oftpaiuerlay very well
for the pedestalV T, as demonstrated in Fig.5b, suggesting that¥1swhich is key in
driving intrinsic rotation. The association of intrinsitation with the ion temperature
gradient has been demonstrated in LHD ITB plasmas [15].

The approach for addressing the origin of intrinsic flow maydast in terms of
fluctuation entropy and describes intrinsic rotation asearttodynamic engine. In the
framework of residual stress, the flow generation proces$eaunderstood as a con-
version of thermal energy into the kinetic energy of macopsc flow by drift wave
turbulence excited by’ T, Vn, etc. Using the physical picture of flow generation as an
energy conversion, an explicit expression for the efficjenfcthe conversion process
may be formulated by comparing rates of entropy produdtiestfuction due to ther-



mal relaxation/flow generation [16]. For a model with drifbé&tic ions and adiabatic
electrons, the time evolution of entropy(bf2 is given by, apart from boundary terms,

a/d3 drt Ll =P-D, . (1)

HereP = [ ddzd®v{—(V,of)(f)' /{f) — (e/mJ(EH6f>/<f>(8<f>/8v”)}andDCE

— [ d3zd?v(5fC(6f))/(f) are the production rate and collisional dissipation of en-
tropy, respectively, following the notation of [16]. Notkat the approximation of
adiabatic electrons is fairly good, sineg, ~ 1.3 > 1 andkﬁvfhe/(wuei) ~29.6>1

for k1 ps ~ .2 and for the C-Mod pedestal parametéfs,~ T, ~ 200eV, g ~ 3,

ea ~ 1/3,n ~ 102°m~3. Note also thaD, is small compared to the production rate
from VT, asD./(nx;/L%) ~ vess/(cs/a) ~ 0.08 whereD, ~ [ d*znv.yysled/Te|?,
lep/T.1? ~ p2, xi ~ xgp and the same parameters were utilized. Hebges
dropped hereafter. By modeling flux-gradient relations, ghoduction rate can be re-
duced to [16]

2 N\ 2 N\ 2 res2
PE/C[/3${TLX¢ (E) —nK (Wi)) +nX (m) —n—HT” } (2)
T Vthi Vthi V% Xo
whereK = Zk CSTZF(pst)/(l + klps) { k 8nk/ak } Nk = (1 + klps) |¢/€)|2
The first term on the right hand side is the entropy productaie due to thermal
relaxation. Note this term is implicitly related to the heatirce, as/T is tied to heat
input via the heat balance equation. The second term is ttnepgndestruction rate
due to zonal flow generation. Note that this term destroysopgtonly when zonal
flow grows, i.e.vzr o« K > 0. The third term is the entropy production rate due
to the relaxation of the velocity gradient. The last termhis éntropy destruction rate
due to the generation of intrinsic toroidal rotation. Eptr@roduction rate by particle
transport, namely-(V,.71)(n)’, is small for adiabatic electrons.

The production rate”? contains terms with a definite order. The last two terms
are smaller than the first two by the order@fk /k.) wherek is representative of
the mode number of drift waves. Hence a stationary statehiieed by balancing
the production and destruction rates order by order. To $oweder, the balance is
between the production rate from thermal relaxation andés¢ruction rate from zonal
flow growth. The balance yieldd/z)"? = (x;/K)(v?,,/L%) which relates zonal flow
strength toVT directly. To the next order, the third and the fourth term<ig. 2
cancel since the total parallel momentum vanishes for &staty state a$f/Tf/H) =
o (V) + 17 = 0.

To calculate(V}), a model of the residual stress is required. Here, a casenis co
sidered where toroidal rotation is driven by a two step psecérst, a stationary state
is achieved by balancing the entropy production rate dubdamal relaxation by the
entropy destruction due to zonal flow growth. Secondly, theat flow £ x B shear

set by the dominant balance gives rise to symmetry breakidgr@omentum flux via
k space scattering. In such a process, the residual stresisigated as [8, 5]

L, s L. (VT\?,
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The condition(ffrffn) = 0 implies a strongly nonlinear relation betwe®iv and
VTIT,i.e.

Ut2hi' (4)

res 2
iy = il _ 1) xiLe (VT
| Xo 27 xges \ T

Simple integration then establishes the relation betwdga€T and the flow velocity,

) o1 xiLs [Ti VT 5)
Vthi 2P Xo LT V T, . VTI,
where (T/T) = -(T'/T)? + T"/T = -(T'/T)? has been used. The sign conventions here
are such that the rotation is predicted to be co-current. tfgical H- and I-mode
discharges in C-Mods, ~ 0.006, T. ~ T;, x¢/xi ~1,Ls ~0.6 mand i ~ 0.01 m,
Eq.5 yields a thermal Mach number of 0.18, which is also id]. Eq.5 captures
the VT scaling of Fig.5 from 1/ i and the 1/} scaling of Fig.4 from , «x /5 o< 1/
.
In this paper, progress toward a physics based phenomegnaiagrinsic rotation
in H- and I-mode has been described. The principal reswdtsthere is a close correla-
tion betweemM\V(0) andV T |eqqe, bOth in H- and I-mode. This, in turn, suggests that
the macroscopic scaling V- (0) ~ AW, /I, may be replaced by a relation expressed
in terms oflocal parameters i.eAVr(0) ~ VT'/By. A theory of the entropy balance
for a turbulent plasma is presented, which yields a scalimghe residual stress and
the toroidal rotation velocity. The theory predicts thatscales withVT and g.
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