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Abstract. The study is aimed to clarifying the balance betvéhe sinks and sources in the problem of the
intrinsic plasma rotation in tokamaks recently eswed in [deGrassie J.S., Plasma Phys. ControloRsi
(2009) 124047]. The integral torque on the toroigiaisma is calculated analytically using the mastegal
MHD plasma model with account of plasma anisotrgmd viscosity. The contributions due to several
mechanisms are separated and compared. It is shioatnsome of them, though, possibly, important in
establishing the rotation velocity profile in thiagma, may give small input into the integral t@quhis gives

a key to the judicious choice of the directionsnetessary studies. The role of the boundary camditin the
problem is discussed. This is a step to relatgliiema rotation to the physical characteristicssuesd outside
the plasma. The analysis shows that an importamiribation can come from the magnetic field bregkihe
axial symmetry of the configuration. In stellaratothis is a helical field which is needed for proihg the
rotational transform. In tokamaks, this can be #reor field, the toroidal field ripple or the magice
perturbation created by the correction coils in teglicated experiments. The estimates for the -@glor
induced torque show that the amplitude of this derq¢an be comparable to the typical values of &squ
introduced into the plasma by the neutral beamciiga. Therefore, this torque must be consideredms
important part of the integral torque balance. Biained relations allow to quantify the effectttiban be
produced by the existing correction coils in tok&man the plasma rotation, which can be used irrx@nts

to study the origin and physics of the intrinsidatmn in tokamaks. Several problems are proposed f
theoretical studies and experimental tests.

1. Introduction

Experiments show that plasma rotation in tokamaks is useful in sapydbe Resistive
Wall Mode (RWM) and error-field-induced instabilities [1, 2], khe desired level of
rotation is difficult (if not possible) to maintain. On the othendhdt is observed in many
experiments that the tokamak plasma can rotate ‘spontaneoudtyirettee absence of any
auxiliary momentum source [3]. This is called intrinsic liotat The plasma rotation in
tokamaks, existing with no known torque injection, still remains atanyshough several
models and approaches are proposed to identify the origin of the tarmdantum and its
transport [3, 4]. Our study is aimed to clarifying the inte@pa@lbnce between the sinks and
sources in the problem of the plasma toroidal rotation in tokamaksntisth is paid to
formulations with proper treatment of possible toroidal asymm#ioygh a deviation from
axisymmetry in tokamaks is small. This is known to affeetglasma rotation, but there is no
yet reliable predictive theory of the error-field induced brakihgre an approach is proposed
allowing evaluation of the integral effects from differghtysical mechanisms, including the
plasma response to the error field, and separation of the damgircamtributions. Finally,
estimates and proposals to further studies in theory and expedmagitven.

2. Momentum equations

The analysis is performed within the single-fluid MHD mod®torporating the plasma
viscosity, anisotropy and momentum exchange with the neutralsbéldris covers a wide
area of experimental conditions and different models of the momemttamsport. In
particular, the Neoclassical Toroidal Viscosity (NTV)eets, which became a popular
subject recently [3, 4], can be naturally included.
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In a general case the momentum evolution is described byjtia¢i@n
0 e
—pov +divl =f 1
P 1)

where p is the mass density of the plasma,is its velocity, I is the tensor of the

momentum flux, and is the force not included intdivie . Here we apply (1) to the toroidal
plasmas such as that in tokamaks and stellarators. Ing#itimetry we use cylindrical
coordinates(R,{,z) related to the main vertical axig, is the toroidal angle and, will

denote the unit vector alorig¢ . Momentum equation in the form (1) contains, as pdaticu

cases, all the basic equations used for analysis of temaleotation in tokamaks, see [4-8]
and references therein.

We consider the integral toroidal force balance obtained {9 by integrating it, multiplied
by Re,, over the plasma volume. The result is

oL _

i T, (2)
where

L=[Rov,av (3)
is the total (or global) toroidal angular momentunthef plasma,

T=T +T, 4)
is the total torque on the plasma with

T. = [ Re, [ividv (5)
and

T, = [Re, (v . (6)

Equation forL similar to (2) was used in [7-11] for studying thementum confinement
and intrinsic rotation in the DIII-D and NSTX tokamak&eTmain and well determined part
of the total torque was the torque from the neutral bedfys, It was found that the

experimental observations [3, 7, 9-11] could not bdagxpd by assuming,, as the only

source of the torque, though this was the é&ntywvn source in those cases. Adding the torque
modeling the effect of non-resonant magnetic fields rébt help to describe the rotation
evolution [7]. The results [7, 9-11] were interpretedirdicating a presence of some
additional (or anomalous [7, 9, 11]) torqilie which was estimated a5 = -T,g, [7, 9].

This is not a minor correction, but an unknown effaicthe leading order. Therefore, a step
to solution of the intrinsic rotation mystery could d@ne by analysing the integral (global)
torque balance (2). For example, in a steady state #ittdt =0 without variations of
plasma density and velocity. To move in this directiwe,have to calculaté- in (5) andT,

in (6).
3. Physics model

A good starting point for the plasma in the magnetic figldd not only for the cases
considered here) can be

2
F=p\/v—BB+B7T+pT+ﬁ, (7)
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where B is the magnetic field] is the identity or unit tensor (unit dyad), is the pressure,
and /i is the viscous stress tensopl(+ 77 can also include the case with anisotropic
pressure). With thi$§ the momentum (force balance) equation (1) takes the for

p(;—\:z—Dp+j><B—divﬁ+f—vSp, ()
where
4.9 vm, ©)
dt ot
j =0xB is the current density and
S, = %_f +divov . (10)

Equation (8) covers a wide range of models. In the mogtlsicase withii=0, f =0 and
S, =0 it gives a standard magnetohydrodynamic (MHD) equatiorséitropic magnetically

confined plasma without additional force sources and masisigtion. Effects of the plasma
anisotropy and viscosity can be accounted for in (8) byikgep symmetric tensofi, such

as described in [12]. Thein given by (7) is also symmetric.

At the moment we do not need to spedifyand S, . It is sufficient to note thatt can contain

the force on the plasma due to its interaction with ackground neutral gas and/or the
injected beam of neutral atoms. The term w&h may represent the effects related to the

plasma production/decay, for example, due to ionisagoambination at the background
gas, the pellet injection or gas puffing.

One can find an equation of motion in a form similar&pi a great number of papers, see,
for example, [4] and references therein. In addition t rikentioned effects, relevant to
contemporary fusion experiments, it can also containrtbmentum transfer to the plasma
due to the collisions with alpha particles, interaction wlidg charged dust particles and the
gravity [13] (thenf = pg or f =-0® ). Therefore, the validity of (8) is more general than

the emphasized here for the toroidal systems with etagnonfinement such as tokamaks,
stellarators and pinches.

With symmetrici” given by (7) equation (5) reduces to
T =T+ Ty +T,+T,, (11)
where
T =~[Rov,v (@S (12)
S
is the torque due to the Reynold stress,
2
T = | Re, [{jxB)aV = [RB,B mS—jRB?e( (@S (13)
\% S S
is the electromagnetic torque due to Maxwell sti8Bs- 1B%/2 (the electric field is ignored
here, the conversion factor to Sl unitdigy,)
T, =~[ Rpe, (S, (14)
S
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and
T =- j R(77(&, ) [8S (15)

is the viscous torque.

These general formulas, all expressed through the surfieggals, are a convenient basis for
discussion of the integral torque balance (2), also auntail, given by the volume integral

(6). With definition (7), a part of, (or T, itself) must be the torqu& due to the neutral
beams, which must be known in experiments.

The contributions (12)—(15) are completely determined Hey glasma parameters &,
which means that these torques depend on the boundarnji@mndnly. This is an important
conclusion that points to the best strategy in calanatand experimental studies. It makes
clear that a key to correct modelling must be adequateipkscrof the quantities in the
integrals (12)—(15) over the bounda®y The latter is not yet defined. Its definition becomes
an essential part of the problem.

4. Analysis, reduction of general formulas, results and estimates

Equation (2) for the angular momentumdepends on the volume of integration in (3), (5)
and (6). These and other integral relations above are fealidny vV , but when we call it
“plasma volume” the integrals (12)—(15) will be expressedudh the physical quantities at
the plasma boundarg, . Depending on experimental arrangemess,is usually defined as

sepratrix or the last closed magnetic surface. This medesedif structure of the magnetic
field and different properties of the plasma in andadug, .

The area aroundS, is a subject of intense dedicated studies on tokamaks 184,

Accumulated knowledge is a perfect basis for prescribimg dhantities in the surface
integrals (12)—(15). However, for calculations it is téimgp as a first approximation, to
assume sharp boundary plasma-vacuum. Such mathematmallgnient model is very often
exploited in theoretical studies of MHD equilibrium asibility [1]. Assuming vacuum
outside S, would imply zero material fluxes throug®, , while in real tokamaks they do

exist and in no way can be disregarded. Such fluxes arepadtitem for ITER as producing
intolerable heat loads in the divertor [15].

With sharp plasma-vacuum boundary, or, more precisefya flasma that can be enclosed
by a toroidal surfaces where 7i=0 and p =0, we immediately obtai, =T, =T, =0.
This reflects the fact that the internal forces cancel each otheloamok produce the integral
torque. On the other hand, it implies possible tremendouplification in mathematics, if
proper used.

This picture, being obviously unrealistic (no outwafldixes!), is, nevertheless, an
indispensable step in theoretical modeling. It nullities other terms in (11), but allows an
estimate ofT,, [16, 17]. Note that a nontrivial result fdg,, can be obtained only if there is
a nonzero magnetic perturbation, while for an axially symmeteasma equation (13) gives
us Tg, = 0.
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This can be easily shown in a general formj.3f0 outside the plasma, the integration in (13)
can be extended to a larger volume (for example, bounded lyyremedric surfaceS,, in the

vacuum) because a vacuum region with0 does not contribute td,, . This choice can be
done even for stellarators.

With axisymmetric surfac&, the second term in (13) is zero, so that
Toy =jReZ [{j xB)dV = J'RBZB s, (16)
v Ses

and T, is further simplified if B at S can be considered as a vacuum field. Indeed,
representing in the form

B=B,+b, a7)
where b is the perturbation an®, is the axisymmetric part oB with naturaldivB, = 0
everywhere andRB,, = const in the vacuum, we reduce (16) to

T, = j Ro,b [@S. (18)

Ses
Let us emphasize that this is an exact relation for thieaglelectromagnetic torque on the

plasma ifS,, is an axisymmetric surface in vacuumxB =0 at S,,).

It is interesting that in [3, 7, 9, 11, 14, 18], wéanomalous” or “unknown” torques have
been discussed, the electromagnetic torfiyle was not considered. Our analysis shows that,
on the contrary, this must be the most “robust” contidoutn a sense that we easily get
nonzeroTg, in a general case [16, 17], whilg,, =0 only for ideal or perfectly symmetric
plasmas.

The next question is how large can it be compared to t¢hes in (11) and td, . The

estimates are easy: at normal component 5 G at the plasma suda2e/en=1 equation
(18) gives 02 N/m? which is comparable to the NBI torque density in DlleEperiments
[7, 9, 10]. However, even without numbers one can caolecfrom equations (11)—(15) that,
at least in theoryT,,, must play a special role — as the only potential doution toT in the

model considered witl§, as “plasma-vacuum”. As sucfi, will also provide a scale for

comparison at the next step of modeling with materigradtion taken into account in the
“vacuum” behindS,, .

To find T, T, andT,_, we have to incorporate the material fluxes throggiHere a theory
should be based on the data from measurements at the pldgeng8, 8, 10, 15, 19-21].

Assuming the bounding surface axisymmetric g, [@S=0), we obtainT, =0 in (14)
irrespective ofp at S and other geometrical details, which is the same as eliornat the
term with B? in (13). Also, T,=0 if p=cons at S (since divRe, =0). This justifies
disregardingT, in the global torque (11).

Direct calculations of the remaining, and T, given by (12) and (15), require information
on pv,vih and(/7l&,) [h, wheren is the unit normal t&5. We can also propose another
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way of finding T, +T,, which can be based on using experimental data for tapesoff
layer (SOL) plasma.

Consider the SOL region separated from the bulk plagma, , from outside by the outer
magnetic surfaceS,, where we can pup =0 and 7i =0, and from the divertor side by the
cross-sectiors, of the divertor throat. Similarly to (2), we obtaor the SOL plasma

aLS:)L

ot
where we disregarded the electromagnetic term and ignpredhich is zero for axially

ST AT (19)

symmetric boundary. Herg:** and T are given by (12) and (15), but now the boundary
S consists of three partS,, S,, and S, , the latter connecting the inner and outer sides of
S . through the X-point and separating the SOL from therthr area.

out

With p=0and7=0 at S

out

these integrals ove$

out

are zero, the integrals ove, (with
dS pointed into the plasma) are ‘minuk; and T, for the bulk plasma, and (19) reduces to

aLSDL — T SOL SOL —Tadt
ot +TR+Tn_TR (Sdt)+Tn (Sdt)=T ) (20)
where
T (Sy) == [Rov, v [8S (21)
Si
and
5 (Sy) =~ [R(TTe, ) WS, (22)
Su
In a stationary state witBL™"/dt =0 we obtain from (20)
T +T, =T%. (23)
With this relation the global torque balance (2)tfee stationary plasma reduces to
T +T4=-T,. (24)

Here we also used (4), (11) amg=0.

To conclude the mathematical part, we remind Mgt is given by (18),
T*= —J'R(,o\/gv +71(8,) [dS (25)
Su

with dS pointed out (into the divertor), and, is the volume integral (6). The
electromagnetic term can be calculated using anyear@ent axysymmetric toroidal surface
S, enclosing the plasma. The terfif' is determined by the plasma parameters at the

divertor throat. Alternatively, the parts 8", defined by (20), are given by the integrals (12)
and (15) over the plasma surfaSg.

Finally, analysis of the plasma rotation, considere terms of the integral force balance,
requires only careful description of its interantiwith the “external world”. It includes the
neutral beams, the plasma behind the surf@gedefined as “plasma boundary”, and the
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magnetic filed produced by the currents outskle This means only two sources/sinks of
the momentum in addition to the known one from NBI.

5. Discussion and proposalsto theoretical studies and experiments

According to (24), in experiments wiff, =T, the counter torque must Bg,, +T*. This

is a natural result obtained by integration ofpalésible contributions for a plasma described
by (8) withf staying for the moment input from NBI.

In the absence of any auxiliary torque input, thtegral torque balance in a stationary state
reduces to

Toy +To+T, =T, +T* =0. (26)
The both quantities in the second equality can basured: the first as described in [16, 17]
and the second by using the SOL or divertor datd |18 presented in [15, 19-21]. Such
measurements could be an important step in studyisgmystery of plasma rotation in
tokamaks because (26) is the equation governingthiesic rotation.

According to definition (25), nonzerd®™ requires finitev, at the divertor throat. Such flows

are often observed in experiments [15, 19-21]. dloee, T* 20 is a natural expectation.
Note that (26) is a general result which shouldecall particular cases within the general
model (8). Our analysis confirms that the line toldges [19-21]is the most promising. At the
same time it shows that, for the torque balancdéuatian, a theoretical model can sacrifice
some minor details because the result (26) is méted by integration. Then the effects of
ELMs, blobs, orbit losses, etc can be treated imgeof the averaged flux into the divertor.
The same is also true for NTV studies such as,[31Fand mentioned therein.

An important consequence of (26) is it #0 is coupled toT,, =-T®. In a stationary
state the electromagnetic torqlig, (vanishing atb =0) is the result of plasma interaction
with the error fieldb® , as implied by (18) with more details in [16, 1Td give T, # O the

plasma reactiorb” must be with a phase shift relative 8§ [16, 17]. Such a shift, also a
measurable quantity, comes from the plasma rotagioth some dissipation inside. This
rotation should be identified as the intrinsic tmia mentioned earlier.

If so, we come to the conclusion that this rotai®assentially related to the error field. This

prediction could be easily verified in experimeifitsimultaneously withb® change (by the
correction coils) the change in the momentum flowo ithe divertor would be measured.

With b® variation the intrinsic rotation subject to (26ysh decrease 1f|’dt‘ increase slower

2

than‘ber

‘2, increase in the opposite case or remain the #affé| O|b”|
There is another interesting consequence of (2&h W, =0 it gives T® =0, which
means, at, #0 at the divertor throat, absolutely asymmetric élsinto the high- and low-
field sides of the divertor. Reduction of the asyatiy of these flows with increase of
could be an indication of this tendency and anotiest of our predictions. For theory,

T® =0 or, equivalently,T, =-T, shows that, in this case, the viscosity effecte @ NTV,
for example) should not be considered separateiy fither contributions to the torque.
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The presented theory is quite general. Somewhabzippate were only (19) witfd,, in the
SOL region disregarded, and (20) with the flow tlglo S, assumed zero. The latter seems

out

natural because the very idea of divertor is thik pratection. The plasma in SOL can freely
flow along the magnetic lines. With parallel toB we have ng xB force. The reaction of

narrow-width resistive SOL plasma t" cannot be strong. Therefore, the approximations
seem quite reasonable. The analysis shows thatttivesic rotation can be explained by the
asymmetry of fluxes into the SOL and by the plasmeraction with the error field.
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