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Edge rotation

• Flow shear suppresses turbulence

• Rotation stabilizes MHD modes (e.g. resistive wall mode,
neoclassical tearing mode)

• Edge sets the boundary condition for core rotation profile

Need to understand momentum transport in edge

• Neutrals present inside separatrix, large cross-field mobility

Role of neutrals?
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Role of neutrals?

JET results:

• Pedestal toroidal rotation is higher in “corner” divertor
configuration, and it is affected by fueling
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2- Experimental set-up and confinement observations 
A series of type I ELMy H-mode discharges have been developed for JET with different 

divertor magnetic topology in order to isolate the effect of divertor recycling. The three 
equilibria/configurations have identical bulk plasma volume but the position of the strike-points 
is positioned differently with respect to the inner and outer pumping ducts. All three plasma 
shapes have a low upper triangularity (δ=0.2) so as to minimize recycling from the possible 
interaction of the plasma with the main chamber. Figure 1a shows the magnetic equilibria as 
reconstructed by EFIT [3]. The 3 cases will be referred to as the horizontal, corner and vertical 
targets in remainder of the paper. With these three topologies, baseline scenario type [2] has been 
run with Ip=2.5MA and BT=2.7T (q95=3.2) at two different input power (15 and 23MW, i.e. 
βN~1.5 and ~2). In addition, hybrid scenario [2] with Ip=2.0MA and BT=2.35T (q95=3.8, βN~3) 
has also been compared in the horizontal and corner configurations. In both scenario cases, 
different level of deuterium gas injection rate have been employed from the inner private flux 
region except for a few cases where the gas was injected from the main chamber at the outboard 
mid-plane for comparison. Also in the case of the baseline scenario, one of the two JET cryogenic 
pumps (pumping speed of ~50m3/s each) has been switched off for a few discharges during the 
experiment to separate the effect of neutral pumping and recycling on confinement.  

Fig 1a (above): Divertor geometry used in JET 
(horizontal=blue; corner=green; vertical=red). The cryogenic 
pump is also pictured in black.   

Fig 1b (left): Normalised confinement factor [5] as function of 
the outer strike point positions for discharge with identical, 
volume plasma current, magnetic field at different gas injection 
rate and divertor pumping.  

It is observed (Fig 1b) that for identical fuelling rates and input power, the discharges on 
horizontal and the vertical target configurations 
have similar H98y2 ~0.7, while the corner 
configuration exhibits a confinement factor 
reaching 0.9 close to the level of confinement for 
identical discharges with the carbon wall (JET-C). 
This trend is general and for comparable fuelling 
rates and pumping, corner configuration shows 
confinement factors larger than those observed in 
the horizontal and vertical configurations. Several 
contributions in the past have reported that 
deuterium puffing (from the main chamber or the 
divertor) mpacts negatively on the confinement for 
both the JET-C [4] and the JET-ILW [2]. In the 
present cases, it appears that the variation in 
divertor geometry and therefore in neutral 
recycling and pumping also impact confinements.  

Although not in stationary phase, this effect 
on the energy confinement is also observed for the 

Fig 2: comparison of 2 hybrid scenario 
pulses with different divertor geometry with 
outer strike point on the horizontal tile 
(blue) and in the corner (green) 
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show a lower ion thermal transport 

coefficient for the corner case than 

the other two by typically a factor of 

2 in the confinement region 

(0.4<r/a<0.7). The horizontal and 

vertical targets transport coefficients 

are consistent with the observations 

of global energy confinement. 

The profiles observations 

suggest that the edge or divertor 

conditions affect the pedestal 

properties and then core transport. 

Pedestal confinement has been 

studied experimentally using edge 

charge exchange (for ion 

temperature and rotation), high 

resolution Thomson scattering 

(HRTS) for electron density end 

temperature [7] and reflectometry 

(for the edge electron density). The 

analysis has been made both by ELM averaging (over typically 0.5 to 1s of steady state phase) 

and by averaging the pre-ELM values for several ELMs of the same time window. Both analyses 

give very similar results. In figure 5, pedestal top data averaged over ELMs are shown for the 3 

different divertor geometries at different input power and gas rate. The highest pedestal density is 

found for the horizontal target (where the divertor recycling also dominates, see next section). 

But the highest ion pedestal pressure is observed for the corner configuration which is consistent 

with the core ion temperature shown in figure 3, whereas the pedestal electron temperature does 

not show the same trend. The most striking difference comes from the toroidal velocity which is 

much higher for the corner configuration. The toroidal velocity could play a key role in the edge 

rotational shear and therefore in the transport quality of the edge barrier. This observation will be 

further commented in the discussion section. The analyses have also attempted to determine the 

pedestal characteristics (width and height). There are consistent indications between the HRTS 

and the edge reflectometry that the density gradient is the strongest for the corner configuration. 

However, the error bars are quite large on these quantities and more statistical work would be 

needed.   

The ELM behaviour is also markedly different for each of the divertor configuration [7]. 

In the corner configuration, regular ELMs typically occur with a frequency of 35Hz. The vertical 

configuration exhibits an irregular ELM frequency varying from 10 to 100Hz whilst the 

horizontal configuration has in general high frequency ELMs above 50Hz. The different pedestal 

conditions suggest that the peeling-ballooning stability is different for all three configurations. 

Preliminary stability calculations made with the MISHKA [8] and ELITE [9] codes show 

consistently that the vertical configuration has the highest ballooning stability limit. However the 

irregular ELM frequency observed in the vertical and horizontal target indicates that the stability 

limit is probably varying [10]. The corner configuration has the lowest boundary limits.  
 

4- Characterisation of the neutral recirculation in the divertor and main chamber. 

A detailed experimental analysis of the divertor particle recirculation [11] is presented in 

this section with the objective to identify the link with the confinement and transport observations 

for all three divertor geometries.  

Figure 6a and 6b respectively show the inner and outer divertor D� emission as a function 

of the strike-point position for the different fuelling and pumping rates used in the experiment. As 

expected, the D� emission increases with the fuelling rate whilst pumping decreased by 50% 

Fig 5: Clockwise from top to bottom: pedestal density, electron 

and ion pedestal pressure and toroidal velocity at the top of the 

pedestal for the three divertor configurations at different power 

and gas injection rate. 

E. Joffrin et al., 25th IAEA Fusion Energy Conference (2014).

Motivation Istvan Pusztai 2016 Vienna 3/17



Effect of geometry? TCV data

TCV results:

• Rotation profile shifts by changing X-point location

decay of h~/
2
i1=2, Ti is the ion temperature at the core-edge

boundary, BT is the toroidal field, and �RX¼
:
½2RX�ðRout þRinÞ�

=ðRout�RinÞ indicates the normalized major radius of the X-

point, going to �1 for an X-point at the high-field side (HFS)

of the LCFS (RX!Rin) and to þ1 for an X-point at the low-

field side (LFS) of the LCFS (RX!Rout). The parameter dc
captures the poloidal variation of the turbulent viscosity, rang-

ing from �2 to þ2, with the latter indicating strongly

outboard-ballooning transport (Appendix B). Equation (1)

captures many known features of edge intrinsic rotation: It is

co-current for typical parameters (dc>0; �RX<0). It is propor-

tional to q=BT/1=Ip, as in Rice scaling,
25 and to Ti, as seen in

Refs. 7 and 8. It predicts a co-current spin-up at the L-H transi-

tion due to increasing Ti and decreasing L/.
4,26

Equation (1) predicts a strong linear dependence on �RX,

with rotation becoming more counter-current for an increas-

ingly outboard X-point. Since dc=2 � 1, even for strongly

outboard-ballooning turbulence, vpred either vanishes or

becomes counter-current for an outboard enough X-point
�RX ! þ1. With this motivation, we conducted a series of

Ohmic L-mode discharges on the Tokamak �a Configuration

Variable (TCV),27 varying �RX over most of its possible range

from �1 to þ1, in both lower (LSN) and upper (USN) single

null configurations. As �RX increased, the rotation at the core-

edge boundary indeed became more counter-current, result-

ing in an approximately rigid shift of the whole rotation pro-

file. The core-edge boundary rotation showed the predicted

linear dependence on �RX and became zero or counter-current

for sufficiently outboard X-point. A fit of the observed rota-

tion using Eq. (1) resulted in reasonable values for the two

adjustable parameters dc and L/. A modest counter-current

shift for rotation in USN vs LSN discharges may indicate

additional rotation drive beyond that in Eq. (1), or simply a

geometric dependence of dc or L/.

The rest of the paper is laid out as follows: In Sec. II, we

will discuss the experimental setup, parameter ranges, and

time evolution of the discharges. Section III presents the

principal results, focusing on observed rotation profiles and a

detailed theory-experiment comparison. In Sec. IV, we

will consider robustness of the observed behavior and the

relation of the data with alternate theoretical pictures of

intrinsic edge rotation. In Sec. V, we will summarize the

work. Some supporting theoretical calculations are deferred

to Appendixes A and B.

II. EXPERIMENTAL SETUP

TCV is a medium-sized tokamak (major radius

R0 ¼ 88 cm) with extreme geometric flexibility, which allowed

us to achieve Ohmic L-mode plasma discharges with �RX rang-

ing from near �1 to almost þ1, in both LSN and USN config-

urations (Fig. 1). [Some mid-range X-point positions

�0:1� �RX �þ 0:3 had to be avoided, in order to prevent the

strikepoints from intersecting diagnostic ports.] Most other

plasma parameters were held fairly constant: BT � 1.44 T,

minor radius a � 22 cm, average electron density

ne;avg � 1:4–2.2�1013 cm�3, and elongation j � 1:35–1.46.
The variation of �RX caused triangularity to vary from þ0.4

down to �0.3. The plasma current Ip and “engineering” safety

factor28 qeng / ja2BT=R0Ip were around 155 kA and 3.6–4 for

most discharges, but took somewhat different values �195 kA

and �3.0 for two shots, which exhibited core rotation rever-

sals.29,30 All of the discharges were sawtoothing, which leads

to a flattening of the core rotation profile inside the sawtooth

inversion radius,31,32 about qinv � 0.34–0.48 for these shots.

Toroidal rotation and ion temperature were measured

via charge-exchange (CXRS) on fully ionized carbon,

using a relatively low power (80 kW) diagnostic neutral

beam (DNBI).33 The layout of beam and viewing chords

(Fig. 2) allowed CXRS measurements on the HFS as well

as the LFS, advantageous given the strong poloidal varia-

tion of toroidal rotation in the edge. The comparatively

low ratio of active to passive emission necessitated back-

ground subtraction as described in Ref. 34, using the dif-

ference between total emission during the 20ms DNBI

pulses and cubic interpolation of the passive emission

measured during the 40ms intervals between beam pulses.

The DNBI exerted negligible toroidal torque, about two

orders of magnitude smaller than the theoretically esti-

mated edge “intrinsic torque”35

sint � 1:38 � 10�5 1

2
dc � �RX

� �

qQi kWð ÞR0 cmð Þ

L/ cmð ÞBT Tð Þ
N �m; (2)

expected for these plasmas, a few hundredths of a N �m. [In

Eq. (2), Qi is the ion heat flux in the edge.]

Fig. 3 shows the time evolution of a sample shot: After

an initial phase, the X-point is pulled out of the inner wall

FIG. 1. Representative plasma geometries, varying �RX , in LSN (lower row)

and USN (upper row) configurations.
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one with a stationary LFS X-point (Fig. 6). The rotation at

the core-edge boundary (around q ¼ 0:85, circled in red)

shifts strongly counter-current for the LFS X-point, by about

21 km/s for the LFS measurement and 15 km/s for the HFS

measurement. The core rotation profiles (q� 0:85) shift

fairly rigidly with the core-edge boundary condition—a large

change, more than doubling the peak rotation speed. For

comparison, Fig. 7 shows the same data as Fig. 6, but with

the LFS X-point shot’s data displaced rigidly in the co-

current direction. The insensitivity of the core rotation pro-

file gradient to such a large change of the boundary condition

suggests that the core rotation peaking drive in these shots is

dominated by residual stress.

The theoretical prediction vpred roughly represents a

flux-surface-averaged toroidal velocity for deuterium. For

a theory-experiment comparison, we approximated the

flux-surface average with the LFS-HFS average of the meas-

ured toroidal velocity. We used the NEOART code36,37 to

neoclassically model the rotation difference between deute-

rium and carbon for four shots, one from each X-point quad-

rant (LSN/HFS, LSN/LFS, USN/HFS, and USN/LFS),

finding the deuterium-carbon difference in the LFS/HFS-

averaged toroidal rotation to be small (�5 km/s) and nearly

constant across shots and q, unlike either the LFS or HFS

rotation seen separately (Fig. 8). Defining DC!D to be the

FIG. 5. Radial profiles of qqi=LTe for several shots, showing a steep radial

increase starting around q � 0.85–0.9.

FIG. 6. LFS and HFS carbon velocity measurement points (dots) and fitted

profiles (lines) for an HFS ( �RX ¼�0.74) and LFS ( �RX ¼þ0.88) X-point.

The approximate core-edge boundary location q ¼ 0:85 is marked with red

circles. CXRS measurement error bars are comparable to point scatter.

FIG. 7. LFS and HFS carbon velocity measurement points (dots) and fitted

profiles (lines) for an HFS ( �RX ¼�0.74) and LFS ( �RX ¼þ0.88) X-point. The

LFS X-point’s rotation data has been shifted by þ24km/s and þ20km/s for

the LFS and HFS profiles, respectively.

FIG. 8. Neoclassical estimates of the deuterium-carbon toroidal velocity dif-

ference: (a) evaluated at the LFS, HFS, and with the LFS-HFS average (av)

and (b) the LFS-HFS average with dashed error bars.
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Momentum transport and Er

• Standard neoclassical theory, for low flow (i.e. subsonic)

• Viscosity is small, higher order quantity
• Particle fluxes automatically ambipolar to lowest order,

independent of Er

• Need fi very accurately to set Er

• At the edge other effects can give sizable momentum transport

• ion orbit losses
• toroidal field ripple or resonant magnetic perturbations
• sharp profile variations, ρp/L⊥ ∼ O(1)
• transport by neutral particles
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Neutral momentum transport

• Low concentration, but high mobility

• Can affect momentum transport strongly

• Result: Er is determined by major radius of neutrals

• Control possible
• e.g. fueling location1

• Neutrals may be concentrated near X-point

• Move X-point to change location of neutrals

• Consider intrinsic rotation (i.e. no torque) and steady state

• ITER-relevant case
• Momentum flux (∝ nn) vanishes, independent of nn

1H-mode access in MAST easier with inboard gas-puff: A.R. Field et al.,
PPCF 46, 981 (2004).
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Analytical results

• Analytical results: P. Helander, T. Fülöp, and P. J. Catto,
Physics of Plasmas 10, 4396 (2003).

Pfirsch-Schlüter

since there is no external momentum input,Fw50. Assum-
ing that the rotation stays finite in the core wherenn→0
gives Vw522qiw/5pi at u5u* , and it follows from Eqs.
~1!, ~3!, and~11! that

v~c!5
1

e

dTi

dc S 11
~k21!I 2

^B2&R*
2 D , ~12!

whereR* 5R(c,u* ) is the major radius at the puffing loca-
tion. The toroidal rotation at an arbitrary position, of major
radiusR, on the flux surface in question is then given by

Viw5
I 2

e^B2&R

dTi

dc
FV~R,R* !, ~13!

with

FV~R,R* !5kS R2

R
*
2 21D 1

^B2&R2

I 2 2
R2

R
*
2 . ~14!

Thus, the absence of external momentum sources does not
imply that the plasma should not rotate. Because there is a
drive term in Eq.~10! involving the toroidal heat fluxqiw ,
the plasma starts rotating at a speed proportional to the radial
ion temperature gradient. SincedTi /dc is normally negative
the rotation is in the direction opposite to that of the plasma
current, and it is subsonic if the temperature gradient scale
length exceeds the poloidal ion gyroradius. The rotation is
caused by the presence of neutrals, but is independent of the
neutral density as long as the neutral cross-field viscosity
dominates over its neoclassical and turbulent counterparts. A
physical picture of how the rotation arises is discussed in
Sec. VI.

The rotation velocity~13! depends strongly on the puff-
ing location R* . In a tokamak with circular~or elliptical!
cross section and small inverse aspect ratio,e!1, so thatR
5R0(11e cosu) andB5B0(12e cosu), Eq. ~13! becomes

Viw.
2e

eBu

dTi

dr
@k cosu2~k21!cosu* #.

The rotation speed in the outer midplane, say, is thus larger
with inboard puffing (u* 5p) than with outboard puffing
(u* 50) by a factor 2k21, which is in the range between
2.6 and 4. Note that this relative difference between inboard
and outboard puffing is independent ofe while the absolute
value of the rotation becomes small in the limite→0. These
conclusions remain qualitatively valid if Eq.~13! is evalu-
ated for magnetic equilibria corresponding to actual toka-
maks. Figure 1 shows the normalized rotation speed
FV(R,R* ) with R corresponding to the outer midplane as a
function of the poloidal location of the neutrals,u* , for
typical edge equilibria in the spherical tokamak MAST and
the more conventional tokamak Alcator C-Mod. As can be
seen from this figure, the rotation is larger at small aspect
ratio, and there is a significant difference between inboard
and outboard puffing in both machines. The presence of im-
purities enhances this difference.

All of this reflects that fact that the radial electric field
depends on the poloidal location of the neutrals. The electric
field is obtained from Eqs.~2! and ~12!, which give

2
dF

dc
5

Ti

nie

dni

dc
FE~R* !,

with

FE~R* !511h i S 21
~k21!I 2

^B2&R*
2 D ,

whereh i5d ln Ti /d ln ni is the ratio between the temperature
and density gradient. Note that the edge electric field is pre-
dicted to be inward, as is usually observed in experiments.
Figures 2 and 3 showFE in the same magnetic configura-
tions as Fig. 1, for various values ofh i andZeff . The radial
electric field is largest when:~i! the neutrals are located on
the inboard side;~ii ! whenh i is large;~iii ! when the aspect

FIG. 1. Normalized toroidal outboard rotation as a function of poloidal
neutral location in the Pfirsch–Schlu¨ter regime.u* 50 corresponds to the
outboard midplane,u* 5p to the inboard midplane. The upper three curves
are for a typical magnetic equilibrium in MAST and the lower ones are for
Alcator C-Mod. The solid curves correspond toZeff51, the dashed ones to
Zeff52, and the dotted ones toZeff@1.

FIG. 2. Normalized radial electric field as a function of poloidal neutral
location in MAST in the Pfirsch–Schlu¨ter regime, forZeff51 ~solid!, Zeff

52 ~dashed!, andZeff@1 ~dotted!. The lower curves correspond toh i51,
and upper curves toh i52.
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banana

^Rŵ"pn•¹c& (neo).2t
d

dc K nn

n i
E m i~Rŵ"v!~v•¹c !2

3~F1g !d3
v L

52t
d

dc Km innu¹cu2I

2n iB
E v iv'

2

3~F1g !d3
v L , ~17!

where we have again used Eq. ~5! and assumed that the

density and temperature vary more rapidly than the magnetic

field. The first term in the integral is

E Fv iv'

2 d3
v52

2In iT i
2

m i
2V i

S d ln p i

dc
1

e

T i

dF

dc
1

d ln T i

dc D ,
and the second one is

2pB2E
0

`

v
5dvE

0

lc

gldl5

2n iT iB
2 f 2

m iB0 f c
S u iu1

2q iu

5p i
D ,

with

f 25

15B0
3

16
E
0

lc l2dl

^A12lB&
,

so that

E ~F1g !v iv'

2 d3
v52

2In iT i
2

m iV i
Fd ln p i

dc
1

e

T i

dF

dc

1

d ln T i

dc
2~a01a1!

3

f 2

f c
S B

B0
D 3 d ln T i

dc G .
Adding the diamagnetic ~16! and the neoclassical ~17! con-
tributions to the neutral viscosity thus gives

^Rŵ"pn•¹c&.t
d

dc K nnT i
2I2R2Bp

2

eB2 FB2R2

I2
S d ln p i

dc

1

e

T i

dF i

dc
1

d ln T i

dc D
2~a01a1!

f 2

f c
S B

B0
D 3 d ln T i

dc G L , ~18!

where Bp5u¹cu/R is the poloidal field strength.

Hence it follows that for a plasma without external mo-

mentum sources and with most neutrals concentrated at R

5R
*
, Eq. ~6! implies

d ln p i

dc
1

e

T i

dF

dc
5F f 2f c ~a01a1!

B
*
I2

B0
3R

*
2 21G d ln T i

dc
,

with B
*

5B(R
*
) the magnetic field strength at the puffing

location. On the other hand, the toroidal flow velocity is

V iw52

RT i

e
S d ln p i

dc
1

e

T i

dF

dc D1

a0I
2

eB0
2R

dT i

dc
.

The rotation velocity can thus be written in the same form as

~13!,

V iw5

I2

eB0
2R

dT i

dc
FV~R ,R

*
!,

with FV equal to

FV~R ,R
*

!5S B0R

I
D 21a02~a01a1!

f 2

f c

R2B
*

R
*
2 B0

~19!

in the banana regime.

As in the Pfirsch–Schlüter regime, this result implies

that the rotation velocity depends on the puffing location.

Figure 4 shows how the normalized rotation FV in the out-

board midplane varies with puffing location in MAST and

Alcator C-Mod. With outboard puffing the rotation is again

in the countercurrent direction, but the rotation speed now

becomes smaller if the neutral source is moved towards the

inboard side. Although unlikely to be the case in practice, it

even reverses if all the neutrals are located very close to the

inboard midplane and the impurity content is low. Figures 5

and 6 illustrate the corresponding behavior of the electric

field, which always points inwards and is largest with out-

board puffing and is given by

2

dF

dc
5

T i

n ie

dn i

dc
FE~R

*
!,

FE~R
*

!511h iS 22~a01a1!
f 2

f c

B
*
I2

B0
3R

*
2 D .

V. EFFECT OF AN EXTERNAL MOMENTUM SOURCE

As we have seen, the presence of neutral atoms makes

the edge plasma rotate toroidally, even if there is no active

external momentum input such as neutral-beam injection. If

such a momentum source is present, it will modify the rota-

tion and this modification will depend on the poloidal loca-

FIG. 4. Same as Fig. 1 but for the banana regime.
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Vζ ∝ dTi
dψ FV , neutral density is localized to θ∗
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Neutral momentum flux

• Charged particle momentum equation, no torque, steady state

〈eaΓa · ∇ψ〉 =
〈
Rφ̂ · ∇ · πa

〉
︸ ︷︷ ︸

≈0

−
∑
b

〈
Rφ̂ · Ra,b

〉

• For neutrals, viscosity balanced by friction on ions

0 =
〈
Rφ̂ · ∇ · πn

〉
−
〈
Rφ̂ · Rn,i

〉
• Require ambipolar flux

0 =
∑
a&n

〈eaΓa · ∇ψ〉 ≈
〈
Rφ̂ · ∇ · πn

〉
⇒
〈
Rφ̂ · πn · ∇ψ

〉
= 0 with no external torque

• Gives constraint for Er
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Short mean-free-path neutral kinetic equation

• Neutral dynamics is dominated by charge exchange with ions

v · ∇fn = CCX(fn) ≈ 1

τ

(
nn
ni
fi − fn

)
where τ−1 = ni〈σv〉CX

• Solve perturbatively in short CX mean-free-path

• λn ≈ 0.8 cm for ni = 1020 m−3, σCX = 6× 10−15 cm2

• fn is calculated in terms of fi

• Momentum flux moment of fn written as moment of fi

[P.J. Catto, P. Helander, J.W. Connor, and R.D. Hazeltine, Phys.
Plasmas 5, 3961 (1998)]
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Solution for ion distribution

• Use PERFECT code2 to compute fi

• neglect finite orbit-width effects here (radially local)

• Inputs to each PERFECT call:

• magnetic geometry
• ion temperature gradient dψTi

• radial electric field dψΦ0

• Outer loop iterates to find dψΦ0, calling PERFECT to
compute fi

2M. Landreman, F.I. Parra, P.J. Catto, D.R. Ernst, and I. Pusztai, PPCF
56, 045005 (2014).
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Neutral momentum transport

Neoclassical
fi from
PERFECT

+
Short
mean-free-path
neutral solution

→
Momentum
flux carried by
neutrals

• Iterate to find Er so that momentum flux vanishes

• Limitations

• Neutrals dominate momentum transport

nn

ni
& 3 · 10−7

Ln

L

n2i[1019/m3]q
2

B2
[T]Ti[keV]

∼ 10−6 − 10−4

• Ion distribution is not directly affected by neutrals

nn

ni
. 0.08

Ln

R

ni[1019m−3]

√
Ti[keV]

B[T]
∼ 10−3

• Short neutral CX mean-free-path, λCX � L
• Local neoclassical solutions L� ρpi (no pedestal)
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Simulations

• Investigate effect of poloidally localized
neutral density

• ITER-like parameters, near separatrix

• Model equilibria [Cerfon & Freidberg]
• Simulate ψN = 0.95 surface
• Baseline parameters ni = 1020 m−3,

Ti = 300 eV ⇒ ν∗ = 6.95

• Scanning magnetic geometry and/or
neutral location
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R / m

−5
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Z
/

m

Baseline geometry
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• θ: baseline
geometry, neutrals
located at different
poloidal angles

• δ, RX and ZX:
neutrals located at
bottom of the flux
surface (close to
X-point),
triangularity, and
the horizontal and
vertical position of
the X point is
varied, respectively.
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Results: major radius of neutrals determines Er , rotation

• All 4 types of scan collapse, Rn determines the behavior3

4 5 6 7 8
Rn / m

−4
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V
ζ
/

km
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1
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Rn / m

−12

−10

−8
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−4
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0

E
r
/

kV
m
−

1

θ
RX

ZX

δ

Baseline parameters: cyan n = 1020 m−3, Ti = 300 eV, ν∗ = 6.95
Others: blue ν∗ = 0.695; yellow ν∗ = 69.5; red ν∗ = 695
1/LT = 10m−1, 1/Ln = 0
(arbitrary choices, but Vζ ∝ 1/LT and Er is simply offset by a/Ln)

3J. Omotani, I. Pusztai, T. Fülöp (2016) “Plasma rotation from momentum
transport by neutrals in tokamaks”arXiv:1604.08028
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Impurity rotation

• We can also add an impurity species, here trace Carbon
(Z = 6, nC/ne = 0.0004)

• Show scan in poloidal position of neutrals:

4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5
Rn / m

−6

−5

−4

−3

−2

−1

0

1

V
ζ

/
k
m

s−
1

Lines Deuterium; Crosses Carbon
Baseline parameters: cyan n = 1020 m−3, Ti = 300 eV, ν∗ = 6.95Zeff

Others: blue ν∗ = 0.695Zeff ; yellow ν∗ = 69.5Zeff ; red ν∗ = 695Zeff
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Summary

• Calculate Er and rotation when neutral viscosity dominates

• Major radius of neutrals controls solution

• Ways to influence edge rotation:

• move X-point
• change fueling location

J. Omotani, I. Pusztai, T. Fülöp (2016) “Plasma rotation from
momentum transport by neutrals in tokamaks”arXiv:1604.08028
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Future work

• Experimental modeling

• Rotation measurements
• Inboard vs. outboard fueling?
• Move X-point (but same target configuration)?

• Theory/code developments

• Allow for torque from neutral beam injection
• Higher neutral density

• Affects ion distribution function

• Density pedestal

• Requires radially-global solution
• Non-linear solve to obtain Φ0(ψ)
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