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Abstract. Intrinsic toroidal rotation in the tokamak exists with no auxiliary momentum input. Possible explana-
tions are given by several theories, both from classical and turbulent considerations. A boundary condition for
intrinsic rotation must be known to compute an absolute rotation profile with any theory. In DIII-D H-modes,
we measure an intrinsic toroidal velocity in the pedestal that is in the co-/, direction and is roughly proportional
to the local ion temperature, 7;. A simple model of thermal ion orbit loss approximately demonstrates this 7;
scaling, and predicts an inverse proportionality to the poloidal magnetic field strength. Experimentally, the 7;
scaling of intrinsic velocity is also found inside the pedestal, where thermal ion orbit loss should be negligi ble.
We postulate a momentum pinch in this region to produce this scaling inside the pedestal.
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Overview

* Intrinsic toroidal rotation exists without auxiliary momentum input. It s
important to understand ITER for stability and confinement issues.

* The boundary condition for intrinsic rotation is needed to obtain an
absolute velocity profile from any theory of intrinsic rotation.

* In the pedestal region of DIII-D we find that the intrinsic toroidal velocity
is proportional fo the ion temperature: V, ~ 1,

* This scaling is consistent with a simple model of thermal ion orbit loss from
the pedestal region, through the X-point of a diverted discharge.

* The resulting boundary condition has the form of a diamagnetic velocity,
V,(ped) ~ T, /(B,d)
where d has the units of length.
e Further, V; ~Tis found experimentally too far from the LCFS for thermal
ilon orbit loss to be effective. We postulate that a momentum pinch with
VPt < 9T, | dr could explain this scaling of the boundary condition inward.
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Intrinsic rotation is studied in ECH H-modes in DIII-D

Short pulses of NBI, “blips’

* The initial (t=1800ms)intrinsic V, profile is hollow, co-Ip
at larger r, counter near the axis. The co-lp NBI
drives all V, in this direction. The edge-most
channel changes little; it is dominated by intrinsic V,,.

* T, affected relatively little due to NBI; ECH and OH
dominate the heating. These are measurements of the
minor impurity constituent Cé*,

* With uni-directed NBI, only the first few msec of the first

blip can be used for an intrinsic velocity measurement.

Toroidal momentum is well-confined in these ECH
H-modes.

* ELM-free periods cause a density rise. The added
NBI pulses are used to study momentum confinement.

', are used for CER measurements of V, and T..
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Intrinsic toroidal velocity in the pedestal is co-lp

l:
o] L — — T

o] 0.5
measured with CER. The tanh pedestal fit is indicated by the three broken |
vertical lines: Rsym, Rsym +/- A,, the half-width. The relative Cé* pressure
profile, p,. is shown also.

|
* V, is co-lp (+) throughout the pedestal. The C¢* relative density n ,, is nC“-----'::‘}‘f:L

|\

|

Data averaged
over first msec
of first NBI blip.

® The error bars allow determination of V, at only a few locations in these

intrinsic conditions. The electron diamagnetic direction is +. (kmisec) : : Thermal ion
The T, gradient is relatively smaller than that of other pedestal kinetic profiles. -5 |: { |: banana width
| 1 11 { ~pedestal width
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= A (b) e
E,(Vp)=Vp* p/neZ P g
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. . 0= 0
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Only first few msec of NBI blip gives unperturbed velocity

Toroidal acceleration at 2 msec steps Pedestal region is in the plafeau regime (v*)
co-NBI drive | (a)] ()
i 1 NBI Torque dominated by Pedestal -
4 Prompt J.. xB effect 2 region
' Ne<k. | 107 ]
timing \ \ *sL (keV)
P N
: o ) UL =
_ _ : ! 2.24 2.26 2.28
118183 | I | R(m)
] (a'g)' E i ] 6 - 'n (1019I/m3) I (b)2
(b) ! L\:\‘ i e |
E i J ' 4t 4
A e T (keV)—
E | | : 11
11800 18041808 o [ .
3 time (msec) I
ELM timing o [ 118183.1800 ' . . 1o
= during blip 17 18 19 20 21 22 23
R(m)
2.30 Full minor radial profiles at t = 1800 msec
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Intrinsic V¢ across the pedestal region is proportional to T

Shot 118183 ECH H-mode o
complete time:
/history ]
 First 2 msec of NBI blip provides the :
intrinsic velocity profile. The T, '
variation is due to different T, at [
different spatial locations 20
Vtor .
* First 10 ms of first NBI blip - V,,, - (km/sec) 1t
increases in the direction of NBI . D%j;, g
torque, co-l, i 4 f%
L %AA
B A AA A‘A%‘]
10} A o
. . I irst blip time g
« Remainder of the shot, as shown in [ o
panel 3, with velocity increased ! 4 channel symbol R(m) -
(] L] . ..
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Database of shots: Intrinsic Vior in the edge region ~ T

Now the T, variation is due to different T, at a given location in a different shot. 51 shots included.

Intrinsic Vior; start of blips. Subsequent Vtor due to added NBI torque - the boundary value is not fixed
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Proportionality of Vior to T, is similar spatially

O_

@) ad
Plotting the infrinsic Vior vs T, for 5o o ° o o5 -
the inner 6 channel location  Vior(km/s) S °8 08?3:‘%8
indicated in slide 4, for the entire f o
dataset. The proportionality : K gzg;% _
constant is similar across spatial 20f NS '0%; -
locations. : : S -

A power a bit higher than 1 may be
indicated here for Vior ~ Tk,
that is, k > 1.

Symbols:
Locations on slide 6
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Measurements in the edge region for BULK ION He** also
indicate Vior ~ T, scaling.

20 T T I r r 1 r r7 .l T LI S B N B B B L B B B B B

Bulk Ion Hett Chan 2 Hett Chan 3

15F

The dataset for ECH H-modes in
bulk ion helium is limited. These
data may indicate that the slope
of Vtor vs Ti is roughly 1/2 that of |
D* discharges, which would fit
with the thermal ion

L[] (]
orbit loss mechanism. st
co
slope= 23.9 T slope= 16.8
offset= 0.54 offset= 4.1
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Thermal lon Orbit Loss from the pedestal region leaves
a hole in velocity space, with net co-Ip V,,remaining.

- Loss boundaries from our analytic
' approximation. Actual computed
orbit values from left shown here.

Lost guiding center orbits, 1o
from numerical calculation

with actual EFIT G.C. orbits _
R i + i S0 ) B B B BLELELE | AL L
equilibrium. 03 D - o
= starting V vi
Outb()ard; Counter_lp V// 2 Outboard, counter V,, can V1 & B p]b
be lost, \ 0.8 .
lost. O <> ool ko co V;, confined. 7 ] Py = starting pitch cI;?:Is,,
Inboard; CO-Ip V// lost. Z(m) & Inboard, co V/, can //,, ] co-1 i inboard start |
be lost, counter V/, confined. /// P 0.6
T2<p <7 o

-0.5 4 counter-I, T
O<p, <m/2 0.4 ’/px 1
. . _ = trap-t t X-point ‘/*Loss‘ =~ counter-Vy
Recent simulation ﬁnds co-Ip \ p, = trap-turn at X-poin sl 7 atboard starf
edge parallel velocity due to -1.0f % . . Py o
. . L \ 7 J SS
thermal ion orbit loss: _ | P =trap/pass boundary
Chang & Ku, PoP 15, 062510(2008). | 118183.01800 | oobev il
A0 Ll L1 11 11 0 2 4 6 8 ]0 12
1.0 12 14 1.6 18 20 22 24
R (m) og = { Vi/[ o(RL-R1) | }2

Some past thermal orbit loss treatments:
Chankin & McCracken, NF 10, 1459 (1993).
Miyamoto, NF 36, 927 (1996). R; = midplane R of LCFS

R,= midplane starting R w,=Z.eB, | M
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Approximate model for orbit loss boundary matches
numerical g.c. computations

u=MV?/2B Field definition:
Use constants of motion: W = M(V? +V2)/24 Zed B=[I(y)Y +¢ x Vi]/R = B, +B,
Py=1V,/w .-y I(y)< 0 DII-D here
w,=ZeB/M

Define midplane distance: A= R, = R, In terms of P Y=Y, —yY =y -y =RB,A
Loss criterion: Y>%¥, R=R, Guiding Center outside LCFS at R, cylindrical surface
Neglect d®: E 0, <<T,

I, cos(pg.) sin’ (py) ., R B, A
1,sin’*(pg,) LV,

Loss boundary:

R .o 2
Simplifyng approximations, neglect ( B,/B ¢) I=constant O, = sign of B
faithfully matches numerical

orbit calculations. So, trapped orbit turns at: R, =R, sin’(p,)

Trap/pass boundary: P, > P, = sin‘l(\/ R, /R )
Turn outsideR: P> P, = sin” (VR /R)

1
Orbit Loss: fs—o,,,COS(pl):oqb ./R,) \/1 (R,/R,)sin’(p,)

Qg

M \%
where / Wi W,.= M(Aw,) /2
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Empty loss cone calculation shows approximate scaling <V, > ~ T,

distribution f = f,(1- g)

n V2 /9v2
f eV/ZV

(2av?)™

(b+1)€"(x-1,)/2

P,s P= P,
o, = oy p)
p=(p,+p,)/2

g=1

”_
Result (V,)= -\EV

2

Normalized plot shows T, scaling
012 rrerem e e
Vintrinsic ~ Ti
[ ¢ * ]
ZeB L ]

2A /
X-I,

L =0(1)

0.08

<Vi> g
(Vvloss/M)I/2 i / ]

0.04f 4 7

7 Using parameters from 7
/ conditions in slide 4.

1-Exf(/b) Jr\/Ee"“](\/l_r1 -1-x)

10
Quantitatively, the value is
sensitive to determination of 8
the LCFS location, R,
6
Vo
(km/sec)

DIII-D experiments indicate that
the error in EFI'T-determination
of R, is +/- 5Smm
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Co-I,, direction ~ b= @ T
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“finger region” of loss cone
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W,

loss

C= 1 [VI= (e /24 (1= 170 2]
x= R/R 1= R,/R

Absolute value and R, error
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Thermal ion orbit loss can not explain T; scaling
inside of the pedestal region

2 - I T L T T T 7]
: 1 Another mechanism is required to produce
i thescaling V, ~ T; in this region.
! _ _ In the absence of any interior turbulent momentum source,
C 1 we postulate a momentum pinch, with V., = V°* ~ VT,
0‘ C T T T T T T T T T T T T —‘ There are existing theories that predict this form
- But, 1 for VP in relevant limits.
g VorTi |7 . :
CoL . Orbit Loss Effective ]
- inside of loss zone .
220 222 224 226 228 230

~ R(m)

An additional caveat with the thermal orbit loss model is that the model predicts a lower I<V >| with greater distance
from the LCFS. However the measurements show a rising co-Ip velocity going into the plasma. The large orbit width
compared with the pedestal width shows our local calculation picture to be only an approximation. The whole pedestal
region should be considered together, coupled by collisions. We are encouraged that the model may have relevance
because of the recent simulation of Chang and Ku, that includes collisions. Orbit loss may be the mechanism behind the
diamagnetic-like toroidal velocity scaling observed experimentally.

" | R)

IONAL FUSION FACINTY J deGrassie/IAEA/Oct2008 343-08/JDIrs




A phenomenological model for VP produces the T, scaling

I‘¢ = Radial flux of toroidal momentum

In absence of interior sources [, = — ay +VP/ =0
¢ X ¢ or (1) I' = a generic radial coordinate _
Surfaced-averaged momentum density

(= Mn,(R*)o,
Locally L_g1 = —(a[ / ar) [V ==VP / %o X¢ = momentum diffusivity
Inside the pedestal, the density gradient is small L, << L_\}¢ ~L3 For the discharge in slide 4, L, /Ly =~ 1.5/13
(With similar definitions for the three L, ")
' 4 . » _, Le.,we candrop dn/dr and dR/dr from the
Using also RyLy, >>1  We can approximate L' =~ Ly, momentum flux equation (1) in
this spatial region.
A% oT.
¢ Vp . VP 1 a Kk
So or _ T, scaling results with — = k29T (2), With constant k sol’n V, = V,( a)[Ti/ T( a)]
Ve Xo Ko T;

The boundary scaling is carried inward.
From the data in slide 8, we need
k ~ 1, but not exactly.

There are current turbulence theories that obtain a result like eqn (2) in the limit of a weak density gradient, for example:
K.C. Shaing, Phys. Plasmas 8, 193 (2001).
P.H. Diamond, C.J. McDevitt, O.D. Gurcan, T.S. Hahm, and V. Naulin, Phys. Plasmas, 15, 012303 (2008))
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Summary

* In the pedestal region we measure that the intrinsic toroidal velocity
is proportional to the ion temperature: V¢ ~T

 This scaling is consistent with a simple model of thermal ion orbit loss from
the top of the pedestal, through the X-point of a diverted discharge.

* The resulting boundary condition has the form of a diamagnetic velocity,
V,(ped) ~ T, /(B,d)
where d has the units of length.
* /A, ~1Means that understanding the velocity profile in the pedestal,
and any density dependence, requires including collisions.

e High-Z, C¢*, loss is negligible compared with the bulk ion (V~1/Z). We must
further assume that the bulk ion pedestal V¢ drags the impurity along.

 And, V¢ ~T, is found experimentally too far from the LCFS for thermal
ion orbit loss to be effective. We postulate that a momentum pinch with
yrinch a1 1 5 €ovld explain this scaling of the boundary condition inward.
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