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Introduction

Plasma turbulence and MHD fluctuations can be stabilised by E x B shearing as a result of plasma
toroidal rotation [1]. In JET and other medium-to-large sized tokamaks, toroidal rotation is mostly
provided externally to the plasma by neutral beam injection (NBI). With the increased device size
of ITER, the relative amount of external rotation is drive to the plasma inertia thus compromising
the stabilising effect of rotational shearing [2]. Plasma intrinsic torque, potentially originating from
steep pedestal gradients and serving as the source of intrinsic rotation, may aid in breaching the gap
between lost external rotation drive and the required velocity shear for turbulence reduction. As a
part of an ITPA multi-machine intrinsic torque rho* scaling of intrinsic torque, four JET discharges
were analysed for their intrinsic torque magnitudes and profiles. The results were normalised and
extrapolated to ITER baseline p,-value of 0.001 for a preliminary estimate its intrinsic torque
magnitudes.

Experimental Data

A three-point normalised ion gyroradius scan, with volume-averaged p,-values ranged between
0.0028-0.0063, was obtained on JET by altering the toroidal magnetic field, NBI power, plasma
current and density (Table.1). Plasma shape along with the dimensionless parameters, S, v,, and q,
were matched between the discharges (Fig. 1). Parameter S for discharge #87315 deviated slightly from the

other plasmas.

Discharge (p.) Pust IMW] | I, [M4] Br[T] | (n)/1e19 [m™] | (T [keV]
#87309 0.0063 7.15 1.12 1.31 2.24 2.29
#87320 0.0041 14.2 1.91 2.34 3.78 1.57
#87314 0.0028 21.1 2.43 2.96 2.73 1.00
#87315 0.0028 20.8 2.43 2.94 2.56 0.98

Table 1. Plasma parameters for the analysed JET discharges and their volume-averaged p, values.

* See the Appendix of F. Romanelli et al., Proc. 25th IAEA Fusion Energy Conference 2014, St Petersburg, Russia



In order to solve for intrinsic torque, the NBI power was modulated by 5-10 % at a 2 Hz frequency.
A subsequent modulation of similar proportion was observed in the plasma angular momentum,
while the temperature and density time traces showed little to no modulation thus retaining the
pedestal conditions at a relative steady-state. The time traces of the relevant plasma parameters as
shown below.

Time traces for JET discharge #87320 at p¢=0.9
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Figure 1. Dimensionless parameter match and electron density and temperature profiles for the four JET discharges
(left). Experimental time traces for the relevant data, shown for ps = 0.9 for JET discharge #87320, the medium p,
shot (right). Modulation in NBI torque and plasma angular momentum is visible at the 2 Hz frequency NBI power

modulation frequency.
Methods

Two methods were used to solve for the missing intrinsic torque and momentum transport variables.
The primary source of results was the 1D Onion skin method [2]:

aL  d(n;m;R%0) L
E=T=TNBI+Tint_; (1)

In the above, L is angular momentum, n; and m; are the ion density and mass, R is the major
radius, Q is the angular velocity, and Typ; iS the NBI torque. The two unknowns, toroidal
momentum confinement time 7, and intrinsic torque Tj,., were solved using a direct search
optimisation method to minimise the objective function :

2
Xz +1= Z(Lexp - Lsim) (2)
The results of the Onion skin model were tested against a simplified 1.5D angular momentum

density flux equation:

* See the Appendix of F. Romanelli et al., Proc. 25th IAEA Fusion Energy Conference 2014, St Petersburg, Russia
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where y = Qn;m;, o is the ion mass density, V is the volume, and (|Vp|?) is a geometric term. The
transport variable, momentum diffusion x4 and intrinsic torque, a part of T?, were solved and
compared to the solutions of the Onion skin model.

Unfortunately, due to the high noise levels of JET data, the results from the two methods yielded
high levels of uncertainty resulting in large error bars. A set of most consistent and realistic results
was obtained by directly solving the Onion skin equation by substituting 74 with the experimentally
determined energy confinement time tz, which according to previous experiments is expected to be
of similar magnitude as the toroidal momentum confinement time [3].

The resulting profiles indicate intrinsic torque presence deep into the plasma core with peaking at
the edge pedestal region at pg, > 0.85(Fig. 3). The profile shapes were in agreement with similar
results obtained from the other two machines. However, similar analysis on the ASDEX Upgrade
data suggested that although the total edge intrinsic torque magnitudes may reflect the true values,
the profiles may be skewed by the lack of local transport phenomena, which could produce further
edge-peaked profiles. This was observed from the results of equation 3 for some discharged, but
due to the very large error limits of the solutions, the Onion skin equation was used for further
scaling and extrapolation to ITER.

Energy confinement time Te for all discharges Intrinsic torque solved using Onion skin equation and Te
: v . 7 . . v

0.22 :
——#87309 ——#87309

0.2
—— #87320 6| ——#87320
0.18 | ——#87314 ——#87314
#87315 t;:x/\g cﬁ 5 #87315
0.16
e~
= 014
w
=042
0.1
0.08
0.06
0.04
0 0.2 0.4 0.6 0.8 1 1

2,
Py

Figure 3. The obtained intrinsic torque profiles (right) by directly solving the Onion skin equation using the
experimental energy confinement time profiles (left). The edge intrinsic torque values follow inverse scaling with the

discharge volume-averaged p.,.
Results

The edge values of the obtained intrinsic torque profiles were normalised according to three
methods suggested by theory or by matching dimensions. The intrinsic torque predictions for ITER
were calculated assuming baseline scenario values: B;=5.3 T, n,=20 X 10'° m~3, V=840 m~3, and
T;=15 keV. Fits to the data for each normalisation suggested approximately equal validity of linear
and exponential scaling of intrinsic torque with the normalised ion gyroradius. However, combined

plots using preliminary results from the other two devices support the further use of normalisation
* See the Appendix of F. Romanelli et al., Proc. 25th IAEA Fusion Energy Conference 2014, St Petersburg, Russia



with the ion temperature along with an exponential scaling for ITER. Similarly, the combined

results reduce the extrapolated ITER values from those shown in figure 4.
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Figure 4. JET intrinsic
torque results, scaling,
and extrapolation to
ITER. a) Raw edge
(p = 1) torque values
for the four discharges.
b) Scaling using the
plasma centre (p = 0)
ion  temperature. )
Scaling using volume
integrated plasma
thermal  energy. d)
Scaling using volume
integrated residual
stress.

Depending on the selected normalisation and ability to further improve result from the transport
equation, the JET results indicate intrinsic torque edge magnitudes ranging by two orders of
magnitude for ITER. The JET data alone appears insufficient for reliable ITER estimates, both due
to the small number of data points and large error bars following the high noise of the experimental
data. Additional data points from ASDEX and DIII-D are necessary in order to clarify the best

normalisation and scaling for future ITER predictions.

References

[1] Ida, K., and J. E. Rice. Nucl. Fusion 54.4 (2014): 045001.
[2] W. M. Solomon, et al., Nucl. Fusion 51, 073010 (2011).
[3] Yushmanov, P. N., et al. Nucl.Fusion 30.10 (1990): 1999.

This work has been carried out within the framework of the EUROfusion Consortium and has received

funding from the Euratom research and training programme 2014-2018 under grant agreement No 633053.

The views and opinions expressed herein do not necessarily reflect those of the European Commission.

* See the Appendix of F. Romanelli et al., Proc. 25th IAEA Fusion Energy Conference 2014, St Petersburg, Russia



