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Toroidal rotation of plasmas in present-day tokamaks is beneficial for increasing the stability to wall-induced
MHD and appears to reduce the anomalous transport associated with micro turbulence. This paper calculates
the toroidal rotation expected from neutral beam injection in the proposed FIRE and ITER-FEAT tokamak
reactors. Self-consistent burning plasmas for these tokamaks have been constructed [1] using the TRANSP
plasma analysis code. 8MW of neutral beam injection has been proposed for FIRE and 33 MW for ITER-FEAT.
The neutral-beam-induced torques are computed, and assumptions for the anomalous transport of toroidal
angular momentum are used to calculate the toroidal rotation profiles. The central Mach numbers are about 3-8
%. The ratio of the rotation speed to the Alfven speed is less than 1%. Assuming neo-classical poloidal rotation
and force balance, the radial electric field and flow shearing rate are calculated. Peak shearing rates near the

outboard edge are in the 10-100 krad/s range.

Classification: MO (Reactor Physics and Design)

1. Introduction

In present-day tokamak experiments, toroidal rotation of the thermal plasma is beneficial for
increasing the stability to resistive wall MHD [2]. Also toroidal rotation contributes significantly
to the radial electric field, and shear in the associated ExB flow shear is correlated with enhanced
confinement [3,4]. Tangential neutral beam injection (NBI), which is very effective in causing
toroidal rotation, is being considered for two of the “next step” burning plasma tokamaks, FIRE
[5] and ITER-FEAT [6,7].

The goal of this paper is to estimate the neutral-beam-induced rotation, radial electric field
FE,., and flow shearing rate wg«p in these next-step burning plasmas. Detailed, self-consistent H-
mode plasmas have been constructed [1] for them using the TRANSP plasma analysis code. This
paper uses these H-mode plasmas along with an “advanced tokamak” (AT) plasma constructed
for FIRE having reversed magnetic shear. The results of this study are of use for evaluating the

stability to resistive wall modes and micro-turbulence.

2. Plasmas.

2.1. ITER-FEAT

ITER-FEAT [6,7] is designed to have super-conducting magnets for long pulse duration, and a
single-null divertor geometry. The plasma is assumed to be in the ELMy H-mode regime with
profiles close to those in Ref. [7] with a target DT fusion yield of Ppr = 400 [MW]. Details of
the TRANSP model for this plasma are given in Ref. 1. Some of the plasma parameters are

summarized in Table 1.
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The external heating is assumed to consist of 20 MW of ICRH staggered with 33 MW of NBI.
This staggering allows study of the heat fluxes and fast ion parameters in three cases with the
same assumed plasma profiles: RF-only, RF4+NB, and NB-only. The NBI is assumed to consist of
1 MeV D neutrals from a negative ion-beam system injected in the co-plasma current direction,
at a tangency radius of 6 m. This generates a beam-driven current profile that is broad with a
total driven current of 1.2 MA.

2.2. FIRE

FIRE [5] is designed to have normal-conducting magnets, and a double-null divertor geometry.
The normal heating scheme is ICRH at a frequency of 100 MHz to resonate with He® on axis.
The Pgrr is assumed to be high (20 MW) early to provoke the L to H-mode transition, and then
lowered to 11 MW as the alpha heating increases, to keep P, + P.,; roughly constant. Neutral
beam heating is also being considered, using one of the TFTR beam boxes delivering 8SMW at
about 110keV. Here the tangency radius of the NBI is assumed to be 1.7 m. All the injection is
assumed to be in the full energy component.

Two plasmas are studied, one the standard ELMy H-mode plasma described in Ref. 1, and the
other an advanced tokamak (AT) scenarios with reversed magnetic shear. The AT plasma has
plasma current and toroidal field reduced from the standard FIRE operating range to 5.4 MA
and 8.5 T. The assumed time-evolution of the central plasma profiles and heating powers are
shown in Fig. 1. The area-integrated currents and central alpha parameters are shown in Fig. 2.

Plasma profiles in the flattop are shown in Fig. 3, plotted against the toroidal flux variable,

x = vnormalized toroidal flux, which is roughly equal to r/a. 15 MW of lower hybrid (LH) current
drive is assumed with a frequency of 8 GHz. The n| spectrum is assumed to peak at 2.0. The
driven current j g is calculated using the LSC code [8] incorporated into TRANSP. Profiles are
shown in Fig. 4. The contributions to the plasma current at a steady state time are shown in Fig.

5. The gy gp profile at several times is shown in Fig. 6.

3. Analysis Techniques

The TRANSP plasma analysis code [9] is used to analyze the plasmas with either measured or
assumed plasma profiles. TRANSP is a fixed-boundary code, so the plasma boundary is specified
by assuming time evolutions of the major and minor radii, elongation, triangularity, and vertical
displacement of the boundaries. The MHD equilibria are calculated in TRANSP solving the Grad-
Shafranov equation. The heat and particle fluxes are calculated from the continuity equations.
The fusion ions beam ions are treated using Monte Carlo methods [10] to model their source
rates, neoclassical orbits, and slowing-down rates.

Since the profiles are held fixed during the flattop phase as the heating power changes, the
computed x.g values change. Profiles for the FIRE-AT plasma during a steady state phase are
shown in Fig. 7. For comparison, the neo-classical prediction for y; is also shown.

The TRANSP plasma analysis code uses Monte Carlo techniques to calculate the NBI-induced
torque density, typ as the sum of the collisional, JxB, ripple loss, and thermalization torques.

The ripple effects are ignored here. Examples of these for the ITER-FEAT plasma are shown in



Fig. 8. Profiles of the computed toroidal rotation are shown in Fig. 9. The ratio of the toroidal
velocity to the Alfven velocity is shown in Fig. 10.

For the FIRE standard H-mode plasma, the transport coefficients are shown in Fig. 11. The
NBI-induced torques are shown in Fig. 12. The ratio of the toroidal velocity to the Alfven velocity
is shown in Fig. 13.

For the ITER-FEAT ELMy H-mode plasma [1], the minimum value of x; during the phase of
maximum heating (20 MW ICRH, 33 MW NNBI, and 75 MW alpha) is 1.5 [m?/s], shown in Fig.
14. The collisional torque dominates in the core, and is approximately twice the magnitude of the
JxB torque which dominates near the plasma boundary, shown in Fig. 15. The thermalization
torque is small. The ripple-loss torque is ignored here. The volume-integral of Ty p is 40 [Nt-m].
The volume integrals of mass density p and p R 2w, are 0.3 [gm] and 1.3 [Nt-m/s] respectively.
Values are summarized in Table 2. The profiles of w;,. are shown in Figs 16. The ratio of the
rotation speed and Alfven speed, shown in Fig. 17, is comparable to the values computed for
FIRE.

The flow-shearing rate can be calculated from the radial electric field, E,, which can be calculated

from force balance for any thermal species, i:

— — —

V(pz) =e¢ Z; (E—‘r’UZ X B) (1)

V(pi) (2)

Er = vTo’r‘,iBPol - UPol,iBTor +
eZ;n;

vror is calculated from the NBI torque. Bp, is calculated from poloidal field diffusion. vp,; is
calculated from neo-classical theory using the NCLASS code [11] build into TRANSP. Br,, is
calculated using the dia/paramagnetic corrections to the assumed vacuum toroidal field. The
toroidal rotation term dominates FE,.

The shearing rate on the outer midplane is given in terms of E, (Ref. [12]) by:

RBPOZ 0 Er

~
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The flow shearing rate is shown in Fig. 18.

4. Summary and Discussion

This paper reports results for self-consistent plasmas for FIRE, FIRE-AT, and ITER-FEAT
constructed using the TRANSP analysis code. Tangential neutral beam injection as assumed, and
the beam-induced torques are computed. Assuming that the anomalous rate of loss of angular
momentum, Y, equals that of ion heat loss, x;, profiles of the toroidal rotation are computed.
The resulting values, shown in Figs 13 and 17, are less than 1% of the Alfven speed. In present
day experiments, this ratio should be more than a few % near the ¢);gp = 1 surface.

Further study is needed to assess if the calculated NBI-induced rotation is sufficient to stabilize
resistive wall modes in FIRE and ITER, and if the calculated flow shear is sufficient to reduce

micro-turbulence.



Tokamak: ITER-FEAT FIRE FIRE-AT
RUNID 03000A25 50000A25 53000A17
steady state time [s] 180.0 20.0 20.0
R(1) [m] 6.2 2.14 2.14
a(l) [m] 2.0 0.60 0.60
k(1) 1.80 2.00 1.85
0(1) 0.49 0.49 0.49
P,oi(1) [m?] 820 27.2 27.2
Bror [T) 5.2 9.6 8.5
1, [MA] 15.0 7.7 5.4
Tpeam [MA] 1.2 0.1 0.1
Tpoot [MA] 2.25 1.8 24
IracD [MA] 0.0 0.0 0.7
qmup(1) 3.8 3.9 5.1
Pnp MW 33.0 8.0 8.0
Prr [MW] 20.0 11.0 11.0
Pru [MW] 0.0 0.0 15.0
T.(0) (ke V] 23.5 11.9 15.0
<T,> [keV] 10.0 7.2 8.5
T;(0) [keV] 19.5 11.9 15.0
<T;> [keV] 5.2 7.2 8.5
n(0) [1020/m3] 1.02 4.90 3.63
Ne (1020 /m3] 1.00 4.00 3.00
< ne > [1029/m3] 0.98 3.40 2.60
Ne/NGreenwald 0.62 0.59 0.62
Zerr(0) 1.54 1.39 1.39
TE,th [sec] 3.0 0.79 0.46
TIPB9(y,2) [SEC] 3.2 0.79 0.36
On 1.9 1.64 2.19

Table 1. Summary of boundary and plasma parameters at a steady state time. All the parameters are inputs except
Iyoot (calculated using the NCLASS code [20]), Iveam, and quup (calculated accounting for poloidal field diffusion). The

time-evolving geometry of the boundary (z=1) is specified.
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Tokamak: ITER-FEAT FIRE FIRE-AT
RUNID 03000A25 50000A25 53000A17
R, [m] 6.0 1.7 1.7
Einy [MeV] 1.0 0.12 0.12
Piny IMW] 33.0 8.0 8.0
< By (0) > [MeV] 0.41 0.051 0.026
Tom,slow(0) [sec] 1.14 0.020 0.026
[dvp [gm] 0.3 0.036 0.027
[ dVp R? wyor [Nt-m/s] 22.0 1.5 1.3
[ dV 710 [Nt-m] 0.3 0.036 0.027
Tomom (1) 8 0.53 0.18 0.15
Wor [kradians/s] 4.8 9.4 12.0

Table 2. Summary of NBI and torque-related parameters. The NBI injection tangency radii R, , energies Ernj, powers
PrnJg, and plasma mass densities p are inputs. The NB ion average energies Epy,, slowing down times Tom siow, and
toroidal torques Tior, are calculated in TRANSP using Monte Carlo methods. The toroidal rotation wior s calculated

assuming Xmom = Xi- LThe angular momentum confinement times Tmom are calculated from the angular momentum loss

rates.
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Figure Captions

Fig. 1 - Evolutions of plasma and heating parameters assumed for the FIRE AT plasma.

Fig. 2 - Evolutions of the surface area- integrated currents and alpha parameters in the FIRE
AT plasma.

Fig. 3 - Profiles of steady-state plasma temperatures and densities assumed for the FIRE AT
plasma.

Fig. 4 - Profiles of lower hybrid driven currents in the FIRE AT. The driven current moves out
in radius as the density and temperatures increase to their steady state values.

Fig. 5 - Profiles of plasma currents in the FIRE AT plasma.

Fig. 6 - Profiles of plasma currents in the FIRE AT plasma.

Fig. 7 - Profiles of ¢y;gp in the FIRE AT plasma.

Fig. 8 - Profiles of NBI-induced torque densities on the FIRE AT plasma. The total is dominated
by the JxB contribution near the edge.

Fig. 9 - Profiles of the toroidal rotation computed for the FIRE AT plasma. w;,. is relatively
high before the plasma density ramps up to the steady state profile.

Fig.10 - Profiles of transport coefficients computed for the FIRE AT plasma.

Fig.11 - Profiles of NBI-induced torque densities on the FIRE H-mode plasma. The total is
dominated by the JxB contribution near the edge.

Fig.12 - Profiles of the NBI-induced toroidal rotation rate in the FIRE H-mode plasma.

Fig.14 - Profiles of the ratio of the toroidal rotation and Alfven speeds in the FIRE H-mode
plasma.

Fig.15 - Profiles of the ratio of the toroidal rotation and Alfven speeds in the FIRE H-mode
plasma.

Fig.16 - Profile of the toroidal rotation rate in the ITER-FEAT H-mode plasma assuming x, =
X

Fig.17 - Profile of the ratio of the toroidal rotation and Alfven speeds in the ITER-FEAT
H-mode plasma assuming x4 = X;.

Fig.18 - Profiles of flow shearing rate in the FIRE H-mode plasma.



Evolution of central plasma parameters in FIRE-AT
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Figure 1. Evolutions of plasma and heating parameters assumed for the FIRE AT plasma.
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Evolutions of the surface area- integrated currents and alpha parameters in the FIRE AT plasma.
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Profiles for flattop in FIRE-AT
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Figure 3. Profiles of steady-state plasma temperatures and densities assumed for the FIRE AT plasma.
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Figure 4. Profiles of lower hybrid driven currents in the FIRE AT. The driven current moves out in radius as the

density and temperatures increase to their steady state values.

12



| | [ | [ | [ | [ | [ | [ | [ | [ | [
| 53000A17 @20s _
4.0 - ]
3.0 — ]
e i ’
< 20— a
1.0 — _
0.0 — |
0.0 05 1.0

X = Toroidal flux label

Figure 5. Profiles of plasma currents in the FIRE AT plasma.
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Figure 6. Profiles of qppp in the FIRE AT plasma.
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Anomalous heat transport in FIRE-AT
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Figure 7. Profiles of thermal energy transport coefficients computed for the FIRE AT plasma. The neo-classical
ion transport profile is calculated using the NCLASS model [11] incorporated in TRANSP. The FIRE AT plasma is
conservative in the sense that the ion transport rate is much larger than x; neo. The faint x; line gives the profile for the

case where there is no NBI heating but with the same plasma profiles.
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Figure 8. Profiles of NBl-induced torque densities on the FIRE AT plasma. The total is dominated by the JxB

contribution near the edge.
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Figure 9. Profiles of the toroidal rotation computed for the FIRE AT plasma. wyor is relatively high before the plasma
density ramps up to the steady state profile.
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Figure 10. Profiles of the ratio of the toroidal rotation and Alfven speeds in the FIRE AT plasma.
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Figure 11. Profiles of transport coefficients computed for the FIRE H-mode plasma.
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Figure 12. Profiles of NBl-induced torque densities on the FIRE H-mode plasma. The total is dominated by the JxB

contribution near the edge.
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Figure 13. Profiles of the ratio of the toroidal rotation and Alfven speeds in the FIRE H-mode plasma.
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Anomalous heat transport in ITER
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Figure 14. Profiles of the anomalous heat transport coefficients in the FIRE H-mode plasma.
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Figure 15. Profiles of NNBI-induced torque densities on the ITER-FEAT H-mode plasma. The total is dominated by

the collisional drag in the core and the JxB contribution near the edge.
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Figure 16. Profile of the toroidal rotation rate in the ITER-FEAT H-mode plasma assuming x¢ = Xi-
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Figure 17. Profile of the ratio of the toroidal rotation and Alfven speeds in the ITER-FEAT H-mode plasma assuming
Xo = Xi-
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Figure 18. Profiles of flow shearing rate in the FIRE H-mode plasma.
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