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The hybrid scenario, which has good confinement and moderate MHD instabilities, is a proposed operation scenario
for international thermonuclear experimental reactor (ITER). In this work, the effect of plasma rotation on the HL-3 hybrid
scenario is analyzed with the integrated modeling framework OMFIT. The results show that toroidal rotation has no obvious
effect on confinement with a high line averaged density of np, ~ 7 x 10! m™3. In this case, the ion temperature only
changes from 4.7 keV to 4.4 keV with the rotation decreasing from 10° rad/s to 10> rad/s, which means that the turbulent
heat transport is not dominant. While in the scenarios characterized by lower densities, such as npg ~ 4 x 1019 m=3,
turbulent transport becomes dominant in determining heat transport. The ion temperature rises from 3.8 keV to 6.1 keV
in the core as the rotation velocity increases from 103 rad/s to 10° rad/s. Despite the ion temperature rising, the rotation
velocity does not obviously affect electron temperature or density. Additionally, it is noteworthy that the variation in rotation
velocity does not significantly affect the global confinement of plasma in scenarios with low density or with high density.

Keywords: HL-3, hybrid scenario, toroidal rotation, integrated modeling

PACS: 47.50.Cd, 98.62.Dm

1. Introduction

International Thermonuclear Experimental Reactor
(ITER) aims to demonstrate the feasibility of fusion energy
production in both the physics and engineering aspects. The
hybrid scenario is proposed for ITER operation,!!! which can
provide long burning time and high neutron flux for engi-
neering tests. This scenario could result in high-performance
plasma and has been demonstrated to be robust.>=!

The hybrid scenario is characterized by a flat core safety
factor (g) profile with a central g value close to 1.1% Mag-
netohydrodynamic (MHD) instabilities such as sawtooth can
be avoided due to this special ¢ profile.!”! Previous researches
have shown that the combination of low magnetic shear and
electromagnetic stabilization can increase the energy confine-
ment time. (¥

Moreover, rotation is also an essential factor affecting the
confinement of tokamak operation, 1 even under the condi-
tion of high confinement, such as super-H mode operation. ']
However, other research results show that the rotation has
a smaller effect on the confinement of tokamak high S,
operation.!!!] While the effect of rotation on hybrid opera-
tion has not been sufficiently studied. Nowadays, the toroidal
rotation angular velocity in a tokamak is usually larger than
103 rad/s.''2! Besides, for ITER, the simulation results show
that its toroidal rotation angular velocity is at a level of
10* rad/s'"3! due to the limited torque provided by the neu-
tral beam injection (NBI) system, which may result in MHD

instabilities and poor confinement.
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The HL-3 is a new tokamak at the Southwestern Insti-
tute of Physics (SWIP), which achieved 1-MA plasma current
discharge in 2022.1'%! One of its main missions is to develop
high-performance hybrid operation. The main parameters of
HL-3 are as follows: major radius R = 1.78 m, minor radius
a = 0.65 m, toroidal field B; up to 3 T, maximum plasma cur-
rent I, up to 3 MA, elongation x < 1.8, triangularity § < 0.5.
The total power capacity of auxiliary heating and current drive
(H & CD) systems exceeds 30 MW, including co-NBI (the
neutral beam injection oriented toroidally in the same direc-
tion as the plasma current) and counter-NBI (the neutral beam
injection oriented toroidally in the opposite direction to the
plasma current), electron cyclotron waves (ECW), and lower
hybrid waves (LHW).

This paper is to address the following issues by the 1.5-
D integrated modeling framework OMFIT:!"3! (i) analyzing
the influence of toroidal rotation on the global confinement of
hybrid operation quantitatively; (ii) understanding when the
toroidal rotation effect must be addressed.

The rest of this paper is organized as follows. In Sec-
tion 2, the iterative workflow and the setup of simulation pa-
rameters are introduced briefly. A series of hybrid scenarios
with different toroidal rotations is designed and analyzed for
HL-3 by using NBI+-ECW in Section 3. The effect of rotation
velocity on the hybrid scenario is analyzed at high densities
in Section 4. Finally, some conclusions are drawn from the

present study in Section 5.
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2. Integrated analysis workflow

The OMFIT takes a time-independent method to calculate
the steady state self-consistent solver for the flat top phase. 6]
For core simulations, a combination of the two-dimensional
(2D) equilibrium code EFIT!!'7] and the one-dimensional (1D)
transport codes ONETWO!'8! & TGYRO!'”! is utilized. The
pedestal region is handled by EPED.?! Within ONETWO,
the NUBEAM !l and TORAY [??! codes are employed to cal-
culate H & CD through NBI and ECW, respectively. The boot-
strap current is calculated by the Sauter model. TGYRO em-
ploys two codes, TGLF and NEO, for transport, respectively.
NEO is a neoclassical transport code, and TGLF is responsi-
ble for calculating turbulent transport. Electromagnetic effect,
fast ion, and E x B shear effect in the calculation of turbulent
transport are considered in TGLF. The kinetic profiles of the
pedestal and core regions are smoothly connected by using cu-
bic interpolation. The workflow of OMFIT is widely used in
operation scenario design for ITER!*! and CFETR,**%] as

shown in Fig. 1.
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Fig. 1. Workflow for integrated modeling of HL-3 hybrid scenario.

In the simulation, a lower single-null divertor configura-
tion is employed, with an elongation (k) of 1.7 and a triangu-
larity (8) of 0.5, as depicted in Fig. 2. The off-axis electron
cyclotron current drive (ECCD) is essential to obtain a flat g
profile in the core, and it depends on both the toroidal magnetic
field (B;) and plasma density. The values of the plasma current
(Ip) and the B, chosen for the hybrid scenario are based on the
characteristics of gg5 and the position of the ECCD. Specifi-
cally, I, is set to 1 MA, and By is maintained at 1.9 T, as listed
in Table 1. The main ion is deuterium, and the impurity ion
is carbon. The ion density profiles are calculated according

to the quasi-neutral condition and the fixed effective charge
number (Zg) of 2.0.

Fig. 2. HL-3 equilibrium configuration for hybrid scenario.

Table 1. Main parameters of HL-3 hybrid scenario.

Parameter I, MA) B (T) R (m) a (m) K )

Value 1 1.9 1.78 0.6 1.7 05

3. Hybrid scenario with low-density

In the HL-3 tokamak, we investigate the hybrid scenario
characterized by a low-density plasma with a line averaged
density npy ~ 4 X 10" m~3. This scenario utilizes 4.5 MW
of NBI and 4.4 MW of ECW for auxiliary heating and current
drive. Two distinct ECW systems are included in this sce-
nario. The first ECW system, with a power value of 0.4 MW
(ECW1), enhances the safety factor slightly above unity at the
magnetic axis to avoid sawtooth oscillations. The second one,
with 4 MW (ECW2), broadens the flat region of the g profile
up to p ~ 0.4. Both of the ECW systems are launched from
the midplane, with a frequency of 105 GHz. The ECW1 is
launched, with poloidal and toroidal angles set to 106° and
194°, respectively. The ECW?2 is launched, with poloidal
and toroidal angles set to 93° and 210° as shown in Table 2.
The specific trajectory and absorption locations of ECW?2 are
shown in Fig. 3. The co-NBI is applied to the NBI system,
with a tangency major radius of 1.2 m and beam energy value
of 80 keV. The parameters of NBI are listed in Table 3. The
co-NBI supplies a torque of 3.63 N-m to the plasma.

Table 2. Parameters for electron cyclotron current drive and heating in
HL-3.

L h positi Angls
Parameter Power (MW) Frequency (GHz) Aunch posttion ne'e

[R,Z] (cm) [polar, toroidal] (°)
ECW1 4 105 [280, 10] [106, 194]
ECW2 04 105 [280, 10] [93, 210]

084703-2



Chin. Phys. B 33, 084703 (2024)

Toroidal view

Poloidal view
'

(c)

0.8

—-3.0 —1.5 0 1.5 3.0 ’é\
— X (m) = 0
2 N
= 0.5 T T T T
R )
S 2 04f
X
2 5 03}
L =
® @ —0.8F
5 202t
£
o, 01f
=
*CG 0 1 1 1 1 n
g 0 02 04 06 08 1.0 1.2 1.6 2.0 2.4

p R (m)

Fig. 3. (a) Traces projected on toroidal plane, (b) power deposited profile,
(c) traces projected on poloidal plane of off-axis electron cyclotron heating
& current drive.

Table 3. Parameters for neutral beam current drive and heating in HL-3.

Parameter Power (MW) Energy (keV) Rtcena (cm)

Value 4.5 80 120

In Fig. 4, the auxiliary current drive, the bootstrap, and the
ohmic current establish a flat ¢ profile in the core, maintaining
the values of g consistently in the range from 1 to 1.5. There
is a weak shear near the edge of the g profile, corresponding to
the high bootstrap current in Fig. 4(a). The bootstrap current
accounts for 49% of the total current, while the ohmic current
contributes 13%.

2.0

(a) — Tot

1.61

1.2

0.8

J (MA-m~2)

0.4

Fig. 4. (a) Current density profiles, with ‘Tot’, ‘Beam’, ‘Bs’, and ‘Rf’
representing total plasma current, current drive by neutral beam, boot-
strap current, and the current drive by electron cyclotron wave, respec-
tively; (b) g profile, in HL-3 hybrid scenario with high toroidal rotation.

To investigate the effect of toroidal rotation on the hybrid
scenario, a new scenario with reduced torque is designed by
applying 2.25-MW co-NBI and 2.25-MW counter-NBI. We
can see from Fig. 5(a), that there is a decrease in beam-driven
current, which is attributed to the counter-NBI. Fortunately,
the enhanced Ohmic current compensates for this reduction,
reinstating a flat g profile in the core. Besides, the position
and power of ECW deposition remain the same as the sce-
nario with high-torque, with the g profile in Fig. 5(b) showing
minimal variance from Fig. 4(b). In our simulations, the ra-
tio of fast ions generated by the co-NBI to fast ions generated
by counter-NBI is kept equal to ensure consistent modeling of
NB H & CD.
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()  — Tot

1.5¢1

1.0

0.5
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0 02 04 06 08 10

Fig. 5. (a) Current density profiles and (b) ¢ profiles in HL-3 hybrid
scenario with low toroidal rotation.
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Fig. 6. Profiles of (a) electron temperature, (b) ion temperature, (c) electron
density, (d) toroidal rotation velocity for two hybrid operation scenarios with
the co-NBI (red line) and co- and counter-NBI (blue line).
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The profiles of the two hybrid scenarios are compared in
Fig. 6. Both scenarios exhibit a line averaged density close
to 4.12x10'” m~3, which is approximately half the Green-
wald density limit (0.47 fg).[?®! The core temperature of ion
and electron are both lower in the low torque scenario than
in the high torque scenario. With the application of the
counter-NBI, the velocity of plasma decreases significantly
from 1.1x 10 rad/s to —5.6 x 103 rad/s.

The parameters for these two hybrid scenarios are listed
in Table 4. From the table, it is obvious that even if the
toroidal rotation velocity and the ion temperature decrease sig-
nificantly, there is only a modest drop (10%) in stored energy.

Considering the distinct profiles observed in the two sce-
narios with different toroidal rotation velocities mentioned
above, a detailed scan of the toroidal rotation is conducted,
with the total heating power maintaining constant during the
transition from high to low rotation. By adjusting the power
ratios of co-NBI to counter-NBI, with other parameters fixed,
five scenarios are compared, as shown in Table 5.

The results from various operation scenarios are illus-
trated in Fig. 7. Despite the rotation velocity changing,

the temperature and density of the electrons remain similar.
However, the ion temperature in the core region is signifi-
cantly influenced by the rotation, experiencing a decrease from
6.07 keV to 3.97 keV. Notably, the ion temperature gradient
follows a similar trend: decreasing with the rotation velocity
declining at p ~ 0.4. The decrease in ion temperature results
in a decline in global confinement, as Hog ,» decreases from
1.24 to 1.14.

Table 4. Main parameters of two hybrid operation scenarios with high
and low toroidal rotation velocity.

Parameter High toroidal rotation Low toroidal rotation
Wo (rad/s) 1.1x10° —5.6x 103
Jos (%) 49 43
Jai (%) 86.9 64.7
By 1.44 1.32
B/l 2.75/0.96 2.53/0.86
W (M) 0.80 0.73
W _ion (MJ) 0.33 0.28
W _electron (MJ) 0.47 0.45
Hog \o 1.24 1.16

Table 5. Parameters for hybrid operations with different toroidal rotation velocities in HL-3.

Parameter Case 1 Case 2 Case 3 Case 4 Case 5
Co-NBI (MW) 4.5 0.39375 3.375 2.8125 2.25
Counter-NBI (MW) 0 0.5625 1.125 1.6875 2.25
ECW (MW) 44 44 44 44 4.4
W (rad/s) 1.1x10° 6.9%10* 5.5%10% 2.3x10% -9.2x 10
ne (10" m=3) 5.68 5.82 5.87 5.48 5.53
T. (keV) 6.26 6.49 6.47 6.15 5.84
T; (keV) 6.07 5.35 5.02 4.42 3.97
Fos (%) 49 45 44 40.7 40.0
i (%) 68 77 72 64.1 59.4
ﬁp 1.44 1.40 1.38 1.33 1.31
Bn/lk 2.75/0.96 2.67/0.97 2.66/0.93 2.56/0.92 2.51/0.93
W MJ) 0.80 0.77 0.76 0.73 0.72
W _ion (MJ) 0.33 0.31 0.30 0.28 0.27
W _electron (MJ) 0.47 0.47 0.46 0.45 0.44
Hog 12 1.24 1.20 1.19 1.16 1.14
8 8 2.0
(a) (b) ()
6 \ 6 & 16
—~ > g
E A % 4 ; 1.2
E & S
2 2 3
= 0.4
0 0.2 04 06 0.8 1.0 0 02 04 06 0.8 1.0 0 02 04 06 0.8 1.0
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Fig. 7. Profiles of (a) electron temperature, (b) ion temperature, (c) current density, (d) electron density, (e) toroidal rotation, and (f) safety factor g of

hybrid scenarios with different toroidal rotation velocities.
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Figure 8 presents a comparison of the absorption power
of ions and the transport coefficients between case 1 and case 5
from Table 5. Case 1 corresponds to the scenario with higher
rotation velocity, while case 5 corresponds to the scenario with
lower rotation velocity. The total power values obtained by the
ion in the two cases are similar: both are about 3 MW. The tur-
bulent transport coefficients of ion are 1.41 m?/s and 0.63 m?/s
at p = 0.38 for case 5 (with lower rotation velocity) and case 1
(with higher rotation velocity), respectively. However, the

neoclassical transport coefficients are almost the same in the

0.8
(a) —wp =110 krad-s~!
f —wp=—9.2 krad-s~!
|
g 0.6
=
2
= 0.4
2
a
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5 0.2
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: 0—0 Neo_i, wy=—9.2 krad-s~!
0

0 0.2 0.4 0.6 0.8 1.0
p
Fig. 8. (a) Total energy values absorbed by ions with different rotation
velocities; (b) heat transport coefficients of ions with different toroidal
rotation velocities.

0.2 Most unstable Sub-dominant

(a) (b)

©) ' @
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101 100 10! 102 10t 100 10! 102
kyps kypa
Fig. 9. Results of TGLF by scanning E x B shear, showing [(a), (¢)]
frequencies and [(b), (d)] growth rates of the most unstable mode and
sub-dominant mode.

core. This indicates that the differences among the ion temper-
ature profiles are attributed to turbulent transport in the core
plasma.

Since the E x B shear flow is closely related to toroidal ro-
tation velocity, the E X B shear is scanned by the TGLF code.
Here, the value of E x B shear is modified by scanning toroidal
rotation. Figure 9 shows the frequencies and growth rates of
the most unstable mode and sub-dominant mode at p = 0.38.
It is observed that the modes with maximum growth rate cor-
respond to poloidal wave numbers around k,p; ~ 0.3 and a
frequency @ < 0, indicating that the turbulence is dominated
by ion temperature gradient (ITG) mode. Increasing E x B
shear can suppress the ITG mode, thus reducing the transport
level.

4. Effect of rotation on the hybrid scenario with
high-density

In the HL-3 hybrid scenario with high rotation veloc-
ity, as discussed in Section 3, we scan the plasma densities
by varying the pedestal top density (#,eq) in a range from
1.6x10" m3 to 5.6x10' m~3. The density profiles mod-
eled by OMFIT are shown in Fig. 10(c). The reference case
represented by the blue curve exhibits the value of npeq of
2.6x10'" m™3. Tt is worth noticing that the electron density
profiles in p < 0.8 demonstrate significant stiffness, increas-
ing almost linearly with the npeg. During the simulation, the
core g profiles of these scenarios are kept similar by adjusting
the ECW. The NBI parameters are fixed as listed in Table 3,
with the total power being co-injected. The rotation increases
with density increasing until the 7,eq reaches 4.7 10" m—3.
Figure 11 shows the torques from NBI for the five scenarios.
As the npeq varies from 1.7x 10" m=3 t0 5.7 x 1012 m~3, the
corresponding total torques generated by NBI are calculated
to be 3.31 N-m, 3.63 N-m, 3.75 N-m, 3.79 N-m, and 3.78 N-m,
respectively. It indicates that NBI provides an optimized high
torque density.

sk (a) ] T
6 e
3 >
: SN
o o 4t
= S
2 N
0 0.2 04 06 0.8 1.0 0O 02 04 06 08 1.0
b ] 200 T
(C) (d) — Nped = 1.7X101% cm~3
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— Nped = 5.7X101% cm 3

ne (1013 cm=3)
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p P

Fig. 10. Profiles of (a) electron temperature, (b) ion temperature, (c) electron
density, and (d) toroidal rotation, for different values of npeq.
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Fig. 11. Torque profiles for different densities.

To investigate the effect of rotation on the ion heat trans-
port with different densities, the ion heat transport flux in the
core is analyzed. Figure 12 shows a comparison of the neo-
classical and turbulent transport fluxes among the aforemen-
tioned scenarios with different densities. As density p in-
creases from 0.25 to 0.4, the collision is enhanced, resulting
in the increase of neoclassical heat transport. Meanwhile, the
ion turbulent heat flux decreases. It is notable that at higher
density, particularly in the two cases with the npeq values of
4.7%x 10" m—3 and 5.7x 10" m~3, the turbulent fluxes of ions
are observed to be lower than neoclassical transport flux of
ions in p = 0.25-0.4.

7.5
z
=)
S 35 o
\: 0 npeg = 1.7X101% cm—3
@ o npyeq = 2.7X10'3 cm 3
o—e Npyed = 3.7X10'3 cm 3
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SR S SR T
-e- -9 "8--3--87°

- H
0.6 0.8 1.0

Fig. 12. Diagram of ion heat transport for different densities. From
case 1 to case 5, the corresponding density ranges from low to high.
The solid and dashed lines indicate turbulent and neoclassical transport
fluxes, respectively.

For the high-density case (o ~ 7 X 101 m™3, npeq ~
5.7 x 10" m~3), the NBI is divided into co-NBI injec-
tion and counter-NBI injection, each with beam power of
2.25 MW. The corresponding toroidal rotation angular ve-
locity is 103 rad/s, as illustrated in Fig. 13(b). The differ-
ence in turbulent transport coefficient between the low rota-
tion scenarion and high rotation scenario, Ay; is 0.04 m?/s at
p = 0.38 as shown in Fig. 13(d). For the lower density case
with npe ~ 4 x 10" m™3 (discussed in Section 3), the Ay;
reaches a value as high as about 0.78 m?/s. Furthermore, at
high density (nper ~ 7 X 10" m~3), when the rotation velocity
decreases to the order of 103 rad/s, the change in ion tempera-
ture is only A7; ~ 0.3 keV in the core (as shown in Fig. 13(c)).

This suggests that the toroidal rotation velocity only slightly
affects the ion confinement of high-density hybrid operation.
The comparison between Figs. 13(d) and 13(h) shows that
the turbulent transport coefficient decreases greatly with den-
sity increasing in the p range of 0.2 x 0.4. In the core region,
e.g., at p = 0.38, the ITG is dominant for the low-density case,
but the electron temperature gradient (ETG) mode is dominant
for the high-density case. Since the ETG mode is insensitive
to the E x B shear,[?”] the variation of transport coefficients
could be neglected for the high-density case (Fig. 13(d)).
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Fig. 13. Profiles of (a) electron density, (b) toroidal rotation, (c) ion temper-
ature, and (d) transport coefficient in high-density scenarios, and profiles of
(e) electron density, (f) toroidal rotation, (g) ion temperature, and (h) trans-
port coefficient in low-density scenarios, with units in inset of panels (d) and
(h) being all 1 x 103 rad/s.

5. Conclusions

This study investigated how toroidal plasma rotation af-
fects the confinement of hybrid scenarios at various densi-
ties in the HL-3 by employing the OMFIT integrated mod-
eling framework. At low density (mpy ~ 4 x 1019 m™3),
the hybrid scenario is performed at I, = 1 MA, B =19 T,
PCO—NBI =45 MW, and PECW = 4.4 MW. The value of ﬁN
and Hog ,» can reach 2.8 and 1.24, respectively, and the corre-
sponding toroidal rotation is 1.1x 10° rad/s. Another scenario
with co- and counter-NBI is modeled, in which rotation veloc-
ity is —5.6 x 10® rad/s. The decrease in rotation velocity leads
the stored energy to drop from 0.80 MJ to 0.72 MJ. The core
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ion temperature decreases from 6.1 keV to 3.8 keV, and the
gradient of ion temperature becomes smaller. However, the
rotation has little effect on the electron temperature and den-
sity. At p ~ 0.38, the turbulent heat transport coefficient of the
ion increases from 0.63 m%/s to 1.41 m?/s.

However, the effect of rotation on the ion heat transport
tends to be weak at high density (npy ~ 7 X 10" m3). At
p ~ 0.38, the turbulent heat transport coefficients of the ion
increase from 0.06 m?/s to 0.10 m?/s when the rotation ve-
locity decreases from 10° rad/s to 103 rad/s. Consequently,
this cause the ion temperature to drop slightly from 4.7 keV to
4.4 keV. It should be emphasized that the effect of rotation be-
comes relatively insignificant with higher densities. The neo-
classical transport becomes stronger with high density, and the
turbulent transport does not dominate the transport in the core
anymore. Whilst, the rotation has almost no influence on the
neoclassical transport in the core. These studies can provide
support for the HL-3 hybrid scenario experiment in the next
step.
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