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Abstract. The ITER Research Plan envision operation around half of the nominal

magnetic field (i.e. around B = 2.65T ) as a path to baseline operation. This work

discusses constraints on the optimal range of magnetic field, which is bounded in the

lower limit by the presence of the third-harmonic Electron Cyclotron resonance at half

field, and on the upper limit by the loss of core heating and current drive. It will

be shown that increasing the magnetic field by only 3%, i.e. to 2.75T, eliminates the

third harmonic parasitic absorption without compromising demonstration of access to

H-mode, while operating at a magnetic field of 3.0T - previously proposed for optimal

use of the Ion Cyclotron system - would impair the use of the Electron Cyclotron

system for core-heating and current drive. Operation at 2.65T would still be possible

if the polarization of the equatorial launcher is changed from X-mode to O-mode in

the current flattop phase.
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1. Introduction

ITER operation is divided into two periods, the first of which is plasma operation in

both Hydrogen (H) and Helium (He) to avoid activation of the machine, followed by

extensive Fusion Plasma Operation (FPO) with Deuterium (D) and Tritium (T) [1]. The

non-activated period, or Pre-Fusion Plasma Operation (PFPO) is critical for machine

and system qualification and is divided into three additional phases: First Plasma

(FP), PFPO-1 and PFPO-2. The FP aims at demonstrating that the core tokamak

components and systems can generate a plasma of at least 100kA for a duration of

100ms or longer. The second phase targets the first generation of an H-mode of up to 5

MA using the available 20 MW from the EC system in He and H at third field (1.8T)

operation [2] and, pending on threshold limits, He at half field (2.65T). Demonstration

of H-mode is crucial to validate the L to H-mode scaling, so that additional heating

upgrades can occur prior to FPO operation. Only EC power is available in PFPO-1,

thus requiring a scenario optimized for its performance. The third non-activated phase,

PFPO-2, has the full contingency of the heating systems (an additional 20 MW IC and 33

MW NB), and ensures exploration of H-mode operation at half field with He plasmas.

Note that access to H-mode in non-activated scenarios permits commissioning of the

Edge Localized Modes mitigation schemes, the disruption mitigation system, assessing

diverter heat loads and detachment, demonstrate controlled plasma termination and

NTM control [1, 3].

The progress of the H-mode operation from the pure EC heated plasmas of PFPO-1

to the NB, IC and EC heated plasmas of PFPO-2, should utilise common scenarios in

each phase as well as optimise the ratio of available power to the expected required

H-mode threshold power. As the EC and IC powers are common to PFPO-2, scenarios

should optimize both the EC and the IC performance to make use of all the available

power. The assessment of the optimal operational space around half-field should consider

all heating and current drive sources and provide compatible solutions that balance the

available capabilities and provide a path from PFPO-1 to PFPO-2, as well as a path

to FPO. Previous work on the assessment of PFPO-2 in plasmas with a mix of Helium

and Hydrogen, considered operation at 2.65T and 7.5MA [3, 4], but did not discuss

limitations due to parasitic absorption of the Electron Cyclotron waves on the third

harmonic resonance off axis, which might indeed be dominant in these plasmas [5]. It will

be shown here that, while operating around 2.75T would eliminate parasitic absorption,

operation at 2.65T is still possible provided the wave polarization is changed from X-

mode to O-mode after the transition from L-mode to H-mode. Since changing the

polarization requires up to three seconds, during which the power would have a fraction

of O-mode and X-mode coupling, a robust feedforward scheme is required to ensure that

core heating and MHD stability control are maintained and that back transitions to L-

mode are avoided. Operation with change of polarization has experimental evidence in

present day devices, including stellarators, as discussed in the recent overview of W7-X

[6].
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He H

PNB (MW) ENB (keV) ne [1019 m−3] ne [1019 m−3]

16.5 870 3 4.3

13.4 800 2.5 3.75

11.4 750 2.3 3.4

9.6 700 2 3.1

8.0 650 1.7 2.75

6.5 600 1.5 2.35

5.2 550 1.25 2

4.1 500 1 1.6

Table 1. Admissible density for injection of hydrogen beams in pure helium and pure

hydrogen plasmas.

We notice that, in order to preserve the full capability of the EC system and

not loose accessibility inside normalized radius of ρ = 0.25, the magnetic field should

not exceed 2.85T [7]. These constrains reduce significantly the window for operation

around half-field and might exclude plasmas with dominant Hydrogen fraction from this

operation phase, since the Ion Cyclotron (ICRF) first pass absorption in hydrogen is low

in this range of magnetic field [3, 8, 9]. While increasing the magnetic field up to 3.0T

was suggested as a solution to the optimal use of ICRF in hydrogen plasmas [8], and is

still the optimal solution for the commissioning and full assessment of the Ion Cyclotron

system, the inability of using core ECH and ECCD would limit this option for operation

with the full heating and current drive capabilities and for complete commissioning. All

simulations discussed in this paper are assuming pure hydrogen plasma, for consistency

in the discussion, when comparing plasmas at 2.65T and at 3.0T.

The paper is organized as follows: the assumptions of the models are discussed in Sec.2.

An assessment of the parasitic absorption for magnetic field of 2.65T is discussed in

Sec.3, the limitations of using the Electron Cyclotron system at magnetic field of 3.0T

are discussed in Sec.5. Although the focus of this paper is not on scenario development,

possible solutions for plasma scenarios at 2.65T are discussed in Sec.4, with a focus on the

use of the Electron Cyclotron system. Obviously, an assessment of the deposition profiles

and current drive could be done on fixed equilibrium and profiles and scanning the

poloidal angle of the Equatorial Launcher, as it has already been done [7, 10]. However,

the configuration of the Electron Cyclotron system affects the evolution of density and

temperature profiles and the sawtooth period. For this reason, free-boundary time-

dependent simulations that evolve both the magnetic equilibrium and the density and

temperature profiles are used here, to provide a self-consistent assessment, yet within the

limits of the models available in the time-dependent transport and equilibrium solver,

in this case TRANSP [11, 12, 13]. The paper concludes with future directions and

remaining, outstanding issues that need to be addressed by the integrated modeling

community for a complete assessment of operation around half-field.
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2. Modeling assumptions

All time-dependent simulations are run with the free-boundary equilibrium and

transport solver TRANSP [11, 12, 13]. The simulation is initiated as a full-bore, limited

plasma, with current of 100 kA, which is grown to full size and diverted at about 12-

15s. The current flattop phase starts at 40s and ends at 330s, with L-H transition

pre-programmed at the start of the flattop phase by Heating and Current Drive power

and fueling. The threshold for the L-H transition is calculated based on the ITPA

scaling [14]:

PL−H = 2.84m−1
H B0.82

0 n̄e
0.58R a0.81 (1)

The transition to H-mode occurs when the power across the separatrix exceeds the net

power Ploss − cHPL−H , where the scaling factor cH can be used to adjust the power

threshold in those cases, like He plasmas, where the ITPA scaling would predict too

high a threshold for transition compared to experimental evidence [15, 16, 17, 18]. Pre-

vious work focussing on ITER scenario assessment at half-field did assume a power

threshold for Helium plasmas of 70% the value predicted by the ITPA scaling [3]. It

is worth mentioning that recent experiments on ASDEX-U in Hydrogen plasmas with

Helium doping up to 20% indicate that the H-mode power threshold stays at the levels

of hydrogen plasmas [18].

At 2.65T and 7.5MA the power threshold for H-mode access is 40MW at densities of

ne = 2.7×1019m−3, which corresponds to 45% of the Greenwald density, and increases to

60MW for densities of ne = 4.7× 1019m−3, which corresponds to 75% of the Greenwald

density. All simulations assume 73MW of external power available, with 33MW of NBI,

20MW of EC and 20MW of IC. Electron Cyclotron heating and current drive calcula-

tions are run with the beam tracing code TORBEAM [19, 20], Ion Cyclotron heating

are done with TORIC5 [21] and Neutral Beam calculations with the MonteCarlo code

NUBEAM [22]. Each Neutral Beam source can deliver up to 16.5 MW of power, with

power and energy scaling according to PMW = 16.5 (E/EMax)2.5, where Emax=1MeV for

deuterium beams and 870keV for hydrogen beams. For hydrogen beams, Table 1 reports

the values of admissible density to avoid shine through and the power load to the First

Wall to exceed 2MW/m2. According to Table 1, the beam source energy is selected in

the time-dependent simulations to maintain some margins to account for uncertainties

in the evolution of the plasma kinetic profiles and the plasma composition Zeff , none

of which is constant during the discharge. For a given density, the lowest beam energy

is constrained by the threshold power for sustaining H-mode and the highest energy is

constrained by the shine-through power. Impurity seeding with neon is considered in

hydrogen plasmas to reduce the shine-thru power and allow the use of higher energy

beams for sustainment of H-mode. Other impurities taken into account in the plasma

composition are beryllium and tungsten.
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Two identical ICRF antennas are part of the baseline H&CD configuration. The

antennas operate at frequency in the range of 40-55 MHz to cover the magnetic field

operational space. Each antenna is designed to deliver 20MW of power, however the

baseline configuration distributes the power on the two antennas, independently oper-

ated, to reduce risks associated with failure of one of the antennas. A critical parameter

for the IC heating is the maximum power coupled to the plasma as a function of the

frequency. Since this is sensitive to the assumptions on the SOL density, in the absence

of a self-consistent model for the propagation of the IC waves from the antenna to the

core plasma, a parameterization would be needed for the correct accounting of losses

outside the separatrix, which is not available at this time. Simulations assume therefore

full coupling and absorption of the IC waves, a hypothesis that needs to be verified in

future work.

Table 2 summarizes the settings used for the Electron Cyclotron simulations

[7, 10, 23, 24]. The power is provided by 24 gyrotrons, connected to 24 transmission

lines, operating at a frequency of 170 GHz and power of 1 MW each, of which 0.83

MW are delivered to the plasma on account of transmission losses from the gyrotron

diamond window to the plasma boundary. There are two launchers: the Upper Launcher

is located in four upper ports, each housing eight beam lines, arrayed in an upper and

lower row of four waveguides each, dubbed Upper Steering (USM) and Lower Steering

(LSM) mirror in the table. The Equatorial Launcher (EL) has three mirrors, dubbed as

TOP (counter-current), MID and LOW (co-current) hosting each eight beams. Given

the discrete nature of the beams, the poloidal and toroidal angles are inter-dependent

and a variation of the poloidal steering angle does imply a (small) variation of the

toroidal angle as well. For the purposes of scenario characterization, it is appropriate to

treat each launching position using average values for the toroidal angle and leave the

poloidal angle to steer. Thus, the angles indicated in Table 2 represent an averaging of

the eight beams leaving the three steering mirrors of the EL, and an averaging of the four

beams leaving the two steering mirrors of the ULs. In this frame, the toroidal angle is

fixed and the poloidal angle is steerable. Using an EC-centered representation simplifies

the algorithms for active feedback control, since only the poloidal angle needs to be

adjusted. At the time of writing, further optimization of the design of the Equatorial

Launcher was performed. The new configuration modifies the poloidal steering range

of the bottom mirror from a downward steering to an upward steering, to minimize

the opening in the blanket shielding module for neutron irradiation. The simulations

reported in this paper do use the latest configuration, but the differences between the

two geometries are discussed where appropriate.

2.1. Parametrization of the edge boundary

The time-dependent simulations use a parametrization for the values of density and

temperature at the separatrix, based on the work by Kukushkin et al [25]. For the
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sake of clarity and for completeness, some of the definitions are repeated herein, while

maintaining the original labeling and providing reference to the equation number in

the original work, where applicable. This scaling was derived for a carbon divertor

environment and for a plasma with dominant helium composition, although a scan for

the hydrogen fraction up to 90% was carried on, thus a systematic error is done here

using this scaling in a tungsten environment and with hydrogen only. The goal here is to

have a solution that evolves the transport equations and the equilibrium self-consistently

within the limits of the models, by coupling the core and the edge while minimizing the

number of prescribed transport parameters. We acknowledge here the limitations in this

approach and defer to future work self-consistent simulations with core-edge integrated

transport.

For a mixed helium-hydrogen plasma, the values at the separatrix for the thermal species

and for beryllium are expressed by Eq.3-4 in [25]:

nH = 0.0034

(
ΓH

Snµ

)0.86

(2)

nBe = 1.1× 10−4P 0.66
n µ0.65S0.33

n (3)

The electron density at the separatrix is calculated from the ion densities assuming

quasi-neutrality, but excluding the contribution from carbon. TRANSP calculates the

fluxes across the separatrix, ΓH , based on the solution of particle balance, which are

passed to the parametrization for the calculation of the temperature and density. The

temperature at the separatrix is defined as (Equation 8 in Ref.[25]):

Ti,sep = 78Pnn
−1
i (4)

Te,sep = 124P 0.56
n n−0.4

e (5)

and is used as a boundary condition for the core thermal energy transport. The ratio

of the beryllium to electron density at the separatrix is used as a representative value

of the fraction of beryllium across the entire profile. This is an arbitrary assumption,

but it is sufficient for the purposes of this work, where simulations attempt at evolving

all parameters self-consistently within the limits of the models and of the assumptions.

The normalized neutral pressure µ, the normalized pumping speed Sn and the

normalized power across the SOL Pn are defined by Eq.(1) and (2) in Ref.[25]. Since

these parameters are not used herein for feedback control, they are no further described

here.

2.2. Parametrization of the pedestal

The turbulence transport model GLF23 [26, 27] is used to predict thermal energy

transport for ions and electrons, momentum transport and electron particle transport.

Impurity profiles are assumed to be the same shape as electron density profile, with the

beryllium density fraction provided by Eq.2, tungsten density fraction fixed at 10−5 of

the electron density and neon fraction up to 0.5% of the electron density. Beryllium is

therefore the only impurity species that evolves in time. The main ion density profiles
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Figure 1. (a) beam trajectories from the Equatorial and Upper Launcher, in the

current flattop of an ITER plasma with magnetic field of 2.65T, for poloidal angles

of αUSM = 50.3◦, αLSM = 35.7◦, αLOW = 13◦ (red), αLOW = −28◦ (green),

αMID = 18◦, αTOP = 10◦. For the bottom mirror (LOW) ray trajectories are shown

for both the old geometry (red) and for the latest geometry (green). The Electron

Cyclotron cold 2nd and 3rd harmonic resonances location are shown for 2.65T (blue)

and 2,75T (red). (b-c) Power density profile from the two co-current mirrors at 2.65T,

with X-mode and O-mode polarization. For the LOW mirror two values of the poloidal

angle are shown. (d) electron density profile used for the Electron Cyclotron beam

calculations (e) electron temperature profiles.

Mirror R(m) z(m) β α (min,max)

TOP 9.394 1.192 -20 -10, +10

MID 9.394 0.62 25 5, 30

LOW 9.394 -0.004 25 -10, 25

(new) -30, -10

USM 6.99871 4.41441 20 40, 65

LSM 7.05392 4.17821 20 30, 55

Table 2. Geometry used in TRANSP/TORBEAM for the Electron Cyclotron system.

The toroidal angle indicated here is an average value and corresponds to assuming a

single beam for each launching position, with focalized deposition at the resonance

location. All angles are in the EC system frame.

are calculated from particle balance assuming quasi-neutrality.

In L-mode the boundary conditions for the electron and ion temperature and for

the electron density are set by the values at the separatrix, calculated using the

parametrization described above. In H-mode, the boundary conditions for the core

transport are set by the pressure pedestal top width and height, which are calculated
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from a neural network based upon calculations of peeling-ballooning stability limits

provided by EPED1 [28], covering the ITER operational space at half-field and full-

field [29]. For a general quantity y, which could be density or temperature, the profiles

between the top of the pedestal and the separatrix are constructed using a hyperbolic

tangent function:

y = y0

{
c2(1− r2)

[
c1 − tanh

(
ψ − ψped

0.5∆ped

)]
+ r2

}
(6)

where ψ is the normalized poloidal flux and ψped is the normalized poloidal flux at the

pedestal location. The pedestal width is therefore defined as ∆ped = 1− ψped. The top

of the pedestal is defined as a point located 0.5∆ped inside the pedestal, thus 1.5 times

the pedestal width inside the separatrix. The parameter c2 is defined as:

c2 =

(
r1 − r2
1− r2

)
1

2c1
(7)

with r2 = ysep/y0, r1 = yped/y0 and c1 = tanh(1). The pedestal density is assumed

to be 0.61 n̄e, according to the NTCC pedestal model [30] and is an input to the

EPED1-NN. Then, the electron temperature at the top of the pedestal is calculated

from pped ≡ 2npedkTped under the assumption that the pedestal structure in the electron

and ion temperature are the same. Although this is not a situation encountered in the

experiments, it is a common assumption in all models for the pedestal based on MHD

stability calculations and on micro-turbulence that do not include kinetic effects.

3. Parasitic absorption of EC waves and operation around half-field

This section discusses limits on the operation around half-field and possible solutions

for scenarios that maximize the use of all heating and current drive sources. The main

constraint comes from the presence of the third harmonics layer inside the plasma at

the magnetic field of 2.65T, which has direct implications on the minimum value of the

magnetic field for operation that is free from parasitic absorption. The second constraint

is on the radial location of the EC deposition, which has implications on the maximum

value of the magnetic field at which operation is possible without losing the capabilities

of the EC system. Both define an optimal configuration for the EC system in terms

of polarization mode and range of poloidal steering angles for access to H-mode and

for MHD control and on the IC system for maximization of the heating scheme. Either

way, the optimal solution for the scenarios is one that maximizes the capabilities of both

systems.

At 2.65T, which has been proposed as the value of magnetic field for operation in

PFPO-2 [1], and with the nominal values of outer gap of 20cm, the third harmonics of the

electron cyclotron frequency is inside the plasma, close to the plasma edge, as shown in

Fig.1-(a). This causes parasitic absorption of the EC power at the plasma edge over the

entire range of poloidal steering angle for the three mirrors in the Equatorial Launcher.

The figure shows two trajectories for the bottom mirror, one (red) for the former poloidal
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steering angle and one (green) for the most recent upgrade. We notice that the effect of

the third harmonics parasitic absorption is present in both configurations.

This parasitic absorption limits the flexibility of the EC system for applications

where controllable, localized deposition is required, like sawtooth pacing and core heat-

ing for impurity accumulation avoidance. It should be noticed that parasitic absorption

at the third harmonics is independent of the plasma composition, thus it is observed

both in hydrogen and helium plasmas and in deuterium and mix deuterium-tritium

plasmas that might be developed as part of the path to Q = 10 during fusion operation.

There are three ways to avoid parasitic absorption.

The first solution is to increase the outer plasma-wall gap by up to 10cm. In this

case the value of q95 will be slightly higher than in plasmas with nominal value of the

outboard plasma-wall gap. If the in-vessel coils are used for plasma vertical stabiliza-

tion, the outboard plasma-wall gap can be increased up to 40 cm without modifying

the inboard and upper plasma-wall gaps; this option is therefore well within the capa-

bilities of the ITER control system. However, increasing the outer gap can reduce the

coupling of the Ion Cyclotron waves to the plasma, an effect that cannot be assessed

at this time in time-dependent simulations with TRANSP, since it requires a model for

the antenna-plasma coupling and a self-consistent Scrape-Off-Layer model that evolves

in time. This operational option is therefore not assessed herein.

The second solution is to operate at the second harmonics with O-mode polariza-

tion, where the effect of parasitic absorption is much lower due to the lower efficiency

compared to X-mode. Both the O2 and X3 have lower optical depths than O1 and X2 by

roughly a factor of Te/mc
2 [31, 32]. The temperatures in H-mode result in optical depth

for the O2 near unity (power being absorbed in the plasma core), while the X3 on the

edge is sufficiently high resulting in the parasitic absorption on the plasma boundary.

Note that the O3 optical depth is still thin with typical plasma parameters in H-mode,

such that no parasitic absorption occurs for the O2 launch from the equatorial port. It

should be noted that X2 from the upper launcher does not encounter the X3 parasitic ab-

sorption as the third harmonic resonance is well outside of the plasma due to the plasma

curvature. Since the rays injected from the upper launcher do not intersect the third

harmonics resonance layer, only the equatorial launcher would be operated in O-mode,

while the Upper Launcher would still use X-mode polarization. Note that the heating

profiles shown in Fig.1 have been calculated based upon a scenario that prescribes the

shape of the electron density profile inside the pedestal, but predicts the pedestal width

and height and the temperature profiles inside the separatrix. Because the deposition

profile and the heating efficiency do change between O-mode and X-mode, the predicted

profiles, including the current profile do respond to the heating and current drive effi-

ciency, therefore a direct comparison of current drive efficiency for given injected power

is not possible in exactly the same conditions. The deposition profiles are broader in

O-mode for the new configuration for any given radial location and the current drive
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efficiency is lower. While this does not cause significant differences in the scenarios,

since most of the non-inductive current drive is provided by the Neutral Beams and

the inductive Ohmic current is still dominant, it might affect control applications like

sawtooth pacing. Possible solutions for operation at 2.65T include changing the polar-

ization after the L-H transition, to maximize heating and current drive in L-mode, or

operating the Equatorial Launcher in O-mode during the entire discharge. Both options

are discussed in the following section.

The third solution is to increase the toroidal magnetic field to move the resonance

layer outside the plasma. The power threshold for access to H-mode increases by 3%

when the magnetic field is increased to 2.75T for a given line averaged density, according

to the ITPA scaling [14]. To operate at 75% of the Greenwald density in hydrogen

plasma, and accounting for partial absorption of the IC power, the full available power

is needed to stay in H-mode, leaving no extra power available in case of failure of one

of the systems.

4. Operation at 2.65T

As discussed in the previous section, operation at 2.65T might be possible by using

the Equatorial Launcher at the second harmonics with O-mode wave polarization.

Simulations of the current ramp-up phase have been run for hydrogen plasma, which

are shown in Fig.2 (left column). The simulations assume same gas injection and

same EC injected power and steering angles, but different wave polarization for the

Equatorial Launcher bottom and mid mirror. The first case uses X-mode polarization

(blue traces), the second case uses O-mode polarization (red traces). As shown in Fig.2-

b, the case with O-mode polarization has lower absorbed power, about half of the total

injected power, in the time window of [20, 35]s, then absorption gradually increases with

increasing density, but it gets close to full absorption only in the flattop, while the case

that uses X-mode wave polarization in L-mode achieves full absorption already at 20s.

In both cases, the density needs to reach at least 1.5 × 1019m−3 before at least 90%

first pass absorption is obtained, with fluctuations around this value of density that

depend on local values of the density profile. To emulate machine protection conditions,

the simulation checks the value of the line averaged density value before turning-on the

EC power. These simulations, which are predicting the density profile, indicate that

operation at 2.65T and 7.5MA should use a combination of X-mode polarization in the

ramp-up and in the initial portion of the flattop phase, then switch to O-mode wave

polarization to minimize third harmonics parasitic absorption. In the flattop phase the

absorption on O-mode is about 96% of the injected power, compared to 99% for X-mode,

thus providing no significant loss of power for sustaining H-mode. The full discharge

simulations aim at keeping the EC deposition at a normalized minor radius of 0.35-0.45,

to avoid peaking of the safety factor profile at low density and high internal inductance,

which might cause instabilities to develop in the plasma current ramp-up phase.
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Figure 2. Left column: comparison between X-mode (blue) and O-mode (red)

polarization in the current ramp-up phase. (a) plasma current (b) injected EC

power (black) and absorbed power for X-mode polarization (blue) and for O-mode

polarization (red) (c) line averaged electron density for the two simulations, with X-

mode and O-mode polarization (d) central electron temperature. Central column:

simulation of a hydrogen plasma at 2.65T, with transition from X-mode to O-mode

polarization at 55s. (e) total current (thick) and contributions from Ohmic (black),

neutral beam injection (blue) and bootstrap (red), (f) injected auxiliary power, Neutral

Beams (black), Ion Cyclotron (blue), Electron Cyclotron (red) and radiation losses

(green). (g) line averaged electron density (h) central value of electron and ion

temperature. Right column: profiles in the flattop phase, average over 1s before each

sawtooth crash (i) electron density (j) ion and electron temperature (k) comparison

between the EC deposition in the flattop phase at 155s (green) and the deposition

in L-mode, at 33s for X-mode (blue, same simulation) and O-mode (red, simulation

shown in the left column) (l) profile of current contributions, average over 1s before

each sawtooth crash.

Figure 2 (central column) shows a full discharge simulation of a hydrogen plasma

for the same values of plasma current and magnetic field. The plasma enters H-mode

between 40s and 50s, where uncertainties include density fueling and line averaged

density evolution, as well as the timing of the auxiliary heating sources. The Neutral

Beam power is 11.4MW on each beam and neon injection is used to stay below shine-

thru limits. The wave polarization is switched from X-mode to O-mode at 55s, which

is an arbitrary choice and based on the results shown in the left column. The wave

polarization of the Upper Launcher is maintain at X-mode and a constant amount
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Figure 3. Scan of the poloidal steering angle for the bottom and mid mirror (both

co-current injecting) in L-mode, calculated on the profiles at 33s from the simulations

shown in Fig.2, left column.

of power is kept on either the upper and lower steering mirror, which are tracking

respectively the q = 1.5 and q = 2 resonant surfaces. While third harmonics parasitic

absorption is independent of the plasma composition, details of access to H-mode,

density build-up and profile peaking, as well as edge density and temperature, depend

on the background species and on the heating scheme. A full assessment of the scenario

should evolve self-consistently all transport channels and include stability calculations

and core-edge integrated transport for assessment of IC coupling, which is beyond the

scope of this paper.

Profiles of selected plasma quantities are shown in the right column of Fig.2, as

an average in the flattop phase, one second before each sawtooth crash. Profiles shown

include the predicted electron density (a), the predicted electron and ion temperature

(b), contributions to the toroidal current from Ohmic, bootstrap, Neutral Beam injection

and Electron Cyclotron (d). Note that the phasing of the IC antenna is here chosen

to provide only heating. Panel (c) compares the Electron Cyclotron heating profiles in

H-mode (green) and in L-mode, at 33s (blue), the latter compared to the profile for

O-mode polarization (red), extracted from the simulation shown in the left column.

Figure 3 shows the variation of absorbed power fraction and current drive efficiency

with the poloidal steering angle for the two co-current mirrors and compares the old and
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new configuration in the case of the bottom mirror. These calculations are done for given

density and temperature profile in L-mode, extracted at 33s, from the time-dependent

simulations shown in the left column of Fig.2. Open symbols refer to calculations with

O-mode polarization and solid symbols refer to calculations with X-mode polarization.

Differences in the current drive efficiency are small for the density and temperature

profiles of these L-mode plasmas. However, it is noted that the absorbed power is lower

in the case of the updated layout, with differences being larger for radial deposition

around 0.35 and 0.45 of the minor radius, which is the optimal location for current

profile tailoring in the current ramp-up.

Full discharge simulations for a hydrogen plasma at 2.75T and 7.8MA have also

been undertaken. These simulations target the same electron density of the scenario at

2.65T and 7.5MA shown here, to ensure that the power threshold for H-mode access does

not increase more than 3% compared to operation at 2.65T. Under these assumptions,

the simulations look the same as those shown in Fig.2, except for using always X-mode

polarization on the EC Equatorial Launcher, and do not add any valuable information

to this discussion. They are therefore no further discussed here. These scenarios will

be further developed in future work, with mix thermal ion species and full core-edge

integration for assessment of the IC coupling.

5. EC operational limits on the magnetic field

Operating at magnetic field values of 3.0 and 3.3T during the non-active phase has

been proposed as a solution to the lack of an efficient scheme for ion cyclotron heating

in hydrogen plasmas at 2.65T [9, 3, 8]. The proposed heating scheme at increased

magnetic field uses a small fraction of minority Helium-3 (about 1% of the electron

density) at its fundamental resonance at 40MHz to achieve a single pass absorption of

80% and higher. However, at this magnetic field the Electron Cyclotron system would

lose accessibility inside mid-radius, as shown by Farina et al [7]. The central column

of Fig.4 shows a TRANSP simulation of a pure hydrogen plasma, with magnetic field

of 3.0T and plasma current of 8.5MA, along the path of constant q95 to the ITER

baseline operation. The output line averaged electron density in this simulation is

n̄e ' 4×1019m−3, i.e. about 60% of the Greenwald density limit (n̄e ' 6.8×1019m−3 at

this current). At this density and in pure hydrogen plasma, the minimum beam energy

to avoid shine through is 800keV, which corresponds to 13.4MW on each beamline [33].

At this density the power threshold for H-mode access is 43MW. Assuming 100% IC

coupling and absorption, 20MW of EC power and accounting for beam shine through

losses, the total power across the separatrix is only 10% above the power threshold

for the L-H transition when using two sources at 750keV and 11.4MW each, and 17%

above the power threshold when using 11.4MW on one beamline and 16.5MW on the

second beamline. The former case is compatible with shine through limits even in pure

hydrogen plasmas, the latter needs either impurity injection or helium doping up to

20% (or both) to decrease the shine-through limit at this density. The case shown in
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the figure uses one source at 750keV at low density at the end of the current ramp-up

phase and one source at full power about three seconds later, with neon injection in the

flattop phase.

The Equatorial launcher is used with poloidal angle of 6 degrees on the intermediate

mirror and with -10 degrees on the lower mirror, to distribute the deposition while

maintaining core heating at the innermost radial location that can be reached. Based

upon the equilibrium and profiles predicted at 150s, a scan of the poloidal angle has been

done on all three mirrors, which is shown in the left column of Fig.4. The innermost

radial location that the two co-current injection mirrors can reach is about 0.45, while

it is about 0.30 for the counter-injecting mirror. These are also the locations where the

current drive efficiency is highest. We notice that the innermost radial location that

the lower mirror can reach is slightly more off-axis in the case of the updated poloidal

steering range, but differences in the current drive efficiency and deposition profile are

very small.

This scenario at 3.0T is still feasible for demonstration of access and sustainment of

H-mode in pure hydrogen plasmas, with the full available power, provided the density

does not exceed 60% of the Greenwald density limit. However, losing the accessibility

of the EC system inside mid-radius limits the flexibility of the system for sawtooth

pacing, current profile tailoring and core heating for impurity influx control. If access

to reverse shear plasmas is needed for demonstration of steady state operation, then the

top mirror cannot be used for counter-current drive. Another limitation with operation

at this magnetic field is the feasibility of a controlled ramp-down phase. When the

plasma cross-section is reduced in size and the plasma is guided downward to reduce

the internal inductance and avoid the plasma from becoming vertically unstable, the

EC system is the only one that can follow the plasma centroid. These scenarios at 3.0T

need to be assessed for heat loads to the plasma wall during teh termination phase.

6. Conclusions

Operation around half-field is part of the ITER Research Plan as a path to full field

operation. Plasma scenarios will be used to commission the heating and current drive

systems, demonstrate access to H-mode, demonstrate ELM control and NTM control.

They will also serve to commission the plasma control system for the termination

phase, including managing the exit from H-mode in the presence of alphas at lower

magnetic field and lower poloidal beta. Access to H-mode in non-activated scenarios

permits commissioning of the Edge Localized Modes mitigation schemes, the disruption

mitigation system, assessing diverter heat loads and detachment, demonstrate controlled

plasma termination and NTM control [1]. The progress of the H-mode operation from

the pure EC heated plasmas of PFPO-1 to the NB, IC and EC heated plasmas of

PFPO-2, should utilise common scenarios in each phase as well as optimise the ratio

of available power to the expected required H-mode threshold power. As the EC and

IC powers are common to both PFPO-1 and PFPO-2, scenarios should optimize both
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Figure 4. Left column: results from a scan of the poloidal steering angle, for profiles

extracted at 155s from the simulation shown in the central column. (a) radial location

of the peak current deposition, poloidal angle vs normalized radius (b) current drive

efficiency (c) profiles of absorbed power and current drive for selected poloidal angle.

Central column: simulation of a hydrogen plasma at 3.0T. (d) total current (thick) and

contributions from Ohmic (black), neutral beam injection (blue) and bootstrap (red),

(e) injected auxiliary power, Neutral Beams (black), Ion Cyclotron (blue), Electron

Cyclotron (red) and radiation losses (green). (f) line averaged electron density (g)

central value of electron and ion temperature. Right column: profiles in the flattop

phase, average over 1s before each sawtooth crash (h) electron density (l) ion and

electron temperature (j) average total EC deposition (black) and variation for the

Equatorial Launcher (k) profile of current contributions, average over 1s before each

sawtooth crash.

the EC and the IC performance. However, at 2.65T and 7.5MA, which corresponds to

exactly half value of the nominal ITER magnetic field, the Electron Cyclotron waves

are affected by parasitic absorption at the third harmonics. This effect is present for all

mirrors in the Equatorial Launcher and is independent of the plasma composition. The

amplitude of the parasitic absorption depends on local values of the electron density and

temperature, which modify the optical depth of the plasma. The geometry of the EC

Equatorial Launcher has recently been updated to simplify the engineering design and

reduce the opening in the blanket, to minimize neutron irradiation. The new poloidal

steering angle range of the lower mirror entirely falls within the vertical region affected

by the third harmonics parasitic absorption, with an effect that is larger than in the case
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of the previous layout. This does not compromise the use of the EC system, but requires

adjustments to the operational space to fully exploit the capabilities of the system.

Simulations have been run with TRANSP, where the density and temperature at

the separatrix are calculated from a parametrization of SOLPS calculations [25] and are

evolved dynamically, coupled with the core transport fluxes. These simulations assess

the absorption in L-mode and in H-mode and propose solutions for operation around

half-field, that minimize the effect of the third harmonics absorption. Operation at

2.65T is still possible provided the wave polarization is changed from X-mode to O-mode

shortly after the beginning of the plasma current flattop phase. However, switching the

polarization takes about three seconds, during which the polarization is a mix of O-

mode and X-mode. Also, the decreased power absorption in O-mode might trigger back-

transitions to L-mode, thus this phase of the discharge needs to be controlled. Operation

at 2.75T should be therefore preferred, because X-mode polarization can be maintained

during the entire discharge, thus simplifying the number of combined operation of the

Plasma Control System, since first pass absorption should be monitored as the density

evolves. The small increase of the magnetic field, only 3%, has a minor effect on the

power threshold for H-mode access and sustainment, if the plasma operates at a density

of about 60% of the Greenwald limit. Helium doping might be needed to decrease

shine-through limits and operate with both neutral beams at the maximum energy and

power, to sustain H-mode with power at least 20% above the L-H transition power

threshold, for safety margins to balance reduced IC coupling and/or absorption and

dynamical variations of the EC power, as a consequence of switching the power between

the Equatorial and Upper Launcher for combined control of Neoclassical Tearing Modes

and of the sawtooth period.

Operation at higher magnetic field has limitations due to the fact that the higher

the field the more the innermost reachable location moves to larger radial locations.

Operating at 3.0T has been proposed as a solution to ensure first pass absorption of the

IC waves, with a small fraction of Helium3 minority heating [8]. At these values of the

magnetic field the EC system loses access inside mid-radius, thus limiting applications

like current profile tailoring for control of the sawtooth period. Impurity influx needs to

be assessed with self-consistent simulations to compare the effectiveness of Ion Cyclotron

vs Electron Cyclotron heating for core electron heating for control of impurity influx.

While the conclusions on the third harmonics parasitic absorption and solutions to

avoid it are valid, since independent of the transport models used, a full assessment of

the scenarios for optimization of synergistic use of all heating and current drive systems

should include self-consistent transport in all channels, energy, momentum and particle,

a coupled core-edge transport model, including modeling of the losses of IC waves in

the SOL in dynamical conditions, as well as modeling of MHD and Energetic Particle

stability and their effects on the redistribution of fast ions.
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