
Zhuang DOI:10.1088/1741-4326/ab0e27 OV/3-2

Progress of the CFETR Design
G. Zhuang1, V. S. Chan1,2, J. Li3, Y. X. Wan1,3, and G. Q. Li3

The CFETR Team
1University of Science and Technology of China, Hefei, Anhui, People’s Republic of China

2General Atomics, San Diego, CA 92186, USA
3Institute of Plasma Physics, Chinese Academy of Sciences, Hefei, Anhui, People’s Republic of China

Corresponding Author: G. Zhuang, gezhuang@ustc.edu.cn
The Chinese Fusion Engineering Test Reactor (CFETR), complementing ITER, is aiming to

demonstrate fusion energy production up to 200 MW initially and to eventually reach DEMO
relevant power level, to manifest high duty factor of 0.3–0.5, and to pursuit tritium self-sufficiency
with tritium breeding ratio (TBR)ą1. The key challenge to meet the missions of the CFETR is to run
the machine in steady state and high duty factor. Recently, a self-consistent steady-state scenario for
CFETR with fully sustained noninductive current drive is developed using a multidimensional code
suite with physics-based models. In addition, results from the experimental validation conducted
by a recent EAST steady-state experiment with off-axis current drive enhance confidence in the
performance prediction from the integrated modelling. Finally, a fully noninductive reverse-shear
scenario scaled to R “ 6.7m, βN „ 3, H98 „ 1.5 and fBS „ 0.75with the performance that meets
the high gain CFETR mission is demonstrated. The scenario presents a self-consistent solution for
the CFETR transport, equilibrium and pedestal dynamics.

At present, the CFETR physics design focusses on optimization of the third evolution CFETR
(R “ 7m, a “ 2m, κ “ 2, Bt “ 6.5–7 T, Ip “ 13MA) consistent with steady-state or hybrid mode
and a radiative divertor. Listed below are the main tasks we needed to tackle in the near-term, e.g.,
to demonstrate compatibility with the alpha particle stability and transport, and to quantify the
tritium burn-up rate during the steady-state burning plasma phase in order to find a solution to
meet the central fuelling requirement, and so on. The details will be given in this meeting.
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Abstract 

The Chinese Fusion Engineering Testing Reactor (CFETR), complementing the international thermonuclear 
experimental reactor (ITER), is aiming to demonstrate fusion energy production up to 200 MW initially and to eventually 
reach DEMO relevant power level, to manifest high duty factor of 0.3~0.5, and to pursuit tritium self-sufficiency with tritium 
breeding ratio (TBR) > 1. The key challenge to meet the missions of the CFETR is to run the machine in steady state (or long 
pulse) and high duty factor. By using a multi-dimensional code suite with physics-based models, self-consistent steady-state 
and hybrid mode scenarios for CFETR have been developed under a high magnetic fields up to 6.5T. The negative-ion neutral 
beam injection together with high frequency electron cyclotron wave and lower hybrid wave (and/or fast wave) are proposed 
to be use to drive the current. Subsequently the engineering design of CFETR including magnet system, vacuum system, 
tritium breeding blanket, divertor, remote handling and maintenance system will be introduced. Some research and 
development (R&D) activities are also introduced in this paper. 

1. INTRODUCTION 

Nuclear fusion is one of the most promising options that can provide large amount of clear energy with a relatively 
less impact on environment. After several decades of research and development on the magnetic confinement 
fusion, many of the scientific and technical hurdles in fusion have now been overcome. At present， the most 
critical challenge in magnetic confined fusion is to prove fusion can work on a power plant scale. Therefore, the 
ITER project is a necessary step on the road to generate fusion energy up to a power plant scale. The overall 
objective of the ITER project is to exploit magnetic confinement fusion for the production of energy by providing 
an integrated demonstration of the physics and technology required for a fusion power plant. However, the ITER 
is still an experimental reactor, not for the commercial purpose. Therefore, a fusion demonstration power plant 
(DEMO) is another necessary step for achieving the production of fusion energy for peaceful use. As having been 
presented in the last FEC conference [1], Chinese fusion community has put forward the CFETR project, which 
is targeted to build up the science and technology base for the Propotype of Fusion Power Plant (PFPP). The 
CFETR is proposed to bridge the gap between ITER and the first commercial fusion power plant, a necessary 
complementary of ITER to DEMO. The primary missions of CFETR project are proposed to demonstrate the 
fusion energy production of 200-1000 MW, to generate the steady-state burning plasmas with duty time about 
50%, to test the self-sustainable burning state with fusion gain, Q, of not less than 20~30, and in which the alpha 
particle heating resulted from the fusion reactions dominates all other forms of plasma heating with a fraction up 
to 83-86%, to realize the Tritium self-breeding with the tritium breeding ratio (TBR) of ≥1.0, to carry out the 
research and development for the structural and functional materials which should have high neutron flux resistive.  

The CFETR concept design has been carried out for nearly eight years (2010~2017) and can be divided into two 
periods. For the first period (2010~2015), in order to reduce the construction costs, the concept design is based on 
a small-size machine with major/minor radius R = 5.7 m /a = 1.6 m and BT = 4–5 T. The second period starts from 
2015, the concept design diverts from the small-size machine to a larger one with R = 6.6 m /a = 1.8 m, BT = 6–7 
T, aiming to achieve a target to produce over 1 GW of fusion power with attainable technical solutions. Since 
2017, physics design mainly concerning on operating scenarios, a couple of key engineering designs along with 
the R&D activities including full size vacuum vessel (VV) manufacture, tritium breeding technology development, 
first wall (FW) and divertor materials, etc., have been carried out. After careful consideration of the results from 
the previous CFETR concept design and the R&D activities, and as well to fulfill the goals and missions of the 
CFETR, a new design version of the CFETR key parameters is put forward for governing the physics and 
engineering designs. The present parameters of the CFETR are major radius R = 7.2 m, minor radius a = 2.2 m, a 
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specified plasma shape with the elongation 𝜅 of 2, the toroidal magnetic field BT on the central line of 6.5 T, the 
plasma current Ip of 14 MA, and the divertor configuration suggested to be lower single null configuration. The 
CFETR research plan will take two-stage approach. The first stage is to establish the steady-state DT plasmas 
producing fusion power of not less than 200 MW, Q = 1–5, and TBR > 1.0, neutron dose requirement of ~10 dpa 
(displacements per atom). The second stage is to do the DEMO validation by generating a burning plasma with 
fusion power of  >1 GW, Q > 10, and neutron dose requirement of ~50 dpa.  

This presentation outlines the major progress of the CFETR design during past two years, including physics and 
engineering designs. The rest of the paper is organized as follows: Section 2 focuses on the CFETR physics design 
which mainly concerns on development of steady-state and hybrid operating scenarios by using the system code 
and integrated modelling tools, optimization of the divertor and impurity effects, and evaluation of the MHD 
stability and VDE controlling, and so on. Section 3 emphasizes on the CFETR engineering design of key 
components, including magnets, VV, tritium breeding blanket (TBM), divertor, and remote handling (RH). The 
summary goes into the final section. 

2. CFETR PHYSICS DESIGN 

The CFETR physics design is mainly focusing on development of the operating scenarios and their optimizations 
with respect to the physics and engineering constraints. The operating scenarios will be used to predict the fusion 
performance, to explore and determine a robust operation space possessing good confinement, MHD stability and 
acceptable transport level, to evaluate and limit the fraction of helium and other impurity particles while 
approaching the desirable fusion performance, to size up the power and particle exhaust compatibility with the 
chosen divertor configuration, to assess and manipulate the transit and steady heat load to the first wall and divertor 
to keep the machine safety, and so on. In the CFETR physics design, the system optimizer General Atomics 
System Code (GASC) [2] based on Microsoft Excel spreadsheet, is used as the 0D system code to scope out the 
parameter space due to various operating modes [3, 4, 5]. The models in the 0D system code are either empirically 
or physics based but with simplifying assumptions. It can provide the zeroth order engineering parameters for 
further physics and engineering designs, such as R, a, Ip, BT, and so on. In addition, the 0D system code can 
provide a consistent set of HITER98Y2, βN, fBS, etc. Those parameters align themselves with fusion production, for 
example, fusion power and fusion gain, and give a ballpark estimate of fusion power production as well. However, 
the plasma performance generated by the 0D system code does not identify any realistic operating scenarios, even 
though the models in the code are based on the achieved experimental database and conservative extrapolations, 
since the strong interplay between the core transport, pedestal structure, current profile, and plasma equilibrium, 
and so on, in the fusion reactor like CFETR should introduce some uncertainties on the fusion performance. To 
be able to accurately predict the fusion performance in a reactor, a proper way is to integrate the physics-based 
models that are beyond the experimental scaling laws to simulate the plasma performance. The integrated 
modelling is expected to be capable of calculating a self-consistence solution to the strong coupled problem and 
thus to judge the objectives of a desirable plasma performance [6]. Its prediction capability has been illustrated 
by reproducing the experimentally demonstrated scenarios. The automated framework OMFIT is applied to 
physically integrate a couple of multi-dimensional code suites to perform the self-consistent simulations of plasma 
core, pedestal and boundary, and then to provide a self-consistent solution for the CFETR transport, equilibrium 
and pedestal dynamics. Within this process, the predicted information about the CFETR fusion performance can 
be extracted. In the framework, several multi-dimensional code suites are involved, as shown in figure 1. The 
transport code TGYRO is used to solve the nonlinear problem to characterize the plasma performance in the core 
region. The physics-based models TGLF and NEO engaged in the TGYRO are used to evaluate the turbulent and 
neoclassical transport, respectively. The pedestal model EPED1 is used to provide the pedestal structure (e.g. 
width and height) based on the 0D system code output parameters. The TGYRO can provide a unique set of the 
plasma profiles that can drive the transport flux to balance the target flux which is the volume integral of the 
sources. The sources (particles, energy, momentum) and sinks (radiation loss, etc.) as well as plasma current 
evolution are computed by the code suite ONETWO. The models engaged in ONETWO are the ray-tracing codes 
TORAY, TORLH, and TORIC for RF H&CD scheme, and the Monte Carlo code NUBEAM for the neutral beam 
injection (NBI). With the output evolution of pressure gradient and current gradient from ONETWO, the code 
EFIT can be employed to update and provide the close boundary equilibrium.  

To predict the fusion performance of the specified CFETR operation scenario, the integrated modelling starts with 
the inpust from the 0D system code estimation, then iterates among transport, equilibrium and pedestal and 
evolves the particle densities, Te, Ti and momentum toward the specified operating scenario, consistently the 
auxiliary power for heating and current drive is adjusted to keep the specified scenario operating. In the iteration, 
the SOL solution should match the core parameters at the pivot point (about ρ ~ 0.9), which locates at the top of 
the pedestal. Along with the operating scenarios developed within the OMFIT framework, the time-dependent 
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simulation of the plasma performance in different phases of the discharge, including flattop, ramp-up, and ramp-
down, are carried out by tokamak simulation code (TSC) with some auxiliary heating subroutine packages [7]. 
The TSC is a full non-linear free boundary simulation code that accurately models the transport time-scale 
evolution of an axisymmetric plasma, including the plasma interactions with the passive and active feedback 
systems. 

 

FIG. 1. Workflow and the code suites in the 
OMFIT framework. 

With the GASC output parameters and integrated modelling workflow, two CFETR operating scenarios, fully 
non-inductive (or steady-state) and hybrid mode, are calculated and given in below. Verifications of codes and 
model used in the workflow are being performed especially including the improvement of TGLF transport model 
in recent years [8]. Independent verifications of the developed CFETR scenarios by integrated modelling using 
codes developed in Europe such as METIS and others are also started. 

2.1. Development of fully non-inductive and hybrid mode scenarios 

Table 1 illustrates the calculated 0D key parameters for a fully non-inductive (steady-state) operating scenario 
developed for the CFETR with the fusion power Pf ranged from 100 MW to the DEMO level of > 1GW. As listed 
in Table 1 for Cases A.1 to A.3, the parameters are reasonable either based on the achieved experimental database 
or conservative extrapolations.  It is perceived that the CFETR fusion energy production ranged from 100 MW 
to ~1 GW can be achieved by having a proper confinement factor HITER98y2 (1.12-1.41), moderate normalized βN 
(1.0-2.0) and fraction of bootstrap current fbs (less than 50%.). By increasing the normalize βN from 1.0 to 2.0, the 
steady-state scenarios with fusion power production of 100 MW, 200MW, 500MW and 1GW are obtained, 
respectively. For P# ≤ 1	GW, βN keeps at low level. Thus, the challenges for material, heat exhaust, plasma 
disruption and plasma wall interaction are relatively weaker compared with ITER. Efforts will be focused on the 
tritium breeding. If βN is fixed at ~3, Demo-level parameters with the fusion power ~2GW  would be even 
achieved. 

TABLE 1. CFETR PLASMA PERFORMANCE FOR CFETR FULLY NON-INDUCTIVE (STEADY-
STATE) OPARATING SCENARIOS 

CFETR fully non-inductive 
R=7.2m, a=2.2m, 𝜅 =2  Parameters A.1 

100MW 
A.2 
200MW 

A.2 
500MW 

A.3 
1GW 

A.4 
DEMO- level 

fusion power Pf 120 229 482 974 2192 
power to run plant Pinternal 199 196 223 238 265 
gain for whole plant Qplant 0.46 0.70 1.14 1.98 3.79 
Pfusion/Paux Qplasma 1.56 3.06 5.87 11.89 28.17 
net electric power Pnetelec -107 -58 30 232 738 
Neutron Power at Blanket Pn/Awall 0.12 0.23 0.49 0.99 2.23 
toroidal beta 𝛽T 0.006 0.009 0.014 0.019 0.029 
normalized beta 𝛽N 1.00 1.20 1.50 2.0 3.0 
bootstrap fraction fbs 0.40 0.40 0.40 0.50 0.75 
H factor over ELMY H_net HITER98Y2 1.12 1.25 1.32 1.41 1.42 
Ohmic fraction fohm 0.0 0.0 0.0 0.0 0.0 
current  drive power Pcd 77 75 82 82 78 
plasma current Ip 8.61 10.34 12.92 13.78 13.78 
field on axis BT 6.5 6.5 6.5 6.5 6.5 
Ion/electron Temperature Ti(0)/Te(0) 18 24 32 36 32 
Electron Density n(0) 0.48 0.52 0.61 0.78 1.31 
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Ratio to Greenwald Limit nbar/nGR 0.57 0.51 0.48 0.57 0.96 
Zeff Zeff 2.45 2.45 2.45 2.45 2.45 
Power per unit R P/R 8.52 9.42 11.66 15.69 30.70 
q95_Iter q95_iter 8.87 7.39 5.91 5.54 5.54 

Preliminary integrated simulation is performed to establish the operating scenario to verify the 0D calculation of 
the Pf ~ 1 GW as given in Table Case A.3. In the simulation, the auxiliary heating and current drive (H&CD) 
scheme is chosen to the combination of EC and NBI [9, 10]. The electron cyclotron wave (ECW) is launched 
from the top used to improve the current-drive efficiency. The ECW power is about 30MW operating at 
fundamental O mode with the frequency of 250 GHz, applied to drive ~ 0.88 MA to maintain the magnetic shear 
in the core and to control qmin > 2 to avoid any low n MHD mode instabilities that might lead to disruptions. 
Further optimization of EC wave frequencies, launch position, poloidal injection angle and toroidal injection angle 
is needed to improve the CD efficiency and fusion performance. A Two-NBI scheme is employed here, one has 
the beam power of 68 MW, beam energy up to 500 keV, injection tangential radius RT = 830 cm, used to fuelling 
into the core and drive the current up to 2.58 MA, while the other beam has the beam power of 10 MW, slightly 
lower beam energy, 100 keV, RT = 720 cm is used to drive the plasma rotation at the edge to improves confinement 
leading to higher temperatures thus a higher fusion gain. In the optimization of the NBI scheme, the launch angle 
should be chosen to avoid both large shine through and edge heating, and NBI port size would be as small as 
possible for saving more mid-plane space for tritium breeding blankets. The bootstrap current from the Sauter 
model is about 7.56 MA. Some key parameters for fusion power production up to1 GW predicted by integrated 
modelling (0D calculation) are HITER98y2 = 1.25 (1.41), βN = 2.4(2.0), and fbs ~ 59.5% (50%). The total current in 
this scenario is about 11 MA, which has a very high edge safety factor that would benefit to the plasma stability. 
The equilibrium and current (q) profiles are shown in Fig. 2. Fig. 2(a) depicts the various components of the 
plasma current. Fig. 2(b) shows the q profile which has a strong negative central magnetic shear (NCS), since the 
scenario generates a large off-axis bootstrap current as shown in figure 2(a) due to the strong NB heating. It is 
noted that the ohmic current is close to zero, which demonstrates this scenario approximately reaches a steady 
state. In addition, a higher βN together with a higher q95 (~ 5.8, due to a higher BT and lower Ip) enables a higher 
bootstrap current fraction of 59% compared to the 50% assumed in the 0D analysis. 

(a) 

 

(b) 

 

(c) 

 
FIG. 2. (a) Current profile, (b) q profiles, (c) equilibrium for the fully non-inductive scenario by integrated modelling 
as given in of Table 1 Case A.3. 

Table 2 shows the CFETR plasma performance for the hybrid mode operating scenario. For Cases B.1 (Pf = 100 
MW) to B.3 (Pf = 1GW) as listed in the table, some key parameters are almost the same as the steady-state 
scenarios but HITER98y2 is slightly lower.  

TABLE 2. CFETR PLASMA PERFORMANCE FOR CFETR HYBRID MODE OPARATING SCENARIOS 

CFETR Hybrid Mode 
R=7.2m, a=2.2m, 𝜅=2  Parameters B.1 

100MW 
B.2 
200MW 

B.2 
500MW 

B.3 
1GW 

B.4 
DEMO level 

fusion power Pf 114 250 558 1128 2192 
power to run plant Pinternal 190 196 202 222 75 
gain for whole plant Qplant 0.46 0.75 1.40 2.41 12.96 
Pfusion/Paux Qplasma 1.54 3.35 7.65 15.30 795.16 
net electric power Pnetelec -103 -49 80 312 891 
Neutron Power at Blanket Pn/Awall 0.12 0.25 0.57 1.15 2.23 
toroidal beta 𝛽T 0.006 0.009 0.014 0.019 0.029 
normalized beta 𝛽N 1.00 1.20 1.50 2.00 3.0 
bootstrap fraction fbs 0.40 0.40 0.40 0.50 0.75 
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The integrated simulation is also performed to establish the hybrid mode operating scenario to verify the 0D 
calculation given in Table 2 Case B.3. It is worthy to note that the simulating results are approximate in qualitative 
as the 0D predictions, except the H&CD power needs 103 MW from the simulation is larger than 74 MW from 
the 0D calculation, that leads to a lower fusion gain. And the confinement is also lower, only 1.06 compared to 
the 1.19 predicted by the 0D code. The integrated modelling reveals that the CD power chosen in the 0D code is 
not sufficient to reach the target temperature and confinement when physics-based transport is taken in account 
in the integrated modelling. In the simulation, the H&CD scheme is chosen to the combination of NBI, ECW, low 
hybrid wave (LHW) and/or fast wave (FTW). The ECW is launched from the top and LHW (or FTW) is launched 
from the HFS, both of them are used to drive the current. The ECCD power is about 30MW, operated in the 
fundamental frequency of 230 GHz while the LHW (or FTW) power is about 20 MW. The current driven by the 
RF waves is about 2.22 MA, used to produce a broad q profile with the qmin slightly larger than 1 and to maintain 
a weak magnetic shear in the core region, which can prevent the sawteeth and thus, to avoid the triggering of 
neoclassical tearing modes (NTMs, e.g. m/n = 2/1 and 3/2) instabilities, and to access possible improved 
confinement at higher βN. The Two-NBI scheme with power up to 52.6 MW is used, one has the beam energy up 
to 600 keV, RT = 660 cm, used to fuelling into the core and drive the current (~1.53 MA), the other beam has 
slightly lower beam energy, 300 keV, RT = 420 cm is used to drive the plasma rotation at the edge to improves 
confinement. Similar to the fully non-inductive operation scenario, further optimization of the NBI scheme and 
ECCD is also needed. In this scenario, the ohmic current is about 30% of the total current, resulted in continuous 
consumption of the flux swing, which leads to a long pulse operation. Fig. 3 demonstrates the hybrid mode 
operation scenario for the CFETR 1 GW mission. Fig. 3(a) is the electron density, electron temperature, and ion 
temperature profiles. The temperature profiles have the steep shape in the core region, which contributes a large 
amount of bootstrap current. Fig. 3(b) plots the various components of current profiles, the bootstrap current 
calculated by Sauter model is about 50.5%, much less than that value in the fully non-inductive scenario, mainly 
due to the NB heating in the core region. The ohmic current is about 2.7 MA, indicated that the scenario is a 
hybrid mode operation. Fig. 3(c) is the corresponding total current and q profiles, it has a slightly negative 
magnetic shear in the core, and qmin just above 1, also indicates that it is the hybrid mode operation. Fig. 3(d) 
contours the predicted equilibrium configuration in a cross-section of the CFETR. 

(a) 

 

(b) 

 

(c) 

 

(d) 

 
FIG. 3. (a) Temperature profiles, (b) Current profile, (c) q profiles, (d) equilibrium for the hybrid mode scenario by 
integrated modelling as given in of Table 2 Case B.3. 

It is worthy to note that in both operation modes, the plasma current is chosen to be much lower, correspondingly, 
the edge safety factor can be much higher benefiting for long pulse operation and disruption avoidance, and the 
needs for auxiliary heating and current drive power tends to be less.  

2.2. Consideration and optimization of the divertor configuration and impurity effects 

The lower single null divertor configuration, similar to that of the ITER, is proposed for the CFETR design. The 
CFETR divertor will be located in the lower part of the vacuum vessel to remove the particles (including helium 
and impurity content) from the plasma core and to exhaust major part of the plasma thermal power. Especially, 

H factor over ELMY H_net HITER98Y2 1.01 1.09 1.18 1.19 1.54 
Ohmic fraction fohm 0.30 0.30 0.30 0.30 0.24 
current  drive power Pcd 74 74 73 74 3 
plasma current Ip 8.61 10.34 12.92 13.78 13.78 
field on axis BT 6.5 6.5 6.5 6.5 6.5 
Ion/electron Temperature Ti(0)/Te(0) 13 17 24 24 34 
Electron Density n(0) 0.67 0.74 0.82 1.16 1.23 
Ratio to Greenwald Limit nbar/nGR 0.79 0.72 0.64 0.85 0.90 
Zeff Zeff 2.45 2.45 2.45 2.45 2.45 
Power per unit R  P/R 7.58 9.33 12.63 19.11 22.97 
q95 Iter q95_iter 8.87 7.39 5.91 5.54 5.54 
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the capability of the divertor to exhaust the plasma thermal power is a critical issue to the successful and safety 
operation of a fusion power reactor. The heat load to the divertor can be evaluated by the figure of merit as the 
fusion power per unit major radius (P/R). As indicated in Tables 1 and 2, P/R can reach 15.69 or 19.11 MW/m 
with respect to either fully non-inductive or hybrid mode operation for the CFETR Pf = 1 GW mission, but 
technologically the maximum stationary heat flux which can be extracted by the divertor is limited to 10 MW/m 
at present. Therefore a higher heat load on the divertor surface could prevent the CFETR long pulse or steady 
state operation. Further optimization of the divertor geometry, for example, expanding the field lines approaching 
the divertor target surfaces and shaping the surfaces to reduce the perpendicular heat flux is needed.  

Since the plasma shape has a close relationship to the divertor geometry, it can affect the plasma performance in 
the devertor region. For example, the larger the plasma triangularity is, the smaller the divertor volume on high 
field side. It will give restriction to the radiation in the devertor region and thus, affect the plasma detachment 
yielded. Therefore optimization of the position of X-point and the divertor strike point along with a proper plasma 
shape is definitely needed. Based on the zero-dimensional parameters, using the equilibrium code TEQ, sequences 
of equilibria with different triangularity (range of 0.3~0.8) are constructed. Through the iterations with the 
structures of the divertor and TBM, the reference equilibrium of the ITER-like configuration for CFETR with 
acceptable position of X-point and divertor strike point can be obtained, as shown in Fig. 4, which has the 
triangularity 𝛿 = 0.418 and dRsep= 6 cm. This equilibrium is used as the start point for many design works. 
Besides the standard divertor configuration, the snowflake+ (SF+) divertor configuration has also been considered. 
Calculations showed that the SF+ is compatible with the standard divertor and the current in the PF coils is below 
the engineering limit. As already discussed in the previous design [1], by using two extra superconducting coils 
(DC1 and DC2) together with other PF coils, either X-divertor or snowflake advance divertor configuration can 
be realized with field expansion 1.5-4 times.  

 

 (a) 

 

(b) 

 

(c) 

 

FIG. 4. The reference 
equilibrium of the ITER-like 
configuration for the CFETR 

FIG. 5. L/R time vs. Toroidal mode number for (a)VV, (b) VV&BM (original 
resistance) and (c) VV&BM (original resistance times 10). Here X-axis denotes 
the toroidal mode number, while Y-axis the L/R time [s]. 

Externally impurities in the core which have less negative impacts on the plasma core performance would help 
partially radiate the heat before it reaches the divertor. Since adding impurity will raise Zeff, a scan of Zeff by 
injecting argon (Ar) gas in a steady-state burning plasma to look for the achievable maximum core impurity 
radiation without degrading or less affecting the core plasma performance. As shown in Table 3, when Zeff 
increases, the fusion performance (H ITER98Y2, Q, fbs, 𝜏E) increases before dropping off as Zeff reaches the turning 
point of 2.73. The competition between the suppression of turbulence and increasing radiation loss along with the 
increasing Zeff results in the peak values of the fusion performance as verified in the table. At the turning point, 
the PLOSS can reach a fraction of 25.7% of the total power. Since the impurity can lower the current drive efficiency, 
more additional power is required to maintain steady state operation. It is worthy to note that the simulation is not 
very sensitive to the assumed impurity profile. This finding is encouraging as part of the divertor heat load solution.  

TABLE 3. IMPURITY EFFECTS ON FUSION PERFORMANCE BY VARYING Zeff 

Zeff PLOSS/PTOT H ITER98Y2 Q fbs 𝝉E (s) 
1.52 12.7% 0.86 1.44 35.5% 1.48 
1.89 17.1% 0.92 1.61 37.2% 1.60 
2.11 19.6% 0.96 1.76 39.6% 1.66 
2.35 21.8%  0.98 1.75 40.3%  1.68 
2.78 25.7% 1.01 1.76 42.1% 1.76 
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3.20 29.5% 1.00 1.58 42.3% 1.78 
3.67 34.4% 1.00 1.44 43.7% 1.78 

Another key aspect of the solution is the choice of plasma facing materials for the divertor manufacture. Similar 
to the ITER, tungsten (W) is used to cover the divertor surfaces, which endorses the divertor some favourable 
characteristics, for example, highest melting point of any metal, and an acceptably low affinity for hydrogen, 
implying a low rate of fuel retention. However, we have to take some measures to avoid excessive concentrations 
of tungsten accumulating in the plasma core. The simulating results [11] indicates that when the fraction of 
tungsten impurity increases from 0 to 6Í10-5, the L-H transition power threshold PL-H increase slightly, but the 
radiation power Prad rises dramatically, which would lead to a further drop of the Ptransp, even though the fusion 
performance only has a slight declination. When the W concentration reaches 4Í10-5, Ptransp < PL-H, the plasma 
confinement drops back to L-mode. It is concluded that the tungsten impurity tolerance is limited by Ptransp > PL-H 
if we want to keep the plasma staying in the H-mode. The other key point is how to avoid helium dilution when 
large amount of fusion reactions occur in the plasma core, which can reduce the fusion performance. The 
simulation [12] shows that when the helium fraction increases, the CFETR fusion performance (H ITER98Y2, Q, fbs, 
etc) decreases gradually. As the helium dilution fraction reaches 0.2, the fusion gain Q drops below 1. Therefore 
necessary precautions to enhance the helium transport from the plasma core to the divertor and to move the helium 
ash out of the divertor is a critical issue in the design of the divertor pumping capability.  

2.3. The MHD stability of the developed scenarios 

The development of the CFETR operation scenarios not only has to take in account some engineering constraints 
as power and particle exhaust, etc., but also needs to satisfy all the requirements of plasma confinement and 
stability physically. It is conceivable that in a burning plasma of a fusion reactor like CFETR access to 
confinement somewhat better than the standard H-mode level is required to achieve significant fusion gain. 
However, to sustain so higher fusion power under stationary conditions over the specified plasma scenarios 
definitely requires sophisticated control of the core, edge and divertor plasma conditions to avoid the degradation 
of core plasma conditions and any dangerous MHD instability, which leads to the current termination or major 
disruption. For example, the CFETR fully non-inductive operation will explore a more complex plasma regime 
in which the total plasma current is driven by a combination of auxiliary heating power driven current and 
bootstrap current, which would trigger some undesirable instabilities. Therefore, the current profile shape needs 
to be controlled to maintain MHD stability, in some extent the active feedback control of certain MHD instabilities 
may also be required. The MHD behaviours with respect to the developed CFETR operation scenarios below no-
wall Troyon limit are given in Figs. 5 and 6 of ref. 13. It is found that the dangerous low-n modes can be stabilized 
by the wall at r/a = 1.2, but some unstable modes at the plasma edge can be driven by the strong pedestal gradient. 
Fig.2 of ref. 13 demonstrate the developed scenarios can be operated in a broad range of βp and βN in the region 
constrained by two limitations that are denoted by two black lines due to current limit and the unstable modes. 
Further studies targeting the operation scenario with larger major radius and higher density and lower edge 
temperature reveal that the CFETR can operate in a grassy ELM regime or QH modes, as indicated in Fig. 15 of 
ref. 13. In the figure, a mix of grassy ELM and type I ELMs can be identified, and the grassy ELM can occur 
when the collisionality is ranged from 0.1 to 1 and βp ranged from ~1.6 to ~2.8. The CFETR operating in the 
grassy ELM region would not only benefit to the MHD stable, but also to reducing the heat load to the divertor 
target. However, more experimental data is needed to test the scaling. Another challenge here is how to access to 
the QH mode regime. 

Experimental and theoretical studies have confirmed that plasma elongation can increase the achievable plasma 
current, density, plasma beta and fusion plasma performance. However, elongated plasmas are inherently 
vertically unstable. Therefore vertical stabilization analysis is of great importance for the CFETR design. The 
vertical displacement events’ (VDEs) stabilization analysis is conducted within vacuum vessel and blanket 
modules (BMs) by employing the TokSys and TSC tools. Both of them are the widely used 2D simulation codes. 
They have been successfully used on several tokamaks in reproducing experimental VDE shots and/or designing 
vertical control, such as PBX, DIII-D, TFTR, JT-60U, and EAST. The TokSys RZIP model is a linear model that 
treats the plasma as a fixed spatial distribution of current, and rigid radial and vertical motions are allowed.  

The double layer VV and the BMs are considered the main passive stabilizers for the CFETR VDE control. Both 
TokSys and TSC codes treat the passive conductors as a group of toroidal continuous filaments with neither breaks 
nor shunts. Equivalent resistivity is derived from the total resistance of the VV. As to the BMs, sine they have a 
much more complicated conductor structure, within which the inner shell, manifold and back support are 
considered, correspondingly 71.1%, 45.3% and 87.3% share in volume of CLF-1 steel. The resistivity of the CLF-
1 steel in 300 oC is 7.62 × 1034	Ω ⋅ m. This value is used for the BMs’ conductor resistance computation. The 
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field penetration time (L/R time) for various toroidal mode numbers of passive stabilizers are shown in Fig. 5. 
Eigenvalues of VV only and VV&BM are computed. The first order eigen-mode is the even symmetry mode 
which has the largest L/R time, mainly for plasma radial control. For VDE control, the odd symmetry modes play 
a key role, of which the second order eigenmode which has the large L/R time corresponds to the main vertical 
stabilization. Applying the equilibrium as given in Fig. 4, the growth rates of VDE can be computed with respect 
to the specified conductor structures (VV or VV + BMs). It is found that when only VV is considered as the 
passive stabilizer, VDE is uncontrollable. With both VV and BMs, growth rates of VDE are limited to small ones, 
but non-zero. VDE growth rate is 2.2 when the BM original resistance (multiplier equals 1) is used. The growth 
rate increases to 18.1 when the original resistivity multiplies 10.  

Results of plasma evolution are shown in Fig. 6. After initial equilibrium construction, all the feedback controls 
are shut down. The plasma freely drifts vertically until un-convergence occurs. Further analysis by the TSC 
simulation shows the growth time of VDE is about 2 ms, which is much less than the field penetration time (> 
400 ms) given in Fig. 5(b). It is evident that it is necessary to add passive feedback structure to enhance the vertical 
stabilization capability to lower down the shift caused by the VDE.  

  

   
 
FIG. 6. L/R time vs. Toroidal mode number for (a)VV, (b) VV&BM (original resistance) and (c) VV&BM (original 
resistance times 10) 

3. CFETR ENGINEERING DESIGN 

Currently there are 8 tasks for the CFETR infrastructure design, namely layout design and system integration, 
superconducting magnet and cryogenics, vacuum vessel & vacuum system, in-vessel components, standardization 
and design management, heating & current drive system, diagnostics & CODAC, remote maintenance system. In 
this section, progress about these eight tasks in the last two years is presented. In addition, many R&D activities 
have been carrying out in order to verify some advanced design as well as to exploit some key technologies for 
the critical components.  

3.4. Magnet system 

The requirement for sustaining long burn duration as specified in the duty time CFETR mission necessitates the 
use of superconducting magnets. Several major magnet systems are involved in producing the required magnetic 
field configuration and in generating the high plasma current (up to 14 MA) necessary to confine the burning 
plasma: the 16 toroidal field (TF) coils, 8 central solenoid (CS) modules, 6 poloidal field (PF) coils, and 18 
correction coils (CC). We focus mainly on the progress of the CS coils, TF coils and the R&D activities of the 
superconducting coils in this section. 

To meet the requirement of the CFETR mission, the 16 TF D-shaped  (six arcs and a straight leg) coils with a 
plasma major radius of 7.2 m are designed, as shown in Fig. 7. The TF coils totally have 174 Turns. High 
performance superconducting magnet with advanced Jc Nb3Sn RRP superconducting strands are used for TF coils’ 
fabrication. The TF coils operate at a maximum (conductor) current of 84.6 kA to provide a toroidal magnetic 
field on the plasma axis of up to 6.5 T, with a maximum field in the inboard length of ~14 T. The current per turn 
and total storage energy (116.34 GJ) of CFETR TF are much larger than ITER-TF (40.1 GJ). The Nb3Sn cable-in 
conduit conductors (CICC) with rectangular cross section are graded for TF coils to reduce the costs of the 
superconducting strands. The stress analysis of each TF coil has been done and the results shown in the figure. It 
is evident that each TF coils will experience a centripetal force in the TF inner leg towards the main machine and 
the maximum force will reach ~ 736 MPa (Fig. 7 (b)), the maximum deformation of the coil can be reach 16.5 
mm. Therefore, a nearly half of meter thickness of the coil-case are designed to resist the force. 
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(a) 

 

(b) 

 

(c) 

 

FIG. 7. Stress analysis for (a) the whole TF system, (b) one TF coil, and (c) TF conductor. 

Since the CFETR have another option to be run in hybrid mode, in order to provide the sufficient magnetic flux 
for driving the ohmic current and shaping the plasma, the CFETR central solenoid coils system, assembling from 
eight modules is designed to provide maximum 400 VS flux with a maximum rate of field swing of ~1.2 Ts over 
the device lifetime. The CS coils have a central radius of 1.75 m. Each module has 720 turns with the structure of 
18(horizontal) × 40 (vertical). Each module can be powered independently for plasma equilibrium requirements. 
The high temperature superconductor with Bi2212 material and low temperature superconductor of Nb3Sn strands 
are used to generate a maximum magnetic field of 19.9 T at 51.25 kA/turn, as shown in Figure 8. All coils are 
cooled with supercritical helium with a coil inlet temperature of 4.5 K.  

 

 

 
FIG. 8. 3D model Vacuum Vessel for CFETR 

 
FIG. 9. Perspective view of the CFETR 
CS. 

FIG. 10. Conceptual engineering design of the CFETR divertor 
structure. 
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3.5. Vacuum system 

The whole CFETR vacuum system involves several large volume systems, including the cryostat, torus, and 
several lower volume systems. The vacuum vessel of CFETR is designed to be a toroidal chamber with an outside 
diameter of ~25.5 m and a height ~15 m which not only provides the high quality vacuum required for the plasma 
operation, but also acts as the first confinement barrier for the tritium & other fuels. The entire tokamak core is 
contained within a cryostat (~29 m diameter ´ ~38 m height, which has the background pressure ~10-4 pa). A 
series of stainless-steel thermal shields, cooled by 1.8 MPa pressurized helium gas from the main cryoplant with 
an 80 K inlet temperature, reduces heat transfer to the superconducting magnet systems.  

The CFETR VV is designed to be a torus with a D-shaped cross-section, 4 upper vertical ports, 8 lower ports and 
6 equatorial ports, as shown in Fig. 9. The inner, outer shells and stiffening ribs between them are joined by 
welding. To reduce the difficulty of the manufacture, the cross-section of the VV (D-shape) is made up of three 
arcs and one straight line segments, which are tangential to each other. Two VV shells are design with 50 mm in 
thickness. The material of the VV is 316L(N)-IG. The 4 upper ports will be used for maintenance and disassembly 
of blanket. The 6 lower ports are for the divertor maintenance and the cryo-pumps. The 8 equatorial ports will be 
used for NBI, the diagnostic and some remote handing (RH) tools. Considering the different neutron irradiation 
dose to the superconducting magnet coils, an unequal space between the double-walled structure at the inboard 
and outboard regions is adopted. From the VV inner shell to the boundary of the plasma, a radial dimension of at 
least 1000 mm is preserved for the blanket modules, the divertor components, the inner coils with their supports 
and the cooling system etc. The maximum size inside the VV is about 8,160 mm in the horizontal direction, and 
15,820.5 mm in vertical direction. Further analysis on gravity load, analysis on frequency and mode of vibration, 
and analysis on Seismic load are undergoing. 

3.6. Divertor 

The divertor targets are divided into two halves on each module, as shown in Fig. 10. The cooling water first inlets 
to outer target, then to inner target, and then to baffles. Cassette is cooled separately, which offers the possibility 
for the targets/baffles maintenance separately, and as well the cassettes segmentation. There are total 72 divertor 
modules, each of them has the weight of ~11 tons. Lower ports for the whole divertor module maintenance require 
larger space, while targets and baffles are maintained from upper ports by Multi-Purpos Diployer, one option of 
remote handling. 

3.7. Tritium breeding blanket 

The viability of the deuterium-tritium (DT) fusion as an energy source requires the ‘tritium breeding’, which is 
defined as a primary element of the fuel cycle within a fusion reactor, to achieve tritium self-sufficiency. As 
specified in the CFETR mission, the tritium breading is the one of the top issues, and the CFETR will be operated 
in the tritium breeding self-sufficiency way. To be able to meet the requirement, the tritium breeding blankets 
covering almost all the wall of vacuum chamber are necessary. With those blankets, the tritium can be produced 
and extracted at a rate equal to or slightly larger than tritium consumption in the plasma plus losses caused by 
radioactive decay from tritium inventories in reactor components. In addition, the tritium breeding blanket also 
has other functions like heat removal for electricity generation and shielding capability to protect superconductor 
magnet, etc. 

Based on neutron wall loading, the radial building of each blanket module surrounding the plasma by a series of 
interaction analyses has been done, as the details given in [14, 15]. Hereafter the structural schemes of the desirable 
blanket modules can be designed. At present, there are two options of tritium breading blanket under 
considerations: one is Helium gas cooled ceramic breeder blanket (HCCB), the other is Water-cooled ceramic 
breeder blanket (WCCB). In both options, HCCB is the prime candidate for the CFETR blanket configuration. 
The engineering design of HCCB is completed. With the specified CFETR blanket configuration, the evaluation 
of the neutron energy deposition and neutron wall load for the CFETR 1GW and 2 GW operation is undergoing. 
Apart from the HCCB design, the design of WCCB is undergoing.  

3.8. Remote handling and maintenance system 

The burning plasma operation will generate 14 MeV neutrons which can activate the in-vessel components and 
materials of CFETR. In addition, the plasma interactions with the stainless steel, tungsten, and alloys used to 
construct in-vessel components are also expected to generate dust through sputtering, melting, arcing, etc. This 
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dust is both activated and contaminated with tritium. In this sense, an extensive remote handling and remote 
maintenance capability within the CFETR facility is extremely needed. However, the remote handling and 
maintenance (RHM) system design will in turn have a significant impact on the layout of the CFETR and its 
components/systems designs [16]. As noted by the conservative estimation from CFETR neutronics analysis, the 
irradiation dose rate within the vacuum vessel during the nuclear phase of operations will be in the range of 
hundreds of Sv×hr-1 and thus all in-vessel maintenance must be performed by robotic systems. In particular, two 
primary types of the in-vessel components, tritium breeding blanket and divertor, have to be remote 
maintained/replaced as regularly if we want to meet the requirement of the CFETR duty time [17]. However, the 
mass and volume of the CFETR tritium breeding blanket and divertor will place heavier burden on the RHM 
system, therefore the design of tritium breeding blanket and divertor should take the capability of the CFETR 
RHM into account. The design of the CFETR RHM should endow the system with various functions with respect 
to its handling and maintenance tasks. At present, the engineering analysis on capability of the RHM for in-vessel 
components has been completed, the strategy of CFETR RHM system is put forward as shown in Fig. 11. The 
tokamak configuration with 16 TF coils and 4 vertical ports for maintenance are considered in this strategy. The 
inboard and outboard blankets are integrated into one blanket sector and replaced from the top port for high 
efficiency. A permanent corridor with a crane system is used to lift out and transfer the blanket to the hot cell. The 
divertor will be maintained through four lower ports by the multifunctional platform in parallel. The MPD 
subsystem will be used to handle and maintain other in-vessel components except blankets and divertor. Safety, 
reliability, availability and compatibility have been considered during the design process. Within the development 
of engineering design, the maturity of RHM will grow exponentially in the next step.  

 
FIG. 11. Conceptual design of the CFETR remote handling system. 

4. SUMMARY 

As indicated on the roadmap of Chinese magnetic fusion energy development, the CFETR concept design have 
been carried out for quite a few years. In the last year, a new design with R = 7.2 m and a = 2.2 m for CFETR is 
proposed with emphasis on high BT option. Progress on both physics and engineering design is overviewed in this 
paper. 

Recently, the self-consistent steady-state scenario for CFETR with fully sustained non-inductive current drive and 
as well hybrid mode scenario are developed using a multi-dimensional code suite with physics-based models. The 
performance of the baseline scenario agrees largely with the 0D system code estimate. A fully non-inductive 
reverse-shear scenario scaled to R = 7.2 m, a = 2.2 m, βN ~ 2.4, HITER98Y2 ~ 1.25 and fBS ~ 0.59 that meets the 
CFETR mission with the fusion power production of 1 GW is demonstrated. The scenario presents the self-
consistent solution for the CFETR transport, equilibrium and pedestal dynamics. Some significant contributions 
of the predicted performance made by the integrated modelling are as follows: (1) The solution illustrates 
compatibility of the core performance with the EPED H-mode model and a radiative/detached divertor. (2) The 
scenario can be achievable by using different options of H&CD mix schemes, either NB-dominated or RF-
dominated. (3) Careful examination with the plasma stability indicates that the proposed scenario has a broad 
operation range in βN and βp, which is stable with wall at r/a=1.2. (4) The acceptable core radiation attributed by 
impurities sets the limit to Zeff of no larger than ~3.0. (5) To meet the minimum fusion power set by the CFETR 
mission, the Helium dilution fHe cannot exceeds 0.2. (6) To keep the plasma staying in H mode, the Tungsten 
concentration at the edge cannot exceed 3×10-5. The main tasks we needed to tackle in the near-term are, e.g. to 
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design puff-and-pump radiative divertor compatible with high performance core plasma, to demonstrate 
compatibility with the alpha particle stability and transport, and to quantify the tritium burn-up rate during the 
steady-state burning plasma phase in order to find a solution to meet the central fueling requirement, and so on. 
In addition, the hybrid mode operating scenario scaled to R = 7.2 m, a = 2.2 m, βN ~ 2, HITER98Y2 ~ 1.06 and fBS ~ 
0.50 that meet the CFETR mission with the fusion power production of 1 GW is also obtained and demonstrated.  

And for the integrated engineering design are being conducted, some systems have been completed its concept 
design and continued to the detail consideration of layout and strategy of the system. However, there are still gaps 
that need to be overcome for the readiness of CFETR. More R&D activities of physics, engineering and 
technologies for a fusion reactor are required. 
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