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Abstract. First of a kind physics based simulations project a compact 200MW net electric fusion pilot 
plant is possible at a modest ~4m radius scale, based on the advanced tokamak concept and a new 
integrated 1.5D core-edge modeling approach. Such a device would prove that fusion can make energy 
and could address nuclear science and tritium breeding missions in a phased research program to 
establish the basis for future commercial fusion power plants. These new simulations provide additional 
insights compared to previous “systems code” projections by self-consistently applying transport, 
pedestal and current drive physics models to converge fully non-inductive stationary solutions without 
any significant free parameters.  Increasing plasma density, pressure and toroidal field are found to 
lower auxiliary heating and current drive demands leading to high (~90%) bootstrap current fraction 
solutions (Fig. 1 and 2). In these simulations, remaining current drive is provided by neutral beams and 
helicon ultra-high harmonic fast wave (Fig. 3), though other options exist. An important aspect is good 
current drive efficiency and confinement in reducing required fusion power and device scale. The low 
recirculating power needs lead to tolerable divertor and neutron wall loading, with radiative solutions 
maintaining good H mode access (Fig. 4). A bucking approach of the TF off the central solenoid 
combined with a central plug reduces mechanical stress. The concept would benefit from high 
temperature demountable superconductors. Thus the compact approach poses a research challenge to 
develop more advanced science, technology and engineering approaches but offers the prospect of a 
lower capital cost facility to more rapidly enable the leap to fusion energy. 

1.   Motivation 

The first fusion reactors to produce net 

electricity will not do so at low cost of 

electricity (coe). They will be first of a 

kind devices, exploring new techniques 

and engineering solutions. It is thus 

posited that to enable a subsequent low 

coe device, these first ‘pilot plants’ do 

not need to be at the low coe scale. 

Rather they must prove the principles 

and explore the technologies, not least long timescale nuclear operation and breeding, in order 

to learn lessons and establish confidence for successor power plants – retiring risks in order to 

encourage the private sector take the final leap. Further, it is clear that paths exist to improved 

scientific and technical solutions, and with the time needed to reach a pilot, it is wise to first 

invest in more modest cost programs to advance this science and technology, in order to enable 
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Fig 1: FASTRAN [1] fully non-inductive simulations with 
R=4m, B=7T. Auxiliary heating and current drive power is 

adjusted to ensure each point is fully non-inductive. 
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a lower capital cost and more modest scale pilot. With this in mind, simulations were embarked 

upon to show the potential to achieve a more compact pilot plant based on more advanced 

approaches, not least to identify the levering parameters and realistic objectives for an enabling 

research program as precursor to the pilot. The approach here has been based on the advanced 

tokamak concept, with strong shaping, broad profiles at high b, though optimization of aspect 

ratio and shape has not yet been considered. 

2.   Simulation Model 

IPS-FASTRAN [1] simulations identify the key parameters in the optimization of the pilot 

plant. Moving one step closer towards a whole device modeling (WDM) capability for future 

reactor design, IPS-FASTRAN, within the AToM framework, integrates theory-based models 

of core transport (TGLF) for all transport channels (particle, energy, momentum), edge 

pedestal (EPED), equilibrium (EFIT), stability (DCON), heating and current drive (NUBEAM, 

GENRAY), self-consistently to find steady-state (d/dt=0) fully non-inductive solution. Only 

the electron density at the pedestal top is used as an input parameter. A massive number of 

simulations search for an optimum design point in the multi-dimensional parametric scan with 

efficient utilization of high-performance computing resource on massively parallel computer.  

3.   Core Performance and Sustainment 

Simulations show that high density is a key requirement to exploit high bootstrap current 

operation in a compact net electric reactor (Fig. 1); high density naturally raises bootstrap 

fraction (which favors Ñne over ÑTe) and fusion power (as <sv> starts to saturate with 

temperature). It also raises pedestal performance. Attractive solutions become possible with a 

pedestal density approaching the Greenwald density. In contrast, lower density regimes require 

additional heating to raise pressure; this drives up required fusion power and thus plasma 

current, preventing access to high bootstrap fraction. Higher field also helps (Fig. 2), raising 

core confinement to lower the required 

current, fusion power and auxiliary heating. 

Thus, in a net electric device, a virtuous cycle 

emerges, where various ways to improve 

performance reduce auxiliary heating 

demands, and raise device efficiency. At 4m 

and 7T with nped~nGW, this leads to 

Pnet~200MW from Pfus~640MW, 

Fig 2: Effect of toroidal field on stored energy and 
confinement.  𝑓"#

$%&=0.85 a current is fixed at 11MA  
for cases at 6T (black) and 7T (red). 
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PH&CD~50MW, with projected confinement, H98~1.5. PF coils 

placed inside the TF facilitate shaping, instrumental in 

achieving this performance. Safety factor is in the range 

q95~6-7, where advanced tokamak disruptivity is very low [2].  

Current drive from 750kV negative ion neutral beams and 

1.2GHz helicon fast wave, provides a converged fully non-

inductive solution with the current profile consistent with 

bootstrap and auxiliary sources (Fig. 3). 230GHz top launch 

ECH is also found to provide a good alternative to helicon. However, a critical challenge 

remains the achievement of sufficient thermal conversion and current drive efficiency. 

hth=hCD=0.4 is assumed here, at the conservative end of reactor simulations [3], but beyond 

presently demonstrated technologies. Efficient current drive is highly leveraging for a compact 

net electricity mission, as low efficiencies are found to drive up required fusion performance 

and device scale; developing it is therefore an important further mission.  

4.   Power Handling 

The low recirculating power and 

double null configuration 

developed above leads to 

tolerable heat loads with good H 

mode access. Mapping the Eich 

scaling [4] for scrape off layer 

width to incident divertor flux at 

minimum glancing angle gives a 

parallel heat flux metric,  

PSOLB/NR, where N is number of 

divertors, but is taken as 1.25 to 

reflect in/out power imbalance. 

Or, considerations of detachment 

favor a poloidal heat flux metric,  

PSOLBpol/NR, as radiation and 

connection length become the key factors (rather than incident power). This metric can be 

matched to ITER values (Fig. 4) with modest levels of core radiation (frad~20-60%) for 

projected confinement of H98pby2~1.3-1.5. As shown this leaves ample power to maintain a 
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Fig 3: 750kV NBI and 1.2GHz 
helicon enable aligned current 

profile. 
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Fig 4: Power balance analysis identifying radiative solutions 
(shaded regions) in confinement and density space for four different 

design points. Contours of limits in L-H threshold power fraction 
and poloidal heat flux constrain the solution space for three levels 

of krypton impurity seeding. A neutron wall loading limit 
NW<4MW/m2 only constrains operation in a few cases. 
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strong H mode access margin and a viable region of operating space (shading), thanks in part 

to the additional divertor. Behavior here benefits from the relatively low poloidal field at the 

plasma edge in the high bootstrap approach. (It  should be noted that transport predictions in 

section 3 need adjustment for losses at higher frad). A continuously operating pilot plant would 

likely need to go further to eliminate erosion, but it is also found that core radiation fractions 

up to 80% appear possible while maintaining good H mode access.  

5.   Engineering 

High field in the magnets (Bmax ~ 16-18T) could be achieved using High Temperature 

Superconductor (HTS) as also proposed for ARC [5]. For center post stresses we use a bucking 

cylinder solution to distribute the toroidal field (TF) loads over the central solenoid (CS) and 

a central plug. Assuming shear is transmuted between magnet interfaces, this configuration 

reduces the TF peak stress by a factor of 2.4 over the free-standing TF/CS system. Energizing 

the CS reduces the overall stresses in the center post further. HTS demountable joints, as 

described for ARC, are also envisioned to improve prospects of material and blanket testing. 

This would allow execution of a staged mission with initial performance and technology testing 

(breeding, materials) prior to relicensing for an extended nuclear testing phase. 

6.   Conclusions and Forward Program 

These studies reaffirm the advanced tokamak concept for fusion energy, for the first time using 

physics models to predict reactor performance and integrated plasma solutions. These show a 

net electric mission may be viable in a compact scale device. This could serve as a low capital 

cost reactor to prove the energetics of fusion, and address nuclear science and breeding, on a 

path to a successor low cost of electricity facility. It nevertheless provides a research challenge 

to prove the high density, high performance, stable core solutions, develop efficient current 

drive, HTS, divertor, engineering and breeding techniques, including suitable materials. This 

should be the focus of research in coming years, alongside the critical science and technology 

being pioneered in ITER. 
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