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Premise

• What is a Pilot Plant (PP)?
• A fusion reactor that demonstrates electricity production and uninterrupted delivery 

to the grid to inspire confidence in design, manufacturing and operation for upscaling 
to DEMO

• PP Goals
• Sustained power generation over 20% of the year (75 days)

• QE < 1 → no net electricity production 

• Re-use of tritium generated in blanket
• TBR < 1 → some external tritium supply needed 

• Why?
• Need to bridge the knowledge/ technology gaps between ITER and a net-electricity 

producing DEMO



A. Steady state operation

B. Fusion power generation with high Q

C. Extraction of high-grade heat for power conversion

D. Tritium breeding, extraction and re-use (self-sufficiency)

E. Engineering Safety and Quality

F. RAMI requirements under nuclear and RH compatibility

G. Comprehensive Regulatory and Safety (Occupational, Public, Environmental)

7 Critical Areas for DEMO

• Longest pulse (H-H, 1000 s) with a reasonably low q

• D-T pulse (few seconds, Pf ~ 10 MW)

• Test blanket performance

• Fusion power with Q=10

• Power extraction for conversion

• Tritium breeding + re-use in fuel cycle

√

√

Planned in ITER

Planned in ITER

Only planned in PP  

Only planned in PP 



The PP cannot be just a technology bridge to DEMO. It must serve the purpose of:

• Connecting to industries in such a way that they gain experience in building and 
operating an actual electricity producing power plant

• Connecting to Stakeholders, where they experience the results and realities of 
operation, radwaste management

• Identify and mitigate risks, both, technical and financial by improvisation and 
incorporating ground realities (e.g. difficulties in supply chain, manufacturing, etc.)

• Build confidence for upscaling to DEMO/ Fusion Power Plant



Overall Considerations for PP
• Necessarily smaller than typical DEMO reactors 

•  exploration of moderate sized, lower power configurations (~300 MW)

• Sufficiently high fusion gain Q (5-7)
• Key challenge

• Moderate Heating & Current Drive (HCD) power requirements  
• large reactors, like ITER has Paux is about 50-70 MW

• Pulsed operation
• Requirement of intermediate energy storage systems (ESS)

• We believe that a good combination of choices is:

• small size (hence lower cost) 
• HCD infrastructure  ~ 50 MW (that has been built and will be operated in ITER)



S.P. Deshpande & P.N. Maya, A Staged Approach to Indian DEMO, 
Research Report IPR/RR-1537/2023 (under review: Nucl. Fusion)

Options from Magnet Considerations



Critical trade-offs

• Physics
• Higher βN , higher bootstrap fraction, lower  CD power
• But the transport power increases rapidly with βN  (𝑃𝐿 ∝ 𝛽𝑁

3 , ITER H-mode scaling)

• Engineering
• Higher current density, higher magnetic filed, smaller  machine size
• Non-scalable neutron mean-free path → challenge in reducing the size
• Smaller magnet size, larger available space for neutron shielding



TOOLKIT

13 independent modules that can be run

INPUT

Contains 
validation 
expressions, 
warnings,
Error-trap,
Diagnostic 
signatures

GUI

Master controller 

WORKFLOW

Architecture of SARAS code

PSCOPE – P.N. Maya & S.P. Deshpande – Fusion Science & 
Technology 2023 
(https://doi.org/10.1080/15361055.2023.2247854)

Exploration methodology – Multi-parameter scans

Multiphysics code  - SARAS

PSCOPE- Module

Fast convergence to 
configuration options 



• PSCOPE Module – 0D model with 1D profiles 

• 50 input parameters & 100 output parameters 

• Major physics inputs: R, Bt, dimensionless parameters (A, κ, δ, q, βN, fG, fbs, Hh, ηCD, ρHe, 

fi
Z, Sn, ST)

• Major Engineering inputs: JTF, JCS, wcond, dVV and dBB

• 1D profiles for density, temperature, elongation (κ) and triangularity (δ)

• Options for  confinement time scaling

• Bosch-Halle cross-sections for fusion reactions

• Self-consistent power balance estimation

• Radiation → corona model with AIM, options for other models

PSCOPE - Features



Philosophy of Parameter Scans

• PSCOPE Module - 50 input parameters - Physics & Engineering & 100 output parameters 

• Multi-parameter scans 

• Constrain Ip a fixed value (say 10 MA) – constant Ip scans

• Scans on R, A, q, βN parameter-space

• R-A scans on q, βN  grid → to  narrow down to minimum machine size from physics 
parameter 

𝑃𝑓 ∝
𝑞2𝛽𝑁

2𝐴4

𝑅



Parameter-scans 

Obtain intersection of basic guiding curves (of the chosen values):

• Fusion power
• Fusion gain
• Heat load on the divertor
• Neutron dose corresponding to 1 FPY to the inboard side magnet

Engineering considerations → Magnet, Shielding, Maintenance and Blanket

Key engineering parameters → Magnet winding pack current density, Jwp

        Shielding thickness, δSB 

Key Assumptions

• ITER H-mode scaling
•  Current-drive efficiency ηcd = 0.25
• He-ash confinement time τhe =  5 x τE

• Limiting neutron dose for magnet insulation = 1022 n/m2   



κ = 2;  βN = 2.8;  q = 6; δ = 0.4; Ip = 10 MA, Jwp = 35 A/mm2 

> 1FPY

R-A scans  - An example

Physics parameters reveal an interesting regime around 3.5 m 



Minimum size for Pf = 300 MW and Q  = 5 is R = 3.35 m, A = 2.25 Ip = 9 – 10 MA

κ = 2;  βN = 2.85;  q = 6; δ = 0.4 



High confinement scenarios become important

Minimum confinement enhancement factor



Pdiv ~ 5-7 MW/m2

𝛽𝑁
𝑚𝑎𝑥  = 5.6

Optimum beta scenarios need to be identified

High beta scenarios reduce the Q for a given fusion power



Higher auxiliary heating power is needed to maintain high plasma beta 

For  R = 3.6 m, A = 2.35,  Pf = 300 MW, a maximum Q  of 5.5 is achieved at 𝛽𝑁 =2.85



Available shielding thickness increases with magnet winding pack current density

Minimum shielding thickness required for 1 FPY operation is 0.4 m 

R = 3.6 m

Neutron wall load ~ 0.7 MW/m2

Shielding material –Tungsten carbide

Higher Jwp and Bt → HTS magnets 



Potential Pilot plant configurations

•STR350: A = 1.90, R = 3.5 m, Bt = 3.6 T,  Jwp =45 A/mm2 

•R360 :  A = 2.35, R = 3.6 m, Bt = 4.2 T, Jwp = 35 A/mm2

•R440:  A = 2.52, R = 4.4 m, Bt = 5.0 T, Jwp = 20 A/mm2

Common features:

•Pulsed operation – 4000 s pulse (3000 s on + 1000 s dwell)

•Double-null divertor, 18 TF coils

•4 ports for a single 20° Sector of the Vacuum Vessel (VV), Lower Horizontal (LH), 
Middle Horizontal (MH), Upper Horizontal (UH)  and Top Vertical (TV)

• The bottom VV region has been left free for gravity support

Pf = 300 MW
Q = 5-6 
Pdiv ~ 5-6 MW/m2

Pn < 0.8 MW/m2



Potential Pilot plant configurations

•STR350: A = 1.90, R = 3.5 m, Bt = 3.6 T,  Jwp =45 A/mm2 

•R360 :  A = 2.35, R = 3.6 m, Bt = 4.2 T, Jwp = 35 A/mm2

•R440:  A = 2.52, R = 4.4 m, Bt = 5.0 T, Jwp = 20 A/mm2

Differences:

•STR350 → Spherical tokamak with Center post (TF inside CS) 

•R360 & R440 → conventional aspect ratio configurations with CS inside TF

•STR350 & R360 → HTS magnets 

•R440 → LTS magnets 

Pf = 300 MW
Q = 5-6 
Pdiv ~ 5-6 MW/m2

Pn < 0.8 MW/m2



Parameter [Units] STR350 R360 R440

Aspect ratio 1.9 2.35 2.52

Major/minor radius  [m] 3.5/ 1.84 3.6/ 1.53 4.4/ 1.75

Fusion power [MW]/ Q 300/ 6 300/ 5.7 300/ 5

𝛽N / q 2.9/ 9.3 2.85/ 6 2.1/ 7

Bt / fbs 3.55/ 0.69 4.22/ 0.59 5/ 0.55

JTF [A/mm2 ] 45 35 20

ne/Te (1020 m-3/keV) 0.8/7.6 1.0/7.34 0.79/7.31

Pn / Pdiv [MW/m2] 0.6/ 5.6 0.76 / 6.3 0.54/ 4.2

• current-drive efficiency = 0.25
• Confinement enhancement factor Hh = 1.4-1.5

Selected Parameters for the Configurations



Acronyms/Legends

• CS: Central solenoid

• CP: Center Post

• TF: Toroidal field coil

• VVi : Inboard vacuum vessel

• SHi : Inboard shield 

• PL: Plasma

• BBo: Breeding blanket (outboard)

• SHo1: First layer of  shield, attached with the BBo.

• SHo2: Second layer of shield, attached with the VV

Example

600

BBo

600 mm radial width
of  outer breeding blanket 

Radial build



Maintenance considerations 

• R360 & STR350: Smaller size → significant curvature cause variation 
between front and back side of the module

• Back side maintenance is envisaged through vertical port

• Maintenance space between the backside of the blanket and the VV

• Relatively larger VV & TF volume

• Vacuum-connected space within and without blanket torus

• R440: Larger size, lesser curvature 

• ITER-like maintenance scheme may be possible

Modular blanket structure



R360 Configuration Coil positions from 
PFCOIL module of SARAS



STR350 Configuration



Top View of STR350



R440 Configuration



Tritium/ Fuel Cycle Considerations/Requirements

Description STR350 R360 R440

Pf=300, V=500

T2 burn/pulse [gm] 1.60 1.61 1.62 

Total T2 burn (NFPY) [kg] 50.38 50.63 50.93

T2 exhaust/pulse [gm] 56.60 55.76 52.4

Total (D+T) exhaust rate [Pa-m3/s] 27.25 26.84 25.21

T-processed by Fuel Cycle, in 3 FPY [kg] 1785 1758 1651.8

TBR for initial inventory=10 kg; Nf=0 0.81 0.81 0.81

TBR for initial inventory=5 kg; Nf=0 0.90 0.90 0.91

•τp  was taken to be 3 times τE 

• pulse duration = 3000 seconds 
•Assumed tritium processing time ~ 2 days, 
•2.5 kg initial inventory   1Parameter Space Constraints for Compact Spherical Tokamak Fusion Reactors

PN Maya, SP Deshpande, Fusion Science and Technology (2023), 
https://doi.org/10.1080/15361055.2023.2247854

A simplified 4-zone model1 was used, similar to Abdou et al. FT 15, 166 (1989) 

tokamak

blanket

storage

exhaust

T-inventory 4 zone model



Blanket Considerations
Both solid and liquid options are being explored 

Solid breeder – Helium cooled solid breeder (HCSB)
Liquid breeder – Helium cooled lead lithium (static HCLL)

Average neutron wall load ~ 0.8 MW/m2

Structural material – RAFM  [to be kept below 500 0C]

60% enriched Li 

He inlet pressure  > 50 bar, Inlet temperature – 300 0C --> ΔT = 200 0C

Helium velocity ~ 15-20 m/s (depends on mass flow rate)
Prajapati, P, Deshpande, S, Maya, P. N, Swami, H. L, Sharma, Deepak, Conceptual Design of HSCB 
Blanket for a Moderate Sized Tokamak Fusion Reactor (under review FED)
http://dx.doi.org/10.2139/ssrn.4542935 

B.K. Yadav et al., FED 2017, 124, 710

http://dx.doi.org/10.2139/ssrn.4542935


HSCB blanket structure  

Radially layered structure of alternating 
breeder & multiplier
separated by cooling plates 

Breeder  material – Li2TiO3
Multiplier – Be
Cooling plate width – 10 mm

Concept developed for Heat 
Extraction Test Reactor (HxTR) will 
be extended for HSCB in pilot 



Blanket temperature evolution during pulse and dwell phase

Rise in pulse phase Cool down in dwell phase

Up to 1000 s



TBR Estimation

TBR ~0.91

Similar layered concept is 
adopted in HCLL but with 
different layer thickness



Power conversion scheme

Power conversion from spherical tokamak test reactor 
with helium-cooled and water-cooled blanket
 Piyush Prajapati ,  Shishir Deshpande  FED 176(2022) 
p113024

Pulsed operation requires 
intermediate energy storage 
system (ESS) for steady power 
conversion

Both steam Rankine and s-CO2 

Brayton cycle options are being 
explored

Helium-MS-Steam cycle = 42.22%
Helium-MS-sCO2 cycle = 42.75 %



=288 MW

ESS Requirements

fMS = fraction of power to steam generator via Molten salt
fD  = fraction to direct steam generator

𝜏𝑝 = 3000 s ; 𝜏𝑑 = 1000 𝑠

For 100 % power transfer to MS, fMS = 1

MS mass/ volume required is 20 tons/MW ; 12 m3 /MW
→6000 tons ; 3600 m3

Pf = 300 MW, Paux = 60 MW, Pth = 384 MW
PE

gross = 160 MW,   PE
net ~ 1 MW,

PE
cons = 120 MW,  QE ~ 1.3 ~1

Assuming 50 % wall-plug efficiency
Blanket multiplication factor = 1.1 



The MS requirement  is
1500 tons ; 900 m3

ESS Requirements

How much fraction should go to ESS?

fMS = 0.25

Assumption: Molten salt 
operates only during the 
dwell time

In a general case, molten salt will operate in both dwell and on time

When MS is present the thermal 

power will reduce by 
𝜏𝑝𝑙𝑎𝑠𝑚𝑎

𝜏𝑡𝑜𝑡𝑎𝑙 



Conclusion

• A feasibility analysis of Compact Pilot Plants have been carried out. 

• 3 PP options  with double-null divertor have been conceptualized

• The physics and engineering constraints seem to show that the minimum size 
requirement for pilot plants of 300 MW fusion power is about 3.5 m

• Pilot plants with TBR < 1,  QE <1, yet uninterrupted power to the grid is possible with 
intermediate energy storage system

• The smaller size pose challenges due to the curvature on the maintenance schemes

• A modular blanket concept with vertical maintenance scheme seem to be feasible 



Thank you!

         Questions?



Backup slides







S.P. Deshpande & P.N. Maya, A Staged Approach to Indian 
DEMO, Research Report IPR/RR-1537/2023 (under review: 
Nucl. Fusion)



1. 50 mu insulation
2. 200 mu HTS tape 
3. 50 mu insulation
4. 105 mu Cu spacer
Total thickness 405 mu

Forms 1U = 1 unit of 
12 mm width

48 U = 1 Stack or 1S

24 U

24 U

5 mm Cu

1.5 mm SS Jacket

1S is 26.44 x 25 mm2

Jwp = 25.4 A/ mm2

current in tape = 350 A

4 mm open gap for He





30 mm

3 mm

36 mm

Jc = 33 A/mm2

Ic = 33 * 30 * 30 = 29700 A

Jcengg =  22.91 A/mm2



Higher betaN required 



Power conversion scheme

1Power conversion from spherical tokamak test reactor with helium-cooled and water-cooled blanket
 Piyush Prajapati ,  Shishir Deshpande  FED 176(2022) p113024

Due to the pulsed nature of the source, use an intermediate Energy Storage System that acts like a buffer, so that a steady 
electrical power generation can be demonstrated. HITEC molten salt is considered here (past work by Malinowski et al, 
Warmer et al,  Barucca et al, Martelli et al, Kovari et al, Szogradi et al; see cross-ref in [1] below)



Solid breeder layout of zones, helium flow scheme and outlet temperatures for HxTR [1]



Backup slide

A test case of two layered structure.
FW is followed by 80 mm thick PbLi.
A 10 mm cooling plate separates this layer
From another 100 mm thick PbLi layer.

Time evolution is for 3000 seconds. 
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