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Abstract— The Central Solenoid (CS) is at the core of the EU 
DEMO tokamak, and has a strong impact on the tokamak design 
and the overall machine size. By ramping its current, the CS gener-
ates a change of magnetic flux, which initiates the plasma, and in-
duces and controls the plasma current. In the context of the concep-
tual design studies for DEMO coordinated by EUROfusion, the 
Swiss Plasma Center has developed a simple pre-dimensioning 
methodology, assuming uniform current density in the solenoid 
winding pack, and considering the use of Nb3Sn and REBCO. The 
effects of grading of the superconductor and structural steel are also 
discussed. Since the CS for the EU DEMO will experience tens of 
thousands of charge/discharge cycles during its lifetime, mechanical 
fatigue considerations are taken into account. The proposed meth-
odology has been used for the preliminary design of the CS winding 
pack, and for a number of parametric analyses in the context of the 
integrated physics and engineering studies for the EU DEMO ma-
chine (identifying the relationship between key performance param-
eters of the solenoid, such as the generated magnetic flux and the 
fatigue lifetime).  
 

Index Terms—High-temperature superconductors, Niobium-
tin, Solenoids, Superconducting magnets. 

I.  INTRODUCTION 

HE design of the Central Solenoid (CS) has major implica-
tions on the overall design, size, and performance of a toka-

mak. It determines the magnetic flux available to initiate and 
drive the plasma, the plasma duration, and the lifetime of the ma-
chine. Considerations about the structural management of the Lo-
rentz forces in the CS (i.e., reacted by the solenoid winding pack 
itself or bucked by the Toroidal Field, TF, coils) define the en-
gineering design of the tokamak. 

The present baseline design of the European (EU) DEMO to-
kamak considers a free-standing CS coil in the bore formed by 
the 16 wedged TF coils, [1]. In the CS, the strongest component 
of the Lorentz forces pushes radially outward, and, in a free-
standing design, it is reacted by the CS winding pack itself. 
Since the operation of the EU DEMO CS is intrinsically pulsed 
(it is designed to endure 30,000 plasma cycles during its life-
time), mechanical fatigue of the conductor jackets becomes the 
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main driver in the engineering design of the solenoid. Therefore, 
it is of utmost importance to include these engineering constraints 
since the earliest possible stage in the design of the EU DEMO. 

This manuscript is divided into two main sections. Section II 
describes the details and assumptions of the methodology used 
at the Swiss Plasma Center to pre-dimension the EU DEMO 
CS. Section III discusses its application in the integrated physics 
and engineering parametric studies of this project. 

II. METHODOLOGY 

A. Magneto-static Analysis 

Unfortunately, there are no closed form expressions for the 
𝐵 field generated from a solenoid at any arbitrary point in space. 
However, the 𝐵 field and vector potential 𝐴 generated by an 
ideal (infinitesimal cross-section) circular current loop can be 
expressed in terms of elliptic integrals of the first and second 
kind and basic mathematical functions [2]–[4]. Thus, the sole-
noid can be discretized in multiple circular current loops and 
their elemental contributions can be added up to compute the 
generated magnetic field and flux at an arbitrary point. This pro-
vides great flexibility. For instance, if the solenoid is divided in 
modules, the current density in each module can be different; 
the position of the individual loops can be assigned to simulate 
a uniform current density winding pack (WP) or adjusted to 
simulate a radially graded WP; and we can also include the con-
tribution of the Poloidal Field (PF) coils of the tokamak. 

The only caveat with this approximation is that the expres-
sions for 𝐵 diverge at the infinitesimally thin wire where the 
current flows. Nevertheless, the expressions for the vector po-
tential 𝐴 do not present discontinuities, and the magnetic flux 
𝜓 can be computed from the line integral of 𝐴 over a closed 
loop of radius R. In an axisymmetric cylindrical geometry: 

𝜓 ∮𝐴 ∙ 𝑑𝑙 2𝜋𝑅𝐴  (1) 
where Aθ is the azimuthal component of 𝐴 in cylindrical coor-
dinates. 
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The parametric studies shown in Section III report the mag-
netic flux at the solenoid outer radius during pre-magnetization, 
which can be used to estimate the total flux swing provided by 
the CS. 

Even though the approximation of the solenoid by a set of 
elemental loops provides great flexibility and computes 𝐵 and 
𝐴 in a modest amount of time, there are even simpler analytical 
expressions for the case of a uniform current density cylindrical 
solenoid with rectangular cross-section and finite height (h). In-
tegrating the individual contributions of the circular current 
loops [5], the field at the central point of a uniform current den-
sity finite solenoid is: 

𝐵 𝑙𝑛  (2) 

where 𝜇  is the vacuum magnetic permeability in SI units, jeng 
is the engineering current density in the WP, α=ro/ri, and 
β=h/(2ri). Being ro and ri  respectively the outer and inner radius 
of the CS WP. B0 is a good approximation of the maximum field 
in the WP (Bmax) for tall solenoids (β>2), which is the case of 
the DEMO CS, and the magnetic flux at the CS outer radius can 
be calculated as: 

𝜓 𝑟 𝑟 𝑟 𝑟  (3) 

Equations (2) and (3) provide a good approximation for the 
pre-dimensioning studies reported in Section III, because the 
current density is quite uniform along the height of the solenoid 
during pre-magnetization, and the radial grading of the WP (in 
case it is considered) must be limited in order to avoid undesir-
able radial tension in the solenoid insulation [6]. 

B. Layout of the Solenoid Winding Pack 

The EU DEMO solenoid is assumed to be wound with rec-
tangular Cable-in-Conduit Conductors (CICCs) with steel jack-
ets. The total current in the CS (Itotal) is distributed uniformly in 
a certain number of modules (NCS), layers (Nlayers) and turns per 
layer (Nt,layer). The initial assumption considers NCS = 6, Nlayers = 
14, and Nt,layer = 40, inspired from ITER [7]–[9]. However, Nlay-

ers and Nt,layer can be reduced (or increased) to set the operating 
conductor current (Iop) within a certain range (typically between 
40 and 60 kA). Dedicated studies [10] have shown that this en-
sures a maximum terminal-to-terminal voltage of each module 
below 20 kV during normal operation (i.e., plasma breakdown) 
and at current dump with 𝜏 15 s. If a lower operating voltage 
is required, Iop can be increased, which for a given Itotal, results 
in a marginal gain in generated flux. 

The required non-Cu cross-section per turn is computed as 
Anon-Cu=Iop ∕((jc,non-Cu cos(φ)), where 𝑗 ,  is the non-Cu crit-
ical current density, and 𝜑 is the lay angle between the strands 
in the cable and the z-axis along that cable. In these studies, we 
assume cos 𝜑 0.98. The considered 𝑗 ,  are the same 
used in previous studies [11]–[13], and are displayed in Fig. 1. 
Particularly, the scaling law for Nb3Sn is that described in [14]. 
The operating field is the maximum B field in the solenoid 
(Bmax), the operating temperature (Top) is 4.75 K and the tem-
perature margin (ΔTm) for Nb3Sn is 1.5 K. The assumed opera-
tional strain of the Nb3Sn strands is -0.25% for the react-and-
wind (R&W) technology and -0.5% for the wind-and-react 

(W&R) technology. REBCO tapes operate at 80% of the critical 
current at 4.75 K.  

The assumed current density in the copper (strands and seg-
regated stabilizer) is 𝑗 120𝐴 𝑚𝑚⁄ . This aims at limiting 
the adiabatic hotspot temperature to 250 K in the strand bundle, 
based on the enthalpy of the Nb3Sn and the copper. The overall 
void fraction (𝑓 ) to allow the circulation of supercritical he-
lium amounts to 30% of the total cable space (including bundle 
and separated cooling channel). Detailed thermal-hydraulic 
[15] and quench analyses [16] show that these assumptions for 
𝑗  and 𝑓  result in reasonably safe designs of the CS WP. 

The cross-section of the insulation is calculated using simple 
geometrical relations and considering the recommendations of 
EUROfusion for the DEMO magnets: 1 mm around each con-
ductor turn, 2 mm of additional insulation between layers, and 
8 mm of ground insulation around each module [14]. 

For a given geometry of the CS WP, and once the required 
cross-sections for superconductor, copper, helium and insula-
tion are determined, the remaining space in the WP is assumed 
to be steel, which represents the largest cross-section in the WP 
and withstands the Lorentz forces experienced by the solenoid. 

C. Mechanical Analysis 

The distribution of the hoop (𝜎 ) and the radial stress (𝜎 ) are 
solved analytically for a uniform current density infinite sole-
noid [5]. Dedicated Finite Element Models show that those an-
alytical expressions are a good approximation for β>2 sole-
noids like the EU DEMO CS.  

The expressions in [5] provide 𝜎  and 𝜎  averaged over all 
the constituents of the WP. In a free-standing CS wound with 
CICCs, most of the rigidity of the WP is provided by the steel 
conduits, and thus it is safe to assume that the hoop in the steel 
(relevant for opening cracks) is 𝜎 , 𝜎 𝑓⁄ , where fsteel 
is the fraction of steel in the CS WP from Section II.B. 

At pre-magnetization, the steel conduits also experience ver-
tical compressive stress, which can be determined from the con-
tribution of the radial B field component. However, the tensile 

 
Fig. 1.  𝑗 ,  of Nb3Sn and REBCO as a function of the magnetic field.
For Nb3Sn, Top = 4.75 K, and ΔTm = 1.5 K. REBCO tapes operate at 𝑗 0.8
𝑗 , 4.75𝐾 . 
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σθ,steel is the maximum principal stress and drives crack growth. 
The mechanical analysis focuses on pre-magnetization, since it 
is associated with the highest magnetic field and largest me-
chanical stress in the solenoid. At the End-Of-Flattop (EOF) the 
currents in the central CS modules are fully reversed, and the 
tensile σθ,steel is comparable to that experienced during pre-mag-
netization. Therefore, if the EU DEMO is designed to operate 
np plasma cycles, the design of the central solenoid has to guar-
antee survival during 2×np mechanical cycles. 

D. Fatigue Crack Growth Model 

Once the cyclic hoop stress in the steel is known, a simple 
crack growth model based on Linear Elastic Fracture Mechan-
ics (LEFM) is used to estimate the fatigue lifetime. The model 
uses the Paris law to grow a planar elliptical crack across the 
thickness of a 2D plate with the width and thickness of the con-
duit wall, as described in [12], which in turn, follows the as-
sumptions and guidelines of ITER [17] and the EU DEMO [18] 
for fatigue assessment of mechanical components. The material 
properties, safety factors, and other assumptions of the crack 
growth model are also reported in [12]. The criterion for failure 
considers two cases: crack penetration through the thickness of 
the conduit wall, and brittle fracture (i.e., the stress intensity 
factor exceeds the fracture toughness of the conduit material). 

III. PARAMETRIC STUDIES 

The parametric analyses performed in the context of the inte-
grated physics and engineering studies for the EU DEMO explore 
a wide range of parameters to pre-dimension the tokamak. In the 
case of the CS, the parametric spectrum covers: 

- a generated B field ranging from 10 to 15 T (for CS de-
signs wound with Nb3Sn) and 15 to 20 T (for REBCO 
designs), 

- an outer radius of the CS WP ranging from 2.0 (which 
corresponds approximately to the ITER CS [7]–[9], 
[19]) and 3.2 m (corresponding to the DEMO baseline 
2015 [20]), and 

- two possible materials for the conduits: the standard aus-
tenitic steel 316LN and the specialty alloy JK2LB used 
for the ITER CS conduits [8]. 

The impact of varying the height of the CS WP is very lim-
ited for tall (β>2) solenoids and it remained fixed at 18 m for 
this parametric exploration. 

The target B field determines the total current in the solenoid 
(Ampere’s law). For a given outer radius of the CS WP and a 
desired pre-magnetization flux 𝜓 , the inner radius of the so-
lenoid is also determined making use of (3). This, in turn, de-
fines the current density in the solenoid (jeng) as well as the max-
imum hoop stress in the steel conduit (𝜎 ,  in Section II.C), 
and ultimately the solenoid fatigue lifetime (Section II.D). 

This method allows finding the relationship between key per-
formance parameters of the CS. For instance, Fig. 2 shows how 
𝜓  varies as a function of the number of plasma cycles for the 
considered range of outer radii of the CS WP. Thin solenoids 
provide a larger flux for a given ro. However, this results in a 

higher current density in the WP (i.e., lower fraction of steel) 
and translates into larger mechanical stress in the conduits and 
lower fatigue lifetime. The figure shows the cases of solenoids 
generating a field of 13 T, making use of Nb3Sn R&W as su-
perconductor and JK2LB as jacket material. The case of ITER 
[7]–[9] is overlaid for reference. 

The results in multiple plots like the one shown in Fig. 2 are 
used to obtain the curves presented in Fig. 3. This figure shows 
the outer radius of the CS WP required to generate five values 
of magnetic flux. Nb3Sn R&W and REBCO are considered as 
superconductor material, whereas the jacket material is JK2LB 
and the fatigue lifetime is limited to 30,000 plasma cycles. At 
low fields, a larger CS is required to generate a certain flux. 
However, at high fields the larger Lorentz forces involved call 
for a thicker (i.e., higher steel fraction) solenoid to guarantee 
the desired fatigue lifetime. For a Nb3Sn R&W solenoid with 

Fig. 2. Generated pre-magnetization flux (𝜓 ) as a function of the fatigue 
lifetime of the solenoid and considering different outer radii of the CS WP.
These parametric cases generate a magnetic B field of 13 T, making use of a CS 
stack with a height h = 18 m. Nb3Sn R&W (εeff = -0.25%) is assumed as super-
conductor and JK2LB as jacket material. 
 

 
Fig. 3.  Outer radius of the solenoid winding pack as a function of the gener-
ated magnetic field. Five values of pre-magnetization flux and two supercon-
ductors (Nb3Sn R&W and REBCO) are considered. The jacket material is
JK2LB and the fatigue lifetime is limited to 30,000 plasma cycles. 
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JK2LB conduits and the range of flux explored, the most com-
pact CS design is found at a B field of ~14.5 T. Fig. 3 also 
shows that the benefit of using high-temperature superconduc-
tor (HTS) is limited because the high current density provided 
by the REBCO tapes is diluted in the large cross section of steel 
required to endure tens of thousands of mechanical cycles. Pos-
sible means of making a better use of the REBCO tapes can be: 
to provide radial pre-compression to the CS winding pack (and 
thus reduce hoop stress in the conduits), to use a double jacket 
conductor (separating the mechanical and hydraulic functions 
of the conduits, [21]), or the use of a high mechanical strength 
stabilizer [22] (also reducing the hoop stress in the conduits). 

The use of stainless steel 316LN instead of JK2LB is illus-
trated in Fig. 4, which shows the size of the CS required to gen-
erate the typical pre-magnetization flux of the EU DEMO 
(250 Wb) while ensuring the required fatigue lifetime (30,000 
plasma cycles) as a function of the generated magnetic field. 
The impact of using SS316LN is somewhat modest (it results 
in a solenoid with a ~0.2 m larger radius). The lower part of 
Fig. 4 shows the impact of the solenoid on the machine size. 
The plasma has been modelled with the reduced transport 
model PLASMOD [23], [24]. Concerning radial build, the TF 
coil thickness is estimated as a function of field and current, 
while other elements such as the breeding blanket thickness, 
shielding and vacuum vessel thickness are assumed to be con-
stant. All points on the curve have been identified imposing a 
generated fusion power Pfus = 2 GW and a pulse length of 2 h. 
The pre-magnetization flux for the CS sizing is calculated as-
suming a constant value for the plasma internal inductance and 
the Ejima constant, while the value of the loop voltage is pro-
vided by PLASMOD. The number of cycles instead is rescaled 
on the average neutral wall load provided by PLASMOD, so to 
reach the same neutron fluence as the EU DEMO baseline 
(70 dpa). The toroidal field is maximized within the space avail-
able to ensure radial build consistency. This minimizes the size 
of the device for the employed assumptions. 

Fig. 5 shows the size of the CS considering the number of 
pulses adapted to the different values of pulse length to match 
the specified DEMO lifetime fluence associated to an irradia-
tion damage of 70 dpa in the first wall. A constant loop voltage 
20 mV is assumed, considering a constant offset of 200 Wb for 
the ramp-up phase, 10 Wb for breakdown and a spare flux to 
ensure shape control during ramp-down [25]. At very low pulse 
length, the number of cycles to obtain the required dpa becomes 
large and the CS grows because of fatigue. Viceversa, at long 
pulse length, a high pre-magnetization flux is needed to sustain 
the discharge, and thus the CS grows again (in spite of the low 
number of cycles). If JK2LB conduits are used, the curve has a 
(broad) minimum at ~30 min pulse length. This minimum can 
be found at ~50 min for stainless steel 316LN conduits. 

IV. CONCLUSION 

A simple methodology is presented to pre-dimension the 
free-standing Central Solenoid of the EU DEMO. Its use is il-
lustrated in the parametric analyses conducted for the integrated 
physics and engineering studies of this tokamak, which explores 

a wide range CS outer radii and B fields in order to identify the 
relationship between key performance parameters of the CS 
(such as the impact of the number of plasma cycles on the pre-
magnetization flux). This methodology has allowed us to deter-
mine the B field of a solenoid that minimizes the CS outer ra-
dius for a target pre-magnetization flux (250 Wb) and fatigue 
lifetime (30,000 plasma cycles). This optimum can be found at 
BCS ≈ 13.5 T for a non-graded Nb3Sn R&W solenoid with stain-
less steel 316 LN conduits and it lies at ~14.5 T if JK2LB jack-
ets are used. The described procedure may become a useful tool 
if incorporated in tokamak reactor systems codes like PRO-
CESS [26]. 

Fig. 4. Outer radius of the solenoid winding pack and machine size as a func-
tion of the B field generated by the solenoid. All points shown on the plot gen-
erate a magnetic flux of 250 Wb and ensure a fatigue lifetime of 30,000 plasma 
cycles. Two superconductors (Nb3Sn R&W and REBCO) and two jacket mate-
rials (stainless steel 316LN and JK2LB) are considered.  
 

Fig. 5.  Outer radius of the solenoid winding pack as a function of the plasma
flattop duration for constant dpa and constant loop voltage. Two jacket materi-
als (stainless steel 316LN and JK2LB) are considered. The required pre-mag-
netization flux and the fatigue lifetime are plotted for convenience, the latter 
being plotted in semi-logarithmic scale. 
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