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The paper presents a theoretical and experimental analysis of thermal conditions imposed on the power supply conductor for an 
HTS YBCO-type high magnetic field electromagnet. For thermal stability during the operation of the electromagnet, it is essential 

to lower the heat flux from outside the system. The heat from the surrounding environment to the HTS winding is limited by using 

an adequately sized cryogenic system and the proper design of the current leads. The HTS winding and current leads are cooled 

with a two-stage GM cryocooler. If the power supply conductor's conductive heat flux exceeds the cryocooler’s heat load, the 
temperature of the HTS winding will increase, and system instability may occur. The power supply conductors are of two types: 

copper conductors and mixed HTS conductors. This work analyzes HTS conductors and junctions of HTS tape with copper 

terminals and their contribution to the cryocooler’s total heat load. Using HTS conductors reduces Joule heat when current passes 
through them (approx. 300 A) and the conductive heat flux to the HTS windings. Resistance for various soldering alloys was 

experimentally evaluated to evaluate the Joule heat of the junctions between HTS conductors and copper terminals. 

1. INTRODUCTION 

The superconducting applications for various devices 
generating intense magnetic fields require the optimal 
solution of some issues to ensure the optimal operation of the 
superconductor winding in stationary conditions. These 
problems are both electromagnetic and thermal. The 
structure of a superconducting electromagnet can include 
LTS materials (low-temperature superconductor) or HTS 
(high-temperature superconductor) and involves ensuring 
the cryogenic temperature conditions necessary for stability 
in the operation of the superconducting windings. These 
electromagnets made of LTS-type superconducting material 
(NbTi or Nb3Sn) or HTS-type superconducting material 
(YBCO, BSCCO, MgB2, etc.) are cooled with appropriate 
cryogenic agents (liquid helium for LTS electromagnets and 
liquid nitrogen for HTS electromagnets). Due to the progress 
achieved by cryogenics in the last 50 years, an alternative to 
cryogenic agents consists of using a cryocooler, a closed-
cycle heat pump [1,2]. These types of cryocoolers allow for 
obtaining very low temperatures (up to 2 K) with no use of 
cryogenic agents, which is an excellent advantage in current 
conditions because, at this point, helium is a rare and 
expensive resource. The use of cryocoolers requires a 
different design compared to a cooling method, which 
implies the use of cryogenic agents, a design based on 
solid/solid type thermal conduction cooling.  

Since the thermal heat power of these cryocoolers is 

limited, the superconducting winding conduction-cooled 

thermal insulation is an essential condition for stability in the 

operation of the electromagnet. The thermal insulation is 

mainly ensured by the cryostat in which the superconducting 

winding is placed. All the mechanical or electrical 

connections connecting the electromagnet to the outside of 

the cryostat must be considered to evaluate the thermal flux 

introduced into the winding through these connections.  
The electrical supply system of the electromagnet is 

provided by a power supply located outside the cryostat, the 

current being supplied using two types of conductors (copper 
and superconductor). These conductors require optimal design 
to ensure the maximum current supply to obtain the maximum 
magnetic field. At the same time, they must be designed to 
allow a minimal heat flux to the superconducting winding.  

Obtaining intense magnetic fields (> 2 T), so necessary in 
many nuclear physics applications (particle accelerators, 
particle detectors, etc.), led to the replacement of the 
conventional electromagnets with superconducting 
electromagnets, generally LTS type, cooled with liquid 
helium (4.2 K) [3–6]. 

Recently, there has been a strong tendency to replace these 
conventional electromagnets with HTS type [7–10] due to 
the possibility of obtaining very high magnetic fields, which 
have electrical and magnetic properties superior to the LTS 
type electromagnets. This category also includes the HTS 
electromagnets with a dipolar magnetic field, with the 
maximum magnetic flux density generated higher than 5 T 
[11,12]. 

In this paper, the sizing and thermal regime of the HTS 
conductors are analyzed, which is an important part of the 
electrical supply system of the superconducting 
electromagnet generating a uniform magnetic field with the 
magnetic flux density of 5 T, designed, and realized in the 
Applied Superconductivity Laboratory of ICPE-CA, 
Bucharest [11]. 

The copper conductors that connect the external power 
supply to the superconducting winding of the electromagnet 
through the HTS conductors analyzed here were designed 
and analyzed in previous works [12]. 

2. MAGNET SYSTEM DESCRIPTION 

Figure 1 shows the schematic view of the HTS magnet 
system. Which comprise the cryostat of the magnet (1), the 
superior flange of the cryostat (2), the cryocooler (3) type 
Gifford- McMahon [14], the outer copper connectors (4) to 
the power supply, the copper leads (5), the copper flange (6) 
connected to the 1st stage of the cryocooler, the HTS leads 
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(7) connected to the HTS magnet (8) who is protected from 
thermal radiation by the thermal shield (9) and cooled by 
conduction through the copper links (10) who are connected 
to the 2nd stage of the cryocooler. 

The cryostat is vacuumed to a low pressure of a minimum of 

10-5 mbar to reduce/eliminate the thermal losses by residual gas 

convection. The HTS electromagnet is designed and executed 

as a split coil electromagnet with two series-connected sections 

to generate a high magnetic field (5 T) in the central (axial) area. 

The design and the execution of the electromagnet were detailed 

in previous works [14, 15]. The HTS electromagnet is cooled 

by conduction using a closed-cycle G-M Cryocooler from SHI 

Cryogenics [13]. The cryocooler model is RDK 415D and has 

two cooling stages: 1st stage has a 50 K temperature, and the 

second stage reaches the final temperature of 4.2 K. The first 

stage of the cold head is thermally connected to the copper 

flange and the thermal shield, protecting the HTS magnet 

against the thermal radiation from the cryostat and preventing it 

from heating the electromagnet. 

 

Fig. 1 – Schematic view of the HTS electromagnet assembly. 

2.1. ELECTRICAL SUPPLY MIXED CONDUCTORS 

The electric power supply conductors for the HTS 

superconductor winding have two types of inserted 

conductors in their components. Thus, the current from the 

power supply is brought to the superconducting winding 

through a copper conductor and an HTS conductor. This 

setup is necessary to limit the thermal heat flux to the HTS 

superconducting winding. 

The design of the copper conductors and their contribution 

to the amount of heat power brought from the external 

environment of the cryostat to the inside was carried out in a 

previous work [12]. 

The HTS connectors that connect the copper conductors and 

the superconducting winding of the HTS magnet will be 

analyzed. They aim to ensure intense currents (300-400 A) 

supply without the Joule effect and minimum heat flux to the 

HTS winding. The HTS current lead is an electrical conductor 

with a complex structure consisting of an external protective 

shield, the HTS conductor type, and two copper terminals. The 

two copper terminals ensure electrical connection with the 

copper conductor, respectively, with the superconducting 

electromagnet's power terminals. The HTS conductors are made 

with YBCO tape, and the properties are presented in Table 1. 

Table 1 

HTS conductor characteristics [16] 

No. Quantity Value 

1 Superconductor YBCO 

2 Shape Tape 

3 Width [mm] 12 

4 Thickness [mm] 0.11 

5 Critical current Ic [A] @ 77 K  300 

6 Minimum bending diameter [mm] 11 

The YBCO-type HTS conductor presented in Table 1 is 

manufactured by Superpower Inc. [16] in a multilayer 

technique, the superconducting layer having only 1 μm 

thickness. This superconducting tape has a multilayer 

complex structure (Fig. 2), the superconducting layer having 

just 1 μm thickness. 

 

Fig. 2 – SuperPower HTS tape structure [16]. 

2.2. NUMERICAL MODELING 

A numerical model was created using the finite element 

technique to evaluate the temperature profile of the HTS 

current leads. For this, a geometrical model consisting of a 

cooper terminal, HTS tape, and the external shield is shown 

in Fig. 3. 

 

Fig. 3 – Geometric model of HTS conductor:1 – copper terminal;  
2 – HTS tape; 3 – protective shield. 

The discretization network, which consists of 47345 

elements, is presented in Fig. 4. 

 

Fig. 4 – HTS current lead discretization network. 

Two mathematical models were used for this heterogeneous 

HT superconductor / normal conductor. The first model is 

used for the electric current flow to evaluate the Joule heating: 

 ∇ ∙ (σ∇𝑉) = 0. (1) 

where σ [S/m] is the electric conductivity of the copper 

terminals, and V [V] is the electric potential. The HT domain 

is discarded because it is assumed to be superconducting with 

no resistive losses. So, (1) is solved for each copper terminal: 

problem P1, left terminal in Fig. 3, and problem P2, for the 

right terminal in Fig. 3. The BCs are as follows: 

• P1 – inlet current density (Jn corresponding to the 

stationary current I = 300 A through the copper 

terminals) for the current inlet, ground for the exit, and 

electric insulation elsewhere. 

• P2 – inlet current density at the upstream current cross-

section (copies the exit current density in P1) ground for 

the exit cross-section, and electric insulation elsewhere. 

The two problems are coupled through the voltage BCs. This 

approach is implemented conveniently by setting a periodicity 
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condition: the voltage of the upstream section in P2 equals the 

voltage (floating) of the downstream section in P1. These BCs 

map the current density distribution from the left lead's cross-

section exit to the right lead's entrance cross-section. 

The second model concerns the pending heat transfer 

problem, particularly in the two copper terminals: 

 ∇(∇𝑇) +
�̇�

𝑘
= 0, (2) 

where T [K] is the temperature, �̇� = 𝐉 ∙ 𝐄 [W/m3] is Joule heat 

generation rate, k [W/(m·K)] is the thermal conductivity of the 

material, and E is the electric field. Thermal conductivity 

values for shield materials used in this model are presented in 

Table 2. Figure 5 depicts the thermal conductivities as a 

function of temperature. 

 

Fig. 5 – Thermal conductivities for materials used [17-19]. 

Table 2 

Thermal conductivities [17-19] 

Material type k(T) [W/mK] for the range 4.2 – 50 K 

YBCO tape (axially) 180 – 837  

YBCO tape (transverse) 0.22 – 5.67  

Stainless steel 0.272 – 5.730 

Teflon (PTFE) 0.045 – 0.21 

G10 0.073 – 0.306 

Unlike the electric field problem, the HTS tape and the 

shield are part of the computational domain (without internal 

heat sources). The space between them is discarded and does 

not participate in the heat transfer – a void with neither 

conduction heat transfer nor radiative heat transfer between 

its faces. The boundary conditions are shown in Fig. 6. 

 

 
Fig. 6 – HTS current leads model: a) Electric current boundary conditions; 

b) Heat transfer boundary conditions. 

 

The terminal at the right is connected to the cryocooler, 

and its temperature is set to 4.2 K. The initial temperature of 

the mixed HTS conductor assembly is T = 50 K. 

2.3. NUMERICAL SIMULATION RESULTS 

Numerical modeling aimed to find the optimal solution to 

minimize the thermal flow in HTS current leads. For this, 

several materials with different thicknesses and thermal 

conductivities were used for the HTS current leads shield.  

The materials selected for this model and the corresponding 

thicknesses are presented in Table 3. 

Table 3 

Materials used for the shield of the HTS conductor 

No. Material type Thickness [mm] 

1 Stainless steel 0.5 

2 Stainless steel 1 

3 Teflon (PTFE) 3 

4 G10 3 

The two terminals of the HTS current leads are connected 

to the two cooling stages of a cryocooler, the first at 50 K, and 

the second at 4.2 K. The HTS supply current conductor was 

set to 300 A dc. 

The temperature profile of the HTS conductor assembly is 

presented in Fig. 7. 

 

Fig. 7 – Temperature profile for HTS conductor with 1 mm stainless 
steel shield (in the range of 4.2 K (indigo) to 50 K (white). 

The conductive heat rate found through numerical 

modeling for HTS conductors with different materials for the 

shield is presented in Table 4. 

Table 4 

Conductive heat flux for HTS current leads 

Shield material type 
Thickness 

[mm] 
Conductive heat rate [mW] 

Stainless steel 0.5 87.01 

Stainless steel 1 122.61 

Teflon (PTFE) 3 103.79 

G10 3 104.58 

As an obvious conclusion, using 0.5 mm thickness stainless 

steel 304 is the best shield material with the lowest heat 

transfer power. 

3. JUNCTION CONTACT RESISTANCE 

To estimate the total heat load of the HTS electromagnet 

due to the current supply conductors, we need to evaluate the 

Joule heat generated by the electrical contact between the 

HTS tape and copper terminals. An experimental study of the 

soldering junction between two HTS tapes must be 

performed for this.  

The junction between two superconducting types can be 

achieved in two ways: the first method consists of heating 

the soldering alloy and the area to be soldered by the 

electromagnetic induction method [20], and the second and 

most common method consists of using a resistive heating 

plate assembly at a desired temperature [21].  

To achieve the junction of the HTS types, a temperature-

controlled plate was designed and made (Fig. 8). The 

temperature control of the plate was ensured using a 

temperature controller model, OMRON E5CC. The 

temperature range of the soldering plate can be set from 

50 °C up to 300 °C. 
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Fig. 8 – Temperature-controlled device for soldering. 

To measure the junction electric resistance of the HTS 

superconducting tape, several samples were made using 

different soldering alloys to establish the optimal parameters 

for this type of junction. The main goal is to achieve the 

minimum electrical resistance of the tape junction to 

minimize the Joule heating. The junction of the 

superconducting tapes was made for an overlap of 100 mm 

length at a pressure of 100 kPa. Figure 9 shows two 

SuperPower HTS superconducting tapes 12 mm wide, 

soldered together for an overlap of 100 mm.  
 

 

Fig. 9 – Junction of two HTS types soldered on 100 mm overlap length. 

Several junctions were made using 12 mm wide 

superconducting HTS type for 100 mm overlap. For these, 

different soldering alloys produced by Indium Corporation 

were used [22]. Their main characteristics are presented in 

Table 5.  

Table 5 

Soldering alloy parameters [22] 

Alloy (%) 
Melting 

temperature [K] 
Density 
[g/cm3] 

Thermal 
conductivity 
[W/cm∙K] 

52 In / 48 Sn 391 7.30 0.34 

60 In / 40 Pb 454 8.52 0.29 

97 In / 3 Ag 416 7.38 0.73 

100 In 430 7.31 24 

63 Sn / 37 Pb 456 0.5 0.5 

After soldering all the HTS tapes at controlled temperature 

and pressure, the samples were immersed in liquid nitrogen 

(77 K), and electrical measurements were made using a 0 to 

300 A programmable DC power supply. The voltage drop 

across the HTS junctions was measured with a Keithley 2182 

nanovoltmeter to evaluate the electrical resistance of each 

sample.  

Figure 10 presents the measurement results of the soldered 

joints. The lowest resistance calculated was 15,3 nΩ 

±2,629 % for 97 % In / 3 % Ag alloy. 

 

Fig. 10 – The U-I characteristic of the junction for several types of 
soldering alloys. 

4. CRYOGENIC COOLING SYSTEM 

The cryogenic cooling system of the HTS electromagnet 

is based on a closed-cycle G-M cryocooler system from SHI 

Cryogenics [13], which works with helium gas and has two 

cooling stages, the first stage has a temperature of 50 K, and 

the second stage can reach the final temperature of 4.2 K. 

The first stage of the cryocooler is thermally anchored to the 

electromagnet’s thermal shield. The second stage is 

thermally attached to the electromagnet housing, pumping 

out the heat of the HTS coils by conduction and lowering 

their temperature to values close to 4.2 K. Figure 11 presents 

a schematic view of the cold head. 

 

Fig. 11 – The cryogenic cooling system consists of a two-stage  
cooling unit. 

Table 6 summarizes the functional characteristics of the 

RDK 415D cryocooler from SHI Cryogenics [13]. 

Table 6 

RDK 415 D model characteristics [13] 

No. Characteristic Value 

1 1st stage temperature 50 K 

2 2nd stage temperature 4.2 K 

3 1st stage thermal power 50 W 

4 2nd stage thermal power 1.5 W 

5. CONCLUSIONS 

The work performed here presented the structure of the 

electrical power supply conductor system of an HTS 

superconducting electromagnet and the evaluation of the 

operating conditions and thermal parameters of operation for 

the supply conductors, especially the HTS superconducting 

conductors. 

For the temperature stability operation (in stationary 

conditions) of the superconducting coils of the HTS 
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electromagnet, it is essential to minimize the conductive heat 

flux to as low as possible. Thus, the heat flux from the 

outside to the HTS winding is limited by using a properly 

sized cryogenic system and by the appropriate sizing of the 

supply conductors. 
HTS conductors in this application have two reasons: 

reducing the Joule heat when current passes through them 
(approx. 300 A) and keeping the conductive heat flux to the 
HTS winding as low as possible. 

A constructive solution was chosen by using a 12 mm 
wide HTS superconducting tape with 0.11 mm thickness. 
The source of Joule heating has two components: the copper 
terminals and HTS junctions with the copper terminals. The 
HTS junctions were investigated from the resistance point of 
view for various soldering alloys. The alloy with the lowest 
resistance is 97 % In / 3 % Ag, with an electrical resistance 
at 77 K of 15.3 nΩ. 

The temperature profile and the heat produced by the 
mixed HTS conductors were carried out using FEM 
numerical modeling. Several constructive types were 
analyzed using different shield materials, finding that 304 
stainless steel is the optimal choice. 

The conclusions of the modeling were: the heat power 
transmitted between 50 K and 4.2 K is 87.01 mW, and the 
Joule power due to the soldered junctions is 0.8 mW.  

The total heat to the HTS winding of the electromagnet, 
produced and conducted using HTS mixed conductors 
analyzed in this work, is 174.82 mW, which is well below the 
power of the second cooling stage of the cryocooler of 1.5 W 
for a temperature of 4.2 K. So, the HTS conductors supply 
system with the dimensional and functional characteristics 
obtained in this analysis, are suitable for obtaining a steady-
state operation of the HTS winding of the electromagnet. 
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