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ABSTRACT 

Joints for the ITER superconducting Central Solenoid 
should perform in rapidly varying magnetic field with low 
losses and low DC resistance. This paper describes the design 
of the ITER joint and presents its assembly process. Two 
joints were built and tested at the PTF facility at MIT. Test 
results are presented, losses in transverse and parallel field 
and the DC performance are discussed. The developed joint 
demonstrates sufficient margin for baseline ITER operating 
scenarios. 

I. INTRODUCTION 

The ITER magnets will have joints due to limitations on 
conductor piece length. Because of discontinuity of the 
superconductor in the joint and the resulting heat generation, 
the properties of the joint are naturally inferior to those of the 
conductor. In most superconducting magnets, the joints are 
placed in a low field area, which gives the joint enough 
margin to perform successfully. With the development of 
Cable-In-Conduit Conductors (CICC), fully superconducting 
tokamak became possible. However, because of the 
tokamaks’ large dimensions, it is nearly impossible to bring 
the joints to a low field area. Therefore, the development of 
superconducting coils for the ITER project requires the 
simultaneous development of a high current superconducting 
joint, capable of working in a variable magnetic field. 

The requirements, which the ITER joint has to meet, are 

a) 

b) 

cl 

4 

e) 

Low resistivity (less than 4 7 nOhm for the 
Central Solenoid) at currents up to 50 kA and in the 
magnetic field up to 7-ST. 

Low losses (less than 15 W in steady state 
equivalent and less than 400 J per event, like plasma 
initiation) 

Structural strength to support the electromagnetic 
forces generated in the joint and coming from inside 
the coil into the joint 

Compact size, the overlapped length is about 450- 
500 mm 

Leak tight and capable of withstanding a pressure 
of 30 bar 

The task to develop an adequate joint in ITER Program 
was identified early in the program and an extensive R&D has 

been carried out on subscale and full-scale joints of different 
types. 

This paper summarizes the efforts of the ITER US Home 
Team in development of a joint for ITER CS Model Coil 
(CSMC), which after CSMC testing will be a basis for the 
ITER joints. 

There are different types of joints to be used in the CSMC 
and in ITER. This paper will discuss only layer to layer joints 
of the so-called “praying hands” configuration. These joints 
are structurally similar to the other types of joints but 
experience more severe conditions during operation. 

II. JOINT DESIGN DEVELOPMENT 

Two full-scale joints were built and tested - the US 
Preprototype (USPP) and the US Prototype (USP) joint. 
Close in concept, these joints have some differences, which 
are discussed below. 

A, Layer-to-layer joint features 

The main features of the joint include: 
. Twisted compac<ed cables inside Glidcop sleeves 
. Chrome plated strands in the cable, chrome removed 

only from strandsi at the cable surface 
. Insulating Inconel tape maintained between last stage 

subcables 
. Insulating CuNi barrier between the cable 

Glidcop sleeve on the surface opposite to 
and the 
the one 

glass piece + 

sleeve 

Joint box 

Fig I ITER CSMC praying hands joint 



facing the copper block 
l Resistive breaks in the Glidcop sleeve and copper 

saddle block 
l One twist pitch length 
. 20% cable void fraction, with central hole in the cable 

maintained for cooling 
. Enclosed in the stainless steel box 

A layer to layer joint is shown in Fig. 1 (the joint box is 
removed from the foreground for clarity). The layer to layer 
joint consists of two terminated conductors connected to a 
copper block, and enclosed in a joint box. Two bent tubes at 
the top of the box are for assembly and testing purposes. 

The box around the joint provides the following functions: 
. secondary helium containment to improve the 

reliability of the joint 
. clamping of the Glidcop sleeves to the copper block 
. a load path to transfer forces originated in the joint to 

the conductors 
. protection of the relatively weak joints between the 

Glidcop and the Monel (brazed joint) and between 
the Monel and the Incoloy conductor (fillet weld 
joint) 

Prior to assembly, the Glidcop sleeves are brazed to a Monel 
transition piece This terminal assembly is then slid over the 
prepared cable and the Monel piece is welded to the Incoloy 
conductor A cap with cooling holes installed at the top of the 
Glidcop sleeve allows the joint to be cooled by helium 
entering or exiting the conductor. The details of the joint 
terminal construction are given in [ 1] 

The interface between the cable and the Glidcop sleeve is 
the least predictable and is the major contributor into the joint 
resistance. Preliminary R&D for the joint showed that 
sintering between the cable and the Glidcop occurs at a void 
fraction of about 20%[ 11. Thus, in spite of known penalties to 
the AC performance we decided to proceed with 20% void 
fraction to assure reliable DC joint resistance 
To minimize losses in the cable, the Cr coating on the strands 
was removed only at the surface of the cable. Also, the 
Inconel tape, wrapped around the subcables was left intact 
between the subcables, effectively decoupling them. 

B. USPP joint 

The cross section of the US Preprototype (USPP) joint is 
shown in Fig 2. The intent of the USPP joint was to 
demonstrate that ITER relevant joints can simultaneously 
achieve dc resistance and pulsed field losses low enough to 
satisfy ITER criteria The issues of the packaging of the joint 
and demonstration of the assembly in field conditions for the 
real magnet were not addressed 

Although the USPP joint failed to achieve its performance 
objectives, it provided valuable manufacturing experience for 
subsequent joint development while the analysis of its test 
results provided key insights for joint optimization Three 
advances derived from the USPP program include the need 

Fig 3 Cross section of the US Prototype Joinl 
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for strict QA procedures during cable termination; the 
development of an effective soldering procedure to attach the 
terminations to the copper saddle, and the importance of well 
placed resistive barriers for reducing the pulsed field losses. 

Preliminary analysis of the USPP joint performance [2] 
showed that almost 50% of the losses originate within the 
compacted cable in the joint. Without altering this basic joint 
concept, this fraction of the losses is not subject to 
optimization. 

The other 40-50% of the losses come from the Glidcop 
sleeve and the copper block. In additional to eddy current 
loss, a significant part of these losses derive from the 
interaction between the superconducting cables and other 
conducting elements. Analytical models show that it is 
possible to markedly reduce these interaction losses by 
selectively introducing resistive barriers in the Glidcop 
sleeves and especially, in the c’opper block. This loss 
mechanism is discussed in details in [3]. 

C. USP joint 

The USP joint was built and tested to not only improve 
upon the USPP performance by incorporating the gained 
experience, but also to address manufacturing and operational 
issues of assembly, structural integrity, alignment, quality 

NIL0 inserts NIL0 inserts Laminated Laminated 
copper block copper block 

Wedge clamps Wedge clamps 



assurance, etc. In other words, a key objective of the USP 
joint project was to simulate the field assembly of the joint as 
much as possible. 

An isometric view of the USP joint is shown in Fig. 1, 
while the cross section of the joint is shown in Fig. 3. 

From the performance stand point, the USP joint had 
several changes in comparison with the USPP joint: 

a> copper block lamination pattern was improved, as 
a result of analysis performed after the USPP 
construction 

b) for manufacturing and cost reasons, the radial 
breaks in the Glidcop sleeves were eliminated 

cl the soldering technique between the Glidcop and 
the copper block was improved, providing better 
interface contact 

d) QC of the joint fabrication was improved, 
especially Cr coating removal and Glidcop 
compaction, both steps are critical for reducing the 
cable to Glidcop resistance 

The structural support for the USP joint was quite 
different from the USPP. Stress analysis [4] showed that to 
support the forces originated in the joint, as well as those 
transmitted from the coil to the joint, the joint box has to be 
relatively massive. Additionally, the wedge clamps need to be 
strong enough to maintain a guaranteed pressure at the level 
of several MPa at the interface between the copper block and 
the Glidcop sleeves [5]. 

Fig 3 shows NIL0 inserts between the Glidcop sleeves 
and the box wedges. The low coefficient of thermal expansion 
(CTE) of the NIL0 wedges compared with the joint box 
provides an additional assurance that the joints always stay 
under compression during cooldown. 

A critical structural part of the joint box is the “eye glass” 
piece at the bottom of the joint. The eye glass piece 
accommodates both of the conductors and holds them 
together. All forces generated above and below it are reacted 
by the eye glass piece The eye glass piece is welded onto the 
conductor around the periphery and has two plug welds from 
both sides of the piece to reinforce the link between the 
conductors and the joint Analysis shows that stresses in the 
joint box due to electromagnetic forces approach 300 MPa. In 
addition, if material of the box is not CTE compatible with 
Incoloy 908 (conduit material), the combined electromagnetic 
and cooldown Van Mises stress can reach 630 MPa [4] 

Large forces and a desire to provide a secondary helium 
containment requires a welded joint between the eye glass 
pieces and the conductor. For cost and performance 
consideration we chose 316 LN SST to be the material of the 
eye glass piece Extensive R&D were required to establish a 
welding procedure for the joint box That R&D was required 
because of poor weldability of the heat treat precipitation 
hardened Incoloy 908, mismatch between the 316LN and 
Incoloy 908 CTE, difficult access to the welds and no access 
for inspection to some of the welds Preliminary results 
cstablishcd that defect free welding is feasible The welding 
R&D will be finished before the joint box assembly begins, 
during the end of summer 1998 

IILRESULTS OF THE PT’F TESTS 

Testing of the full-scale joints occurred at the Pulsed Test 
Facility (PTF) at MIT - a specially build facility for joints 
and conductors testing [6]. 

The US Preprototype (USPP) joint was built and tested 
during the second half of 1996. This was the first full scale 
joint designed for low losses and a low resistance in pulsed 
ITER fields. This was the first time such a joint was tested in 
pulsed fields with large amplitudes, high dB/dt field change 
rates and with a transport current. 

The US Prototype joint (USP) was built during the end of 
1997 and tested in February 1998 at PTF. Based on the 
accumulated test experience at PTF, the USP was better 
instrumented than USPP. The voltage taps for the USP were 
installed not only on the surface of the sample, but were also 
embedded in the cable space. The embedded taps were 
intended to reveal the “real resistance” between the 
superconducting cables. The calorimetric measurements were 
also more carefully designed and instrumented. 

A. DC resistance 

The DC resistance of the joint was measured by sets of 
voltage taps and by calorimetric measurements. 

For the USPP joint we observed that most of the voltage 
taps attached to the Glidcop sleeves showed a DC resistance 
of 5.4-5.6 nOhm at 50 kA and 4 T. Some of the voltage taps 
across the joint showed 3 nOhm. The voltage taps readings 
indicated an intensive redistribution of the current in the joint 
and adjacent conductor. That result suggests that in a real 
magnet, where length of the conductor is much longer, the 
joint resistance will be somewhat lower 

The calorimetric method showed, however, that the DC 
resistance was about 10 nOhm. A detailed study was carried 
out to explain the difference between the electrical and 
calorimetric measurement [7] 

It was discovered, that the electrical method of the 
resistance measurement gives always lower reading than the 
real resistance, however it was difficult to determine how 
much lower. The calorimetry accuracy (about 20 % for 
USPP) prevented a more accurate determination for the USPP 
joint resistance. 

The autopsy of the USPP joint revealed that one of the 
legs had a black residue at the interface between the cable and 
the Glidcop sleeve, which is thought to be responsible for 
higher than anticipated resistance. The origin of this residue 
remains unknown. 

The DC resistance of the USP joint measured with the 
voltage taps was in the range of 1.7-2.2 nOhm in the field of 4 
T at 50 kA, but some voltage taps showed much lower values 
Inner voltage taps indicated that the effect of the current 
redistribution between the subcables is strong and obtaining 
the resistance of the “sintered layer” between the cable and 
the Glidcop is not possible 

The calorimetry calibration proved that the calorimetric 
method on USP joint is accurate within better than 10% 
Calorimetric measurement of the heat generation showed that 
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Fig 4 Stability of the USP joint in the transverse pulse field 

the DC resistance of the joint is below 2.5 nOhm, which is in 
good agreement with the electrical measurements. 

The significant improvement in the joint’s dc resistance 
can be attributed to the experience gained on the USPP joint, 
improvement in the joint fabrication technology and more 
stringent quality control. 

B. Joint stability in varying magnetic field 

The ability of the joint to withstand pulsed field 
disturbances is a part of the ITER requirements. We 
simulated conditions of the CSMC and ITER operation and 
found that the joint remained superconducting during these 
shots. 

The PTF facility allowed us to determine the joint stability 
margin and to obtain some information about the reasons for 
quenching in the joint. To drive the joint normal we charged 
the joint up to 50 kA, and maintaining the transport current, 
imposed a trapezoidal pulse of the external field with the 
amplitude of 4 T and different dB/dt rates Although these 
conditions were much more severe than the intended 
operating conditions for the joint was, these experiments were 
very useful to demonstrate adequate stability margin of the 
joints during their intended applications. 

Fig. 4 presents the joint stability at 50 kA transport current 
against the transverse field pulses. The stability shows some 
sensitivity to the direction of the current: Fig. 4 shows the 
worst case. 

It is seen from the results, that the mass flow only slightly 
affects the performance of the joint in the pulsed field. That 
observation and a very weak dependence on the inlet 
temperature suggests, that the cause of the quench is the 
overheating due to losses in an area where the heat transfer to 
helium is poor Indeed, let us assume that the losses elevate 
the temperature locally to the current sharing temperature 
Then, if heat transfer is not very good, the joint quenches 
when losses exceed available enthalpy The enthalpy of the 
metal is proportional to r’ at low temperatures Since the 

critical sharing temperature is above 12 K at these low 
magnetic fields, the initial temperature Ti only marginally 
affects the available enthalpy, which is proportional to: 

AH LJ(q; -T,“) 
From the temperature measurements, we could see that the 

I 

heat pulse traveled through the joint much longer (by several 
tens of seconds) than the average velocity of helium in the 
joint suggested. This result indicates that the major helium 
mass flow goes through the central hole in the cable, while 
most of the heat is generated at the interfaces of the cable and 
the Glidcop sleeve and outside the cable. Occurrence of 
reduced helium flow in the cable annulus and resulting poor 
heat removal are thus consistent with the pronounced 
spreading observed for the helium heat slugs propagation 
through the joint. 

To improve the heat removal it seems reasonable to plug 
the central hole in the cable and force helium to flow in the 
cabling space. A similar measure helped to reduce the 
temperature of the cable during our welding R&D activity, 
when heavy welds were laid on the conductor wall and we 
were trying to maintain cool cable temperature. 

The experiments with the plugged central hole will be 
considered in the future. 

The USPP joint had similar trends but was about 30-50% 
worse than USP joint in terms of ramp rate stability. This can 
be attributed to a lower loss in the USP sample’s copper 
block, which is not cooled directly and therefore can have 
noticeable impact on overheating. 

C Loss measurements 

Losses in the join; were measured in three field 
orientations 

l Parallel field 
. Transverse field, when the field is parallel to the 

plane containing both cable axes (we refer to this 
orientation as “ITER” transverse field) 

. Transverse field, when field is perpendicular to the 
plane containing both cable axes (we refer to this 
orientation as “non-ITER” transverse field). 

The reason for the “non-ITER”, highest loss orientation is 
to obtain information regarding the joint DC resistance and to 
see if this type of measurements could give better 
understanding of the joint behavior. The “non-1TER” field 
orientation was not tested on USP joint 

Losses were measured by the calorimetric technique with 
temperature sensors installed at the inlet and outlet of the 
joint sample and on the conductor, so the integral of the inlet 
and outlet enthalpy. 

Q = 1 +n,, - I%,, 
which constitutes losses, could be calculated Calibrations 
showed that 75% to 95% of the heat deposited in helium is 
detected The experimental error of the loss measurements is 
estimated to be within 20% for the USPP and better than 10% 
for the USP joint 



Fig 5 Losses in USPP joint in parallel field, 1 T cycle 

In the loss measurements, we used triangular and 
trapezoidal pulses with a ramp up rate in most cases equal to 
the ramp down rate. The flat top duration in trapezoidal 
pulses was usually 30 s. The purpose of the trapezoidal pulse 
was to determine magnetic flux penetration into the joint. 
Comparing losses for a trapezoidal cycle with the triangular 
pulse losses one can deduce the magnetic moment decay (or 
field penetration) in the joint. 

1 Joint losses in parallel field. 
Fig. 5 shows results and analyses of the losses in USPP in 

the parallel field The details of the analysis are given in [3]. 
It is seen from the Fig.5, that there is a strong shielding effect 
in the joint, which is explained by local shorts in the cable. 
The shielding effect means that the time of the penetration of 
the magnetic field in the joint is comparable or higher that the 
time of the field variation As can be seen, a significant part 
of the loss is associated with the eddy current losses in the 
copper Some contribution comes from coupling losses in 
cable. 

Fig. 6 compares the parallel field losses in USP and USPP 
joints at large amplitudes. It is seen that the losses are slightly 
lower in the USP joint. In the USP, the laminated copper 
block practically eliminated the coupling losses, associated 
with the currents flowing along the copper block and 

Fig 6 Comparison of losses in USPP and USI’ joints in parallel field 
Large amplitude shots 

returning through the cable [2]. However, a much higher 
eddy current loss component, due to the currents flowing 
between the Glidcop sleeves through the copper, were 
impossible to eliminate, as the conducting paths coincide 
with the transport current path between the sleeves. 

Thus, an improved copper block design and worse 
Glidcop design in the USP sample produced parallel field 
losses very close to those for the USPP joint. 

In general, losses in parallel field turned out to be about 
1.5-2 times higher than anticipated originally because of 
unexpectedly high losses in the cable. The earlier 
measurements on the subcables in parallel field suggested 
much lower losses [8] in the cable. The additional losses are 
thought to be associated with the coupling of the cables 
through the copper block. Since the cables have some angle 

to the vertical axis, some of the strands create loops, which 
trap some magnetic flux. This flux variation in the loops 
drives coupling currents through the copper block. The 
current path in copper coincides with the transport current 
path. Therefore, this component of losses can not be 
eliminated. 

2. Joint losses in “ITER” transverse field 
Losses in the transverse field orientation were measured for a 
large variety of field amplitudes and ramp rates, for both 
triangular and trapezoidal pulses. 
In general, the value of losses in the joint in perpendicular 
field turned out to be close to expectation [2]. 
Fig.7 represents the result of analysis and the measurements 
of the losses on the USPP joint for IT pulse amplitude. From 
the analysis, about 50 % of the losses come from the cable, 
and a large contribution\-omes from,the copper block [3]. 

Some of the cable losses are associated with the currents 
flowing between the cable subcable trough the Glidcop 
sleeves and the copper block. 
Introducing optimized copper barriers in USP joint, we 
intended to suppress almost completely the eddy current 

Fig 7 Losses for USPP in ITEK transverse field, I T trapezoidal cycle, long 
flal top: cnlculnuons and measurements Measured triangular cycle losses arc 
show for comparison 



4oc 
:; 
9 

3oc 

2oc 

lO( 

0 02 04 06 08 1 12 
am. T/S 

Fig 8 Losses in USPP and USP joints in 1 T  amplitude triangular and 
trapezoidal transverse field pulses 

losses and significantly reduce the coupling cable losses. 
Comparison of the losses in the transverse field with 1 T  

amplitude and larger amplitudes are presented in Fig 8 and 9, 
respectively. The modifications made to the copper block in 
the USP joint helped to reduce the losses significantly. 

It is seen from Fig 8 that joint losses during a 2T, 1.2 T/s 
initiation drop in the ITER Central Solenoid bore, which 
translates into 0.66 T, 0.4 T/s for the joint region, can be held 
within 400 J dissipation. 

At the nominal regime of operation of the CSMC, the 
joints will see about 0.1 T/s transverse field with the 
amplitude about 3.5 T. 

It is seen from Fig. 9, that the average losses in the joint 
for that scenario can be held at the level of less than 10 W . It 
follows from the USP joint datum at 0 1 T/s, 3.5 T  pulse, 
which generated about 400 J per 70 s, which is equivalent to 
less than 6 W  average 

The ITER requirements on the joint are less strict than 
those for the CS model coil Therefore, the losses in the USP 
joint are within both CSMC and ITER requirements 

3. Joint losses in “non ITER” transverse field 
In the non-ITER transverse field orientation, the current 

path in the joint coincides with the current path of the DC 
transport current. The difference is in the electro-motive force 
distribution in the joint ideally constant at the DC tests and 
monotonous in a non-ITER varying field. The assumption 
about constant resistivity makes it possible to deduce the 
effective resistance of the joint from the loss measurements 
Fig 7 represents comparison of the loss measurements and 
calculation of the losses in the joint, assuming a total 
resistance for the joint of 6 and 10 nOhm, respectively It is 
seen that the calculated losses arc about 50 %  higher than 
measured. This difference in the loss can be explained by 
assuming higher resistivity at the ends of the joint, such 
resistance variation was observed in DC measurements by 
miniature Hall probes, installed on the joint [6] Increased 
resistance reduces the current density at the joint ends, which 
usually provide the highest contribution to the joint losses, 
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Fig 9. Comparison of the losses in the USPP and USP joints in the 
transverse field 

this explains why measured losses are lower than expected 
assuming uniform resistivity of the joint along the length. 

Non-ITER transverse field losses were not measured on 
the USP joint. 

D. Joint losses and stability in a varying field with a transport 
current 

The influence of the transport current on the losses in 
varying magnetic field is almost impossible to predict 
analytically, as it requires knowledge of the detailed current 
density and electrical field distribution in the joint. From 
general consideration, one may expect that because transport 
current in the joint is m&h lower than the critical current, the 
effect of transport current should be small. Comparison of the 
losses in a combined current and field pulse against the sum 
of the losses in separate identical field and current pulses 
showed that effect of the transport current is not negligible at 
high currents. In both parallel and transverse field, effect of 
20 kA transport current was below 15% in all tests. For the 
USPP sample, pulsed field loss with a transport current of 46 
kA produces up to 70% higher losses than separate field and 
current pulse losses in transverse ITER field, and up to 40% 
higher loss in a parallel field. 

IV. ASSEMBLY ISSUES 

The ITER joint must be assembled in the field. The 
alignment of the joints is critical to provide uniform gap 
between the Glidcop sleeve and the copper block (0.002- 
0 004 in.) 

Thus it is very important to maintain high accuracy of the 
coil winding and location of the leads relative to the coil. 

The required alignment is a very difficult technical task 
The conductor is very stiff, the coil is heavy and the joint is 
not strong enough to be “forced” into the proper position 
Also, NbjSn is a very brittle superconductor with a very low 
tolerance to a strain The first turn of the layer has to bc 



manipulated to bring the joint into the required spatial 
position and aligned within a fraction of a millimeter. 

The assembly of CSMC layers at Lockheed Martin facility 
in San Diego demonstrated that the joints could be assembled 
to meet these requirements. 

The joint soldering operation needs to be conducted after 
the coil impregnation. We developed a promising ultrasonic 
NDE method, which should help us to monitor the quality of 
the soldered interfaces. 

The welding of the joint required extensive effort on 
certification of the welds and welders, which involved testing 
of the samples, metallographic studies, tensile strength tests, 
etc. During this effort a method and procedures for welding 
dissimilar metals like Incoloy and 316 LN SST has been 
developed. 

V SUMMARY 

Development of a low loss and low resistivity ITER joint 
has been a very challenging and laborious task. It required 
development of many manufacturing steps, ways to control 
the quality and create a cost effective design and feasible for 
assembly procedure. This effort also required the construction 
of a large facility for joint testing. 

The result of the joint R&D showed that it is possible to 
build a joint that has sufficient operating margin to work in 
fusion machines like ITER. 

To what extent we may improve this concept in the 
future? 

Analysis suggests that we can reduce the losses by lo- 
20% in both field orientations by introducing optimized 
barriers in the sleeve. The DC resistance is close to the 
theoretically predicted 2 nOhm. The concept of the joint, the 
optimization effort and the test results suggest that this 
concept may be improved but not significantly more 

Loss measurements show a stable behavior of the 
Prototype US ITER joint in all ITER relevant pulses. Losses 
in the cable in a parallel field were higher than expected. It 
was demonstrated that it was possible to meet average heat 
generation requirement of 1.5 W over the ITER 2000 s cycle 
per joint 
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