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Abstract
The inter-strand contact resistance and AC losses were measured on an International
Thermonuclear Experimental Reactor (ITER) poloidal field (PF) coil joint in a parallel applied
AC magnetic field. In addition, the hysteresis loss was measured as a function of the angle with
the applied magnetic field on a niobium-titanium (NbTi) strand of the same type as in the joint
with a vibrating sample magnetometer. The AC loss measurements were performed at four
applied field conditions for combinations of 0 or 1 T offset field and 0.2 or 0.4 T sinusoidal
amplitude. The hysteresis loss of the joint was compared with the measured AC loss density of
the NbTi strand for the same field conditions as the joint AC loss measurement but with varying
the angle of the applied field. The subsequent cable twist angles affect the hysteresis loss since
the critical current and penetration field depend on the angle of the applied field. It is found that
15.5◦ is an effective angle for the calculation of the hysteresis loss of joint when compared to
the single strand measurement. The inter-strand contact resistance measurements cover all the
typical strand combinations from the five cabling stages of the individual conductors, as well as
the strand combinations across the two conductors to characterize the inter-strand including the
copper sole resistivity. It is the first time to measure the contact resistances and AC losses of the
full-size ITER PF joint. By comparing the measured and simulated data in the JackPot-ACDC
model, it is also the first time to obtain the accurate inter-strand, inter-petal and strand to copper
sole contact resistivities, which are the main input parameters for the further quantitative
numerical analysis of the PF joints, in any current and magnetic field conditions.
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1. Introduction

The International Thermonuclear Experimental Reactor
(ITER) magnet system consists of six poloidal field (PF) coils,
all coils are wound with niobium-titanium (NbTi) cable-in-
conduit conductors (CICCs) cooled by forced flow liquid
helium. The winding connections within and between the
double pancakes, as well as to the conductor terminals of
the feeder system, are achieved by using twin box lap type
joints [1, 2]. The joints undertake a superconducting to non-
superconducting state transition due to the copper sole in
between the two conductors, both AC and resistive losses are
produced by the induced and transport currents, which leads
to an increase of the helium temperature. Because of the rel-
atively low critical temperature of the NbTi strand, giving
a limited operating margin, the current non-uniformity is a
concern for a premature quench of the coils. The current non-
uniformity is driven by variation in the resistive and inductive
coupling of strand-to-strand and strand-to-copper sole con-
tacts in joint and conductor. The current distribution in the
PF coil conductors and joints is mostly inductance-dominated
due to the pulsed operating mode [3]. In the case of large cur-
rent unbalance, the overloaded strands may exceed the critical
current and generate a current sharing voltage. Then the distri-
bution of the contact resistances between strands or strand to
copper sole determines the current redistribution, and drives
the current from the uppermost to less loaded strands [4].

The electromagnetic and thermal properties of the CICCs
and the joints can be assessed by a numerical code called
JackPot-ACDC developed at the University of Twente [5]. In
the code, the cable and joint configuration and the material
properties are fixed input parameters, there are no free input
parameters except for the input contact resistivities and heat
transfer coefficients. These are usually derived from experi-
ments, however, until now there are no experimental data for
the full-size ITER PF joint. One of the main motivations of
the measurements described in this paper is to obtain the con-
tact resistivities for processing the numerical analysis of the
qualification measurements performed in the SULTAN facil-
ity, in order to understand and quantify the phenomena related
to overloaded strands, AC loss and stability in a transient
field [6].

An ITER PF Coil joint sample (named PFJEU6) manufac-
tured with PF5 type conductor [7] at CNIM (France) was first
tested in the SULTAN facility (Switzerland) for DC transport
current and transverse applied field AC loss properties [8]. It
was then shipped to CEA Cadarache (France) for the pressure
dropmeasurements, then delivered to the University of Twente
(The Netherlands), to measure the inter-strand, inter-petal and
strand to copper sole contact resistances (Rc) and AC losses in
parallel alternating magnetic field. In addition, the hysteresis
loss of the joint was further detailed by means of measuring
the magnetization loops of the NbTi strand with a vibrating
sample magnetometer (VSM).

2. Experimental setups and sample preparation

The part of the PFJEU6 joint sample delivered to the Univer-
sity of Twente and its dimension are shown in figure 1, the total

Figure 1. ITER PF5 joint sample (PFJEU6) before measurements
(top) and the dimensions (bottom).

length is about 1700 mm, of which the lengths of the joint-box
region with stainless steel and the conductor sections outside
are 580 and 1120 mm respectively. The PF5 CICC is a circle-
in-square shape with outer stainless steel jacket dimension of
52 × 52 mm, the outer and inner diameter of the supercon-
ducting cable are 35.3 and 10.0 mm respectively [7]. In the
twin box lap type joint, two pieces of copper sole are bonded
together with a shim layer in between [1]. For the PFJEU6
joint, the minimum thickness of the copper parts between the
two cables is 20.1 mm, including a shim layer with thick-
ness of 7.1 mm, and the resistivity of the copper sole and
shim are the same, ρ = 3.34 nΩm at T = 4.5 K. After spe-
cific preparations, the cable end is inserted into a bimetallic
box bonded by explosive technology and compacted to fab-
ricate a termination. Two terminations with a copper shim in
between are soldered together to form the electrical connec-
tion [9]. The axial- and cross-sections of one termination are
shown in figure 2, including a cross-sectional view of the PF5
conductor. The shaded area represents the strands, the differ-
ent areas along the length show the compacted conductor in the
bimetallic box with a void fraction of 19% at left and towards
the right, a gradual increase to the nominal CICC void fraction
of 34%. The effective length of the compacted cable section is
around 500 mm, which is similar to the length of the contact
with the copper sole.

2.1. Contact resistance measurement

The contact resistance measurement is performed before the
AC loss measurement. The CICC sections with a length of
650 mm, shown in grey colour in figure 1, are cut first. Then,
the jackets of the remaining 350 mm long cable sections are
removed by a milling machine. The PF5 conductor consists
of 1152 NbTi strands evenly distributed in six petals P1–P6.
The scheme of the strand selection in one cable is shown
in figure 3, with 33 strands selected from each cable, and
marked as AR1-33 and BR1-33 for cable A and B respect-
ively. All other superconducting and copper strands of both
cable sections outside the joint section are cut shorter, and their
cable and sub-cable wraps are removed. Not only the combin-
ations of strands within the cables, like the inter-strand resist-
ance from the first to fourth cabling stages and the inter-petal
resistance from the fifth stage, are measured, but also cable to

2



Supercond. Sci. Technol. 35 (2022) 025016 J Huang et al

Figure 2. Axial- and cross-sections of one PF termination (half joint), the conductor got compacted in the bimetallic box and transited to
the normal configuration outside the box region.

Figure 3. Scheme of strand selection in one cable for contact resistance measurement, the two cables are following the same scheme.
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Figure 4. Scheme of current leads (SI1–3) and voltage taps (SV1–3) selection on the copper shim of the joint, view from the side face of
joint.

Table 1. Combinations of superconducting strands or current leads on the copper sole of the PFJEU6 joint, for different types of contact
resistance measurements.

Inter-strand resistance (strands from cable A or cable B)

Stage 1 R1–R2, R1–R3, R2–R3.
Stage 2 R1–R4, R1–R5, R7–R8, R10–R11, R12–R13, R14–R15, R16–R17, R18–R19, R20–R21, R22–R23, R24–R25,

R26–R27, R28–R29.
Stage 3 R1–R6, R1–R7, R1–R8, R5–R6, R5–R7, R14–R16, R18–R21, R22–R24, R26–R28.
Stage 4 R1–R9, R1–R11, R5–R10, R14–R18, R22–R26.
Stage 5 R3–R14, R3–R16, R3–R18, R3–R21, R3–R22, R3–R24, R3–R26, R3–R28, R3–R31, R3–R32, R10–R14,

R10–R16, R10–R18, R10–R21, R10–R22, R10–R24, R10–R26, R10–R28, R14–R24, R14–R26, R14–R28.

Strand to copper sole resistance

R1–SI1, R1–SI2, R1–SI3,
R16–SI1, R16–SI2, R16–SI3,
R26–SI1, R26–SI2, R26–SI3.

Cable to cable resistance (strands from two cables)

AR1–BR1, AR1–BR5, AR1–BR22, AR1–BR26, AR3–BR7, AR3–BR9, AR3–BR11, AR3–BR30, AR16–BR16,
AR16–BR20.

cable and strand to copper sole resistances are measured. The
latter is done by means of selecting a superconducting strand
and one of the current leads attached on the copper sole. The
scheme of the current leads and voltage taps on the copper
sole/shim is shown in figure 4. Three current lead and voltage
tap groups are evenly distributed along the joint axis and in the
middle of the joint, where the stainless-steel jacket is removed
by milling. Small but deep holes are drilled on the exposed
copper sole/shim, then the current lead and voltage tap are sep-
arately inserted into the holes and pressed tightly to obtain a
direct copper to copper electrical contact without using any
solder, the assembly is also displayed in figure 6. Finally, the
combination of all the three types of contact resistance meas-
urements is summarized in table 1.

The contact resistance is measured by selecting a pair of
strands and performing a four-point measurement with an
input current of 50 A [10, 11]. For the inter-strand or inter-
petal resistance measurements in a specific CICC, the contact
resistance is defined as

Rc =
V
I
· l [Ωm] , (1)

where V is the measured voltage, I is the applied current
through the selected strands and l is the length of the com-
pressed conductor section, for this PF5 joint, l = 0.50 m. For
the strand to copper or cable to cable resistance measurement,

due to the current path across the copper sole, an overall meas-
ured resistance with unit ofΩ is adopted instead of the normal-
ized resistance with unit of Ωm.

In order to analyze the effect of a magnetic field on the
inter-strand resistance and possible influence of the super-
conductivity of the solder, the joint sample is placed inside
a superconducting solenoidal magnet providing a DC back-
ground field. The current leads and voltage taps are connected
through a switchboard outside the cryostat. The final assembly
of the setup and sample is shown in figure 5, including the
specific electrical connections of the current leads and voltage
taps.

2.2. AC loss measurement

TheAC lossmeasurement is performed after the contact resist-
ance measurement. The conductor sections outside the joint-
box region, as shown in figure 1, are cut by spark erosion to
its final length of 580 mm.

The measurement is carried out at 4.2 K in liquid helium
bath at atmospheric pressure, and in the solenoidal magnet
used for the contact resistance measurement, as shown in
figure 5. The magnet provides a sinusoidal modulation field
with amplitudes of Bac = 0.2 or 0.4 T and an offset field
of Bdc = 0 or 1 T, in a direction parallel to the joint axis.
The field frequency ranges are 1–160 and 1–85 mHz for the
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Figure 5. Test setup for the contact resistance measurement of the ITER PFJEU6 joint sample with the electrical connections of current
leads and voltage taps.

0.2 and 0.4 T field amplitudes respectively. For the AC loss
measurement, the joint sample is placed inside the calori-
meter chamber, which is used for measurement of the evap-
orated helium produced during the power dissipation in the
joint. Then the whole object is inserted into the solenoidal
magnet as shown in figure 6. The length of the sample is
580 mm but the effective contacting length of the com-
pressed cable with the copper sole is only about 500 mm.
The uniform magnet field zone length above 98% is about
480 mm, the schematic of the assembled joint in compar-
ison with the field profile of the AC magnet is shown in
figure 7.

The AC loss is measured by two methods simultaneously.
One is a calorimetric methodmeasuring the evaporated helium
gas flow with a mass flowmeter, then the heat generation is
obtained by a calibrated relation to the measured flowmeter
voltage. The other is a magnetization method using a pick-
up coil that is wound around the joint sample and aligned to
the middle plane of the compressed joint-box section. Three
compensation coils are located at the top, middle and bot-
tom of the sample respectively. The three different locations
of the compensation coils are chosen to evaluate the influ-
ence of the position used for the compensation. The relat-
ive locations of the four coils with respect to the assembled
joint is shown in figure 6. After subtracting the signal of the
compensation coil from the pick-up coil the magnetization
induced in the sample is calibrated against the calorimetric
data.

2.3. Hysteresis loss measurement

The PFJEU6 joint sample AC loss was measured in the SUL-
TAN facility and at the University of Twente, with transverse
and parallel appliedACfield, respectively. The angles between
the superconducting strands and the magnetic field are vary-
ing periodically with the twisting pattern of the subsequent
cabling stages. The critical current depends on the direction
of the applied magnetic field [12, 13], thus it is necessary to
analyze the angular dependence of the hysteresis loss in the
NbTi strand to make an accurate assessment of the coupling
loss.

The University of Twente received from ITER IO, 10 m
of PF5 type strand. The hysteresis loss of the joint sample
is estimated by measuring the unit magnetization of a short
NbTi strand sample and scale it to the total volume of super-
conducting strand in the joint. The specifications of the NbTi
strand are summarized in table 2 [14]. TheNbTi strand sample,
with measured diameter d = 0.725 ± 0.001 mm and length
L = 5.22 ± 0.01 mm, is mounted on a PEEK sample holder
and covered with Teflon tape for fixation during measurement
with a VSM at the University of Twente. The schematic of the
sample holder is shown in figure 8.

Seven slots with different angles to the background field
are engraved in the platform of the sample holder to hold the
strand sample, as demonstrated in figure 8. The specific angles
are θ = 0, 15, 36, 45, 54, 75 and 90◦ with respect to the field
B of the VSM magnet.

5
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Figure 6. ITER PFJEU6 joint sample for AC loss measurement, one pick-up coil and three compensation coils are instrumented to measure
the magnetization of the joint.

Figure 7. Profile of the AC solenoidal magnetic field and the location of the PFJEU6 joint during the measurement.
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Table 2. Main parameters of the tested ITER PF NbTi strand.

Item Value

Supplier WST (China)
Strand diameter (mm) 0.730 ± 0.005
Filament diameter (µm) ⩽8
Cu:nonCu ratio 2.3
Ni coating thickness (µm) 2
Ic at 5 T, 4.2 K (A) >339
‘n’ value at 5 T, 4.2 K >20
RRR >100
Hysteresis loss at 4.2 K, ± 1.5 T cycle (mJ cm−3) <45

Figure 8. Sample holder for the VSM hysteresis loss measurement.
The straight NbTi strand sample is mounted on the platform with
different angles θ with respect to the background field B.

The same field conditions as the AC loss measurement of
the joint sample, Bdc = 0 and 1 T and Bac = 0.2 and 0.4 T,
are taken for the VSMmagnetization measurement. The mag-
netic field applied to the strand sample is continuously swept
between the minimum and maximum magnitude with a con-
stant rate of magnetic field change, the operating temperature
is also 4.2 K.

3. Experimental results

3.1. Contact resistance measurement in parallel field

The contact resistance is measured with Rc = V/I. A series of
contact resistance measurements between strands in a triplet is
performed in advance, as a function of the input current I up to
50A, eventually 50 A is selected for the further measurements.
Meanwhile, the applied magnetic field increases the average
inter-strand resistance due to the magneto-resistance effect of
the copper matrix [15], and Bdc = 0.35 T is applied.

Following the testing scheme from table 1, the inter-strand
and inter-petal resistances of strand combinations from the
individual cables are measured and the results are shown in
figure 9. The average of the resistances from the five individual

stages are shown in figure 10. The results show that the inter-
strand resistance of cable A is slightly lower than of cable B.
The inter-strand resistances from the first to the fourth stage
exhibit only a slight increase of 1.5 nΩm. The inter-petal (stage
5) resistance is about 2.5–4.5 larger caused by the stainless-
steel foil in between the neighbouring petals [16]. The relat-
ively high and low data correspond to the opposite and neigh-
bouring petal combinations respectively.

In addition to the inter-strand resistance, the current distri-
bution also depends on the strand to copper resistivity. The
strand to sole resistivity is assessed by measuring the resist-
ance between a selected strand and a current lead attached
to the copper shim layer, as shown in figure 4 and table 1.
The resistance between strands from three petals (R1, R16
and R26) and the current leads on the copper sole (SI1, SI2
and SI3) are measured respectively, and the results are shown
in figure 11 with resistance unit of nΩ instead of the normal-
ized resistance of nΩm. A spread in resistance is observed,
not only for strands within the same cable, but also between
the two cables. Depending on the strand path in the cabling
pattern and the location of the attached current leads, as
shown in figures 4 and 6, the distances between the strand-
sole contact point and the respective current lead in the current
loops can be quite different, this way causing some spread in
resistance.

Another way to assess the strand to copper sole resistance
is by measuring two strands, each from both different cables.
The strand selection is shown in table 1 and the measured res-
istances are shown in figure 12. The average strand to strand
resistance is about 16 nΩ. The lowest value of 7.5 nΩ is meas-
ured on the AR1-BR26 strand pair, this can be compared to the
overall joint resistance of 4.8 nΩ, as measured in the SULTAN
facility [8].

The inter-strand contact resistance is related to the void
fraction of the conductor, the contact resistance decreases as
the void fraction decreases [17]. For the PFJEU6 joint, the con-
ductors are compacted from void fraction of 34%–19%. The
contact resistance derived from the measurements after 1000
load cycles in SULTAN, as shown in figures 9 and 10, amounts
to 2–5 nΩm for the inter-strand resistance and 6–13 nΩm for
the inter-petal resistance is. The average resistance of the first
and last stage is about 2 and 9 nΩm, respectively.

In order to evaluate the influence of the void fraction
on the contact resistances, two prototype full-size ITER PF
NbTi conductors (EM1 and EM2) [10], and a full-size Poloidal
Field Conductor Insert sample (PFISw) [18, 19] and a sub-size
NbTi conductor (sub-size CICC #4) [20] are selected to com-
pare with the PFJEU6 joint conductor. The specification of
the four types of conductors and the contact resistances meas-
ured with different load conditions are summarized in table 3.
Considering the joint sample PFJEU6 has experienced 1000
cycling loads of 165 kN m−1 during the experiments in the
SULTAN facility, furthermore, the effects of cyclic loading of
165 and 220 kN m−1 on the resistance are almost the same,
especially after a large number of cycles [10]. A comparison
is made with the normal conductors after 1000 cycling loads of
220 kN m−1, the inter-strand (first stage) resistance is 680 and
600 nΩm, and the inter-petal (last stage) resistance is 10 000
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Figure 9. Collection of the inter-strand and inter-petal contact resistances measured between strands from different stages, for the two
cables of PFJEU6 joint.

Figure 10. Average inter-strand contact resistance measured
between strands from different stages for the two cables of PFJEU6
joint.

and 8500 nΩm for EM1 and EM2 respectively. When com-
paring the resistance behaviour of the joint conductor to the
normal conductor after 40 000 cycles from the EM1 and EM2
conductor, the average inter-strand and inter-petal resistance
is 65 ((72 + 58)/2) and 2560 ((2960 + 2160)/2) nΩm, being
33 and 284 times larger than the compressed PFJEU6 con-
ductor. Moreover, the ratios of inter-petal to inter-strand resist-
ance are 40 and 4.5 for the regular and compressed conductors,
respectively.

For the PFISw conductor with more strands and exper-
ienced higher cycling load of 315 kN m−1, the inter-
strand and inter-petal resistance after 1000 cycles is 1200

Figure 11. Contact resistance measured between strands in cables
and current leads attached to the copper sole.

and 2000 nΩm, respectively, while after 40 000 cycles, the
inter-strand resistance drops faster than the inter-petal resist-
ance, becomes 45 and 552, respectively, the latter is smaller
than EM1 and EM2 probably due to the tighter strand configur-
ation. A sub-size conductor (#4) is compared as well, the mag-
nitude of the first-stage resistance is in accordance with the
conductors EM1 and EM2. The last-stage resistance is smal-
ler because it has only four stages, however, the inter-petal to
inter-strand ratio is still a relatively high value of 12, like the
PFISw conductor.

3.2. AC loss measurement in parallel field

For the pick-up coil magnetization method, there are three
compensation coils installed at different positions and one

8
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Figure 12. Resistance measured between strands from the two cables.

Table 3. Specification of the NbTi conductors for comparison of the inter-strand contact resistance results with different void fraction
measured under different load conditions.

Sample PFJEU6 EM1 EM2 PFISw Sub-size CICC #4

Strand coating Ni Ni Ni Ni Ni
D_strand (mm) 0.73 0.81 0.81 0.73 0.7
Cu:nonCu 2.3 1.9 1.9 1.41 1.05
Void fraction 19% 36% 36% 33.5% 35%
Cable pattern 3/4/4/4/6 3/4/4/4/6 3/4/4/4/6 3/4/4/5/6 (6 + 1)/3/4/4
Nr. SC strands 1152 1152 1152 1440 288
Sub-cable wrap Yes Yes Yes Yes Yes
Load (kN m−1) 165 220 220 315 200
Load cycles 1000 1000 40 000 1000 40 000 1000 40 000 1000 40 000
Rc (first stage) [nΩm] 2 680 72 600 58 1,200 45 280 23
Rc (last stage) [nΩm] 9 10 000 2960 8500 2160 2000 552 1240 280

magnetization pick-up coil, as shown in figure 6. A series of
tests were carried out first to evaluate the effect of the location
of the individual compensation coil on the resulting magnetiz-
ation signal and then to select the most accurate compensation
coil. The bottom compensation coil is quite close to the joint
and some magnetic flux induced in the joint is being picked
up by this coil. It was decided not to use the bottom coil for
further analysis. The AC losses measured by the magnetiza-
tion method using the middle and top compensation coil and
the results obtained from the calorimetric method are shown
in figure 13. For the whole frequency range, a good correla-
tion is observed between the data measured by the calorimet-
ric andmagnetization method using the signal from the middle
compensation coil. Therefore, the middle compensation coil
is chosen for processing the AC loss measurements with the
magnetization method.

The AC losses of the joint exposed to the four applied mag-
netic fields, Bdc = 0, 1 T, Bac = 0.2, 0.4 T, are measured by the
calorimetric and magnetization method simultaneously and
the results are shown in figure 14 with the curves representing
the fitting of the magnetization data. The comparison shows
a good agreement between the magnetization and calorimetric

data. The calorimetric data measured at Bapl =±0.2 T, a slight
discrepancy is observed, most likely caused by a fluctuation in
the helium pressure during the measurement.

3.3. Strand VSM hysteresis loss measurement

The magnetic moment m of the NbTi strand sample is dir-
ectly measured by the VSM, the magnetization M is defined
as the moment of a unit volume, M = m/V, where V is the
volume of the strand sample. Considering the demagnetiz-
ation effect [21], a calibration with a pure nickel strand is
performed, of which the dimension and shape is similar to
the NbTi sample [22]. The measured saturation magnetization
µ0M of the nickel sample is shown in figure 15 and table 4,
with an adjustable angle θ with respect to the applied back-
ground field of the VSM, as demonstrated in figure 8. The sat-
uration magnetization of the nickel wires is dependent on the
orientation of the applied magnetic field [23, 24], the stand-
ard saturation magnetizations of nickel at 4.2 K are derived
from previous measurements performed at the University of
Twente [25], µ0M_ref = 565 and 646 mT for field in paral-
lel and perpendicular directions respectively. By taking these

9
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Figure 13. AC losses of the joint measured by the calorimetric
method and the magnetization method. The magnetization data are
processed with the signals from the Top and Middle compensation
coils respectively, the applied field is Bdc = 0 T, Bac = 0.4 T.

Figure 14. Comparison of the AC losses of the PFJEU6 joint
measured by the magnetization and calorimetric methods, using
different applied magnetic field conditions.

two referenced saturation magnetizations measured with par-
allel field at 0◦ and transverse field at 90◦, the corrected sat-
uration magnetizations (µ0M_ref ) at the other three angles
are derived by interpolation and fitting method, the correction
factor defined as k = µ0M_ref/µ0M is then calculated cor-
respondingly. The saturation magnetizations and correction
factors at five angles are listed in table 4.

For the PF5 NbTi conductor, depending on the cabling pat-
tern, the local angle between the strand axis and the applied
field is changing periodically with the twist pitches of the dif-
ferent cable stages. The angle distribution (absolute values)
along the strand length is calculated with the JackPot-ACDC
code [5, 6, 26]. The calculated physical average angle of the
compacted joint section is α = 11.4◦. However, consider-
ing the weighted effect of the angle on the hysteresis loss, as

Figure 15. Saturation magnetization µ0M of the nickel sample
measured with fields in different directions.

Table 4. Saturation magnetization of the nickel sample measured
with VSM, and the saturation magnetization after correction, with
applied field orientation in five directions.

Θ 0◦ 15◦ 45◦ 75◦ 90◦

µ0M (mT) 246 264 289 343 363
µ0M_ref (mT) 565 577 595 632 646
Correction
factor k

2.30 2.19 2.06 1.84 1.78

illustrated in table 4, an effective average angle β = 15.5◦,
instead of the physical average value α = 11.4◦, is obtained
and applied to calculate the integrated hysteresis loss.

The magnetization of the NbTi strand sample with different
magnetic field conditions and different angles is measured, of
which the magnetization at θ = 15◦ is shown in figure 16, it
is used to estimate the hysteresis loss of the joint, with the
corresponding saturation magnetization µ0M_ref = 577 mT
and correction factor k = 2.19.

The hysteresis loss per unit volume of the NbTi sample
measured at different field conditions is derived by calculat-
ing the area enclosed by the magnetization loop according to
equation (2), where the ∆M is denoted as the width of the mag-
netization loop, ∆M(B) =M+ (B)−M− (B) [27]

qhys =
˛
MdB=

Bmˆ

−Bm

∆M(B) dB
[
J/m3/cycle

]
. (2)

The hysteresis loss of the whole PFJEU6 joint is calculated
with equation (3),

Qhys =
N∑
i=1

qhys (i) ·VNbTi (i) [J/cycle] , (3)

VNbTi is the volume of the NbTi strand intersections, N is the
number of all strand intersections in the joint.

10
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Figure 16. Measured magnetization of the ITER NbTi strand with field angle of 15◦, the field amplitude Bac = 0.2 and 0.4 T, and
background magnetic field (left) Bdc = 0 T, (right) Bdc = 1 T respectively.

Figure 17. Hysteresis loss estimated from the intercepts of
measured AC losses, in comparison with the data from VSM
measurements, for different field conditions.

The hysteresis losses (Qvsm) of the sample joint with dif-
ferent magnetic field conditions are calculated and shown in
figure 17 and table 5.

The hysteresis losses of the full joint can also be obtained
from the intercept of the fitting curves of the measured AC loss
data at the low frequencies [26]. For the applied AC magnetic
fields, the polynomial fitting curves are derived and shown in
figure 17, the corresponding intercepts and fitting orders are
listed in table 5. With regard to the hysteresis losses derived
from the twomethods, a relatively good agreement is observed
for applied field conditions with Bdc = 1 T, while the val-
ues derived from the joint AC loss measurements without DC
background are higher than obtained from the VSM measure-
ment. The probable reason for the deviation at low fields is
the arbitrary choice of the fitting function, as seen in table 5,

Table 5. Estimation of the hysteresis loss of the joint from the
intercepts in AC loss measurements and the VSM measurements,
for different field conditions.

Bdc (T) Bac (T)
Qvsm

(J cycle−1)
QAC

(J cycle−1)
Polynomial
fit order

0 0.2 1.15 1.81 2
0 0.4 2.95 3.64 4
1 0.2 0.64 0.77 2
1 0.4 2.21 2.17 5

the orders of the polynomial fitting curves vary from 2 to 5.
Although an underestimation of the VSM measured results
at 15◦ is also possible, which related to the measuring errors
like the rotational dependence effect of the sample holder
[28], but the error is usually within ±0.5 J cycle−1, thus it
is more defined than the arbitrary fitting method employed
in the AC loss measurements. Furthermore, the comparison
of the hysteresis losses derived from two methods provides a
double-check.

4. Conclusion

The contact resistances and the AC loss of the ITER PF5 joint
(PFJEU6) are extensively measured in parallel magnetic fields
and the angular dependence of the hysteresis loss of the NbTi
strand is measured with a VSM.

The inter-strand, inter-petal and strand to copper sole con-
tact resistivities of the two cables of the joint are measured,
the resistance spread in cable B is slightly higher than in cable
A. The inter-strand resistances (first to fourth stage) are in
the range of 2–4 nΩm and increase slightly with subsequent
cabling stages. The inter-petal resistance (5th stage) is found
to be in the range of 6–12 nΩm, which is about 2.5–4.5 times
higher than the inter-strand resistances. The inter-strand and
inter-petal contact resistances of the joint are, respectively,
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30 and 300 times smaller than for regular (uncompressed)
ITER PF conductors. Furthermore, the inter-petal to inter-
strand ratio is decreased from 40 to 4.5 as the conductor in
the joint is compressed to a void fraction of 19%. The strand
to copper sole resistivity is evaluated by measuring the resist-
ance between single strands, each selected from both differ-
ent cables showing an average resistance of 16 nΩ and a min-
imal resistance of 7.5 nΩ, while the overall joint resistance was
measured as 4.5 nΩ.

The AC loss measurement is performed by magnetization
and calorimetric methods with good agreement.

The angular dependence of the hysteresis loss on the
applied magnetic field in the CICCs is estimated to support
the accuracy of the hysteresis and coupling loss assessment
at very low frequencies of the applied field. The hysteresis
loss derived at the VSM measurement with an angle 15.5◦

between the strand axis and field coincides well with the value
derived from the intercept of the fitting curve of AC loss
measurements.

This is the first time we have measured the contact resist-
ances and AC losses of the full-size ITER PF joint. By com-
paring the measured and simulated data in the JackPot-ACDC
model, it is also the first time to obtain the accurate inter-
strand, inter-petal and strand to copper sole contact resistivit-
ies, which are the main input parameters for the further quant-
itative numerical analysis of the PF joints, in any current and
magnetic field conditions. The quantitative analysis of the con-
tact resistance on the current redistribution and AC losses is
going to be presented in subsequent papers.
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