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R. Zanino, M. Bagnasco, F. Bellina, T. Bonicelli, A. della Corte, A. Di Zenobio, W. H. Fietz, A. Formisano, R. Heller,
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Abstract—The Bus Bar III (BBIII), fabricated within the
Toroidal Field Model Coil Task of the International Ther-
monuclear Experimental Reactor (ITER), was tested at the
Forschungszentrum Karlsruhe, Germany, in the spring of
2004. The BBIII consists of an approximately 7 m long NbTi
dual-channel conductor with a thick square stainless steel jacket,
cooled by forced flow supercritical He. It was energized with
currents up to 80 kA and operates in its self magnetic field
(up to 0.8 T). The BBIII was instrumented with Hall-probe
heads and arrays, voltage rings and longitudinal voltage taps
for electro-magnetic measurements, in order to get experimental
data to be used for the validation of a recently developed hybrid
thermal-hydraulic electro-magnetic code (THELMA), as well
as for the assessment of the possibility of performing a reliable
reconstruction of the current distribution in the conductor cross
section under controlled conditions. In the tests, current ramps
at different rates were applied to characterize the conductor time
constants, while two different resistive heaters (one upstream of
the BBIII inlet, another one directly on the BBIII jacket) were
separately operated in order to approach current sharing in the
conductor and to observe the related current re-distribution. In
this paper, a summary of the collected experimental results is pre-
sented, with particular emphasis on those aspects more relevant
for the forthcoming THELMA analysis.

Index Terms—Fusion reactors, ITER, NbTi, superconducting
magnets.

I. INTRODUCTION

THE ITER-type NbTi bus bar III (BBIII) consists of a
curved cable-in-conduit conductor (CICC), about 7 m

long, made of 1152 NbTi strands cabled with the sequence
(wrapping around the last-but-one cabling

stage). BBIII was tested in May–June 2004 during Phase
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TABLE I
OPERATION LOGBOOK FOR THE BBIII

II of the High-Temperature Superconducting Current Lead
(HTS-CL) experimental campaign in the TOSKA facility at
the Forschungszentrum Karlsruhe. In the testing configura-
tion, BBIII is electrically in series with another NbTi bus bar
(BBII) and the HTS-CL at and terminals, respectively
[1]. The BBIII test program was specifically devoted to the
current distribution measurement (CDM). Most of the tests
were aimed at forcing a current re-distribution in different
ways, e.g., approaching current sharing by means of resistive
heaters or driving current ramps at different ramp rates
in the conductor, as listed in Table I. In this paper we present
a summary of the measurements results, with emphasis on the
aspects considered most interesting for the validation of the
THELMA code [2].

II. EXPERIMENTAL SETUP

The location of the main sensors of BBIII is sketched in Fig. 1
and reported in Table II. The instrumentation used for the CDM

1051-8223/$20.00 © 2005 IEEE
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Fig. 1. Sketch of sensor and heater locations along the BBIII. Helium and
current flow according to the arrow direction.

TABLE II
SENSOR LOCATION IN THE BBIII

consisted of five voltage taps (VT) along the conductor and the
joints (located at the jacket outer surface), two voltage rings
(VR), each consisting of four voltage taps located at a given
cable longitudinal coordinate, two linear Hall probe (HP) arrays,
and two HP annular arrays (called “heads”, and referred to as H5
and H6 below). H5 and H6 were equipped with 4 radial and 8
tangential for H5, and the reverse for H6. In the presence of a
strong transport current, radial field probes give signals much
more sensitive to the current nonuniformity among the strands,
while tangential probes are more sensitive to the cable transport
current. The overall HP configuration leads to optimal robust-
ness of the current identification process [3].

Seven temperature sensors (JKT01-06 plus TI968) were
mounted on the conductor jacket, while one temperature sensor

Fig. 2. Measured magnetic induction in the calibration shots @ 77 K (April
19): radial (a) and tangential (b) probe signals from H5, at different dI/dt, at the
1 kA (measured) current plateau.

(TI774) was inserted into the inlet joint central channel. Inlet
and outlet pressure and temperature were also measured to-
gether with the inlet mass flow rate. The measured data were
collected and stored by a BBIII-specific data acquisition system
(DAS) [4], and/or by the TOSKA DAS [1].

Two resistive heaters were also installed and could be oper-
ated independently. One of them (HJI710-He Heater, HH) was
mounted upstream of the inlet joint directly on the He pipe, the
other one (HJI774-Jacket Heater, JH) was glued in the middle
of the BBIII, on the jacket.

All CDM tests were performed at the initial inlet temperature
and inlet pressure . In most tests, the

initial mass flow rate .

A. Hall Probe Calibration

When the strands are fully resistive, the HP signals are
assumed to refer to a uniform current distribution among the
strands.

The calibration of the HP was done with a set of trapezoidal
current pulses @ 77 K, during the cool-down of Phase I and
II of the HTS-CL test campaign. For all calibration pulses, the
transport current waveform consisted of a ramp-up, followed by
a plateau at 1 kA—a plateau duration of 60 s (April 19) and

120 to 175 s (June 3)—and a ramp down. Different ramp rates
were applied: 0.01, 0.1 and 1 kA/s. Similar pulses were

also performed @ 4.5 K (i.e., with strands in superconducting
state).

The experimental results for the calibration of H5 are reported
in Fig. 2, showing results independent of the ramp-rate within
the measurement accuracy of . The plateau ra-
dial field component (Fig. 2(a)) is about one order of magni-
tude smaller than the tangential one (Fig. 2(b)), and it is there-
fore much more sensitive to misalignments, or minor geomet-
rical/manufacturing/positioning defects. The radial field probes
H504r and H510r, located at the busbar equatorial plane, give
nonzero signals, but the signal amplitude is comparable to the
measurement sensitivity.
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Fig. 3. In-situ recalibration of the temperature sensors along the jacket based
on HH tests.

B. Discussion of the Temperature Measurements

During operation some doubts arose about the reliability of
the temperature measurements. The status of this issue is briefly
summarized in this section.

In steady-state operation, when the facility sensor TI770 at
the CICC inlet (considered fully reliable) reads ,
the jacket thermometers gave temperatures much higher than
the critical temperature (measured ), which
is very unlikely.

From the comparison with TI770, the TI774 signal is deduced
to be reliable (at least in steady state), but it refers only to the
He in the central channel (see Table II). Indeed, in the joint,
the central channel is practically thermally decoupled from the
annular region by a thick wall.

The steady state heat load balance on (BBIII)+(BBII)+(HTS-
CL), (see also [1]), reveals the presence of a static (constant)
heat load on the BBIII ( 14 W, independent of operating condi-
tions), which can give a temperature increase of only up to 0.2
K. This is not sufficient to explain the measured (non mono-
tonic) temperature profile as actually measured, meaning that
the JKTxx need to be recalibrated.

Since different shots were performed with JH and HH @
, the steady-state heating plateau can be used for

the JKTxx recalibration assuming a uniform temperature on the
conductor cross section and computing the corrected temper-
ature from the following heat balance: (Input power) – (Heat
transferred to BBII through the inlet joint) + (Static heat load) =
enthaly flow below the sensor. The recalibration of the sensors
(see Fig. 3) applies (both in steady state and transient) within a

accuracy. However, it should be stressed that such
recalibration is not feasible for the thermometers JKT01 in the
case of HH tests (too close to the joint, to assume a uniform tem-
perature on the cross section).

III. CURRENT-DRIVEN TRANSIENTS

Since at low different could, in principle, give dif-
ferent current distributions among the strands, a set of combi-
nations of and was considered.

As an example, the time evolution of two HP signals (radial
H602r and tangential H607t) during the plateau
reached by applying different ramp rates, is shown in Fig. 4.
During the current plateau, Fig. 4, the nonuniform joint-strands

Fig. 4. Current scan tests @ 70 kA and dI=dt = 0:1 and 10 kA/s: radial
(H602r) (a) and tangential (H607t) (b) HP signals normalized to the current
value during the plateau (time = 0 s at the end of the ramp). The 77 K plateau
levels are also reported (dash-dotted line) with the respective error bars.

electrical resistance drives the current distribution among the
strands to a common value independent of the ramp-rate. In-
ductive effects lead to a long time constant, i.e. several hundred
seconds (see Fig. 4), so that about 30 mins are needed for the
signal stabilization. The signal values at the end of the plateau
(t 1800 s), when transient phenomena are relaxed and the cur-
rent distribution is dominated by the joint-strands resistances,
differ from those at 77 K, confirming some degree of current
nonuniformity due to the joints. The evolution of the HP signals
during the current ramp-up (not shown) is still obscure and re-
quires more analysis/modeling for interpretation.

IV. HEATER-DRIVEN TRANSIENTS

A. JH-Driven Tests

The jacket heater was operated (after the decay to a resistive
current distribution, see Fig. 4) with a multi-step strategy [5],
see Fig. 5(a) to indirectly increase the strand temperature up to
quench detection, when the current was dumped. The voltage
take-off always occurred in the CICC region below the heater,
as expected. The HP signals, see Fig. 5(b) for an example, show
a variation long (=more than 0.5 K) before the take-off (al-
though this is less marked at higher current, not shown), without
any longitudinal voltage increase. This variation appears to be
clearly correlated with the temperature variation, see Fig. 5(a),
probably indicating early local current re-distribution processes
within the cable cross section. Closer to take-off, step like vari-
ations of the measured field are recorded, which correlate well
with spikes in the voltage ring signals, see Fig. 5(b).



1410 IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 15, NO. 2, JUNE 2005

Fig. 5. JH T measurement @ I = 30 kA: (a) measured (corrected)
evolution of the JKT06 temperature; (b) H507r signal (left y axis) and voltage
ring VR2_14 signal (right y axis). Time measured from start of heating.

Fig. 6. HH T measurement (20 Hz sampling rate). Measured voltage
signals: (a) I = 10 kA, (b) I = 50 kA. Note the different scales on the x and
y axes. V15C is the compensated voltage between VT1 and VT5.

B. HH-Driven Tests

The He heater was also operated (after the decay to a resistive
current distribution, see Fig. 4) according to a multi-step heating

strategy [5] albeit with obviously different plateau levels than
the JH. Due to the high stability of the joint, already encountered
during the tests of the Toroidal Field Model Coil [5], and to
the good heat transfer in the joint region, a helium temperature
much higher than could be reached at the joint inlet without
originating any voltage across the joint. Both smooth transitions
(at low current) and sharp ones (at high current) were observed,
as shown in Fig. 6, which is typical of NbTi conductors, see, e.g.,
[6], and related to magnetic field variation on the cable cross
section ( 0.5 T in the case of BBIII @ 70 kA). The measured
value of at 10 kA could be assessed as 8.83 K (using
V45 and the corrected JKT05). Being the magnetic field along
the conductor is nearly uniform, it is not easy to predict a priori
the location of the normal zone initiation. At (see
Fig. 6(a)), the normal zone does not arise close to the inlet joint,
as it happens at larger (see Fig. 6(b)), but further away along
the conductor. This point needs further analysis.

Clear quench propagation (not shown here) could be observed
only in the reduced dm/dt run (see Table I).

V. CONCLUSIONS AND PERSPECTIVE

The test of the superconducting ITER-type NbTi BBIII has
provided useful field and voltage data on the current distribution
in this type of conductor during current and/or temperature tran-
sients, thanks to accurate electromagnetic diagnostics. Based on
the calibration of Hall probe signals at high temperature (above

), the current distribution at steady state is nonuniform. An
early re-distribution of the current on the conductor cross sec-
tion is observed approaching critical conditions. Problems in the
temperature measurement can be partially overcome by in-situ
recalibration.

The results of the tests will be analyzed in detail with the
THELMA code as well as other tools for current reconstruction.
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