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Abstract

The superconducting magnet system of the Divertor Tokamak Test (DTT) facility, composed of
18 toroidal field (TF) coils, 6 poloidal field coils and a central solenoid, has been designed and
many procurements have been launched. Some manufacturing aspects and some conductor
features require characterization under relevant close-to-operative conditions. To confirm the
design choices in all details, cryogenic tests in qualified facilities have been foreseen. In this
work, the results of the TF samples characterization at the SULTAN facility at the Swiss Plasma
Centre (SPC, EPFL) are presented. The 3 week test campaign started on July the 8th, 2022. The
DTT TF SULTAN sample was made of two Nb3Sn cable-in-conduit conductor ‘legs’, namely
‘TF-A’ and ‘TF-B’, made with wires produced by Kiswire Advanced Technology, differing for
the cabling twist pitch sequence only, and designed to work in DTT at 42.5 kA at 11.9 T peak
field. The extensive characterization comprised 3000 electro-magnetic (EM) cycles and two
warm-up-cool-down (WUCD) steps, and in detail it included: AC measurements on the virgin
conductors, on cyclic loaded conductors and after WUCDs; DC tests at 10.85 T/42.5 kA with
intermediate EM cycles at 10.85 T/45 kA before and after WUCDs; DC tests using partial
Lorentz force loads, and Minimum Quench Energy tests at 9 T/42.5 kA after cycles and
WUCD:s. The results of the DC measurement analysis verified the design, in terms of current
sharing temperature (7.s) and critical current (/.), as both samples are over the minimum
acceptance values. In particular, the ‘TF-A’ sample, characterized by a so-called ‘long twist
pitch’ cabling sequence, showed higher performance without any degradation with loading and
WUCD cycles, whereas sample “TF-B’ presented an initial 7'.; reduction that afterwards
substantially remained unchanged. In terms of strain acting at the Nb3Sn filaments level, this
result can be described by a lower effective strain in the ‘TF-A’ sample. AC losses were
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measured with a calorimetric method as a function of frequency for each series of AC sinusoidal
pulsing measurements, and the characteristic coupling time constants were determined.

Keywords: DTT magnets, toroidal field coils, Nb3;Sn conductors, SULTAN tests

1. Introduction

The Divertor Tokamak Test (DTT) facility is under construc-
tion at the ENEA Research Centre of Frascati within the
framework of the European Roadmap for the Realization of
Fusion Energy [1, 2]. This will contribute to the develop-
ment of nuclear fusion by addressing key technological issues
for DEMO concerning the divertor system and optimization
of power exhaust management [3]. Superconducting cables
play a vital role in achieving stable high magnetic fields
required in nuclear fusion power plants. Tight time, budget and
resource constraints forced the magnet system design team to
go through a complex path in recent years, to reach a sound
and satisfactory design of the superconducting coils [4]. The
technology of cable-in-conduit conductors (CICCs), cooled
down by a forced flow of supercritical He gas with an inlet
temperature of 4.5 K, has been chosen for its intrinsic high
structural capability. Concerning the toroidal field (TF) coils,
Nb3Sn has been adopted as an industrially mature material for
the 42.5 kA operative current (/op) at 11.9 T peak field (Bpeax)
conditions foreseen on these coils during machine operation.
Some conductor manufacturing aspects, such as for instance
the precise cabling twist pitches (TP) sequence, and some con-
ductor performance, such as the AC losses they may produce
in operation, require a characterization under relevant close-
to-operative conditions.

The conductor test is considered a major milestone in all
superconducting magnet projects, to bridge the gap between
multifilamentary strand characterization and the actual prop-
erties of large cables. To confirm the design choices in all
the details, cryogenic tests of short lengths of two TF con-
ductor prototypes were performed at the SULTAN facility at
the Swiss Plasma Centre (SPC) of the Ecole Polytechnique
Fédérale de Lausanne (EPFL), in Villigen, Switzerland. The
testing program was dictated by the operating mode of the
magnet. The present paper, after a brief description of the
DTT TF SULTAN sample, reports a detailed description of
the test results and data analysis, including interpretive simu-
lations carried out with reliable numerical tools such as the 4 C
code [5].

2. DTT TF SULTAN sample

2.1. The strands

Superconducting wires supplied by Kiswire Advanced
Technology (KAT) are internal-tin Nb3Sn strands character-
ized by a diameter of 0.82 mm, a Cu:non-Cu = 1 and a critical

current density J. noncu (4.2 K, 12 T, 0%) > 1200 A mm 2
[6].

Measurements carried out after heat treatment with 100 h
duration at the 650 °C plateau, lied within the specification:
critical current (/) measurements on a standard ITER barrel
at 12 T in liquid helium confirm values for different billets
>320 A; AC hysteresis losses, Onysi, measured by a vibrating
sample magnetometer over a +-3 T cycle at 0.5 T min~!, con-
firmed values <1000 mJ cm~—3.

Since the Nb3Sn wires operate in CICCs under strain [7—
9], a complete characterization of the wires was carried out
with the ENEA WAlters SPring (E-WASP) test facility [10],
in terms of critical current as function of applied axial strain,
€ax» applied magnetic field, and temperature. This allows us
to reliably reconstruct the /. performance over a wide strain—
temperature—field range, based on the formulation of the ITER
scaling law [11]. The parameterization of the critical surface
of the DTT TF Nb3Sn strands has been extensively described
in [12], and the scaling parameters that have been used in the
following analysis of the qualification sample measurements
(including the numerical simulations) are reported in table 1.

2.2. The CICCs

The main parameters of the DTT TF CICC are listed in table 2
and its cross-section is shown in figure 1. The design follows
the concept of a rectangular CICC without any pressure—
relief channel and with relatively low void fraction. The
TF coils have been designed to operate under DTT operat-
ing conditions at 42.5 kA and 11.9 T peak field [4]. The
DTT TF SULTAN sample was assembled at the SULTAN
test facility, joining—for measurement purposes—the two TF
sections of Nb3Sn CICCs shipped from the conductor man-
ufacturing company, Innovation and Consulting on Applied
Superconductivity. The two CICC sections (otherwise called
‘legs’) were identified as ‘TF-A’ and ‘TF-B’: they only dif-
fer for the twist pitch sequence of the cabling stages, which
are shown in table 3. For the TF-A leg, a ‘long-twist-pitch’
sequence was considered [13] (i.e. with a long pitch at the
first cabling stage and a 10%—15% increase in pitch length at
every next stage up to the petal), whereas the cabling sequence
of the TF-B is the same as that adopted for the CICCs of the
NHMFL Series-Connected Hybrid Magnet [14]. Both ‘TF-A’
and ‘TF-B’ cabling sequences were chosen as they had pre-
viously demonstrated good performance during the test cam-
paign at the SULTAN facility, as will be detailed in para-
graph 4.1. The heat treatment was performed at the SPC, fol-
lowing the schedule provided by KAT [6]. At the SULTAN
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Table 1. Fitting parameter for the Nb3Sn strand of the DTT TF
coils.

Parameters Units Variable p, g
Co kAT 46.59

TCO, max K 1 6.20

BCZO, max T 29 10

Cai — 36.05

Ca2 — 0

€0,a % 0.19

Em % —-0.33

P — 0.95

q — 2.34

Table 2. DTT TF CICC design parameters.

Superconductor Nbs;Sn

Cable layout [2sc + 1Cu) x 2 + (3sc)]x 3 X 3%
(4 4 core) x 5 (core = 3 x 4 Cu only)

SC strand diameter(Cr 0.82

Plated) (mm)

Cu strand diameter (Cr 0.82

plated) (mm)

No. of SC strand 420

No. of Cu strand 180

Conductor height (mm) 22.2

Conductor width (mm) 28.9

Jacket thickness (mm) 1.9

Figure 1. DTT TF SULTAN sample cross section.

Table 3. Twist pitch length of the cabling stages.

Cabling pitch sequences (mm)

‘TF-A’
“TF-B’

100/110/125/140/300
82/135/180/220/290

facility, the two upper terminations have also been manufac-
tured, see figure 2.

3. Test description and sample instrumentation

In the SULTAN test facility, the two conductor ‘legs’ were
joined at the bottom and electrically connected at the top to
the SULTAN superconducting transformer. The sample was

Figure 2. SULTAN sample preparation: view of the upper
termination with visible insulating material in-between both legs
and helium outlets to be mounted.

placed vertically in the bore of the magnetic system. A clamp-
ing system maintains the two legs in a parallel configuration,
against the electro-magnetic (EM) forces. The 10.85 T peak
background field, provided by the SULTAN facility, is applied
to a region of the conductor that is about 0.45 m long (named
here as the high field zone, HFZ) [15]. The bottom joint allows
both legs to be operated by a single power supply so that the
two conductors are tested simultaneously. The two legs are
assembled in such a way that the EM load is exerted on the
wide conductor side. They are cooled through a forced flow
of supercritical helium flowing from the bottom joint to the
upper terminations, flowing in parallel through the two legs.
The conductors are equipped with temperature (7), voltage
(V), mass flow rate (dm/df) and pressure (P) sensors along
their length, indicated in the instrumentation scheme repor-
ted in figure 3, distinguished with a specific standard nomen-
clature used in SULTAN. The temperature probes and voltage
taps are installed on the conductor jacket. Each TF sample
‘leg’ is equipped with four voltage taps (VH) and temperature
sensors (T'1, T3 and T2, T4 for the TF-A and TF-B, respect-
ively) pairs across the HFZ: each of them is composed of four
separate sensors, one on each side of the jacket, at the same
axial location. Other voltage taps are probing the bottom joint,
the whole sample and the terminals, respectively. Two pres-
sure gauges (PI) are installed on the ‘TF-B’ sample leg, at
a distance of 2 m, to evaluate the pressure drop (AP) along
the conductor, characterized by the absence of a preferential
pressure relief channel. A pressure tap (P906) is also connec-
ted to the pressure gauge close to the He inlet, see figure 3.
On the inlet branches, two independently controlled resistive
heaters (R951, R952) are installed to finely control the inlet He
temperature. The He flow rate in each conductor ‘leg’ is con-
trolled by two separated valves (CV970, CV980) on the outlet
branches. The position of the inductive AC coil is highlighted
with respect to the HFZ.

The three week test campaign of the DTT TF SULTAN
sample started on the 8th of July 2022. One of the main targets
of the test was the performance verification of the different
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Figure 3. SULTAN sample instrumentation scheme. The location of the high field zone and of the TF-B failing point (where an odd,

localized pressure drop should be present) are also reported.

cabling options. The testing program was defined with the aim
of characterizing the superconducting properties in view of the
DTT TF coil operating conditions and it included, after the
cold instrumentation check at B = 0 T, the following mile-
stones:

(a) pressure-drop measurements of virgin conductors as func-
tion of He mass flow rate, dm/dt, at O T, 0 kA;

(b) reference current sharing temperature (7.) tests with
10.85 T SULTAN background field and 42.5 kA sample
current (considering also the conductor self-field, the mag-
net field value is the closest one to the operative conditions
in the actual coil);

(c) 3000 EM load cycles at 10.85 T/45 kA (corresponding to
the peak EM load condition in the coil, see paragraph 4.1),
with T, measurements at reference conditions repeated at
various steps in-between;

(d) two warm-up-cool-down (WUCD) cycles, with repetition
of T., measurement at reference conditions

(e) T tests also at different background fields;

(f) various critical current tests (I..), for comparison with 7'
measurements;

(g) AC losses measured with a background field of 2 T, with a
AB = 40.3 T exciting field, performed on virgin sample,
after 200 EM load cycles and after 3000 EM load cycles
and WUCDs;

(h) Minimum quench energy (MQE) tests at 9 T and 42.5 kA;

(i) pressure-drop measurements, after cycles/WUCD, as
function of He dm/dr at O T, 0 kA.

The number of EM load cycles (3000) has been conservat-
ively fixed for these tests as the one expected in case of a pos-
sible DTT operation choice based on a daily switch-off of the
TF coil system at the end of operations.

For the experimental test analysis, the choice of the input
data relied on the proximity of the sensors to the HFZ. The
average of the four sensors data composing each of 71, T3,
VHI, VH3 and 72, T4, VH2, VH4 for the TF-A and TF-B

respectively, was used for the temperature and voltage evalu-
ations. The difference between the different voltage pairs has
been observed to be negligible. For the pressure data, the PI
gauges on the TF-B were connected to a differential-pressure
gauge for the precise pressure drop measurement along the
conductor, while for the TF-A, only the standard inlet and out-
let pressure sensors were used (P in L, P out L), not allowing
the accurate measurement of the (small) pressure drop. The
data of the mass flow rate were uniquely taken from the down-
stream mass flow meters (dm/dr L, dm/dt R) installed in the
outer branches on each conductor outlet cryo-line (figure 3).

4. Experimental tests results in SULTAN

4.1. DC measurements

The current sharing temperature measurement, 7., at the
nominal operating current and field, is one of the key tests
for the qualification of the DTT conductors. The T is in this
case defined as the conductor temperature at which an aver-
age, longitudinal electric field of 10 £V m~! is observed at
nominal operative current /o, = 42.5 kA, in a background
field of 10.85 T, corresponding, after accounting for the self-
field, to 11.7 T maximum field and to about 11.3 T effective
field on the SULTAN sample. It is worth noting that 11.7 T
is the effective field value foreseen in the DTT TF coil sys-
tem during operation. The minimum expected T, i.e. the TF
coil design acceptance criterion, has been extrapolated to the
SULTAN working conditions, considering a design effective
strain e.¢¢ = —0.65%, and it is 6.38 K. Appropriate definitions
of both effective field and effective strain will be given below.

The T is evaluated by means of the electrical method
based on the evaluation of the voltage drop measured along
the HFZ [16]. A detailed description of the analysis proced-
ures for the SULTAN DC and AC measurements can be found
in [17, 18].

The plot of the performance variation with cyclic loading,
is shown in figure 4. The T.; was measured on both legs at
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Figure 4. T behaviour versus EM cycles for ‘TF-A’ and ‘TF-B’
sections. The black dashed line represents the minimum expected
T = 6.38 K, extrapolated at the SULTAN working conditions
considering a design effective strain geff = —0.65%.

the reference operating conditions, repeated at different steps
during the application of EM load cycles and after the first and
final WUCD. The largest part of the T variation for ‘TF-B’
conductor occurred within the first 200 EM cycles, while after-
wards it substantially remained unchanged. ‘TF-A’ conductor
does not show any 7.5 degradation after two WUCDs and 3000
EM loads. The dashed black line in figure 4 represents the
minimum expected 7, extrapolated at the SULTAN working
conditions (42.5 kA, 10.85 T), considering a design effective
strain e = —0.65%. The ‘TF-A’ CICC is stable above the
acceptance T, value, whereas a maximum number of load-
ing cycles of about 2500 should be considered for the ‘TF-B’
CICC to be strictly above the minimum 7' value.

The effective strain (cg) is a parameter that characterizes
CICCs, and that is used to fit the measurements on conductors
by using the strand data [7], according to the procedure repor-
ted, for example, in [13]. As for the T, the effective strain
parameter is also influenced by both the reversible compress-
ive and bending strain components acting at the Nb3Sn fila-
ment level, as well as by filament breakage, and can thus be
used to quantify the strand-in-CICC performance, compared
to single wire tests [7, 19].

The steepness of the Electric Field vs. Temperature trans-
ition curves, expressed in terms of the so-called m-index [20],
has been estimated for the 7'cs runs at the 42.5 kA-10.85 T
reference conditions. A slight reduction is observed with EM
cycling for “TF-A’ conductor from 20 to 17 and a larger one
for “TF-B’ conductor from 17 to 9. Corresponding data are
presented in figure 5. On the other hand, the n-index values,
characterizing the steepness of the Electric Field vs. Sample
Current transition [21], are between 7 and 13 for measured
‘TF-A’ currents between about 35 kA and 39 kA, and between
4 and 8 for measured ‘TF-B’ currents between about 30 kA
and 35 kA. For comparison, the values extrapolated at the
SULTAN testing conditions, from I, vs. strain tests of the

27 T . T T " T . T 4 T ! T
5, B m-index TF-A |
] m-index TF-B| |
21 _- X ... = i - -
18 : [ ] o
after 1st Warm u / ml
15 4 o Up Cooldown u A i

é )a P after 2nd Warm

'g 12 ‘ Up Cooldown \_\ i
= : -
E 9- 4
6 - i
a4 DTT TF SULTAN sample i

0 1 1 I 1 I I 1
0 500 1000 1500 2000 2500 3000

#cycle number

Figure 5. M-index behaviour versus EM cycles for “TF-A’ and
‘TF-B’ sections.

constituting strands [22], provided higher n-index values, i.e.
in the range 17 < 19. It has been shown that a conductor
transition n-index smaller than that of the corresponding single
strand value is not always to be considered an indication of fil-
ament breakage [8]: a low value for the CICC n-index may
also be associated with a reversible decrease of performance
in the absence of filament fracture [23], especially when, as for
“TF-A’ conductor, there is no 7., depletion with cycling. These
different behaviours have also been identified in the literature
as ‘Type 1 Degradation’, due to the strain sensitivity of critical
current in Nb3Sn and inter filament current transfer, and ‘Type
2 Degradation’, linked to mechanically damaged filaments in
the strands cross section [24].

Cable n-index reduction with respect to the constituting
strand behaviour has been explained considering that inside
these conductor strands are subject to bending strain coupled
to the axial pre-compression [8, 23, 25]. When the overall
strain inside the cables exceeds the limit for filament frac-
ture, a Ts degradation with EM cycling is found in addition
to the n-index decrease. On the contrary, when there is no 7'¢s
degradation, the n-index reduction is not to be ascribed to fil-
ament fracture but can be explained considering n vs. I, curve
characteristics of strands subject to bending and axial strain
components [22, 26].

Figure 6 summarizes other DC test results, in terms of T
vs Iop tuns (solid symbols), carried out at different background
field values, after 3000 EM cycles and two WUCDs.

To estimate the effective strain e acting on the conductor,
a 2D finite element model of the SULTAN sample section has
been implemented by means of the magnetic field interface
of the commercial software Comsol Multiphysics [27]. The
average electric field, <E>, on the conductor sections is given
by the following formula:

//< B Tcsﬂ%tt)) dXdy (1)
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Figure 6. T test results after 3000 EM cycles and 2 WUCDs at
different electromagnetic conditions (‘TF-A’ solid circles, ‘TF-B’
solid diamonds). Lines were obtained from the /. parameterization
in which both B and e are functions of /op (solid and dotted lines
for ‘TF-A’ e “TF-B’, respectively).

where the surface integral is performed on the entire section
of the conductors, B = B(x,y) is the local value of the
magnetic field to be included in the parameterization of
I.(B(x,y),Tcs.cetr) and n is the n-index value, characteriz-
ing the steepness of the Electric Field vs. Sample Current
transition of the constituting strands. In the calculation, an
n value of 12 has been used. The effective strain is calcu-
lated in such a way that the average value of the electric
field in the conductor cross-section is equal to the electrical
field criterion E. = 10 xV m~'. Once the effective strain
is known, the B.gs can be evaluated, for each of the meas-
urements shown in figure 6, as the magnetic field such that
Io(Bett, T cs,Eeft) = Iop/N, being N = 420 the number of super-
conducting strands. It has been found that in the SULTAN
sample B is related to the operating current by the follow-
ing linear relation: Besr = Bs + K-Iop [28], where By is the
SULTAN background field. The K value obtained from our
data is 0.010396 £ 0.000186 T/kA, with a 95% confidence
interval in the error analysis. The lines plotted in figure 6 were
obtained from the /. parameterization, in which both B.g and
€efr are functions of /p.

In figure 7, the effective strain is plotted vs. the effective
magnetic load (Io, X Beg) for each T measurement. It is
worth noting that e is substantially independent from the
EM load for section ‘TF-A’, while it slightly increases with
load, in absolute value, for section ‘TF-B’. Besides the exact
quantification, these results reflect a different strain state of
Nb3Sn in the the two legs, with the ‘TF-A’ configuration offer-
ing a more stable support for constituting strands [9, 19]. The
lines in figure 7 represent the linear fits of the effective strains
expressed as: eef = a + b Iy, X Begr, where the coefficients
a and b are —0.54305% and —5.124 x 107°% for the leg

050 r—T—T—TT1TT—T T T T T T T T
-0.55 o T —
5 | . i
W i T
& L
® -0.60f DTT TF sample | =
» i i i
L i H TF-A 4
g ® TF-B
Z L 4
g o E
i -0.65 feciiio B ]
- ks ¥ [ O . i 1
[ e ... ...
-0.70 [ P T SR TR NN SN TR TN TN NN TR TR N T NN R R T 1 1
300 350 400 450 500

EM load, /o, X Beyr [KA-T]

Figure 7. Effective strain after 3000 EM cycles and 2 WUCDs,
plotted vs. effective magnetic load. Symbols (squares and circles for
samples ‘TF-A’ and ‘TF-B’ respectively) are obtained for each run
using the scaling law [12] to fit measured 7'cs values using the
computed local magnetic field. Lines represent the linear fits of the
effective strains expressed as: cff= a + b Iop X Befr, see text.

‘TF-A’, and —0.59307% and —1.904 x 10~*% for the leg
‘TF-B’. In the investigated EM load region, for conductor ‘TF-
A’ an overall e = — 0.56% can be extrapolated, while for
sample ‘TF-B’ an g4 between —0.65% and —0.69% is found.
It is important to underline that there is a strain distribution
inside cabled conductors [7, 29-31] and that the single effect-
ive strain value has no physical meaning but is a parameter
used and useful in the conductors’ design which is necessarily
based on a single strand data.

The different behaviour of the two ‘legs’, in terms of both
T.s and n-index, is here attributed to the different distribution
of the load, as a result of the different cabling pitch sequence
of the two samples, see for example [9, 13, 32-35]. In particu-
lar, the difference between the initial current sharing temper-
ature values measured for the two legs is consistent with what
was reported in [13] about the T, dependence on the cabling
twist pitch of the first stage. Concerning ‘TF-A’ conductor, the
long twist pitch cabling sequence, together with the low void
fraction and the rectangular cross-section, has been shown to
lead to a favourable load distribution within the cable, corres-
ponding to smaller eg [32-35], which has been found to be
correlated to a narrow strain distribution in the cable cross-
section [35], thus resulting in a stable 7' with cycling loading.
A stable T with EM cycles, is not only linked to the value of
the twist pitches, but also to their reciprocal ratio, especially
in the first stages [13]. Results as good as those of ‘TF-A’
leg, in terms of T stability versus # EM cycles and effect-
ive strain, have been obtained, among others, by the ENEA
DEMO rectangular High field [19, 34] and Low Field [32]
conductors, by the EU-AItTF DEMO sample [33, 35] and by
the TFPRO2 OST-2 conductor [20, 23], all cables designed
with rectangular section, similar twist pitch cabling sequence
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Figure 8. Symbols represent AC losses measured under a
sinusoidal varying field, as a function of frequency, for both ‘legs’,
at 2 T and without transport current, on virgin samples, after 200
EM cycles and after 3000 EM cycles and WUCDs. Lines (“TF-A’
leg—continuous lines, ‘TF-B’ leg—dotted lines) are fits using a
single time constant approximation.

(almost same ratio between pitches of the first stages) and low
void fraction.

Concerning ‘“TF-B’ conductor, even if with performance
not as outstanding as those of ‘TF-A’, and given the differ-
ent load distribution within the cables cross sections with
respect to the round ITER TF CICCs, its behaviour can still
be described as a Type 1 degradation, according to [24]: its
T¢s drops of about 0.3 K within the first few hundreds EM
cycles, but then remains fairly stable, very differently from
what happened to the first ITER TF conductors [36, 37], which
showed a typical Type 2 degradation [24]. A conductor with
a similar twist pitch cabling sequence as ‘TF-B’ was tested in
SULTAN in 2009: it was the high field section of the series-
connected hybrid outsert coil of the National High Magnetic
Field Laboratory (NHMFL) [38]. Only after more than 2500
EM cycles the DTT ‘TF-B’ conductor’s performances seem to
slowly decay. This last part of the test could not be predicted,
as the CICCs of the NHMFL series-connected hybrid magnet
was tested only for 600 EM cycles and not for 3000 EM cycles
as “TF-B’ was.

4.2. AC losses

AC loss measurements were performed before EM load-
ing of the sample and then repeated after 200 EM cycles
(10.85 T/45 kA), before WUCD, and again after full EM load-
ing (3000 cycles) and WUCDs. AC losses were assessed by He
calorimetry and they were measured at 2 T and 0 kA, while
AC coils were operated with a sinusoidal sweep of amplitude
+0.3 T, at different frequencies (from 0.1 Hz to 2 Hz). The
symbols reported in figure 8, for both legs, refer to the total
energy deposited per cycle in the region between the temper-
ature sensors upstream and downstream of the HFZ.

AC losses on virgin samples are characterized by a peak in
the measured frequency range, that shifts to frequencies higher
than 2 Hz after EM cycling. It is worth noting that DTT TF
coils are characterized by the absence of steel wrapping around
the last-but-one cabling stage. Losses on both legs were sub-
stantially reduced by cycling, as shown in figure 8, due to the
expected increase in transverse resistance. Considering the dif-
ferent twist pitch cabling sequence, we could have expected
a larger difference between the losses of the two legs [13].
When wrapping is present around petals, the transverse res-
istance between superconducting (SC) strands within a petal
(intra-petal resistance) is much smaller than the transverse res-
istance between SC strands from adjacent petals (inter-petal
resistance). Without wrapping (that is our case), the inter-petal
transverse resistance is of the same order of magnitude as the
intra-petal transverse resistance, so that the last cabling stage
dominates the loss behaviour, because coupling currents with
large loops flow through neighbouring petals. In particular, the
coupling time constants are dominated by the twist pitches of
the last cabling stages [39, 40], which have similar values for
the two legs.

Despite the different geometry and twist pitch pattern, the
qualitative behaviour of the losses, before and after cycles,
resembles that observed on the ITER TF CICCs [17], while
concerning the quantitative behaviour the measured values are
higher, possibly due to the absence of sub-cable wraps. The
behaviour shown in figure 8 resembles what found for other
rectangular conductors [33, 41], characterized by the presence
of ‘petals’ wrapping but with a higher void fraction in the cable
cross section (v.f. ~ 30% —+ 28.9%). This is very different from
what is found, e.g. for the high-field DEMO sample [34] char-
acterized, as this DTT TF SULTAN sample, by the absence of
petal wrapping around the last-but-one cable stage, but with a
much lower void fraction (v.f. ~ 24.6%). In this last case, the
peak of the losses was in the very low frequency range, and
we have not yet been able to completely explain these incon-
sistencies, even if it has been shown [40] that cable pattern,
sub-cable wraps and void fraction significantly affect the coup-
ling loss and, overall, could be responsible for the AC losses’
curves similarities and differences.

It is well known that, in multi-stage CICCs, the different
transverse resistance of the cable stages results in multiple
time constants [42, 43], determined by the multiple induced
current loops. Each time constant is relevant for a specific fre-
quency range, and in general several time constants are needed
in order to fit the losses vs. frequency curve. When a transient
AC loss regime is dominant over the others, a single time con-
stant is sufficient to describe the experimental data. In figure 8,
lines represent fits obtained using the single time constant
approximation [44] to match the whole measured loss curves,
normalized by the volume. Coupling time constant (n7) values
of 300 ms and 200 ms respectively are obtained for “TF-A’ and
“TF-B’ losses on virgin samples.

The description of the experimental data obtained before
cycles with a single time constant is reasonably good, in par-
ticular for the ‘TF-A’ conductor, thus implying that a single
time-constant model is sufficient to describe the experimental
data. Coupling time constants of experimental data collected
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after 200 EM cycles and after 3000 EM cycles and WUCDs
have been evaluated from a linear fit of the slope of the cable
loss per cycle curve vs. frequency, normalized by the volume.
The calculated n7 values are respectively 35 ms and 16 ms for
‘TF-A’ conductor and 15 ms and 6 ms for ‘TF-B’ conductor.
It must be said that the lack of measurements at very low fre-
quencies, together with with the fact that the maximum of the
loss curves has shifted to higher frequencies after EM load-
ing, could have led to an underestimation of the coupling time
constants after cycles. The latter are of the same order as those
previously measured on ITER TF prototype conductors [45,
46], and of the EU-AItTF conductor [33].

4.3. Stability tests

As a last item of the experimental campaign, after 3000 EM
cycles and two thermal (WUCD) cycles, the MQE tests were
performed, at 9 T background field, without sample current
(“calibration’ runs) and with a sample current of 42.5 kA, at
2.5 g s~! helium mass flow rate. The energy deposited in the
sample was assessed calorimetrically. Unfortunately, a quench
occurred in the ‘TF-B’ conductor for voltages in the capacitor
bank above 140 V independently from the sample temperat-
ure. Therefore, on the one hand it was not possible to meas-
ure MQE for ‘TF-A’ conductor, while on the other hand the
MQE measured on ‘TF-B’ could not be considered reliable.
Different hypotheses were advanced for the observed beha-
viour of the ‘TF-B’ conductor: the presence of a flow obstruc-
tion in the He inlet region (see below section 4.4 for the details)
could have partially damaged the strands or the temperature
increase caused by the He lamination in the flow could have
resulted in a hotspot in the inlet region due to the obstruction.
The energy deposited on the conductors due to the pulse of
the inductive coil was calculated for both legs for the ‘calibra-
tion’ run and for the current runs with no quench by means of
calorimetry, according to equation (2)

tin

/ [h(t) — K] dt 2)

Qdep = m([init)

Tinit

with Quep [J] the energy deposited, 7in (finit) [kg sfl] the mass
flow rate in each conductor evaluated before the pulse,
h(t) [J kgfl] the helium enthalpy as function of time, eval-
uated from the standard He properties library [47] considering
the average of the measured pressures and temperatures from
the sensors installed in the two conductors according to the
standard SULTAN instrumentation scheme for ITER samples
(see again figure 3). Lastly, #° [J kgfl] is the average enthalpy
evaluated on a stabilized time-interval before the inductive
coil discharge, subtracted as an offset for the deposited energy
computation. The calorimetry results are presented in figure 9.

In MQE tests, the reference values for the energy depos-
ited on the conductors are those obtained in the ‘calibration’
runs. Tests performed with current are necessary to assess the
minimum voltage (and therefore energy) of the inductive coil
resulting in a quench in the conductor sample, but due to the
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Figure 9. Calorimetrically assessed deposited energy both during
calibration run and in presence of transport current on ‘TF-A’
(squares) and ‘TF-B’ (circles) conductors (the energy is expressed
per unit of cable volume).

joule power deposited during the quench and the AC losses
associated to the current discharge, the associated calorimetry
is not considered for the MQE evaluation. The effect of AC
losses and joule heating is evident in figure 9, where higher
energy values are observed in all the tests with current. The
minimum voltage in the capacitor bank at which the quench is
triggered is 140 V, as already mentioned, unexpectedly inde-
pendent from any other parameter such as the initial conductor
temperature. The corresponding MQE extracted from the ‘cal-
ibration’ runs is 2-2.5 J (i.e. 16-21 mJ cm ™3 of cable). This
value is actually not far from the MQE of NbTi conductors,
as e.g. those of ITER [17, 48] and JT-60SA TF ones [49], for
an operating temperature ~0.1 K smaller than the 7 (as in
the present case). However, ITER NbsSn conductors typically
show MQEs about one order of magnitude larger [48, 50].

Due to the quenches of the ‘TF-B’ conductor, a numer-
ical analysis with the 4 C code was performed to support the
data interpretation and investigate the stability of the TF con-
ductor samples. The 4 C code [51], the state-of-the-art tool for
thermal-hydraulic simulation of transients in superconducting
magnets, is being used to support the design verification of the
DTT magnet system [5, 52]. Energy conservation equations
employ a 1D approximation along the conductor axis, taking
advantage of the de-coupling in the time scales of gradients in
the transverse and axial directions.

For the modelling of the MQE tests for the “TF-B’ con-
ductor, the simulation setup includes an implicit time scheme,
an adaptive mesh refinement in the HFZ (where the induct-
ive coil for AC and MQE tests is located) and an adaptive
time step to follow the quench initiation phase. The duration of
the power deposition was derived from the SULTAN induct-
ive coil data (nominally, ‘PulseBattery’): an average value of
~ 150 ms is considered for the MQE tests. As boundary con-
ditions, the mean values measured during the tests for inlet
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Figure 10. 4 C results of the MQE tests for the ‘TF-B’ conductor.
In green: no quench, in yellow: quench recovery, in red: quench.

pressure and temperature and outlet pressure are imposed. The
scaling parameters in [12] are adopted, while the n-value and
the effective strain are obtained from the DC measurement
tests at the corresponding EM load (9 T, 42.5 kA): n =5
and e.f = —0.65%. Concerning the cabling parameters, it is
assumed a cos(theta) = 0.97. The input effective magnetic
field is computed according to equation (1), starting from a 2D
FE model of the total magnetic field on the conductor section,
as described in section 4.1.

To obtain the MQE value, the power deposited in the
strands was varied parametrically in the model, with steps of
25 Wm~! each. The results are summarized in figure 10. The
MQE obtained for the “TF-B’ conductor is between 28 J (max-
imum recovery energy) and 29 J (i.e. 235 mJ cm > of cable).
This value is about one order of magnitude larger than the
measured one: ‘TF-B’ conductor showed indeed an unexpec-
ted behaviour (all quenches triggered at the same voltage of
the capacitor bank, independent of the conductor temperat-
ure). Actually, itis very likely that the quench in that conductor
was triggered by some defect or phenomena related to the flow
obstruction between the He inlet and sensor P906, e.g. dam-
age during the fabrication of the He inlet that reduces the cur-
rent carrying capabilities of the strands in that region, acting
as a quench initiator as soon as the inductive AC coil is fired.
Therefore, the real MQE could be higher than the measured
one, as suggested by the numerical analysis and more similar
to that measured for the ITER CS [48, 50].

MQE simulations have also been carried out also for “TF-
A’ conductor, resulting in a MQE value (see again figure 10)
~50% lower than that of “TF-B’ conductor, as expected by
the much higher n-value (13) measured in the DC tests of
this conductor immediately before the MQE tests. Therefore,
the measured deposited energy at 120-140 V should trig-
ger a quench in ‘TF-A’; however, it was never triggered
experimentally because, as mentioned above, the ‘TF-B’

one always quenched unexpectedly at much lower energies
(~2-2.51).

4.4. Pressure drop test

The ‘TF-B’ conductor was instrumented with capillaries
for pressure drop measurement on a 2 m distance. The
measurements were carried out controlling the mass flow rate
through the CV970 control valve at the ‘“TF-B’ outlet; this
allowed us to measure up to 9 steady state operating points,
both at the beginning (BoC) and at the end (EoC) of EM cycles,
as reported in figure 11. The raw SULTAN data (empty sym-
bols) reported in figure 11(a) show a non-zero pressure drop
at zero mass flow rate; that pressure drop was therefore con-
sidered an offset to be removed. At BoC, the maximum mass
flow rate was limited by the above-mentioned flow obstruc-
tion at the inlet of “TF-B’: as reported in figure 11(c), when
increasing the mass flow rate the outlet pressure reduced a
lot, preventing the flow to reach 6 g s~' even for an outlet
pressure below 2 bar. Figure 11(c) also shows that an enorm-
ous and unusual pressure drop develops between the pressure
measured by the ‘P in R’ sensor (see figure 3), upstream of the
conductor inlet, and the P906 one, immediately downstream of
the conductor inlet; therefore, there must be something block-
ing the flow close to the inlet region, due e.g. to ice forma-
tion during cool down or to defects during the soldering of
the He inlet (or sample terminations). The same obstruction
is reduced after the WUCD thermal cycles, allowing the total
pressure to reach ~8 g s~! at the EoC, even though (see again
figure 11(c)) the pressure drop across the inlet region of the
“TF-B’ leg is still much higher than the overall pressure drop of
the “TF-A’ leg. The reduction of the obstruction possibly leads
also to an improvement of the flow characteristics by a factor
~2 in the range of the nominal mass flow rate (24 g s~ 1) that
cannot therefore be attributed only to the void fraction redis-
tribution after the EM cycles.

Figure 11(b) reports in dimensionless space the SULTAN
measurements of the friction factor as a function of Reynolds
number compared to the values obtained from the available
correlations used in the thermal-hydraulic simulations. In par-
ticular, the analyses of the DTT TF magnets carried out
with the 4 C code [5, 51, 52] adopted the modified Darcy-
Forchheimer correlation [53, 54]. The latter falls in between
the measured values of the friction factor at BoC and EoC in
the operational range (2—4 g s~!), proving to compute a con-
servatively higher pressure drop if compared to the more reli-
able EoC data (because it is collected without any obstruction
at the conductor inlet). This qualifies the 4 C code hydraulic
analyses, as clearly shown by the 4 C results obtained in
figure 11 prescribing on a 2 m conductor model the P906
as inlet pressure and the P906—Ap value (see figure 3 for
the name of the sensors) as outlet pressure, this allowed
us to neglect the localized pressure drops in the SULTAN
sample inlet/outlet regions and the distributed pressure drop
of the helium pipes, prescribing more reliable boundary
conditions.
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Figure 11. Dimensioned (a) and dimensionless (b) hydraulic characteristic of the “TF-B’ conductor. Data measured at beginning (BoC) and
end (EoC) of EM cycles are reported, raw and without the offset of the pressure drop sensor. The measurements are compared with the 4 C
code results and with several available friction factor correlations in (b): Darcy—Forchheimer (D-F) [53], modified Darcy—Forchheimer
(Mod D-F) [54], correlation developed for JT-60SA (and W7-X) conductors [55], Katheder [56]. (c) Pressure measured at inlet and outlet of
both legs at BoC and EoC during the hydraulic tests (for the “TF-B’ conductor, the pressure at P906 sensor is also reported, see figure 3 for
its location). Outlet pressure measured during the sample tests and computing the mass flow rate.
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5. Conclusions

The DTT TF SULTAN sample was manufactured with two
‘legs’ made of rectangular Wind & React CICCs, differing
only for the twist pitches of the cabling stages. Reaction heat
treatment, instrumentation installation and experimental tests
have been carried out in SULTAN, at the Swiss Plasma Center.

The main objective of the tests was the verification of
target design DC performance, and the experimental results
have shown that the sample is able to sustain very large EM
loads, exhibiting performances within design expectations.
Up to 3000 EM loads and two WUCDs cycles have been
applied. The final current sharing temperature measured at
Iop = 42.5 KA—Bsyrtan = 10.85 T is 6.98 K for sample ‘TF-
A’ and 6.36 K for sample ‘TF-B’. Analysis of the results gives
a clear indication in favour of the long twist pitch sequence
of sample ‘TF-A’, as characterized by a long pitch at the first
cabling stage, demonstrating that this sample presented negli-
gible Ts degradation and a rapid stabilization after very few
EM load cycles.

AC losses on both legs were assessed by gas flow calori-
metry and presented a significant reduction after cycling and
WUCD:s in conjunction with a shift of the peak to frequencies
higher than 2 Hz. The n7 values, determined using the single
time constant approximation, were found to be within accept-
able values, i.e. ~200-300 ms in virgin conditions, reduced
by ~1 order of magnitude after 200 EM load cycles and by
another factor ~2 after subsequent ~3000 EM cycles.

Concerning the MQE tests, the measurements showed the
quench onset to be at low energy (MQE ~2 J) only in the TF-
B conductor, always quenching at 140 V discharge from the
AC inductive heater, independently from the He inlet temper-
ature. Due to this unexpected behavior, a detailed assessment
with the 4 C code was performed for both the TF-A and TF-B
conductors, resulting in a computed MQE value of ~14 J and
~29 J, respectively, where the difference is mainly due to the
different conductor n-values.

The measured hydraulic impedance (~1.5 bar for 100 m
of conductor, at ~4 g s~!) was in line with the predictions
by the modified Darcy—Forchheimer correlation in the opera-
tional range (2—4 g s—!), adopted in all the thermal-hydraulic
analyses carried out with the 4 C code.
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