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Abstract ~ The ATLAS superconducting magnet system consists
of the Barrel Toroid, two End-Cap Torotds and the Central
Solenoid. However, the Toroids of gight coils each are magneti-
cally separate systems to the Central Solenoid. The Toroids are
electrically connected in series and energized by a single power
supply. The quench protection system is based on the use of

 relatively small external dump resistanees in combination with
gquench-heaters activated after a quench event detection to initi-
ate the internal dump of stored energy in all the coils. A rather
stromg quench-hack effect due to eddy-currents in the coil cas-
ings at the transport current decay is beneficial for the quench
protection efficiency in the event of heater failures, The quench
hehaviowr of the ATLAS Toroids was computer simulated for
normal operation of the quench protection system snd its com-
plete non-operation (Failure) mode,

[ INTRODUCTION

The magnet system of the ATLAS Toroids consists of the
Barrel Toroid (BT) and two End-Cap Toroids (ECTs) with
overall dimensions of 20 m diameter and 25 m length. The
stored cnergy of the system 1s about 1.4 GJ at the rated cur-
renl of 20 kA, see Table I, [1]. Bach Tovoid consists of 8
coils, and cach coil of rectangular shape includes two double
pancakes embedded in a massive aluminium-alloy casing
(RRR=2), sce Fig, 1. The pancake windings are wound with a
Rutherford type Cu/NbTi composite supercanductor strongly
stabilized with pure aluminium in a rectangular shape, The
conductors for the 3T and BCT are slightly different in size
and current carrying capacity [1], sce Table I In spite of the
lact (hat each Teroid has 8 coils, il will nol be sectioned
electrically, but all coils arc connected in scrics. This avoids
an uneven redisivibution of the currenl between coils under

TABIEI
MAIN CHARACTERISTICS OF THE ATLAS TOROIDS

Characteristic BT ECT
Number of coils 8 2x8
Self-inductance 514H 20611
Operating current 20 kA 20 kA
Stored energy 1030 M] 410 MI
Runi-up vollage v 6V
Bushar + current leads resistance 210 ney 240 psd
Operating peak field 39T 40T
Critical current @ 4.5K & peak field > 55kA > 04 kA
Conductor sizc 57512 mm*  41x12 mm?
Conductor length 54 km 26 km
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Fig., | Segment of the BT coil. Full cross-section of the winding (both
the: double pancukes) in the casing. View on the tums,

quench and in deing so it excludes any mechanical overloads
due to a dishalance ol Forces,

It is common knowledge that lor such a large magnet
system, the best way o diminish the maximum temperature
and infernal voltage is to distribute the stored energy uni-
formly, because without that a fast discharge would require a

_high dump resistance and hence high voltage in the circuit.

The quench protection system of the ATLAS Toroids will use
relatively small dump resistances and special quench-heaters
embedded in each double pancake ol cach coil [1]. The heat-
ers will also guarantce the magnel system discharging at low
transport current during ramping,

Here, the most simple electrical scheme is considered by
which the Toroids and in fact all their coils are connected in
series and energized by a single power supply. The magnet
gystem quench behaviour is computer simulated in the cases
of complete non-operation of the quench protection system
and when this system is triggered under normal operaticn.

1. NORMAL ZONE PROFAGATION

Special for a normal zone travelling in a composile supet-
conductor having a thick aluminium stabilizer is the rather
slow elcctromagnetic diffusion process into the stabilizer
[2,3]. The transport current cjected from the superconducting
fillaments into the capper matrix of strands can not penctrate
at once into the Tull section of stabilizer. For example, the
characteristic time scale of the current diffusion into the
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Fig. 2 Instant distributions of the temperamre, Joule heating density and
heat removal efficiency alony a tuen of the BT coil winding, Fixed current
20.5 kA, magnetic field 3.85 T.

aluminium stabilizer of the BT conductor is aboul 1 s, for the
ECT conductor — somewhat less. The dilference in specific
stored encrgy in the cases whore the transport current [lows
within the strands only and where it is uniformly distributed
over [ull cross-section of the conductor comes to a few tens
of Joules per meter ol cenductor, This relatively high initial
energy density is sullicient to transfer the conductor into the
normal state and then to increase its temperature by several
degrees. This enorgy transferred into Joule heating is non-
unilormly distributed over (he cross-scelion of the conductor
and this distribution varics with time. Consequently, the dil-
fusion process has o be taken into account through a proper
model. In our recent compulations, a rather simple, but effec-
tive model as explained in work [3] was used. The computa-
tion results show that the lion’s share of the “extra encrgy” is
released just in the vicinity of the ss-boundary, where the
diffusion process is in the opening stage, as may be inferred
from Fig. 2. This inevitably leads to a considerable increasc
of the normal zone velocity as oppesed to the case where the
characteristic time scale of the diffusion is assumed to come
closc to zero.
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Fig. 3 Small section of the Toreid coil, the donble pancake in the cas-
ing. Skech,
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Fig. 4 Dependence of the propagation velocity along the ECT conductor
on magnetic feld at the rated current of 20 kA,

To determine the normal zone propagation velocity along
the turns of the windings of the BT and ECT coils, a 3D
model lor the double pancake scction was used (Fig. 3). The
transient transverse heal conduction through the insulation
between the turns as well as between the turns and the casing,
and also the electromagnetic diffusion process are correctly
included. The 3D nen-lincar transient heat problem is nu-

nerically solved using the finite difference method. This ap-

proach enabled the curves given in Fig. 2 to be obtained as
weil as the results shown in Fig. 4. Referring to Fig. 4, the
longitudinal propagation velocity in the ECT coil winding is
roughly 30% lower than the adiabatic velocily due to the
transient transverse heat transfer (practically the same [or the
BT). Nevertheless, for the ECT, the steady-state velocity still
is about 10 m/s at the peak field of 4 T at 20 kA. This implies
that the coil winding normalization time in the longitudinal
direction is about 2-3 s, only slightly influenced by the mag-
netic field distribution. In the BT coil winding, the longitudi-
nal velocity approximates 7 m/s at the peak field of 335 T,
and the lengitudinal normalization time is close to 6-7 s.

To determine the transverse propagation characteristics, a
2D mode! is used instead. The longitudinal heat conduction is
neglected, because its influcnce on the transverse propagalion
velocity is assumed to be rather weak. This minor simplifica-
tion enables with the same computation capacity to consider
the full cross-soction of the coil winding (Fig. 1), and ¢ven
cross-sections of several coils at onco,

The normalization time of the BT or ECT coil winding
cross-sections depends on details of the normal zone initia-
tion, Accotding to the results oblained, in the worst case of a
normal Zone origination at one of the lowerinost turns of onc
double pancake, the transverse normalization time for the BT
coil winding approximates 8 5 at 3.85 T and 2§ kA, However,
when, as is planned, a lmm thick pure aluminium sheet on
each of the four outside [aces of the double pancake between
the casing and winding is used, this time could be decreased
down to 6-6.5s. The transverse normalization of the ECT
coil winding takes about 55 at 4 T @ 20 kA, When the real
field disteibution s taken into account instead of a certain
average field, the computed normalization times increase by



~ 30%. In the case of a simultancous normal zone initiation
by the heaters in both the deuble pancakes, the transverse
normalization time is almost halved.

Thus, it is concluded that the BT and ECT coil winding
normalization is within the 10 s time framne which is an order
of magnitude shorter than the easily estimated characteristic
time of the current decay in the whole magnet system under
quench. It means that in the computer simulation of a quench
cvent in this magnet system, it is possible to consider cach
coil in the 2I approximation correctly and to make rather
solid estimates of the maximum temperature and internal
voltage. In such a simulation, as performed, the heat equa-
tions are solved together wilth the circuit equations and in-
clude eddy current gencration ¢ffecl in the coil casings due to
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Fig. 5 The principle power circuit of the ATLAS Toroids magnet system
vrder normal eperation,
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Fig. 7 Curmrent decay in the ECTs and BT in the case of complete non-
operation of the quench protection system; the ECTs under quench.
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Fig. B Maximum temperature in the ECT coils under quench in the
case of complete non-operation of the quench protection system.

| — quenched ceil winding,

2 - quenched coil casing,

3 —temperature  gradient between  the winding and  casing  of
quenched coil,

4 — other 15 coil windings

the transport current decay.
[I, QUENCH SIMULATION RESULTS

The principle electrical circuit under study and corre-
sponding to normal operation of the ATLAS Toroids is
shown in Fig, 5. Quench eventl detection has to cause the
heaters activation and a change-over from the normal opera-
tion mode to the fast discharge mode (Fig. 6) as a result of a
change of state of the breaker. In the fast discharge mode,
there practicatly exist two circuits, the first onc - for the BT,
the sccond — [or the BCTs. These circuits are inductively
coupled, but this coupling is very weak, as the mutual induc-
tance belween ECTs and BT is only 0.07 H, whereas the sclf-
inductances ol the BT and ECTs are 5.14 H and 2.06 H, res-
pectively.

In the event of & quench, the two limiting cases are consi-
dered and simulated. The first case is the worst one where the
quench detection and switch system unpredictably and com-
pletely fails and the magnet system remains in the normal
operation mode with the power supply in service (the maxi-
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Fig, 9 Internal voltage in the ECT and resistance of the ECT winding in
the ense of complete nop-aperation of the quench protection system.
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Fig. 10 Current decay and resistance of the windings of the BT and
ECTs under norma! vperation ol the guench protection system.

mum voltage 16 V), sec Fig. 5. In the second case, the mag-
net system successiully goes on to the fast discharging
(Fig. 6) with 5 s delay. In both the cases a normal zone is
initiated at one of the lowermost turns of one pancake in one
coil of the BCT that is the most severe initial condition.

The computation results corresponding to the firsl case are
given in Figs, 7-9. As illustrated, the current in the BCTs de-
cays mainly because of a rather fast rise of the quenched coil
resistance, while no current flows through the external dump
resistance of the BCTs due (o the diode (Fig. 5). The current
decay lcads to a quench initiation in the other 15 coils of the
ECTs due lo eddy current generation in the casings (the
quench-back) a half minute aller the quench has started in the
first coil (Fig. ®). As a result, the BECTs discharge accelerates.

At the same time, the BT coil windings remain supercon-
ducting, becanse the rising negative current through the BT
dump resistance almost balances out the transpori current
decay in the whole circuit, see Fig. 7. A very slow discharge
of the BT takes place with a rate being insufficicnt to have
the quench-hack effect as in the ECTs.

Despite the fact that the BT coil windings are kept super-
conducting, the oppaosite could vastly accelerate the whole
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Fig. 11 Maximum temperatores in the BT under normal eperation of the
quench protection system.

| = BT coil windings, 2 - BT coil casings,

3 — temperature gradient between the winding and casing.
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Fig. 12 Maxinmm iemperatures in the ECT coils under normal opera-
tion of the quench profection system.

| —quenched coil winding, 2 - quenched coil casing, 3 — temperature
gradient belween the winding and casing, 4 — other 15 coil windings.

magnet system discharging and does nothing but imprave the
situation, the maximum temperature of the quenched coil of
the BCT turns oul 1o be about only 300 K, see Hig, 8 The
maximum internal vollage does not exceed 600 V, see Fig, 9.
The results corresponding to the case of normal operation
of the quench protection system are shown in Figs. 10-12. In
this case, the maximum temperatures of the BT and BCT
windings are moderate, ~83 K and ~145 K, respectively. The
maximum internal voltages in the BT and ECT are negligible.

1V, CONCLUSIONS

The quench behaviour of the ATLAS Toroids magnet sys-
tem energized by a single power supply was nuericaily
analyzed in the casce of complete non-operation of the quench
protection system and in normal operation of this system. In
the first case, the magnet system proved itself as a self-
protected one, no over-heating nor over-voltage. Further, it is
shown that normal operation of the quench protection system
reduces the maximum temperature of the Toroids ceils at
least by haif and minimizes the internal voltages.
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