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ABSTRACT

The transition of a superstabilized conductor to the normal resistive state is accompanied by a
redistribution of current which, due to the size of the normal metal matrix, is long compared with the ther-
mal propagation and greatly affects the propagation velocity. To simulate adiabatic propagation, a 2-m
sample of ALEPH conductor, suspended in a vacuum and indirectly cooled at its extremities, was tested.
Quenches were induced by heaters, and velocities were measured vsing voltage taps. Results are
presented of tests at different currents and under different magnetic fields. These results are in good

agreement with theoretical predictions.

INTRODUCTION

In composite, multifilament conventional
superconductors, normal zone propagation is a
strictly thermal phenomenon. It occurs close to
the transition front, where a fraction of the power
dissipated in the normal zone is transmitted by
conduction to the superconducting zone, which in
turn heats up and goes into transition. In super-
stabilized superconductors, like that developed
for the ALEPH solenoid(1] where a conventional
composite is enclosed in a large section of alum-
inum, an electromagnetic diffusion phenomenon is
added. Indeed, close to the transition front, the
current previously carried by the filaments is
expelled toward the copper of the composite and
toward the aluminum. Given the large section of
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the aluminum, the current needs a certain amount
of time and space to diffuse itself. The transition
front thus leaves a wake of electromagnetic diffu-
sion, along which the dissipated power density
per unit volume progressively decreases.

The question then arises of how the current
redistribution affects the propagation velocity. In
previous papers(2.3.4] we have developed a theo-
retical model for the propagation of the normal
zone along a layer of superstabilized conductors
representative of the ALEPH solenoid shown in
Figure 1. In this indirect cooling configuration, the
annular ring and the layer insulation introduce a
high thermal resistance between the helium and
the conductors. Our model therefore assumes
that, at the scale of the propagation phenomenon,
the amount of heat transferred to the helium is
negligible and thus that the layer of conductors
can be considered adiabatic. Treating the compo-
site material as a homogeneous medium, and
assuming that the current diffusion through the
copper of the composite is instantaneous at the



scale of the diffusion through the aluminium, we
solve the equations of electromagnetic behavior
and establish a general formula for the velocity.
Reference 5 provides a summary of our theoretical
results.
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Figure 1. Cut away view of the ALEPH solenoid.

This paper reports the results of the experi-
menta] tests of our analytical formula. So far,
propagation velocities along superstabilized
conductors have only been measured in helium
bath!6! or in a 1-m bore model solenoid where the
transverse effects predominate.[’] Our goal was
to recreate as closely as possible the assump-
tions of our theoretical model. Among them are
(1) a constant-velocity propagation mode and
(2) the hypothesis of adiabaticity. To be able to
demonstrate the existence of a constant propaga-
tion velocity, we considered a 2-m-long sampie of
ALEPH conductor. To simulate adiabatic behav-
jor, we operated the sample in a vacuum and
reduced as much as possible the thermal contact
between the conductor and the mechanical sup-
ports. The whole test setup was placed inside a
large superconducting coil to be able to generate
on the sample a magnetic field comparable to the
one seen by the conductor in the real solenoid.
The quenches were induced by heaters, and the
propagation was monitored by voltage taps and
temperature sensors regularly spaced along the
sample.

Three kinds of influences were studied: the
operating current, the external magnetic field, and
the initial energy deposition. While the current
and the field dramatically affect the velocity, the
amount of energy put into the heater to induce the
quench does not influence the subsequent propa-
gation. As expected, the propagation velocity
does not depend on the initial conditions. In the
following, we limit our presentation to the first
two influences.

DESCRIPTION OF THE EXPERIMENTAL
SET UP

To constrain the magnetic forces, the con-
ductor sample is wound around a stainless-stee!
mandre! of external diameter 0.72 m (determined
by the bore of the external coil) and fastened by
seven epoxy staples. Two layers of Kapton (each
2-mm thick) insulate the conductor from the man-
drel. The question is now what is the thermal
coupling between the conductor, the Kapton, and
the mandrel, and does it influence the propagation
velocity? When the external field is nil, the con-
ductor loop tends to expand in its own field, only
held by the staples; we then expect the conductor
to behave adiabatically. Under an external mag-
netic field, the circulation of the currents in the
external coil and in the sample have been
designed so that the conductor loop contracts
onto the mandrel. In such cases, it is more likely
that part or all of the Kapton will be involved in
the propagation process. For the mandrel, how-
ever, temperature sensors located in holes drilled
at its periphery record no variation during quench
testing. Adding this observation to the fact that it
takes more than 100 hours to cool down the
mandrel, while the conductor is cold in less than
50 hours, we conclude that the thermal resistance
between the conductor and the mandrel is high
enough to be considered as infinite at the scale of
the propagation.

The sample is cooled by thermal conduction
along the conductor using two helium exchangers.
The location and the mounting of these exchangers
are shown in Figure 2. Each consists of a copper
tube (10 mm i.d., 12 mm o.d.), brazed on a 20-cm-
long and 3-cm-thick copper plate. The copper plate
is soldered on the previously tinned conductor. At
both extremities of the sample, bending considera-
tions have made it necessary to remove the alumi-
num from the conductor. The conductor is then sol-
dered on a 2-cm-thick copper plate, which plays
the role of stabilizer and improves the heat



transfer between the sample and the exchangers
(one extremity also includes a splice between
composites). To avoid circulation of current
through the helium pipes and to ensure electrical
insulation to ground, insulating sleeves have been
installed at appropriate locations in the refrigera-
tion circuit. The mandrel has no specific refriger-
ation and only cools down through its weak ther-
mal coupling to the conductor. The whole setup is
surrounded by a shicld at 20 K.
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Figure 2. Experimental setup for measuring the
propagation velocity along a sample of ALEPH
conductor.

During testing, the operating pressure is
regulated to 1.2 10~3 Pa corresponding to helium
temperature of 4.4 K. Nevertheless, the sample
temperature stabilizes around 5.1 K, 0.7 degrees
higher than the cold source. This indicates resid-
ual thermal contributions, which can be estimated
to be around 70 mK.[8] We have not been able to
identify the origin of these residual thermal contri-
butions, but we can verify that their influence on
the velocity measurements is negligible. Indeed,
we can bracket the temperature gradient induced
along the sample by such thermal contributions.
An upper limit is set by assuming that the 70 mK
are punctually received in the middle of the sam-
ple, which leads to a gradient of 0.3 K. A lower
limit is determined by assuming that the power is
uniformly received along the sample, which leads
1o a value of 0.15 K. The temperature profiles
corresponding to these gradients are very flat and
thus should not invalidate our measurements.

As shown in Figure 2, the sample is
equipped with a spot-heater, temperature sen-
sors, and voltage taps. The heater, located at one
extremity of the sample, consists of a flat bifilar
coil (38 x 30 mm?2), wound with constantan wire,
and glued to the conductor with Eccobond. The
heater resistance is 38.4 £2 and hardly depends

on the temperature. The temperature sensors are
calibrated Allen Bradley resistors, which have
been chosen for their high sensitivity at low tem-
peratures and their stability under low magnetic
fields.%) In order to decrease the response time,
the carbon insulation of the sensors is filed to
bare the active piece (graphite). The active piece
is then inserted and glued with Eccobond into a
copper sleeve, which is soldered with indium on
the conductor. The response time has been
measured to be of the order of 1 millisecond. (8]
There are ten voltage taps regularly spaced along
the sample (one every 20 cm) 1.2 cm from the
superior edge of the conductor. The voltage taps
consist of a copper wire threaded into a counter
bore (2-mm diameter, 3-mm deep) that has been
drilled into the aluminium. The wire is held in
position by a brass screw soldered with tin. Each
bore is threaded with one wire, except the bore
located at the sample extremity opposite the
heater, which has been chosen as the reference
for the voltage, and has nine wires. These nine
wires are each paired with one of the other wires;
the twisted pairs go into differential amplifiers. In
the following, we only consider four voltage taps
and on¢ temperature sensor. Their locations
reckoned from the reference tap are 341 mm, 744
mm,1046 mm, and 1250 mm for the taps; 1345 mm
for the sensor. The taps are numbered starting
with the one opposite the reference.

The external field is created by a supercon-
ducting magnet with a 1-m bore, equipped with an
internal cryostat. The cryogenic circuits for the
magnet and the sample are dissociated. The
vacuum in the internal cryostat is maintained
around 104 Pa.

TEST RESULTS

Unexpected behavior of the sample tempera-
ture appeared during testing. As we said, when
the current is nil, the conductor temperature T
stabilizes around 5.1 K. During the ramping of the
current, eddy currents are induced in the stabilizer,
which overheat the conductor. They disappear
once a constant current has been established; the
conductor then cools off and stabilizes again at a
constant temperature. However, this constant
temperature is higher than 5.1 K, increasing line-
arly with the current squared. The slope of the
temperature increase also depends on the external
field Be. Expressions for T = f(I) can be found in
Table 1. This shows the existence of additional
heating, presumably of Joule origin. An evaluation



of the resistance R producing this heating is given
by

_Ts(D-Ts(I=0)
Ri=""RpZ

where [ is the current and Ry, is the thermal
resistance between the conductor and the
exchangers. From the geometry of the exchang-
ers, Ry, can be evaluated around 10 K/W. The
slope of T versus / when B, =0, then gives

Ry=4.1109Q.

This value is typical of a weld between supercon-
ductors. We then conclude that the additional
heat is generated in the splice located at the
extremity of our sample (see Figure 2). The fact
that the initial temperature of the sample is higher
than expected is not a problem, since we can
measure it. Of course, our comparison between
experimental data and theoretical calculations will
rely on these measured temperatures.

TABLE 1.
Selected Parameters for the Analytical
Calculations

Critical temperatures (K)
Tc=95-058

Tc1=9.5-0.5 (B +

1+(0.9-0.098)B I
2435

Field on the sample (T)
Bpax = Be + 10041 By =B +51051]
Sample temperature (K)
TsOT)=5.1+24108.2
Ts(1 T) = 5.3+4.3 108 12

Ts(1.55T) =5.55+28108 2
Ts(2.1 T) =5.25+4.75 108 /2

Figures 3a and 3b feature typical records of a
voltage channel (channel 1) and of the nearby
temperature sensor. The current at quench is
2500 A, and the external field is nil. The heater is
fired at 7o = 375 ms, and the pulse lasts m, = 100
ms. The temporal evolution of the voltage can
clearly be divided into four phases that are delim-
ited on Figure 3a: (1) For 1 < 11, the voltage is
nil; the quench has not yet reached tap 1, and the
conductor between tap 1 and the reference tap is
still superconducting. (2) For 11 St <12, the
voltage rises rapidly; the quench has now reached

tap I and propagates towards the reference tap.
(3) For 12 St <13, the voltage decreases progres-
sively; the whole conductor has now switched to
the normal resistive state, but the current has yet
to complete its redistribution through the super-
stabilizer, causing the decay of the apparent
resistance. (4) For ¢ 2 13, the voltage starts to
rise again, but very slowly; the current is now
redistributed, but as a result of the Joule heating
the aluminum resistivity increases, causing the
increase in the apparent resistance.
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Figure 3a. Typical voltage evolution during a
quench induced at 2500 A (B, =0 T).

These different phases can be correlated
with the temporal evolution of the temperature
shown in Figure 3b. For instance, at 1 = 1;, the
temperature is about 9 K, which corresponds to
the transition temperature of the conductor at
2500 A and thus correlates with the passage of
the transition front near tap 1. Also, at ¢ = #3, the
temperature is about 15 K, which, for the given
purity of aluminum, corresponds to the end of the
residual resistivity plateau; for temperatures
greater than 15 K, the sample resistance thus
increases.

From these data we conclude that thermal
propagation is fast compared with electromag-
netic diffusion, as predicted by the model. Cne
can even verify that the times #2 and t3 are coher-
ent with the characteristic times defined in Ref. 4
for these two phenomena,

To illustrate how the propagation velocity is
determined, consider Figure 4. The current at
quench is 1115 A, and the external field is nil.
The four waces correspond to the voltages



between the reference tap and the four taps men-
tioned earlier. They rise in sequence. As expect-
ed, the quench, initiated at one extremity by the
heater, gently propagates along the sample
successively hitting the different taps. The velo-
city is simply measured by dividing the length
between two successive taps by the difference in
time between the takeoffs of the two voltages.
The four voltage traces allow three different velo-
city measurements and thus enable us to see its
cvolution along the sample. It appears that the
velocities measured between taps 1 and 2 are
systematically 15 to 20 percent lower than the
velocities measured between taps 2 and 3 and
between taps 3 and 4, which are consistent. We
are not able to explain this discrepancy. The
sample does not indicate any obvious damage be-
tween taps 1 and 2. If the constant-velocity
propagation mode had not been reached, we
would expect the velocity to increase over each of
the three lengths of conductor. Considering that
the off-value is measured along 20.4 cm of con-
ductor, when the two velocities in agreement are
measured along lengths of 30.2 cm and 40.3 cm,
we decided, in the following, to only retain these
two values. Figure 5 shows a summary plot of
these velocities versus the current at quench for
all the tests run in a nil external field. The data
points lie on the same curve with a small disper-
sion.
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Figure 3b. Typical temperature ¢volution during a
quench induced at 2500 A (B¢ =0 T).

Tests have been run for four external field
values: 0T, 1T, 1.55 T, and 2.1 T. For cach field
value, the current in the sample was progressively
increased from 1000 A to the critical current, in
increments of 500 A. Each run, which provides two
velocity measurements, was systematically doub-
led. This gives us about four hundred data points.

The data are summarized in Figure 6 as a function
of the current; the size of the plotting symbols
represents the error bar. As in Figure 5, and for
each field value, the data points lie on the same
gentle curve.
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COMPARISON BETWEEN THEORY AND
EXPERIMENT

The last step of our study is to compare the
experimental data with the theoretical predictions.
The details of our analytical formula can be found
in Ref. 5. We nevertheless need to specify the



geometrical and physical characteristics we use in
our calculation. The overall size of the super-
stabilized conductor is 34.15 x 3.45 mm?. The
composite is a 14-strand cable 5.75 x 1.36 mm?2.
The strand diameter is 0.8 mm; the copper-to-
superconductor ratio is 1.8 to 1. The copper and
aluminum residual resistivity ratios are respec-
tively 200 and 2200. Critical current measure-
ments have been made at 4.2 K on six strands cut
from the same conductor used in the experiment.
The parametrization of T¢y given in Table 1 has
been established assuming that the critical current
is a linear function of the temperature. Also in
Table 1 are formulas for the peak field, Byax, and
the average field, Bay, on the conductor. The
external field is given by the transfer function of
the external coil; the own field is computed nu-
merically. At a given current, the critical temper-
atures are calculated using the peak value, while
the resistivities and the thermal conductivities of
the materials are calculated using the average
value. Lastly, the table shows linear approxima-
tions of T = f(I) for the four values of Be.

An obvious verification before analyzing the
data of Figure 7 is to compare the critical currents
actuaily measured in the experiment with the
short sample predictions. For a given external
field value, the short-sample current is the
solution of the implicit equation

Tcill,.Bmax(N} = Ts(D.

As shown in Table 2, these values are in good
agreement.

With more confidence in our material proper-
ties, we turn to velocities. The data in Figure 6
show that for low currents, the values measured
under external field are lower than the values
without field. This is unexpected since T¢, T¢I,
and the enthalpy per unit volume are decreasing
functions of the magnetic field; the velocity should
thus increase. (This is in fact the case when
velocities under field are compared.) So, some-
thing, under the effect of the field, must slow
down the propagation. One explanation is that,
when the external field is nil, the conductor loop
tends to expand under its own field, so that the
thermal contact between the conductor and the
Kapton insulation is poor, while under an external
field, the loop contracts onto the mandrel, so that
the contact between the conductor and the Kapton
is greatly improved. This leads us to conclude
that, in the absence of magnetic field, the Kapton
does not interfere with the propagation process;
under an external field, part or all of it is involved.
In our analytical calculations, we then consider 6

the conductor as bare in the absence of external
field, but associated with the 4 mm of Kapton in
the presence of field. Computation results are
also plotted in Figure 6. Predictions and
measurements appear in good agreement.

TABLE 2.
Comparison Between Predicted and Measured
Critical Currents

F - - .- — . — ]
Bmax Predicted Critical Measured Critical

(T) Current (A) Current (A)
0 7750 7500
1 6050 6000
1.55 5300 5100
2.1 4700 4500

50 1 1 L] L T

Propagation velocity (m/sec)
8

0}

000 5300 6000 7000
Current (A}

0 1000 2000 3000

Figure 6. Comparison between predictions and
measurements.

CONCLUSION

We have experimentally demonstrated the
existence of a constant propagation velocity of the
normal zone along superstabilized conductors,
and we have verified that this velocity is in accord
with the analytical law we had previously estab-
lished. Our model of the current redistribution
through the superstabilizer is thus justified. The
next step towards a complete understanding of
the quenching of the ALEPH solenoid would now
be to investigate the transverse propagation.
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