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Chapter 111

Preliminary LTS experiment
using a carbon point heater
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IIL.1. LHC-TYPE NBTI WIRE SAMPLES, BATCH NBTI-1

H1S CHAPTER describes a preliminary experimental setup used to study the sta-
T bility of superconducting wires undergoing a localized transient heat distur-
bance. The setup is based on a VAMAS-type sample holder and the quench pre-
cursor is simulated by a charged point heater pressed onto a superconducting wire
sample.

Various difficulties were encountered, which were assumed to be related to the lack
of control of the contact resistance between heater and sample.

This experiment outlined the issues related to resistive heaters and led to the design
of a new experimental setup which will be described in the subsequent chapter IV
(page 103).

I11.1 LHC-type NbTi wire samples, batch NbTi-1

I11.1.1 Overview on LHC-type Cu/NbTi multifilament composite
wire

Qur first issue was to determine what kind of superconducting multifilament compos-
ite wires would be the best candidate to validate our experimental setup. Among the
various superconductors available on the market, LHC-type NbTi wires appeared
as the best choice. We implicitly assumed that their various physical properties
have been well-established after being thoroughly studied in the framework of the
ongoing Large Hadron Collider (LHC) project at CERN. LHC-type, Cu/NbTi, mul-
tifilament composite wires were designed to meet the requirements of high current
density dipole and quadrapole magnets. They are made-up of thousands of NbTi fil-
aments swrrounded by a low resistivity OFHC-copper stabilizer. Filaments of about
6 pm in diameter are distributed over the entire wire cross-section to reduce flux
jumps (see Figure IIL.1, page 79).Thermal and mechanical processes [1], first studied
at the university of Winsconsin at Madison in the early 1980’s, are now mastered
by several manufacturers around the world. They yield long enough batches of high
current density wires with a low breaking rate. These batches are used to form
cables which are subsequently wound into high field magnets [2].

Despite the abundance of engineering parameters, the detailed micro-structure of
the wires is kept secret. Each manufacturer has its own process, designed to achieve
the best performances at the optimum cost.

I11.1.2 Description of samples

For our application, two batches of LHC-02-type Cu/NbTi multifilament composite
wires were supplied by Alstom/MSA!. LHC-type NbTi wires used in magnets are
generally tinned. In our experiment, we only relied on bare wires.

These batches were respectively named NbTi-1 and NbTi-22. Samples NbTi-1 were
wound on VAMAS-type sample holders for transport current and stability charac-
terizations using a resistive heater. Samples NbTi-2 were assembled on the new
experimental setup for which a diode laser was used as heater. These samples and
the new experimental setup are described in chapter IV (page 103).

' Alstom/MSA is the leading subcontractor of CERN and was awarded about 50% of the total
contract of LHC cables.

We identified the samples from the name of their original batch. For example, samples NbTi-1
were cut from batch NbTi-1, and so on.
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1.1, LHC-TYPE NBTI WIRE SAMPLES, BATCH NBTI-1

Figure IT1.1: Cross-sectional view of a generic
LHC-type Cu/NbTi multifilament composite
wire used in accelerator magnet technology
{courtesy Alstom/MSA}.

Table TI1.1: Salient parameters of NbTi-1 wires,

Diameter 0.825 mm
Twist pitch (filaments) ~18 mm
Ratio: Cu/Sc 1.87

RRR 187
Critical current density 2
at 7T, 4.2 K, Jo 1570 A/mm

No special treatment was applied on samples NbTi-1. Their salient parameters are
given in Table III.1 (page 79).

I11.1.3 Critical current measurements on batch NbTi-1

Critical current measurements have been performed on NbTi-1 samples at various
background magnetic fiux densities. The critical current was measured anew before
each stability test. Then, the transport current was fixed as a percentage of this
measured critical current for stability tests.

All the characterizations undergone on LHC-type wires were conducted at 4.2 K in
liquid helium at atmospheric pressure. Figure II1.2 (page 80) shows the results of
the measurements. No error bars are reported since the error was inferior to 1%.
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111.2. EXPERIMENTAL SETUP INCORPORATING A POINT HEATER

600~

550 Measured at 4.2 K
500 in liquid hefium

450 N
400 .
350 o

300 AN
250 ™~
2001 e
150 ~
100 e

50 ..

Critical current (A)

1 T 1 ' T T 3 * I ' I ' 3

5 6 7 8 S 10 11

Background magnetic field (T)

Figure I11.2: Critical current versus background magnetic flux den-
sity at 4.2 K in liquid helium and atmospheric pressure for samples
NbTi-1.

1I1.2 Experimental setup incorporating a point heater

This section introduces the preliminary results obtained with charged point heaters
in addition to the nitty-gritty difficulties related to such a technology.

Their design was inspired from a mix concept between the tip-heater and the
Kapton® sandwich heater.

In this work, our primary objective was to achieve a good reproducibility of the
contact resistance between samples and heaters. Indeed, we assumed a priori that
it would give a better reproducibility of the Quench Energy measurements. So, a
particular experimental setup was developed to adjust the contact pressure and con-
sequently the value of the contact resistance. This contact resistance was expected
to range from tens of milli-Ohms to hundreds of milii-Ohms at low temperature at
low temperature.

A few tests have been carried out on the contact resistance to estimate its degra-
dation in time during the stability experiments or its relationship with the values
of Quench Energies. In addition, a series of Quench Energy measurements, at pulse
durations ranging from 50 ps to 1.5 ms, have been carried out to unveil the pseudo-
plateau of the Minimum Quench Energy.

I11.2.1 Description of point heaters

In this preliminary work, a series of heaters was designed on the basis of the tip
and the Kapton® sandwich heaters [4] [5]. A small hollow screw of 28 mm long and
6 mm in diameter, made up of G-10, was slightly voided at its tip to receive a little
drop of carbon filled epoxy paste adhesive, Eccobond® 60L (Emerson & Cuming).
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[IL2. BXPERIMENTAL SETUP INCORPORATING A POINT HEATER
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(a) Tip of the charged point (b) Charged point heater,
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(¢) Cad drawing.

Figure I11.3: Pictures of charged point heater 2: (&) tip of the heater covered
with Eccobond® 60L, (b} Picture of the hollow G-10 screw, inside which is glued

a copper wire soldered to a small connector. (¢} Cad drawing of the G10 screw
holding the charged resin [3].
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I11.2. EXPERIMENTAL SETUP INCORPORATING A POINT HEATER

Table I11.2: Contact resistances of charged point
heaters at 4.2 K.

heater 1 unused
heater 2 failed
heater 3 failed
heater 4 1.70Q
heater 5 5 to 55 mf}
heater 6 failed
heater 7 158

A copper wire of 0.2 mun in diameter, on which was soldered a connector, was in-
serted into the screw and glued with Stycast® 2850FT (see Figure II1.3, page 81).
A little section of it was previously painted with silver lac to improve the electrical
contact with the charged epoxy paste. The wire was long enough to come out at the
pit of the small hole. This hole, having a diameter of 1 mm and a depth of 0.5 mm,
was filled up with the charged epoxy paste. Finally, the whole assembly was cured
for 24 hours at room temperature. The heater, when fully pressed onto the sample,
led to a contact surface of 0.79 mm? at least.

About ten heaters have been made. However, most of them did not lead to actual
measurements as they burnt out either during the contact resistance measurements
or the stability tests. The only exception was heater 7, which could not give ex-
ploitable data because of its too large resistance at 4.2 K. The power supply, used
to feed the heaters, was not powerful enough to supply pulse currents to loads over
a few Ohms. Table III.2 summaries the average contact resistances measured at
4.2 K. The reliability of the technology appears rather poor. Nevertheless, a few
heaters, for which the value of the average contact resistance is given, have been
used in stability characterizations.

111.2.2 Description of the experimental setup

At the time, the stability study was carried out in the cryostat GELOTTE. It was
originally used to measure the critical currents of NbTi and NbzSn wires at different
background magnetic flux densities ranging from 5 to 12 T and bath temperatures of
4.2 K and 1.8 K [6]. Bare wire samples, from batch NbTi-1 having a length of 1.1 m,
were tightly wound in the groove of a graphite coated TiAlV mandrel according to
the Versailles project on Advanced MAterials and Standards (VAMAS) recommen-
dations [7]. Figure I11.4 (page 83) details the entire probe (Figure IIl.4(b)), and
the sample holder (Figure ITL.4(c)) at the bottom of which was located the mandrel
(Figure 11.4(a)}.

111.2.3 Heater holder mounted on VAMAS-type mandrel

On the mandrel, we adapted a heater holder, which was slightly modified during
the different series of stability tests [3]. Basically, no mechanical modifications were
done on the different paris of it. However, two different assemnbly procedures were
applied. These assemblies are subsequently named Assembly 1 and 2.
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1I1.2. EXPERIMENTAL SETUP INCORPORATING A POINT HEATER
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(a) VAMAS-type mandrel.

(b) Entire probe. (¢} Sample holder.

Figure II1.4: Pictures of the experimental setup: (a) copper
rings and titanium alloy barrel, onto which a multifilament com-
posite wire is wound, (b} one of the two probes and (c) zoomed
view of the sample holder located at the bottom of the probe.
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1I1.2. EXPERIMENTAL SETUP INCORPORATING A POINT HEATER

Aluminum supports

voltage taps

84

Figure I11.5: Picture
of the heater holder
mounted on a titanium
alloy mandrel {assem-
bly 1}. The tip of the
charged point heater is
pressed onto the sam-
ple at the center of the
mandrel.

Figure 111.6: Zoomed
views of the tip of
heater 2: left, the
heater is simply posi-
tioned and no pressure
is applied ; right, the
heater, at its final po-
sition (strongly pressed
onto the sample), does
not fully cover the sam-
ple despite its large
contact area compared
to the sample.




111.2. EXPERIMENTAL SETUP INCORPORATING A POINT HEATER

Figure I11.7: From left to right, three different pictures taken while heater 5 was pressed
onto the sample. The tip of the heater remains fully in contact with the sample throughout
the manipulation.

Assembly 1: Figure IIL5 (page 84) shows Assembly 1. Two aluminum rings,
supporting a G-10 bridge, were screwed on each current lead of the sample. The
G-10 bridge was drilled at its center and a metallic pin was inserted by force to
guide the charged point heater. Oblong holes were machined at the extremities of
the bridge to position accurately the tip of the heater with respect to the sample.
In this first assembly, the heater was radially pressed onto the wires owing to a single
nut stacking a set of 6 copper-beryllium (CuBe) washers® (see Figure I11.5, page 84).
These washers are slightly conical and show a remarkable mechanical elasticity at
low temperatures. If they are assembled up side down, the whole stack of washers
act as a spring. In this configuration, it can compensate the differential thermal
shrinkage of the various parts of the assembly by springing back the heater onto the
sample during the cooling down of the experiment.

However, this first assembly procedure did not appeared convenient. Indeed, the tip
of the heater tended to slide off the surface of the sample with increasing contact
pressure (see Figure IIL6, page 84). It made the mounting of heaters onto the
sample a tedious task and led to inaccuracy in the measurements as both titanium
mandrel and sample were heated at once. Therefore, a second assembly procedure
was developed to address this issue.

Assembly 2: A simple modification of the mounting procedure allowed to solve
the previous issue. Indeed, by first attaching the heater to the G-10 bridge and then
installing washers between this bridge and the aluminum rings and, finally, by press-
ing the whole assembly onto the sample, the maintaining and guiding of the heater
was greatly improved. No axial rotation was permissible any more and ensuing tip
degradations were prevented (see Figure IIL.7, page 85) [8].

In the subsequent subsections, we will present data on heaters 2, 4 and 5. For
the first two heaters, the former procedure to mount heaters onto samples was ap-
plied. For the last heater, we used the newest procedure. Table IIL.3 (page 86)
summaries the different heaters that were used with their corresponding assembly.

3Supplied by Scherdel (Germany) under the name of Belleville disk springs.
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[11.3. A FEW RESULTS ON CONTACT RESISTANCE

Table I11.3: The different heaters used in the exper-
iment and their corresponding assembly.

heater 2 Assembly 1
heater 4 Assembly 1
heater 5 Assembly 2
heater 7 Assembly 2

I11.3 A few results on contact resistance

Before concentrating on stability results, we shall first introduce some results ob-
tained on contact resistance in our experimental setup.

I11.3.1 Presentation of the experimental protocol

Figure IT1.8 (page 87) shows schematically the electrical circuitry used to assess the
average contact resistances between charged epoxies and samples. As depicted, the
contact resistance, Rcr, was estimated as the ratio of voltage drop, Vor, and the
DC current, Icg, flowing through the heater. The voltage, Vg, is taken between a
voltage tap placed on the connector at the heater top and another one soldered to the
wire downstream from the heater. We previously checked that the total resistance of
the copper stabilizer plus the resistance of the electric wire glued into the G-10 screw
were negligible compared to the heater resistance. It was evaluated between 1 mf2
and 2 mf} at 4.2 K. For most of the cases, we could neglect this total resistance.
However, there was one exception: heater 5, for which a bottom resistance of about
5 m§? was achieved. Therefore, a correction to the average contact resistance had
to be done.

The contact resistance was estimated as follow:

Ren = 2SR g (I1L1)
Icr

Measurements were carried out at 293 K and 77 K, where most of the thermo-
mechanical deformations have already taken place. The average contact resistance
was calculated as the mean value of measurements at various Iop currents. After
the measurements, the electrical copper wire could be slightly visible through the
resin. So, this wire may have been directly in contact with the sample during the
tests,
In addition to average contact resistance, the corresponding applied pressure ex-
erted on the heater versus the compressional strain per washer were assessed. This
compressional strain per washer refers here to the relative change in height of the
entire set of washers divided by the number of washer. The contact pressure was
roughly calculated from the average force applied onto the whole stack of washers at
293 K divided by the surface of the tip of the heater (~0.79 mm?). Indeed, due to
the difficultics to measure accurately the compressional strain of the set of washers,
the errors on the estimation of the contact pressure can exceed 30%. The average
applied force was estimated by confronting the compressional strain per washer to
their mechanical stress-strain characteristics provided by the manufacturer.
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II1.3. A FEW RESULTS ON CONTACT RESISTANCE

G100 screw

b

T1

S

Figure ITL.8: Electrical sketch for contact resistance measurements. The
voltage drop, Ver, was measured across the heater. the voltage drops,
Vi and Va, were measured respectively across the heated zone and along
the wire. The shunt in series with the heater was used to measure the
DC current, Ior, Howing through the heater.

It must be noted that the estimated contact pressure can be overestimated due to
the underestimation of the contact surface. Furthermore, large errors can be done in
the estimation of the cumulative compressional strain measured owing to a caliper.
However, despite the uncertainty on the results, tendencies could be derived from
the measurements.

I11.3.2 Comparisons between contact resistance and applied pres-
sure

Figure II1.9(a) (page 88) shows the behavior of point charged heater 2 under applied
force. Based on this Figure, let us describe the different stages in the evolution of the
contact resistance starting from the top left corner of the plot, and moving toward
increasing pressure.

Irom A to B, nothing happened on the magnitude of the resistance and the me-
chanical deformation remained elastic. The variation in the contact resistance was
smooth and the ball of charged epoxy just deformed under the applied pressure. At
point (B), the structure collapsed expulsing bits of resin and the average contact
resistance lost one order of magnitude passing from about ten of Ohms to a few
Ohms at point (C). This sudden drop in the contact resistance appeared around a
compressional strain per washer of 0.05 mm (or 0.3 mm for the whole stack of wash-
ers). Simultaneously, the mechanical load stressing the washers was released. As a
spring, they extended and the contact was maintained. If the pressure was further
increased (from C to D), the contact resistance remained unchanged till a second
drop occurred later on. This drop appeared smoother than the previous one. The
volume of heater decreased till the tip was fully squeezed (D to E) taking the form
of the sample and covering a little less than half of the wetted perimeter. At last,
the contact resistance reached a steady value (F), and a thin film of resin remained
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II1.3. A FEW RESULTS ON CONTACT RESISTANCE
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Figure II1.9: Average contact resistance and contact pressure versus
compression strain per washer measured for heater 2 and heater 5.
{a)-Heater 2, at point (B), the ball of charged epoxy collapsed under
the applied pressure. Then, the washers sprang back and maintained
the contact with the sample, explaining thereby the decrease of both
the contact resistance and the compression strain. (b)-Heater 5, here,
a better mechanical behavior of the charged epoxy and consequently
of the contact resistance has been achieved.
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Figure II1.10: Evolution of the average contact resistance of heater 4
over a series of stability measurements at 4.2 K and 8 T for a given pulse
duration of 150 ps. For comparison, the value at 77 K and 0 T is: 2.1 Q,
and that at 293 X and 0 T is: 1.7 2.

at the interface of the heater and the sample.

On this figure, the contact resistance did not seem to change from room tempera-
ture to low temperatures. Actually, the physical properties of the resin loaded with
carbon particles vary as a function of temperature. Indeed, carbon material being
semiconductor, its electrical resistance increases with decreasing temperatures, It is
thought as an artifact of the experimental setup. It is likely that both the differen-
tial thermal shrinkage of the assembly and the increase of in the contact resistance
may have worked together to yield a similar contact resistance before and after cool
down.,

These different stages appeared smoothened for heaters 4 and 5 (Figure IIL9{b),
page 88), showing a constant increase in the applied pressure all along the compres-
sion. For heater 5, Assembly 2 was used. So, two stacks of 5 washers were placed
at each extremity of the G-10 bridge. The compressional force applied onto the
heater was consequently larger than the one of Assembly 1 for the same compres-
sicnal strain per washer resulting in a lower contact resistance. The change in the
slope of the contact resistance versus the compressional strain per washer occurred
at ~0.2 mm (four times larger than for heater 2 and 4). In this case, the charged
epoxy showed a better mechanical behavior under deformation.
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IIL.3. A FEW RESULTS ON CONTACT RESISTANCE

1I1.3.3 Evolution of the contact resistance over a series of stability
tests

Figure II1.10 (page 89) shows the evolution of the average contact resistance of heater
4 over a whole series of stability measurements for a pulse duration of 150 us, an
operating temperature of 4.2 K and a background magnetic flux density of 8 T. The
average contact resistance remained relatively stable all through the measurements
with an average value of 3.83 2 and a standard deviation of 0.26 2. No error bars
are reported here since the series of measurements were not systematically repeated.
For comparison, single measurements at 293 K and 77 K at 0 T are given in Fig-
ure II1.10 (page 89). The contact resistance increases with decreasing temperature
as expected with carbon charged resin. In this case, the contact pressure could not
fully compensate the increasing resin resistance with decreasing temperature as it
was speculated for heater 2.

1I1.8.4 Conclusion on contact resistance measurements

Despite the efforts taken in maintaining and positioning the tip of the heater onto
the sample, we could not reach a reproducible value of average contact resistance
from one heater to another. The thickness of the resin, remaining at the interface
between the heater and the sample, and the distribution of the actual contact areas
were undoubtedly different each time. This assumption could not be checked n
detail. Indeed, neither the thickness of the remaining layer of epoxy nor the actual
contact surface could be assessed due to the difficult nature of such measurements.
A similar issue is encountered in metal to metal contacts {9]. The current path
is constricted and the current flows through limited contact areas, which might be
smaller than the apparent contact area. The size of those areas is mainly determined
by the physical properties of the electrical contacts, the hardness of the materials
and the magnitude of the applied mechanical load. In a first approximation, it is
proportional to the contact surface and inversely proportional to the hardness of
contacts. In our case, the problem is more complicated. Indeed, charged pastes
are made-up of carbon powder and resin. Their structure is granular and they are
crumbly in nature. As a bulk, they are dominated by their heterogeneous structure
and are higlily friable. But as a film, the mechanical deformation becomes plastic.
Consequently, the shape of the contact cannot be predicted.

It seems that even a hard contact may not enable a good control of the contact
resistance. P. Bauer [10] tried this type of technology obtained by sputtering Ger-
manium onto a metallic tip which was strongly pressed onto flat samples. However,
he could not achieve reproducibility as well.

At this point, it is implicitly assumed that a reproducible contact resistance will lead
to a better reproducibility of Quench Energies measurements. This assumption is
somehow arbitrary since no clear evidence can be unveiled from our measurements
or can be found in the literature. As it will be shown in the subsequent section L5
(page 97), the steadiness of the contact resistance value did not lead necessary to
reproducible Quench Energies.

However, before presenting the results on Quench Energies and the influence of the
contact resistance on these measurements, we will introduce the phenomenoclogy of
normal zone growth and some issues related to the electric titanium mandrel.
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IIL3. A FEW RESULTS ON CONTACT RESISTANCE

I,, pulsed

G1l0 screw

Figure II1.11: Electrical sketch of the stability experimental
setup. The voltage drop across the heater, V), the voltage drop,
V1, aeross the heated zone and the voltage drop, Vs, along the
wire were recorded on a digital oscilloscope.

Table II.4: Voltage drops and the corre-
sponding distance between their voltage taps.

Voltage drop Distance (mun)
¥ L1=93
Vg L2ﬂ43
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IiL.4.

NORMAL ZONE TRANSITION
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Figure IT1.12: Voltage traces {magnified by 2.28) recorded during a
guench on a digital oscilloscope at 4.2 K, 8 T and 85% of I, and a
pulse duration of 1560 ps.

I11.4 Voltage trace recordings and phenomenology of
the normal zone transition

In this subsection, some voltage fraces, recorded on a digital oscilloscope, are pre-
sented. The localization of the voltage taps corresponding to these traces are de-
picted in Figure II1.11 (page 91), and the distance between these voltage taps are
summarized in Table 1114 (page 91).

The different Figures, presented hereinafter, show different voltage outputs obtained
for a pulse duration of 150 us at 8 T, 4.2 K and 95% of I (183 A). For each of them,
the following voltage traces are given:

- V, (black trace): across the heater.
- V4 (red trace): across the heated zone.
- V2 (blue trace): further away along the sample.

A small offset due to the current supply appears on voltage trace V. This ofiset
has been compensated to estimate the magnitude of the quench energy {see next
section II1.5, page 97).

Let us now describe the different plots in detail.

Figure I11.12 (page 92): This plot shows the development of a quench until the
DC power supply of the sample was switched off. The quench energy was calculated
to be 27 ul.

After the V}, pulse vanished, voltage trace Vi begins to rise linearly till it reaches
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[I14. VOLTAGE TRACE RECORDINGS AND PHENOMENOLOGY OF THE
NORMAL ZONE TRANSITION

a maximum when the transition to the normal resistive phase it fully completed
across the wire section it encompasses. Then, it decreases slowly toward a pseudo-
equilibrium. After a delay of a few milliseconds, the same trend is seen by voltage
trace V5. This delay corresponds to the time it takes for the normal zone to propa-
gate along the wire sample and reach the first tap of V5. This behavior was not quite
expected. After the full transition is completed, the voltage is expected to increase
further instead of decreasing. Indeed, due to heat generation, the temperature of
the copper matrix rises #ill the plateau of residual resistivity of copper is exceeded,
which usually takes place for a temperature between 20 and 30 K (see Appendix A,
page 234). Then, the resistivity increases and so does the voltage.

From our point of view, the cooling capacity of helium is only parily responsible for
the plateau of pseudo-equilibrium exhibited by the voltage traces after the onset of
the fudl transition. On one hand, the dissipated power normalized to the wetted sur-
face between voltage taps of V1 and ¥, at the maximum peak voltage are respectively
0.14 W/cm? and 0.05 W/em?, which is inferior to the minimum film boiling heat
flux in steady-state regime and drops down to 0.06 W/m® and 0.02 W/m® toward
equilibrinum. So, throughout the normal zone transition, the helium coolant stays in
the same nucleate boiling regime providing a good cooling to the sample. It would
allow a current redistribution between the copper matrix and NbTi filaments which
have turned back superconducting. On another hand, following the experience of
predecessors and the results obtained with a new experimental setup described in
chapter IV (page 103), it is an unexpected phenomenon. In addition to the above
possibility, it is likely that a second process can take place, which helps lowering the
heat dissipation into the wire. A plausible explanation appears to be the current
redistribution between the wire sample and the titanium mandrel onto which it is
wound. This redistribution would lower the current flowing into the copper matrix,
decreasing heat generation till a quasi thermal equilibrium is reached.

For this explanation to be true, the resistance of the copper matrix of the wire
sample must be of the same order of magnitude than the resistance of the titanium
mandrel when the pseudo equilibrium has been reached. If this condition is satis-
fied, the mandrel plays the role of an electrical shunt. At 4.2 K and 0 T, its average
resistance was measured equal to ~2.62 m{). To estimate the resistance R, of the
copper matrix of the wire sample at 4.2 K and 8 T, let us proceed as follows:

1+YL
Bm = pm —( ‘+“‘ ~ }‘—““w‘
Ay

Q] (I11.2}
where r is the copper to non-copper ratio, and A, the total cross-section of the
wire.

Let Vomay designate the maximum voltage taken at the height of the transition. The
transport current, I, is assumed to flow through the copper matrix?, neglecting the
presence of the mandrel for a conservative estimate. Then, it is possible to determine
the corresponding resistivity at 4.2 K and 8 T:

. " Aw Vamax
pm = (1 - 1-) S [om) (11L.3)

YWoltage trace Vi was not considered in the lollowing caleulation.
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Figure 1I1.13: Zoomed view of the current redistribution and
early stage of the normal zone propagation. Voltage traces
recorded at 4.2 X, 8 T and 95% of Ig and a pulse duration of
150 ps for a quench. The data were teken from an other series of
measurements than the series of Figure 111.12 (page 92).

where Ls is the distance between the voltage taps of Vs given in Table IT1.4 (page 91).
By substituting Equation IIL.2 into Equation II1.3, we finally get:

By = 2—2%—;5 (€] (I11.4)
From Figure II1.12 {page 92}, Vomax was equal to ~8.44 mV, I, to 183 A, and the
total length of the sample, L, to ~ 1.1 m. Subsequently, the resistance of the
copper matrix of the wire sample can be estimated to be ~1.2 mfl.
As expected, it is of the same order of magnitude of the resistance of the iitanium
mandrel. Thus, the current is likely to redistribute itself between the copper matrix
and the mandrel leading to a thermal equilibrium between heat dissipation and
helium cooling. In the present case, <2/3 of the transport current flows in the
copper matrix while >1/3 flows in the titanium mandrel.
This hypothesis was further verified with the new experimental setup described in
the next section where the wire is mounted on a G-10 holder. Then, no such behavior
of the voltage traces was recorded afier a full transition occurred. As expected, they
either disappear when the wire recovers its superconducting state or diverges when
it undergoes a quench.

Figure I11.13 (page 94): This output, which is taken from a different measure-
ment than the one featured in Figure I11.12 (page 92), but which corresponds to the
same experimental conditions, details the linear increasing portion of voltage traces,
V; and Va. The transport current being dumped into the copper matrix where
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Table IIL.5: Slope of the linear incressing part of voltage V) and V5 and the corresponding
Normal Zone Propagation Velocity.

Number of nor-
Figure Voltage drop mal zone propa- | v (m/s)
gating front, n

Figure 111.13 1 2 12.9
Figure I11.13 s 1 10.9
Figure I11.12 1 2 124
Figure IIL1,12 Va 1 il4d

resistivity remains constant below ~20 K, the voltage along the wire increases ap-
proximatively according to the length of the normal zone developing along the wire
(see chapter III, section TV.5.3.2 [page 154] for explanations on the quenched zone
estimation). Voltage drop Vi increases faster than V; since its voltage taps are
located on both sides of the heated zone thereby encompassing two normal zone
propagation fronts,

It is possible from voltage traces ¥ (i € {1,2}) to estimate the Normal Zone Prop-
agation Velocity. As we just mentioned, below 30 K, the resistivity of copper, pu,
remains steady. So, the voltages Vi (i € {1,2}) evolve according to the length, Ly,
of the normal zone developing along the wire encompassed by their respective pairs
of voltage taps. In the case of voltage Vi, the voltage taps are located on both
sides of the heated zone. We introduced then the coefficient n; (i € {1,2}), which
corresponds to the number of normal zone propagating front. Based on the voltage
slope method [11], we express the Normal Zone Propagation Velocity, v, as:

LA %
B ni(l +7')met dt’

Table II1.56 (page 95) summaries the values of the slope of V] and V5 and the cor-
responding Normal Zone Propagation Velocity. We found the expected order of
magnitude of tens of meter per second given in the literature [10] despite a possible
redistribution of current between the sampie and the mandrel. This redistribution
leads to an underestimation of the Normal Zone Propagation Velocity in the ratio of
the fraction of current fowing through the copper matrix. The differences between
the estimation from V] and V5 traces are thought to be related to the error on the
estimation of the length between the voltage taps. We do not think that the heater,
located between the voltage taps of V1, can explain this difference since it covers less
than 1% of the total wire surface.

v

Vie {1,2} [m/s] (I1L1.5)

Figure II1.14 (page 96): This figure is a zoomed view of the previous Fig-
ure I11.13 (page 94) on the very early stage of normal zone growth. In spite of the
low resolution, it is possible to distinguish a slight bump on V) occurring at the end
of the heat pulse. It is assumed to be related to the metastable growth of the normal
zone before the quench decision time has been reached. The normal zone grows to a
maximum, shrinks and takes off toward the full transition as the liquid helium sinks
the heat dissipated by the copper matrix till its capacity is overcome and the heat
generation finally takes over.
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Figure I11.14: Zoomed view of the early normal zone cre-
ation. Voltage traces (magnified by 12.5 for ¥}, and by 8 for
Vi) measured at 4.2 K, 8 T and 95% of J¢ and a pulse du-
ration of 150 us. The data correspond to the Figure I11.13
{page 94).
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Figure II1.15: Voltage traces (magnified by 1.5) recorded
at 4.2 K, 8 T and 95% of I and a pulse duration of 150 us
for a recovery.
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II1.5. RESULTS ON QUENCH ENERGIES

Figure IIL.15 (page 96): This plot displays an example of recovery. The cor-
responding energy was calculated equal to 26 uJ. The previous energy triggering a
quench was calculated equal to 27 pJ thereby demonstrating the good sensitivity
of the measurements of the quench energy, around 1 pJ. However, for this level of
sensitivity, no clear bump could be distinguished on voltage trace V; as it could
be seen in the previous figure. We expected to see such behavior since the energy
was expected to be close enough to the quench energy for the transport current to
redistribute into the copper matrix.

Due to the large distance between the voltage taps, only a few coarse details could be
derived from the early growth of the normal zone. It was not possible to see a clear
trend in the early stage of quenches and recoveries. In the new experimental setup,
the distance between voltage taps were shortened allowing to record with great pre-
cision the early growth of the normal zone. It was then possible to see a normal zone
growth during a quench and a recovery for the same sensitivity on the quench energy.

Nevertheless, interesting information can be derived from these recordings. It also
clearly demonstrated that improvements in the experimental setup were necessary
to see greater details on the normal zone growth and its propagation. The new
setup, which is described in the nexi sections, was designed bearing in mind these
requirements.

II1.5 Results on Quench Energies

In this section, we introduce results on Quench Energies and a few considerations
on the relationship between Quench Energy and contact resistance.

I11.5.1 DFEstimation of the Quench Energy

Pulse currents flew through the heater and along NbTi-1 samples as depicted in
Figure IIL.11 {(page 91). The pulse durations, 7,’s, were ranging from ~30 us to
more than 1.5 ms. The Quench Energy, which corresponds here to the dissipated
energy in the film layer of charged resin, E},, was calculated as followed:

Bo= [ (B Pt 1 (111.6)

Since the power supply had a small offset, the total electrical power consumed
by the heater, P, = V, x I,, was corrected by subtracting the continuous offset
power, FPagee, Over the pulse duration. A small power was then continuously dis-
sipated onto the sample, which was assumed to be absorbed by the liquid helium.

I11.5.2 Quench Energy measurements at a given contact resistance

For an average contact resistance of ~3.83 Q (see Figure I11.10, page 89), we per-
formed with heater 4 different Quench Energies measurements by varying the pulse
duration or the fraction of critical current at 4.2 K and 8 T. These measurements
are gathered in Figures II1.16 (page 98) and Figure II1.17 (page 98).

a7




IIL.5. RESULTS ON QUENCH ENERGIES

Range of expacied

55+ pseudo-plateau of the MQE
504 ¢
3 1 °
= la -
o 0 2
‘d"') 40 L7
c | 9,9
W g5 1o7¢ ¢
S 1 ]
c 304 9
o) 3l
- 1+1
T 250

20 T T T r

] i T I ] 1 * I v i T 1
0 200 400 600 800 1000 1200 1400 1600
Pulse duration (ls)

Figure I11.16: Energy dissipated by the Joule effect into point
charged heater 4 versus pulse duration at 95% of /. at 4.2 K in
Hauid helium and 8 T as measured on a NbTi-1 sample. The error
bars represent here the sensitivity of the measurement.
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Figure I11.17: Energy dissipated by the Joule effect into the point
charged heater 4 versus the normalized current for a pulse duration
of 150 us at 4.2 K in liquid helium and 8 T measured on a NhTi-1
sample.
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Figures II1.16 (page 98): This plot shows the evolution of the Quench Energy
obtained with heater 4 versus pulse durations at 4.2 K, 8 T and 95% of I,. The
Quench Energy appears to vary wildly at short pulse durations below a few hundreds
of microseconds. It happens despite a quasi-steady average contact resistance (see
Figure II1.10, page 89) and independently of the order of magnitude of the average
contact resistance. Consequently, it is not really possible to distinguish the pseudo-
plateau of the Minimum Quench Energy expected at pulse durations below ~100 ys.
The characterization of contact resistances is a difficult issue, especially with a friable
material as the charged resin. Some electrical and/or thermal effects, apparent to
noise, may have occurred in the transient state, but they could not be identified.

Figure ITI.17 (page 98): This plot shows the evolution of the Quench Energy
obtained with the same heater 4 versus transport current to critical current ratio
for a pulse duration of 150 us at 4.2 K and 8 T. In this figure, the error bars are the
standard deviation obtained at 150 us from Figure II1.16 (page 98).

The value of the Quench Energy decreases with increasing transport current. The
tendency is clearly depicted over the range of transport currents despite a large
uncertainty on the values of Quench Energies. Then, even if the value obtained at
87.5% of the critical current seems out of the trend, it is likely to come from an error
of measurement.

IT1.5.3 Quench Energy at different contact resistances

A similar campaign of measurements for two different average contact resistances,
at 5 mQ and 55 mf2, was carried out with heater 5 (see Figure 111.18). To increase
the resistance, the pressure exerted on the washers was slightly released. At these
values, it was necessary to increase the amplitude of the pulse current to dissipate
enough energy at the interface. Doing so, the direction of the pulse current com-
pared to the direction of the transport current affected strongly the magnitude of
the Quench Energy. Flowing in the same direction, the pulse current, represent-
ing about 5% of the total transport current, adds to the transport current and the
stability margin was lowered. Flowing in the opposite direction, the pulse current,
representing about 10% of the total transport current, reduced the apparent trans-
port current and the margin increased thereby requiring a larger Quench Energy.
For the measurements, we went for the latter setting. At 5 m{, the results remained
erratic. We could not distinguish any differences in the magnitude of the Quench
Energy between transport currents of 90% and 95% of the critical current. On the
contrary, for 55 mf2, this magnitude increased with decreasing transport current.
As was predicted, at transport currents closer to the critical current, the Quench
Energy decreases owing to a larger heat generation inside the wire.

In the end, it is amazing that the order of magnitudes of the quench energies ob-
tained with heater 5 is similar to the one obtained with heater 4 ; especially that
the contact resistance of this last heater is several orders of magnitudes larger than
that of heater 5.

The pulse durations were assumed to be short enough to unveil the pseudo-plateau
of the Minimum Quench Energy. However, only the first series of measurements at
55 m{2 (see Figure IIL18(b), page 100} shows the expected behavior.

No useful results were obtained with heater 7 since the lowest reachable contact
resistance was still too large for the capacity of the current supply, which saturated
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Figure II1.18: Quench Energy versus pulse duration at 90% and 95% of I, for
different values of contact resistance obtained with heater 5.
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at low pulse durations. The setup was further modified, but no improvements were
achieved.

II1.6 Conclusions on carbon paste point heaters

Our first try based on a mixed technology between the Carbon charged heater and
tip-heater did not lead to a noticeable improvement of both technologies. The relia-
bility of our setup was low. Most of the heaters burnt out either during the contact
resistance measurements or the stability tests. In addition, the whole assembly was
not easy to handle. Especially, it was necessary to use a microscope in order to en-
sure that the heater stayed in contact with the sample throughout the manipulation.
When the heater was in its final position, the average contact resistance ranged from
few hundreds of milli-Ohins to a few Ohms. This contact resistance could not be
simply adjusted by increasing or releasing the pressure without affecting the mea-
surements on quench energies. Besides, we could not achieve reproducible contact
resistances from heater to heater as it was initially planned. No clear correlation was
found between the contact resistance value and the Quench Energy. Especially, the
large variations of the Quench Energy measurements at short pulse durations do not
seemn to correlate with the comparatively small variations of the contact resistance
for one campaign of tests.

All the above data musi be considered with precaution because of a possible current
redistribution between the wire sample and its titanium mandrel.

Facing various difficulties related to the positioning of the heater, the presence of
the titanium mandrel and the lack of reproducibility of the quench energies, we de-
cided to switch owr attention to two different heater technologies: diode laser and
induction coil. Contrary to charged paste heaters, they do not require a physical
contact to be operated. It was then expected that:

- a befter reproducibility could be achieved,
- the pseudo-plateaun of the Minimum Quench Energy could be clearly unveiled,
- and more details on the early normal zone development could be seen.
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IV.l. LHC-TYPE NBTI WIRE SAMPLES, BATCH NBTI-2

HIS CHAPTER describes a new experimental setup involving two new heater sys-
tems: an induction coil and a diode laser. This setup was designed to resolve
the lack of reproducibility of quench energy measurements encountered with charged
point heaters.
The diode laser exhibits a large improvement compared to past heaters.
Difficulties were encountered with the induction coils, which could not be resolved
within the time frame of this work. This technology will not be detailed here.

IV.1 LHC-type NbTi wire samples, batch NbTi-2

In the following experiments, a new batch of LHC-02-type Cu/NbTi multifilament
composite wires was supplied by Alstom/MSA. The wires were slightly different
from those used in the preliminary study (see chapter II1, page 77). They will be
detailed in the subsequent section.

IV.1.1 Oxidation treatment of NbTi-2 wires

Samples NbTi-2 were mounted on the new experimental setup using a U-shaped
sample holder (see section IV.2.4, page 114). Their salient parameters are given in
Table IV.1 (page 106).

As already mentioned, for the previous samples NbTi-1, no special surface treatment
was applied to improve the contact resistance at the interface between the resistive
heater and the samples. However, with the new experimental setup using a laser
source to trigger normal zone transitions, a chemical oxidation treatment was applied
to the samples to improve their optical absorptivity. Indeed, previous measurements
on the same bare sample showed a poor optical absorption [1].

Figure IV.1 {page 107) shows one of these samples, which was oxidized over a length
of 3.52 mm. These oxidation treatments! are commonly used to obtain various colors
and crystallographic structures in electronic and metal finishing industries [2]. The
samples, used in our experiment, were blackened at CERN in the facility for surface
treatments®. These samples, ~1 m long, were soaked into an hydroxide chemical
solution of Bondenex® products (supplied by Alfachimici in Italy) and deionized
water. The whole bucket was heated at ~333 K for 20 to 30 min. It is possible to
control the penetration depth of the oxidant into bulk copper and the metallography
of the oxide layer by adjusting the time of exposure of the samples to the warm bath.
Indeed, the rate of cuprous oxide growth (CugO) saturates quickly, and, after a few
minutes, cupric oxide (CuO} yielding a genuine black color to the samples grows in
a larger quantity [3]. The maximum thickness of oxide is obtained after ~20 min.
Consequently, a thin layer of the order of few micrometers (<2 pm) of cupric oxide
and cuprous oxide mixture, which stains the natural reddish color of bare copper
with a shiny velvety black coloration, builds up on bulk copper®. Figures IV.1{b)
and IV.1(c) (page 107) show the micrographies of similar oxidized wires. It is barely
possible to see the oxidized layer in Figure IV.1(c) (page 107), whose thickness
remains inferior to the sensibility of the device. It was expected in view of the black

'Idea suggested by S. Calatroni, CERN.

"Realized by M. Marabella at the " Atelier des traitements de surface”, TS-MME-CEM /CERN.

IAdditional heat treatments, which were not applied in this case, is expected to improve the
adhesion of the cxidation on its substrate. The cuprous oxide decomposes around 1026 ° C at the
atmospheric pressure, which allows Lo use this colorizing process on unreacted NbzSn wires,
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Table IV.1: Salient parameters of NbTi-2 wires,

Diameter (1.822 mm
Twist 15.3 mm
Ratio: Cu/Sc 1.96

RRR 194 {150)7
Critical current density 9
at 7T, 4.2 K, Je 1720 A/mm

“Estimated in situ at CEA/Saclay ; used in the numerical simulation.

reddish color of the sample that a thicker thickness of oxide would grow. On one
hand, effects cansed by the polishing of the sample may have deformed the edge of
the sample cross-section masking a part of the oxide layer. On the other hand, this
may explain the low experimental coefficient of optical absorption (see section IV .4,
page 136).

With this procedure, the samples are entirely covered by the oxide layer. Then,
the excess oxide is chemically removed using a 50% diluted chloridric acid solution,
ietting only 2 to 5 mm of oxided copper at the middle of the sample.

I1V.1.2 Critical current measurements on batch NbTi-2 and com-
parison with batch NbTi-1

Figure IV.2 (page 108) shows comparative critical current measurements on batch
NbTi-1 and batch NbTi-2 and the corresponding fits* (see Appendix B, page 235).
A slight discrepancy appears between the two batches. This discrepancy results
from the difference in the design parameters of the samples,

No influence of the oxidation layer was observed on the critical current measurements
of samples NbTi-2.

IV.2 New setup for inductive and laser heaters

In the previous chapter, we described a preliminary experimental setup for which
we used a charged point heater. For this heater technology, various issues were un-
veiled. After different modifications of the heater assembly, difficulties inherent to
the physical nature of electrical contacts remained unsolved.

Alternative technologies were tried to address the problem of measurement repro-
ducibility and to improve the simplicity of the overall experiment. Among all possi-
ble technologies, induction coil and diode laser, appeared to be the most promising
candidates. It was expected that these new heaters would lead to a better repro-
ducibility since their operating principle does not require mechanical bonding to the
sample. Then, the energy transfered to the sample depends only on the intrinsic
physical properties of the metaliic stabilizer sheathing the superconducting wires.

*Fits provided by P.P. Granieri, Department of Electrical Engineering, University of Bologna,
Ttaly.
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3,5 mm

(a) Oxidized wire.

] T

(b) Cross-section of an oxidized wire. {c) Zoomed view on the edge of the oxidized wire.

Figure IV.1: View of oxidized Cu/NbTi wire samples, (a) an oxidized portion of a wire
ready for stability tests. (b) entire cross-section of a different wire. (¢} zoom on the oxidized
edge of this previous wire. The resolution of the optical microscope is not good enough to
see the oxidized layer, which is inferior to 2 pm.
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Figure IV.2: Critical current versus background magnetic field at 4.2 K
in liquid helium and atmospheric pressure for both samples. No ervor
bars are reported since the error was inferior to 1%.

As it will be shown in this section, our various goals have been partially fulfilled
owing to an entirely new experimental setup. This setup is made-up of a new ded-
icated probe for comparative measurements of the two new heaters. As we have
already mentioned, we will not describe the induction coils in this present work
since they could not give exploitable data. So, the diode laser, the probe and the
heater assemblies are subsequently described and some of their important features
are detailed. The feasibility of such a laser technology was demonstrated and repro-
ducible results were achieved. Calibration measurements were also carried out to
assess the accuracy of the results.

IV.2.1 Description of the diode laser

Principle of diode lasers: Diode lasers belong to the family of semiconductor
lasers. It is schematically a stack of adjacent light emitters. Each one of them is
composed of a depletion zone squeezed between a p-n junction (see Figure IV.3,
page 109). A current of 10 to 20 mA with a small voltage drop of ~2 V per emitter
is necessary to pump the diode®.

Physically, the applied electrostatic field reduces the potential barrier so that the
junction is forward biased allowing electrons of the conduction layer to migrate from
the n-doped side to the p-doped side. There, they recombine with positive holes in
the valence band by emitting photons. This process is large and fast enough to
stimulate the inversion of population in the optically active region with an electro-
optical efficiency up to more than 50 % [4]. The photon beams are amplified by

“The diode being palarized, it is important to respect the polarization of the current to avoid
its destruction.
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Low reflective

High reflective I
end | & outlet

regions

Figure IV.3: Schematic illustration of a laser chip making the
diode laser. In a diode laser, the concentration of recombining
carriers is large enough to produce stimulated photons for the
diode to emit very intense coherent light. To amplify the density
of photons, two mirrors, on which they rebound, form a Fabry-
Peyrot resonant cavity.

Figure IV .4: Diode laser and its pre-coupled optical fiber.
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Table IV.2: Salient parameters of the single-mode
diode laser at 203 K (used for stability measurements at
CEA/Saclay).

Maximum continuous
output power (W)
Maximum current (A) | 2
Numerical Aperture,
NA

Peak wavelength (nm) | 807.4 +10

1.35

0.06

reflecting at each end of the diode structure while being confined by guiding layers
in the depletion region. Additional optics collimate the photon beam to a coupled
optical fiber serving as a wave guide to propagate light from the source to the target.
Due to the compactness of the diode, overheat may damage the emitters and the
optics. Hence, they are embedded in an OFHC copper shell coupled to a heat sink
to maintain a steady temperature during DC operation. Figure IV.4d (page 109)
gives an overview of the OFHC copper shell and the pre-coupled optical fiber with
its connector attached to it.

In normal operation, the lifetimes of diode lasers are relatively long: more than tens
of thousands of hours. Degradation due to overheating and aging can be compen-
sated by increasing the current flowing through the p-n junciion or by operating
at a lower temperature (see subsection IV.2.3). Nevertheless, it is generally wise to
recalibrate the diode after several thousands of operating hours.

Diode laser as heater, a few characteristics: A single-mode diode laser (sup-
plied by Spectra-physics, US) of ~1.2 W, pre-coupled with an anti-reflection coated
optical fiber of ~30 c¢cm long, was used as a pulsed heater. This diode laser was
extended by an optical fiber extension to guide the laser beam as close as possible
to the sample surface.

Phenomenoclogically, the beam light strikes locally the surface of the superconduct-
ing multifilamentary composite wire. Consequently, the temperature of the sample
increases resulting from its interaction with the laser beam. It creates a normal
zone inside the bundle of superconducting filaments, which can expand or shrink
depending on the balance between dissipated energy and cooling conditions.

Table IV.2 summarizes the essential characteristics of the diode laser implemented
in our experiment®.

IV.2.2 Description of the pre-coupled and the optical fiber exten-
sion connected to the diode laser

Optical fibers are generally used as transceivers to transmit and receive data. So, a
jarge choice of standard optical fibers, used in telecommunications, are available.

5The Numerical Aperture is defined as the sinus of the half-angle at the vertex of the cone
containing 80% of the light energy. If © is this half-angle: NA = sin ©.

110




IV.2. NEW SETUP FOR INDUCTIVE AND LASER HEATERS

Connector SC

Figure IV.5: Picture of the optical fiber extension.

In our experiment, two standard optical fibers, available for telecommunication ap-
plications, were connected in series:

- an optical fiber directly coupled to the diode laser,
- a Silica-Silica optical fiber extending the previous optical fiber.

The optical fiber extension is shown in Figure IV.5 (page 111) while the pre-coupled
optical fiber is shown in Figure IV.4 (page 109). The extension was used to guide
the laser beam as close as possible to the sample. It propagates powerful light in
the visible and near infrared region.

In subsequent paragraphs, after a brief introduction on the principles governing an
optical fiber, we will mainly focus on the optical fiber extension whose tip has been
customized and whose environmental conditions are unusual for this type of fiber.
We will not detail the pre-coupled optical fiber. This standard fiber was supplied
with the diode laser. Being located at room temperature, it is used in its normal
condition.

Principle: An optical fiber is an electromagnetic wave guide made up of concentric
cylinders: a core of high refractive index, a cladding of lower refractive index, and
a protective sleeve (Figure IV.6, page 112). This peculiar structure allows guiding
the laser light along the fiber length by successive reflection at the interface of its
core and its cladding. The resulting wave propagates with low longitudinal losses
of the order of 10 dB/km. About 0.5 to 4 % of the light can be back reflected at
the outlet or at the entrance of the optical fiber depending on the presence or not
of anti-reflection coating,.

Optical fiber extension: In our experiment, an extra Silica-silica (SiQg) low
OH™ step index optical fiber (TCL100 supplied by SEDI, France) with a polyimide-

coated cladding protected by a Teflon® sheath was connected through a connector
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Core

Cladding
Protective sleeve

Figure IV.6: Schematic structure of an optical fiber with a pro-
tective sheath, a cladding and a coated core.

Small metallic needle -

Silica-Silica optical fiber

Figure IV.T: Tip of the optical fiber extension, which was cus-
tomized so that the heated area of the sample be as tiny as pos-
sible.

(standard SC) to the fiber pre-coupled to the diode laser. Therefore, the laser beam
was guided along 2.048 m measured from the diode located at room temperature to
the sample in liquid helium at the bottom of the cryvostat, including the length of
the pre-coupled fiber. The inner diameter of its core is 100 ym, which corresponds
to a multi-mode optical fiber [5]. Its numerical aperture is 0.22%0902 Thys, a cone
of light having a half-angle of ~ 13° flows from the tip of the optical fiber.

Customized tip of the optical fiber extension: The tip of the optical fiber
extension is made-up of Ultem® 1000R into which was glued a hollow metallic needle
(inner diameter of 300 pan) as depicted in Figure IV.7 (page 112). The cladding,
corresponding to the outer silica sheath of the wave guide, was glued inside the
metallic needle so as to rigidify the whole assembly. The basic idea was to control
the lightened area of the sample as much as possible by maintaining the tip of the
fiber tightly in place relatively to the sample.
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Figure IV.8: Sketch of the thermal regulation system of the diode laser
used at CEA/Saclay.

Parameters influencing the behavior of the optical fiber extension: As
discussed thereafter (section IV.3.6, page 126), environmental conditions may affect
the behavior of the optical fiber. In our case, the environmental parameters are:
eryogenic fluid, thermal cycling and background magnetic field. These are harsh
conditions surrounding the optical fiber extension. But, contrary to sensor optical
fibers which are especially designed to be highly sensitive to their environment, our
more conventional optical fiber is expected to be weakly influenced.

IV.2.3 Temperature control system of the diode laser

The diode laser being equipped with the optical fiber extension, a series of prelim-
inary stability experiments for which the wire sample had not been oxidized, has
been carried out (see details in reference [1]). The temperature of the diode laser
was not controlled at that time. However, its variations were observed with a Pi-
110 thermal sensor (supplied by Lakeshore, US) glued with Stycast® 2850FT to the
OFHC copper shell of the diode laser. The temperature changed during the day
according to changes in room temperature. The emission wavelength of the diode
laser depending on its operating temperature”, its output optical power for the same
forward current was likely to change during the day. Later, this phenomenon was
also observed while measuring the optical power versus forward current character-
istic at different operating temperatures (see section IV.3, page 121). Nevertheless,
at a given room temperature and in pulse mode operation, we did not observe any
temperature variations for pulse durations up to 1 ms.

For subsequent series of measurements for which a few millimeters of wire sam-
ple were oxidized, the temperature of the diode laser was controlled. Figure IV.8
(page 113) shows a sketch of the thermal regulation setup used in our experiment.
A thermal regulator was coupled to a Peltier clement (Ref: CP0.8-63-0.6, supplied
by MELCOR, US). This element was bonded with copper paste to the OFHC cop-
per shell of the diode laser and squeezed between the diode and its support. The

A discrepancy of about -0.3 nm/K is typical.

113




V.2, NEW SETUP FOR INDUCTIVE AND LASER HEATERS

thermal feedback was provided by the same P{-110 thermal sensor previously men-
tioned. Owing to the thermal regulation, we fixed the operating temperature of the
diode laser at 293 K for all subsequent stability measurements.

IV.2.4 New Probe for stability tests in liquid helium and in a vac-
uum

Both the induction and diode laser heater, and their related equipments were incor-
porated into a new probe dedicated to stability and critical current measurements
with an insulating sample holder based on a new design. Indeed, from our first
encounter with Quench Energy and Normal Zone propagation study, we anticipated
that an experimental assembly based on a VAMAS-type sample holder would not be
suitable to try simultaneously the two new heaters on the same setup. Especially,
this was a problem for the induction coil since the radius of curvature of the sample
wound on its mandrel was a penalizing constraint.

Our intention was to compare results on quench energies for both heaters in the same
environmental conditions. The availability at CEA/Saclay of a large bore cryostat
of 96 mm in diameter gave us this opportunity, and a complete new probe was de-
signed and assembled to operate easily both heaters.

In this subsection, we introduce the main features of the new probe which aimed at
addressing the lack of reproducibility of past experiments. We will only detail here:

- the sample holder,
- the positioning of heaters.

A detailed description of the entire probe is given in Appendix D (page 241). Some
parts are numbered. The numbers refer to the nomenclature defined in Appendix D.

IV.2.4.1 Localization of the diode laser

The diode laser is located at the top of the probe. An optical fiber extension allows
to guide the laser beam from the pre-coupled optical fiber to the sample located at
the bottom of the probe where is located the sample holder as described.

1V.2.4.2 (G-10 sample holder and maintaining of wire sample

The sample was mounted into a V-shaped groove milled onto a G-10 U-shaped
sample holder (see Figure IV.9(a), page 115). The opening angle of the groove
is 45° while its maximum depth is 1.5 mm. To avoid any displacements of the
sample in its lodging under the Lorentz’s force, two G-10 pieces (17) with lugs
pushed the wire toward the pit of the groove and two customized springs, made-up
of CuBe elastic washers, helped tensioning it (Figure IV.11, page 116). A portion
of the sample holder was flattened to receive two adjusting pieces made-up of G-10
(Figure IV.9(b), page 115). These pieces helped to position and maintain the heated
portion of the sample in front of the tip of the optical fiber extension.

This assembly was designed to limit the possible displacements of the sample and to
control in a reproducible way the distance between the tip of the optical fiber and
the surface of the sample.
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(a) Bottom view of the sampie holder. (b) Flattened part of the sample holder.

Figure IV.9: (a) Bottom view of the G-10 sample holder (20}, six voltage taps are
soldered to the sample, two G-10 pieces with lug (17) maintain the sample at the pit of
the V-shaped groove machined into the sample holder ; (b) flattened part of the sample
holder to receive two adjusting G-10 pieces to position the oxidized heated zone in front
of the tip of the optical fber.

{a) Maintaining of the tip of the optical (b} Localization of the coils.
fiber

Figure IV.10: (a) metallic assembly to maintain the position of the tip of the optical
fiber at a distance of less than 1 mm from the sample to ensure that the entire cone of
light strikes the wire surface ; (b) localization of the heater and refevence coils.
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Inner stainless
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Induction coil and pads = G-10 pieces

Figure IV.11: Maintaining of the tip of the optical fiber
plus the various systems to clamp the sample onto the sam-
ple holder. The G-10 sample holder is not shown to better
detail the clamping systems.

1V.2.4.3 Positioning of the heaters onto the sample holder

Tip of the optical fiber: A dedicated metallic assembly, depicted in Figure IV.10(a)
(page 115), was designed to maintain the tip of the optical fiber in front of the sample
at a distance of less than 1 mm. This short distance ensured that the entire cone of
light coming out of the fiber illuminates only the wire surface® {(see paragraph IV.3.8,
page 133). The tip of the optical fiber was located at the center of the active zone of
measurements (see Figure IV.9(a) [page 115] and next subsection IV.2.6 {page 120]).

Induction coils: Two induction coils were mounted in series on the sample holder
(see Figure IV.10(b), page 115):

- a heater coil (coil 9) with the wire running through it,
- a reference coil (coil 6) with no wire inside.

The heater coil used to excite the wire was located a few millimeters away from
the tip of the optical fiber. The reference coil was glued to the sample holder at
about ~5 mm above the heater coil (see Figure IV.10(b), page 115). The fixation
was necessary to avoid its displacement under the torque developed by the magnetic
coupling with the background field. No particular precaution regarding the shielding
of the coils has been taken.

Figure IV.11 (page 116) details the different assemblies to position and tension the
sample and to maintain the tip of the optical fiber.

#As mentioned in the subsection 1V.2.2 {page 111), the numerical aperture of the optical fiber
extension is 0.22 22 corresponding to a cone of light having a half-angle of ~13°.
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Figure IV.12: Electrical sketch of the acquisition system and the power cir-
cuitry. The blue lines correspond to wires for low-voltage measurements, the
black lines to power cables and the green lines to RS232 and GPIB cables.
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Figure IV.13: Localization of the pairs of voltage taps and of the
heaters along the wire sample.
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Table IV.3: Distances between voltage taps.

Voltage drops

Distance (mm)

VCC
vy
Va
Va

37

5.9
7.2
7.3

IV.2.5 Electrical equipments, acquisition system and voltage local-
izations

Figure TV.12 {page 117} shows the electrical sketch of the stability tests. This
sketch will be deseribed in the following paragraphs. Details on the localization
of the voltage taps, the acquisition system and the various equipments used in the
stability tests are also given.

Voltage identification, localizations and data acquisition devices: In ad-
dition to the pair of voltage taps, Ve, used for critical current measurements,
three other pairs, some with common taps, have been soldered onto the wire, ¥}
(i € {1,2,3}), to carry out differential voltage measurements. Voltage drop Vi
records the normal zone generation in front of the tip of the optical fiber while volt-
age drops ¥ and V3 are used to assess Normal Zone Propagation Velocity along
the sample. Figure IV.13 (page 117} shows the localization of the pairs of voltage
taps along the wire sample while Table IV.3 (page 118) gives a summary of typical
distances between the pairs of voltage taps. The error on their visual measurements
was equal to about £0.5 mim. These distances are necessary parameters to estimate
the Normal Zone Propagation Velocity from the voltage traces, ¥ and Vi, and, in
some cases, the quenched zone from voltage trace ¥ (see section IV.5.3, page 152).
Two additional pairs of voltage taps, Vi and Vpa, were also used to recard the
voltage drops across respectively the reference coil and the heater coil. To calculate
the optical energy flowing from the diode laser, the monitored current of the diode
laser driver PCX-7410 (Directed Energy, Inc.), Ig, is also recorded through an in-
ternal resistance of 50 mS}. Similarly, the pulse current of the coils, Iy, supplied by
a pulse generator (AV-108A-3-C, Avtech), is measured owing to a calibrated shunt
of 50 mQ (shunt 1). Table IV.4 (page 119) summarizes the different voltage drops
and their corresponding devices. These devices are detailed in Table IV.5 (page 119).
A thermal sensor attached to the bus bars measures through a Voltage-to-Temperature
transducer the temperature of the sample during the stability tests.

The all set of acquisition equipments is connected to the power network through an
isolation transformer.

Electrical power equipments: The transport current, measured with a shunt
(shunt 2) in series with the sample, is driven by a water-cooled DC power supply
(DRUSH, Germany). This power supply, controlled by an analog ramp gencrator
model A-33 (supplied by Bouhnik, France), can supply up to 1000 A to the sample.
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Table IV.4: Voltage identification, localization, and acquiring devices.

Voltage drop Ioc.:a.hzatlon and Use Acq-ulsstlon
origin device
. critical current mea- | DMM 2182 nano-
Vee across the wire
surements voltmeter
v across the heated | Normal zone gener- | Digital oscilloscope
! zone ation DL708
. Normal Zone Prop- | Digital oscilloscope
Vi V e Wir
2 and Vs along the wire agation Velocity DL708
v across the reference | energy yielded by | Digital oscilloscope
B1 coil the reference coil DL708
v across the heater | energy yielded by | Digital oscilloscope
B2 coil the heater coil DL708
current  of  the { estimation of the .. .
. Digital oscilloscope
Iy Avtech power | two previous ener-
. DL708
generator gies
current ?f the dmd.e estimation of the | Digital oscilloscope
Is laser driver {moni- ontical ener DL708
tored current) P &y
Table IV.5: Description of the main electrical equipments.
Devices Brand Settings

DC power supply

Drush (Germany)

0-1000 A, water cool

Pulse generator AV-108A-
3-C

Avtech (Canada)

0-200 A peak {0 to 20 V),
squared pulse widths from
1nsiolms

Laser diode driver PCX-
7410

Directed Energy, Inc. (US)

10 mA-10 A (218 V),
squared pulse widths from
1 us to 1l ms

DMM 2182 nano-voltmeter

Keithley (US)

integration rate: 83.33 ms,
gain: 10%, no active filter

Digital oscilloscope DL708

Yologawa (Japan)

isolated inputs, 10 AIS/s,
5 mV/div

Voltage-to-Temperature
transducer

Cristel (France)

galvanic isclation, 1.8 K to
TTKat0-10V, 1 A

Multichannel PC  card,

RS232 National instrument (US) PCI-6031E
PC card, GPIB-IEEE 488.2 | National instrument PCI-GPIB

8/a Sanples per soeoud.
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Figure 1V.14: V-I characteristic of NbTi sample at 7 T and 4.2 K. The
current, ramp speed was 65 A /min.

The DMM 2182 nano-voltmeter, the Voltage-to-Temperature transducer, and the
voltage taps across the shunt are connected to a multichannel PC card via RS5232.
A digital oscilloscope Yokogawa DLT08 is also connected to the PC via GPIB. The
measurements were carried out in differential mode. All devices are controlled by
Labview® 6.0. The data are subsequently analyzed using Matlab® 6.1 and Origin®

6.0.

IV.2.6 Current redistribution and definition of the active zone of
measurements

At the round edges (having a radius of 8 mm) of the U-shaped sample holder, the
current direction, which on the straight vertical parts of the sample holder is aligned
with the direction of the background magnetic field, changes. Its direction becomes
perpendicular to the field direction over 12.5 mm of sample. In the transition zone,
a fraction of the current flows back and forth from the superconducting filaments o
the metallic matrix due to inductance shift. This resulting current-transfer causes a
slight heat dissipation in the copper matrix of the wire. The V-I characteristic can
exhibit a linear region at low transport current until the usual resistive transition is
approached.

Qur concern was to determine an “active zone of measurements” for which no
current-transfer was distinguishable. It would indicate that the redistribution of
transport current from the copper matrix into the superconducting filaments is fully
completed and that no additional heat sources come into play. Therefore, we ar-
bitrary fixed the distance between the voltage taps at 40 mm out of the 63 mm
available. The available length is the useful zone of measurements for which the
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direction of the background magnetic field is perpendicular to the wire (see Fig-
ure IV.9(a), page 115). For this distance, we checked posteriorly that the shape of
the voltage traces during critical current measurements did not present a constant
slope at low transport current as it would be expected from current-transfer [6].
Figure IV.14 {page 120) gives an example of such measurements at 7 T, 4.2 K. The
voltage was read out from the nano-volmeter while the current was ramped linearly
in time [7]. For the first 150 A, some voltage variations appear across the sample.
This phenomenon is an artifact of the regulation of the DC current supply. Subse-
quently, the voltage vanishes and remains zero as long as the voltage transition does
not occur and the wire is still superconducting.

In the present case, the eritical current is measured equal to 320 A with the electric
field criterion of 0.1 pV/cm. This value is slightly higher than the value given by
Alstom/MSA, thus showing no degradation of the oxidized sample.

IV.3 Determination of the optical energy produced by
the diode laser

To determine the real amount of energy absorbed by the sample, it is first neces-
sary to estimate the energy delivered by the diode laser equipped with its optical
fiber extension. The following sections will introduce the method used for such a
determination. At first, a preliminary series of measurements has been carried out
to estimate the influence of the diode laser temperature control, and of the SC con-
nector between the optical fibers on the output optical power.

The diode laser being characterized, a second series of experiments was subsequently
carried out to quantify the influence of environmental parameters such as tempera-
ture and thermal cycling on the optical transmission of the optical fiber extension.
Finally, these parameters were quantified and the optical energy delivered to the
sample was accurately estimated.

Before dealing with the influence of these parameters, it is first necessary to describe
the optical power versus forward current characteristic of the diode laser and the
experimental setup used for its measurement.

IV.3.1 Description of the experimental setup

In addition to a preliminary calibration of the optical energy of the diode laser
equipped with its fiber extension carried out at 293 K, a series of measurements for
which the temperature of the diode laser was monitored has been also conducted
and the results are presented in the next section.

Our goal was to estimate the influence of the temperature of the diode laser on its
behavior (see section IV.2.3, page 113).

Figure IV.15 (page 122) shows the experimental setup to carry out these different
tests. Current pulses of 100 kHz with a duty cycle of 95% were supplied by the diode
laser driver to simulate DC measurements®. The optical power was then recorded
by a powermeter Fieldmaster!? and a silicon photodiode disk sensor equipped with

YIndeed, it was not easy to replace this driver by a DC power supply in view of our circuitry, It
would have led to unnecessary modifications of the experimental setup.

1This device can also be used as energy meter for pulses ranging from tenths of microseconds to
more than 1 s,
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Figure IV.15: Sketch of the experiment to measure the opti-
cal power versus forward current characteristic of the diode laser
equipped with its optical fiber extension.

a 1000:1 attenuator (all three supplied by Coherent, Inc., US). This attenuator
densifies the laser beam before it strikes the semiconductor sensor. Is sensitivity
was found independent of its distance to the tip of the optical fiber as long as it
was totally illuminated. The best accuracy, which is dependent on the geometrical
characteristics of the beam, was reached at the center of the disk.

IV.3.2 Characterization of the diode laser

Figure IV.16(a) (page 123) illustrates a typical measuremnent of the optical power
versus forward current characteristic. In this case, it was carried out for a diode
temperature of 293 K.

The optical power versus forward current characteristic of diode lasers is constituted
of two distinct parts. Af first, the diode laser is said to be in a LED phase for which
the energy yielded to the junction is not large emough to transit the semiconduc-
tor. The emission of light is spontaneous and chaotic resulting in noise and poor
cfficiency. So, the optical power remains nearly zerc at increasing forward current.
When this current approaches and passes the so-called threshold current, the cre-
ation of photons exceeds the recombinations and the laser effect takes place. Then,
there is a boost in the output optical power and the noise level decreases. This
boost is intense at first and subsequently decreases slightly with increasing current
toward a constant rate of increase. No clear explanation on this slight bumpy shape
could be derived from our measurements. It is certainly related to a thermo-optical
process which may change the behavior of the quantum cells at increasing current!?,
According to the manufacturer, a maximum forward current of 10% above the spec-
ified maximum current can be used in DC operation, while a larger current can
be sustained in single pulse mode [8]. However, this operating mode may age pre-

1A correlated effect would be the appearing of electromagnetic transverse modes in the cavity,
which might give a push to the optical power before it disappears at increasing current. However,
this interpretation must be taken with cares as no experhimental evidences support this hypothesis,
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Figure IV.16: Optical power versus forward cwrrent characteristic of the
diode laser measured at 293 K. (a) typical measurement leading to the de-
termination of the slope efficiency and the threshold current of the diode
laser ; (b) influence of the powermeter settings on the optical power mea-
surements.
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maturly the diode laser.

From Figure IV.16{a) {page 123), it is possible to estimate the main parameters
characterizing the quality of the diode laser. These parameters are: the threshold
current and the slope efficiency. The two above mentioned phases, LED and laser,
can be approximnated by two straight lines of different slopes. In first approximation,
the interception of these lines defines the threshold current. We estimate the error
in the visual determination of the threshold current at about +2%. From the line of
larger slope corresponding to the laser phase, we can derive the slope efficiency. In
first approximation, these parameters can be used to calculate the power delivered
by the diode laser and, knowing the pulse duration, to estimate the pulse energy.
However, it only yields accurate values at large forward currents since the optical
power versus current characterirstic shows a non-linear behavior near the threshold
current. To take into account all the range of forward currents, a different interpo-
lation of the data was implemented, which is further discussed in the section IV.3.7
{page 129}.

IV.3.3 Setting of powermeter and accuracy of measurements

To reach the best accuracy on the optical power versus forward current measure-
ments, it is necessary to set the powermeter at a wavelength corresponding to the
lager wavelength.

Laser wavelengths shift with temperature. For diode lasers in the range of 800 nm,
it is ~0.3 nin/IK at most [8]. In our case, the temperature of the diode laser was
monitored at &5 K around 293 K. So, the corresponding variation of wavelength
was at most 3 nin inferior to the 807 nm given by the manufacturer at 298 K. This
variation is still in the range of =10 nm corresponding to the accuracy of the laser
wavelength and the sensitivity of %10 nm of the powermeter. This statement was
checked by performing two measurements at 293 K for two different wavelength val-
ues set on the powermeter. The results are given in Figure IV.16(b) (page 123).
These values surround the ~805.5 nm [(807-3) nm/Kx5 K] of the diode laser at
this temperature. A different setting of the receptor wavelength leads to a different
slope efficiency. This difference was roughly quantified equal to ~0.002 W/A /nm,
which can be neglected compared to the slope efficiency values given in Table IV.6
(page 126). In addition, for these different settings of the powermeter, no change
was observed on the threshold current. Therefore, we fixed the wavelength of the
powermeter at 810 nm for all subsequent measurements performed on the diode laser
and its optical fiber extension.

1V.3.4 Influence of the connection between the optical fiber exten-
sion and the pre-coupled optical fiber

Data from the manufacturer, provided at 298 K, were also compared to our measure-
ments at the same temperature. The results are given in Figure IV.17 {page 125). As
expected, the threshold currents correspond. However, a discrepancy of ~16% was
estimated between the slope efficiency given by the manufacturer and our estima-
tion. This discrepancy is thought to be related to the presence of the SC connector
between the two optical fibers. It is well within the range of typical losses in such
connectors {from 10% to 20%) [9].
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Figure IV.17: Influence of the connector on the optical power versus
forward current characteristic of the diode laser.
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Table 1V.6: Summary of salient parameters of the diode laser.

Temperature of Wavelength set .
the diode laser on the Threshold slope efficiency
(K) powermeter current (A) (W/A)
(nm)
807 {laser
208" wavelin zth) 289 0.776
288 810 255 0.705
293 810 270 0.690
208 810 280 0.660
293 800 270 0.710
77b 810 270 _ 0.670

2Data provided by the manufacturer.

bTemperature of the eptical fiber extension.

IV.3.5 Influence of the temperature control of the diode laser

Figure 1V.3.3 (page 125} summarizes measurements taken at three different tem-
peratures of the diode laser: 288 K, 203 K and 208 K. These temperatures were
controlled owing to a Peltier element.

It appears that the slope gets steeper at lower temperatures and that the thresh-
old current decreases slightly. This implies that the laser effect appears at lower
forward currents and that larger output optical powers are reached for the same for-
ward current. We estimate the influence of the temperature to be ~2.5 mA/K on the
threshold current and ~4 mW/A/K on the slope efficiency. Table IV.6 (page 126)
summarizes the results of the various measurements that were carried out.

In continuous mode operation, for which the temperature can increase by a few tens
of degress, it is necessary to stabilize the temperature of the diode to maintain its
beam quality.

IV.3.6 Parameters influencing the behavior of optical fibers

The previous section dealt with various parameters which have to be taken into
account for a fypical diode laser characterization. In our application, however, ad-
ditional factors may change the optical power versus forward current characteristic
of the diode laser equipped with its optical fiber extension. Indeed, the optical fiber
extension is partially immersed into a cryogenic environment which can induce ad-
ditional transmission losses.

In the following section, we briefly review the different parameters which can influ-
ence the behavior of the optical fiber during our tests. These parameters are:

- cryogenics,
- mechanical stress,
- electromagnetic environment.

Except for the subsequent paragraph on the influence of crvogenic environment, we
mostly restrain our discussion to general facts. Indeed, very few experiments have
been purposely carried out to quantify the influence of the other parameters.
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Figure IV.19: Schematic drawing of the test carried out to study the
influence of the cryogenic environment on the optical fiber.

Cryogenic environment: At low temperature, the optical fiber is partly wetted
by liquid helium. So, a thermal gradient of about 289 K develops along the fiber.
To the best of our knowledge, no thorough investigation of the light transmission
of standard glass optical fibers in the presence of a cryogenic fluid has been carried
out so far. Consequently, we did the following simple investigation. At first, we
performed a simple visual check by dipping the optical fiber extension into liquid
nitrogen. No dispersion of the beam was observed. Then, we measured the charac-
teristic of the diode laser with 2/3 of the optical fiber extension immersed into Hquid
nitrogen (see Figure IV.19, page 127). This wetted length would correspond to the
maximum length of the optical fiber in the cryostat for which the temperature is
below ~110 K.

Figure IV.20(a) (page 128) shows a comparison of the measurements at room tem-
perature and in boiling liquid nitrogen at 77 K. No difference was observed on
the threshold current. However, there appears to be a decrease in the slope ef-
ficiency of ~5% corresponding to a discrepancy of ~0.2 mW/A/K. This discrep-
ancy is likely to be of mechanical origin rather than purely temperature dependent.
Following this assumption, since most of the thermal shrinkage happens between
room temperature and ~100 K, the behavior of the optical fiber must become in-
dependent of the temperature below that. Nevertheless, extrapolating the previ-
ous value of ~0.2 mW/A/K from 77 K to 4.2 X, we find a slope efficiency de-
crease of ~0.015 W/A, which can be neglected compared to the slope efficiency of
~0.627 W/A found at 77 K.

So, it appears relevant to use the optical power versus forward characteristic of the
diode laser at 77 K to calculate the optical pulse energy flowing from the tip of the
extension optical fiber instead of our preliminary measurements at 293 K.

Mechanical stress and cracks: Optical fibers are highly stress sensitive. Cracks
in silica can easily occur thereby modifying the behavior of the entire wave guide.
Even if the processes of fabrication reduce most of the defects, some flaws remain
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(b) Reproducibility of the measurements after thermal cycling the optical fiber ex-
tension.

Figure IV.20: Influence of the eryogenic environment on the optical fiber. (a)
measuremnents carried out while 2/3 of the optical fiber extension was immersed
into boiling liquid helitm and at room temperature ~293 K. (b) influence of
thermal cycling on the optical fiber extension.
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which may result in the propagation of cracks due to harsh environments. Bending
stresses are likely to be the main origin of aging during storage or operation. For
the pre-coupled fiber [9), the minimum radius of curvature at room temperature,
reconunended by the manufacturer, is ~7 em. It is about 14 em for the optical fiber
extension [10]. These values are lower at cryogenic temperatures as the thermal
shrinkage reduces the mechanical toughness of the brittle glass material. In our
design, we were very careful to avoid excessive bending by maintaining the fiber
straight.

However, this does not prevent the fiber from aging due to thermal cycling. The
resulting mechanical cycling can create and propagate cracks as well*2. So, we have
left some slack in the mounting of the optical fiber extension so as to accommodate
differential thermal shrinkages.

If we refer to the literature, very few mechanical studies in the presence of cryogenic
coolant have been performed (see Matthewson’s works on the mechanical aging of Sil-
ica optical fibers [12]). So, we carried out a simple experiment by cycling a few times
the optical fiber to liquid nitrogen. The results are presented in Figure IV.20(b)
(page 128). There is a slight difference in the threshold cwrrent (~10 mA) and the
slope efficiency (~0.015 W/A). However, it stays within the error of measurements
and no conclusion can be reasonably drawn from these results. For a systematic
study, further experiments are necessary. For now, we shall neglect the influence of
thermal cycling of the optical fiber.

Background magnetic field: Silica being non-magnetic and standard fibers be-
ing designed to be weakly sensitive to magnetic disturbances, we did not observe
any influences of the background magnetic field during our various stability tests.

IV.3.7 Estimation of the optical energy flowing from the optical
fiber

The optical power versus forward current characteristic measured for a diode laser
temperature of 293 K and 2/3 of the optical fiber extension wetted by liquid nitrogen
is our reference plot to estimate the optical energy. In our experiment, a current
pulse is supplied to the dicde laser. Then, this current pulse is converted into an
optical power pulse that strikes the wire sample. To determine the optical energy
that is deposited, we simply have to integrate the time evolution of the optical power
pulse calcilated from the current pulse using the characteristic.

In this subsection, these different operations are chronologically presented:

- interpolation of the optical power versus DC forward current
characteristic,

- conversion of current pulse into optical power pulse,

- Integration of the optical power pulse to estimate the pulse energy.

Interpolation of the optical power: To estimate the optical power flowing out
of the tip of the optical fiber following the variation of forward currents, we did not

hed . . » . r - . . *
2 Possible water condensation on the fiber during warming up of the experiment is not taken into

account even if hydroxide ions O™ participate actively in the growth of cracks and may accelerate
consequently the aging of the fiber {11].
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Figure IV.21: Examples of current pulses for two different pulse durations.
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Figure IV.22: Optical power pulses resuiting from numerical treatment of
the current pulse data of Figure IV.21. Also marked on the plots is the total
integrated energy.
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Table IV.7: Minimum pulse durations achieved with the

diode laser.
80% of I, 85% of I
5T 30 ps 20 ps
6T 30 ps 20 ps
77T 40 ps 30 ps

use a linear interpolation as could have been suggested by Figure IV.16(a) (page 123).
This linear interpolation could not approximate with accuracy the behavior of the
diode laser at low forward currents. The best fit, over the all range of forward
current, was achieved by a cubic spline interpolation. Further discussions are given
in Appendix C (page 238).

Current puise and resulting optical power pulse: The current pulse used
to trigger quenches in wire samples is a square-shaped pulse having a short rise
and fall-times of less than 1 ps. The minimum achievable pulse durations, which
depend on the maximum admissible output power of the diode laser, are given in
Table IV.7 (page 131)'3. The maximum pulse duration was up to 2 ms in order
to remain within the pseudo-plateau characterizing the Minimum Quench Energy.
Two examples of current pulses corresponding o two different pulse durations are
given in Figure TV.21 (page 130).

This current pulse is transformed into an optical power pulse using the optical
power versus forward current characteristic of the diode laser with the optical fiber
dipped into liquid nitrogen at 77 K. Figure IV.22 {page 130) is the resulting output
corresponding to Figure IV.21 (page 130). This plot is subsequently integrated to
estimate the pulse energy fiowing from the tip of the optical fiber.

Calculation of the optical energy: After converting the current pulse into an
optical power pulse, Py, the optical energy pulse, Ej,, flowing from the tip of the
optical fiber is integrated using a trapezoidal method:

E, = / Powdt  []] (Iv.1)
p

where 7, is the pulse duration. The error on the numerical estimation of the pulse
energy, which was evaluated by adjusting the time of integration, is less than ~1%.
This energy pulse is different {rom the energy really absorbed by the illuminated
sample. Only a fraction of this energy is really dissipated ; this point is discussed in
the next section IV.3.8 (page 134).

IV.3.8 Estimation of the energy absorbed by the sample

In the following section, we introduce some considerations on light scattering by
liguid helium and we briefly deal with the optical behavior of the sample.

B95% of I. is nol given since we used the limit estimated at 85% of I..
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Figure IV.23: Definition of the different parameters to estimate the thick-
ness of gaseous helium resulting in a to$al reflection of the outer rays of light
flowing from the tip of the optical fiber (not to scale). {a) intersection of a
ray of light and gas-liquid helium interface, (b) magnified triangle (ABC), (c)
representation of the optical fiber extension and sample.
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Refractive index of helium and light scattering: For low temperature mea-
surements, the laser beam flowing out of the tip of the optical fiber extension propa-
gates in liquid helium before striking the surface of the sample and interacting with
it. The optical properties of this medium may induce some scattering and diffusion.
A priori, the liquid helium scattering can be assumed to be relatively weak. The fluc-
tuations of refractive index are due to density fluctuation in the liquid (as vortexes),
which turns into light scattering [13]. Therefore, as long as the power dissipated
inside the superconducting wire sample does not lead to a phase change in the bulk
of helium, the light propagates in the liquid helium with a low diffraction. The
refractive index of liquid helium I at 4.2 K is ny ~1.0245 while the refractive of cold
gaseous helium is ne ~1.0034 [14].

If a film of vapor forms near the surface of the wire sample, the ray of light coming
from the liquid will be diffused at the liquid-gas interface. As an example illus-
irating the influence of gaseous helium, let us consider the geometry illustrated in
Figure IV.23 (page 132), which is representative of the actual experimental setup.
Starting from Figures IV.23(a) and IV.23(b) (page 132), let us estimate the max-
imum half-angle fyax of the cone of light flowing from the tip of the optical fiber
extension as a function of the thickness of the vapor film, a, such that the outer
rays of light are back reflected at the helium-gas interface. To simplify the model,
we assume that all rays of light flowing from the optical fiber tip cross at the apex
of the cone of light corresponding to the numerical aperture of the optical fiber ex-
tension. In addition, we do not consider the nucleation of helium bubbles (for more
information on helium scattering and boiling helium, see reference [15]).

At the liquid-gas interface, Descarte’s law yields the maximum angle of incident ray
of light, dmax, such that there is total reflection:

(max = arcsin (%?-) (IV.2)

A numerical applcation gives a maximum angle of 78°. Using relations in a triangle,
we can write:

sin(fmax) _ sin{dmax ) (1V.3)
(Rw +a) (R +4d)
In our case, d is the maximum distance between the apex of the cone of light and the
sample. This distance is such that the outer rays of the cone of light corresponding

to the numerical aperture of the optical fiber strike the wire surface as described in
Figure IV.23(c) (page 132), then:

R\':’
4= ey ™

(IV.4)

where Ry, =~ 0.412 mm is the radius of the wire sample. A numerical application
gives d = 1.8 x 1072 m. In first approximation, this distance can be considered as
the distance between the optical fiber tip and the sample since the distance between
the apex of the cone of light and the sample (~ (.22 mm) is negligible compared to
d {see Figure IV.23(c), page 132). The different parameters of the calculations can
be found in Table IV.8 (page 134).

Finally 8 is given by:

Qma};(a) = arcsin [(g:: i ;) Sin(‘;f’max):i (IV.B)
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Table IV.8: Parameters of caleulation.

Half-angle corresponding to the nu-
merical aperture of the optical fiber ~ 13°
extension, ©
Distance between the apex of the

. < 1.8 mm
cone of light and the sample, d
Radius of the wire sample, R, ~ 0.412 mm
Refractive index of liquid helium at ~ 10245
~4.2 K,
l?efractwe index of cold gaseous he- ~ 1.0034
lium, no
Incident angle for total reflection of
the rays of light at the liguid-gas in- 78°
terface, ¢max

Figure IV.24 (page 135) shows the evolution of Oy as a function of a. The line
defines the limit between total reflection and penetration of the outer rays of light
of the cone of light. The rays of light having a half-angle larger than the limit of
total reflection are back reflected while those of smaller half-angles penetrate the
helium bubble. 8y, ranges from ~10.5° for a thickness of ~ 1 pm to 13° corre-
sponding to the numerical aperture N A of the optical fiber extension for a thickness
of ~130 pum. Then, at ~ 1 pm, the rays of light having an angle between ~10°
and ~13° are totally reflected and do not reach the wire sample. For thicknesses
over ~100 pm, all the rays of light flowing from the optical fiber extension cross
the liquid-gas interface. Over the range of gaseous helium thicknesses, the variation
© — Bpax is small. Hence, only a small fraction of rays of light are lost at the early
stage of vapor helium formation. Practically, we have chosen to reduce as much as
technically possible! the distance d (as discussed in paragraph 1V.2.4.3, page 116).
Indeed, reducing this distance increases the number of outer rays of light penetrating
the gas-liquid helium interface. For example at a thickness of ~1 um, the distance
d for which the whole cone of light penetrates the gaseous helium is of the order of
1.4 mm.

At short pulse durations for which the power pulse must be large to trigger a quench,
a vapor of gaseous helium is likely to form rapidly over the surface of the sample and
light scattering may occur during the deposition of the energy disturbance. However,
at longer pulse durations (=100 us and more) for which the power pulse necessary
to trigger a quench is accordingly smaller, a film of gaseous helium may not form
during the initial energy pulse release. Nevertheless, helium bubbles are expected
to occur early during the initial disturbance which induce light scattering.

A rigorous caleulation would be necessary to quantify the real amount of light in-
tensity illuminating the wire surface and effectively absorbed in liquid helium con-
ditions. Tt was not carried out in this context.

T avoid sueh an issue, it is possible to collimate the laser beam by using a collimating or
focusing Jens at the outlet of the optical fiber extension.
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Figure IV.24: Estimation of the maximum half-angle of the cone
of light for which the outer rays are totally reflected as a function
of gaseous helium thickness.

Optical behavior of the sample and coefficient of optical absorption, e
The energy flowing out of the tip of the optical fiber extension is deposited onto
the sample. However, all this energy is not absorbed and a significant fraction of it
may be reflected. This section introduces briefly the coefficient of absorption used to
quantify the amount of absorbed energy. This coefficient will be determined using
a specific experiment which is described in section 1V.4 (page 136).

"The interaction between laser beam and matter leads to a certain amount of absorbed
light. This amount is quantified by a coefficient of absorption, € which ranges from
0 to 1. This coefficient is defined as the ratio between the average absorbed radiant
power and the total radiant power. It mainly depends on the physical properties
of the material, which are often magnetic field and temperature dependent. It also
depends on the surface cleanness and roughness of the material. However, it does
not depend on the intensity of coherent light.

In our case, it is quite difficult to estimate a priori this coefficient. Indeed, the
thickness of the heterogeneous oxide layer and its crystallographic structure are
unknown. Due to the thinness of the oxide layer, the copper material is likely to
participate in the absorption and reflection of light.

This oxide layer is composed of different semiconductors ; the optical properties of
such materials differ from metals [16] and rely on a specific phenomenology [17].
"This issue was not investigated in the present work.

Uncertainties related to sample geometry and proximity of the optical
fiber tip: The short distance between the tip of the fiber and the sample [18] and
the fact that the fiber is multi-mode (core of 100 pm diameter) |5] lead to a non-
homogeneous spatial distribution of the optical power in the material due to optical
interferences. Besides, as the laser beamn diverges at the outlet of the optical fiber
tip, it forms a cone which strikes the surface of the round wire sample. Consequently,
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Figure IV.25: Experimental setup used to perform calibration
measurements at CRTBT/CNRS with two types of bolometers at
0 T and liquid helium temperature.

the rays of light coming from the optical fiber reach the sample at various angles. It
results in an angle distribution between rays of light and normals to the wire surface
which ranges from 0° to 90°. At 0° angle, the maximum optical power is absorbed
while there is no more absorption at a certain angle depending on the refractive
indexes of copper and helitn (analogous to the developments carried out in the
previous paragraph I'V.3.8, page 133).

These parameters must be taken into account to estimate the energy really absorbed
by the sample. But, there are no simple ways to model this and, especially, to
estimate the refractive index of copper at cryogenic temperature under magnetic
field. To circumvent this difficulty, we decided to perform a direct calibration of the
coeflicient of optical absorption using a calorimetric method.

IV.4 Calibration of the optical energy absorbed by the
oxidized sample

This section deals with the experimental determination of the coefficient of optical
absorption of the oxidized sample. It is an experimental calibration of the amount
of energy really absorbed by the sample. As already mentioned, no attempt on a
theoretical study was carried out within the framework of this investigation.

The main issue in our experiment is to assess the amount of energy absorbed by the
sample. Various means can be used to perform such a calibration. Among the dif-
ferent possibilities, we have chosen to rely on the technology of metallic bolometers
because of its simplicity and its low cost. Bolometers are thermal detectors which
belong to the family of optical devices converting the absorbed fraction of incident
radiation into a measurable signal through a thermal process. Thus, they convert
the incident optical power into heat. Their active part must have a low specific
heat capacity to enable a sensitive measurement of temperature variation due to the
interaction between light beams and matter. This variation is then transformed into
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Table IV.9: Salient parameters of the single-mode diode laser at 298 K used for
calibration measurements at CRTBT/CNRS.

Maximum  continuous  output

300
power (mW)
Maximum current {mA) 900
Diameter of the optical fiber (um) 150
Peak wavelength (nm) 840

a voltage drop, using a thermal sensor that can be easily recorded.

The present work essentially demonstrates the feasibility of such techniques, al-
though the influence of some parameters as background magnetic field and laser
wavelength could not be evaluated at the time. Also, the technology could not be
used at CEA/Saclay in the setup of the stability experiment since we could not
achieve the necessary vacuum.

IV.4.1 Experimental setup

As mentioned above, the bolometer assembly was first designed to be assembled
onto the stability experiment to carry out measurements in a vacuum and magnetic
field. However, due to heat leak issues, this assembly had to be slightly modified to
be incorporated into a different experimental setup.

The probe, on which the bolometers were assembled, was implemented on the orig-
inal setup designed by F. Ayela at the CRTBT/CNRS in Grenoble [19]. The setup
has been modified to house the bolometer. Measurements at 0 T in a vacuum could
be carried out at an operating temperature of ~4.6 K. This temperature is slightly
above the temperature of the sample of ~4.2 K during the stability measurements
in liquid helivin at CEA/Saclay. This difference, which may simply be an artifact
due to the quality of the fit used to convert the resistance variation of the thermal
sensors into a temperature response, is assumed fo have a minor influence on the
determination of the coefficient of absorption.

The CRTBT/CNRS probe is made-up of a long stainless steel tube, which connects
the support of the diode laser to the vacuum box in which the experiment is carried
out. Figure IV.25 (page 136) presents an overview of the experimental setup during
one of the bolometer tests. The support of the diode laser was made-up of copper
material and included a water exchanger to control the temperature of the diode
laser. The vacuum chamber, which is not described here, was drilied to receive two
copper rods providing a support to the bolometers and improving its cooling.

IV.4.2 Diode laser used for the calibration

The diode laser, used to estimate the coefficient of absorption of the sample, was
water-cooled at a steady temperature of ~15°C. The main characteristics of this
diode laser, LCW 100F supplied by LaserDiode Inc., are given in Table IV.9 (page 137).
It emits in the near infrared region, but, at a laser wavelength of ~840 nm, which
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Figure IV.26; Optical power versus forward current characteristic of
the diode laser used for calibration measurerments at CRTBT/CNRS
in Grenoble (Data communicated by F. Ayela}.

is about 30 nm larger than for the diode laser used in stability experiment at
CEA/Saclay. To be thorough, we would need to study the impact of the wave-
length of the laser on the coefficient of optical absorption. It has been shown in the
literature that, depending on the thickness of the oxidized layer and its composi-
tion!®, it may have some influence [21][22}. In addition, the output optical power of
the CRTBT/CNRS diode laser is smaller by one order of magnitude (see table IV.2,
page 110). However, as already indicated, the absorption coefficient should not de-
pend on the light beam infensity.

The following Figure IV.26 (page 138) gives the output optical versus forward cur-
rent characteristic of this diode laser.

IV.4.3 Description of the bolometers
Two different types of bolometers were used for the calibration:

- a closed bolometer (see Figure IV.27(a}, page 140),
- a cylindrical bolometer (see Figure IV.27(d), page 140).

The closed bolometer absorbs totally the optical power yielded by the diode laser,
while the eylindrical bolometer absorbs only a fraction of this power. The determi-
nation of this fraction enables one to evaluate the coefficient of absorption of the
sample. This coefficient is subsequently used to determine the amount of energy
absorbed by the sample. The geometry of the sample and its physical properties are

Y The spectral localization of the absorption edge, which corresponds to a rapid change in the
light absorption of semiconductors [20], depends on the physical properties of the thin oxide film,
and on its temperature as well.
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Table IV.10: Salient design parameters for the closed bolometer.

Parameters i Notation | Values (units) ‘
Temperature of heat sink '

and initial temperature To ~46 K

Average Jength of the two

tinned copper wires set in Imp ~45x107? m
parallel

Average cross-section of the

two tinned capper wires {di- ATp 2.5 x 107 "m?

ameter per wires of 0.4 mm)

Total length of stainless lss 15 % 103 m

steel support

Average cross-section of the
the stainless steel support Asgg 7.9 % 107 7m?
for a diameter of 1 mm

Volume of the closed

bolometer Us ~107¢ m?
Length of the wire sam-

ple (see Tigure IV.27(d) L. ~14x 1073 m
page 140)

included into this coefficient. The copper material of the bolometers is identical to
the one used in the manufacturing of superconducting wires. In addition, to match
the properties of the wire surface, the bolometer parts subjected to the light beam
have been similarly oxidized at CERN. Subsequent sections will describe the two
metallic bolometers whose pictures can be found in Figure IV.27 (page 140).

First experiment, closed bolometer: The design selected for the so-called
closed bolometer has been worked out so that the temperature rise of the detec-
tor does not extend beyond ~30 K. The result is shown in Figure IV.27(a} where
the optically-active part and the copper shell can be clearly seen. The tip of the op-
tical fiber, guiding the light from the diode laser located at room temperature to the
bolometer, is inserted on top of its copper shell. It is assumed that this closed shape
absorbs most of the optical energy. The losses due to the absorption of the metallic
tip and possible rays of light coming out of the bolometer, if any reflections oceur,
are assumed to be negligible. The temperature variations of the optically-active part
were measured using a small thermal sensor {cernox® bare chip technology [23]).
Figure IV.27(b) shows the fully-assembled bolometer. The copper shell is supported
by a stainless steel support. Figure IV.27(c) is a side view of the previous picture.
It shows the optical fiber glued to the copper shell. This picture shows also a set of
tinned copper wires which have been soldered to the copper shell and the thermal
sink. They were used as a thermal drain to optimize the time constant and the
sensitivity of the bolometer. Figure IV.27(e) (page 140) gives a detailed schematic
overview of the closed bolometer.

Table IV.10 (page 139) suminarizes salient parameters of the bolometer to achieve
a response time of a few seconds with a sensitivity of few milli-kelvins.
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Figure IV.27: The two different bolometers used to estimate the coefficient of
absorption of the oxidized samples and implemented into F. Ayela’s modified
setup at CRTBT/CNRS in Grenoble.
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Second experiment, cylindrical bolometer: In addition to the above experi-
ment which aims at the estimation of the total power flowing out of the tip of the
fibered diode laser, a second experiment was carried out to reach a better under-
standing of the interaction between laser beam and wire sample.

‘Fhis second experiment is based on a so-called cylindrical bolometer whose design
was adapted from the closed bolometer. It is simply made-up of a piece of oxidized
multifilament composite Cu/NbTi wire!®. This wire sample, mounted on the copper
shell in place of the optically-active part, is depicted in Figure IV.27(d) (page 140).
The $ip of the optical fiber has been positioned as close as possible to the piece of
wire sample so that the lighted area has the same illumination as an actual sample
used for stability measurements.

IV.4.4 Electrical equipments

A current source supplied a DC current of ~1 uA to the thermal sensors. A simple
DC current supply was also used as a driver for the diode laser to supply a forward
cuwrrent up to 330 mA. The temperature variations of the thermal sensors bonded to
the bolometers were recorded using a voltmeter. It actually measured the voltage
across the thermal sensors. This voltage was then converted into a resistance, which
was subsequently transformed into a temperature owing to calibration curves such as
the one presented in Figure IV.28 (page 142). The oscilloscope and its pre-amplifier
were used to monitor the evolution of the temperature till a thermal equilibrium
was reached and the ensuing recovery when the diode laser driver was switched off.

IvV.4.5 Experimental resulis

Figure IV.29 (page 143) shows typical examples of time evolution of the resistances
of the thermal sensors attached to the closed and cylindrical bolometers. After an
initial variation which lasted from 1 s to 2 s, the system appears to reach a quasi-
thermal equilibrium. This quasi-equilibrium is achieved when the absorbed power
is totally evacuated by the thermal drain. The initial transient regime corresponds
to the absorption of energy by the enthalpy of the system. This phenomenon can
be described by a simple mathematical model. However, some simplifications must
be done to treat analytically the problem. These simplifications are:

- temperature uniform across the bolometer,

- physical properties independent of temperature,

- thermal drain modeled by a linear heat conductance, Grp,
- the only heat source is the absorbed optical power.

Considering these simplifications, the thermal behavior of the bolometers can be rep-
resented by the following ordinary differential equation with temperature-invariant co-
efficients:

dr

Cp 7 = Epopw(i) — Grp(T - Ty) {VV} (IV.6)

Cg =¥pes  [J/m°K] (Iv.7)

Grp = 2105 [W/K] (IV.8)
lrp

It would have been preferable to use an oxidized pure copper wire of the same nature. However,
this would have required a special product which was unnecessary deemed for this study.
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Figure IV.28: Calibration of the thermal sensors used for the cylindrical
and closed bolometer. This calibration was carried out at CEA/Saclay.

where T is the temperature of the whole bolometer. 93 and cp are respectively the
volume of the bolometer and its specific heat capacity, ¢ is the optical absorption
coefficient, Pupy is the optical power delivered by the diode laser, Grp is the thermal
conductance of the thermal drain and Ty is the temperature of the heat sink. In this
equation, we considered that the thermal drain was only made-up of tinned copper
wires. The presence of additional cooling provided by the stainless steel support is
negligible. In addition, in the case of the cylindrical bolometer, we neglected the
thermal contact between the wire sample attached to the copper support of the
bolometer (see Figure IV.27(d), page 140) and the thermal resistance of the wire
sample compared to the thermal resistance of the thermal drain (see Table TV.11,
page 144). Consequently, the temperature variation due to heating occurs across
the thermal drain, AT = 1" — Tp, and the above equation can be rewritten as:

dAT
687{— = EPO;)‘\! (t) - GTDAT [VV] (IVQ)
To derive a particular solution, let us assume that the optical power function is a

Heavyside function with a plateau value Popy. The final solution is:

_ €Fopw =t -
AT = (Ewg) (1-¢%=) K (IV.10)
with a time constant: c
B
TR = ——— s V.11
. (v
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Figure IV.29: Time evolution of the resistances of thermal sensors
attached to the bolometers: ARpg = |Rrs(T) — Rrpg(T)|, with an
initial resistance: Rrs(Ty) = 3000 2. The data presented here were
recorded on the numerical oscilloscope for an optical power delivered
by the diode laser of ~12 mW. The noise appearing in the recordings
is due to the power network cycling at 50 Hz.

143




IV.4. CALIBRATION OF THE OPTICAL ENERGY ABSORBED BY THE OXIDIZED
SAMPLE

Table IV.11: Thermal properties of the thermal drain and the stainless steel support.

L Parameters || Notation Values (units) i

Heat capacity of the
copper bolometer at g ~1 kl/m®K
~d6 K
Conductivity of $he
thermal drain at ~4.6 X

Thermal conductance of
the thermal drain at GTp 2 mW/K
~4,6 K
Thermal resistance of the
thermal drain at ~4.6 K
Conductivity of stainless
steel at 4.2 K [24]
Thermal conductance of
the stainless steel support Gss 13 pW/K
at ~4.6 K
Thermal resistance of the
wire sample at ~4.6 K

ATD ~400 W/m-K

Lrp/ATp ~ 110 x 107¢ m?K/W

Ass ~0.25 W/m-K

~ Lw/(g)\w) ~ 1 % 10”“ m21{/W

The numerical application, using data from Table IV.10 (page 139) and Table IV.11
(page 144), yields for the closed bolometer: g =~ 0.5 5. With respect to the precision
of the calculation and the various simplifications, it is consistent with the measured
7g’s. The time constant of the cylindrical bolometer is slightly larger than the one
of the closed bolometer. It is due to the presence of the NbTi filaments inside the
wire saunple whose heat capacity are about four times larger than copper at 4.2 K.
However, the volume of copper is larger than the volume of NbTi thereby decreasing
the influence of NbLTI.

The variation of temperature versus time is an exponentially increasing function!.
After a lag of few 75's, It reaches a thermal equilibrium for which:

Epopw

AT ~
GTp

(K} (IV.12)
The thermal equilibrivin is mainly determined by the conductance of the thermal
drain, Gpp. The response time and the temperature variation are also conditioned
by Grp. The larger the conductance, the more reactive the bolometer, but the
smaller the temperature increase. A trade-off was found between these contradictory
requirements in order to reach a time response of a few seconds with appreciable
sensitivity of the order of hundreds of milli-Kelvin.

IV.4.5.1 Heat balance equation at the thermal equilibrium and deter-
mination of the coefficient of absorption

At the thermal equilibrizun, the optical power yvielded to the sample is evacuated
by the thermal drain. Combining Equations IV.8 (page 141) and IV.12 (page 144}

"1 1 does not appear clearly in Figure IV.29 (page 143} due to the non-linear relationship between
the resistance and the corresponding temperature (see Figure V.28, page 142),
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Figure IV.30: Temperature variation recorded on the voltmeter at
various optical power at an initial temperature of ~4.6 K and a back-
ground magnetic flux density of 0 T

and taking into account of the evolution of the thermal conductivity as a function
of temperature, we get:

T
GrpAT ~ 212 [ 3 a7 = P [W) (IV.13)
Lo Jn,

where App and Lrp are respectively the total cross-section and the average length
of the thermal drain, App is its thermal conductivity, T is the temperature reached
by the bolometer at the thermal equilibrium, and ¢ € ]0,1[ is the coefficient of
optical absorption. Hence, this last coeflicient is given by:

T
= BD [T i (IV.14)
F apw Irp To

However, this equation can be only solved when the integral of the thermal conduc-
tivity across the thermal drain is known. In our case, the dimensions of the thermal
drain are fixed and the optical power versus forward current of the diode laser is
known. The only unknown parameters are then the thermal conductivity of the
thermal drain, Arp and the coefficient of absorption, e.
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IV.4.5.2 Determination of the thermal conductivity: closed bolometer
experiment

The thermal conductivity of copper is related to the electrical resistivity at cryogenic
temperature through the Wiedemann-Franz law:

ATp = £‘£ [W/m-K] (1v.15)
£TD

where Ly = 2.45% 1078 V2K ~? is the Lorentz constant, T is the absolute temperature
and prp is the resistivity of copper wires. The resistivity of copper depends on
the magnetic field, the temperature, the purity and cold work state of copper as
described by the Residual Resistivity Ratio, RRR. In our case the background
magnetic field is nil. Thus, knowing the temperature of the bolometer, the thermal
conductivity is entirely determined by RRR. The RRR value of the thermal drain
can be evaluated using the closed bolometer experiment. Indeed, in this case, the
coefficient of absorption is equal to 1 since all the optical power is absorbed and
Equation IV.14 (page 145) becomes:

T
Men(T, RRR)AT = ZI2p o (W /m)] (IV.16)
To Arp

This yields a table of integral values of thermal conductivity over the range of mea-
sured temperatures on the bolometer as a function of optical power. The temper-
ature variation, over which the thermal conductivity is integrated, is determined
from the equilibrium plateau observed in Figure IV.29 {page 143). Figure IV.30
(page 145) sumunarizes the measured temperature variations of the bolometer as a
function of optical power. There appears a quasi-linear increase of the temperature
as a function of optical power.

We can use these data to estimate the RRR of the thermal drain. For a given
optical power, we know what is the temperature of the bolometer. Using the CRY-
OCOMP software package [25], we can solve the implicit Equation IV.16 (page 146)
to determine the RRE. This resolution can be carried out for every data point.
Figure IV.31 (page 147) shows the computed RRR values as a function of optical
power. The average value of RRR is found equal to ~56 with a standard deviation
of £5.7. This average value is the one used subsequently to calculate the coefficient
of optical absorption.

IV.4.5.3 Estimation of the coefficient of absorption: cylindrical belome-
ter experiment

Figure IV.29 (page 143) shows, in addition to the temperature variation of the closed
bolometer, the temperature variation of the cylindrical bolometer. The discrepancy
between both data set is due to the reflection of light onto the surface of the cylin-
drical bolometer. In conirary to the closed bolometer, the cylindrical bolometer
absorbs only a fraction of the optical power delivered by the diode laser. Using the
RRR value found above, we estimate the power evacuated by the thermal drain,
Pap:

Pup = ?—‘?— Arp(T, RRR = 56)dT W] (IV.17)
TD JAT
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Figure IV.31: Estimated RRR as a function of optical
power. An average value of 56 with a standard deviation
of 5.7 was calculated.
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Figure IV.32: Absorptivity as a function of the optical
power delivered by the diode laser {at the thermal equi-
librium of the bolometer). The average value is equal to
~22% with a standard deviation of £7%. The error bars
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variation of the cylindrical bolometer.
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where AT is the temperature variation given in Figure IV.30 (page 145) for the
cylindrical bolometer at the thermal equilibrium (Figure IV.29, page 143). Subse-
quently, the coeflicient of optical absorption can be estimated for each optical power,

Fopw, as:

¢ = Lab (IV.18)

F opw

Figure IV.32 (page 147) shows the resulting coefficients of absorption as a function
of optical power. As expected, the coefficient of absorption does not depend on the
intensity of the optical power,
From the data, an average coefficient of absorption of the oxidized sample can be
estimated to be equal to ~0.22 with a standard deviation of £0.07 at a temperature
of ~4.6 K and at zero background magnetic field'®. The error bars result from the
error on the estimation of the temperature variation of the eylindrical bolometer.
In our analysis, the coefficient of absorption has been implicitly considered as con-
stant over time. This assumption can be reasonably made since no significant tem-
perature variations were observed at the thermal equilibrium (see Figure IV.29,
page 143).

IV.4.5.4 Conclusion on the coeflicient of absorption

To estimate the coefficient of absorption of the wire sample, a few implicit assump-
tions have been made:

- same illumination as in the stability experiment at CEA/Saclay,
- coeflicient of absorpticn independent of pulse duration,
- coefficient of absorption independent of background magnetic field.

Following these hypothesis, the coefficient of optical absorption was estimated to be
equal to ~0.22 which corresponds to 22% of absorbed optical power. For our appli-
cation, this percentage is large enough to carry out stability study over a large range
of pulse durations with an accurate estimation of the Minimum Quench Energy.
Nevertheless, to address some of the previous assumptions, it would have been prefer-
able to carry out the calibration in situ using the experimental setup of the stability
experiment. However, heat leak issues could not be solved during the time frame of
this work and we could not carry out calibration experiments at CEA/Saclay as it
was initially planned.

In this section, we have demounstrated thai the calibration of laser heater is feasible.
Different bolometric setups can be used, we picked one of them to carry out the
calibration of our heater. It must be pointed out that adiabatic conditions are al-
ways required. Consequently, the presence of helium bubbles and/or film of gaseous
helium during stability tests in liquid helium is not taken into account and a dis-
crepancy may result in the real amount of energy hitting the surface of the wire
sample.

¥ he measurements were carried out at § T. Some variations following the magnitude of the
background magnetic field may occur. In further studies, experiments in field will be necessary to
estimate the influence of a high background magnetic field on the coeflicient of absorption. TFor
aow, this influence is not taken into account.
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Table IV.12: Values of transport current as a function of percentage of
critical current and background magnetic field.

5T 6T 7T
BO% of I, ~435 A ~350 A ~255 A
85% of I, ~460 A ~370 A ~270 A
95% of I, ~515 A ~410 A ~305 A
I ~545 A ~430 A ~320 A

IV.4.6 Estimation of the absorbed optical energy by the sample

The coefficient of absorption, which has been previously estimated at 0 T and ~4.6 K
from the calibration experiment at CRTBT/CNRS, is subsequently applied to the
pulse energy flowing out of the tip of the optical fiber in the stability experiment at
CEA/Saclay!®. Hence, the amount of energy absorbed by the wire sample, E,p, is
estimated as:

En=ex B, [J] (Iv.19)

where By, is the pulse energy flowing from the tip of the optical fiber in the stability
experiment, integrated over the pulse duration 7, (see section IV.3.7, page 129),
and e =~ (.22, the coefficient of optical absorption (see previous section IV.4.5.3,
page 146).

IV.5 Stability measurements

Being well beyond what was achieved with previous heating systems, the data
recorded with the diode laser experiment leads to a better understanding of the
normal zone growth and propagation. In particular, the early growth of the normal
zone can be well studied and reasonable estimations of the Quench Decision Time
can be derived. Numerous results have been recorded at different background mag-
netic flux densities: 5, 6 and 7 T, and different percentages of critical current: 80%,
85% and 95%. All the measurements were carried out at 4.2 K in liquid helium.
Table IV.12, page 149 summarizes the transport current values at which measure-
ments were taken.

IV.5.1 Filtering of the voltage traces

Before estimating the magnitude of the quenched zone extension, the Quench Deci-
sion Time and the Normal Zone Propagation Velocity, it was first necessary to filter
the data downloaded from the numerical oscilloscope. We used a discrete time filter
(standard function filter of Matlab® 6.1 [26]}. The following Figure IV.33 (page 150)
shows a comparison between bare data and filtered ones for voltage trace V) across
the heated zone. These traces correspond to the overlay of two measurements at
4.2 K, 7T and 85% of the short sample critical current: a quench (red trace) and a

¥ The optical phenomenen of absorption are rapid with respect to thermal processes.
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Figure IV.34: Set of recordings of voltage trace V; for increasing
forward current pulses. Transitions and recoveries are observed
at 4.2 K, 7 T, and 285 A {85% of I¢), for a fixed pulse duration
of 30 pus. The red trace shows the first transition after the last
recovery (green trace) recorded between cleansing quenches.

recovery {green trace). As it can be seen, the filtering of the data does not distort
the shape of the traces and can be confidently used to analyse the data.

‘The bare data exhibit a peak at the beginning of the voltage rise which is concomi-
tant to the optical power pulse. The origin of the peak is not understood. The
noise level recorded during the second series of tests for which the wire sample was
oxidized was somewhat larger than the one observed during the first series of tests
on bare wire [1]. For this too, no explanation could be found.

IV.5.2 Protocol of measurements and examples of voltage record-
ings

Figure IV.34 (page 151) shows an accumulation of voltage traces V; across the
heated zone for a series of shots at increasing pulse energy. The measurements
were taken in pool boiling helium at 4.2 K, in a 7 T background magnetic flux
density (perpendicular to the wire axis), and at 85% of the wire critical current
(measured in situ). For this data set, the duration of the pulse current delivered to
the diode laser was equal to 30 s and its amplitude was progressively increased.
After each recovery, the wire was cleansed of persistent magnetization currents by
performing an intermediate quench. When the deposited energy is not enough to
trigger a full quench, the wire enters the current sharing regime corresponding to
an increase in the voltage across the wire, but, the cooling capacity of the helium
cryogen is strong enough to enable a recovery of the superconducting state for which
the voltage vanishes. However, as soon as the input energy is large enough® to reach

*In the present case, as soon as the energy pulse reached ~27 .
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Figure IV.35: Voltage fraces downloaded from the numerical oscil-
loscope. The traces were obtained at 4.2 K, 7 T, and 85% of I for
a pulse duration of 50 pus. The data have been previously filtered.

the Minimum Propagating Zone (MPZ), the heat generated by the Joule effect takes
over and the sample undergoes an irreversible transition. Then, the voltage increases
till it reaches a plateau corresponding to the full transition of the portion of wire
located between the pair of voltage taps V;. Plots similar to the one shown in
Figure IV.34 (page 151) were taken for various pulse durations, various background
magnetic flux densities and various fractions of critical current.

In the case of a quench, one can also study the normal zone propagation by looking
at voltage traces Vo and V3. This is illustrated in Figure IV.35 (page 152) which
shows a quench at 4.2 K, 7 T and 85% of I triggered by a 50 us-long pulse. We
can clearly see the quench developing along the adjacent wire sections. As it has
been already explained, the voltage traces Vo and V3 increase quasi-linearly which
is a good illustration of the fact that the quench propagates at constant velocity.
When the wire is fully quenched across each pair of voltage taps, the voltage traces
appear constant. It shows that the temperature of the wire is not large enough for
the resistance of the copper matrix to exceed the plateau of the residual resistivity
(see Appendix A).

Figure IV.36 (page 153) shows a complete non-filtered recording for which the voltage
reaches the plateau of the residual resistivity before runnning away as the resistivity
of the copper matrix increases with temperature.

IV.5.3 Estimations of the different parameters of the normal zone
transition

In this section, we introduce the way that different parameters, characterizing a
normal zone transition in a multifilament composite wire, are estimated. These
parameters are:
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Figure I'V.36: Voltage traces obtained at 4.2 K, 7 T, and 80% of e
for a pulse duration of 50 ps. The voltege increases according to the
temperature evolution of the copper matrix resistance.

- Quench Decision Time (QDT),

- quenched zone extension,

- Quench Energy (QE),

- Normal Zone Propagation Velocity (NZPV).

In view of the numerous amount of data, various Matlab® routines, including the
filtering, were written to calculate automatically the amplitude of these parameters.

IV.5.3.1 Estimation of the Quench Decision Time

Figure IV.37 (page 154} shows filtered voltage trace ¥ recorded for a quench and
a recovery at 4.2 K, 7 T and 85% of the critical current. The current pulse of
50 ps width, which triggered the quench, is also shown. The recovery and quench
recordings were respectively acquired for a pulse energy of 30 uJ and 30.5 pJ. At
this sensitivity, it is possible to see clearly that the recovery trace follows the quench
one during the first phase of the normal zone growth. At one time, the decision
between recovery and quench is made and the normal zene vanishes or expands to
cover the distance between the voltage taps of V;. Following P. Bauer [27], we refer
to this time as the Quench Decision Time. Hence, it is the time lag between the
initial time of heat disturbance, #; and the time of decision, #:

QDT =tq—# |3 (IV.20)

In our example, the Quench Decision Time is equal to ~190 us.
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Figure IV.37: Determination of the Quench Decision Time.

IV.5.3.2 Estimation of the length of quenched zones

To estimate the quenched zone extension, it is necessery to treat numerically the
voltage trace V1. Figure IV.38 (page 155) shows two plots at 4.2 K, 7T and 85% of
critical current for a pulge duration of 30 ps:

- the time evolution of voltage V1: Figure IV.38(a),
- the corresponding time evolution of quenched zone: Figure IV.38(b).

To transform Figure IV.38(a) into Figure I'V.38(b), we use the fact that the voltage
reaches a pseudo-plateau value, Vipr, when the normal zone extends across the
two pairs of voltage taps whose distance, L;, is known. Indeed, if we note Vi(t)
the voltage across the heated zone at the time t, and Ly,(t) the corresponding
longitudinal length of the normal zone, we can write in first approximation:

Vl(t) . Pl
Loty Aw’

Vi € [t, +00] (TV.21)

where pp, is the residnal resistivity of the matrix®', I, is the transport current, and
Ay, is the total cross-section of the wire sample which are all constants. Conse-
quently, the tendency of the normal zone development is given by:

Vi(t)
% lref

Lns(t) = Ly, Vie [ti,+oo] (IV.22)

*{Jzing the previous Equation IV.21 applied to voltage Vi, and length Ly, we cresschecked the
residual resistivity ratio with the one given by Alstom/MSA. It was estimated to ~150 compared
to 189 given by the mamufacturer. In view of the cumulative errors on the measurements of L: and
Viret, it can be assumed that Vi, is consistent with the residual resistivity ratio of the wire sample,
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Figure IV.39: Evolution of the Quench Energy as a function of the
pulse duration at 7 T, 85% of I, and 4.2 K. .

This result gives only a tendency of the time evolution of the quenched zone ex-
tension. Indeed, in our approach, we did not take into account the current sharing
regime for which the actual resistivity of the conductor is a mixed between the cop-
per resistivity and the flux flow resistivity of the superconducting filaments. So, the
voltage measured across the heated zone does not only depend on the quenched zone
extension, but, depends also on the temperature of the conductor. The above esti-
mation becomes accurate as soon as the critical temperature of the superconductor
is exceeded since all the current then flows in the copper matrix. Consequently, it is
not practically possible to assess from the voltage traces the Minimum Propagating
Zone since the temperature along the sample is unknown. This aspect of the results
will be further discussed in chapter V (page 169).

IV.5.3.3 Estimation of Quench Energy and Minimum Quench Energy

As already mentioned in section IV.5.2 {page 151), we adjust the current pulse so
as to find the minimum energy triggering a quench at a given pulse duration. Fig-
ure V.39 (page 156) shows the minimum energy flowing from the tip of the optical
fiber extension, Fp, triggering a quench and the corresponding minimum energy
absorbed by the wire sample, Eyp = €E, as a function of pulse durations. The
measurements were carried out at 4.2 K in Hquid helium under a 7 T background
flux density at 85% of the critical current.

As expected, the Quench Energy tends toward a pseudo-plateau for pulse durations
below ~100 ps. We define the Minimum Pulse Energy, M PFE, and the Minimum
Quench Energy, MQFE, as the values of Quench Energies corresponding to extrapola-
tions of these pseudo-plateaus at 0 pulse duration. In our example, the extrapolated
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Figure I'V.40: Determination of the normal zone propagation
velocity,

Minimum Pulse Energy is equal to ~25 uJ and the Minimum Quench Energy is
equal to ~5 wJ.

IvV.5.3.4 Estimation of Normal Zone Propagation Velocity

After, the onset of a quench, the normal zone propagates at a constant velocity,
resulting in a quasi-linear increase of the voltages recorded along the wire sample.
The Normal Zone propagation Velocity can be estimated by two means [28]:

- time of flight,
- voltage slope.

In the case of the time of flight, and as illustrated in Figure IV.40 (page 157),
we measure the time lag, Atf, between voltage Vo and V5 for a criterion of 1 mV.
Using the distance, La, between the corresponding voltage taps, the Normal Zone
Propagation Velocity is simply:

v= "2 im/s) (IV.23)

In our example, v =~ 12 m/s.

The voltage slope method has been previously described in chapter III, section I11.4
(page 94). Using Equation IIL.5 (page 95), we calculated respectively for voltage
traces V5 and V3 ~13 m/s and ~14 m/s with an error of 2.5 m/s. The results are
consistent with the previcus value found using the time of flight.

1V.5.4 Influence of various parameters

In this section, we present various results for which parameters such as background
flux density, transport current, and pulse duration were investigated. We do not
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thoroughly analyze all the results presented in this section. A deeper analysis will
be carried out in chapter V (page 169) for some of these parameters.

IV.5.4.1 Pulse duration

Quenched zone: Figure IV.41 (page 159) shows time evolutions of the quenched
zone for various pulse durations and various background magnetic flux densities. All
the measurements were taken at 4.2 K in liquid helium and at 85% of I.. At 7T
(Figure IV.41(a)), a rapid increase in the normal zone is followed by a clear kink
around the Quench Decision Time. The quench plot follows the trend of the recovery
plot till the onset of a full normal zone transition. The shape of recovery and quench
plots are similar in the range 30 us to 100 us which corresponds to the pseudo-platean
of the Quench Energy. However, the initial increase of the normal zone is slower at
larger pulse durations. Indeed, for the same Quench Energy, the power necessary
to quench the sample is larger for a shorter pulse duration. Consequently, a larger
dissipation is quickly induced inside the sample®?. This tendency is accentuated at
5 T (Figure IV.41(c)} and 6 T (Figure IV.41(Db)) for which the transport current is
larger. If we compare the different plots at a same pulse duration, the normal zone
appears to grow at the same rate. Then, at 7 T, the maximum normal zone length is
equal to ~3 mm and is reached after less than 100 us for a pulse duration of ~50 ps.
At 5 T and 6 T, a similar time is needed to reach maximum normal zone lengths
of ~ 2 mm and ~2.2 mm respectively. However, once the quench decision has been
made, the growth of the normal zone seems more aleatory and the different plots at
a given background magnetic flux density cross-over. This aleatory behavior may be
related to the variation of the heat exchange capacity of helium during the stability
tests once the quench is initiated.

Quench Decision Time: Figure IV.42 (page 160) shows the evolution of the
Quencit Decision Time as a function of pulse durations at various background flux
densities. We only reported QDT’s for which the quench and recovery plots split
after the quenched zone has passed its maximum from the voltage trace V) {see
Figure IV.41{a), page 159). In this case, the QDT appears constant within the
pseudo-platean of Quench Energy. The average QDT is equal to ~ 80 ps at 5 T,
~ 100 ps at 6 T and ~ 200 ps at 7 T (at 86% of I; and 4.2 K).

No error bars are reported at 5 T and 6 T since only one series of measurements
was carried out for each magnetic flux density at which recovery and quench voltage
traces were recorded.

Quench Energy: Figure IV.43 (page 161) shows the estimated Quench Energy
as a function of pulse durations at various background magnetic flux densities {at
4.2 K in liquid helium and 85% of I.). As expected, the Quench Energy tends
toward a pseudo-plateau®® for pulse durations below ~100 us. As can be seen in
the insert, the Quench Energy does not follow a clear trend. Indeed, for pulse
durations between ~125 us and 150 us, the plots at different background magnetic
flux densities cross over. However, with the error bars on the measurements, the

*2As it will be shown in the next chapter V, page 169, film boiling is triggered before the end
of the energy pulse limiting the influence of helium cooling at an early stage of the normal zone
transition.

*3The same trend was also seen at 80% and 95% of I, for the same range of pulse durations.
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Figure IV.42: Evolution of the Quench Decision Time as a
function of pulse durations at various background magnetic
flux densities.

Quench Energies obtained at 5 T and 6 T converged toward the same Minimum
Quench Energy of ~3.5 pJ at 85% of L.

IV.5.4.2 Background magnetic flux density

Quenched zone: Figure (V.44 (page 161) shows an example of the time evolution
of the quenched zone for a quench and a recovery under various background magnetic
flux densities recorded at a pulse duration of 50 ps and at 85% of I;. The profile
of the quenched zone increases with increasing field. The largest discrepancy occurs
between 6 T and 7 T which is consistent with our previous observation. At low
background magnetic flux density for the same fraction of critical current, a larger
transport current flows in the sample. Consequently, a larger current redistributes
into the copper matrix during a quench. It induces a larger heat dissipation inside
the wire which turns into a larger temperature increase of the wire. The temperature
difference between the wire surface and the bulk liquid helium will be larger and
the heat transfer will be enhanced till the onset of film boiling [29]. As a result,
the quenched zone shrinks before the final onset of a full transition (see chapter V,
page 169). The onset of full transition starts when the energy to form a vapor film
has been exceeded. The heat transfer {s strongly degraded and the heat generation
takes over.

Quench Decision Time: Figure IV.45 (page 162) shows the average QQuench
Decision Time as a function of background magnetic flux density. It does not seem
to be influenced by the percentage of critical current whereas it appears to depend
strongly on the background magnetic flux density. The estimation of the QDT is
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very dependent on the degree of filtering and the interpretation of the analyst leading
to greater uncertainties®.

Quench Energy: Figure IV.46 (page 163) shows the evolution of the Quench En-
ergy as a function of background magnetic fux densities at various pulse durations.
For pulse durations longer than those of the pseudo-plateau of Quench Energy, it
tends to decrease with increasing field. Conversely, on the pseudo-plateau of the
Quench Energy (below ~100 ps), the Quench Energy decreases toward a quasi-
constant value around 5 pJ for which the effect of the background magnetic field
does not appear significant.

Normal Zone Propagation Velocity: Figure IV.47 {page 163) shows the evo-
lution of the NZPV as a function of the background magnetic flux density at various
percentages of critical current. The NZPV decreases quasi-linearly with increasing
field over the range of measured data. If we linearly extrapolate the NZPV to zero,
we find that all the lines cross at ~ 8.7 T. This resulf suggests that there is a back-
ground magnetic Jux density for which the wire becomes cryostable. In this case,
the transport current is not large enough to induce heat power dissipation over-
whelming the heat capacity of helium coolant and a normal zone unconditionally
recovers. Additional measurements at higher magnetic HBux densities and a refine
model of heat transfer would be necessary to explain the linear decreasing of the
NZPV as a function of background magnetic flux densities.

*4Errors of more than 50 ps can result.
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Figure IV.48: Time evolution of the quenched zone at various
percentages of critical current.

IV.5.4.3 Transport current

Quenched zone: Figure IV.48 {page 164) shows an example of the time evolution
of the quenched zone at various percentages of critical current. The profile of the
quenched zone increases with decreasing transport current. The early growth of the
quenched zone appears faster at low transport current even if the current density is
lower. It is consistent with our previous comment in paragraph IV.5.4.2 (page 160).
Indeed, the larger transport current leads to a larger heat dissipation which results
in a larger temperature rise of the wire sample. Consequently, the heat capacity of
the sample increases and the heat transfer with helium improves restraining locally
the propagation of the normal zone.

Quenched zone: Figure IV.49 (page 165) shows the evolution of the MQE extrap-
olated from Figure IV.43 {page 161) as a function of percentage of critical current.
At 5 T and 6 T, the values of MQE’s are very close which is consistent with their
respective MPZ and QDT. In addition, the curves tend toward the same value of
MQE around 1.2 J close to the critical current.

Normal Zone propagation Velocity: Figure IV.50 {page 165} shows the evo-
lution of the NZPV as a function of the transport current at various background
magnetic flux densities. As expected [27], the NZPV increases quasi-linearly with
increasing transport current. The NZPV is expected to vanish not at zero transport
current but at a certain value which depends on the background magnetic flux den-
sity, the cooling environment. The transport current, at which the NZPV vanishes,
is called Minimum Propagating Current, .. Below this current, the wire sample
is cryostable {30]. By extrapolating the slope of the plots, we showed the upper limit
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of the Minimum propagating Current. The minimum propagating current is inferior
to ~343 Aat 5T, ~272 A at 6 T and ~211 A at 7T.

The order of magnitude of NZPV’s ranges between ~10 m/s to 40 m/s. It is con-
sistent with the order of magnitude found in chapter 111 (page 77).

The slopes of the NZVP versus transport current plots differ following the magni-
tude of the background magnetic flux density. Indeed, it is thought to be related to
the decreasing temperature variation T, — Ts with increasing magnetic field and the
increasing magneto-resistance since the NZPV is determined by the ratio of the resis-
tivity of the metallic matrix and the above temperature variation {see Equation IL4,
page 59).

IV.5.5 Conclusion on Measurements

From the above presentation, the different measurements show good repeatability
and consistency. It must be pointed out that the reproducibility of the measure-
ments has not been checked within the time frame of our work. It is a necessary
task to confront the laser heater against past heaters.

During our different tests, we clearly unveiled the expected pseudo-platean of Quench
Energy at various background maguetic fields. At first glance, the MPZ and the
MQE seem to be strongly related while the QDT appears somewhat disconnected.
To explain the consistency of the results on MPZ’s and MQFE's, a realistic and re-
fined model of helium cooling must be worked out. An attempt of such a work is
given in chapter V (page 169).

The order of magnitude of NZPV’s is consistent with data reported in the Iitera-
ture [27]. Tens of meters per second are expected at 4.2 K and in this range of
background magnetic flux density. Also, the NZPV appears to vary linearly as a
function of background magnetic flux density and as a function of fraction of critical
current.
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Numerical simulation of the
thermal behavior of a Cu/NbTi
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V.1. INTRODUCTION TO THE NUMERICAL ANALYSIS

N THIS CHAPTER, we will introduce a numerical model based on a Finite Element
I Method, which aims at simulating the thermal behavior of Cu/NbTi multifilament
composite wires undergoing a quench. The numerical program’! was written under
CASTEM® v98. It was subsequently modified and upgraded under CAST3M®
v2003 [1].

The program resolves a non-linear transient heat balance equation and yields the
temperature profile along the wire as a function of time. The algorithm used for the
resolution is based on a Dupont2 algorithm with a double time step resolution 2] [3].

V.1 Imtroduction to the numerical analysis

V.1.1 Description of the simulated wire

A composite conductor having the geometry of a Cu/NbTi wire from batch NbTi-2
has been modeled. It is made-up of different materials which are drawn together
to form a multifilament structure. NbTi filaments of 5-to-6 um of diameter are
embedded into an OFHC copper matrix. Figure V.1 (page 172) shows a detailed
cross-section of such a composite wire. Two distinctive regions can be distinguished:

- a high purity copper region (copper Cul),
- a multifilament region (copper Cu2 plus NbTi filaments).

For the oncoming analysis, we define as zcoy and zoys the fraction of copper Cul
and Cu2, respectively, and as zg, the fraction of superconductor such that:

row = 208, Vi€ (1,2) (V.1)
Ty =1-— ($Cu1 + xCuZ) (VE)

where Acy (Vi € {1,2}) is the cross-sectional area of copper and A, is the total
cross-sectional area of the wire.

The main geometrical parameters of the wire are given in Table V.1 {page 172). The
residual resistivity ratio was estimated from the results obtained from the stability
measurements with the diode laser {in chapter IV, see footnote page 154).

V.1.2 Environmental conditions surrounding the wire

The wire, in which flows a transport current Iy, is surrounded by liquid helium or
vacuum at To, = 4.2 K and atmospheric pressure. The pressure exerted by the
volume of liquid helium above the conductor is neglected. A background magnetic
field of 5, 6 or 7 T is applied transversally to the axis of the conductor.

V.1.3 Hypotheses of the simulation

Different hypotheses have been made to simplify the numerical model.

"This program was originally written by F.P. Juster, CEA/Saclay, DSM/DAPNIA/SACM,
France.
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V.1. INTRODUCTION TO THE NUMERICAL ANALYSIS

Figure V.1: Micrography of the cross-section of
a LHC-type Cu/NbTi multifilament composite wire
from batch NbTi-2.

Table V.1: Parameters to model the NbTi-2 wire.

Radius of the wire, Rw ~{.412 mm
Inner diameter of the multifilament

zone, R, (™ ~(3,149 mm
Outer diameter of the multifila- )

ment zone, Ry ~0.33 mm
Ratio Cu/non-Cu for the entire 1.96
cross-section, r ’

Ratio Cu/non-Cu for the multifila- 0.33

ment zone, ry

Fraction of pure copper Cul, zcu: ~{).497
Fraction of degraded copper Cu2, ~0.172
TCu2

Fraction of NbTi superconductor, 0341

Lg

Estimated bulk copper ERR 150

) Generic infarmation provided by T. Boutboul, CERN.
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V.1. INTRODUCTION TO THE NUMERICAL ANALYSIS
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- ——

> < = —> ¢t
Half of the Fine mesh, > L;,/2 Coarse mesh
heated zone, L;,/2

s o

S Cd

Total length, L

Figure V.2: Definition of the mesh based on an axi-symmetrical model.

V.1.3.1 Axi-symmetry

"The geometry of the conductor is cylindrical. The length of the conductor is ~60 mm
in the active zone of measurements. In view of its small diameter of ~0.82 mm, it
can be considered as infinitely long compared to its diameter.

V.1.3.2 Uniformity of temperature and homogenization of the physical
properties

We consider in first approximation that the temperature is uniform at all times
in each cross-section of the wire (see Appendix E, page 246). Thus, the physical
properties of the different materials can be averaged over the wire cross-section.
These physical properties are:

- heat capacity [J/m?K],
- thermal conductivity [W/m-K],
- electrical resistivity [Qm].

V.1.3.3 Energy disturbance

We did not model the source of energy disturbance. The energy is assumed to be
released in the conductor volume over a heated zone of ~1 mm. The duration of
the energy disturbance is a parameter set by the user.

V.1.3.4 Cooling environment

The cooling environment of the conductor is represented by a heat transfer coeffi-
cient. This coefficient is taken equal to zero in a vacuwm and is function of temper-
ature, time and distance along the wire when liquid helium cooling is considered.
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V.2, DESCRIPTION OF THE NUMERICAL MODEL

______ S,
ls3=0
________ or Tis=Tp

disa=h(T-To)

Figure V.3: Definition of the boundary conditions imposed on the model. ®'s symbolize the
fluxes exchanged through the surfaces S; {i € {1,2,3,4}) |bold fonts representing vectors}.
Here, Ty is equal to 4.2 K.

V.2 Description of the numerical model

V.2.1 Mesh

Figure V.2 (page 173) presents a sketch of the mesh used to model the conductor. We
consider a cartesian system of coordinates (O, x, y, z) such that (O, x } corresponds
to the longitudinal axis of the conductor and (O, y, z} the plane of symmetry at
the center of the heated zone. The conductor sections of uniform temperature are
parallel to the (y, z) plane.

The mesh corresponds to the discretization of one quarter of the longitudinal section
of the conductor included in the (O, x, ¥) plane. Three parts are distinguished.
The first part (red) represents half of the heated zone having a length of Ly, /2. The
second part {blue) covers a distance assumed to be longer than half of the Minimum
Propagating Zone, Linpz/2, for which the mesh is finely discretized. This distance is
adjusted by the user. The third part {white) is taken to be long enough so that the
outer radius of the composite wire, Ry, becomes negligible compared to the total
length of the simulated wire, L. Then, the effects of the boundary condition at
its extremity are avoided. In this region, it is not necessary to refine the resolufion
and a decreasing density of nodes was implemented.

V.2.2 Boundary and initial conditions

Initial condition: At t = 0, the temperature of the conductor, Typ, is assumed
to be uniform at 4.2 K.

Boundary condition: Figure V.3 (page 174) represents the mesh, which is limited
by four sides. Each side, referred to as §; (i € {1,2,3, 4}), is affected by a boundary
condition:

- on sides S; and Sa: the thermal gradients are assumed to be zero,
=80 —
Pls1_y = or = Y
- on side S3: either the temperature, T'|g,, is set to be constant, equal to 4.2 K
or the thermal gradient is nil, pls, = 0, at all time,
- on side S4: we impose a heat transfer coefficient, i (corresponding to
helium liquid, A # 0, or vacuum, b = 0).
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V.3. HEAT GENERATION IN THE MULTIFILAMENT COMPOSITE WIRE

V.2.3 Heat balance equation

It has been assumed that the temperature is uniform in each conductor cross-section.
Consequently, the temperature depends only on two parameters: the distance along
the wire, x, and the time, {.

The mesh being defined, the program solves with the appropriate boundary and
initial conditions the following non-linear transient heat balance equation governing
the thermal behavior of the wire:

O B)G - 2 W B | - G B) -+ HE =0 W/ (V)

with:
- Cw(T, B): average heat capacity of the wire in J/m®K,
- Aw(T, B): average thermal conductivity of the wire in W/m-K,
- G(T, B): heat generation function,
- @(t): initial heat disturbance,
- H(T,t) = ;f:h(T — Tp): the linearized heat power exchanged with the coolant
(p: wetted perimeter, and h, the heat-exchange coefficient).

The average thermal properties are detailed in the Appendix F (page 250). The
heat generation function, G(T', B), the initial perturbation, @(t), and the exchanged
heat power, H(T,t), are discussed thereafter.

V.3 Heat generation in the multifilament composite wire

V.3.0.1 Heat generation function, G(T%)

Figure V.4 (page 176) shows & classical linear approximation of the critical current
versus temperature characteristic of a multifilament composite wire at a given back-
ground magnetic field, B. At the operating temperature, Ty, the transport current
current, Iy, flows entirely in the superconducting filaments with no heat dissipation
(see chapter I, page 50). If the temperature of the superconductor increases, the
current sharing temperature, T, is eventually exceeded. Then, the superconductor
can no longer carry the whole transport carrent, and a fraction of it is shared with
the copper matrix. Consequently, heat dissipation occurs which increases further
the temperature of the conductor. When the critical temperature is exceeded, the
superconductor is in the normal resistive state and no current flows through it. All
the current i3 then dumped into the metallic matrix and the maximum heat dissi-
pation is reached.

Thus, three regimes can be singled out:

- T < Tos: superconducting regime,
- Tes < T < Ti: current sharing regime,
- T > T.: normal-state regime.

T < Tee:  In this regime, there is no current fowing in the copper matrix, and the
superconductor carries the full current without losses:

G(T,B)=0, VT < T (V.4)
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Current sharing zone
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Figure V.4: Typical critical current versus temperature
characteristic of a compesite wire at a given background
magnetic field.

@
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Figure V.5: Heat generation function for a multifilament
composite wire.
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V.4, INITIAL HEAT PERTURBATION

Table V.2: Current sharing temperatures and critical temperatures.

Tes (K) 80% of I, | 85% of I. | 95% of I, | Tt (K)
5T 4.8 4.65 4.35 7.7
6T 4.7 4.58 4.33 6.7
TT 4.61 4,51 4.3 6.24

Tes < T < Lyt In this regime, we follow the classical description that the excess
transport current is carried out by the copper matrix resulting in a linear dependency
of G(T, B) with respect to the temperature [4]:

TCS(JW:B) -T
Tcs(JwaB) - TC(JW1B)

G(T, B) = G,(T, B) [W/m®] (V.5)

where,
147

T

Go(T, B) = ——poy(T, B)J2  [W/m"] (V.6)

and Jy, s the current density averaged over the conductor cross-section. (¢ repre-
sents the maximum density of dissipated power when all the current flows in the
copper matrix.

T > T In this regime, we simply have:

G(T,B) = G(T,B) [W/m? (v.7)

Figure V.5 (page 176) shows the heat generation function versus temperature.

V.3.0.2 Determination of the current sharing temperature, Ty

Using the simple model illustrated in Figure V.4 (page V.4), the current sharing
temperature can be expressed as:

(14 7}ty

Tea(hu: B) = Telhw, B) = s
< ops

(Te(Fw, B) = Top)  [K] (V.8)
where Jo(T5p) is the critical current density at Top, and B. Table V.2 (page 177) sum-
maries the different values of current sharing temperatures at various percentages
of critical current and background magnetic flux densities.

V.4 Initial heat perturbation

As already mentioned, the source of energy perturbation is not modeled, and we
assime that it is released within the conductor.

This energy, whose value is set by the user, is first transformed into a gaussian
or trapezoidal heat power perturbation and subsequently divided by the volume of
the heated zone, ¥y, = Ly, A, to be treated by the numerical program. For the
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V.5. HEAT TRANSFER COEFFICIENT AND ADIABATIC CONDITIONS
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Figure V.6: Shape of the pulse power density implemented in
CAST3M. The integral of the pulse power density over the pulse
duration 7, fixed corresponding to the half height of the pulse
yields the pulse energy, E,.

gaussian shape, the transformation is in such a way that the integral of the power
perturbation pulse over the pulse duration yields the input energy:

Ep = 19112-/ Q(t)dt [‘]] (V.Q)

Two shapes of the initial heat perturbation have been tested: a gaussian shape
and a trapezoidal quasi-rectangular shape. Figure V.7 (page 179} shows a typical
Gaussian shape of the pulse power density while the trapezoidal shape can be seen
in Figure V.10 {page 183) in the subsequent section V.6 (page 182). The shape
of the pulse weakly influences the numerical result and the error on the computed
Minimum Quench Energy is of a few percent at most. For this analysis, we rely on
the initial heat perturbations of trapezoidal shape.

V.5 Heat transfer coefficient and adiabatic conditions

V.5.1 Adiabatic conditions

The program allows the user to choose between adiabatic and helium cooling con-
ditions. The choice is determined by the heat transfer coefficient, h, implemented
into the program:

- helium cooling: h = h(T(z), 1),
- adiabatic conditions: k= Q.

In adiabatic conditions, the physical problem is simplified and the number of un-
known parameters is reduced. Unfortunately, the results of those runs could not be
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Figure V.7: Transient heat transfer to liquid helium: the maximum heat
per unit area which may be transferred by nucleate boiling, shown as a
function of heat-pulse duration. Dashed and dotted lines correspond to
Equation V.12 (page 180) with n = 900 and 5 = 450 respectively (adapted
from [5]}.

experimentally validated because of Jeak problems. Therefore, in the following, we
focus on helium cooling conditions.

V.5.2 Heat transfer coefficient for pool boiling Helium I

In the stability experiment involving very short pulse heat perturbations, the thermal
phenomena are transient. To study such phenomena, we use a classical approach
which aims at comparing the energy transferred from the sample to liquid helium,
Ey, to the energy necessary to trigger film boiling, Ep:

- liquid regime: Fy < I,
- film regime: Ey > K.

Schematically, she numerical program calculates at each time step these energies for
each portion dz of the wire and adjust the heat transfer coefficient according to it.
"The subsequent sections will present the estimation of these energies and the result-
ing heat transfer coefficient.

V.5.2.1 Determination of Er and F;

Energy to trigger film boiling, Ex: In pool boiling helium I, the heat transfer
from solid to bulk liquid helium is enhanced during a short period of time before
the onset of film boiling {6]. W.G. Steward [7], C. Schmidt [8] and O. Tsukamoto [9]
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have carried out different experiments, which aimed at measuring the onset time
of film boiling. The experimental setups were based on a resistive heater immersed
into an helium bath. A current pulse was driven through the heater and heat was
transferred to the bath. By adjusting the amplitude of the curreni or the width of
the pulse, the film boiling regime could be ignited. Theun, the total heat transfer per
unit area of heater could be estimated as a function of pulse duration. A compilation
of their results by M.N. Wilson [5] is presented in Figure V.7 (page 179).

To interpret the data, C. Schmidt [10] considered a simple model based on a diffusion
process across a thin layer of liquid helium, a {see Appendix E, page 246):

_ % [ Atair
a= 2\ o [m] (V.10)

where Ay, is the thermal conductivity of liquid helium, Cy, is the heat capacity of
liquid helium, and tgir is the time during which the energy diffuses info the layer.
The heat transfer is efficient as long as the helium coolant remains liquid. The
amount of energy to vaporize the layer, a, of liquid helium is:
T A 170 2
Er=al = -y —L1t} J/m* V.11

f a 2‘\ Gih dif [ /m ] ( )
where £ is the latent heat of vaporization of liquid helium. As suggested by M.N.
Wilson [5], we can parametrize Ep as:

Er=ntge [I/ m’] (V.12)

where » has been chosen egual to 0.6 as suggested by C. Schmidt [10] and 7 is given
by:
T [ A

=2 [I/m?/KOE V.13
=gy el O/mt/K) (v.13)

In owr model, the diffusion #ime has to be evaluated at each nod,
tair =t — Ly [8] (V.14)

with tigir = £(T > To, z1), Vay € 84, corresponds to the time where heat starts to be
transferred to the helium at nod ;. In the present version of the program, we rely
on an artifact. We assume that the diffusion time can be estimated as:

tqif = [M] xt [s] (V.15)
(Tmax () — To)

where Thnax(t) = max[T(zi,t)], Vi € S4. Indeed, if the temperature T is equal to
Ty at nod z;, tgir = 0. However, as soon as T exceeds Ty, tqir starts increasing, and
the maximum value is achieved for Tina:, which corresponds to the temperature of
the center of the heated zone.

Energy transferred from the sample to liquid helinm, Fy:  The energy trans-
ferred by the wire sample to liquid helium, B is estimated at each nod =; of the side
mesh S, as:

Ei(x) = /Ot [T (z:), (T ~ To)dt, ¥y € S [I/m?] (V.16)

The determination of the heat transfer coefficient is given by comparing B and Ef
at each nod and each time step.
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Figure V.8: Fermi-Dirac-like function to smoothen the heat
transfer coefficient A for different values of £: 0.05 and 0.005.

V.5.2.2 Comparison of energies and determination of the heat transfer
coefficient

To automatically compare both energies Fy and Er and smoothen the transition
from Kapitza regime to film boiling, we used a Fermi-Dirac-like distribution, FD:

1

Eg,’E[—-I
l+e F

where £ €]0,1). F has been chosen equal to 0.0005 in the current analysis. Fig-
ure V.8 (page 181) shows F'D for two values of F. We apply this distribution to the
heat exchange coefficient so that:

WMT,t) ~ FD (%) . + [1 - FD (%)] R [W/m?/K) (V.18)

Then, the heat transfer coefficient can be automatically estimated along the the wire
length as a function of E/FE;.

FD(E,/Ey) = (V.17)

Ey < Bt We assume that the dominant heat transfer is ruled by Kapitza resistance:

A(T,t) = Iy (T, ) = ap (T + To)(T? + T2)  [W/m?/K] (V.19)

where ay, is a parameter which adjusts the magnitude of heat transfer [10}. Typical

values of ay, for copper surface ranges from >100 W/m?/K* to ~1000 W/m?2/K* [11].

Et > Ef: As soon as the energy to create the film vapor is exceeded, the liquid
helium enters the regime of film vapor, and:

MT\t) = by [W/m?/ K] (V.20)

In our simulation, we fixed hg, to 250 W/m?/K to restrain the number of param-
eters.
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Figure V.9: Evolution of the Minimum Pulse Energy as a function of
the parameters 7 and ay.

V.6 Results on the numerical simulation and compari-
son with experimental data
in view of the numerous measurements carried out with the diode laser, we will

focus on the simulation of a few main stability parameters at 7 T, 4.2 K and 85%
of critical current for a pulse duration of 50 us. These stability parameters are:

- Minimum Quench Energy (MQE),
- Minimum Propagating Zone (MPZ),
- Quench Decision Time (QDT).

We will study the influence of the munerical parameters:

- 1, magnitude of the energy to trigger film vapor,
- ay, Kapitza coefficient representing the magnitude of the heat transfer,

on the stability parameters, and on other data such as the time evolution of the
voltage and maximum temperature of the sample. Subsequently, we will compare
some numerical results to a few experimental data for a chosen set of parameters
7 = 450 Js~06 and ay = 300 W/m?/K?* which lead to the best agreement between
the simulated voltage trace, Vi, and our measurements.

V.6.1 Influence of the numerical parameters
V.6.1.1 Minimuwm Quench Energy
To find the Minimum Quench Energy the program increases antomatically the pulse

energy till a quench is detected. The quench criterion is based on a maximum nor-
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Figure V.10: Time evolution of the maximum temperature along the
sample for 7 = 450 Js~96,

mal zone extension fixed by the user. When the calculated normal zone extension
is larger than this criterion, the program stops and yields post-treated set of plots.
Using this method, we estimated Quench Energies for different set of parameters n
and oy as depicted in Figure V.9 (page 182).

The most sensitive parameter appears to be 7, which characterizes the energy nec-
essary to trigger helium film boiling. The Minimum Quench Energy increases with
increasing n’s. Indeed, as long as the helium remains liquid the exchanged power
is large enough to compensate the initial heat perturbation. This lasts until the
onset of the vapor film. Then, the heat transfer coefficient decreases, enabling the
heat generation to take over igniting the thermal run away. Decreasing the value of
7 corresponds to tend toward adiabatic conditions for which the Minimum Quench
Energy is lower. On the contrary, parameter ay, which characterizes the exchange
of heat flux between the sample and liquid helium, appears to influence weakly the
Minimum Quench Energy: of the order of 3% from 100 to 1000 W/m?/K*.

To understand the influence o this latter parameter, let’s have a closer look at the
time evolution of the maximum temperature along the sample for 5 = 450 Js~08
and various ay’s as depicted in Figure V.10 (page 183). The time of the onset of
film boiling appears sooner with increasing ai’s. Indeed, at 1 constant, i.e., at a
fixed energy to trigger film boiling, by increasing ay, the energy transferred to liquid
helium increases faster reaching this first energy sooner. However, as soon as the
transition to film boiling occurs, the time evolutions of the maximum temperature
tend to follow each other. The slight difference in the time evolutions are responsible
for the small discrepancy in the estimated Minimum Quench Energies.

The differences in the Minimum Quench Energies and the temperature profiles being
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Figure V.11: Evolution of the Minimum propagating Zone as a function
of parameters 1.

negligible, we set ay equal to 300 W/m?/K* in subsequent analysis (value suggested
by C. Schmidt {10]).

V.6.1.2 Minimum Propagating Zone

Figure V.11 {page 184) shows the evolution of the Minimum propagating Zone as a
function of parameter 1. In this case, we do not show the evolution of the MPZ as
a function of aj. Indeed, as the MPZ extension is determined from the temperature
profile (see subsection V.6.2, page 189), and the profiles of temperatures in our range
of ay’s are alike, the influence of this parameter is of a few percents at most (within
the error of the estimation of the MPZ extensions).

Conversely, the MPZ extension increases with increasing #'s. Indeed, the larger 7,
the larger amount of energy is required to trigger a quench as it has been discussed
previously. Consequently, the temperature increase gets larger, and, the spatial
extension of the temperature profile, hence, the MPZ is larger.

As a comparison, the adiabatic MPZ extension was estimated around ~3.5 mm in
the same conditions. As expected, the MPZ extension tends toward the adiabatic
limit at small 7's.

V.6.1.3 Quench Decision Time

It is not easy to really distinguish visually the precise time of the quench decision.
As for the experimental data, errors can be made. Nevertheless, some trends can
be derived in the numerical simulation as it can be seen in Figure V.12 (page 185}).
At decreasing values of the parameter 7, the QDT tends to decrease from ~280 ps
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Figure V.12: Estimated Quench Decision times as a function of param-
eters 1 and ay.

for n = 900 W/m?/K* to ~150 us for = 100 W/m?/K*. Indeed, at lower n’s,
the sample tends to behave as in adiabatic conditions for which the quench decision
oceurs at a smaller temperature excursion. Conversely, no clear tendency could be
revealed regarding the influence of the parameter ay. The order of magnitude of the
computed QDT’s correspond to the experimental data (~200 us) obtained at 7 T,
4.2 K and 85% of I, for np =~ 450 Js~ 6.

V.6.1.4 Time evolution of the maximum temperature of the sample

No experimental measurements of the temperature evolution along the wire sample
have been carried out. These measurements are difficult to perform in view of the
time frame of the thermo-electric phenomena involved in a guench.

Figure V.13 (page 186) shows the computed time evolution of the maximum tem-
perature along the sample for a;, = 300 W/m?/K* and for various values of . The
maximum temperature corresponds to the temperature at the center of the heated
zole.

The temperature variation gets larger for larger values of #’s. Indeed, by increasing
the energy necessary to trigger the filin of gaseous helium, the Kapitza regime lasts
longer and a larger energy is needed to trigger a quench (see Figure V.9, page 182),
which results in a larger initial temperature increase in the heated zone.

As discussed in the previous section, the temperature profile is weakly dependent
o ai's since the transition to film boiling occurs at a very early stage {see next
subsection V.6.1.5, page 187).

If we compare the time evolutions of the maximum temperature to the ones of the
adiabatic case where there is no helium (see Figure V.13, page 186}, we find the
same trend. The reason can be found in Figure V.14 (page 186). It shows a rough
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comparison between the time evolution of the heat flux between the sample and the
helium at o = 0 (in the plane of symmetry ( O, y, ), ®|s,, and the maximum Joule
dissipation normalized to the wetted perimeter of the sample, ®3. These fluxes are
defined as:

Blg, = MT(z=0)~Ty [W/m?% (V.21)
Py = %‘3 max[G(T, B)] [W/m?] {(V.22)

Thus, in helium cooling conditions, once the film boiling regime has been ignited,
the heat conduction becomes the dominant cooling mechanism. So, the thermal
process converges toward adiabatic conditions where heat conduction is the only
cooling mechanism.

The peak of temperature at the end of the pulse energy is assumed to be related to
the heat capacity of the sample.

V.6.1.5 Voltage across the heated zone and comparison with experimen-
tal data

Our actual experimental data are the voltage traces recorded along the wire sample.
Our goal in the numerical computation was to determine a set of parameters 5 and
ay leading to a reasonable fit of the voltage traces.

Before comparing computed voltage traces V] to experimental data, we shall describe
the method used to realize this computation.

Computed voltage, Vi: We have chosen to derive the voltage trace V; from the
computed heat generation function G(T, B}. So, the voltage across the heated zone
can be expressed as follow:
G(T, B
v~ [ G5B, (V.23)
Lne JW

where G(T, B) is the heat generation function defined in subsection V.3.0.1 (page 175)
and Jy, is the current density of the sample. In this version of the numerical sim-
ulation, we have not chosen to use this above expression. Indeed, it is not easy to
perform such an integration at each time step. Then, we approximate the previous

equation by:
G, B)|L G(T, B
y o DG B) L [ G B) 0y (V.24)
Jw L . Jw
This is a rather crude approximation which overestimates V; for temperatures of
the sample between T, and T.. This expression becomes more accurate once the

critical temperature is exceeded (see section V.16(a), page 190).

Comparison with experimental data: Figure V.15 (page 188) shows two plots
of the time evolution of the computed voltage V7 across the heated zone as a function
of parameters  and ay. In Figure V.15(a) (page 188), parameter n has been fixed
to 450 Js~% while different plots have been shown for various a;’s. As discussed
for the Minimum Quench Energy and MPZ, the parameter a; has only a weak
influence on the shape of the voltage traces. The experimental voltage traces are
also given. The numerical simulation does not fit perfectly the experimental data,
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especially at the end of the energy pulse, but, it follows the shape of the time
evolution of maximum temperature depicted in Figure V.13 (page 186). As for the
temperature, the shape of the voltage traces strongly depends on the parameter n
as depicted in Figure V.15(b) (page 188). The computed voltage trace follows the
increasing temperature profile with increasing n. For small ’s, the shape of the
voltage trace follows the time-evolution of the maximum temperature. However, for
7= 900 Js~%0, the temperature raises above the critical temperature and the shape
of the voltage trace shows a better similitude to the actual experimental voltage
trace as expected. For comparison, we also show the computed voltage trace in the
adiabatic case.

To fit the voltage trace Vi, we adjusted the parameters 7 and a,. We found that the
best agreement between simulated voltage and real data is obtained for the following
set of numerical parameters:

- 7= 450 Js~05,
- ay = 300 W/m?/K4.

These values remain in the range of typical values of copper [6]. They are used in
the subsequent discussions.

We did not try to adjust the model to fit the voltage traces beyond the quench
decision time since we focused on the generation of the Minimum Propagating Zone.
Otherwise, the model must be refined to better simulate the recovery or the full
transition of the wire.

V.6.2 Comparison quenched zone extension and helium film exten-
sion

Before comparing the length of the quenched zone to the length of the helium film, it
is necessary to introduce the temperature profile along the sample estimated at each
time step. This profile is important since it leads to the estimation of the voltage ¥}
presented above and of the quenched zone extension. The length of the quenched
zone is defined as the lengih of the mesh for which the temperature is superior or
equal to the current sharing temperature: T' > Tis. The length of the helium film is
estimated from the evolution of the heat exchange coefficient along the wire sample,
and corresponds to the maximum extension of the mesh for which the heat transfer
coeflicient is equal to Apyy.

Meta-stable MPZ profile: Figure V.16(a) (page 190} shows the time evolution
of the temperature profile along half of the sample obtained at various time steps
for a quench while Figure V.16(b) (page 190) shows a similar plot for a recovery at
7 T, 85% of I, and a pulse duration of 50 us. The minimum temperature profile
close to the MPZ profile and the one at the Quench Decision Time ave also given.
At first, the maximum temperature at the middle of the heated zone rises quickly
and exceeds eventually the critical temperature at the end of the encrgy pulse.
Subsequently, the maximum temperature at the middle of the heated zone drops
down rapidly and the temperature profile approaches a minimum profile close to
the MPZ profile. The speed of the changing temperature profile slows down. If a
quench occurs, the temperature profile grows anew slowly before running away. If
a recovery occurs, a meta-stable temperature profile can be clearly observed and
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the temperature profile remains quasi-constant for a lapse of time <100 ps before
shrinking and disappearing.

Quenched zone and helium film extension: Figure V.17 (page 192) shows a
comparison of the corresponding time evolution of the quenched zone and of the
helium film extension for a quench and a recovery (where 5 = 450 Js™%% and a) =
300 W/m?/K*). As already discussed, the film of gaseous helium appears rapidly
before the end of the energy pulse. At first, the normal zone drags the film of gaseous
helium. However, rapidly, the fibn length exceeds the normal zone extension and
the development of the normal zone is governed by hgiy,.

The information drawn from the comparison of the time evolution of the quenched
zone and film extension sheds some light on the time evolution of the temperature
shown in Figure V.13 (page 186). After the initial temperature rise due to the heat
deposited by the pulse (first 50 us), the temperature decreases to reach, over the
next few hundred microseconds, a pseudo-platean, located between T and Tg. On
this plateau, the wire is in the current sharing regime and dissipates a power by
Joule effect that can be significantly lower than when the wire is fully quenched
(temperature above T¢). Then, the behavior is very similar to the adiabatic case
where the Joule power is conducted out of the normal zone until the temperature
gradient flattens, reducing the heat conduction and enabling quench propagation.
This phenomenology explains the predominant influence of the parameter . A larger
energy to trigger the film of gaseous helium allows a larger temperature difference
between the sample and the liquid helium to develop. So, the time to trigger the
film is delayed and a larger heat dissipation is induced. The thermal gradient along
the sample increases due to a larger temperature difference and the MPZ profile
extends over a larger portion of sample.

Some difficulties appeared while performing the numerical simulations. Indeed, the
time evolution of the filin of gaseous helium exhibits numerical oscillations. These
instabilities have been encountered in the computation of the heat transfer coefficient
h. However, they are expected to affect our results.

V.6.3 Comparison between numerical simulations and experimen-
tal data

Figure V.18 and Figure V.19 {page 192) compare the numerical Minimum Quench
Energies to the experimental Minimum Pulse Energies and the corresponding Min-
imum Absorbed Energies for various background magnetic flux densities. The nu-
merical results correspond to a; = 300 W/m?/K* and 5 = 450 Js~96 for which we
had the best agreement between the computed voltage V1 and the experimental one
(see Figure V.15(a), page 188). The numerical results for the adiabatic case are also
given. As expected, it corresponds to the lower plot.

The numerical Minimum Quench Energy is located between the Minimum Pulse
Energy and the Minimum Absorbed Energy estimated as described in chapter IV,
section IV.4.6 {page 149) for an absorptivity of 22%. Our chosen set of parameters
7 and ai. leads to greater energies than the estimated absorbed energies. This seems
to indicate that the coefficient of absorption is somewhat greater. By comparing the
computed Minimum Quench Energy to the Minimum Pulse Energy at various mag-
netic flux densities (see Figure V.19(a) and Figure V.19(b)}), we find similar orders
of ~60% at 5T and 7 T, and ~68% at 6 T. This discrepancy can be related to the
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experimental setup used to calibrate the absorbed energy. Indeed, this experimental
setup differs from the one used to study the thermo-electric stability of wire sample.
Consequently, the positioning of the tip of the optical fiber facing the wire surface,
the presence of the background magnetic field in the stability experiment, the fact
that the diode laser used for the calibration had different characteristics than the
one used for the stability tests can account for this difference.

Therefore, a calibration in situ, as it was originally planned, is needed and it should
clarify the discrepancy between the numerical shnulasion and the experimental data.

V.7 Conclusion on numerical simulations

The simulation presented here to describe the thermal behavior of a Cu/NbTi com-
posite wire is based on a simplified transient liquid helium heat exchange model,
which was adapted from C. Schmidt’s works [10]. This preliminary model appears
very promising although it does not consider the helium boiling regime and the ac-
tual heat diffusion process which takes place through the thin liquid helium layer
surrounding the sampie®. Nevertheless, we were able, at this preliminary stage, to
simulate the proper orders of magnitude of the voltage and of the Quench Energies
ohserved experimentally.

From our first analysis, the quench decision is made when the heat conduction is
the dominant cooling mechanism. Thus, the initial pulse perturbation supplies the
energy necessary to induce a film of gaseous helium blanketing the sample to set the
proper cooling conditions for a quench to occur.

In view of the quantity of data, only a small part of them have been carefully ana-
lyzed. A larger campaign would be needed to ensure that the numerical simulation
can properly describe the behavior of the sample at various background magnetic
fields, percentages of critical current and pulse durations. It may also bring a better
understanding on the true nature of the MPZ and on the actual parameter com-
binations determining a quench and a recovery. However, before performing such
a task, the numerical program must be improved. For instance, it is necessary to
address the numerical oscillations which have been encountered in the calculation
of the heat exchange coefficient, h. In addition, a finer voltage calculation must be
implemented o better describe the experimental voltage traces. In spite of all these
shortcomings, we are nevertheless able to understand the basic phenomenology of
the mechanisms involved and to confirm the soundness of our interpretations of the
experimental data.

*The model of heat diffusion can be realized by adding an additional heat transfer coeflicient to
the one suggested in Equation V.19 (page 181) [6].
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V1.l DESCRIPTION OF THE SAMPLES

WING IO THE EFFORTS OF INDUSTRIALS to commercialize High Temperature
Superconducting conductors (HTS conductors), long lengths of tapes and wires

have been rapidly available for engineers and scientists at a reasonable price. In the
1980%s, the possible applications of these conductors were just anticipated ; it needed
less than a decade to see the first commercial tapes with relatively high current den-
sities be experimentally characterized in view of designing HTS magnets.
The present chapter completes two articles published in 2003 [1] and 2004 [2] which
introduced two experiments conducted on Ag-coated YBasCugOr..s/Ni-alloy and
Bi-2223 tapes. Both experiments used the same cryostat, but one was dedicated
to Nitrogen gas cooling study while the other used a cryocooler to carry out quasi-
adiabatic measurements on YBCO tapes.
As an introduction to these experiments, a few words will be given on a preliminary
study conducted on Bi-2212 and Bi-2223 tapes in helium gas cooling condition. This
study used a strain gage as heater. It was subsequently replaced by a NiCr wire.
This chapter deals mainly with the latter heater technology, which showed better
reliability at that time.
All the measurements were carried out in self-field. No simulations were carried out.
The objective was to design a reliable experimnent to study HTS conductors.

VI.1 Description of the samples

VI.1.1 Bi-2212 tape

Bi-2212 tapes were cut from batches used to wind pancakes for the 5 T project
conducted at the National High Magnetic Field Laboratory. Supplied by Oxford,
they were composed of Bi-2212 filaments enclosed in a silver stabilizer (representing
commonly ~60% of the total cross-section [3}).

VI.1.2 Bi-2223 tape

Samples of Bi-2223 tapes were supplied by American Conductors, Inc. (US). As
Bi-2212 tapes, they are filamentary structures composed of Bi-2223 filaments inside
& silver matrix. Their cross-section is 0.173 mm x 3.07 mm.

The average n-value at 4.2 K in self-field is 47. The seif-field critical current is 385 A
at 4.2 K and 68 A at 77 K, measured using a 1 pV/cm electrical field criterion with a
10 m voltage tap separation on a 60 m length of conductor. The self-field engineering
critical current density, J,, is estimated to be equal to ~723 A/ mm? at 4.2 K.

VI.1.3 YBCO tape

The sample is a thin film Ag-coated YBCO conductor deposited on a textured Ni
alloy substrate. Figure VL1 (page 199) depicts a schematic cross-section of layered
YBCO tapes. The tape is constituted of a 75 pum thick RABITS type Ni-5at%W
substrate, coated with a 2 pm Ni layer, a 50 nm thick Y903 seed layer, a 250 nm
YSZ anti-diffusion barrier layer, and a 20 nm CeQO; layer (composing the buffer
layer). A 1 pm YbCO layer was then deposited using a TFA based solution process.
Subsequently, a 3 ym thin Ag cap-layer was laminated on top of the YBCO layer
for chemical protection and to facilitate electrical contacts [4]. The resulting overall
cross-section was (.08 mm x 8.9 mm (see Figure VL1).
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Figure VI.1: Sketch of an YBCO tape (scale not respected).

Table VI.1: Salient features of YBCO tapes.

Total length {mm) 250
Total thickness {mm) 0.08
Total width (mm) 8.9
Ni-substrate {pum) ~T7T7
Buffer layer (pm) ~{.32
YBCO deposition (zm) 1
Silver stabilizer (um) 3

I [self-field, ~77 K] (A) 147

The self-field critical current is 50 A at 77 K. Salienl geometric features are listed
in Table V1.1.3 (page 199).

V1.2 Heaters

In this section, we will introduce two different heater technologies:

- strain gages,
- NiCr wire.

The strain gages were used as heaters to trigger normal zone propagation on Bi-
2212 and Bi-2223 tapes. They were used for a preliminary study of HTS stability in
helium gas cooling condition. This technology did not appear convenient for stability
studies on YBCO tapes because of the mechanical fragility of this material.

An alternative heater technology, based on a NiCr wire, was successfully tried on
Bi-2223 tapes. 1t was then applied on YBCO tapes in nitrogen gas cooling condition
and later in conduction cooling condition. This technology appeared reliable and
easy to handle.
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BICCé .sample

Figure V1.2: Micrography of Bi-2212
tapes on which is glued a strain gage. The
volume of Kapton® tape is about 20 pm,
which corresponds to a diffusion time of the
order of a few microseconds at low temper-
abure,

Table VI.2: Thermal properties of polyimides and Stycast® 2850FT at room and low
temperatures.

Heat capacity | Conductivity Diffusivity
(3/keK) (W/m-K) (m?/s)
Polyimide
[1.42 kg/m?3 [5]]
Room temperature | 1000-1450 [6] 6-12 [6] 4-6x107°
42K 17 [7] 0.045 [7] 2x1076
Stycast®
2850FT
[2.45 kg/m? [8]]
roo temperature 1.28 [8]
42K 0.8 [9} 0.06 [10) 29%10-0
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Figure V1.3: Left, NiCr wire glued on the surface of
an YBCO tape. Right, the same heater recovered with
Stycast;® 2850F T and equipped with current leads and
voltage taps.

-1- YBCO tape mounted on its G-10 sample holder.

-2- Zigzag pattern.

-3- Thick pad of tissue to protect the sample.

-4- Braided copper wire.

-5- Zigzag pattern covered by Stycast® 2850FT,

VI1I.2.1 Strain Gauge

In preliminary experiments, strain gages, Vishay® EA-06-125BZ-350, were used as
the resistive element for locally heating Bi-2212 and Bi-2223 samples in helium gas
cooling condition between 10 K and 50 K. These strain gages are made-up of an
alloy constantan resistive grid, which has a temperature-independent resistance of
350 Q. The grid is glued on a 25 pm thick Kapton® tape. In order to limit heat
sink from the tape (see Figure V1.2, page 200), we reduced its volume by removing
the excess of Kapton® surrounding the grid.

To obtain an intimate contact between the heater and the sample, the strain gage
was gently clamped onto the sampies and cured at room temperature. The thermal
diffusion across the Kapton® tape is relatively fast, of the order of a few hundreds
of microseconds at low temperasure. Table V1.2 (page 200) gives some thermal
properties of generic polyimides and Stycast® 2850FT.

The strain gages degraded for pulse energies of a few Joules.

VI.2.2 NiCr wire

YBCO tapes being very sensitive to any mechanical deformations, we moved from
strain gages requiring clamping to a new technology based on a silicone-insulated
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Table VI.3: Salient parameters of silicone insulated 80%Ni20%Cr ” Sta-
biohi650" wire.

Total length (mm) 43
Diameter (mm) 0.14
Resistance (1)) 21
Typical heater range (mJ) 200-350
Pulse height (V) 1-2
Typical pulse duration (ms) 100-460
Failure of the heater (J) 5-10
I (self-field, ~77 K) (A) 147

80%Ni20%Cr wire. This new heater proved straightforward to prepare and less frag-
ile than the strain gauge. So, sample damage was eliminated and no degradation was
seen in the superconducting performances of YBCO tapes. However, the thermal
diffusion time across the heater embedded by Stycast® 2850FT was larger than for
strain gages, of the order of a few tenths of milliseconds (see Table V1.2, page 200,
for the thermal properties of Stycast® 2850FT).

The resistance per meter of the NiCr wire at 293 K was measured to be equal to
~54.9 Q/m. Measurements at 4.2 K showed this value to be temperature indepen-
dent.

Figure VL3 (page 201) shows a NiCr wire, which is prepared on an YBCO tape.
The section of wire that is in contact with the HT'S sample was shaped into a zigzag
pattern from a 1 cm long piece of wire, giving a resistance of ~2 2. The total length
of the NiCr wire was 4.3 ¢m. Details of the heater are summaried in Table VI.2.2
(page 202).

After shaping the NiCr wire, the insulation was chemically removed from both end
sections to insert two tinned copper sheaths. As it is difficult to solder directly to
NiCr material, the sheaths were filled with Sn60%Pb40% solder to encircle the NiCr
leads, improving the electrical contact. The ohmic heater was subsequently tacked
with SuperGlue to the middle of the sample. It was then covered by blue epoxy
Stycast® 2850FT with catalyst 24LV and cured for 24 hours at room temperature.
The maximum energy that could be dissipated by the NiCr heater before it burned
out was ~300 mJ at 293 K and between 5 J and 10 J at 80 K. No degradation of
the heater was observed after repeated pulses at lower energies.

VI.3 Helium gas cooling: preliminary study using strain
gages

In this section, we summarily introduce the very first stability studies conducted on
Bi-2212 and Bi-2223 tapes using a strain gage as heater. This preliminary study
was carried out to qualify the experimental setup used in the nitrogen gas cooling
experiment and to find a proper heater. The setup is then similar to the one de-
scribed in section VI.4 {page 204).

The results are rather scant and we only give a few comments.
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Thermal sensor

— Strain gage and
sample damaged

Figure VI.4: Picture of a damaged strain gage while stability
tests were carried out on Bi-2212 tape. The sample burnt out
before normal zone transition occurred damaging the strain gage.

Figure V1.5: Local destruction of a Bi-2212 tape. The sample and the strain gage burnt
out before the normal zone expands inside the superconductor. The order of magnitude of
the energy necessary to trigger a transition was of tens of Joules at most.
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Figure VI.6: Sample holder for stability study in Nitrogen gas
cooling conditions.

Vi, voltage drop across the heated zone.

Vi (i € {2,3,4}), voltage drops along the sample.

C; (i € {1,2,3}, thermal sensors located along the sample on the
other side of the heater.

VI1.3.1 Stability of Bi-2212 tapes in helium gas cooling condition

Bi-2212 tapes appeared very stable to local disturbances. Most of the strain gages
burnt. out before the ignition of a distinctive normal zone inside the conductor.
Figure V1.4 (page 203) shows one of the strain gages damaged during a stability
test. FEmergies of 1 J to 15 J were delivered to the samples. The normal zone
diffused slowly across the conductor and a hot spot occurred very locally which led
to the destruction of the tape (see Figure VL5, page 203).

The stability of these tapes does not appear as an actual issue since releases of a
few tens of Joules are necessary to trigger a normal zone transition.

VI.3.2 Stability of Bi-2223 tapes in helium gas cooling condition

In the case of Bi-2223 tapes, despite the precautions iaken during the clamping,
few samples showed degradations of their superconducting properties before any
experiments could be completed. Indeed, the sample showed a weak spot at the
localization of the strain gages, which degraded with repeated heat pulses.

YBCO tapes being more fragile, this technology was abandoned and was replaced
by a similar technology based on a NiCr wire.

V1.4 Nitrogen gas cooling experiment

In this section, experiments carried out with Bi-2223 and YBCOQ tapes are presented.
These experiments were performed in nitrogen gas cooling conditions using a NiCr
wire as heater. This heater appeared suitable since no degradations of the samples
were observed after repeated stability tests.

After describing the experimental setup, the results obtained on Bi-2223 and YBCO
tapes will be discussed and compared to some extent.
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Table VI.4: Distances between voltage taps for Bi-2223 and YBCO tapes.

| Bi-2223 tape

l

i YBCO tape

|

Pairs of voltage taps | Distance (mm) | Pairs of voltage taps | Distance (mm)
Vi 8 Vi i5

Vo 9 Va i1

V3 10 Va 12

Va4 9 Va 12

‘Vtut 155 Vtot 155

VI1.4.1 Experimental setup and G-10 Sample holder

Experiments were carried out in a LNo jacketed cryostat from which cold exhaust
gas was led into the sample chamber. The samples were then cooled down by a
slight flow of nitrogen gas to a bottom temperature of ~80 K. Samples of ~25 cm
lorng were mounted on a cylindrical G-10 sample holder and soldered to two copper
rods connected to the current leads (see Figure VL6, page 204). Bi-2223 tapes were
soldered with regular tin solder. However, YBCO tapes were soldered with indium
to avold removing the thin silver layer thereby degrading the sample. A layer of thick
tissue was placed between the YBCO sample and the G-10 holder to smoothen the
differential thermal contraction and to insulate the sample from the sample holder.
This protection was not used while testing the Bi-2223 tape.

Three evenly spaced voltage taps Vo, Vi, and V4 were soldered with PhSn solder
on the tapes to measure the Normal Zone Propagation Velocity (NZPV). A pair of
voltage taps, Vi, was soldered across the heater to record the early stage of the
normal zone transition and the influence of the heater presence. An additional pair
of voltage taps, Vi, was located across the entire sample for end-to-end critical
current measurements.

In the first series of measurements, three similarly spaced CernoxT™ thermal sensors
{C1, Ca, and C3) were glued with GE-varnish to one side of the heater!. These
thermal sensors were subsequently removed during the series of tests carried out on
the YBCO tape. Indeed, their time response was not fast enough to yield accurate
measurements of the temperature of the sanples during a normal zone transition [1].
Figure VI.7 (page 206) and Figure V1.8 (page 206) show respectively a Bi-2223
and YBCO tape with the localization of their voltage taps and thermal sensors.
Table V1.4 (page 205) summarizes the distance between the voltage taps for both
the Bi-2223 tape and the YBCO tape.

VI1.4.2 Acquisition system, electrical equipments

A sketch of the instrumentation and data acquisition system for the nitrogen gas
cooling experiment is shown in Figure V1.9 (page 207). The current, which flowed
through the sample, was measured across a precision shunt of 100 mV/500 A.

"This assembly was designed assuming that the superconducting properties of the sample were
homogeneous over the entire length of the sample. This assumption can be reasonably made for
short sample lengths ; but, it is not likely to be verified for long length.
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Figure VI.7: Localization of the pairs of voltage taps along the

YBCO sample,
15.5 em i
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Figure VI.8: Localization of the pairs of voltage taps along the
YBCO sample.
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Figure V1.9: Electrical sketch of the quasi-adiabatic experiment
conducted on HTS tapes.

The voltage taps were connected to Keithley?™™ 2001 DMM voltmeters and the
Cernox™™ sensors to Keithley?* 2000 DMM voltmeters. The voltage drop across
the heater was recorded by a digital escilloscope (5104 Tektronix®} in parallel with
an additional Keithley® 2000 DMM voltmeter. The voltmeters and the oscilloscope
were connected to a computer via a GPIB bus for simultaneous readout. To increase
the data acquisition speed, some voltmeters were set to burst mode, writing first to
the internal buffer before communicating with the computer. The entire experiment
was controlled via Labview 6©,

VI1.4.3 Results on Bi-2223 tapes
VI.4.3.1 Preliminary studies

To characterize the experimental setup, we carried out a first series of measurements
on Bi-2223 tapes. The different parameters as noise level, and repeatability of the
pulse currents were estimated [1]. The parasitic thermocouple voltages (at most
a few 100 pV) resulting from the thermal gradient developed between the voltage
taps appeared negligible compared to the voltage magnitudes recorded during the
normal zone transition of the sample (in the milli-volt range). The relative error of
the estimation of the energy pulse after repeated pulses was estimated inferior to
<15% (see Figure VI.10, page 208).
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Figure VI1.10: Typical pulse traces.

V1.4.3.2 Voltage-time and temperature-time plots of normal zone tran-
sitions and recoveries

Temperatures and voltages versus time were simultaneously acquired along the Bi-
2223 sample during normal zone transition. The initial sample femperature was
82.9 X, which gave a self-field I, of ~37.7 A. The normal zone was initiated by
increasing the transport current for a fixed energy pulse.

A normal zone transition was first observed at a transport current of ~32.4 A, cor-
responding to ~87%I.. An additional measurement was carried out at a energy
pulse of ~59 mJ, which yields a normal zone transition at ~84%I.. Figure V1.11(a)
(page 209) shows the voltage-time for two cases: one for which the sample recovers
its superconducting state, and another for which normal zone transition is observed
(at ~0.871;). After the heat pulse vanished, the heat diffused through the tape
before the onset of the full normal-state transition characterized by a voltage and
temperature run away. In the case of a recovery, the voltage initially increases fol-
lowing the same trend and slowly desappears while the superconductor recovers its
superconducting state.

A voltage peak characterized the early growth of the normal zone transition. Subse-
quently, the voltage decreases rapidily toward the recovery of the superconducting
state or the onset of the normal zone transition. According to S.B. Kim et al. [11],
the peak of voltage is due to the presence of the heater. We suspect that it may
result from the large heat capacity of the materials increasing with increasing tem-
perature till a thermal equilibrium is reached as it can be seen in Figure VI.11(b)
(page 209). From our point of view, the presence of the heater does not seem to play
a major role in the normal zone transition. Indeed, the thermal diffusion time of the
Stycast® 2850F T embedding the heater is relatively short compared to the evolution
of the normal zone inside the superconductor (see Table V1.2, page 200). Assuming
a thickness of ~1 mm, it is of the order of a few tenths of milliseconds, which must
be compared to seconds. The results on YBCO tapes supports this assumption
since such a behavior did not occur (see next section VI.4.4, page 210). However,
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Figure VI.11: (a), Voltage traces V] across the heater and ¥, along the sample
recorded during a normal zone propagation and a recovery of the superconduci-
ing state at 82.9 K and 0 T for 0.871.. The large heat capacity of the materials
at this range of temperatures can explain the large shrinkage of the normal
zone before the onset of the normal zone propagation. {b), variations of the
temperature recorded during the recoveries and transitions corresponding to
the voltage recordings {a).
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the shape of the voltage V7 presents some particular characteristics which do not
appear on the remaining voltage traces. In addition, the temperature recorded by
the thermal sensors does not reproduce the same exact trend (see Figure VI.11(b),
page 209). The temperature of C; shows a smoother transition an recovery than the
voltage taps of V] even if the localization of the thermal sensor corresponds to the
one of the voltage taps of V; on the other side of the heater. Nevertheless, it shows a
decrease of the temperature before the onset of normal zone transition characterized
by a thermal run away. The voltage characteristic depends on the current flowing
through the silver matrix. This current redistributes from the superconductor to
the matrix and reversely while the normal zone growth and shrinks. The thermal
cooling process responding slower than the magnetic diffusion, the temperature pro-
file appears smoothened. It must be pointed out that the thermal sensor was cooled
down by nitrogen gas, which may slow down the thermal response of the thermal
SENsors,

Over such a long diffusion process characterized by a quench decision time superior
to ~15 s, it is likely that the thermal interactions between the sample and the G-
10 holder influenced the normal zone development and ultimately the propagation
or collapse of the normal zone, These parameters may have acted in conjunction
with a large current sharing zone of ~10 K which is illustrated in Figure VI.12
(page 211) [12]. The temperature profile spreads out across a large portion of the
sample lowering the flux of conducted heat. It would explain the slow normal zone
transition phenomenon without a clear propagation. This assumption is supported
by the larger recovery of voltage V2 compared to V; in Figure VI.11(a) (page 209) and
explains the discrepancy observed on voltages V5 and V; in Figure V1.13 (page 211).
In a real propagating phenomenon, it would be expected that the voltage traces
would increase continuously due to the increasing of the silver resistivity with tem-
perature and the shape of voltage V3 and Vj would repeat itself. These two voltages
have been recorded at different energy pulses for a different set of measurements
explaining thereby the difference of time scale.

V1.4.4 YBCO tape

After the successful trial of this heater technology on Bi-2223 tape, it was subse-
quently applied on an YBCO tape. The fraction of silver thickness over the entire
cross-section is relatively small ~6/10000 and it is comparable to YBCO ~3/10000.
The ratio between the YBCO thickness and the silver one is one of the main param-
eter influencing the normal zone propagation. The influence of the nickel substrate
is not clearly understood on the stability issue of YBCO tapes [13]. X. Wang et
al. [14] showed that a small fraction of current is redistributed into the nickel layer.
However, it remains negligible compared to the current flowing through the stabi-
lizer. In addition, the nickel layer does not seem participate in the propagating
phenomenon since no normal zone propagation can be distinguished. Nevertheless,
it may indirectly participate by acting as a thermal buffer.

VI.4.4.1 Voltage-time plots of normal zone propagations and recoveries

The stable equilibrium temperature was 80.6 K, corresponding to a self-field I, of
~22 A. Figure VI.14 (page 212} shows voltage versus time at a transport current,
Iy, of ~15 A (0.681;) for 3 heat pulses with equal amplitudes but varying durations.
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Figure V1.12: Short sample critical current of Bi-2223 tapes versus tempera-
ture.
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Figure VI.13: Voltage traces V3 and V¥ along the sample recorded
during a normal zone propagation {at 0.85.) and a recovery of
the superconducting state (at 0.76],) during a previous campaign
of measurements at 82.7 K and 0 T for an energy pulse of 63 mJ.
The typical relaxation of the normal zone generated in the the
conductor appears also away from the heater {~13 mm}.
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Figure VI.14: Voltage trace V] across the heater recorded at in-
creasing energy pulse. The measurements were carried out at 0.681;),
806 K and 0 T

The minimum energy to initiate normal zone propagation was equal to ~272 m.)
(corresponding to a pulse duration of ~163 ms). Below this value, the sample fully
recovered ifs superconducting state. Above this value, the conducior undergoes a
normal zone propagation. The voltage V) rises slowly after the end of the pulse,
following the recovery plot as for Bi-2223 voltage plots. It rises until reaching a
maximum value for which the portion of sample located between its voltage taps
has reached a thermal equilibrium.

Compared to the voltage traces obtained with the Bi-2223 tape, no voltage peak
appears at the beginning of the transition. In addition, the quench decision time
occurs earlier at ~0.6 s which is one order of magnitude faster than for Bi-2223
tape. Indeed, the behavior of the YBCO tape tends to the behavior of LTS con-
ductor for which the heat generation increases rapidly. It is further confirmed by
Figure VL.16 {page 214), which shows voltage Vi, Va, V3 and Vy at various percent-
ages of critical current. The early growth of the normal zone is similar to the one of
the voltage plots that we obtained for NbTi wires at low background magnetic field.
The normal zone propagates also as "a normal zone propagating front” even if the
characteristic times of the propagation are few orders of magnitude larger than for
LTS conductors. Despite the large heat capacity of the materials at ~80 K, there
is a distinctive propagation owing to the small current sharing zone spreading only
over ~1 K (see Figure VI.15, page 213) and the large current density. The current
sharing zone is comparable to the magnitude of the temperature range of the one of
LTS conductors. The slowness of normal zone propagation is explained by the large
operating temperature for which the heat capacities of the materials are Iarger.
The magnitude of the transport current mainly influences the normal zone transition.
At large transport current, the voltage rises quickly and reaches a larger value. If
we still refer to Figure V1.15 (page 213), the stability margin decreases with increas-
ing transport current. The difference between the operating temperature and the
current sharing temperature is reduced. In addition, at the full transition, a larger
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Figure VL.15: Critical current measurements of an YBCO short sample at
various temperatures. For these temperatures of measurements (”operating
points™), the stability margin is given.

fraction of current is redistributed to the stabilizer. A larger heat is dissipated. Con-
sequently, the temperature of the conductor increases faster. the resistivity of silver
increases with increasing temperature and the voliage reaches its maximum value
faster. Besides, the resistivity being larger, a larger maximum voltage is reached.
However, it would be expected to see a continuous increase of the voltage since the
resistivity of silver increases quasi-linearly above ~25 K. A thermal equilibrium may
lave been reached, which is directly related to the cooling capacity of the thermal
bath (hardware plus cold Ny gas) and heat generation. The nickel substrate may
help reaching this equilibrium by lowering the current Howing through the silver
matrix, lowering thereby the heat generation. To some extent, this behavior locks
similar to the one encountered with the titanium mandrel used to perform stability
tests on NbTi wires (see chapter II1, page 77). At that time, a possible redistribution
of current may have occurred between the wire and its titanium mandrel support.

V1.4.4.2 Minimum Pulse Energy versus the fraction of critical current

Figure VI.17 (page 214) shows the Minimum Pulse Energy dissipated by the heater
to initiate normal zone propagation as a function of the fraction of critical current.
The presence of the embedding glue and the nature of the interface between the
NiCr wire and the sample do not allow to estimate accurately the Minimum Quench
Energy. The heater not being calibrated, the energy pulse over-estimates the real
energy necessary to trigger normal zone propagations in the conductors. Indeed, it
is expected that the Minimum Quench Energy would vanish at the critical current,
which is not the case here.

For comparison, data obtained on Bi-2223 tape are given. The stability margins
of the Bi-2223 tape being smaller than the one of the YBCO tapes, the energy
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Figure VL.17: Minimum Pulse Energy versus the fraction of critical
current at 80.6 K in self-field.
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Figure V1.18: Normal Zone Propagation Velocity versus the frac-
tion of critical current at 80.6 K in self-field.

necessary to trigger the normal zone propagation is reduced. Indeed, less energy is
necessary to raise the temperature of the conductor from the operating temperature
to the current sharing temperature?,

VI1.4.4.3 Normal Zone Propagation velocity

In this case, we have chosen to estimate the Normal Zone Propagation Velocity
{(NZPV) as follow:

=22 g (VLI)
where La_3 is the distance between the first voltage tap of V5 and the first voltage
tap of V., At = &r—t; is the time lag between the voltage slopes V5 and V4 measured
at 0.01 V (see Figure VL.18, page 215). The propagation velocity increases with the
fraction I, /.. The propagation velocity is related to the ratio between the energy
generated in the sample and the cooling. When the fraction [, /I. increases, the
amount of current transferred to the metallic layers increases during the transition.
Hence, the normal zone propagation velocity increases by the increase of the Joule
heating. The nitrogen gas cooling environment does not change much. The NZPV
appears then proportional to the fraction of critical current.
The NZPV ranges from 0 to 1 cm/s.
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Table VI.5: Distances between voltage taps for the YBCO
tapes (quasi-adiabatic measurements).

Pairs of voltage taps Distance (mm)
V1o 10.6

Viz 0.7

Via 12

Vis 13

VI.5 Conduction cooling Experiment

VL5.0.4 Description of the experimental setup

A double stage Gifford-McMahon cryocooler was used to cool down the samples. The
cold head was inserted into the cryostat, which was evacuated down to 5x10~° mbar.
"This configuration provided a quasi-adiabatic environment by eliminating convection
cooling. The first stage and the second stage of the cold head had a cooling capacity
of ~18 W and ~10 W, respectively. Several sheets of super-insulation were wrapped
around the whole assembly to reduce heat losses. The sample holder, covered of
Kapton® tape for electrical insulation, was machined into an OFHC copper thin
wall cylinder that was screwed at the bottom of the second stage. The sample was
mounted onto the outer surface of the copper cylinder (see Figure VI.19, page 217).
As previously, a pad of tissue was placed underneath the sample to reduce the
thermal coupling between the sample and the sample holder. It prevented also any
degradations due to the differential thermal contraction during cool down. The
sample, measuring ~20 c¢m long, was soldered to two copper current leads that
were atfached to the sample holder for a good thermal connectivity. Electrical
insulation was accomplished using sapphire disks. The current leads were attached
to both stages of the cryocooler in the same manner as on the sample holder. With
this setup, equilibrium temperatures between 45 K and 70 K could be achieved,
depending on the transport current of the sample.

Five pairs of voltage taps, named Vig, Vi1, Vin, Vi3, and Vi, were soldered with
regular PbSn solder as shown in Figure VI.20 {page 217). The pair of voltage taps,
V1o, was located across the heater while Vi1, Vy2, Vi3, and V44 were distributed on
each sides of the heater. This configuration allowed to check the homogeneity of
the critical current along the tape. Table VI.5 (page 216) summarizes the distance
between the voltage taps.

VI1.5.0.5 Electrical equipments, acquisition system

The acquisition system remained the same as the one used in the nitrogen gas cooling
experiment. However, the heater power supply was replaced by a Bipolar Digital
power supply (50 V-4 A) controlled by a pulse Generator.

*We assumed a similar heat capacity between Bi-2223 and YBCO material, which is likely to be
inaccurate. The knowledge of the physical properties of these materials lacks to understand clearly
the different stability behavior of Bi-2223 and YBCO tapes.
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Figure V1.19: OFHC copper sample holder for quasi-adiabatic measurements, on which is
mounted a Bi-2223 tape.
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Figure V1.20: Localization of the pairs of voltage taps along the
YBCO sample for conduction cooling measurements. The thermal
sensors previously used in the nitrogen gas cooling experiment
were replaced by additional voltage taps.
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Figure VI.21: Verification of the hypothesis of critical current homo-
geneity along the sample,

Table VI.6: Average critical current.

Temperature | Critical cur-

(K) rent (A) STDV (4)
47 447.8 11.5

G5 272 7

V1.5.0.6 Homogeneity of the critical current

Figure VI.21 (page 218) compares the electric field versus the transport current
curves of a mounted sample for the sections covered by Vig, V41 and Vio at 47.4 K
in self-field. The critical current is relatively homogeneous over the three pairs of
voltage taps covering 3.25 cm of the sample. The following Table VL6 (page 218)
summarizes the different values of critical current. The N-value was ranging between

30 and 40.

VI.5.0.7 Normal zone propagation measurements

The measurements were carried out for a constant pulse width of 300 ms. Fig-
ure V1.22 {page 219) shows voltage-time plots of Vi for various heater energies at
48.5 K and 0.81; in seli-field. Table V1.7 (page 219) suminarizes the critical cur-
rent measured in situ before the stability tests. It appears that the slope in the
V() curves is steeper for measurements taken closer to the Minimum Pulse Energy.
The heater element dissipates heat into the Ag-matrix of the sample and raises its
temperature. The time delay between the heat pulse and the first voltage rise is de-
termined by the thermal diffusion process, which depends on the amount of energy
generated by the heater and the contact resistance between the layers. Subsequently,
the heat is transferred into the YBCO layer causing current sharing with the Ag
layer. At low heat energy pulses, this is a relatively slow process ; heat generation
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Figure VI.22: Voltage Vig recorded at increasing energy pulse. The
measurements were carried out at 48.5 K and 80% of the critical current.
The heating power before the trip of the power supply reaches about 7 W,

Table VI.7: Critical current measured in situ before
the stability tests.

Temperature (K) Critical current (A)
48.5 330
79 33

and conduction cooling of the sample compete, causing only a slight voltage rise. If
the normal zone grows sufficiently, the normal-zone propagates. The steepness of
the slope is related to the speed of the propagation of the normal zone.

With increasing heater energy avound the Minimum Pulse Energy, a plateau ap-
pears for the Vig signal, suggesting a competing process between heat dissipation
and normal zone generation. At even higher heater energy, the plateau disappears
and the sample quenches after the heat pulse vanished. In the previous experiments
using N» gas cooling, the voltages reached a maximum value after the normal zone
established in the sample due to convection cooling of the sample surface. This was
not the case during these experiments at low operating temperature. For the inves-
tigation of the voltage evolution on successive voltage taps away from the heater,
this is & complicated feature at large transport currents or/and low operating tem-
peratures. Under vacuum conditions the voltage drop over the section closest to the
heater rises till the destruction of the sample while the normal zone has not reached
other sections of the sample. Figure VI.23 (page 220) is a plot of the delay between
the onset of the heat pulse and the onset of the normal zone propagation versus
heater energy. It is clearly visible that the delay decreases with increasing heater
energy and that the normal zone appears faster at higher energy. This indicates
that the voltage variations over the successive voltage taps represent a normal zone
propagation, as opposed to thermal conduction of the heat pulse.
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Figure V1.23: Quench Decision Time versus energy of the heat
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which the onset times can be determined from the V(¢) curves.

"y
2018 1 e
=V | 0.50/c, ~78 K
a0 T entputen 16
5 oom 15 =
el R
R w0
%J) 0012 1.2 8
__a(g 0.01 4 T
o =1
> 0008 4 o8 @
o] o
D oo0s ] S jos ©
G?. F /'/’ 4 9
000s{ | 4 r toe 3
otz 11 at
0 ; A + *’/ .
0 1 2 3 4 5 5

Time(s}

Figure VI.24: Voltages Vig, Via, and Vi3 recorded at ~79 K for
50% of critical current. The Minimum Pulse Energy triggering
a normal zone transition was equal to 227 mJ. The shape of the
plots {(in a vacuum or nitrogen gas cooling) are very similar to the
ones of NbTi wires tested in liquid helium.

Figure V1.24 (page 220) shows the V(#) curves of voltage taps Vg, Vi3 and Wiz at
79 K and 0.57;. In this test, the operating temperature is larger than the previous
one. The critical current is lowered, which decreases heat generation. However, the
shape of the voltage plots is very similar to the one of LTS conductors. In contrary
to Bi-2223, the normal zone transition propagates even if the Normal Zone Propa-
gation velocity remains slow compared to LTS conductor. As we noted in the Ny
convection cooling experiment, this result holds on the smnall current sharing zone,
which appears at temperatures close to the critical temperature.
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V1.5.0.8 Normal Zone Propagation Velocity versus the fraction of crit-
ical current

Due to a relatively slow Normal Zone Propagation Velocity, the temperature of the
sample increases rapidly at high transport currents and the voltage rises sharply. To
protect the sample from permanent degradation, the tap around the heater (Vip),
was used to trip the power supply. Figure VI.24 (page 220) shows the V' (t) curves
of voltage taps Vip, V12 and Vi3 at 79 K. For voltages Vi2 and Vi3 (see Figure V1.24,
page 220), it was assumed that most of the transport current was flowing in the
silver matrix. The voltage rising linearly along the sample, it is then possible to use

the following expression o estimate the Normal Zone Propagation Velocity:
V= pm 23, [V] (V1.2)

Am

_dL Ay dV
YEo T ol dt

fm/s] (V1.3)

where V' corresponds to the voltage traces Vis and Vi3 ; pp Is the resistivity of the
matrix at a given temperature (here 88 K at the critical temperature taken from
Figure V1.15, page 213), Ay, is the cross-section of the silver matrix®, I is the trans-
port current, 47 is the slope of the V{£) curve, and La.3 the distance between the
voltage taps of Vi» and Vis.

Figure VI.25 {page 222) shows results on nitrogen gas cooling and conduction cool-
ing. Tt appears that the Normal Zone Propagation Velocity increases linearly with
increasing transport current. The fraction of critical current does not appear to
vanish at zero velocity. If exists a minimum current, Iinpe, for which there is no
propagating phenomenon. In some respect, it is similar to the cold-end recovery
model, which states the existence of a minimum propagating current [15]. Below
this current, 1o quench occurs and the sample recovers. The propagation velocity
is necessarily zero. Above this minimum current, a normal zone propagates and
the Normal Zone Propagation Velocity increases with increasing transport current
as long as the input energy is larger than the Minimum Puvlse Energy. On the
same basis, J.W. Lue et al. {16], implicitly assumed the existence of this minimum
propagating current and used the following equation:

_ (I — Impc) AmPm
vo= i T - To) fm/s) (VI4)

where Ay, is the cross-section of the conductor. C; = 1 x 10% ] /m-K is the heat
capacity of YBCO, and A, = 370 W/m-K and py, = 3.5 % 107% Qm are respectively
the thermal conductivity and the resistivity of the matrix (values taken from J.W.
Lue et al. [16]). We apply this equation to fit the data of NZPV in adiabatic condi-
tions. We took as parameter the critical temperature, which has not been measured
and has been obtained using a fit of the critical current versus temperature plot (see
Figure VI.15, page 213}. The minimum propagating current being equal to 6.8 A
{0.201;), we found a critical temperature of ~94 K, which is of the order of generic
YBCO superconductor.

3In first approximation, we did not consider the presence of the subtract which resistivity is
larger than the one of the silver matrix.
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Figure VI.25: Comparison of the normal zone propagation velocity
versus the percentage of critical current of nitrogen gas cooling and con-
duction cooling. The discrepancy is due to the influence of the coolant
which lowers the normal zone propagation velocity.

We subsequently applied this formula to fit the data of nitrogen gas cooling ex-
periment with a correcting factor, x, to take into account of the presence of the
coolant:

v=xvsa /e (VL5)

x is found equal to ~0.8 and the minimum propagating current to 5.5 A (0.251,).
A model of the exchanged power between the sample and the nitrogen gas coolant
has not been attempted in the present work. However, with a simple correction, the
above equation gives a good agreement with the experimental results.

The stability is enhanced with the presence of the coolant, which helps cooling down
the sample. The NZPV is lowered but remains in the range of 0.1-1 cm/s.

VI.5.0.8 Minimum Pulse Energy versus the fraction of critical current

Figure VI.26 (page 223) is a plot of the Minimum Pulse Energy dissipated by the
heater inducing a quench versus temperature. As expected, the Minimum Pulse
Energy increases with increasing temperature following the increase in the heat ca-
pacity of the materials.

Figure V1.27 (page 224) shows a comparison between YBCO measurements in a vac-
uum and in nitrogen gas cooling conditions. Data from Bi-2223 measurements are
also given. YBCO tape appears more stable than Bi-2223 tapes. One of the possible
explanation is related to the quality of the bonding between the silver matrix and
the YBCO layer. In the case of Bi-2223, this bonding is relatively good since the
flaments of superconductors are fully embedded into a silver matrix. In the case of
YBCO tape, the silver matrix is laminated on top of the YBCO layer. The bonding
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Figure V1.26: Minimum Pulse Energy versus the operating tem-
perature. As expected the energy necessary to trigger a quench
increases with the temperature since the enthalpy of the materials
increases.

is not intimate and more heat source are necessary to increase the temperature of
the YBCO layer through the Ag/YBCO contacts. The proportion of silver does
not seem an influencing factor explaining the discrepancy between both tapes. Less
energy would be expected to trigger a normal zone fransition in the YBCO tape
since the thickness of the silver layer is relatively small. The nickel substrate may
explain this discrepancy by adding a thermal enthalpy to the system. However, the
lack of information concerning the actual thermal properties of the samples cannot
allow to clarify this assumption.

The diserepancy between the measurements of the YBCQ tape in adiabatic con-
ditions and nitrogen gas cooling conditions is not very large. The influence of the
nitrogen pas is relatively weak especially at large transport currents for which the
stability margin is reduced.

VI.5.1 Conclusion

We have developed an experimental methodology to initiate normal zone propaga-
tions and to measure the corresponding Normal Zone Propagation Velocities in HT'S
conductors subjected to pulsed thermal disturbances. For the deposition of heat,
it. was found that a NiCr wire is more efficient than the traditional approach using
strain gauges.

The results obtained with the YBCO sample are very different from the preliminary
Bi-2223 results. The voltage traces of the YBCO tape indicates a true normal zone
propagation whereas the normal zone induced in the Bi-2223 {ape relies more on
diffusion process. In the case of YBCO, the voltage-rise amplitudes are an order
of magnitude greater, which corresponds o a larger heat dissipation into the con-
ductor boosting the normal zone growth. There are two explanations which are not
mutually exclusive. Firstly, the possible significant differences in material properties
may affect the normal zone behavior. Secondly, the presence of the padded tissue
may also affect it. This tissue separated the YBCO coated conductor from the G-10
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Figure VI1.27: Comparison of Minimum Pulse Energy triggering
a quench. The discrepancy is due to the influence of the coolant.

holder thereby preventing heat transfer from one to the other. It was not present
during the Bi-2223 experiments.

The minimum energy required from the heater to initiate normal zone propagation
in the YBCO coated conductor was significantly greater than that of the Bi-2223
sample. The geometrical characteristics of the $apes, the ratio between the cross-
section of silver and superconductor [17], the relatively low electric and thermal
conductivities of Nickel, and the critical current density are factors influencing the
required energy. Additional measurements, microstructural studies of both samples,
and more complete knowledge of their material properties would give more infor-
mation about the observed differences. In any case, it is necessary to calibrate the
heater to give a clear conclusion on the results and future simulations (estimation of
the real amount of energy yielded by the heater absorbed by the HTS conductor).
The Normal Zone Propagation velocity of the YBCQ tape remains in the range of
0.1 to 1 cm/s, which is not large enough to ensure self-protection. A self-protection
is usually assumed when the propagating velocity is superior to 1 m/s. This con-
dition is fulfilled for LTS conductors, but, it is not fulfilled by HTS conductors.
Even if these last conductors are more stable, they are likely to be damaged if a
perturbation appears.
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Chapter VII

General Conclusions

VII.1 Superconducting magnet stability

A superconducting magnet is a complicated device, made-up of various components
which interact and are fitted together to yield the nominal magnetic field. We can
distinguish two types of magnets: those which are a part of a scientific or/and a
R&D project and those which target an established commercial market (such as
MRI and RNM applications). In the first case, the technology is pushed to its
limit. The magnet designer try to achieve the high performances which may lead to
possible "quenches”. In the second case, reliability is the main concern. So, larger
stability margins are applied to guaranty stability over hours and years of operation.
The technology is now mastered and reliability and safety magnets are produced for
commercial applications (see chapter I, section I1.2, page 52). In the present work,
our background subject deals with the first type of devices for which instabilities
can arise.

Discussing the stability of a single cell such as a conductor is not representative of
what happens in a large entity as a magnet. However, it is an important task for wire
manufacturers which would like to improve the current technology of conductors in
order to supply more performing products to magnet designers. In addition, it is
a preliminary step toward more complicated stability experimenis to study cables
and small windings whose behavior are more representative of a full magnet.

The difficulty to relate the knowledge accumulated on the thermo-electric behavior
of a single conductor to the unexpected quenches of magnets lies in the difficulty to
simulate the actual conditions prevailing in large coils. The influence of the helium
coolant is a key-parameter in the study of superconductor stability. A vast amount
of data has been gathered on the heat-exchange coefficient between helium coolant
and metallic surfaces. However, they depend a lot on experimental setups resulting
in a broad range of data. For a prefiminary conservative study, one can neglect the
influence of the helium coolant and only study the adiabatic case. It is the simplest
case, but, it is often far too conservative compared to the conditions of an actual
magnet. It may be more applicable to potted coils for which the helium coolant does
aot wet directly the surface of the conductors. Most of the past stability studies
were based on steady-state helium heat transfer models. These models are relevant
for continuous released of heat, but, they are too conservative for transient heat
disturbances, which are thought to be the dominant origins of quenches.

The work presented in this thesis does not answer all the questions relative to the
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influence of cooling on stability. We do present a large body of data as well as a
nuinerical model simulating the thermo-electric behavior of a Cu/NbTi $ype LHC-
02 composite wire. However, no model has been attempted to simulate HTS tapes
for which the availability of material properties and their laminar structure adds
complexity to the model.

In spite of leak issues that were not resolved in the time frame of this work, the
newly designed experimental setup for LTS stability studies proved to be suitable
and enabled detailed measurements. Indeed, using a new heater to simulate quench
precursors, a fibered diode laser, we achieved a very good repeatability and we
demonstrated the possibility to calibrate the absolute amount of energy actually
absorbed by the wire sample, which had never been done so far.

In the time frame of this thesis and after the numerous efforts to seal the leaks, we
did not have time to pursue additional measurements on different oxidized samples.
We expect that a calibration in situ will allow to quantify the level of reproducibil-
ity of the measurements. However, without calibration, the coefficient of absorption
and the behavior of the heat-exchange coefficient, depending on the surface charac-
teristics of the sample, may vary considerably between samples.

VIL.1.1 Right choice of heaters to simulate quench precursors

Most of this work dealt with the development of a new heater technology to simulate
quench precursors. A lot of trials have been attempted. At first, we tried a charged
point heater, a mixed technology between tip-heater and charged epoxy. The idea
was to control the value of the contact resistance at the interface between the wire
sample and the charged resin. However, in spite of various improvements, we could
not achieve reproducible results. This technology was then abandoned and two al-
ternative ones were subsequently tried: induction coils and diode laser. For these
heaters, we needed a new experimental setup which could house both of them. Our
first idea was to compare results of the two heaters.

The small induction coils, which were not discussed here, could not give exploitable
results. Indeed, the large inductance of the coils led to a large error in the de-
termination of the energy dissipated in the sample. In addition, the voltage data
could not be exploited because of a large inductive noise. In the other hand, the
fibered diode laser showed a large improvement both in terms of repeatability of
the measurements and of the ease of use. It requires some precautions (temperature
control and current polarity}, but, it is adaptable to most experimental setups. If
necessary, additional optics can be used to focus, collimate or guide the laser beam
from the diode to the target. Several commercial products of different dimensions
and usefulnesses can fulfill the needs of the experimentalists. The main advantage
of this technology is the possibility of performing an "in situ” calibration. In the
present work, we carried out a proof of principle and we demonstrated how the cal-
ibration could be made. We have chosen a bolometric technology which appeared
to us as the simplest and the cheapest way to carry out calibration. Experimental
setups can be imagined to perform stability tests and calibration at once based on
this calorimetric method.
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AND NUMERICAL SIMULATION

VI1.1.2 Comparison of charged point heater and diode laser results

Two main experimental setups with two different heaters have been used to study
the stability of Cu/NbTi composite wires. We have characterized two batches of
samples with slightly different characteristics. The order of magnitude of the results
obtained with the charged point heater and the diode laser is consistent. We cannot
strictly compare the resulis obtained with both technologies since the measurements
were not performed in the same experimental conditions. However, despite the issues
encountered with the VAMAS-type experiment, either for the quench energy or the
Normal Zone Propagation Velocity, the orders of magnitude are consistent from one
experiment to the other.

VI1.1.3 Comparison between HTS and LTS conductors

Our work covered both LTS and HTS conductors. A large experience has been
accumulated on various heater technologies and related issues. A large body of data
has been gathered on Quench Energies and Normal Zone Propagation Velocities.

Quench Energy: LTS conductors appear largely more sensitive to heat distur-
bances than HTS conductors. While Quench energies of LTS conductors range from
micro-Joules to hundreds of micro-Joules, HT'S conductors can handle to a few hun-
dreds of milli-Joules.

Normal Zone Propagation Velocity: This parameter enables one to define the
criterion for which a magnet can be considered as self-protected. It is commonly
assumed that, below 1 m/s, active protection is necessary to ensure safe quenches.
This is the case for HTS conductors whose Normal Zone Propagation Velocity is
of the order of centimeters per seconds, at most. However, the NZPV’s of LTS
conductors are above a few meters per seconds. While HTS conductors can suffer
from local hot spots which diffuse slowly resulting in damaging overheating, LTS
conductors spread the normal zone quickly enough owing to their good thermal
conductivity to minimize local overheating. In addition, this gives enough time to
dump the energy of the magnet.

VII.2 Further improvements of the actual experimental
setup and numerical simulation

This work clears a new path to carry out accurate and reproducible experiment on
superconductors. It demonstrated the powerfulness of diode laser technology for
stability studies. However, additional works must be carried out. In the following
section, we introduce a few additional improvements and possible routes of research.

VIL.2.1 Experimental setup

A lot of efforts has been carried out to design a new experimental setup which houses
the diode laser. We tried to carry out experiments in liguid helium and in a vac-
uum at 4.2 K. Unfortunately, leak issues did not allow us to fulfill our goal and,
despite our efforts, we did not succeed in sealing the experimental setup. Vacuum
experiments appear necessary since the issue related to the simulation of helinm
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heat transfer disappears and the problem is far more simple. Consequently, it would
have given an experimental validation of the numerical simulation and it would have
led to a better understanding of the influence of helium cooling.

Improvements in the laser light guidance can be also carried out. Small optics are
available commercially and lenses of small dimensions can be purchased to collimate
or focus a laser beam.

Coatings or a thicker oxide layer can improve the coefficient of absorption of the
samples. By reducing the illuminated surface of the sample, the surface of the oxi-
dized sample can be also diminished to minimize local interface effects in the heat
transfer with helium. Nevertheless, a study of the influence of the oxide layer thick-
ness and extension on the local heat transfer is required. In particular, it would lead
to an estimation of the order of magnitude of the thermal gradient appearing across
the oxide layer which may have to be taken into account in the numerical model. It
is expected that tinned wire do not require any surface treatments. Indeed, due to
its silver-like color, a better coefficient of optical absorption may result. Otherwise,
with the rapid improvements in diode laser technology, diode laser of wavelengths in
the green-blue region will be hopefully commercialized which will enable measure-
ments on bare copper utilizing all the power capability of the diodes’.

In addition to these improvements, some studies must be carried out to take into
account the formation of helivm bubbles and of vapor film. It is a relevant param-
eter for short pulse durations for which the power absorbed by the sample is large,
driving rapidly the formation of bubbles at the surface of the sample. Due to the
small difference in the indices of refraction of liquid heltum and gaseous helium, it
may become an important issue in term of light scattering. In adiabatic conditions,
no such issues exist and the laser technology is a powerful tool. Indeed, the tem-
perafure variations of the samples due to the heat disturbance do not extend above
twenty Kelvins. Then, the resistance of the metallic matrix remains equal to the
residual resistance and the coefficient of optical absorption is quasi independent of
the temperature of the sample. For temperatures outside the plateau of residual
resistivity (=30 K), this assumption is not verified any more and the coefficient
of optical absorption is likely to change with temperature. From our calibration
"proof-test”, we did not see any influence of the temperature on the coefficient of
optical absorption of the oxidized layer, and the samples behaved as expected.

VIiI.2.2 Numerical model

A first version of helium $ransient heat transfer has been implemented into a numer-
ical program which solves a non-linear heat balance equation. Some simplifications
have been made to give an insight view of the quench phenomenon undergone by
a Cu/NbTi LHC-02-type composite wire. Among the improvements, which should
be done, a model taking into account the diffusion process through liquid helium
must be carried out. We did not consider the helium bubbling phase since its sim-
ulation is, until now, very difficult to do. So far, this improvement does not appear
essential. However, a better model of the time evolution of the voltage across the
heated zone is necessary. In the current version, we neglect the resistance of the
superconducting filaments and state a linear evolution of the electric field with the
current density as in the fiux flow regime. By comparing the model to experimental

! At these wavelengths, the optical absorption of copper tends toward the one of a black-body.
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Figure VIL1: Minimum Pulse Energy as a function of the pulse duration
at 7 T and 4.2 K for various percentages of critical current.

data, it does not appear accurate enough to simulate the early time evolution of
the voltage between the current sharing temperature and the critical temperature.
However, it gave some important information about the helium coolant influence
on the stability and it enabled us to draw some preliminary conclusions. From the
results of the numerical model, the film of gaseous helium blanketing the surface of
the sample grows very rapidly and is triggered before the end of the heat distur-
bance has vanished. Then, the regime turns to film boiling for which the helium
heat, transfer is drastically reduced. The decision occurs in this regime where the
heat conduction becomes the main factor determining whether the evolution will be
foward a quench or a recovery.

VIL.3 Perspectives: Nb3Sn

To fulfill the contract with our industrial partner Alstom/MSA (France), we have
also tested a new experimental sefup on Nb3Sn wires. These wires are currently used
to wind a NbySn quadrupole model for the next generation of particle accelerators.
Despite a larger transport current and the ensuing reduction of the active zone of
measurements to carry out stability experiments, a few tests at 7 T, 4.2 K have been
carried for various pulse durations and percentages of critical current. Figure VIL.1
(page 231) gives the compilation of the first results. NbsSn behaves as NbTi wires.
We could draw at short pulse durations below ~100 pus the pseudo-plateau of the
Minimum Quench Energy.

On the contrary to NbTi, a better repeatability has been achieved for the whole

231




VIL.3. PERSPECTIVES: NB3SN

14 G NbSSn
g B NbTi &

et

NZPV (m/s)

0 LN LAY B S LA L B I A T
0 5 1 [l)O 150 200 2%0 300 350 400
Transport current (A)

I
450

Figure VI1.2: Normal Zone Prapagation Velocity as a function of the trans-
port current at 7 T and 4.2 K.

range of pulse durations. The Minimum Pulse Energy is of the order of 10 uJ,
which is twice smaller than NbTi in the same experimental conditions. Different
reasons lead to such a discrepancy. We give here a few hints on the normal zone
propagation of NbgSn. For about the same diameter (~0.82 mm}, the copper-to-
non-copper ratio of NbgSn is 1.37 with a Residual Resistivity Ratio measured at
~G7 (0 T) after the stability experiment 2 while the one of NbTi is more stabi-
lized with a ratio of 1.96 with a Residual Resistivity ratio of ~150. Besides, the
structure of the wires are different. Indeed, the filaments of NbySn are bundled
in substructures. These substructures are embedded in a high thermal conductive
copper sheath. In each substructure, the filaments are surrounded by bronze having
a poor thermal conductivity and a larger resistivity than copper. Conversely, in a
NbTi wire, the superconducting flaments are in direct contact with high thermal
conductive copper. In addition to these structural differences, the critical current
of NbgSn is larger than the one of the NbTi for the same operating conditions. It
is equal to 430 A (£5 A) for NbsSn compared to 320 A for NbTi. The creation
of the normal zone and its growth is at first a very local process. In the case of
NhsSn, Joule dissipation takes over rapidly at a very early stage of the normal zone
growth. Furthermore, due to the degradation of the outer copper stabilizer, the
cooling capacity is then globally reduced. The temperature profile flattens slowly

*foven if the sample was reacted on a metallic cast of the same U-shaped characteristics than
the sample holder, the bending and the manipulations of the wire may have damaged anti-diffusion
barriers enabling tin to diffuse through the outer copper stabilizer. According to Alsiom/MSA,
Residnal Resistivity Ratio of ~260 was estimated on samples from the same batch.
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due to the poor thermal conductivity of bronze and the Minimum Propagating Zone
is expected to be smaller. In the case of NbTi, the presence of the copper matrix in
an intimate contact with the superconducting filaments helps conducting away the
excess heat.

In term of NZPV, we find the same order of magnitude (Figure VI1.2, page 232).
We did not perform a separate calibration in the Nb3Sn case.

For further studies on NbsSn wires, VAMAS-like sample holders are required to
prevent the sample from damaging during curing or manipulations.







Appendix A

Residual resistivity of metals

The following Figure A.1 (page 234) shows a schematic view of the temperature
evolution of the resistivity of silver and copper. Below ~30 K, the resistivity appears
independent of the temperature. It is defined as the residual resistivify which is
dependent on the purity of the metal.
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Figure A.l: Schematic view of the temperature evolution of silver and

copper,
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Appendix B

Critical current parametrization

NbTi alloy material is a type-Il superconductor which is characterized by three
parameters. These parameters are:

- The critical temperature, Ty
- The upper critical magnetic field, Bes
- The critical current density, J;

It exhibits superconducting behavior as long as the temperature, T, background
magnetic field, B, and current density, J, remain within the critical surface de-
fined by these parameters (Tg,Beq,J;). Figure B.1 {page 236) is a three dimensional
view of the critical surface of a commercial NbTi alloy [1]. This critical surface
was parametrized by Luca Bottura [2] based on the Lubell’s formula, which give
the temperature dependence of the upper critical magnetic field, Bes and the field
dependence of the critical temperature, T;.:

Beo(T) = Beao {1 - (%) ”] [T] (B.1)
7.(5) = Tio |1 - (B%“)] ] (8.2)

The intrinsic parameters of NbTi alloy as the upper critical magnetic Aux density at
zero temperature, Beog and the critical temperature at zero magnetic Aux density,
Teo, are summarized in the following table B.1 (page 236). One of the critical surface
is then given by the [ollowing relation:

s -1 2 T - (2] - () ] ot o

So, the critical current versus magnetic fleld curve can be simply derived from this
parametrization in the plane (J,B) at a given temperature of 4.2 K as follow:

I(B) = Anvri X Jo(B)  [4] (3.4)

With Anpri, the cross-section of NbTi within the wire. To scale our results, we ad-
justed the parameters: Cq, o, 8 and ~ of this above equation. All these parameters,
used in the fits of the two NbTi batches, are given in Table B.2 (page 236). These
fits, which are given with the results in Figure II1.2 (page 80), were subsequently
used in the numerical simulation of the superconducting wires to fix the value of the
transport current as a fraction of the critical current and to determine their sharing
temperature,




Figure B.1: Critical-current surface for com-
mercial NbTi alloy (not corresponding to Equa-
tion B.3, see reference [1]).

Table B.1: Intrinsic parameters of NbTi alloy.

Tc{] 9.2 K
Be2o 145 T
Beat 4.2 K ~107 T

Table B.2: Parameters of Luca Bottura’s fit for NbTi-1 and
NbTi-2 wires.

Parameters NbTi-1 NbTi-2
Anpri (x107Tm?) || 1.843 1.811

Je e (A/mm?) 3000 3000

Co 30.7 30.7

a 0.559 0.581

5 1.129 1.016

- 2.3 2.3
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Appendix C

Interpolation of the optical
power delivered by the diode
laser

To estimate the optical power Howing out of the tip of the optical fiber following
the variation of forward currents, we did not use a linear interpolation as it could
be suggested by Figure IV.16(a) (page 123).
This linear interpolation could not approximate with accuracy the behavior of the
diode laser at low forward current. Indeed, below ~700 mA, the optical power
versus forward current characteristic presents a non-linear behavior. To have a
better approximation, we tried polynomial fits at different orders or a cubic spline.
As an example, Figure C.1 (page 239) extracted from a Matlab® output screen
shows a comparison of a linear and cubic spline interpolation. The best fit, over
the all range of forward current, is achieved by the cubic spline interpolation which
has been subsequently retained. For forward currents close to the threshold current,
the linear interpolation underestimates the pulse optical energy by more than 50%.
However, it yields accurate values for large forward currents. For information, a
linear fit which can be used to derive a quick estimation of the pulse energy at large
forward current is:

Fopw = EOPW(I? —Iry)  [W] (C.1)

where eqpy == 0.670 W/A, is the slope efficiency, Ir, the forward current and, Iy ~
270 mA, the threshold current (values at 77 K, see Table IV.6 page 126). We do
not detail the cubic spline interpolation which is a part of the standard functions
of Matlab®. The following reference can be consulted for detailed explanations of
cubic spline interpolations [1}{2].




12} | @ Experimental data at 77 K
— Linear interpolation
— Cubic spline interpolation

Optical power (W)

i

Ol 02 05 075 1 125 15 175 2
Forward current (A)

Figure C.1: Comparison of two different fits to determine the optical power

delivered by the diode laser. In our analysis, we retained the cubic spline
fit.
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Appendix D

Description of the new probe
for stability studies

This appendix completes the brief description of the experimental setup given in
chapter IV, subsection IV.2.4 (page 114).

The new probe and a detailed view of the vacuum chamber are illustrated in Fig-
ure D.1 (page 242) and Figure D.2 (page 243). The entire probe is not fully described.
Only the parts, which were especially designed to improve the reproducibility of the
stability measurements will be detailed in the next subsections.

Following the nomenclature! introduced in Figure D.1 {page 242) and Figure D.2
(page 243), these parts are:

- The G-10 tube and the supports of the probe (07)(04)(09).

- The helium vapor cooled current leads (05).

- The main tube (02).

- The diode laser support and its fiber tube (01)(20).

- The vacuum chamber support (12), the bus bars {10), and feedthrough
connectors (11}.

- The G-10 sample holder (21), (Figure D.2, page 243).

D.1  G-10 tube and supports of the probe

The G-10 tube (07) (680 mm in length, 141 mm in outer diameter, and 2.55%5 mm
thick) is squeezed between a top flange and a G-10 block. It prevents the copper
thermal shields of the probe from touching those of the cryostat. With the help of
4 metallic rods (09), it allows also to rigidify the whole probe.

D.2 Helium vapor cooled current leads

Two helium vapor cooled current leads {(05), supplied by American Magnetics Inc.,
are fixed onto the top flange and go through the G-10 block. Exhaust helium gas
from the helium vessel flows through the current leads, which can feed the sample
up to 1000 A. These current leads are extended with tinned breaded copper wires

"This nomenclature will be used throughout the text and figures in the subsequenti sections.
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242

Figure D.1: New probe for stability tests:
-01- Sealing tap belonging to the diode
laser support.

-02- Main tube serving as pumping pipe.
-03- Manual valve to seal the main tube
{02} for measurements in a vacuum.

-04- Massive metallic reinforcement to sup-
port the main tube (02).

-05- One of the two helinm vapor cooled
current lead screwed to the top flange.
-06- One of the two trumps soldered to the
top flange in which goes electrical connec-
tors.

-07- G-10 cylinder to facilitate the dipping
of the probe into the cryostai squeezed be-
tween the top flange and a G-10 block.
-08- Ome of the two tinned breaded copper
wire bonding the helium vapor cooled cur-
rent leads to the bus bars (10).

-09- One of the four metallic rods to sup-
port mechanicaily the main tube {02) and
the vacuum chamber (12)(13).

-10- One of she two OFHC copper bus bars
on which Is soldered the sample.

-11- One of the two electrical feedthrough
connectors.

-12- Vacuum chamber support.

-13- Vacuum box sealing the vacuum cham-
ber owing to an Indium join.
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Figure D.2: Cross-section of the vacuum chamber and the sample holder:

-02- Main tube,

-09- Metallic rod supporting the vacuum chamber.

-10- OFHC copper bus bar.

-12- Vacuum chamber support.

-13- Vacuum box, which can be replaced by an opened box for measurements in Hquid
helium.

-14- Metallic piece to guide the optical fiber tube {20).

-15- Metaliic agserbly to position and maintain the tip of the optical fiber {19).
-16- G-10 guiding part to center the probe into the magnet of the cryostat.

-17- (G-10 piece with a lug to maintain the sample in its lodging.

-18- Customized springs to tension the sample.

-189- Extension optical fiber {additional fiber).

-20- Fiber tube protecting the extension optical fiber.

-21- GG-10 sample holder.

-22- One of the two electrical insulating G-10 disks.
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(08}. These copper wires are soldered to 2 bus bars (10) onto which the sample is
also soldered.

D.3 Main tube

Figure D.1 (page 242) shows a better view of the main tube (02) while Figure D.2
(page 243) shows one of its extremities soldered to the vacuum chamber support
(12). This tube, straightened over the whole height of the probe, is made-up of
two stainless steel tubes of different diameters soldered one to another. The tube of
larger diameter {484 mm height and 54 mm of outer diameter) is located at the top
of the probe at room temperature. It welcomes the diode laser and its support. The
second tube of smaller diameter (1314 mm height and 12 mm in outer diameter)
extends the previous tube down to the bottom of the probe where it is soldered to
the vacuum chamber support.

When mounted on the probe, the larger tube, the smaller one and the vacuum
chamber support form one unit, which is sealed by the vacuum box (13) and the
diode laser support through its sealing tape (01) for measurements in a vacuum.

A manual valve {03} and a pressure sensor to measure the magnitude of vacuum are
connected to an outlet of the larger tube.

D.4 Support of the vacuum chamber

Figure D.2 (page 243) details the vacuum chamber support {12}. Two bus bars
(10), made-up of Oxygen-Free High Conductivity (OFHC) copper, were designed
to supply up to 1000 A to the sample with minimumn heat dissipation. G-10 disks
(22) were placed between the bus bars and the vacuum chamber support to provide
electrical insulation {see detail A, Figure D.2, page 243). They were glued with
DP490 epoxy structural adhesive (supplied by 3M Scotch-Weld74) to sustain the
heat generated by the soldering of the samples. To guaranty a better sealing under
thermal shrinkage, the whole assembly was concentrically arranged. Copper material
having a larger thermal shrinkage than fibered epoxies and stainless steel squeezed
the G-10 disks onto the vacuum chamber support when it was cooled down at low
temperature.

Additional electrical feedthrough connectors (11) (see Figure D.1, page 242), in
which were glued with black Stycast® 2850FT AWG copper wires, provided 36
electrical wires for acquisition and voltage detection. Two series of connectors,
supplied by Plug in (France), have been designed and showed poor reliability for
measurements in a vacuum surrounded by liguid helium. For measurements in a
vacuun, these feedthrough connectors (11) (see Figure D.1, page 242) were replaced
by sealing taps and acquisition wires were passed through the optical fiber tube (20).
They were subsequently soldered to a sealing connector (19 pins, Fischer) located at
roomn temperature on the same outlet than the manual valve (03) (see Figure D.1,
page 242).

Unfortunately, the different manipulations on the probe degraded the sealing of the
bus bars and measurements in a vacuum could not be achieved in the time frame of
this study.
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Tip of the additional fiber
Fiber tube (20) N

Connector SC

Diode laser

Additional fiber (19)

Pre-coupled fiber

Sealing tap (01)

Figure D.3: Support of the diode laser and its drilled fiber tube used to protect the optical
fiber extension during mounting and dismounting from the probe.

D.5 Diode laser support and its fiber tube

Figure D.3 (page 245) depicts the entire sub-assembly making the support of the
diode laser. At the top of it, there is a sealing tap (01) prolongated by two metallic
rods going to a massive block in which was inserted and glued a stainless sieel
tube (20). The sealing tap was designed to receive a sealed connector, the diode
laser, and its cooling element (see section 1V.2.3 page 113). Along the two metallic
rods extending the sealing tap, a mechanical support was designed to facilitate the
holding of the connector (standard SC) hooking up the pre-coupled optical fiber and
the optical fiber extension. This latter fiber was protected by a stainless steel tube
(20) of 8 mm in diameter. This tube, called fiber tube, was drilled with tiny holes
every 50 mmn: along its 1575 mm height to avoid thermo-acoustic effects during tests
in liquid helium. It also helps pumping the vacuum chamber for measurements in a
VaCUluImn.

Finally, this whole sub-assembly was also designed as a single unit which could seal
the main tube (02) and be easily mounted and dismounted from this same tube.
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Appendix E

Thermal and magnetic flux
diffusion in a composite wire

A few hypothesis have been made to simulate the thermoelectric behavior of a
Cu/NbTi multifilament composite wire undergoing a quench (see chapter IV, page 103).
We assumed that the temperature was homogeneous over the cross-section of the
wire and the time constant of the current redistribution in the matrix was negligible
compared to the time characteristic of the the creation of the MPZ. In first APProx-
imation, these assumptions can be verified by comparing the diffusion time of the
heat through the cross-section of the wire and the magnetic diffusion time during
the redistribution of current from the superconductor to the copper matrix! to the
Quench decision time.

Thermal and magnetic diffusion equations: The equations of current and
thermal diffusion are as follow (adapted from reference [1)):

o*r  ar
th a‘h’,? - at (E.l)
2
b I _ 0 (£2)

5 T g

where u(ur, ug, 1) is a cylindrical vector coordinate, J.(r, z) is the radial coordinate
of the current density and 7'(r, z) is the temperature of the wire. The thermal and
magnetic diffusivities appeared respectively as Dy, and Dy,. The physical properties
of the wire have been assumed homogeneous across the cross-section, the diffusivities
are:

Dm=%’ﬂ£ Im2/s] (E.3)

w

Diag = 225 %)y (E.4)
Ho

n first approximation, we consider that all the current flows in the copper matrix while the
current sharing temperature is exceeded.




Multifilament zone

Figure E.1: Sketch of the cross-section of a multifilament
Cu/NbTi composite wire.

Table E.1: Homogeneous physical properties {ollowing the wire radius and estimation of
the diffusion parameters at 4.2 XK.

| {57 6T 7T |

Pme (x107%Cm) 0.5 0.6 0.7

Apr (W/m/X) 918 824 748
Co (I/m?K) 2800 2800 2800
D (m?/s) (133 0.3 0.27
1(5; 62 /s) 400 480 530
Teh (14S) 0.21 0.23 0.25
Tmag (US) 43 35 32

QDT (us) 60 110 200
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Let us name:

Rl + Rw . R2
Iy mm— = E5
i Ry, (=2)
o — I

the fraction of radius of pure and degraded copper {see Figure E.1, page 247). Then,
the average thermal conductivity Ay, and the average resistivity of the copper matrix
e are defined as:

1
)\mr = W (E7)
Aot Acuz
Pmr = lipour + lngE}? (ES)

Table E.1 (page 247) summaries values of the different physical parameters at various
background magnetic flux densities.

Solution of the diffusion equations and definition of the diffusion time:
In a slab of width 2w, the solutions of Equations E.2 (page 246) take the following
form [2]:

00 T j2; h/mag”gﬁg
T/ = ZAH sin(%t)e“ St K] (E.9)
- 2

where A, are Fourier’s coefficients. In first approximation, we apply the above result
to the case of the wire sample’. We can then deduce from the above solution the
thermal and magnetic diffusion time:

4R2
b= — E.10
i = = I (E.10)
— ——- 2 3
Gk il (@1

In the case of the magnetic diffusion, we only considered half of the wire radius.

Discussion: In Table E.1 (page 247), it appears that the thermal diffusion time is
negligible compared to the characteristic time of the MPZ creation. However, this
assumption is not fully satisfied in the case of the magnetic diffusion. Especially at
5 T, the magnetic diffusion time and the QDT are of the same order of magnitude.
Then, in this case, a fine analysis would require to model thermo-electrically the
cross-section of the wire which has not been done here.

2

his is & crude assumption since the round geometry of the wire does not match the hypothesis
of the solution presented hereby. However, it is a convenient approximation to estimate orders of
magnitude.
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Appendix F

Material properties

F.1 Heat capacity of the conductor

F.1.1 Heat capacity of NbTi superconductor

To find the heat capacity of NbTi, it is necessary to distinguish the normal-state
and the superconducting state of the material.

Normal state: In the normal-state, NbTi acts as a normal metal for which the
heat capacity results from the contribution of phonens (lattice vibration) and elec-
trons [1j:

Co(T > Te) = YsumT + PoebyeT>  [I/Km?] (F.1)
where ysunT is the contribution of electrons and ﬁDebycT3 is the contribution of
phonons.

Superconducting state: Between the normal state and the superconducting
state, the contribution of phonons to the total heat capacity remains unchanged
since the structure of the lattice is not modified. However, the electrons of the
conduction band condensate into a highly ordered state and the contribution of the
electrons to the total heat capacity changes abruptly. In the superconducting state,
the heat capacity of electrons becomes:

Crori(T > T) = }Y;’_'”:; BT + S;i;m T [I/Km® (F.2)

with Heoq, the upper critical field at 0 K, and T, the critical temperature. The
resulting heat capacity of NbTi is then:

153113 3 su -,
Cnori(T > Te) = "YI%—‘BT + {Bpetye + —%{E)j * [3/Km] (F.3)
<20 c

Table F.1 (page 251) summaries the values of the different parameters used in our
computation.

¥.1.2 Heat capacity of copper

The heat capacity of copper, Cgy, has been extracted from the CRYOCOMP®
software [2]. A table of values as a function of temperature has been implemented
into the stability program.




F.2. RESISTIVITY OF THE WIRE

Table I*.1: Numerical values to evaluate the heat capacity of NbTi.

Parameters Values
Sumimerfeld’s parameter: youn, 1011.8 J/m¥K?
Debye’s parameter: Spebye 16.07 J/m?*K?
Upper critical field: Heap 11T

The critical temperature: T 9.5 K

F.1.3 Average heat capacity of the Cu/NbTi composite wire

The average heat capacity of the wire, Cy, is estimated as:
Co = 2sCnp1i + (1 — 25)Cou  [J/Km?] (F.4)

Figure F.1 (page 252) shows a comparison of the heat capacities of copper, NbTi
and of the wire at 7 T.

F.2 Resistivity of the wire

F.2.1 Resistivity of NbTi

In the flux fiow regime, the resistance of the superconductor is a lot larger than the
one of the copper. It is about 6.5x 1077 Q m at 6 T for the NbTi and 0.34x 1079 m
for copper (RRR=150) at 6 T. So, it can be neglected in the case of the normal-state
transition of the superconductor compared to the resistivity of copper.

F.2.2 Resistivity of copper l

It is necessary to diséinguish the high purity copper surrounding the multifilament
zone and at the wire core from the copper which is intimately bonded to the NbTi
filaments in the multifilament zone. Indeed, the presence of the filaments reduces
the mean free path of the electrons thereby increasing the apparent resistivity of
copper (3] [4] [5].

High purity copper, Cul: A subrountine implemented into the procedures of the
stability program calculates a table of copper resistivity versus temperature using
input parameters as temperature range and increment, background magnetic field,
and Residual Resistivity Ratio {RRR) of the material. The subroutine was adapted
from the routines of the CRYOCOMP® software [2].

Degraded copper of the multifilament zone, Cu2: At low temperature, the
mean free path of the electrons increases and it becomes larger than the interfilament
spacing. It appears then a size effect which must be taken into account to model
the thermal and electrical properties of the copper {6].
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Figure F.1: Heat capacity of the Copper and NbTi, and resulting average
heat capacity of the wire as a function of temperature at 7 T

Considering the size effect, the total resistivity of the copper in the multifilament
zome is given by Nordheim’s formula [7):

! o
PCu2 = PCul + Paeg = (1 + Ef)PCul [Qm] (F.5)
mup 4.7 x 10718
If= ~ m F.G
' ne?p PCul [m] (£:6)

with [8]:

- d o2 1 pm is the interfilament spacing.

-lf is the mean free path of the electron.

- vp = 1.57 x 10 m/s is the velocity at the Fermi surface.

- n~ 8.45 x 10%® m™3 is the electron concentration.

- m =~ 9.10956 x 1073 kg is the electron rest mass.
-e=1.9x 10719 Cis the elementary charge of the electron.

These equations prevail at low temperatures for which i >> d. In particular, it
remains true at temperatures below ~30 K corresponding to the plateau of Residual
Resistivity Ratio (Appendix A).

As an example, let us compare the mean free path of copper between 4.2 K and 293 K
at 7 T. At 4.2 K, the mean free path of copper (RRR = 150), is equal to ~1.2 um
which is of the order of the distance between the filaments and the size effect must be
considered. It does not meet the hypothesis of Nordheim’s formula. nevertheless, it
is a sufficient approximation for a conservative calculation®. At 293 K, the mean free

'TFor a therough investigation, we refer to Brandli and Olsen'’s work Bl
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Figure F.2: Resistivity of the different coppers (pure copper Cul
and degraded copper Cu2) and resulting average resistivity of the
wire as a function of the temperature at 7 T.

path becomes equal to ~ 0.3 pum which is inferior to the interfilament spacing and
the size effect is negligible. In our simulation for which the temperature excursion
of the wire sample does not extend beyond 30 K, the size effect has been taken into
account. For large temperature excursions, the mean free path of copper decreases
such that the resistivity of copper Cu?2 can be assumed equal to poy.

F.2.3 Average resistivity of the wire

The average resistivity of the wire, py, is computed as the average resistivity of the
pure copper Cul and of the degraded copper Cu2. We get:

PCul fCu2 -
;= Om F.7
P TCulPCul + TCu2PCu? [ 1 ( )

Figure F.2 (page 253) shows the resistivity of the pure copper Cul for RRR = 150,
the corresponding degraded copper Cu2, and the resulting average resistivity at 7 T.

F.3 Thermal conductibility

F.3.1 Thermal conductibility of high purity copper

The subroutine implemented into the procedures of the stability program to calculate
the resistivity of copper (see paragraph F.2.2, page 251} also calculates the thermal
conductibility of copper with the same parameters: background magnetic field and
Residual Resistivity Ratio.
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Figure F.3: Thermal conductivity of the different coppers {pure
copper Cul and degraded copper Cu2) and the average thermal con-
ductivity as a function of the temperature at 7 T.

F.3.2 Thermal conductibility of the degraded copper of the multi-
filament zone

To derive the thermal conductibility of the degraded copper, Acys, we rely on
Wiedemann-Franz's law prevailing at low temperature [9]. This law yields the fol-
iowing relation between the thermal conductibility, A, and the resistivity of the
material, p, at low temperature:

pA=LoT [QW/K] (F.8)

where Lo = 2.45 x 10® W§Q/K? is the Lorentz’s constant. By writing this equa-
tion for the two copper types, and by taking the ratio between them, the thermal
conductibility of the degraded copper of the multifilament zone can be derived as:

Acuz = ﬁC“IAoul [W/m/K] (F.9)

Cu2

This equation prevail at low temperature. We did not correct this result for temper-
ature above 30 K since the numerical temperature rise does not rise beyond a few
tenths of Kelvins (see remark in paragraph F.2.2, page 251).

F.3.3 Thermal conductibility of NbTi

The thermal conductibility of NbTi is about two orders of magnitude inferior to the
one of copper. The proportion of copper in the multifilament zone being of the same
order of magnitude as the one of NbTi, the thermal conductibility of NbTi has been
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neglected.

For example, at 7 T and 4.2 K, the thermal conductibility of copper (RRR=150} is
~55 W /m-K (calculated from equation F.9, page 254) while the one of NbTi is only
~0.1 W/m-K.

F.3.4 Average longitudinal thermal conductivity of the conductor

As we neglect the longitudinal thermal conductibility of NbTi, the one of the wire

is reduced to:
Aw = TCulACul + TCu2ACu2 [VV/III/K] (Fl(})

Figure F.3 (page 254) gives the thermal conductivity of the pure copper Cul, the
degraded copper Cu2, and the average thermal conductivity at 7 T.
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