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Abstract—In this paper, we present measurements of the experimental range is to generate a transient electriqallise,
superconducting to normal transition (extended V' — I curves) typically by discharging a capacitor into a RLC circuit that
of commercial coated conductors with and without stabilizing includes the sample under test [3], [4]. Some authors have

copper layer. These measurements were realized with a custom | bined pulsed t d pulsed ext | fields |
developed pulsed current measurement (PCM) system. Currents also combined pulsed currents and puised external Teids In

between 5 to 10 times the critical current of commercial wires theé same measurement event [5], [6]. However, the major
(up to 1000 A) can be applied for a period as short as 50-80 drawback of the above techniques is the high induced voltage

ps, limiting the energy released in the sample to a fraction of a in the voltage measurement circuit, which has to be sulatdact
Joule. For such short pulses, the temperature rise in the sample from the useful signal in order to obtain meaningidl— I

is relatively small, which allows characterizing the electrical Th lassical h for isolati this indacti
resistivity of high temperature superconductors (HTS) at high curves. € Classical approach lor isolaling this inaectiv

current densities and electric fields. The data obtained will be contribution is to use an extra, contactless voltage loop in
used to develop more accurate models of HTS in the over- the measurement circuit, as explained in [3], [4]. In order t

critical current regime, which is major issue for allowing the  simplify this correction scheme, it is also possible to use a
development of quality simulation tools for optimizing the design linearly ramping current source, in which case the induced

of superconducting fault current limiters. The PCM technique is .
also a very powerful tool for investigating the transient thermal voltage becomes approximately constant [7], [8], andithel

behavior of coated conductors, whose better understanding is CUrve can be traced in a single acquisition run, although
required in order to devise reliable fault current limiters based in a limited range of electric field (the duration of such

on this technology. So far, the measurements have been restett 3 measurement is relatively long, i.e. much above tens of
to 77K and self-fielc_i, but further works will extend the range of milliseconds).
measurements to higher f'eldsl ar.]d temPeratures' A further improvement is the application of constant cutren
Index Terms— Fault current limiters, high-temperature super-  pulses (square pulses that are very well regulated in thegqla
conductors, thermal factors, pulse measurements, thin films. region), which eliminates most induced voltage issueseéud
once the current has stabilized, the voltage measured is a
|. INTRODUCTION _direct image of_the r_esistive voltage drop in the samplesThi
) is easy to achieve in slow systems (1 ms and above), for
I HE pulsed current measurement technique (PCM) h@§rents between 100 A and 10 kA, [9]-[16], but becomes
been used for a long time for characterizing SUPercoRyite challenging in the microseconds range. As far as the
ductors at current densities near or above their criticalecu authors know, no commercial systems can be found for this

(c), in order to minimize heating effects. Such measurement§ n,qe even in the field of semiconductors, where currents
are of prime importance when considering the optimizatiqiyaq in characterization rarely exceee 10 A.

of applications such as superconducting fault currenttéirsj A few authors have devised their own lab apparatus to

whose principle of operation is based on the supercondiictie form constant pulsed current measurements. For irestanc

to normal transition of the superconductor. _Decroux et al. have devised a pulsed current generator, able
In or(_jer to ge_nerate current pulses (_)f sufficient amplitudg yrive a relatively constant 30 A during 15 us [17].

for testing full-size HTS samples (typically many hundred; another scale, Kunchur mentioned that he built a similar

amperes), various approaches are possible. The simplest Qfkiem for currents up to 500 A for testing bulk HTS samples,

consists in applying a half-sine voltage wave in series With|tough he does not present any experimental resultsnebtai

current limiting resistor and the HTS sample, which allowg;it, this system [18]. The interested reader may consultesom

applying large currents (easily up to 15 kA). The pulsgs ihe following references for details about how to build a

duration in this case is in the range of a few milliseconds,stant pulsed current generator [7], [8], [18]-[20].

[1], [2]. A similar approach for measurements in the same |, his paper, we present a novel design of PCM system that

Manuscript received August 17, 2008; revised December 78.20is work allows to generate constant current DUIseS up=iHo0 A,
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reducing the cross-section. This approach makes sure the Lpar,D_E

sample is unaltered prior to being characterized. :'m\_ .
'_I'he small amount of energy injected in_ the HTS ma- Vineas | Measurement _:L‘ :g

terial during the pulses reported here (typically below 25 Oscillo- Circuit 415

mJ) allowed us to reach very high values of electric fields | S°°P® | Veense e

without destroying the sample. For instance, in the expamtm i'test

reported here, up to 3 V/cm was safely reached on commercial ~  ---------------9-----+ --
coated conductorg/ithout stabilizing layer, corresponding to

I
’ = |

a dissipation level of 1800 W/ch(sample in liquid nitrogen i ) = c <ﬁ Ve
and self-field). This is more than 80 times the level of ! M|
dissipation this material can normally withstand in steadyvpulse® | i
state. The sample voltage waveforms were also recorded for i Loars3 |
further analysis, as they contain very important inforiomti ! Ry i
about the thermal dynamics of the sample. | Ry Roense i

) o . I |
The system developed is a promising tool for investigating 4o Genegggrﬁr,:}lodule i & 4

the performances of HTS materials for application in super- = =-=-==-=--=-------------
conductlng fault Current. l.lmlters’ as well as for.devel@mFig. 1. Simplified schematic of the PCM system including custorouits
better HTS models for flnlte—elemgnt-typg numer_|ca| analysf_or current regulation and measurement, as well as few exteamaponents,
packages. The latter approach is particularly important itamely power supplies, signal generator and a digital ascidpe.

order to achieve a better understanding of the heat transfer

phenomena occurring in coated conductors in the overatiti

current regime. 5) for experiments where the dynamic response is not
regarded (e.g.E — I curves), data acquired over a

[I. EXPERIMENTAL SETUP period of several microseconds are averaged (in post-

A. Pulse current measurement system (PCM) processing) in order to enhance the signal-to-noise ratio.

The PCM system presented in this paper applies short curEmPIloying short pulses enables the PCM system to use
rent pulses of moderate to high amplitudég(— 1000 A) to currents significantly higher than the rated maximum for all
HTS samples mounted in a standard four points measurem@{gctronic components in the high current path. However,
configuration, as shown in Fig. 1. The current is generatéf duration of the pulses can only be reduced to a certain
by the controlled discharge of a large bank of capacit6fs ( extent,.l.|m|ted by the time required for the rggulatmg aitc
while the voltage between sample taps is acquired using@aStabilize (currently 20-8@s). Indeed, despite the use of a
custom measurement circuit (discussed in the next sectiuh) fast amplifier (/1) to drive the large capacitive loatl, (gate
a digital oscilloscope. The duration and amplitude of tret te°f Power MOSFET), oscillations arise due to the presence of
current (,..;) are controlled by one or several parallel CurrerR@rasitic inductances..s and Ly, p, and a few tens of
Generation Modules (CGM) driven by a low-power, pu|sati|g1|croseconds are required for these oscillations to die out
voltage sourcel(,,;s.). Each module can generate a current
Liest ranging.from 25 to 340 A, so up to three modules .havlg. Voltage measurement circuit
been used simultaneously for the purpose of the experiments ) o )
reported in this paper, where currents up to 1000 A have beert) Gain and common mode rejectiofthe primary purpose
applied. of the voltage measurement circuit is to shift the small

The procedure for each current pulse and associated ddfierential signal measured between the voltage taps ef th
acquisition is as follows: sample to a level that is appropriate for acquisition by the

1) switch S is closed and capacita? is charged toVj,c., 0§C|Iloscope, rgferenced to the groun_d. Basically, a smpl
typically close to 100 V; difference amplifier could be used to reject the common mode
2) switch S is opened to prevent noise induced B, voltage. However, due to the capacitor discharge during the

a switching power supply, from adversely affecting tthM and to voltage drop acro_ss.the current contact resistanc
results: a common mode voltage variation of a few to several volts

; - ; during the pulses. As a result, the output of a non-
3) a short pulse is applied at the input of the CGM(s). T ay oceur ¢ ) o
test current is then regulated by amplifiér and power H|§eal amplifier showing common mode rejection of 60-80 dB

MOSFET M; to a value defined by the sensing resistQWOUId include an undesirable component with a magnitude
R and ':he resistive feedback network maderaf M the range of or above 1 mV. This is unacceptable for mea-
ar‘:a”;?z such that surements where the sample is in the superconducting state,

which differential signals are of the same order of magrmtud

Voul (1 +R2/R1) or even less. For this reason, a floating preamplifier with a
Ty = —" _ (1) gain and output range sufficient for making the contribution
Rsense of common mode variations negligible is used when measuring

4) during the pulse, data from the sample and CGM(s) asenall signals, as seen in Fig. 2. For input signals satuyéiie
acquired by a fast digital oscilloscope; preamplifier output, the circuit configuration is changedtsu
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Fig. 2. Simplified schematic of the voltage measurement cir@gtido shift Fig. 3.  Typical current and voltage signals measured actossvoltage

the input to a ground referenced signal, highlighting the separate signal taps of the sample during @ 150us pulse. The oscillating curve is the

paths used for inputs below and above-a V threshold. raw data, and the smooth curve is the filtered signal. As carebr, small
oscillations in current translates in large induced vatagross the sample’s
voltage taps. The filtering of the raw voltage can producelaydeetween 0

L . . and 20us, based on authors current experience with this PCM systém. T
that the measured voltage is directly applied to the diffeee ., 1ont was measured with a precision high current transfofraen Bergoz

amplifier input (see dashed arrows in Fig. 2). Note that, i& thinstrumentation(rise time < 100 ns).
case, the differential signal is much larger than the common
mode contribution to the output signal.
Both the preamplifier and the difference amplifier have s&C common mode voltage df.,; = 0. The CGMs, however,
lectable gains resulting in four different scales with cameld do not require calibration prior to apply a pulse.
gains of 100, 10, 1 and 0.1, allowing for inputs up to 100 V |n order to validate the system, characterization of a refer
to be acquired on a 10 V scale on the oscilloscope. Whiggce copper wire was performed and its resistivity compared
realizing the measurements presented in this paper, esltagy the one previously measured using conventidnal I DC
ranging from hundreds of microvolts to nearly 20 V have begfieasurements (DC current source + precision nanovoltineter
successfully measured. at a reference temperature. Our confidence in the accuracy of
2) Dynamic response and filteringleasuring the voltage the system was further increased by the good overlalp-off
at high pulsed currents is very different from making corcyrves obtained for HTS samples at the high end/of I
ventional DCV' — I measurements, in which it suffices tapc measurements and the low end of the PCM ones, slightly
average the measured voltage over a given period of timgoves,. (see Section I1I-D).
In the pulsed case, measurements must be performed verypq precision of the whole system is estimated to be

rapidly, as soon as the current has reached a stable valygy within 5% when properly calibrated. Further work will

in order to avoid damaging the sample. A/di is non-zero pe yndertaken to enhance and evaluate more precisely its
during the settling time of the pulse (20-83), the voltage ﬁerformances.

measurement contains a significant inductive componenms. T

can be seen here as damped high frequency oscillations added

to the pulse of interest, even if the voltage leads are well 1. M EASUREMENTS

twisted together and brought in close proximity of the sampl

(see Fig. 3). A low-pass (LP) filter is used to reject thig. Description of samples

undesirable component, retaining only the lower frequency i

pulse. As a result, a stable response can be obtained fasgrec | '€ Samples used for our first measurements were 4 mm

measurements much sooner than what would be possible'§§/e: commercial coated conductors provided by SuperPower
waiting for the oscillations to cease, enabling shorteses [21]- All samples were made on a 50n hastelloy substrate,

This, however, is achieved at the expense of inducing oyer which were deposited/im of YBCO and Zum of silver.

delay of a few microseconds in the response. While this ha8ré€ samples were considered, i.e.
no significant impact at moderate currents, where the pulses Sample 1: SCS4050 (40m of copper stabilizer)
response is essentially flat, care has to be taken when samples Sample 2: SF4050 (no stabilizer)
resistivity changes during the pulse, due to heating effect « Sample 3: SF4050 (no stabilizer)

As seen in Fig. 3, an offset between the raw and filterqglye that the hastelloy substrate was in electrical conttet
voltage waveforms is then present, potentially affecting t o giher layers, as opposed to similar experiments peefdrm
interpretation of the results, as discussed in Section IV. at the University of Geneva [22]. The third sample, ideritioa
o o the second one, has been used to complete the measurements
C. System calibration and validation after the blowing up of the second one due to an experimental
Every pulse current event is preceded by a calibration phaseor. The critical currents of the three samples were very
where the difference amplifier is adjusted in order to catiwel similar, i.e.~ 94 A (1 uV/cm criterion).
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Fig. 4. \Voltage recorded for sample 2 (no stabilizing layer= 94 A) for  Fig. 5. FE — I curves for samples 1, 2 and 3, obtained with the PCM system.
various amplitudes of current pulses (135 pus each). Heating effects are Heating effects are well visible for sample 2 and 3, where tketsc field
clearly observed. The dotted lines represent the resistpac unit length of value goes beyond the resistance of the metallic layers(silvhastelloy) at
the metallic layers at 77K and 90K. 77K.

B. Resistance of samples in the non-superconducting statgy. E-| curves

The re;istance of the.metallic layers of the samples wasthe £ — T curves (electric field vs sample current) were
characterized as a function of the temperature between 95fied for all three samples considered in this experiment
and 295K. Both curves were very well fit with a I|near(See Fig. 5). However, for sample 1, values beldw? V/cm
approximation. The fits obtained werd?, (T) = 10'322 T were obtained using a conventional DC— I measurement
0.00424(T" — 77) mS2/cm (hastelloy/Ag/Cu) and; 5(T) = system, and were intended to 1) determine the critical atirre
3.229 + 0.0389(T — 77) mQ/cm (hastelloy/Ag only). We anq they, value of the sample and 2) validate the accuracy
clearly see that the sample with copper stabilizer (sample J; the PCM system by overlapping curves from both methods
has a resistivity that is one order of magnitude lower than ”@betweenlO*‘* and 10~% V/cm). These measurements were

samples without stabilizer (samples 2 and 3). But the magkq realized on samples 2 and 3, but were not plotted here to
important is the extrapolation of the resistance belBwof avoid overloading Fig. 5.

YBCO (~ 90K), which can be used for: 1) providing reference In the case of sample 1 (with copper stabilizer), pulse mea-

values for thel” — I measurements to be performed with the .o ments did not show any heating effects up to 1000 A. That
PCM system, and 2) estimating the temperature rise in ti€ 5 yojtage curves were similar to the one corresponding
samples metallic layers during the PCMs. I = 1.71. shown in Fig. 4, with a well defined plateau region.
Therefore, thel — I curve obtained is accurate and does not
C. Short pulses in the over-critical current regime need any correction. This is well supported by the fact that

Pulses of 13%:s with current amplitudes ranging fromt/, the E — I curve of sample 1 is slightly lower than tie— I
up to more thanl0I, were applied to all samples using thecurve of the metallic layers alone (dotted line, extrapadaat
PCM system. Some data acquisitions for the voltage measuféK), which means that the YBCO layer still contributes to
ments on sample 2 (no stabilizer) are shown in Fig. 4. THle current sharing even @t> 10I., despite that the power
results obtained agree well with similar experiments eeali dissipation measured is rather elevated (200 Wjcm
recently in other laboratories on similar coated condwgtor The E — I curve of samples 2 and 3 (without stabilizer)
e.g. see [22]-[24]. In particular, we clearly see the déffer presents much higher electric fields for the same applied cur
thermal regimes induced by increasing the test curreneddd rent, as expected. No significant heating effects are obderv
for I < 1.71., heating effects are very weak, and the sampletp to 1.71., as expected from Fig. 4, but beyond that point,
voltage stabilizes at a steady-state value, with most of theating effects tends to shift up tife— I curve. All E values
current carried by the superconductor. For currents batweglotted in Fig. 5 consists in a time average overz5of the
~ 1.71, and ~ 3.21., the voltage no longer stabilizes, butneasured voltage dt= 100 ps. This is an arbitrary choice
rather increases until the end of the pulse, indicating @ rissed here for convenience, but a more physical approach is
in temperature. In this regime, there is a progressive ntirrgliscussed in next section.
transfer from the HTS layer to the metallic layers. Finalby,
current!/ 2 3.21., we observe an abrupt change of slope in the
R/ (t) curve, which is likely to correspond to a sudden increase
of the YBCO resistivity (all current in the metallic layers, This section presents an open interpretation from the asitho
which have a higher heat capacity than YBCO, and therefdie explain the diverse thermal effects observed during the
require more energy for the same increase in temperature)PCMs. It is intended to align the direction of future works

IV. DISCUSSION
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to be undertaken in order to improve the understanding of th&ect thermal contact with the silver layer (heat mustusiéf

complex underlying phenomena. through a low thermal conductivity path formed by the YBCO

and buffer layers), it is likely that convective heat traarsin

liquid nitrogen (in direct contact with the silver layer)sal

plays a role here, maybe more important than expected in
The double slope characteristic observed in Fig. 4 whemevious works. Further experiments will be required inesrd

I > 3.21, is puzzling. Intuitively, we would expect that, as thao conclude.

voltage/temperature increases, the HTS resistivity woaly

relatively continuously from a very low value (well beloweth B. Possible approach to correct thermal effectdidn I curves

silver layer resistivity) to the normal state resistivityXBCO A simple approach that would allow correcting the error
(about 100 times that of silver). The fact that the slopeesripn voltage caused by heating of the sample would be to use
abruptly overa 10 — 15 us suggest that the cross-over ofhe intersection of the rising slope with= #,, wheret, is
both resistivities occurs very sharply. In addition, th@€e” the peginning of the pulse. That way, the voltage obtained
on these curves seems to always correspond to the sheafgid be the one before heating starts. A similar compemisati
resistance at 77K, which is surprising since at this tentpega  scheme was proposed by Kunchur many years ago [18].
YBCO should still be in a low rESiStiVity state. However,EIhi This approach would be valid On|y for very short pu|ses1
apparent threshold might be somewhat erroneous due to #ith limited temperature rise, such as the ones reportee, her
artificial delay introduced by the low-pass filter used in thgy which we can assume a first order series development
voltage measurement circuit. of the resistivity around givery and B (constant during the
Another possible phenomenon involved is the heat diffusigiuise), i.ep(T —Ty) ~ p(Ty) + a(T — T,), whereTy, is the
between the layers, which may introduce a delay between {Rgial temperature of the sample (before the pulse), arid
quench of the superconductor @®B0K) and the temperature 5 coefficient to be determined experimentally. This apgtoac

rise observed in silver. However, this is unlikely since th@as not carried out further here, but will be investigated in
diffusion of heat from 1um of YBCO to 2 um of silver in  fyture works.

very good electrical contact should be almost instantasieou
even on the scale of microseconds. V. CONCLUSION
The above analysis is based on a simple current sharingrhis paper introduced a new and fast pulsed current mea-
model. Whether the current sharing is uniform along théurement (PCM) system for the characterization of high tem-
sample’s length rather thermally propagated from locdlizyerature superconductors (HTS) at current densities welte
hot spots is also to be investigated in more details. A priotj.. This new PCM system generates regulated current pulses
at such high current densities, it is likely that most of thap to 1000 A, for durations as short as 50-86, the limit
sample’s volume finds itself in a highly dissipative flux flowbeing the stabilization time of the test current. Measuresie
state immediately at the beginning of the pulse, and thezefgealized with this new system on coated conductors pro-
exhibit large (and relatively homogeneous) dissipation alided by SuperPower were also presented. The results are
along its length. This would support the simple picture & thin accordance with similar measurements realized in other
current sharing model. laboratories, except that, for the first time, measurememikl
Finally, the reduced slope in the last part of the pulse féxe performed directly on full size commercial samples. The
I > 3.21. contains important information about the dynamicsystem is intended to be used for developing better models of
of the heat transfer inside coated conductors. From simplemmercial HTS materials to be used in numerical analysis
calculations, if the system were fully adiabatic, most gger tools, as well as for improving the understanding of the
released in the sample during the pulse would contribute tleermal behavior of coated conductors and other heat sansit
raise the temperature of the silver layer at a @fa,/dt = materials submitted to over-critical current conditiof$is
1070R A, 1%, /ma,Ca, Klps. Supposing that all current flowsknowledge is critical to achieve an efficient use of HTS
in the metallic layers (YBCO quenched), and tRat-90% of materials in superconducting fault current limiters.
this current flows into the silver layer (the balance flowintpi Further works will address, among others: 1) the optimiza-
the substrate), we find for the case= 4.31, thatdT4,/dt ~ tion of the current regulating circuit to further reduce the
2 to 2.5 K/us, whereas the experimental value appears to lemgth of the pulses; 2) the development of a temperature
only dT'4,/dt ~ 0.2 K/us. In the above calculations, we use@orrection method for extracting — I curves at constant tem-
Rag = pagLlag/Say =3.75 mS), with p, ~ 0.3 uQdcm (re- perature; 3) the realization of further measurements ¢uidi
sistivity at~ 80K), L4, = 1 cm (elementary length)54, = and gas environments) in order to improve our understanding
2 pm x 4 mm (cross-section of silver layer), = 94 Alcm?, of the thermal dynamics in coated conductors.
mag = 10500 kg/m? x La,S4, = 8.4 x 107 kg (mass of
1 cm of silver layer), and®s, = 235 J/kgK (specific heat ACKNOWLEDGMENT
of silver). The difference of one order of magnitude found The authors kindly acknowledge SuperPower for providing
above could be partly explained by the heat diffusion frotihe samples used in this experiment, as well as Dr. Louis
the silver layer to the substrate, which has a high specifit héntognazza, Dr. Bertrand Dutoit, Prof. Pascal Tixador and
(Crhast = 425 JlkgK), and can therefore absorb a significarffrancois Roy for useful discussions about the interpoetat
amount of energy. However, as the hastelloy layer is not @f the results.

A. Heating effects during pulsed current measurements
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