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Abstract—Superconducting magnets consisting of conductor short sample characterization. Hence we used critical current
having a low n-value can be operated shortly with overcritical . determined by an electric field criterion in this study. The
currents without quenching the magnet. This applies also 10 game gpproach was taken also in [5] where quench propagation
epoxy impregnated coils. However, when sufficiently high dis- . . .
turbance occurs at a supercritical current a magnet quenches. and Qnset at supercritical currents was studied experimentally
Traditional approaches on minimum quench energy (MQE) do fOI’ B|'2223/Ag Conductor. The resultS ShOWed that Short term
not consider the supercritical region. In this study we measured operation on supercritical currents was possible.

MQE at sub- and supercritical currents for MgB » and Bi-2223/Ag Quench onset in MgBconductors was studied in [8], [9]
conductors having lown-values, i.e. below 15. A Finite Element ',y tationally and experimentally at sub-critical regime. The
Method model was compared with the measurement results and . . . .

the differences in MQE between the sub- and supercritical regime n-va_luelln these studies varied from 10 to 50. Also in other
were scrutinized. publications reported-values of MgB conductors vary. In [6]

low n-values were measured, whereas in [7] high ones were
presented. In this paper, we contribute to the quench studies
of MgB, at supercritical regime when-value is below 10.

We also tested our measurement system using a Bi-2223/Ag
I. INTRODUCTION conductor.

INIMUM quench energy, MQE, is the smallest distur- In this paper we first present the setup used in our measure-

M bance that causes a quench. It was first introduced Bgnts. Then the computational model is presented after which
Wilson in 1977. [1] However, the basis of the MQE conceftoth experimental and computational results are compared.
was laid by Martinelli and Wipf in 1972 when they presented
their theory on minimum propagating zones MPZs. [2] These I[l. EXPERIMENT SETUP
theories form the basis of the transient stability studies for highpe experiments were performed in a standard, cryocooler
n-value, i.e. above 25, Low Temperature Superconductoggled, cryostat at self field. In the cryostat the temperature of
LTS. [1] Stability studies for High Temperature Superconne sample can be varied between 15-80 K. The sample under
ductors, HTS, are different since the margin between criticgtludy was attached to a sample holder made from high purity
temperature and operational temperature is usually larger ﬂ&ﬂ)per and an insulating support shown in Fig. 1. This setup
with LTS. Therefore the loss of stability in HTS must b&yas chosen to a situation where heat is transfered only from
considered differently than in LTS. [3] the contacts soldered at the ends of the sample. The setup

The stable operation point of the system is determined Byys tries to reproduce the thermal environment a conductor
the available cooling and the heat generation in the supgkperiences in an impregnated magnet.
conductor. Therefore the important quantity for systems usingror quench initiation we used a small surface mount resistor
low n-value, i.e. below 15, superconductors is the thermgbidered directly onto the sample. The length of the solder

runaway current/y after which a quench eventually occursjgint was1 mm and the width of the resistor was well below
When the operating current is greater thignthe system will

inevitably leave the superconducting state due to excessive
resistive heating in the system. [4] The lowvalue however

Index Terms—MgB., Bi-2223/Ag, HTS, stability, quench, mea-
surements

Current and

- ; . cooling contact Temperature sensor
enables the possibility of overloading the system momentarily (Mounted into the bakelite)
by allowing operation on currents greater thignAs with any /
superconducting system, the stability margin reduces whe I ,
the operating current is increased. In this case the transie| | I{ Superconduct°f|

stability of the system becomes important and the study o O '- o o

: o]

MQEs is relevant.

The thermal runaway current is a system specific parameté TSamme holde o o
and it is usually used to analyze a complete superconducting | ¢ |
system. Therefore it is not feasible parameter to be used in a Nut X/ Mounting hole

Bakelite support
. . Temperature sensors
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1 mm. The resistance of the heater increased notably during I1l. COMPUTATIONAL MODEL

cogl dpwn apd eventually settled to abot80 Q. at' 20 K. A 1D numerical model was used to obtain the computational
This high resistance enabled us to use low excitation ct&Tefagyjts. The computational problem is characterized byéiae

between 40-100 mA. _ balance equation [10]

A more common setup used in MQE measurements is P oT oT
presented in [8]. We chose not to use the method presented —MT)=— +Q(T) = Cp—, (1)
in [8] since the needed excitation current is much higher O O 9

than in our setup and therefore might interfere with thehereT is the temperature;) the volumetric heat generation
measurements performed néarThe low excitation is crucial, and Cp the volumetric specific heat. Finite Element Method
since the return current from the heater is passed throudtEM) was used to solve (1). The heat generatippresent
the superconducting sample and a too high excitation codfithe equation was computed from power-law [10]
interfere with the results when the superconductor is djpera

near L. Q(T) = min {pnorm, f(cél) (IC(IT))H_l} <i)27 2

For the quench detection, we used a series of voltage taps

shown in Fig. 2. The Ytap was placed across the heater anghere £, is the electric field criteriorl 4V /cm and I the

it was used to verify the operation of the heater by Observ'%erating current.

the presence of a normal conducting zone. The rest of the-qr quench detection the time derivative of the temperature

taps were used to distinguish propagating normal zones frQ@s ysed. First a criterion for the derivative was chosen

shrinking ones. By studying the time differences in the risg,q 5 quench was detected when the derivative increased

times of the voltages we were able to distinguish propagatif, 5 yalue greater than the chosen criterion. To provide a

normal zones from the gradually rising resistive voltages d eference for determining MQE an initial computation witho

to the supercritical current operation. introduced disturbance energy was done. The time of the
The temperature of the sample before measurement Wg%nch in the initial simulation is the the maximum operatio

controlled by a temperature controller, the Cernox sensigg,e #(Top: Top)opmax Where T, and I, are the temperature

elements of the controller were placed on the current cétagng current of 'a specific operation point. From the initial

of the sample holder and at the center of the insulating Sm-pp%omputation the desired operating timg ges. was computed

During the measurement the temperature of the sample was T

not recored. If a quench had occurred during a measurement ¢ _1 ot

. . . . op,des.— op,max (3)

it could be detected, in addition to the detection from the 2

measured voltages, from the very steep rise in the tempesaturemperature and the time derivative of the temperature ob-

of the current contacts and the support after the measutemesined from a computation for the MgRonductor presented
Each measurement cycle was begun by energizing tinethe previous section operating &, = 22 K and I/I; =

sample to the desired current with a very steep ramp,10)95, with annotations to clarify the introduced quantities

250 A/s, then after 500 ms the heater was excited with tlﬂ&),max andtop ges, are presented in Fig. 3.

desired amount of energy. For the protection of the sample,For the quench criterion we used

the transport current was cut one second after the quench

initialization pulse resulting in total operation time of51 8T7(t) > 10 K/s for Top < 30 4)
seconds. 0t |x=o

The studied MgB tape had a stabilizing copper core and oT(t) > 5 K/s for Toe > 30 (5)
monel was used for the sheath. The width and the height of Ot |yo o=

the tape were 3.6 and 0.65 mm respectively. The fill factars_ f®he 2 — 0 in the criteria refer to a point defined in Fig. 2.
supercoqductor and copper were 8.9% and 14.9% respectlv.el)h was also determined that for practical purpo£gSnisa.
In the Bi-2223/Ag sample the filaments were embedded Hust be at least one second 14, niia. Was determined to be

a silver matrix and stainless-steel outer sheath was used ﬂ&s than 1 s for some operating currégtMQE was marked
mechanical reinforcement. The width and height of the semp|, pe zero.

tape were 4.2 and 0.26 mm respectively. Fill factors of .the When top iniial. Was found to be sufficient MQE for the case
tape were 65% and 35% for the superconductor and silygL computed using the condition

respectively.
t(Edist)op - top,des.: Oa (6)

\{ where t(Eqist)op IS the time at which the condition (4) is
fulfilled for a disturbance with energ¥gist.

V. \'A

1

x=0|

IV. RESULTS AND COMPARISON

} ‘ R (5l g ‘ 2 In addition to the computation method described in the
previous section we also used the operation time paramaters

the experiments presented in section Il. The values cordpute
Fig. 2. Schematic figure of the sample and the placement of wlimgs  using a fixed operation time can then be compared directly to

10 mm 5rr{m 10 mm
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Fig. 3. Dot-dashed lines present temperature and its timgadiee without

disturbance. Dashed and solid lines present corresponclimges where
disturbance is below MQE (40 mJ) and above MQE (40.5 mJ). Ternyera
is 22 K and/ = 0.951.

the measured MQE values. The results using fixed operation
time were in general smaller than those obtained using (8. 5.
in Fig. 4 a comparison between the two methods is present

for the MgB, conductor. For Fig. 4 the fixed operation time
top.fixed = 2 Seconds was chosen to provide a better view of
the difference. Twaoi-values 7 and 14 were used to determine

the effect of then-value. As seen from Fig. 4 when the
normalized current was increased MQE reduced more rapi¢
when fixed operation time was used. For example MQE
1.0221; (300 A) was 27.8 mJ for the fixed case and 34.0 m
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— B — Measured T=27 K
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Normalized current

Measured and computed MQE values for a multifilamentagBM

af The dashed lines are only meant to be guides for eye.

TABLE |

UP AND DOWN TEST EXAMPLE X = QUENCH, O = RECOVERY

101 mJ

X X X X

\/

100 mJ

99 mJ

al

98 mJ

JEnergy/Pulse no.

10 11

for the other. The behavior can be explained by studying
the inset showing the operation time and it is clear that
the operation times decreased rapidly afteéxl. was passed. ing Up and Down method. The principle of the Up and Down
These results indicate that the operation time is a cruciakthod is presented in Table I. We used 1 mJ steps in our
parameter when determining MQE for lowvalue conductors measurements and for each measurement the shape and size of
the excitation pulse was confirmed using an oscilloscope. Th

operating neaf..

We performed measurements in our measurement systegguracy of the MQE measurement was found to be around
at 22.5, 27 and 32 K for the MgBsample. The results arethe 1 mJ step since we were able to see the sharp difference
illustrated in Fig. 5. The critical current of the sample waBetween quenching and recovery as illustrated in Table | for
measured to bé.(T) = 747.39—(20.627T) in this temperature each measurement point. The determination if a quench had
regime. Then-value of the sample was 7 and temperatureccurred was done by studying the time dependent voltages
independent between 22-32 K. During the measurements fAgasured from the voltage taps. A quench had occurred when

MQE was confirmed by performing several measurements @le voltage did not return to the noise level while the tramsp
current was switched on. Fig. 6 illustrates the voltagesene

during a quench and a recovery.

MQE [mJ]

60

0.9 1

11

Operation Current

1.2

Fig. 4. MQE as function of / I for MgB,. Solid lines represent case where
operation time is fixed to 2 s, dashed lines represent casewlperation time

is determined from (3). Inset shows operation times for végidime cases,

solid line corresponds teyp fixed = 2 S.
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Fig. 6. \oltages measured across heater showing presenoe-@grapagating

and propagating normal zones.
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Fig. 7. C ted MQEs f | diff t t t fgB|
0 omputed MQEs for several different temperatures fgBj Fig. 8. Measured MQEs for Bi-2223/Ag tape at 78 K. The dastie is

only meant to be a guide for eye. Operation time used was 2.51deco

In Fig. 5 the measured MQEs for the 22 K operation

temperature case fit the computational data well. Also itEan a significant effect on the MQE when the operation current
seen that increasing the operation temperature and naedaliapproaches and passes the critical current.

operation current decrease the MQE. The results obtained from the computations correlated well
Fig. 7 presents the results obtained from the computationg@th measured results for MgBat 22 K. For the Bi-2223/Ag

model at operation temperatures 10, 15, 17, 20 and 22 K. Té&$hductor measurement results were obtained. MQE for the

ellipses highlight that a 2 K increase in the temperatures€sau Bj-2223 operating at 78 K was about an order of magnitude

notably different reductions in the MQE. The explanation fchigher than those obtained for the MgBonductor.
these results is that the thermal properties of the stadliz

copper core of the tape change as the temperature changes. REFERENCES
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