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Abstract— The thermo-electric stability of Cu/NbTi multifila-
SALIENT PARAMETERS OFLASERHEATER AND CALIBRATION DIODE.

ment composite wires remains an important issue for magnet
designers, especially, with respect to localized heat disbances
of short durations. Numerous attempts have been carried out
to quantify the actual amount of energy needed to trigger a

Laser heater  Calibration diode

. . : : 293 K 288 K
guench in superconductors. Various technologies are avaible to
simulate quench precursors, but they are not fully satisfatory Max DC output power (W) 1.35 =03
in terms of reproducibility and accuracy of the measuremens. Maximum current (A) 2 >0.9
In the present paper, we report the results obtained with a neel Threshold current (A) 0.289 ~0.19
heating method based on a fibered diode laser. Peak wavelength (nm) 807410 840

Index Terms— optical absorption, quench energy, quench prop-
agation velocity, single-mode diode laser, superconduaty wires.

Il. EXPERIMENTAL SETUP

I. INTRODUCTION
A. Laser Heater

HILE pushing the technology of superconducting mag- ) ) )

nets to reach the highest possible magnetic fields, @) Diode Laser and Optical Fiberswe rely on a com-
magnet designers must take into account two requiremerfgrcial diode laser delivering a maximum optical power of
reliability and safety. Indeed, by working at the edge gf1-35 W whose salient parameters are listed in Table I.
transport-current capacity of low temperature supercotwts, | he diode laser is implemented on top of the cryostat and
any small energetic disturbance may result in a sudden conJé Operated at 293 K. To ensure the stability of the optical
sion of the entire stored magnetic energy into heat dissipat OUtPUt power, its temperature is controlled by a Peltiemelat

A potentially damageable situation for the operator anthier attached toit. _ .
electric and mechanical integrity of the magnet. To transmit the light beam to the sample, the diode laser is

Numerous studies have been carried out to relate tREE-COupled to a standard20-cm-long optical fiber, which is
unpredictable behavior of high current density magnets g¥tended by an additionat1.7-m-long fiber. The tip of the
mechanical disturbances occurring within its winding. ManOPptical fiber extension has been customized to ensure by a
years of experience point out disturbances of small spatR{PPer positioning that the entire cone of light flowing ofit o
extensions and short durations as the most likely quenil§ fiber strikes the wire sample surface.
precursors [1], [2]. Various heater technologies have been b) Optical Power Transmission LosseA:few tests have
developed to simulate the ensuing heat disturbances at figen carried out to estimate the transmission losses for our
quench origins [3]-[5]. However, because of the difficidtiespecific application. We study the influence of various param
to develop reliable and calibrated heaters, the searctillis gters such as: 1) interconnection of optical fibers, 2) ceyig
going on. environment and 3) thermal cycling. For these tests, the

At CEA/Saclay, we have been working on a new heaté¢mperature of the diode laser was regulated at 293 K and we
technology based on commercial diode lasers. Two previoigsorded its DC optical power output versus forward current
papers have been dedicated to the description and the preligharacteristic.
nary results obtained with this technology [6], [7]. Hewfter, ~ Figure 1 shows a few results. The connector between
we briefly detail new improvements implemented on théoer extension and pre-coupled fiber is the main source of
experimental setup. We also discuss measurement resdits @ansmission losses, estimated~d6%. The presence of the
a preliminary numerical analysis. cryogenic coolant (simulated by dipping 2/3 of the fiber into

LNs) induced additional losses e$5%. No influence of the

Manuscript received October 5, 2005. This work is partlymared by thermal cycling could be unveiled from our tests.

Alstom/MSA and was mainly carried out at CEA/Saclay. To estimate the energy pulse flowing from the tip of the
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Fig. 2. Bottom view of machined sample holder and of fixtu@gasition

Fig. 1. DC optical power versus forward current charadierist diode laser and maintain wire sample into its V-shaped groove.
used in stability experiment at CEA/Saclay.

B. Oxidation of Cu/NbTi Multifilament Composite Wire

To carry out stability tests, we used a bare LHC-0Z
type Cu/NbTi multiflament composite wire supplied by Al-
stom/MSA. In view of our preliminary tests on bare sam
ples [6], it appeared necessary to increase the sampleabpt
absorption in the near-infrared to benefit from the full poake
the diode laser. Therefore, a low-temperature oxidatioogss |
was applied to blacken the sample surface and form a tt !
layer of cupric and cuprous oxides [8]. The excess oxidati
was chemically etched so as to leave only~&8-mm-long
blackened section at the center of the sample (see Fig. 2). G10 pieces

- Fig. 3. 3D view of sample holder featuring clamping devic@position the
C. Stability Probe and Sample Holder tip of fiber extension and to maintain wire sample into itsging.

The probe for stability tests has been designed to carry
out measurements in pool boiling helium I at 4.2 K and in
a background magnetic flux density of up to 7 T. The diode
laser is mounted at the top of the probe and the optical fiberA calibration test has been performed to estimate the actual
extension runs to its bottom where the sample sits [7]. amount of energy absorbed by the wire sample. This test was

Figure 2 shows a bottom view of the sample holder. Twariginally planned to be carried ounh situ, with the same
flattened surfaces have been filed near its center. They hoagperimental setup as for the stability tests. Unfortugate
two adjusting pieces, which help maintaining the oxidizeskealing issues, that could not be solved in the time frame
portion of the wire in front the optical fiber tip. As depictedof this work, prevented us from doing it at CEA/Saclay and
in Figure 3, additional customized springs help tensionimeg forced us to rely on a different experimental setup housed
sample while two G10 pieces limit its displacement duringt CNRS/CRTBT (Grenoble, France) with a different diode
cold tests. To ensure that all the light strikes the wire dampgaser [9]. Salient parameters of the calibration dioderlase
surface, a special metallic assembly clamps the tip of thisted in Table I.
optical fiber extension to the the sample holder. Calibration tests are based on a bolometric technology

Three pairs of voltage taps with two common taps ailtustrated in Figure 4. Two bolometers have been used: 1) a
soldered to the sample. Voltage drdp, which covers a dis- closed bolometer and 2) a wire sample. The closed bolometer
tance of~6 mm, encompasses the heated zone, and monit@rsnade-up of a cylindrical OFHC copper box which encloses
the early evolution of normal zones. The remaining voltagie tip of the optical fiber and absorbs totally the opticakpo
drops, further down the sample, enable to assess Normal Zadedivered by the diode laser. This configuration enablesus t
Propagation Velocities. characterize the temperature elevatidon; Ty with Ty ~4.2 K

I1l. CALIBRATION "PROOFTEST’
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Fig. 4. Schematic drawing of bolometric calibration settCBRS/CRTBT.

(at thermal equilibrium), across the thermal drain coningct

the bolometer to the heat sink as a function of the DC opticaly. 5. Time evolution of the resistances of the thermal senattached

power delivered by the diode lasét,,. Then, the copper box to the bolometers for an input power ef12 mW: ARrs = [Rrs(T) —

was replaced by the wire sample and the same experim@fg(*:2 K)|, with Rrs(4.2 K) =~ 3000 €. (The different initial slopes
. . . reﬁult from the difference in heat capacities of the two bwters.)

was repeated. As an illustration, Figure 5 shows the therma

response of the two bolometers for a same DC input optical

power of ~12 mW. Using the previously-determined therme 28
drain characteristic, it was possible to evaluate the poRer
conducted away from the sample and the coefficient of optic 261
absorptiong, was estimated as X
P, > 04
. P_c (1) = 24
. g RS
The estimation was carried out at various input power & 221 T I
. : X s ° o
Figure 6 shows a summary of the results, which yield ¢ & { I
average value of-0.22+-0.07. Finally, the energy absorbec < 20
by the sample for a light pulse of durationis computed as
18 T T T T T T T T T T T T T 1
FEaps= ¢ / Popdt  1J] ) 10 20 30 40 50 60 70 80

Optical power (mW)

IV.  EXPERIMENTAL RESULTS Fig. 6.  Absorptivity €x100) versus optical powetPp, extracted from

Figure 7 shows accumulated voltage trabg<or different calibration tests at CNRS/CRTBT.
energy pulses, recorded during a series of measurements at
4.2 K, 7T and 285 A (85% of.). The pulse duration was set
to 30 us and we gradually increased the current supplied €ASTEM code.
the diode laser. As the energy pulse is increased, the woltag The physical properties being assumed homogeneous over
induced across the heated zone increases until the minimti4 wire cross-section, the numerical program solves the
energy to trigger a quench is reached. Then, the querféfowing non-linear, transient, heat balance equation
propagates and the voltage increases further until it esaeh
plateau corresponding to a full transition of the sampl¢isac Owa—T ﬂ {)\Wﬁ_T] —G-Q+H=0 3)
encompassed by;. ot Oz ox

V. NUMERICAL MODEL where

A. Overview - Cw(T, B): average wire heat capacity (J),

To analyze our voltage measurements, we simulated the Aw (7" B?: average wire thermal conductivity (W/m/K),
thermo-electric behavior of a Cu/NbTi composite wire under = G(7" B_)-_ heat generation function (WA
going a quench or a recovery. A simplified axi-symmetrical” Q(t,a:)..w_utlal heat disturbance (W/f) [see Fig. 9],
model was developed using Finite Element Method with the” H (7’ ?): linearized heat exchanged power (Whm
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Fig. 7. Transitions and recoveries observed on a 0.82-mnNIi€u/
multifilament composite wire supplied by Alstom/MSA.

If Fy < E;, we assume a Kapitza-like heat transfer

B. Heat Generation Function h = ak(T + To)(T* + T5) (10)
_ The he_at generation function follows the classical linegjhere o, is a fitting parameter which adjusts the amplitude
interpolation [10] of heat transfer [11]. Typical values af for copper surface

range from 100 W/MYK* to 1000 W/nt/K* [12].

If Ex > Ef, we assume that, as soon as the energy to create
Tes—T L for T, To>T >Tes  (5) the_film vapor is exceeded, the liquid helium enters the regim
Tes— T of film vapor
where h = hfim (11)

G(T,B)=0, forT, T < T (4)

G(]ﬂ’7 B) - Gc

In our computation, we Sétgm to 250 W/nt/K.

Here, Tcs is the current sharing temperatuf, is the critical

temperatu_reJW is_ the current den_sity aV?r?‘Qed over the wirg, Comparison between Experimental Voltage Traces and
cross-sectionp, is the average wire resistivity ar@. is the  \umerical Simulations

maximum density of dissipated power when all the current

flows in the copper matrix. Figure 8 compares the results of numerical simulations

with experimental voltage traces recorded at 7 T, 4.2 K, 85%
. of I, and for a 50us pulse. The best agreement between
C. Heat Transfer Function the simulations and the experimental data is obtained with
The heat exchanged power is linearized under the form 1 = 450 Js %6 and ax = 300 W/m?/K*. The parameten is
P the one influencing the most the results whileplays only a
H(T,t) = A_Wh(T —To) (") weak role. The explanation for this can be found in Fig. 9,
: . : . . which compares the time evolution of the heat exchanged
wherep is the wetted perimeter,, is the wire cross-section . . o
i .y flux between wire and coolant with the Joule dissipation
and h is the heat-exchange coefficient. To determinewe . .
normalized to the wetted perimeter (computedzat= 0).

rely on Schmidt's moc_zlel [11]. . : The decision between quench and recovery clearly takes plac
Two cases are considered depending on the respective vaIuE§ . ) . )

) while in the vapor film regime where the heat transfer is

of the energy to form a vapor filmfE:, and the energy d
transfered from the wire to liquid heliunk;. £; can be derived

from a simple diffusion model as [10]

ominated by conduction and does not depend,cany more.
A remarkable feature of Figs. 7 through 9 is the existence
of a plateau between the ignition of Joule heating and the
Ex(t,x) = [t — to(UC)]_O'5 fort, t >t (8) quench decision, where there seems to be a metastable therma
_ o o _ equilibrium. This is due to the fact that, for the particuat
where 7 is a fitting parameter adjusting the onset time qf¢ gperating parameters considered here, we end up in the
gaseous helium film, ang is the time at whichl’(x) exceeds ¢rrent sharing zone where only a fraction@f is dissipated.
Tes: Ex is computed as For the data of Fig. 9, the metastable equilibrium is reached
at ~180 us whereT ~ 5.18 K and G ~ 0.4G¢. At that time,
Ei(t,z) = /h[T(w’t)](T — To)dt ) the normal zone extends oves mm.



WEAO5PO03 5

100 —e— Flux of normalized Joule dissipation in helium case Pul £ imental dat
"""" Flux of normalized Joule dissipation in adiabatic case HISE Enalgy. Sy (experlmen_a ata)
Heat exchanged flux q 1000+ —— Abs_orbed energy, E,, (gxperlmental data)
—4— Helium cooling (simulation)
) ) 3 Adiabatic cooling (simulation)
10 Transient regime _ - _ Y l/;
C\TE\ Film boiling regime > ‘ 7T,4.2K, 85%of | I/‘/l i
5 N . 1005 ) _/ﬂ. -
E f '%nﬂ~.“?>l’,:’i_i’_—. > ///l'/ //// //?
= \P Ise sh o = A /f
ulse shape S - P
> P (b] - -7/A/// ¢ - f 0
> /N . c A— A _ 0
= A VARG heat conduction & o
L / Tl (b} 10'_ /’,// -
0.1 - ‘/Q/’/‘/ o /,,,,/"/'O
LC) o—o—°7
(O]
>
0.01+ T T T T 1 T T 1 O 14
0 100 200 300 400 3
N AL | N N L
Time (“s) 100 1000

Pulse duration (us)

Fig. 9. Comparison of computed heat exchanged flux betweemplsaand

helium liquid with Joule dissipation normalized to wettegfimeter at 4.2 K,

7 T, 85% of Ic and for a pulse duration of 50s. Fig. 10. Pulsed energy and corresponding absorbed energusvgulse
duration at 4.2 K, 7 T and a transport current of 85%lgf

E. Minimum Pulse Energy and Estimated Minimum Quench
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