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QUENCHES 1!4THE SUPERCt)NDUCTING MAGNET CELLO

by

W. V. Hasseozahl

ABSTRACT

The superconducting magnet CELLO was tested
with currents up to 3200 A at Saclay and has been
installed at DESY in Hamburg where it will be used
for particle physics experiments requiring colliding
beams of electrons and positrons. The testing of
this unique, large, one-layer solenoid provides an
excellent opportunity to evaluate the theory of
quench propagation under adiabatic conditions, that
is, in a coil in which the conductors are not in
direct contact with helium. In an early test of
this coil, quenches occurred as a result of a broken
conductor in tne 6th of 1276 turns. This report
describes the quenches that occurred, gives the de-
tails of the damaged conductor, and includes an
analysis of the quenches. Observed axial quench
velocities are compdred to the calculated values
based on both measurements and calculations of the
thermal conductivity of the fabricated coil.



I. INTRODUCTION AND SUMMARY

The superconducting magnet CELLO was tested with currents up to 3200 A at

Saclay and has been installed at DESY in Hamburg where it will be used for

particle physics exper

trons. The testing of

cellent opportunity to

batic conditions, that

ments requiring colliding beams of electrons and posi-

this unique, large, one-layer solenoid provides an ex-

evaluate the theory of quench propagation under adia-

is, in a coil in which the conductors are not in drect

a

bes

contact with helium. In an early test of this coil, quenches occurred as

result of a broken conducto’ in the 6th of 1276 turns. This report descr

the quenches that occurred, gives the details of the <Imaged conductor, and

includes an analysis of the quenches. Ohserved axial quench velocities are

compared to the calculated values based on both measurements and calculations

of the thermal conductivity of the fabricated coil. The coil and conductor

dimensions and characteristics are given in Table 1. The coil and conducto:

are shown in Fig. 1, and a complete description can be found in Ref~ ~nce 1.

11. QUENCHES IN THE CELLO COIL

A. Theoretical Background

Superconducting coils are known to undergo transitions from the super-

co’)ducting to the normal state. These transitions or quenches, which may be-

gin at

to the

direct-

one or more places in the coil, propagate both along and perpendicular

conductor. In the single-layer CELLO coil there is only une effective

on in which the quench can propagate perpendicular to the conductor.



TABLE I

CELLO COIL AND CONDUCTOR CHARACTERISTICS

Internal diameter

External diameter

Length

Thickness

Number of turns

Design current

Guaranteed current

Operating current

Short-sample critical c~rrent

Protection resistance

Inductance

Cu’to NbTi ratio

Cu + NbTi section

High-purity Al section

Residual -resistivity ratio of Al

Thermal conductivity of high-purity Al at 4.2 K

1 656 nml

1 705 mm

3 414 Il?ll

24.5 mm

1 276

3 400 A

2 800 A

3 100 A

-4 000 A

0.”16S2

1,06 H

1/1

1.6 X 2.22 rrun2

2.24 X 9 mn2

700

x60 W/cmK

1. Quench Velocity Along a Conductor. The propagation velocity of

quenches has been studied extensively. 2-6 The calculation by Broom and

Rhoderick2 gives the velocity of propagation, Vc, as a function of various

conductor parameters and of the maximum temperature in the normal region:

I(em- 2(3C) — kp

J
d

I k—
v= =- —G(6) ,

c
(1)

c 6c~(6m-Oc) c 9C



where C

tivity,

ture and

s the specific heat, k is the Lfiermalconductivity, pis the resis-

is the current, 6C is the difference between the critical tempera-

te operating temperature, and em is the difference between the

maximum temperature in the normal region and the operating temperature.

Stekly and Huag3 made the approximation that G(13) = 1, which is valid

Gnly after the central temperature of the normal region of a NbTi conductor

reaches about 25 or 30 K.6’7

The velocities calculated with the actual conductor characteristics and

G(e) = 1 are shown in Fig. 2 for the complete conductor including the alumi-

num. For comparison, the results of several measurements by Scherer and

Turowski8 are also shown in Fig. 2. The calculated velocities are typically

higher than those measured. As the length of the conductor used by Scherer

and Turowski is well known, on~ can calculate the evolution of temperature

within the sample and thus the propagation velocity as a function of time.

The reduced theoretical values, which agree better with the experiments arp

marked with an asterisk (*)

need for a complete analysis

ratory conditions before app’

coils.

n Fig. 2. This simple example demonstrates the

of measurements made on small samples under labo-

ying the results to the performance of large

2. Quench Velocity Perpendicular to a Conductor. A quench propagates

not only along but also perpendicular to a conductor. The perpendicular

velocity depends strongly on the transverse thermal conductivity kl.
..—

Wiisong shows that Vl= vcJkL/kc. The question is: what is the

magnitude of k~? Of course, one can calculate kland hope that the result is

acceptable. We are reasonably confident in this calculation for a coil such

as CELLO, but not for coi’s with round or cabled conductors nor for those

cooled directly by helium.



Table II gives the value of tileaxial thermal conductivity, kaxial,

calculated from the known thermal conductivities of epoxy fiber-glass and

aluminum at 4.2 K. The thermal conductivities of copper and NbTi are also

given in Table II, even though they contribute little to kaxia, because they

are very small relative to that of aluminum.

The average thermal conductivity for a layered structure can be calcu-

lated from the equation

‘total ‘1 2! ‘3 +
~=T,+~+ 5

““- +R12+R23 +””” 3 (2)

TABLE II

THERMAL CONDUCTIVITY OF MATERIALS IN THE CELLO COIL AT 4 K

Material or Configuration Thermal Conductivity

(W/cmK)

Pure aluminuma N60

Structural aluminuma zO.06

Copper b,c -0.05

Superconductorc 1 x 10-3

Epoxy fiber-glass insulation 1.3 x 10-~

Conductor insu?~tiona 1.0x 10-3

As wound axial conductivity 1.1 x 10-2

aMeasured value.
bcalculated value.

cLiterature va!~e.



where Ii is the length of a section of material, ki is the thermal con-

ductivity of that section, and R..
lJ

is the contact resistance between mate-

rials. For CELLO, we can

tance R= 5 cm2 K/W (Ref.

use the values in Table II and the cent; t resis-

10) to calculate

12.24 + 0.278
)
-1

k
axial

= 2.518 7+2x5 aO.011 W/cmK .

To determine

assembled a sample

60 “

calculat”f this

of 10 insulated

actual coil. Table II gives the measured thermal conductivity of this sample.

.3 x 10-” J-

on was correct for the CELLO coil, we

conductors in a block that simulated the

We believe the difference between the measured and calculated values of

k
axial’ a factor of lG, is quite large because the test sample was not under

compression; consequently the calculated value is closer to the characteristic

of the assembled coil. One possible reason for this difference is the very

poor cohesion between the ep~xy and the thin layer of solder that forms the

conductor surface.

3. Quench Volume.

coils, V2 and V3 respect”

V2 = 2vctvxth =

The quench volume in two- and three-dimensional

vely, can be characterized by

JZv 2t2h ‘x
c q ‘ 2nd

rkk

‘3
=$tvtvt=

3cxy ;Vcjtj ~ ,

(3)

(4)

where t is the time, kx and ky are the thermal conductivities in the x and

y directions, Vx and v are the velocities in the x and y directions, and
Y

h is the thickness of a two-dimensional coil.ll

These equations are vaild only until the querlch reaches a boundary of the

coil. In CELLO, for example, if an entire turn is normal before the quench



reaches ~ne

the axis of

about 1/100

end of the coil, the quench

the coil, and its speed wil”

as fast as in the conductor

front will then propagate only along

be Vx = “c J~x/~c* that is~

Here the normal volume increases

linearly with time ~m ve~ kw/ke, until one end of the coil is
UL L AL

reached.

Another possibility is that at some time tl the quench reaches one end

of the coil before a complete turn is normal. If this occurs, the volume is

(5)

until the quench completely encircles the coil.

B. Quenches in the CELLO Coil

Figure 3 shows the resistive voltages observed across the CELLO coil.

These voltages indicated that the quenches started near one end of the coil.

Of the three regions

rati~, but the third

in Table III.

apparent in this figure, the first two appear to be quad-

is almost linear. These three regions are characterized

TABLE III

VOLTAGES OBSERVED ACROSS THE CELLO COIL DURING A QUENCH

Quench Region End Times Change in Change in Voltage/Time
Voltage Resistance Characteristic

(s) (v) (.@

1 0.035 0.9 4.9 x 10-4 Quadratic

2 0.105 0.85 4.4 x 10-4 Quadratic

3 1.1 2.75 1.5 x 10-3 Linear

aBecause the voltage changes very slowly at the beginning of a quench it is
difficult to estimate exactly when it starts. Thus, the time: may be low by
as much as 0.007 s.



s
The linear slope during Region 3, after t = 0.2 s, indicates that the

quench is propagating in only one directfon. The very low values of axial

thermal conductivity in the coil and the slow increase in resistance indicate

that this propagation is along the axis of the coil. As the quench was known

to start near one end of the coil, the velocity can be calculated by assuming

cO.34 m/s (6)

the quench front is moving a~ially along the coil in one direction. The ve-

locity is given by

.~ SA
v At W

where AR is the change in resistivity during the time At, s is the axial

length of a turn, A is the area of the aluminum, p is the resistivity of the

aluminum at 4 K, and r is the radius of the coil.

The slope during Region 3 appears to deviate a bit from linearity in the

last 0.3 s. This fact indicates that the maximum temperature is probably less

than about 20 K, which is consistent with direct temperature measurements

taken during the test and with computations made using the program QUENCH.

From the calculated axial velocity of 0.34 m/s, the quench should have

traveled about 1.2 cm or 5 turns during the first 0.035 s, Region 1. The fact

that the quench actually started in the sixkh turn, as discussed later, sup-

ports this calculation and gives an axial velocity of about 0.40 m/s. Thus,

at the end of -0.035 s, the quench has reached one end of the coil.

For Region 2, the quench propagates along the axis of the coil in only

one direction and continues propagating along the conductor, circumferentially

around the coil. Finally, after 0.105 s, the quench had co[ripletelyencircled

t~e coil, traveling 2.64 m, to give quench velocity of 24 m/s along the con-

ductor. This value, which is plotted in Fig. 2, is considerably higher than

either the calculated value rr the value measured by Scherer and Turowski. As

discussed above, the time at which the quench begins is not well defined, but



a change of 0.007 s will not reduce the velocity significantly. On the other

hand, for the quench to meet itself on the opposite side of the coil it must

transfer to the adjacent turns and then propagate along them. Thus the quench

that begins in the broken section actually travels more than halfway around

the coil before meeting itself in the fifth and seventh turns. Correcting for

this effect would give a slightly higher velocity. The error bar on tnc point

at ?52LIA in Fig. 2 indicates these two effects. During subsequent tests of

the CELLO coil a quench was initiated at 2550 A. It took C.07 to 0.08 s for

the quench to circ-le the coil, giving a propagation velocity of 33 to 38 m/s,

which is also plotted in Fig. 2.

If the above sequence were reversed, that is, if the quench had encircled

the coil after 0.035 s, then, instead of being quadratic, the voltage charac-

teristic in Region 2 would be linear.

There remains a slight discrepancy between the axial quench velocity de-

termined from the slope of the voltage in section 3 and the velocity found

simply from the duration of the first region and the

origin of the quench. This difference may be due to

several factors.

1. The temperatures Of

in the broken section before

heat required to achieve a g

(3Cof Eq. 1 would be reduced

2. The actual duration

the adjacent turns were

the quench began. This

ven propagation velocity. Equivalently, ~m and

and Vc would be higher.

of Reg’on 1 could have been 0.042 s, because the

nning of a quench.voltage increases slowly az the beg

known position o! the

one or a combination of

elevated by Joule heating

effect would reduce the

3. The resistance of the aluminum used to calculate the velocity may be

too great.

The third item deserves extra attention because an unrepresentative



samp?e may have been used to measure the 4 K resistivity, which was found to

be about 4.5 to 5 x n%crn. This value may be high oy as much as a factor of

two due to excessive handling of the ~ample. The dV/dt during the quench

gives dR/dt, which, in quench section 3, is proportional to the product pv.

There is thus an ambiguity and neither p nor v can be found directly from

Region 3. However, as the velocity, 34 cm/s, is in error by at most 20%, the

12,13measured resistance can be ~ff by at most 20%, neglecting magnetoresistance,

which is quite small in aluminum at fields below 1 T.

The voltdge of Region 1 corresponds to almost 40 turns normal, even

though it is certain that only 12 turns have portions that are normal and that

the total normal length must be between 10 and 12 m. This difference is very

puzzling. There is, however, a long delay between the time when the current

transf~rs from

transferred to

the well known

9

the superconductor into the copper and when most of it has

the aluminum. This process of current transfer is described by

diffusion equation

(7)

which gives an exponential solution for the penetration of current into a

conducting slab. The characteristic time constant, Tm, is given by

16L2
‘m’= ‘

where L is the thickness of a slab condu~tor in cm and p is its resistance

in !2cm. The current penetrate< 1 mm of aluminum having O= 5 nflcm in about

0.011s. But 1 s is required for current to fully penetrate a 9-mm-thick alu-

minum slab.

Though the diffusion

complicated than a simple

of current into the aluminum conductor CELLO is more

exponential function, the program QUENCH was modified



to giv an exponential characteristic for the resistivity of the high-purity

aluminum.

The diffusion time T,nand the aluminum resistance were varied in the

program. One of the C1O ~st approximations to the observed quench voltage is

given in Fig. 4 along with an expanded version of the observed c~rve of Fi\]. 3.

111. REPAIR OF THE CELLO COIL

During these tests of CELLO a resistive section was observed at all cur-

rents. The voltage between turn 1059 and the end of the COI1 corresponds to a

resistance of 2pfl or to a normal region about 12-cm long.

It was originally believed that this normal region was probably produced

by overheating the conductor during the fabrication process when the copper

superconductor composite was being soldered to the aluminum stabilizer. But

it was possible that the conductor was broken so the coil was x-rayed. In

CELLO, because there is only a thin layer of material that is relatively

opaque to x-rays, =1.6 nm of copper superconductor composite, it is possible

to detect a mechanical defect i~

a magnified copy of the original

found in the sixth turn from one

tained an inclusion of NbTi with

the composite with this technique. Figure 5,

x-ray, shows a bad section of conductor,

end of the coil. The broken conductor con-

a high oxide content.

Inspection of the broken region clearly indicated that the break oc-

curred before the epoxy in the coil was cured as there was same penetration of

epoxy into the space between the composite and the aluminm near the break.

Certainly

composite

coil were

the conductor was not broken before the soldering operation when the

and the superconductor were joined. The la~t seven turns of the

removed and the void filled witn dn aluminuri,spacer and epoxy.



IV. FINAL TEST OF THE CELL() COIL AND CONCLUSIONS”

During the final test of CELLO a hf~ter produced querlches at 2550 A and

there were unprovoked quenches at 3200 A. We used the resistance of a section

of conduc.~r glu~d to the outside of the coil to monitor these quenches and to

det~;mine the final temperature after a quench. A temperature of 60 K was

reached in less than 20 s after a 3200 A quench, indicating good thermal con-

tact between all coil components. That the current is limited to 3200 A prob-

ably is due to a defect in the conductor similai- to that which caused the

break. This explanation is supported by the fact that the camposite was or-

dered in ~ single length, 27000 m, but broke several times during fabrication,

probably because of other inclusions,

The analysis of this rather complex quench lends support to the use of

existing theories to calculate quench propagation velocities and to predict

the behavior of coils subjected to quenches.
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Fig. 1 Layout and detailed cross section of the superconducting magnet
Ci.LLO.

Fig. 2 Quench-propagation velocities for the CELLO superconductor-copper
composite and the complete conductor with high-purity aluminum.
Both theoretical and experimental values are shown.

Fig. 3 Voltages observed across the CELLO coil

Fig. 4 A comparison of observed and calculated
coil during a quench originating in the
from one end of the coil. The measured

during a quench at 1900 A.

voltages across the CELLO
broken conductor, six turns
resistances of the hiuh-

purity aluminum and copper are used. The only variable is th~
diffusion time for current into t-hehigh purity aluminum,

Fig. 5 Enlargement of the in situ x-ray of the damaged section of the
CELLO conductor. There is a gap of about 2 nunbetween the broken
conductor ends.
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