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SUMMARY

The optimum operating temperature of
coils with regard to economy of refrigera-
tion and price of superconductor is above
4,29K. The performance of Nb3Sn coils
made of 2, 4, and 8 pancakes (ID 22 cm,
OD 32 cm, tape width 0.5 cm) was tested
in the 4.2 - 179K range. The cryogenic
stability limit is calculated in liquid
helium to be 90 A and is measured to be
70 A in gas at 4.29K, dropping to about
20 A when T approaches T.. Above these
current limits, i.e. in the metastable
range, the coils were tested for their
response to local heating, which was
applied in steady state (isothermal
disturbance) or as a pulse (adiabatic
disturbance) of increasing power until
quench occurs. A model of the coil re-
sponse to local heating is developed and
compared with the experimental results.

INTRODUCTION

The reason for this study is twofold:
1. In the construction and use of Nb3Sn
coils for a levitated multipole experi-
ment to be operated up to 159K, the
stability of these coils to thermal dis-
turbances is of interest.
2. Economic considerations give an opti-
mal operation temperature for supercon-
ducting coils, determined by the cost of
the superconductor and the cost of the
refrigerator which respectively increases
and decreases with temperature. Calcula-
tion gives such temperatures as around
6-11°K, depending on the size of the
coils, etc.

In Fig. 1 the results of a cost
calculation for a coil system such as
might be used in a large stellarator
("W7", about 60 MJ stored energy”) are
presented. The hatched area between
curves s and s; gives the present Nb3Sn
superconductor cost of the W7 coil system
on the assumption that no coil degradation
takes place., Curves s and s; differ by a
factor of 2 owing to the difference in
price quoted by various manufacturers.
Curve d represents the superconductor
cost of W7 by assuming the same coil
degradation experienced by the 8-pancake
test coil shown in Fig. 2.~ The "degraded"
curve d corresponds to the "short sample"
curve s, The 1 kW refrigerator costs,
expressed by gurve r, are taken from Win-
ters and Snow” and are found to coincide
approximately with the price set by re-
cent competitive offers made by several
European firms.

The sum of the capital costs of
refrigerator and superconductor (r + s,
and r + d for the degraded coil system)
shows a minimum around 6°K. It is, how-

ever, anticipated that the superconductor
prices might drop one order of magnitude
in the future when very large guantities
will be manufactured and marketed. With
the superconductor price reduced to 1/10,
the resulting new cost curves (r + s/10,
and r + d/10) show a minimum between 10
and 119K. In this case, operation at this
temperature would allow a saving in capi-
tal costs of superconductor and refrigera-
tor of about 35% in comparison with op-
eration at 4.2CK.

So far operation of coils other than in
liquid helium is not standard. Only
very small coils are known to have been
operated in helium gas at temperatures
higher than 4.2°K and in a magnetic field
contributed to a minor extent by the coil
self-field and to a major extent by the
background field of a larger coil4:5, The
present study concerns the response of
coils to heat released within their wind-
ings, covering the temperature range
between 4,2°K and Tc.

The results are of more general interest
in connection with coils cooled by super-
critical heliumé and the operation of
coils, made of Nb-Ti as well as of Nb3Sn,
in the metastable regime. Large coils,
especially, have sources of sudden heat
release by friction, mechanical deforma-
tion or cracking; continuous heat sources
can be joints and weak spots in the
superconductor. Experiments on the release
of heat in the windings of large coils
have often been done_as part of the coil
testing procedure,’"

EXPERIMENTAL

Coils were made of 0.5 cm wide Nb3Sn
tape (GE; stainless steel reinforced,
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Fig. 1 Capital costs of 1 kW refrigera
tor and Nb3Sn coil system for a large
stellarator experiment (W7) as a func-
tion of temperature.




short sample ratings between 300 and 500A
at 60 kG and 4.29K) wound into pancakes
of ID 22 cm, OD 32 cm, and 250 turns each
They were mounted with slotted anodized
aluminum spacers of 0.2 cm thickness and
energized by two pairs of current leads
each to 4 pancakes in series. This allowed
operation of all 8 in series, of 4 only
in series, or 4 and 4 in opposition (cusp
configuration). Fig. 2 shows a picture of
the coil assembly. Some measurements were
also made on a smaller coil consisting of
4 pancakes wound with aluminum tape of

30 yu and 50 ,u thickness interleaved
between -the winding turns; this coil was
operated in cusp configuration.l A more
detailed description of the two coils is
given in the previous paper.

Several heaters were made of flattened
constantan wire between two mylar foils;
they have the width of the tape and are
3 cm long and 80 ,u thick. They are lo-
cated as follows; at the centre of the
winding of one of the two middle pan-
cakes, i.e. between turns 125 and 126
("white" heater in the 8-pancake coil,
"red" heater in the 4-pancake coil); in
the adjacent outer pancake, also at the
the centre of the winding ("green heat-
er in the 4-pancake coil) or about 1/3
along the winding starting from the in-
ner winding border, i.e. between turns

Eight-pancake coil.

Fig. 2

80 and 81 ("red" heater in the 8-pan-
cake coil). The heater current used

had both a rectangular shape (0.5 s
minimum duration) obtained by switching
on and off a d.c. power supply, and a
trapezoidal shape (see Fig. 6) obtained
by a motor driven power supply.

As thermometers, 14 carbon resistors
were distributed throughout the larger
coil, and 10 in the smaller coils. They
were located between the pancakes in the
slots of the Al spacers. The temperature
in the cryostat was adequately controlled
(to $0.19K for approximately 10 min) by
regulating the transfer rate of helium
from a liquid container and the power of
a heater at the bottom of the cryostat.

MEASURING PROCEDURE AND RESULTS

Two of the three variables I (coil
transport current), T, (coil temperature,
and I, (heater current) are set, the
third is varied until quench occurs. Of
interest are the power level and duration
of heating which can be tolerated, or
which just produce quench.

The response of the coil temperature
to a heater current step gives an idea of
the thermal diffusivity within the coil.
It takes the temperature about 15 s to
reach equilibrium within a heated zone
(i.e. until a heated region is fully
developed). The zone extends very rapidly
along the winding around the whole coil,
but much more slowly radially across the
windings in the pancake, and most slowly
laterally from pancake to pancake (see
Fig. 6 pulse 2). In this sense one can
distinguish short pulses of less than
10 s and long pulses of more than 10s.

Short survey and examples of performance

As a rule a heat pulse brings into play
two more sources of heat: 1. It can
trigger flux jumps (magnetic instabili-
ties) which release magnetically stored
energy as a spatially extended adiabatic
heat pulse. 2. It creates a normal zone
in which ohmic heating pj2 is released
as long as the zone can exist. Here p is
the resistivity in the normal state and
j the current density, both averaged over
the total cross section of the winding.

Fig. 3 shows examples of the response
of the carbon thermometer next to the
heater and the change in coil terminal
voltage, (which is interpreted as resis-
tance) due to a series of increasing
adiabatic pulses (0.5 s duration). In
one case a quench is obtained, in the
other the coil remains superconductive
up to the highest pulses of Qa =18 J.
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Fig. 3 Temperature and resistance
response as a function of heat re=-~
leased during pulses of 0.5 s dura-
tion for cusp 4-4 coil configuration.

Stable situation: (A): coil at 129K,
45 A

Unstable situat: (o): coil at IBOK,
50 A

(transition for Qa = 18 J)

Fig. 4 gives a survey and examples of
results of 2 measuring procedures which
were used: a) A constant heater current
Ip was established and the coil current I
increased from zero up to coil quench;

b) from a preset (I,T,) point the heater
current was increased from zero (either
continuously or in successive pulses)

up to coil quench. Procedure b) is
applied in example A, with the succession
of heat pulses indicated. In this fashion,
the loci of (I,Ty) points which can with-
stand pulses of 1, 5, 10 J were obtained.
Near the stability boundary (curve STABLE)
pulses larger than 25 J are needed to pro-
duce a quench (burning-out power of heater
Q=80 W). Procedure a) is used to test the
cryogenic stability limit with the coil

in liquid helium (see example B). The
results are 75-95 A, depending on the
heater power, which compares with a calcu-
lated limit of 90 A. In gas, both type a)
(see example C) and type b) tests (see
example D) give transitions close to the
usual transition range. The transition is
preceded by a resistive region and is then
given by a thermal runaway of the ohmic
heating. The amount of ohmic heating under
runaway conditions is indicated in example
B and C as 2 and 1.4 W respectively. Resis-
tive regions are observed in the hatched
area of Fig. 4, which is similar to a cur-
rent sharing regime because the resistive
zone is steady.
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Fig. 4 Stability regions (cusp 4-4
coil configuration; heater at Bymax.
In the metastable region are three
curves below which the coil can tol-
erate 0.5 s pulses of 1,5,10 J,
without going normal. Examples of
responses to various experimental
conditions:

A, Short pulses (0.5 g at constant
coil current. Quench at 13 J.

B. Isothermal heating, const. 5,6 W,
steady increase of coil current,
coil in liquid helium, o

C. Same as B, coil at 11.5°K.

D. Constant current, increase heat-
ing until quench (at 6.8 W).

Results of short heat pulses

Fig. 5 illustrates all the transitions
experienced by the 8-pancake coil sub-
jected to short heat pulses. Three re-
gimes can in general be distinguished.
First, where the quenches are governed
by magnetic instabilities. This region
is close to the usual transition regi?ns
also given by magnetic instabilities.
Transition regions of the unheated coil
are entered in Fig. 5 for both series 8
and cusp 4-4 configurations (hatched
curves). Note that in the cusp case,
particularly around 100 A, the power
level (number entered in each symbol of
Fig. 5) necessary to produce a quench is
about one order of magnitude lower than
that necessary to produce a quench in the
series case. This is ascribed to the mag-
netic instabilities induced in the windings
by the high value of the ragial field By
for the cusp configuration.” A second re-
gime is observed at lower transport cur-
rent I in which the quench takes place
mainly because of runaway due to ohmic
heating of the normal zone initiated by
the heat pulse. A third regime of relative
coil stability is found at still lower
currents and temperatures. Here the dif-
ference between series and cusp configura-
tion is very small, and a high power level
is necessary to cause transition.

The general scatter of points is large,
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caused by short heat
pulses in the 8-pan-
cake coils. The num-
ber given in each
symbol refers to the
lowest observed power
level leading to a
quench,

BELOW

Fig. 6 Recordings

of long heat pulse
current, coil voltage
and coil temperature
versus time.

("green" heater in

Besides the usual scattering factors (flux
jumps, training) it shculd be noted here '
that a major scattering factor is due to

the fact that the observed power level
necessary to quench may be up to 20% high-

er than the minimum power level necessary
because of the increase of the pulse pow-

er by steps of about this size., A further
reason for scattering of short pulse data

is discussed below.

It is the second and third regions in
which the thermal conditions (cooling,
heat conduction, and diffusivity or speci-
fic heat) of the coil are of dominating
importance. These regions are studied in
more detail by means of long pulses.

Results of long heat pulses

Fig. 6 gives an example of transition

due to a long pulse. The response to five
pulse profiles of different height and my
duration is illustrated. Pulse 1 only just
produces a normal zone, as the resistance
shows., During pulse 2 the normal zone is
larger, but steady in time. For pulse 2
the temperature profile is shown not only
for the thermometer close to the heater
(green) as in pulse 1-5 but also for the
thermometers which are still near the
heater, but one (dotted) and two pancakes
away (lowest trace) in the axial direc-

100+

the aluminum stabi-
lized coil with
transport current
I=75 A, 2-2 cusp
configuration.)

3
ml Lo

tion of the coil. Notice the lag of more
than 10 s in establishing the temperature 4]
plateau and also the falling off of the Al
temperature across the coil transversely
to the pancakes. A similar falling off is
observed radially along the pancake in-

wards and outwards from the heater. In

contrast, along the windings adjacent to

the heater the hot zone extends right

around the coil; 180° opposite the heater 0




the temperature excursion is still about
50% (extensive temperature profiles with-
in the coils have been measured but are
not shown) .

During pulse 3 the normal zone is even
larger. If a heat pulse lasts long enough
the zone will grow and a quench will
develop. This is largely because the
primitive temperature control system can-
not keep the temperature T, constant in
the long run against the increased heating
of heater and ohmic heating.

The heater pulse 4 exceeds the quench
power, but it is switched off again before
the quench can develop.

Pulse 5 causes quench. The temperature
profile indicated that by the time the
heater is switched off the normal zone is
so far extended that its ohmic heating
soon raises the coil substantially above
the transition temperature. In these cases
the coil power supply is switched off.
Additional scales give the heater power
and the power in the resistive region (jzm
volume) and also the total resistance and
the total length of tape affected in the
resistive region, (using the measured
value of 2.7 u2/cm normal tape).

Fig. 7 gives results of transitions
achieved with long pulses. As in Fig. 5
the lowest observed power levels which
cause a transition within a short time
(= 10 s) are entered in each symbol.

Also entered in this figure are the

stability parameter are also given (see

below) , {= O being the short sample
curve.

The scatter is no doubt large. Never-
theless all geometries and heater posi-
tions give similar results, which will
be further discussed below.

ANALYSIS AND DISCUSSION

From Fig. 6 it can be seen that
quenches develop from quasi-steady states
if a certain power level of heating is
exceeded. It seems profitable therefore
to investigate steady-state solutions to
the thermal problem.

As a first approximation a coil wind-
ing extending to infinity in all direc-
tions is assumed with an isotropic therm-
al conductivity k. Spherical coordinates
are taken and the heater with power Q is
placed within a small space <ry around
the origin. A normal zone is assumed to
exist for O<r <R where the temperature
T>T; and the heat production g j2p
(T} = critical temperature for current
density j).

Outside R the windigg remains super-
conducting; for r >R, q = O.

Boundary conditions: when r R,
T(R) = T1; for r==, T=Tqs: for r>R the
heat flux F is constant:

-k(dT/dr)4nr2.

F = 1
usual transition regions of the unheated i
8-pancake coil in the various geometries. Hence integrating and applying both
On the right-hand side there is a scale of s 1) o) % PRSI
. boundary conditions:
j*e, J and p being average values of the
current density and resistivity within T = (T4-T R +T 2
the coil windings. Curves of constant (217} (B/r)1To (2)
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and at r = R
F(R) = k(Tl-TO)4:R. (3)

This heat flux must equal the heat pro-
duced within the sphere

4 3.2
F(R) = k(Tl-To) 4zR = ETTR j o+0
- 1:2
so Q= 41R[k(Tl-To) =553 pRz] (4)
when é = 0
faase Lo gptl o
- Herit j2p b (5)

For R¢ R.,j+ the normal zone collapses
and for R>R,pit it grows by itself with-
out any heater power.

A short pulse would have to be large
enough to create a zone of the size
r = Rerjt in order to cause a transition.
The enthalpy of the zone gives a rough
estimate of the necessary energy re-
quired. Solutions of an unsteady temp-
erature distribution give a more accurate
picture (see ref. 10, Fig. 4); the
accurate_solution is further complicated
by the jzp term and the energy released
by flux jumps. The very slow growth of a
normal zone can be represented by passing
through a continuous series of steady
states. The necessary heater power to
maintain a zone smaller than Rgprijt is
given by eq. (4). o} passes through a maxi-
mum at Rpay. (Once r ®»Rpay the zone can-
not be in stable equilibrium.) For Q? Qmax
the zone will grow. Thus Qpax gives the
necessary heater power to create a quench.
However, if the heater power is switched
off after the zone has started to grow
beyond Rpax but before it has reached Rg
it will collapse again. This may be the
cause for much scattering in the short
pulse data, as in Fig. 5. (See also pulses
4 and 5 in Fig. 6.)

rit

For a maximum:

g-% = 4 t[k(Tl-—To)-—szzp] =0 (6)

Rpax = (7)

=
=]
[ur
[N |
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Omax

3/2
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e W Lol (8)
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Of interest is the temperature distribution
inside the normal zone:

for R = Rcrit=
1 il

=z - e 2
T = 5 (P,=T,)+T;~ =3 r (9)

T+ BT -T)

T‘ ______

\
\
\

\
anu= Rcril 3‘W r

Fig. 8 Spherical approximation of
coil winding.
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1 = -
and Tmax = Tl+§(T1-T°) at r = 0;
for RcRcrit:
.2 o)
T =7 + LB @R2r?) + —d-) (10)
6k 4k

A sketch of the sperical approximation
is given in Fig. 8.

From the temperature profile in the
coil (see discussion of Fig. 6) it is
known that the spherical approximation is
very poor. In reality the k along the
tape is about two orders of magnitude
higher than the k normal to the windings
or from pa?cake to pancake (k of Cu &

1 W em1k™1; k of stainless steel®0.01).
A normal zone created by the heater will
extend practically around the whole coil,
along the tape in immediate contact with
the heater. Assuming a sufficiently

large coil radius one can make the approx
imation of a cylindrical normal zone

with diameter 2S, which is heated on the
axis, and calculate the heat flux per
unit length (Fig. 9).




T1 ‘‘‘‘‘ =)

T T+

T

5 S D s

Fig. 9 Cylindrical approximation
of coil winding.

Similar to the spherical case:

for s<¢s, 'I'ii'T:L and q = j2p

for s S, T<T, and g=o0

The heat flux equation corresponding to
eq. (1) for s» S is

ar

F = -k—a; 218 (11)

which is integrated to yield

F
21k

T =

(B - log s).

The boundary conditions determine, con-
stants F and B. The assumption of an
infinite body with T (se%®) = To does

not have a solution, unlike the“spherical
case. Instead the body is assumed to have
a surface at s = D with a surface temp-
erature T, and a heat transfer coefficient
h. Then the constants become:

= k2 ®7; _ _k2xT
Ly = B-1ogD with
B Tylog D - Talog S

TI—T2

and egs. (12) to (18) correspond to egs.
(2) to (8) of the spherical case.

D 5 D
T =(T110g§ + T210g§L/'log§ (12)
When s = S the heat flux is given by
h(Ty-T )20 = 2. 8M=T2)_ 42 o2 2 a3
log g

L being the total length of the cylindri-
cal normal zone.

Elimination of

T2=(T0+_k_TL_)/( k_+1)

hDlog g hDlog 3

gives
é = LZH(EiZLZEO% % %jzpsz)_ (14)
1og§ + mD
é = 0 for
— (T -Tg) X
Scrit = 12kj2 (logn H k ) (15)
p = .3
scrit o

The maximum heater power is determined by

ag k (T, - :
PeowflTa 525 _ 4 6
S(ED + 1095)
2k D 2
smax(ﬁﬁ + log g )" = kE (17)
max
with E = 31530 .
i%p
. - .2 d e
Qnrax = 2*L3 PS ax ( YK E 55max’ * (18)

Since Scrits Spaxs 6max are not available
in explicit solutions, graphical solutions
are given.

Fig. 10 represents é/szp versuf S_(size
of normal zone) for k = 0.02Wem™1k~1 with

E =—$%:IQ—— as stability parameter.
J o

Note that eq. (15) will produce a stability
criterion if Sgyrit = D is set; i.e. the
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Fig. 10 ﬁ/Lj p versus S (size Ef )
mormal zone) for k = 0.02 Wem™ 1K™l with
E as stability parameter, and
h = 0.1 Wem=2Kk~ 1, D = 2.5 cm.

cooling at the surface will remove, at
least for a short time, the ohmic heating
produced in the coil when all of it is
normal and, therefore, the surface temp-=
erature T, = T1. This is rather similar to
the stabiiity criterion in liquid helium,
where the peak nucleate boiling should be
capable of keeping the fully normal conduc-
tor below about 59K (also for a limited
time only).

The criterion gives p? = 2EnD,

D

£~ =z L

Choosing h = 0.1 Wom 2K™1 (in reality it
may be 2-5 times smaller, but the order of
magnitude is correct) and D = 2.5 cm, w:bﬁl

expect stable performance for £»12.5 Kc
irrespective of k.

Fig. 10 shows a much more complicated
situation. Taking E = 10 (unstable
situation) O(S) behaves as in the spheri-
cal case, going through a maximum at
§#0.2 cm and reaching zero at Scrjt=0.45.
Beyond, the zone will grow until the
whole coil is normal. Taking the curve

for E = 30 there is a difference:

beyond Scrit = 1.2 cm, the zone will also
grow, but will stop growing when S®2 cm
is reached., To maintain a zone S» 2 cm
requires a heater power corresponding to
the ascending part of the curve. Looking
at a gquenching experiment one finds on
increasing d that at émax (for S%0.45 cm)
there will be a transition, with the zone
growing to S#2.15, where it can remain
stable, with the rest of the coil still
superconducting. (After a short time in
this state the cooling medium would warm
up and the transition would eventually
spread through the whole coil.) With
subsequent reduction of ) to zero the zone
will stay at S = 2 and the coil will not
recover its fully superconducting state.
The fully superconducting state can be
recovered for E 233 where the Q curves
show a minimum for positive §. A transi-
tion from a smaller to a bigger normal
zone, which looks experimentally like the
beginning of a gquench, is observed up to
E= 50, where the curve has a saddle
point. The temperature records show that
for "quenches" of this kind part of the
coil does not reach Tj; however, after
the transition, the level of heating is
normally so high that the coil warms up
rapidly and normalizes.

By way of summary, one can state that
the analysis shows for E £12.5 full in-
stability (i.e. a full quench for Q> Qmax;
for 12.5¢ E 433 a transition which cannot
recover (i.e. the coil does not become
fully normal, but cannot recover the
fully superconducting state); for 33<E €50
a transition which can recover (i.e. for
420 the coil becomes fully superconduct-
ing again); finally, for f »50 one obtains
full stability (i.e. a normal zone grows
with increasing @ until the coil is normal,
but there are no thermal runaway transi-
tions).

It should be pointed out that all
curves reach finite values at S = D = 2.5m
These values are given by d/L = (T1-Tg) h2xD

.

or —£— = En2% (20)

Li‘e

In the present experiments both h and
D are poorly defined (h is almost certainly
not constant). While the choice of h
affects the curves shown in Fig. 10 near
S = D, the value of k alters the picture
for S<D.

To describe the situation for differ-
ent k values Qna,/Li“p versus Spmax 1S
plotted in Fig. 11. As an indication of the
instability boundary the value E= 10 is
entered.

The curves terminate at the saddle point
for which the value for E is given.

t
.
—Ji
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In Fig. 12 quenches (or transitions)
for long pulses are entered for both coilsg
all geometries, and different heaters,
as O/j%p versusE . A fit with the theory
is attempted, whereby both k and L are,
within reasonable limits, adjustable
"effective" parameters. The red heater of
the 4-pancake coil and the white heater
should come closest to the approximations
of the analysis, but the scatter is too
large to show any definite trend. Consid-
ering the crudeness of the theory com-
pared to the complex situation in a real
coil, the fit is better than expected. An
effective k of 0.03 * 0.02 Wem~1k~1 seems
reasonable, also an L of 30 # 20 cm.

CONCLUSIONS

== The analysis indicates a stability
parameter E = (T1-Tg)/j2p as a measure
of the degree of cryogenic stability of
a coil.

-- The stability limit is, in general,
characterized by four different degrees:
full instability, non-recoverable transi-
tion, recoverable transition, full stabi-
lity.

-- For good stability a high value of k
is essential.

-- The use of reinforcing steel tape
bonded with superconducting tape
apparently impairs performance. Also good
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Fig. 12 Transitions for long
pulses and for both coils and
geometries, entered as Q/j2p
versus ¢ .

thermal contact between pancakes should
be ensured.

-- Tolerable heater power levels can be
fairly high.

== Operation in gas is as reliable as in
liquid.

== Operation of coils at temperatures
higher than 4.2°K is economically
attractive, especially if superconductors
with higher critical current density at
temperatures higher than 4.2°K become
available at a lower price.
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