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Introduction
HTS and A-15 conductors have nagging problems for magnet applications:

1. Nb3Sn and HTS conductors are not ductile or strong like Nb-Ti.
2. The critical current of an HTS conductor is sensitive to stain in the same
way A-15 conductors are.

3. Some HTS conductors must be wound and reacted in an O2 atmosphere.
Cu can’t be added to the conductor and magnet fabrication is expensive.
ReBCO tape are not reacted, so it can have Cu in it and be insulated

4. The specific heat of materials in a magnet goes up as temperature to the
3rd power. This means quenches propagate slowly and heat transfer time
constants are much longer than for 4 K coils.

5. Tape conductors are anisotropic in Jc, Bc, and Tc.
6. HTS conductors are expensive and good cryostats are still needed.

Properties of ReBCO HTS Tapes
Figure 1 shows the quench propagation velocity along a SuperPower HTS tape as a
function of the conductor overall current density J, the conductor temperature T
and at two values of magnetic induction B [1]. Figure 2 shows the conductor
critical current of a Fujikura 4-mm wide ReBCO tape with 20 microns of Cu (~31
percent Cu and Ag) with B perpendicular to the tape as function of T and B [2].
With a 50 µ hastalloy layer, J is 1000 A per square mm at I ~ 300 A.

.

The magnet shown in Figs 4 and 5 is a two layer coil that is 2-meters in
diameter and 0.5 meters in length. It was one of four development coils that
led to a large detector magnet for the PEP-4 detector in it at SLAC. The coil
was wound with two layers 1.5 mm in diameter (uninsulated) of Nb-Ti with a
layer of glass cloth between the layers and vacuum impregnated with epoxy.
The Nb-Ti had a Cu to S/C ratio of 1.8. The coil was wound on an RRR = 20,
that formed a shorted secondary that would speed up the quench process in
the coil. The two layer coil had a self inductance of 1.81 H. The peak current
in the magnet was about 1440 A, the a peak magnetic induction at the end of
the magnet of about 2 T. At peak peak current the coil stored energy was
about 1.9 MJ. The peak current density in the coil was 840 Amm-2.
When the capacitor put the current into the coil. The current rose 1000 A in
the outer layer and went down over 500 A in the inner layer in about 1 ms.
Most of the outer coil was turned normal within 10 ms. The inner coil became
partially normal and then went back to being superconducting. The total
discharge energy from the capacitor was ~2 kJ. Both coils were fully normal
after 200 ms. The energy in the magnet ended up mostly in the mandrel. It
appears that the outer coil was affected little by the mandrel, but the role of
the mandrel on the quenching of the inner coil is not clear. Since the center
tap quench protection system was not tested on a magnet with a 304 stainless
steel mandrel, we don’t know the affect of the mandrel to coil heat transfer.

The Basic Quench Protection Problems
Fundamental adiabatic equations that govern quench protection are based on
the normal current is carried only in the Cu all of the conductor volume
absorbs the of the resistive heat generated in the Cu [3].
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where E0 is the magnet stored energy, J0 is the conductor current density
when fully charged, I0 is the fully charged current, V0 is the voltage across a
resistor at the start of quench protection. G = 2 for a resistor and G = 3 for a
perfect varistor. F is as Follows;
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where C is the Cu volume specific heat, r is the Cu electrical resistivity, and f is
the fraction of the Cu in the conductor. The voltage needed to protect a coil
with a resistor is as follows;
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The 1977 LBL LTS Coil Experiment
The experiment with a J coil (J = 840 A mm-2) 2-m diameter coil with E = 1.9 MJ
compared three quench protection methods that included quench-back alone from
the 9.4-mm thick 1100-O aluminum mandrel, quench back induced by a varistor
across the coil leads, and quench-back induced by a pulse of current into the coil
via a center tap between the two coil layers. The third method is discussed in this
paper as a potential means for protecting an HTS coil made from ReBCO tape.
All three methods worked for the LBL coil that is shown in figs. 4 and 5. [4]. The
varistor method worked very well, but the high voltages across the coils could
persist for some time, which might lead to problems. Quench back alone worked
OK, but it couldn’t be justified for a coil with a stored energy of 10 MJ. The third
method worked better than quench-back alone, because the third method drove the
quench-back process faster by turning the coil normal faster. The varistor method
would work when the mandrel was thermally insulated from the coil [5]. LBL
used quench propagators along the coil. This method failed because the quench
zone induced by the longitudinal quench propagators was less than one MPZ.
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at the magnet operating temperature To. From (1), one sees that 
the quench propagation velocity is independent of the copper 
to non-copper ratio r, and the thermal conductivity of the 
materials in the conductor.  This is true for both LTS and HTS 
conductors [12], [15]. 

From (1) the quench propagation velocity along the wire is 
proportional to J, but as J is increased both Cc and hc go down, 
which means that the quench velocity is speeded up with 
respect to J.  Hence the measured quench propagation velocity 
increases as Jn, where n is an exponent between 1 and 2.  For 
HTS conductors n is ~1.1 [13], [15].  In LTS conductors such 
as Nb-Ti in a coil n is ~1.6.  For conductors with a pure 
aluminum stabilizer, n is ~2 [16].   With tape conductors, Tc is 
dependent on the angle of the B vector with respect to the flat 
face of the tape.  TS changes less than Tc.  The anisotropy of 
TS and Jc increases as B increases.  In HTS tapes, the quench 
propagation velocity along the wire is a function of magnitude 
of B and orientation of B.   

 
 
Fig. 1.  This figure shows measured quench propagation velocities through a 
SuperPower tape that is 46 percent copper and silver.  Squares are at 20 K; 
circles are at 30 K, and triangles are at 40 K.  The closed symbols are at 19 T 
and the open symbols are at 7 T.  See reference [15]. 

 
Figure 1 shows the measured quench propagation velocity 

in a SuperPower tape that is 45 percent copper plus silver as a 
function of T, B, and J [13].  The measurements were done at 
the University of Geneva by Bonura and Senatore [15].  At 
each temperature, the quench propagation velocities tend to be 
on the same line for inductions of 7 T and 19 T.  At a HTS 
conductor current density of 100 A mm-2, the quench velocity 
is between 0.02 and 0.04 m s-1.  For Nb-Ti at 100 A mm-2 and 
4.5 K, the quench velocity along the wire is ~1.5 m s-1 [14].  
At 1000 A mm-2 the HTS quench propagation velocity would 
be from 0.4 to 0.6 m s-1.  Nb-Ti coils at 1000 A mm-2 showed 
coil quench velocities of > 30 m s-1 with Nb-Ti that is half 
copper [14].  The same would be true for conductor that is 
eighty percent copper [13], [14]. 

The quench propagation velocities shown in Fig. 1 are for 
HTS tape conductors near their critical current.  If the tape is 
operated at half of its critical current, the quench propagation 
in the tape is the direction of current flow will be about a factor 
of two lower at an induction of 19 T [15].  At lower inductions, 
this difference is smaller.  From Fig.1 at 30 K and 2 T, the 
quench velocity along wire VL = ~3x10-11 J1.13. 

In a ReBCO tape conductor quench propagation in the turn-
to-turn direction and the layer-to-layer direction are very 

dependent on the amount of copper in the conductor and 
whether the heat flow in perpendicular or parallel to the flat 
face.  In a solenoid, the layer-to-layer velocity ratio in the 
radial direction a ~(kR/kL)0.5 and the turn-to-turn velocity ratio 
in the longitudinal direction b ~(kZ/kL)0.5 [14].  The thermal 
conductivity of Hastelloy C-276 is ~0.02 T, where T is 
temperature.  Insulation material has a thermal conductivity of 
~0.1 to ~0.3 W m-1 K-1 [17].  In both r and z directions, the 
insulation thickness is ~50 µm.  In most cases, the ratios of 
quench velocities would be larger than for an LTS magnet at 
4.5 K, which are in the range from 0.01 to 0.05 [14].      

Having copper in the tape changes both a and b.  In a coil 
wound in layers, the copper in the conductor is parallel to the 
conductor flat face.  The heat transfer from turn-to-turn is 
determined by the copper not by the Hastelloy.  In both coil 
types, the layer-to-layer heat transfer is more determined by 
the Hastelloy and conductor insulation.  Thus, the turn-to-turn 
or pancake-to-pancake quench velocity will be larger than the 
layer-to-layer quench velocity. Increasing the B in a conductor 
with copper in it, increases the transverse quench velocities 
with respect to the quench velocity along the conductor 
because of magneto-thermal conductivity [18].    

B. Conductor Burnout Integral J(t)2dt 
The conductor burnout condition is determined by the 

maximum allowable coil hot-spot temperature THS.  There is a 
function F(T) for each material in the conductor as given by 
the following expression; 
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where C(T) is the volume specific heat matrix material (either 
Cu or Hastelloy) and r(T) is the electrical resistivity of the 
matrix material as a function of T.  J(t) is the current density 
in the conductor.  Fig. 2 shows F for Hastelloy-22 and copper 
with an RRR = 100. 

 
Fig. 2.  The figure shows the quench protection integral F for Hastelloy C-276 
(triangles) and RRR = 100 copper (squares) in an HTS conductor.  
  

From Fig. 2, one can see that the quench protection integral 
for a ReBCO tape conductor with no copper is very low.  This 
conductor will burn out very quickly.  It is clear that ReBCO 
tape must have some copper to stabilize the conductor and to 
increase the minimum quench energy [14].  This may also be 
true for other types of HTS conductors as well.  One needs to 
know how much copper is needed for conductor stability. 

The pulsed center-tap quench protection system was used on the PEP-4
detector solenoid E = 10 MJ and J = 650 A mm-2. This quench protection
system became very costly because the capacitor bank had to be kept charged
continuously for stored energies of 10 kJ. In retrospect, the varistor quench
protection system may have been less expensive. In the PEP-4 magnet,
quench back from the mandrel was an important part of the quench
protection. At the currents that the PEP solenoid was operated at during
experimental operation, it was clear that no active quench protection was
needed. By the 1980s detector magnet technology changed.

Will the Center-tap Quench Protection
work on ReBCO Solenoids? 

The answer to the question above is YES to some degree. This method
quench protection will work best in layer-wound ReBCO solenoids where the
distance between the current centers of the two layers is small, which means
that the energy stored in the capacitor is minimized. For an insulated layer-
wound coil with 24 micron of Cu and Ag, 50 microns of hastalloy and 50
microns of insulation is about 0.13 mm compared to the 1.6 mm in the LBL
coil. There is a large however in the analysis and that is the energy needed to
turn the superconducting layers normal. If one assumes that the HTS coil is
at 25 K, the energy needed to turn the coil is at least two orders of magnitude
higher. If one wants to change the amount of the coil quenched from two
layers to say sixteen layers, the stored energy in the capacitor bank must go
up another order of magnitude. If one wants to protect a coil made with
double pancakes coil of 12 mm tape, one must also look at the amount of
energy that must be stored in the capacitors to quench enough of the coil
rapidly to keep the hot-spot temperature below 300 K. A well-coupled shorted
secondary circuit would be helpful in shifting current out of the coil.
Using a center tap in a coil to transfer energy from a capacitor bank into a
superconducting coil may be a way of protecting ReBCO or BSSCO inserts
that produce high fields with either superconducting outer coils are water-
cooled copper coils. This method appears to be able to get heat into the center
of a coil faster than a conventional heater, because thermal diffusion time
constants are longer than the discharge time constants to get energy into a
coil. The cost of keeping a capacitor bank charged is not trivial.
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Abstract: It is well understood that HTS Conductors have a low quench propagation velocities due to high conductor specific heat with increased temperature. An HTS conductor with very little
copper has low value of the integral of J2dt between the magnet operating temperature and 300 K. Adding copper to an HTS conductor reduces the quench velocity within the coil and makes the
coil thicker, but it increase the integral of j2dt between the operating temperature and 300 K. The extra copper makes the quench harder to detect. A method that has been demonstrated to work
in some configurations such as thin solenoids is putting a large current pulse into the magnet via a center tap. This method was demonstrated over forty years ago in a large two layer high current
density LTS solenoid. This method is more effective if the solenoid is well coupled to a shorted secondary winding.
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Fig. 3  Cu and Hastalloy 276 for ReBCO Wire Hot spot temperature VS F

Fig. 1  Propagation Velocity vs Current Density B and T [1] 
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Fig. 4  Two meter diameter LBL solenoid [4].

 
 
 
 
 
 

 
Figure 4.  Quench propagation velocities for SuperPower tape that is 44 percent copper and silver as a 
function of the current density in the conductor.  Most of the rest of the conductor is Hastalloy C-276. 

3.  Superconducting Wiggler and Undulator Magnet Quench Protection 
Two basic equations can be used to explain how magnet quench protection works when a magnet is 
discharge through an ordinary resistor or a constant voltage resistor.  They are as follows [8]; 
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where E0 stored energy at t = 0, J0 is the conductor current density at t = 0, V0 is the voltage across the 
coil section at t = 0, I0 is the magnet current at the start of the quench G is between 2 and 3 depending 
on the resistor type and f is the fraction of low resistivity normal metal in the conductor.  The function 
F* apples to the low resistivity meatal in the conductor, which takes the following form; 
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Where C(T) is the low resistivity normal metal (LRNM) volume specific heat as a function of 
temperature T, r(T) is the LRNM resistivity as a function of T, and j(t) is the current density in the 
conductor as a function of time from the initial time t = 0 (quench start).   

The second equation that is of importance is the equation for the peak discharge voltage across a 
resistor to discharge the coil section such that the maximum hot-spot temperature is <300 K.  The 
equation assumes that the quench is detected at time zero.  Any quench detection time td will add td 
times J0 squared to the integral of J squared dt during the discharge from zero to infinity, which means 
that the initial voltage V0 across the coil must increase.   The equation below shows the initial voltage 
V0 for a perfect constant resistance (where the current decays exponentially) and a perfect constant 
voltage resistor (where the current decay linearly). 
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 For a constant resistance resistor G = 2 (exponential current decay with a time constant t1 = L1/R0) 
and G = 3 for a constant voltage decay (linear current decay). 

Fig. 2  Ic versus Magnetic Induction B and T for Fujikura ReBCO 4 mm wide Tape [2]
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Fig. 6  Pulsed Current Quench Protection
Circuit for the two-layer magnet [4].

Fig. 7 The inter and outer coil resistances
as a function of time for the two-layer
magnet shown in Figs 4 and 5 [4].
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