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Various Quench Protection Methods for HTS Magnets 

Introduction
HTS conductors have nagging problems that make them difficult to
use in superconducting magnets. These are:

1. HTS conductors are not ductile or strong like Nb-Ti.
2.The critical current of an HTS and MgB2 conductor is sensitive to

stain in the same way A-15 conductors are.
3.Some HTS conductors must be wound and then reacted in an

oxygen atmosphere. This means that Cu can’t be added to the
conductor anmagnet fabrication is more expensive. ReBCO tape
are not reacted, so they can have Cu in them. They can 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 coils at 4 K.

5.Tape conductors are anisotropic in Jc, Bc, and Tc.
6.Persistent HTS joints are difficult to make.
7.HTS conductors are expensive and good cryostats are needed.

The Basic Quench Protection Problems
There are two fundamental equations that govern quench protection.
The first is;
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where E0 is the magnet stored energy, J0 is the conductor current
density when fully charged, I0 is the current when fully charged, 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 material volume specific heat and r is the material
electrical resistivity.

The voltage needed to protect a coil with a resistor is as follows;

-"= $ B5 :C
& D(467)∗

E
F #"

$.

A Quench Protection that works for LTS Magnets
It is clear that discharging the coil with a resistor across the coil will
not protect the coil unless the voltages across the coil are large or
there is more copper in the conductor (See Table). Below are methods
that work for Nb-Ti LTS magnets

1) Adding copper clearly is one way to go, but it is not clear that
copper can be added to the conductor without causing
delamination of the copper. Adding copper to BSSCO conductor
is difficult after reaction. In a ReBCO tape magnet, one can wind
copper strips with the uninsulated conductor. This allows the
current to be shunted into the copper. A good high voltage
insulation is difficult.

2) Discharging the coil through a cold resistor in series with a cold
diode to heat the coil and cause the coil to quench. This method
has been used in Nb-Ti and Nb3Sn magnets. The problem with
this method is the low thermal diffusivity of HTS coils at high
temperatures. This is made worse when the conductor is not
isotropic in Ic, Bc and Tc. The B direction with respect to the flat
face of the conductor can vary within an HTS coil.

3) Quench-back from a conductive bore tube bore tube in high
current density current density coils with not work because the
thermal diffusion time constant to large.

4) Discharging a capacitor into the center tap of a large coil is
unlikely to work because higher energy pulses are needed. The
large thermal diffusion time constants is also an important factor
in this quench protection method.

5) The CLIQ, which works in certain types of LTS magnet wound
with cables is unlikely to work because the energy needed to
quench the coil is too large.

Superconductor and Coil Parameters
The assumed superconductor is SuperPower SCS 4050 4-mm wide
tape, which carries 680 A at 20 K with only the self field in the tape,
but with 2 T perpendicular to the tape the current is ~375 A. The
obvious way of protecting a magnet like this from the EJ2 in the 1st
column, is to reduce the current density in the conductor by
increasing f which reduces J by a large amount. This reduces the
quench protection voltage across the resistor or varistor. One can
also reduce the voltage across the coil by increasing the coil current.
The table below shows the quench parameters for a magnet with
SuperPower conductors that are 4 mm wide. Each layer has 18
turns. If one replaced the layer wound coil with three double pancake
coils, one can increase the current to 927 A, which reduces the coil
voltage by a factor of three.
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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. 

6) The varistor can be put across the coil current leads to force the
coil current into a shorted secondary (see Fig. 3). In an LTS
magnet the coil current was reduced by 97 percent. This can be
applied to HTS coils if they are well coupled with the low
resistance secondary Circuit.

Other Methods of Quench Protection

2LPo1B-03 5 

compared to the coil radius, which means the coil coupling 
coefficient is ~1.  When the coupling coefficient is one, the 
long time-constant tL is the sum of t1 and t2.  The short time-
constant tS can be calculated as follows; 
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with M1-2 the mutual-inductance between the coil and the 
shorted secondary circuit.  F*(THS) at the end of the discharge 
takes the following form when the resistances R1 and R2 are 
constant with time [15];  
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When one compares (7) with (4), the equation with the shorted 
secondary will yield a lower F*[THS].      

Passive quench-back from a shorted secondary coil that 
doesn’t require a quench detection system [31], [32], [33], has 
been used to protect LTS magnets.  This method will not work 
with HTS magnets.  The reasons are the normal region growth 
isn’t fast enough [15], and a large amount of energy is needed 
to drive the HTS conductor normal.   

Even without quench-back, a shorted secondary can be very 
useful for quench protection.  If one puts a resistor across the 
magnet coil after a quench has been detected, the current in 
the coil will be forced to shift to the shorted secondary.  This 
extends the time before burnout and magnet stored energy is 
taken up by the secondary circuit.  If the secondary circuit is 
in close proximity with the HTS coil, heat from the secondary 
circuit can drive portions of the HTS coil normal, which is a 
form of active quench-back.   How well this works depends 
on the energy needed to drive the coil normal.  

VII. THE EFFECT OF THE CONSTANT VOLTAGE RESISTOR ON 
QUENCH PROTECTION WITH A SHORTED SECONDARY  

It is clear that a well coupled secondary circuit will reduce 
the current in the HTS coil more than 50 percent using a 
simple resistor if the copper secondary total thickness two 
times the copper thickness in the coil, provided e is <0.05.   
This approach can work for Nb3Sn magnets. 

A 300 K constant voltage resistor is ideal for transferring 
over ninety percent of the current into the shorted secondary, 
when it is put across an HTS coil leads [12].  A constant 
voltage resistor greatly reduces the short time-constant tS.  
Thus, the long time-constant tL approaches t2.  

This method was used to quench protect a Nb-Ti solenoid 
2004 mm in diameter and 700 mm long.   J0 was 820 A mm-2 
and the stored energy of 2 MJ.   The secondary circuit was an 
1100-O aluminum (RRR ~20) mandrel with an average 
diameter of ~1993 mm and a thickness of 9.4 mm.  The hot 
spot temperature THS at the end of the quench was <55 K [34].  
When the Thyrite varistor was put across the circuit, the coil 
current was reduced ~93 percent with tS = ~150 ms. 

A perfect constant voltage resistor [35] is impossible to 
achieve.  Varistors can be made from materials such ZnO and 
silicon devices of a couple of types.   Over an operating range 
from 0.1 mA to 1 kA these devices have a voltage across the 
varistor V(i) as function of current i as follows; 
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where V(1) is the varistor DC voltage with 1 A DC flowing 
through it and d is the voltage to current coefficient.  A zinc 
oxide varistor has a d that can be as low as 0.03.  The Thyrite 
varistors used in the 1970’s had a d = ~0.2.  

It appears that the use of a constant voltage resistor across 
an insulated HTS tape coil closely coupled to a Cu secondary 
can effectively protect the HTS coil. It also appears that 
copper temperature at the end of the quench can be >100 K, 
which is above Tc for most HTS tapes. This means that stored 
energy per unit mass in the magnet can be ~10 J g-1.  If the 
heat generated in secondary circuit can quench some of the 
HTS tape, the tape hot spot temperature will be lower. 

VIII. MODELING QUENCH PROTECTION WITH A CONSTANT-
VOLTAGE RESISTOR AND A SHORTED CU SECONDARY  

Figure 5 shows a simplified view of the two-coil magnet 
circuit that is protected using a varistor and a closely coupled 
copper secondary windings for each of the HTS coils.  The 
connections between coils and to the power supply are made 
with room temperature cable.  The shorted copper secondary 
coil is split so that the HTS coil is wound on the inner copper 
coil.  The outer copper coil is the same number of turns as the 
inner copper coil.  Both copper coils are 76-mm long.  When 
the copper coils carry current the I2R heating in both coils is 
conducted to the HTS coil, to speed up the quench.   

 
Fig. 5. This is a power supply and quench protection system for an HTS 
magnet.  Both coils are protected with closely coupled copper windings 
around each HTS coil.  When the switches open, a single constant voltage 
resistor is put across each coil and the power supply is disconnected from the 
coils.  The two HTS coils are closely coupled inductively.  The secondary 
copper coils are closely coupled to the primary coils and each other. 

There are other methods that have appeared in the literature that
do work for protecting HTS magnets at low stored energy, but may
not work for magnet circuits with high stored energies. Some of
these methods are given below.

1) The no insulation method of quench protection re-distributes
the magnet current as small sections of the magnet turn
normal due to imperfections in the conductor. This method
allows the magnet to operate up to nearly fully current. This
method is fine for low stored energy magnets. This author is
concerned with this method of quench protection when the
stored energy is high. In early the 1960s, the no insulation
method didn’t protect a magnet with very little copper in the
conductor during a quench. A down side of this quench
protection method is that large long time-constant circulating
currents can develop as the magnet is being charged or
discharged. There are cases where this method can be
combined with other methods of quench protection to protect
a magnet.

2) A group in Japan has tested a method that used a pair of
large capacitors to pump the energy out of the coil. The
method worked for low stored energy coils, but this method
doesn’t appear to applicable for high stored energy magnets.

3) Cable in conduit coils (CICC) are a special case. A CICC
magnet that is made with ReBCO conductor can have as
much copper in the conductor as one wants. As a result, the
current I0 can be very large. Quench propagation in cable in
conduit conductors is driven in part by the heating of the gas
that is around the conductor. One should look carefully at
how to protect CICC magnets.

There are other methods of quench protection that have been
proposed, but this author has not read about these methods.
HTS magnet quench protection is a serious issue.

Abstract: Quench protection is a major issue for high temperature superconductor (HTS) magnets that operate at high current densities with high stored magnetic energy. Quenches do not
propagate rapidly in HTS coils and these coils heat up quickly because there isn’t enough copper in the conductor. In addition, the conductor critical current and the engineering critical
temperature will vary depending on the field orientation within the conductor. This paper points out the difference between current re-distribution within a magnet to keep a magnet from
quenching and true quench protection where a portion of a coil has turned normal and the magnet stored energy is being deposited into the growing coil normal region. This paper discusses
some magnet quench protection methods for both low temperature superconductor (LTS) and HTS magnets that are in the literature. A number of quench methods that work very well for LTS
magnets may not work at all for an HTS magnet. The anisotropy of HTS conductors can be a limiting factor on whether a quench protection method works.

* This work was supported by the Office of Science, US Department of Energy under contract  DE-AC-02-05CH11231

Fig. 1  Cu and Hastalloy 276 for ReBCO Wire Hot spot temperature VS F*

Table I Parameters of the HTS magnet with three different copper thicknesses

Fig. 2  Hot-spot T versus F* for various RRR Cu and Al

Fig. 3  Magnet Circuit used for the Quench Protection Simulation

Fig. 4  The fraction of the total magnet current in the coil and Secondary Vs time 
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Parameters for an HTS Magnet used in the study of Quench Protection with a  

Varistor and Shorted-secondary Copper Windings 
 

    Parameter HTS-1 HTS-2 HTS-3 
 No. of Coils 2 
 No. of Layers per Coil 64 
 No. of Turns per layer  18 
 Magnet Current (A) 307 
 Ave. Coil Radius (m)  1.24 
 Coil Package Length (mm) ~76 
 Magnet Self Inductance (H) 76.4 
 Coil Thickness (mm) ~9.1 ~10.3 ~12.7 
 Copper Thickness (µm) 20 40 80 
 Conductor J (A mm-2) 1010 799 561 
 Copper Fraction f  0.314 0.457 0.585 
 Quench Velocity VL (m s-1) ~0.44 ~0.34 ~0.24 
 Quench Detection Time (s) ~0.23 ~0.55 ~1.55 
 Quench Time (s) ~11 ~15 ~20 
 Discharge Voltage V0 (kV) ~250 ~120 ~40 
 L1/R0 Time Constant (s) ~0.087 ~0.18 ~0.37 

 


