
SUPERCONDUCTING MAGNETS, spread of quench in potted, pool-boiling, and cable-in-conduit
superconductors (CICC). Because of the difficulties in pre-QUENCH PROTECTION
dicting disturbances, initial quench zones, and quench propa-
gation, a conservative design criterion is to assume that localSuperconducting magnets are subject to thermal instability,

leading to the loss of superconductivity, known as quench, in hot spots are adiabatic and that all energy must be dumped
externally. For internal quenching, the maximum time towhich the critical values of field, temperature, and current

density are exceeded and fail to recover. This phenomenon heat a long quench zone with a cowound or surface heater has
to be known.generally begins in a localized region of the coil, then spreads

to the rest of the magnet or magnet system with a ‘‘quench The problem of magnet quench protection is a subset of
the generic problem of magnet protection, (1) during normalpropagation velocity.’’ All magnets use some form of compos-

ite superconducting wire, in which superconducting filaments operation, (2) off-normal conditions such as quench, and (3)
faults, whether in the coil, bus, or power supply. The twocarry current in parallel with normal conductor, known as the

stabilizer. The stabilizer has the dual purpose of preventing most fatal flaws are mechanical rupture and electrical arcing.
They are often preceded by excessive displacement and/orquench in the face of disturbances and of protecting the mag-

net from excessive temperatures and pressures when un- partial electrical discharges and leakage currents. Flaws that
are sometime repairable can end a magnet’s useful life whenwanted quenches occur. Following a quench, current rapidly

transfers from the superconducting material to the stabilizer, cracks cause leakage of helium under pressure, leakage cur-
rent causes enough heat to quench the magnet, or displace-since composites are always designed so that the resistance
ments create unacceptable field errors. All of the structuralof the stabilizer is much less than that of the superconducting
design may be considered as part of the magnet protectionmaterial in its normal state.
design. This subject is too vast to be treated here, but shouldIn the case of a quench, it is almost never possible to allow
be discussed for specific applications in the articles on Super-continued operation at constant current without unacceptable
conducting Magnetic Energy Storage, motors/generators, fu-temperature rises in the magnets. The current must be re-
sion, and Magnetic Resonance Imaging magnets. The designduced to zero and the stored energy in the magnet eliminated,
for electrical integrity will be discussed here, since it isn’t dis-either by absorbing the energy within the magnet or by
cussed elsewhere and because the internal and external volt-dumping the energy externally. If the energy is dumped ex-
ages during a quench dump are usually significantly higherternally, it may be absorbed in either warm, generally room
than those during normal operation.temperature, dump circuits, or in cold, generally liquid he-

Finally, we briefly review the actual history of failures tolium temperature, dump circuits. Some magnets have suffi-
protect magnets. Case histories provide a cautionary tale: thiscient enthalpy in their stabilizer and magnetically coupled
article can only go so far in helping to protect magnets, sincepassive structures to absorb their own stored energy without
most failures are caused by mental lapses that are frequentlyexcessive temperature or pressure rises. In fact, most mag-
not design errors.nets have sufficient energy, if the ratio of peak local heating

to average global heating can be held to acceptably low levels.
The peak/average ratio can be controlled by design either by COIL PROTECTION CIRCUITS
activating internal resistive or inductive heaters or by rapidly
dumping or heating all helium coolant in order to guarantee When a superconducting magnet quenches, all of its magnetic
that large portions of the coil will heat up together. The other energy is converted into heat. If a magnet has enough total
method of protecting magnets is to dump the magnet energy mass to absorb the heat and is small enough to guarantee

that a quench will propagate into a large fraction of the mag-into an external resistor. This requires an absolutely reliable
net, then no protection circuits are needed, except to discon-method of interrupting current flow from the power supply
nect the power supply, when the current isn’t freely circulat-and diverting it into the dump resistor. Both methods require
ing. However, when the magnet is too large and stores tooreliable and rapid detection of a quench.
much energy to guarantee completely passive protection,The fundamental limit on protecting magnets against
some active measure must be taken. The main distinctionsquench is the detection of that quench. This can be particu-
between the most commonly used coil protection circuits arelarly difficult in the case of coils in an electromagnetically
whether the dump resistors are internal or external to thenoisy environment, pulsed coils, and multicoil systems. It is
cryostat and whether the quench detection is triggered by ac-also difficult when the coils are very conservatively stabilized,
tive logic or passive breakdown of a switch. External dumpas is often the case for very large coil systems and buswork.
resistors usually correspond to the design philosophy of sav-Quench detection systems can be active or passive. Active sys-
ing the magnet by depositing almost all of the energy intotems usually involve some sort of balanced voltage bridge.
a large, inexpensive structure at room temperature. InternalThe signal/noise ratios of voltage bridges can be improved by
dump resistors are usually designed to lower the peak localusing cowound sensors and active cancellation. Passive sys-
to average heating of the magnet to a manageably low level.tems use transformer-fed heaters to trigger superconducting

switches or voltage thresholds to trigger cold diodes.
External DumpIn order to size a magnet for protection, it is usually neces-

sary to know something about the physics of quench propaga- Neumeyer has recently reviewed the external quench protec-
tion circuits for superconducting magnets (1). He schematizestion. Different physical theories are needed to predict the
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Figure 1. Simple dump circuit schematic [Neumeyer et al. (1)].

the basic external dump circuit as shown in Fig. 1. The mag-
net is represented by an inductance L, while the mutual in-
ductance M, and the coupled inductance and resistance, Li
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and Ri, represent the sum of all coupled magnets and passive
Figure 3. Typical Artificial Zero Counterpulse Circuit [Neumeyer etconducting structures in the magnet system. The external
al. (1)].dump circuit consists of a power supply, a closing switch CS,

to shunt out the power supply during quench dump, an open-
ing switch OS to interrupt magnet current, and a dump resis-
tor R (�). The basic principle is that the dump resistor is Neumeyer represents a typical counterpulse interrupter
much, much larger than the resistance of the magnet normal with the circuit schematic shown in Fig. 3.
zone, so that almost all of the energy is deposited, at room The operating coil current flows through the power supply
temperature, in a resistor sized to safely absorb all of the (PS) and the normally closed switch. When a quench is de-
magnet energy. tected, the counterpulse capacitor C is discharged by closing

Leads to the dump resistor should generally be coaxial, in the switch DS, producing a current zero in OS. The inductor
order to minimize the voltage overshoot, due to Lleads dI/dt. SR is a saturable reactor, which desaturates near current

Several equivalent simple dump circuits may be used, as zero, decreasing the dI/dt. This helps to extinguish arcs or to
shown in Fig. 2. Under normal operation, they all have the restore voltage-holding capability in a solid-state switch. The
same effect on the magnet. The tradeoffs are in cost versus key parameter, set by selecting the counterpulse capacitor, is
reliability and in the specifics of the power supply and magnet the time during which current must be reversed and held
grounding system. A magnet ground/interrupter switch con- near zero. This is on the order of 10 �s for vacuum bottle
figuration should be selected that allows the switch and mag- interrupters, 5 �s to 50 �s for thyristors, and 50 �s to 200 �s
net to float on a single short to the magnet case ground with- for air-blast interrupters. The faster the interrupter clears,

the less expensive the counterpulse circuit. For solid-stateout drawing large fault currents.

Figure 2. Equivalent superconducting
magnet quench dump circuits.
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switches with antiparallel diodes, the energy stored in the 6. Insulated gate bipolar transistor (IGBT) switches
commutating capacitor must be 7. Superconducting switches

Turn-on switches that are used for the counterpulse cir-1
2

CV 2
c = 1

2
toff

V (0)I(0)

sinα
(π − 2α) (1)

cuit include:

where toff is the specified time during which reverse voltage is 1. Ignitrons
maintained across the solid-state switch (s), � is the phase 2. Thyristors
angle in radians when the switch current is zero, and V(0) �

3. Vacuum switchesI(0) R.
The alternative to counterpulsed circuits are dc switches

that can sustain a high enough voltage to force current zero In the past, mechanical interrupters were favored for large
without a resonant pulse. Here, the opening switch develops magnets, because of the high power handling capabilities of a
a high enough arc or resistive voltage to drive the device cur- single device (e.g., up to 73 kA � 24 kV in the JET air-blast
rent close enough to zero to extinguish itself and shunt the interrupter (2). However, with mechanical interrupters, the
current to a dump resistor. The most commonly used forced inevitable electrode erosion by current interruption arcs tends
current zero devices are air-blast breakers and explosive to limit the number of reliable operations to �104 operations
switches. The air-blast breakers use a blast of compressed air with periodic maintenance every 103 interruptions. The prob-
and rapidly parting contacts to create a very long, contorted ability of failure (to interrupt current) in a mechanical inter-
arc with high-voltage and a high tendency to quench. The rupter has also been typically 10�3 to 10�4 at best, although
blast also cools and further constricts the arc. Explosive this is clearly dependent on the specific design. For example,
switches use a redundant number of explosive charges and Yokota reported vacuum bottle tests in which there were five
small arcs with a moderately high voltage in each arc. Both interruption failures in 10,000 interruptions with single bot-
types of switch can also be counterpulsed to increase the prob- tles and no failures in 10,000 with two seriesed bottles (3).
ability of current interruption. However, even in a forced-cur- Clearly, any degree of reliability can be achieved with me-
rent zero circuit with no capacitor, an inductor is still needed chanical switches with adequate redundancy and mainte-
as a snubber, in order to limit the dV/dt rise across the super- nance. However, high-reliability requirements are usually
conducting magnet, as discussed next. met by the use of solid-state devices. Because they have no

moving parts and are erosion-free, their lifetimes can easily
exceed 106 operations, limited only by thermal fatigue. While

Interrupters. In order to protect a superconducting magnet individual solid-state devices used to be limited to the range
with an external dump resistor, an absolutely reliable current of 1 kV � 1 kA, it is now possible to purchase thyristors with
interruption switch is needed. Several current interruption ratings of 6 kA � 6 kV. In the case of thyristor solid-state
switches have been used in magnet design for quench dump switches, the reliability of interruption will probably be set
or other high voltage pulses. Whatever technology is selected, by the counterpulse circuit with the failure mechanism being
the interrupters will usually have two opening switches in either capacitor burnout or failure to close of the counterpulse
series in order to provide adequate reliability. The dump circuit switch. The counterpulse circuit and its reliability lim-
strategy will then be either to open both series switches at itations can be eliminated by the use of GTOs. They have al-
once or to detect a failure to open in a nondestructive opening ways had less power-switching capability than normal thyris-
switch (e.g., a solid-state switch), then to open a more reliable tors, but are currently available with ratings of 3.3 kV � (4
but destructive switch (e.g., a series explosive switch). An in- kA, turn-off, 1.2 kA, ss). A new technology, IGBTs, is begin-
terrupter may also include a switch to shunt conductor cur- ning to be used in high-power applications requiring fast
rent during normal operations in order to reduce the steady- switching, with device ratings up to 3 kV � (1.2 kA, turn off
state ampacity requirement of the main interrupter. In this � 400 A, ss). IGBTs can be switched an order of magnitude
case, the high-current, inexpensive, normally closed mechani- faster than conventional thyristors, making them useful in
cal switch transfers current into the quench dump interrupter switching converters that reduce the amount of filtering or
after quench detection. The interrupter then carries the mag- voltage ripple on the magnets.
net current only as long as is needed to open and transfer its Explosive fuses are now capable of operating with very
current to the external dump resistor. high reliability. They are inexpensive and incorporate redun-

Interrupting switch technologies include: dancy in a single unit by including several in series explosive
charges and arcs. They are frequently counterpulsed for fur-
ther redundancy. Explosive fuses have the particular problem

1. Thyristor breakers with counterpulse circuits that they won’t interrupt currents below a certain level. They
are therefore most appropriately used in quasi-steady-state2. Mechanical breaker (air, air blast, vacuum, vacuum and
operations, in which low current quench is highly unlikely, ormagnetic field)
in those magnets that can guarantee passive internal absorp-3. Explosively actuated breaker (fuse and fuseless)
tion of the quench energy. They also favor applications where

4. Water cooled fuses (activated by water flow interrup- quench is highly unlikely, because they can only be used once.
tion) A clever hybrid was proposed by Kuchinski to minimize

the total cost of mechanical and solid-state interrupters (4),5. Gate turn off (GTO) thyristor breaker
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Figure 4. An arc-free current interrupter with pulse-rated solid-
state components.

as shown in Fig. 4. This circuit allows all of the solid-state
components to be pulse rated, while eliminating arcing in all

Cold zone

Ri

of the mechanical components. S1 and S2, low-voltage me-
Figure 5. Series interleaf protection circuits [Dudarev et al. (8)].chanical switches, carry the magnet operating current. To in-

terrupt, the thyristor T1 fires, suppressing any arcs, while S1
opens. T2 fires to initiate the counterpulse through T1 that
turns it off. With D and T2 carrying magnet current with a

system becomes too large, the dump circuit must subdividelow voltage drop, S2 opens. Then the vacuum switch is ignited
into several parallel, series, or independent circuits. A partic-to provide the reverse counterpulse through T2 to switch it

off. All switches are interrupted and magnet current flows ularly elegant circuit topology is that of the series interleaf,
through the dump resistor. used in the tokamak systems T-15 and the Tokamak Fusion

Test Reactor (TFTR), a normal magnet system. The series in-
Dump Resistors. The most common dump resistor is a me- terleaf connection is shown in Fig. 5 (8).

ander of steel bars. Alternative dump resistor concepts in- This circuit has two advantages over independent or paral-
clude: lel protection circuits. With the interleaf, the voltage drops

alternatively up and down, because of the alternation of su-
Dump Resistor Advantages perconducting inductors and external resistors, as shown in

Fig. 6. This prevents high voltage from building up throughSteel bars in air Simplicity, cost, maintain-
the coil system, as it would do if there was only a single dumpability
resistor. If the large coil system had simply been broken intoSteel bars or ribbon in water Simplicity, energy density
the same number of independent or parallel dump circuits,(5)
there would be a possibility of unbalanced currents andLiquid rheostats (6) Energy density, elimination
forces, during a quench dump. With a floating power supply,of solid structure; Disad-
the interleaf circuit also prevents unbalanced forces during avantage: negative tempera-

ture coefficient single ground fault.
Voltage clamps (Zeners, Faster dump for fixed peak

MOVs, ZnO) voltage; Disadvantage:
High cost/Joule

The voltage across a linear resistor declines with the cur-
rent. Since electrical integrity is limited by voltage, it would
be more efficient to use a resistor that discharged at constant
voltage. With a perfect voltage source, either the peak dump
voltage could be lowered by one-third or the dump time could
be improved one and a half times. This can be approximated
by highly nonlinear resistors, such as Zener diodes, Metal Ox-
ide Varistors (MOVs) or Zinc Oxide (ZnO) arresters (7). At
very high energy levels, these are prohibitively expensive. An
inexpensive alternative with a useful degree of nonlinearity
is stainless steel, which has a resistance temperature coeffi-
cient of �0.001/K. If the temperature of a stainless steel re-
sistor is allowed to rise 500 K by the end of a dump, its resis-
tance will have increased by 50%. With nickel–iron alloys, the
resistance can be quadrupled by the end of a pulse (1).

Cold
switch

Ri

Power supply

Cold

Li

Um

Zone

External Quench of Multiple Magnets. Both magnets and Figure 6. Series interleaf circuit dump waveform [Dudarev et al.
(8)].switches are limited in voltage and current. When a magnet
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Alternative options for dumping energy in a mutually cou- can be reduced by orders of magnitude from the external
dump option in a well-designed internal dump circuit.pled multicoil system are summarized in the table.

The disadvantage of a cold resistor is that all of the mag-
net energy is absorbed at cryogenic temperature, greatly in-
creasing the time and cost for recool. Therefore, strings of ac-Dump Strategy Advantages Disadvantages
celerator magnets, which involve a very large number ofDump all coils in series Simplicity, no unbal- High terminal voltage
magnets and training (see SUPERCONDUCTORS, STABILITY INanced currents or

forces even with single FORCED FLOW) quenches, use cold switches, but dump exter-
ground fault nally in order to achieve a large number of rapid cooldowns.

Dump all coil in series No unbalanced currents As many VCLs and
CICC magnets and absolutely stable pool-boiling magnets areinterleaf or forces even with sin- dump circuits as inter-
not supposed to quench. If they do, the engineering postmor-gle ground fault; low leafs

voltage tem would generally take more time than cooldown, and re-
Dump all coils in paral- Low voltage; indepen- Possibility of unbalanced cool is not a major consideration. The disadvantage of a cold

lel; dump all coils inde- dent control currents and forces; switch is that the power-handling capability of an individual
pendently large number of VCLs;

switch is much smaller than that of a warm switch. Aboveleast reliable for given
approximately 200 V � 15 kA, cold-switching becomes im-component reliability

Dump faulted coil exter- Smallest refrigeration Overcurrents in persis- practical.
nally; other coils re- requirement for recool tent magnets when Cold switches can be triggered actively or passively. Cold
main in persistent coupled to dump coil

diodes begin to conduct when a forward voltage higher thanmode (ORNL EPR)
a threshold is applied. Cold transistors begin to conduct when
a forward voltage higher than the turn-on voltage is applied
to their base. The transistor gain allows them to be over anInternal Dump
order of magnitude more sensitive than the diodes. Supercon-

Magnets are dumped internally when it is desirable to elimi- ducting switches can be driven normal by external heaters or
nate helium loss through the vapor-cooled leads and when induction coils, coupled closely with the switch. These triggers
terminal voltages have to be severely limited, as with com- may either be driven from a small, external power supply, or
mercial products, such as MRI magnets, where users have to be driven passively by the magnetic induction of the quench
be in the same room as the magnet. The least aggressive itself.
action that is typically taken with a pool-boiling magnet is A fully actively driven resistor doesn’t actually require any
simply to disconnect the superconducting coil from the power- switch. Usually, the entire magnet can be driven normal, by
supply and allow its current to die down slowly as it free- applying heat that is less than 1–2% of the magnet stored
wheels through a superconducting switch or normal joint. energy. A small external circuit can drive the current in a
This would be an appropriate response to a low liquid-level cowound resistor or a heating pad on the outer layer in order
reading, in which an active dump might do more harm than to ensure a large quench zone. A totally nonresistive method
good. for creating a long quench in a large coil has also been pro-

Cold dump resistors may still be either internal or external posed, in which helium would be rapidly drained from the
to the magnet. That is, a large fraction of the energy can be cryostat (9). Advantages and disadvantages of each method
deposited into resistors or diodes that are outside of the mag- are listed in the table.
net, but inside the cryostat. However, since there is now no
benefit in refrigeration or cooldown requirements in removing

Cold Dump Circuit Advantages Disadvantagesenergy from the magnet, it is almost always desirable to re-
turn as much of the heat as possible to the magnet, thereby Metal strips Low $/kg; uniform heat- Extremely massive,

ing easy bulkycreating longer quench zones and more uniform heat deposi-
Superconducting Ideal for low energy coils Much too expensive fortion with the magnet. This can be done by making the re-

switches with persistent cur- large coils; both mas-sistive element a heater, closely coupled to the outer layer of rents sive and high $/kg
the magnet or cowound with the magnet superconductor. Superconducting fuses Can develop higher volt- Much too expensive for

age, faster dump than large coils
superconducting

Cold Dump Circuits. In a cold dump circuit, either the in- switches
terrupter or the resistor or both will be inside the cryostat at Internal resistive Guarantee uniform heat- Extraction of leads from

heaters ing of coil, without im- CICC must be leak-the magnet temperature. Cold switches include superconduct-
posing high quench tight, resistive droping switches and fuses, cold diodes, and cold transistors. Cold
propagation veloci- must be low enough to

resistors include cowound, insulated normal metal, surface ties. High degree of re- prevent arcing within
heaters, and power dissipation in the switch itself. One bene- dundancy can be de- sensor

signed in. No bulkyfit of having all elements of the dump circuit cold, when the
dump structures out-switch is superconducting, is that the vapor-cooled leads can
side coilbe detached, allowing current to circulate losslessly in the

Fast helium drain to in- No bulky dump struc- Slower, less uniform
magnet. Cold heaters have two additional benefits, especially duce global quench tures outside coil heating of coil than re-
when they are cowound through the entire magnet. They can sistive heater. Not ap-

plicable to CICCprevent hot spots by reducing the peak local/average heating,
and they can also cancel the dI/dt voltage of the magnet with
the resistive voltage, greatly reducing internal voltages in the It is our opinion that cowound, resistive heaters have the few-

est theoretical limits in almost all cases. They will alwayscoil. Both the thermal peaking factor and the internal voltage
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NC

Figure 7. A representative dump circuit using cold diodes.

achieve the least peaking in energy deposition and internal
voltage. They can also be used in all applications as advanced
quench detection sensors, as discussed below; and they can
sometimes be used as structural backing elements.

Cold Switches. A typical cold switch is shown in Fig. 7.
Here, by splitting a coil into two halves it is possible to apply
a resistive dump voltage to both sides without opening the
normally closed switch across the coil as a whole.

In this circuit, the magnets are charged through the power

��QQ��LHe
reservoir Bypass

switch

Gate connector
bushings

Storage coil

Current
leads

supply, which is then shunted through the normally closed
Figure 8. Arrangement of cold bypass switches in toroidal SMESswitch, allowing current to circulate through the magnets. If
system [Kaerner et al. (10)].a quench begins in either half of the center-tapped coil, the

voltage across the switch is zero, but the inductive voltage on
the unquenched half is equal and opposite to the inductive
and resistive voltage across the quenched half. Above the cold
diode threshold of 10 V to 15 V, two of the four diodes begin
conducting. The resistor is sized so that its voltage drop is
much larger than the 1 V to 1.5 V forward drop across the
diode, but small enough to satisfy Underwriter Laboratory
safety limits, typically 100 V. The resistor itself might be a
heater pad on the outer layer of the winding, inducing a
longer quench zone and more uniform heat distribution in
the coil.

In the circuit shown in Fig. 8, cold transistors are used,
instead of cold diodes, in order to block high voltages during
both charging and discharging of the magnet system. Kaerner
(10) found that the only active devices blocking bipolar volt-
ages at helium temperatures are NPT (non-punchthrough)
IGBTs (Insulated Gate Bipolar Transistors). In 1995, a single
device would carry 300 A at 5.9 K and block 1200 V. In this
system, after quench is detected, the ‘‘weak’’ coil is shunted
by the IGBT, the coil is rapidly dumped by internal heaters,
then the rest of the coils are ramped down. With this scheme,
only 1/n coils of the stored energy has to be dumped at helium
temperatures, but there is only one set of vapor-cooled leads.

Probably the most commonly used cold switch is a nor-
mally closed superconducting switch. During coil charging, it
is held normal by an actively driven heater. The heater is
then turned off and frequently the charging leads are then
disconnected to reduce losses. These can be used in conjunc-
tion with a cold transformer in order to lower the voltage
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threshold for passive dumping. Anashkin et al. designed a Figure 9. Highly sensitive passive protection circuit: (1) Supercon-
passive circuit that is capable of responding to very low rates ducting magnet, (2) Shunt resistor, (3) Superconducting switch, (4)
of current decay (11). The circuit in Fig. 9 demonstrated a Main switch heater, (5) Auxiliary switch heater, (6) Secondary wind-
superconducting switch normal transition for a magnet field ing, (7) Detachable current leads, (8) Current supply [Anashkin et

al. (11)].decay of 2 � 10�4 T/s.
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The current decay due to a normal zone induces current in
the secondary winding and auxiliary heater which drives the
superconducting switch normal. Most of the magnet current
is now forced through the shunt resistor. The shunt resistor
can be placed either inside or outside the cryostat. An exter-
nal resistor would be favored for applications with a large
number of magnets or expected training quenches, such as
accelerator rings, in which cooldown time and refrigeration
requirement dominate. Internal placement is favored for very
high performance magnets, where the resistor can also be
used as a magnet heater to force uniform quench.

V1

V2

L1

L2

50K

10K
Helipot

50K

QUENCH DETECTION Figure 10. Quench detection bridge circuit [Purcell et al. (12)].

Superconducting magnets have traditionally used relatively
simple methods for detecting a quench. Voltage taps on the

(14). During a quench, circulating supercurrents will be sup-surface of a winding are the most common, and changes in
pressed more rapidly than overall current, causing a rapidtemperature, pressure, and flow have also been used, some-
collapse of diamagnetism in the conductor that can be de-times as supplements to voltage taps. These methods become
tected by the antenna. Both techniques have the advantageinadequate when a magnet has to operate in a strongly
of not interrupting the coil insulation.pulsed field. The problem of induced noise voltage is exacer-

bated by large size and large transients in flow or tempera-
Detection Circuits. The basic detection circuit by St. Lorantture. In the future of large commercial systems, requiring

(15), shown in Fig. 12, would trigger a quench dump, basedhigh reliability, quench detection is likely to be the weak link
on a resistive voltage level that exceeds a preset threshold,in the magnet protection system. While series redundancy
typically 10 mV to 200 mV. In a bridge circuit, resistive volt-can provide arbitrarily high reliability in external protection
ages of either polarity must be expected. Low-pass filters pre-circuits, it will require advanced concepts to guarantee high
vent false positive signals due to ambient noise. The compara-signal-noise ratio, rapid detection, along with leak-free and
tor is the quench detector itself. The rectifier allows eitherdischarge-free quench detection under all operating condi-
positive or negative voltages to be used as unipolar digitaltions.
triggers. A signal inhibit may be used to prevent quench trig-
gers during coil ramping, and the Schmidt trigger creates aVoltage Sensors
trigger pulse of fixed amplitude and duration.

Conventional Voltage-Taps and Bridges. The voltage across a
coil or a section of a coil is measured by tapping into the ex- Advanced Detection Techniques
ternal surface of the conductor through the insulation. This is

In a large magnet, the terminal voltage during pulsing maycommonly done at sections of the winding pack that are phys-
be as high as 5 kV to 25 kV. The POLO coil set a world’sically close to each other, in order to avoid unnecessary induc-
record for CICC at 23 kV (16), while recent designs of largetive pickup, but which may still have significant voltages be-
CICC coil systems, such as ITER (10 kV), TPX (7.5 kV), andtween them, such as the voltage across two layers or two
NAVY SMES (10 kV) have specified voltages in this range,pancakes. This method, being the crudest and most likely to
while the important pool-boiling Anchorage SMES system isbe overwhelmed by inductive noise, is used with very slow-
being designed to withstand 4.2 kV. By contrast, a large num-charging dc magnets. The signal-noise ratio of voltage taps is
ber of quench simulations have shown that in order to holdmost frequently enhanced by the use of a bridge circuit to
hot-spot temperatures to 150 K, a quench must be detectedcancel out the inductive signal. Two nearly equal inductive
at a threshold voltage of 0.2 V to 1.0 V (17,18). If, as in thesignals, such as the inductance of two adjacent double pan-
TPX design (19), a desired value of signal/noise of 10 : 1 iscakes or an external inductance with the same or proportional
specified, the quench detection sensors must be capable of re-dI/dt as the coil are put in two arms of the bridge. An external
ducing noise levels to �20 mV to 100 mV. This implies thatresistance is then balanced against the coil section whose re-
the voltage rejection capability of the quench detection systemsistance is being measured, and the ramped superconductor
should be on the order of 100,000–500,000 : 1. Although thissignal is zeroed out. Any voltage should then be equal to the
may seem optimistic, recent experiments at MIT, the Law-resistive drop across the magnet during a quench. A typical
rence Livermore Laboratory, and the Ecole Polytechniquebridge circuit design by Purcell (12) is shown in Fig. 10.
Federale de Lausanne have demonstrated the feasibility of
such high levels of voltage noise rejection (17,20).Pick-Up Coils. If a coil is connected to a low transient im-

New techniques that promise the greatest cancellation ofpedance external circuit, it is possible to detect a quench by
inductive noise and the highest signal/noise ratios include theinductive pickups to an overall magnet change in current. An
use of internal sensors, digital differencing and signal pro-external dump circuit can then be triggered to accelerate the
cessing, and fiberoptic temperature sensors.coil dump. A typical use of a pickup coil quench detector by

Sutter (13) is shown in Fig. 11.
A variation on this technique is to place higher-order Advanced Voltage Sensors. Several noise rejection tech-

niques can be used simultaneously in order to obtain ultra-pickup coils around a superconductor as a multipole antenna
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Figure 11. Use of pickup coil quench detector in the Fermi National Accelerator Laboratory’s
energy doubler magnet [D. F. Sutter et al. (13)].

high system noise rejection. Individual concepts that can be permitting another level of voltage differencing, such as
simple differencing and central difference averaging.used include:
The two halves of the sensor form one solid wire that
can be cabled and wound with the rest of the conductor.1. Cowinding an insulated voltage sensor with the CICC

cable A method for forming an internal termination in a con-
tinuous sensor is shown in Fig. 142. Extracting voltage sensors at joints, but terminating

them within the winding; thus subdividing the terminal 5. Further signal processing, such as using integrated
voltages and localizing quench information, without ex- volt-seconds, rather than simple voltage thresholds as
acerbating electrical integrity or leak tightness detection criteria

3. Placing the cowound sensor in the part of the cable best
calculated to reject transverse, longitudinal, and self- These techniques are now described in more detail.
field voltages. Placement of voltage taps in the center of Cowinding an Insulated Voltage Sensor with the CICC Cable. A
the final stage subcable was favored by TPX, as shown cowound sensor has been used previously on the US-Dual-
in Fig. 13 (17) Purpose Coil (US-DPC) coil, where an insulated wire was

wound along an edge of the conduit on the outside (21). A4. Terminating the voltage sensor internally, further lo-
calizing and subdividing the winding into sections, and cowound, insulated aluminum strip in the B&W SMES coil is

Filter
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attenuator

Comparator Rectifier

Schmidt
trigger

Signal
inhibit

Vcoil

or

+

+

+

+

+

+

���
���
���
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Valley Central tap
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Center of
final stage

Figure 12. Basic quench detection circuit block diagram [S. J. St.
Lorant et al. (15)]. Figure 13. Placement of sensors within cable.
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strand in a cable. The best job would be done by a sensor that
was cabled into a first triplet, as though it were a strand. The
second best position, identified so far, is to place the sensor in
the center of the final stage of the cable, which is easier to
cable and not vulnerable to conduit broaching or welding.
Both positions are far superior to the center of the cable or a
natural cabling valley on its surface. Equations for approxi-

�

�

�����
����QQQQ����
���������QQQQ����Braze joint

S-glass
braid

Copper
braid

Stainless steel
capillary tube

Copper wire
mating the induced noise voltage for different types of field
and sensor placement were derived by Martovetsky (22) andFigure 14. Two-sided voltage sensor, showing internal termination

between two halves. are summarized in Table 1.
Terminating the Voltage Sensor Internally. Internal termina-

tion of sensors localizes the signal by subdividing the winding
into sections and permits another level of voltage differenc-also being used as structural reinforcement. If the sensor is

cabled on the inside of the conduit, as shown in Fig. 13, the ing, such as simple differencing and central difference averag-
ing. In TPX, the voltage sensors were terminated internallydegree of noise cancellation will improve by at least another

order of magnitude. The ITER QUELL (Quench on Long at 1/6, 1/3, 1/2, 2/3, 5/6, and completion of the distance
through the winding pack, as shown in Fig. 15. Even beforeLengths) experiment demonstrated the cabling and extraction

of voltage sensors on the surface of a cable, but inside the using differencing techniques, this should further reduce the
noise voltage by another factor of six, in a way similar to put-conduit, for a 100 m length of conductor. In the QUELL ex-

periment, the rejection of transverse voltage was more than ting voltage taps on each one of six double pancakes. Taking
a simple difference between, say, the signal at 1/6 and 1/3 is400 times better than that of conventional voltage taps (21).

Two TPX experiments, one with a copper cable, the other with frequently ineffective, since there may be a systematic gradi-
ent through the winding pack due to eddy currents beinga NbTi cable, demonstrated cabling of sensors in different po-

sitions of a full-scale cable (17). Depending on the sensor posi- turned around by a break on one side of the winding pack,
but not the other (23). However, central difference averaging,tion, noise rejection ranged from 600–60,000 : 1.

Extracting Voltage Sensors at Joints. Joint extraction from the in which one-half the first and third sensor signal are sub-
tracted from the middle sensor, as first proposed by Yeh andends of a continuous winding, while difficult, is much less in-

trusive than extraction every two layers or pancakes through Shen (24), can be effective in canceling out gradients. For ex-
ample, if voltages are measured across double pancakes, thethe winding pack. The joints must already be accessible for

servicing and capable of accommodating helium stubs and threshold voltage across the first six pancakes would then be
0.5V1–2 � V3–4 � 0.5V5–6. In simulations of TPX, the degree oflines and instrumentation feedthroughs. The biggest problem

with extracting voltage sensors at the joints is ensuring that further cancellation using CDA was 5–20 (17). Internal termi-
nation has the additional benefit of localizing quench initia-they will not leak helium and that they won’t be subject to

electrical breakdown. The approach to preventing leaks is tion and of following the sequence of quench propagation
through a winding pack.two-fold: (1) injecting a moderately sized seal area with a

mineral-filled sealant, such as Stycast, with a good thermal Using a sensor insulation that is compatible with inexpen-
sive seam-welding of the steel capillary tube permits the re-match to the seal metal, and (2) designing the seal to be long,

in compression, and mechanically redundant in terms of in- dundant use of multiple voltage sensors in a cable. Fabrica-
tion of sensors with S-glass braid, as shown in Fig. 16, wasterrupting individual microcracks, and (3) made up of a sepa-

rate, weldable piece that can be thermal shock tested or cy- demonstrated in the QUELL experiment and the ITER CS
Model Coil. Some combination of Formvar, teflon, and/or kap-cled before installation. A simple version of this joint was

demonstrated at MIT that, after two cooldowns to nitrogen, ton would be used for NbTi. Teflon would probably be most
desirable, because of its ability to eliminate seams at modestwas capable of holding 70 bars on one side and vacuum on

the other (17). temperature and pressure, thus eliminating tracking. XMPI
Kapton, at higher temperature and pressure, should haveDesign against electrical breakdown is ensured by design-

ing the CICC itself, so that there can never be 160 V across even higher performance.
Further Signal Processing, Such as Using Integrated Volt-Sec-the voltage sensor. In this case, the sensor insulation will be

below the Paschen minimum for helium, irrespective of uncer- onds, Rather Than Simple Voltage Thresholds as Detection Crite-
ria. This is particularly effective in screening out short dis-tainties in helium pressure due to leaks or in stray transverse

or longitudinal magnetic fields. Almost any large magnet will turbances, such as stick-slip, flux jumps, and plasma
disruptions. In TPX simulations, an additional factor ofsatisfy this design approach automatically. For example, a

normal zone as long as 1 km with a stabilizer current density 10–20 in signal/noise was achieved by using a volt-second
window, instead of a voltage threshold (17). Further improve-of 200 A/m2 at an average field as high as 13 T, would have a

resistive voltage of only 133 V between joints. Depending on ments in signal/noise ratio through signal processing have
been proposed through the use of carrier signals and synchro-the time needed for internal current dump, the current den-

sity can be lowered slightly, if needed, in order to compensate nous detectors.
In summary, although there is clearly a broad range of de-for resistivity rising with temperature. This should seldom

be necessary. sign specific signals and signal/noise ratios, the following
rules of thumb might be used for preconceptual design of aPlacing the Cowound Sensor in the Part of the Cable Best Cal-

culated to Reject Transverse, Longitudinal, and Self-Field Volt- voltage noise reduction system with the goals of achieving a
signal/noise level improvement of �105 (i.e., 10 kV down toages. The surface of the cable is not the best position for emu-

lating the trajectory and therefore the flux linkage of a typical 100 mV): Split the winding pack into sections (5–10) � Place
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Table 1. Noise Voltages for Different Sensor Positions
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�İL
4�

�
�İL
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12�
�

�İL
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internal sensor in cable final stage (100–1000) � central dif- the final stage or in a triplet have, so far, met this goal in
all experiments.ference average (5–10) � filter, integrate, signal process (5–

10) � 104–106. Two TPX noise injection experiments, one with
copper, the other with NbTi cable, demonstrated transverse Advanced Fiberoptic Temperature Sensors. Conventional
field noise rejections of up to 60,000 (17). The ITER QUELL temperature sensors have a number of disadvantages: they
coil had both conventional and cowound voltage taps on the cannot be inserted inside a cable-in-conduit, don’t measure
outside of the cable in its natural valleys. In this experiment, cable temperature directly, and have a significant time lag.
the voltage rejection of the cowound sensor was 80 times bet- Like conventional voltage taps, they can’t give coverage to a
ter than that of the noninductive winding with a voltage re- winding without frequent penetration of the insulation sys-
jection of 6 : 1 or 500 : 1 total. Another noise-rejection method tem. Furthermore, thermocouples are insensitive at helium
used in ITER of differencing multiple in-hand windings was temperatures, while carbon glass resistors and resistance
calculated to achieve noise rejection ratios of 300–400. A bet- temperature detector (RTD) sensors are insensitive at quench
ter way to normalize the results to design for all noise sources temperatures. The use of fiber optic temperature sensors, pro-
is to show that the V/(km-T/s) are �1 for transverse field and tected by a steel capillary, as shown in Fig. 17, has several
�10 for parallel and self-field, corresponding to �1 V for 1 advantages over conventional sensors: (1) They can be in-
T/s over a kilometer. Placement of the sensor in the center of serted directly into the helium flow channel with a very short

Superconducting cable

Voltage
taps

�����
�������

Stainless steel
capillary tube

S–glass
braidCu braid Cu wire

Figure 15. Inexpensive voltage sensor concept.
Figure 16. Six internal voltage sensors, terminated at equal dis-
tances through cable.
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thermal time constant, (2) they are insensitive to pulsed mag-
Figure 18. Internal termination of fiber optic temperature sensor.netic fields (25), helium flow, and pressure, (3) they are very

small (	50 �m), so as many fibers as desired can be placed
in a single steel can, (4) the length of a fiber between joints is Glass-fiber must be clad in order to prevent the entrance
practically unlimited, 50 km being a routine commercial of water during handling. Commercial acrylic fibers are ade-
length, and (5) they have great scientific potential in the use quate for NbTi, but will not survive Nb3Sn, NbAl, or BSSCO
of signal processing to provide a complete profile of tempera- heat treatments at �600
C. Although the surrounding steel
ture and field versus length and time. can contain any spattering of the cladding, this solution is, at

Fiberoptic temperature sensing works on the principle of best, messy. Coatings of copper, gold, or graphite can protect
measuring optical path length, taking advantage of the tem- the glass fiber and survive heat treatments. Unjacketed
perature dependence of the glass index of refraction. The acrylic coatings should be used outside of the joint region, so
change in phase from either effect is that high-voltage cryostat feedthroughs won’t be necessary.

The same design principles of internal termination applied
to voltage sensors within a winding pack apply to fiber optic�ϕ = 2π

λ
[n�L + �nL] (2)

temperature sensors. If they are internally terminated by
sputtering mirrors on polished cuts, as shown in Fig. 18, thewhere �� is the phase shift and n is the index of refraction.
integrated noise temperatures are reduced by the number ofThe major problem with this technique is the rejection of
subdivisions, then reduced further by differencing techniques.path length changes due to mechanical strain in the glass.

Subdivision also allows greater localization of quenchOne strain-rejection technique is to decouple the glass from
events. In the special case of irradiated magnets, it also helpsthe conduit containing it, so that they don’t share strain. At
keep the signal attenuation manageable (	60 dB). TheM.I.T., a fiber was inserted in a 1.0 mm stainless steel capil-
method for subdividing a fiber is to cut the fiber at the desiredlary tube and several turns were wound on an 80 mm steel
length, polish and silver the end. The fiber end is then a mir-tube. The assembly was heated to 700
C, then cooled to 4 K
ror and the laser light signal returns to the splitter and detec-without damage, thus demonstrating strain decoupling and
tor to form the information-carrying half of a Michelson inter-the absence of a capstan multiplying effect on fiber tension
ferometer.(26). The QUELL experiment demonstrated that the rela-

After converting phase shifts to voltages, the same signaltively loose fit of a copper-clad fiber can reduce the strain-
processing concepts used for voltage sensors can also be usedsharing by a factor of 10–100. However, mechanical strain
for fiber optics. Integrating the number of fringe shifts overwas still a dominant effect, since the changes in index of re-
a time window, such as one second, can achieve an order offraction are 	1%. It has been demonstrated by Smith that the
magnitude improvement in signal-noise ratio. The signal-mechanical strain and temperature-dependent signals can be
noise ratio of the fiber optic quench detector is naturally en-almost totally decoupled by using two independent signals
hanced by the increase in sensitivity with rising temperature.with different strain and temperature dependences (27). This
Simulations of quench and disturbances in TPX showed mini-can be accomplished by the use of polarization maintaining
mum signal/noise ratios of 600 : 1 for quench detection within(PM) optical fiber, two color operation, or two mode operation.
a second (26). This was both within design criteria and supe-Each polarity, color, or mode has a different, calibrated ratio
rior to internal voltage sensors. The temperature sensitivityof strain and temperature dependence, so that the gain on
of the fibers has been measured with and without claddingone phase shift can be adjusted to ‘tune out’ the strain signal.
and can be characterized by an initial quadratically increas-This method has the additional benefit that it can also be
ing fringe count according to the equation:used to measure the integrated conductor strain. Overall sys-

tem cost-performance analysis indicates that two mode opera-
tion will probably be the most cost-effective long-term solu-
tion. Typical sensitivities are shown in Table 2.

∫ T

5
a dT = 1.75T2 − 17.5T + 43.25; 5K < T < 9K (3)

The increasing sensitivity saturates at about 15 fringes/m-
K, and then only increases to about 25 fringes/m-K at room
temperature, as shown in Fig. 19.

If the fiber optic sensor is considered to be a length-tem-
perature rise integral measurement, the sensitivity is 200
times higher at 30 K than at 5 K. Therefore, a global distur-
bance that raises the helium temperature throughout a 1 km
winding from 5 K to 5.2 K will give a signal that is smaller
than a quench that raises 1 m of conductor to 30 K.

Table 2. Sensitivity of Dual-Mode and Dual-Polarity Fiber to
Temperature and Strain

Temperature Sensitivity Strain Sensitivity
Method (radians/m-K) (radians/m-
)

2 Polarities 1.2 5 � 103

2 Modes 2.18 55 � 103

2 Colors 0.1 0.5 � 103
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ables are 80 K to 200 K. If a coil is completely supported in
compression by external structure, as an accelerator coil in a
large iron yoke, it is possible to design up to 450 K or the
melting point of solder (28). A typical allowable terminal volt-
age for a pool-boiling magnet is 1 kV to 3 kV, and 3 kV to 20
kV for a CICC magnet. However, as discussed in the section
on electrical protection, the fundamental limits on voltage for
both topologies are strong functions of specific design.

Irrespective of the coil temperature allowables, the selec-
tion of the peak terminal voltage fixes the minimum L/R
dump time constant (s) at

τD = ≥ 2Wm

VmaxIcond
(4)
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where Wm is the stored energy in the magnet (J), Vmax is theFigure 19. Temperature sensitivity of glass fibers.
peak allowable terminal voltage on dump (V), and Icond is the
conductor current (A). For a system dumping its energy into

For an unclad fiber, the sensitivity is almost exactly one- a linear external resistor with negligible resistive voltage
tenth that of a clad fiber, the thermal strain of the plastic within the coil system, the magnet current after switching is
cladding acting as an amplifier of the temperature signal. The simply
curves in Fig. 19 can be used for design of temperature sen-
sors with NbTi; but fringes/m-K should be multiplied by 0.1
for design with Nb3Sn.

I(t) = Iop exp
(

−RDt
Lm

)
(5)

Fiber optic sensors would use the same sort of prefabri-
where Rd/Lm is the dump time constant � (s).cated and pretested seal as the voltage sensors. However, a

Since a quench will not be detected immediately, there isfew inches of clearance would be needed between a joint and
also a delay time before any action is taken. This has some-the initial position of the seal piece, in order to use a hand-
times been specified as 1–2 s as a design goal, but it is aheld field splicer. The optical fiber can then be coiled into the
function of the signal/noise ratio of the quench detection sys-pocket of the seal piece.
tem, as explained in that section. The allowable current den-
sity in the copper then is fixed by the combination of delayQuench Detection Conclusions
plus dump time as

1. Fiber optic temperature sensors and internal voltage
sensors have been shown by simulation and experiment
to improve signal/noise ratios in quench detection sys- j2

0cu

(
tdelay + τD

2

)
= Z(Tf ) (6)

tems by several orders of magnitude.
where tdelay is the maximum possible time delay (s), Tf is the2. A leak-free method for extracting sensors has been dem-
final temperature at the end of dump (K), and G(Tf) or, alter-onstrated, and a redundant and replaceable sealing sys-
natively in some texts Z(Tf), is a property, unique to each ma-tem has been designed.
terial or combination of materials, defined as3. A method for coil/sensor electrical design has been de-

fined that is robust against arbitrary helium pressures
and magnetic fields. Enormous safety margins are feasi-
ble with NbTi and fused teflon or kapton insulation.

Z(Tf ) =
∫ Tf

Tb

C(T )

ρ(T )
dT (7)

4. Advanced quench detection sensors can also be used as
This integral can also be thought of as the J2t integral of thescientific instruments, measuring the internal proper-
current in the conductor during a dump, and is thus usuallyties of CICC conductors.
represented with the units (A2/m4-s). An analytical approxi-
mation for G(Tf) for copper from a bath temperature of 4.2 K

MAGNET PROTECTION CRITERIA is

Adiabatic Protection Criterion

A popular and conservative protection criterion is to assume
that there is no heat transfer from the local hot spot where
quench is initiated and that all Joule heating is absorbed by

Z(Tf ) =


 1363

Tf + 4173
Tf + 47.89


 × 1016 (8)

the stabilizer. In this case, the relation between the peak al-
lowable hot spot temperature and the J2t integral of the con- Another way of stating the design constraint, derived by

Iwasa and Sinclair (29) defines Z(Tf) as the integral from theductor stabilizer during a coil dump is a unique property of
the stabilizer material, usually copper. The maximum allow- detection temperature to the final temperature and models

the presence of materials other than substrate by a correctionable current density is then determined by the peak allowable
hot spot temperature and the peak allowable terminal voltage factor a, which is the enthalpy change ratio of substrate/all

other materials, which can be determined by table lookup orfor a coil dump. Typical values of peak temperature allow-
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Figure 21. Z(Tf) functions: (1) Silver (99.99%); (2) Copper (RRR 200);Figure 20. Specific enthalpies of magnet materials (J/m3) versus
(3) Copper (RRR 100); (4) Copper (RRR 50); (5) Aluminum (99.99%)temperature (K).
(30).

approximated as a volumetric ratio. The maximum allowable
current density in the substrate is then in which other components, such as superconductor, helium,

or other structures were important, the superiority of copper
would be reduced. Magnetoresistivity would also reduce the
quantitative superiority of copper. In magnetic energy storage

j0 =
√(

1 + a
a

)
VDI0Z(TD, TF )

EM
(9)

designs, the main factor that improves the relative position of
aluminum is that an aluminum such as 2219 can also be usedwhere VD is the dump voltage (V), I0 is the operating current
as a structural material. In a design that requires a struc-(A), and Em is the stored energy (J).
tural cross-section that is several times larger than the cross-Iwasa’s a-factor can be quickly estimated with a curve of

volumetric specific enthalpies and the volumetric ratios of the
different constituent materials in a design. The specific en-
thalpies of copper, aluminum, iron, nickel, niobium, titanium,
tin, teflon, helium at 130 kg/m3 and helium at 150 kg/m3 are
plotted from 4.5 K to 300 K in Fig. 20.

Copper and nickel are the two best materials above a maxi-
mum temperature of 100 K to 120 K. However, there is no
more than a factor of two difference between the best and the
worst metals. Copper is about 60% better than aluminum; but
since aluminum is three times lighter than copper, it is twice
as good as copper, if energy/mass is a more important consid-
eration than energy/volume. Copper is clearly also the best
material from an adiabatic J2t criterion. Therefore, if the de-
sign is limited by the hot spot temperature in a given volume,
copper is the material of choice.

The curves of Z(Tf) versus T (K) in Fig. 21 appear in Iwa-
sa’s casebook (30).

While high-purity silver has the best Z(TF), far-less expen-
sive oxygen-free coppers are nearly as good. Copper is two–
three times as good as high purity aluminum. The Z(TF) ver-
sus TF(K) curves in Fig. 22 were calculated specifically for a
tradeoff between copper and stronger, less high purity alumi-
nums. The curves show that copper is 20 to 25 times better
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than aluminum alloys. The implication is that the cross-sec-
tional area of copper needed for protection in a design where Figure 22. Z(Tf) functions: (1) Copper (RRR � 200), (2) Copper
the available enthalpy is dominated by the stabilizer would (RRR � 100), (3) Copper (RRR � 50), (4) Aluminum alloy (RRR �

5.5), (5) Aluminum alloy 2219.be four to five times less than that of aluminum. In a design
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Table 3. Z(Tf) Functions for Copper and Aluminum

Copper, Copper, Copper, Al Alloy
Temperature RRR � 200 RRR � 100 RRR � 50 (RRR � 5.5) Al2219-T85

4 0 0 0 0 0
10 3.173 � 1014 1.597 � 1014 7.953 � 1013 2.280 � 1012 5.688 � 1011

20 4.776 � 1015 2.481 � 1015 1.256 � 1015 2.584 � 1013 6.422 � 1012

50 3.847 � 1016 2.798 � 1016 2.005 � 1016 9.466 � 1014 2.517 � 1014

75 6.757 � 1016 5.457 � 1016 4.283 � 1016 2.898 � 1015 8.521 � 1014

100 8.633 � 1016 7.274 � 1016 5.990 � 1016 5.538 � 1015 1.827 � 1015

145 1.097 � 1017 9.567 � 1016 8.206 � 1016 1.050 � 1016 4.055 � 1015

190 1.285 � 1017 1.142 � 1017 9.793 � 1016 1.504 � 1016 6.451 � 1015

240 1.410 � 1017 1.268 � 1017 1.116 � 1017 1.941 � 1016 9.016 � 1015

273 1.505 � 1017 1.360 � 1017 1.192 � 1017 2.195 � 1016 1.062 � 1016

300 1.561 � 1017 1.416 � 1017 1.247 � 1017 2.386 � 1016 1.186 � 1016

section needed for protection, the volumetric advantage of Pool-Boiling Magnets
copper would disappear. Pressure Rise. The quench pressure rise during the quench

The values of Z(Tf) from Fig. 22 are listed in Table 3. of a pool-boiling magnet involves a design tradeoff. The maxi-
mum pressure can most easily be controlled by the setting
of external pressure relief valves or rupture disks (33). The

QUENCH PROPAGATION additional pressure in the magnet due to pressure drops in
the vent lines and the disks or valves can be solved by the

Adiabatic (Potted) Magnets time-dependent model of Krause and Christensen (34), as-
suming frictional, adiabatic (Fanno) flow in the vent lines. AnAdiabatically cooled magnets are selected for applications
alternative, recommended by Powell (35) is repressurizationthat are relatively small, and quasi-steady state, since they
with warm helium gas. The motive for maintaining a highare incapable of absorbing large amounts of local energy.
pressure, discussed in the section on electrical integrity, isThey are particularly suited to applications where there can’t
that it will improve the dielectric strength of warm helium.be any cryogenic fluid within the magnet and where small,
The disadvantage is that it will increase the required thick-compact winding packs are required. Iwasa has argued con-
ness of the liquid helium cryostat, the pulsed eddy currentsvincingly (31) that most high-temperature superconductor
in the thicker cryostat, and the conduction losses through the(HTS) magnets are also likely to be adiabatically cooled, be-
cold mass supports.cause the local energy absorption is improved by orders of

magnitude at higher temperatures.
Quench Propagation. Under normal conditions of cooling byAdiabatically cooled magnets may be protected either by

a pool of liquid helium, the propagation velocity should obeyinternal or external energy dumps. If the simplifying assump-
the proportionality (36):tion is made that the thermal conductivity and heat capacity

of all materials is temperature independent, the longitudinal
quench propagation velocity is expressed by the balance of vp = a( j0 − jr) (11)
constant local heating density and thermal diffusion through
the winding pack as (30) where jr is the current density at which the conductor would

recover (A/m2), and j0 is the operating current density
(A/m2). If the quench condition causes local dry out, then the
propagation velocity is simply (37)vpropagation = J

√√√√√ ρnkn

CnCs

(
Tcs + Tc

2
Top

) (10)

vp = a j0 (12)

where vpropagation is the longitudinal quench propagation veloc-
CICC Magnetsity in the winding direction (m/s), J is the current density in

the composite wire (A/m2), �n is the electrical resistivity of the Quench propagation in CICC conductors is usually treated as
composite wire (W-m), kn is the thermal conductivity of the a one-dimensional problem, quench propagating from an inte-
normal wire (W/m-K), Cn and Cs are the heat capacities of rior normal zone toward the inlet and outlet of a hydraulic
the wire in its normal and superconducting states respec- channel. Bottura has written a general three-dimensional nu-
tively (J/kg-K), and Top, Tc, and Tcs are the operating and su- merical solution for quench propagation (38), which, to the
perconductor transition temperatures, respectively (K) (32). best of our knowledge, is also the only commercially available
Again, because the heat capacity of all materials rises much general quench propagation solution for any coil topology.
more quickly with temperature than resistivity does, the However, since three-dimensional effects have only a second-
quench propagation velocity of HTS quenches should be much order effect on the key design parameters of temperature,
lower than that of LTS quenches and the coils will be harder pressure, and expulsion velocity, one-dimensional solutions

are still used.to protect.
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Whole Coil Normal. In the extreme case of the whole coil behavior is more complicated than that described by Dresner
and the Shajii/Freidberg theory described next should begoing normal at once, quench propagation isn’t an issue. This

may help to place conservative upper bounds on peak pres- used.
Dresner’s time-dependent equation for the pressure rise issure and expulsion velocity for design purposes. Note that si-

multaneous quench of a whole coil is not a worst case for hot
spot temperature. If the coil is designed for internal energy
absorption, it is a best case, because the peak/average energy p − p0 = Cρc

[
4 fZ
D

]3/2 (
D

4 fct

)
(16)

absorption in the coil would be 1.0. If it is designed for exter-
nal energy absorption, it may be a worst case for the refriger- where C is a function of quench zone acceleration O(1), p0 is
ator by absorbing energy at cryogenic temperature, instead of the initial pressure (Pa), � is the helium density (kg/m3), c is
externally at room temperature; but in terms of the hot spot the velocity of sound in helium (m/s), f is the friction factor,
defined by the local J2t, it is not a worst case, because the Z is the length of the hot helium piston (m), D is the hydraulic
nonlinear dump time can only be accelerated by adding a diameter (m), and t is the quench time (s). In order to calcu-
larger internal coil resistance to the external resistance. late the equivalent piston size, Wachi (41) makes the substi-
Dresner (39) derived a simple expression for the pressure rise, tution:
if an entire hydraulic channel goes normal at once. This case
would correspond to practical designs in which a resistive CZ3/2 = 0.95t2.01 (17)
heater was used to ensure uniform internal energy absorption
or to an external, uniform energy source being applied to a Dresner’s equation implies that the quench zone Z is
layer with nearly uniform temperature and field:

Z =
[

3(γ − 1)

2C(3 + 4γ )

]2/3 (
Q2Dt4

ρ2c2 f

)1/3

(18)
Pmax = 0.65

(
Q2(Lcoil/2)3 f

Dh

)0.36

(13)

Similarly, Dresner solves for central pressure as function of
where Q is the volumetric heating of the helium (W/m3), l is time as
the half-length of the channel (m), and f is friction factor, and
Dh is the hydraulic diameter (m). A cable-in-conduit has ap-
proximately three times the friction factor of a smooth tube

p = 3(γ − 1)

3 + 4γ
Qt, p � p0 (19)

with the same Reynold’s number. For a quench pressure
wave, Dresner adopts an approximate value of f � 0.013. For helium, � � 5/3, and if C � 0.83 for helium, as proposed
When the pressure rise is not much greater than the initial by Dresner, these equations reduce to
pressure P0 (Pa), the more exact formulation is

Z = 0.25 3

√
Q2Dt4

ρ2c2 f
(20)

Pmax = 0.65
(

Q2(Lcoil/2)3 f
Dh

)0.36 (
1 − p0

pmax

)−0.36

(14)

and:
The same assumptions also predict (40) a helium expulsion

velocity of p = 0.207Qt, p � p0 (21)

Shajii and Freidberg (42) rewrite the time dependences of
Dresner’s quench propagation equations for temperature,

vexpulsion � 0.952
(

Qβc0

ρCp

)2/3 (
Dht

f

)1/3

(15)

pressure, and quench propagation velocity as
where Q is the volumetric heating of the helium (W/m3), � is
the constant pressure thermal expansion coefficient co is
the isentropic sound speed (m/s), � is the helium density
(kg/m3), Cp is the helium specific heat at constant pressure (J/

TDresner(t) = 0.10
Rρ0LIQZ

(
4dh

fρ2
0 c2

0

)1/3

(η0J2)5/3t7/3 (22)

kg-K), Dh is the hydraulic diameter (m), f is friction factor,
where �o is the resistivity of copper (�-m).and t is the time since quench initiation (s). This solution is

valid only for the beginning of a quench, since it assumes con-
stant helium properties and neglects inertia and frictional pDresner = 0.21η0J2t (23)
heating.

and
Time-Dependent Normal Zone. Quench propagation scaling

for long coils and uniform helium properties were first derived
by Dresner (40). Dresner’s scaling laws remain valid for de- VqDresner ≡ 5

4
Ẋq = 0.42

(
4dh

fρ2
0c2

0

)1/3

(η0J2)2/3t1/3 (24)
scribing the early stages of quench in a long hydraulic chan-
nel. However, the engineering limits of CICC coils are usually
defined by the hot spot temperature, peak pressure, and peak Shajii Quench Theory. The Dresner equations were shown

by Shajii and Freidberg to apply only in the operating spacehelium expulsion flow toward the end of a quench. By this
time, the material properties have changed significantly and of short times, low conductor temperatures (	25 K), and long

initial quench zones (43). Since this operating regime almostheat absorption is dominated by the cable-and-conduit metal,
rather than the helium. In this regime, the scaling of quench never includes the regimes of greatest interest for design (hot-
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spot temperature, peak pressure, peak expulsion velocity), it ground helium pressure (Pa), dh is the hydraulic diameter
(m), f is the friction factor, assumed to be a constant in thewas necessary to develop solutions for other, more relevant

regimes. Shajii and Freidberg derived analytic expressions for range of 0.06–0.08, and �0 is a diffusion constant of the con-
duit material (typically 5–7 � 10�6 m4-K/A2s), defined astemperature, pressure, and quench zone propagation velocity

for five other regimes, identified as the (1) short coil, low �p,
(2) short coil, high �p, (3) long coil, low �p, (4) long coil, high
�p, and (5) thermal hydraulic quenchback (THQB) regimes.

α0
∼= min

T

[
Acuηc(T )

AcρcCc(T ) + AwρwCw(T )

]
(29)

In a short coil, the coil length is much shorter than the diffu-
where �c is the thermal resistivity (W/m-K).sion length of the quench zone, so that quench propagation is

For a short coil in the high-pressure regime, the asymp-affected by end conditions. In a long coil, the mass of the coil
totic quench velocity, once quench has been well initiated, ischannel is constant and propagation is unaffected by the

ends. In the low �p regime, the pressure rise due to the
quench is �p0, while it is �p0 in the high �p regime. An ac-
tual quench may have a trajectory in quench regime space

Vq = 3

√
2dR
fLcoil

LIQZα0J2 (30)

that traverses two or more of these regimes. We use the no-
menclature long coil and short coil here, because the usage where d is the hydraulic diameter (m) and f is the friction
has become accepted. However, it should be clarified that we factor. The position of the forward quench front Xq (m), using
are always discussing the length of a hydraulic channel, the convention that all quenches are symmetrically centered
which is typically an order of magnitude shorter than a coil about x � 0, is
length. In all four of the constant mass quench zone solutions,
Shajii derived scalings for the temperature and pressure,
valid in the high-temperature (�20 K) regimes that are of Xq =

[(LIQZ

2

)3/2

+ (Vqt)3/2

]2/3

(31)
interest as coil allowables. Assuming that the heat transfer
coefficient h (W/m2-K) is large:

Short Coil, Low Pressure. A short coil quench will be in the
low-pressure rise regime (�p 	 p0) when

�T(t) = AwρwCw

2hPw
α(T̄ )J2(1 − e−t/τw

)
(25)

�p
p0

�
(

fρ0Lcoil

4dp0

)
V 2

q < 1 (32)
where T is the average of the cable and conduit temperatures
(K), and �w is a characteristic time constant for heat exchange

For a short coil in the low-pressure regime, the quench veloc-between the cable and conduit (s):
ity is

1
τw

= hPwall

(
1

AcableρcableCcable
+ 1

AwallρwallCwall

)
(26) Vq = Rρ0α0J2LIQZ

2p0
(33)

where h is the wall heat transfer coefficient (W/m2-K), Pwall is The short coil limit also provides a simple analytical expres-
the conduit wetted perimeter (m), Acable and Awall are the cable sion for the density outside the normal zone as a function of
and wall cross-section areas (m2), �cable and �wall are the mass length and time:
densities of the cable and wall (kg/m3), and Ccable and Cwall are
the specific heats of the cable and wall (J/kg-K), respectively.

Short Coil Solutions. The criterion for a short coil solution ρ(x, t) = ρ0 +
(

ρ0f V2
q

2dhc2
0

) (
Lcoil

2
− x

)
(34)

is that the length of the coil is longer than the length of the
quench zone, but less than the thermal diffusion length of the where �0 is the initial density (kg/m3). The density decreases
quench: linearly with x, while the velocity outside the normal zone is

a constant versus both space and time.

Long Coil Solutions
L <

√
24dhc2

0tm

fVq
(27)

Long Coil, High Pressure. The long coil solution is defined
by the two criteria that the coil length is much greater thanwhere c0 is the initial sound speed (m/s), dh is the hydraulic
the length between diffusion edges (L/2)2 � X2

D(tm), and thatdiameter (m), Vq is the quench front velocity (m/s), and tm is
the length of the quench zone is much less than the lengththe time needed to reach the maximum allowable tempera-
between diffusion edges [X2

q � X2
D(tm)]. The criterion for theture tm � Tmax/�0 J2.

long coil solution can then be stated asShort Coil, High Pressure. A short coil quench will be in the
high-pressure rise regime (�p � p0) when

L2
coil � 24dhc2

0tm

f Vq
� 4V 2

q t2
m (35)

�p
p0

� Rρ0α0J2LIQZ

2p0Vq
> 1 (28)

The long coil quench is in the high-pressure rise regime
(�p � p0) whenwhere R is the universal gas constant (�8314.3 J/kg-mole-K,

He � 4.003 kg/mole), �0 is the background helium mass den-
sity (kg/m3), J is the current density in the stabilizer (A/m2),
LIQZ is the initial length of the quench zone (m), p0 is the back-

�p
p0

≈ Rρ0α0J2LIQZ

2p0Vq(tm)
> 1 (36)
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The position of the forward quench front in the high-pressure The low �p itself is given by
regime is

Xq = [
(LIQZ/2)5/3 + (Vqt)5/3]3/5 (37)

�p(t) = 9ν2
0 c2

0t2
∫ Lcoil/2

Xq

dx[
(x − LIQZ/2)2 + X 2

D

]2 (45)

where the leading edge of the diffusion front XD (m) iswhere Vq is the asymptotic quench propagation velocity (m/s):

X 2
D = 3ν2

0

ρ0

t
Vq

(46)
Vq = 0.613

(
2dh

f

)1/5
(

RLIQZα0J2

c0

)2/5
1

t1/5
(38)

For the combined short coil plus small �p case, the solution
(The multiplier of 0.613 differs from the two published values for �p reduces to Eq. (23). For the combined long coil plus
of 0.766 by a factor of 5/4, removing an ambiguity in interpre- small �p case, the solution for �p reduces to
ting the Shajii equations self-consistently.) The helium veloc-
ity (m/s) in the region outside the quench zone is

�p(t) = 1.36
(

f
2dh

)1/2

ρ0c0t1/2V 3/2
q (47)

Universal Scaling Regimes. Shajii recast the preceding crite-
v(x, t) = 0.8Vqt

t + λ2
1(x − LIQZ/2)2 (39)

ria into a universal form that predicts the boundaries be-
where �2

1 � �0 0.8Vq/3�2
0. The density profile for the density � tween the four quench regimes. Two dimensionless variables

in the outer region (kg/m3) is given by x and y are defined and all quench regimes are shown as fill-
ing four corners of x–y space. First a dimensionless variable
� and a dimensional variable L0J4/3

0 (A4/3/m5/3) are defined:

λ = 1.7
(

ρ0RTmax

p0

)(
c2

0ρ0

p0

)
(48)

ρ(x, t) = ρ0 + 9ν2
0

2K3/2

(
cot−1 ξ√

K

√
Kξ

K + ξ 2

)

≈ 3ν2
0

λ3
2t2[

t3/4 + λ3/2
2

(x − LIQZ)3/2
]2

(40)

where �0, c0, and p0 are the density (kg/m3), sound speed (m/
s), and pressure (Pa) of the background helium. R is the uni-where �2(t) � (3�/4)1/3�1 and �0 is
versal gas constant (8314.3 J/kg-mole-K), and Tmax(x,t) is the
maximum temperature of the quench zone (K).

ν0 =
√

2dhρ0c2
0

f
(41)

L0J4/3
0 = 2.6

R
3

√
p5

0d

fα2
0c2

0ρ
5
0Tmax

(49)
Equation (11) implies that the expulsion velocity is given by

� and L0J4/3
0 tend to be relatively constant over a wide range

of time and space for a given design. In order to distinguish
better between the widely different quench regimes, these

v(x = Lcoil/2, t) � 24dhc2
0

fL2
coil

t (42)

variables are reordered by being normalized to the strongly
This is the same expulsion velocity as that predicted by varying J (A/m2) and Lq (m):
Dresner. However, with the exception of the expulsion veloc-
ity, Dresner’s solutions for temperature, pressure, and quench
velocity in Eqs. (16–18) have functional dependencies that are

x = λLq

L
(50)

significantly different from Shajii’s, even in the long-coil case.
Long Coil, Low �p Regime. In the small �p regime, the pres-

sure rise remains small in comparison with the initial pres-
y = LqJ4/3

L0J4/3
0

(51)

sure (�p � p0), corresponding to a weak quench in which the
This now allows the criteria for entry into each of the fourhelium coolant removes most of the heat generated by a
quench regimes to be written in the following simple univer-quench. In the small �p regime, the length of the quench zone
sal form:is

Pressure Length
Quench Regime Condition ConditionXq ≈ Rρ0LIQZ(T̄ + �T − T̄t=0+)

2p0
+ LIQZ

2
(43)

Long coil, high pressure y � 1 y � x5/6

Short coil, high pressure y � 1.2x1/3 y 	 1.1x5/6
where T � (Tcable � Twall)/2 and �T � (Tcable � Twall)/2. t � 0�

Long coil, low pressure y 	 0.8 y � x2/3
means the time immediately after the initial quench zone has

Short coil, low pressure y 	 1.2x1/3 y 	 x2/3
been established, assuming sudden energy deposition.

The quench velocity is then
The four universal scaling regimes are shown in Fig. 23.

Thermal-Hydraulic Quenchback. The misnomer thermal-hy-
draulic quenchback (THQB), which is certainly thermohy-

Vq ≈ Rρ0α0J2LIQZ

2p0
(44)
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Figure 24. Scaling diagram showing dimensionless quench regimeFigure 23. Boundaries in x–y space defining the four quench re-
gimes: (I) long coil-high pressure rise, (II) short coil-high pressure boundaries for M � 4.
rise, (III) long coil-low pressure rise, and (IV) short coil-low pressure
rise [Shajii, 1995 (44)].

The temperature ahead of the quench front is then

draulic, but has nothing to do with quenching backwards, has
become sufficiently popular as a term that we won’t try to

Tf (t) = T0 +
[

f V 3
q

2dCh(T0)

]
t (57)

rename it Joule-Thomson quench propagation. It refers to a
condition in which compression heating of helium in front of In the short coil-high pressure rise regime, frictional heating
a quench zone leads to rapid propagation of quench in which must again be included, and the condition for THQB to occur
the thermal/quench wave travels much faster than the mass before T � Tmax is
flow of helium expulsion in front of the quench zone. A key
dimensionless parameter in predicting whether there can be
a rapid onset of THQB, again introduced by Shajii (44), is y >

x1/3

2

{
1 + [

1 + 4(x − M)
]1/2

}
(58)

the safety margin between current sharing and background
temperature M: where � and other numerical coefficients have been set to

unity.
The intersection of the THQB regime with the four univer-

sal regimes for a typical case of M � 4 is shown in Fig. 24.M =
[

Ch(T0)

Cβ (T0)

](
ρ0c2

0

p0

) (
Tcs − T0

T0

)
(52)

Unique THQB shaded regions can be calculated for every
value of M.

Typically M � 2 to 5 for practical coils. Another parameter �
is needed to account for the finite ratio of frictional to com-

ELECTRICAL INTEGRITYpressive heating in the THQB regime:

A superconductor has no voltage in the quiescent state and
may have a very low voltage, during startup and shutdown,β = Cβ (T0)ρ0T0

p0
(53)

depending on the application. In the majority of applications,
the superconducting magnet will experience its highest de-

� is typically of order unity. sign voltages during a quench dump. It is also during a
THQB cannot exist long in the low pressure rise regime. quench dump that the helium temperature will be highest,

In the long-coil, high pressure rise regime, the temperature helium density in electrical isolators may be decreased by
just ahead of the quench front can be written as: pressure relief valves, and liquid will be boiled into vapor. All

of these effects can simultaneously increase electrical fields,
while decreasing the ability of helium or insulation voids to
withstand the electrical fields. Arcs have developed during op-Tf (t) ≈ T0 + 1

2

[
Cβ (T0)

Ch(T0)

]
RT0α0J2Lq

c2
0Vq(t)

(54)

eration of real superconducting magnets and are a known
cause of failure and life limitation.

This expression includes the effect of compression heating,
but not of frictional heating. Breakdown in Helium

The condition for THQB to occur before T � Tmax is
In a pool-boiling magnet, helium is the primary insulation.
Design against helium breakdown must include the winding-y > M5/3 (55)
pack, joints, supports, vapor-cooled leads, feedthroughs, and
room-temperature isolators. In CICC magnets, the problem is

For the short coil-low pressure rise regime, the condition for restricted to specially designed helium isolators, providing
THQB to occur before T � Tmax is the electrical isolation between the magnets and its grounded

helium headers. However, CICC magnets have the special
problem of protecting feedthroughs and leads against low-y > β1/3M1/3 (56)
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Table 4. Paschen Minimum Gaps and Gaps at 20 kV, According to Olivier Equation

Gap at
Paschen Gap at

Pressure Temperature Density Minimum 20 kV
(atm) (K) (kg/m3) (mm) (mm)

1.0 4.229 127, liquid 7.9 � 10�5 0.133
15.2, vapor 6.6 � 10�4 1.17

3.0 5.0 117 8.5 � 10�5 0.144
3.0 150 0.973 0.011 20.0

10�4 5.0 10�3 10 20,000
1.0 273 0.178 0.056 112

density helium breakdown, in the event of a helium leak. The where K is a constant, � is the mass density of helium (moles/
liter), d is the gap (mm), and � and � are the exponents. Ac-primary motivation for dry superconducting magnets is to

avoid this problem altogether, while accepting a low energy cording to Olivier, for helium � � 0.878, � � 0.901, and K �
4310. Thus, for helium at STP, where one mole � 22.4 L andmargin against disturbances.

The dielectric strength of liquid helium is comparable to the density of helium is 4 g/22.4 L � 0.178 kg/m3, the general
equation for voltage breakdown with the gap d in m, thethat of air at standard temperature and pressure. Unfortu-

nately, since breakdown accompanies heating due to a normal breakdown voltage V in volts, and the density � in kg/m3

would beevent and rapidly heats local helium, the actual breakdown
strength of liquid helium in a magnet is hard to interpret. It
is conservative and probably correct to always consider gas- Vbreakdown = 645,375ρ0.878d0.901 (60)
eous helium to be the insulator in a pool boiling magnet.

The breakdown strength of gaseous helium at ambient The density-gap product that produces the minimum of 160
temperature is only a small fraction of that of air because the V in helium is 10�5 kg/m3-m. The gaps at the Paschen mini-
electrons can gather kinetic energy from electrical field drift mum and the gaps predicted for breakdown at 20 kV by the
up to the ionization level in the noble gas helium. Paschen’s Olivier equation are shown in Table 4.
law should hold for gaseous helium at any temperature. At A Paschen curve through several sets of experimental data
all density-gap products that are well above the minimum of is shown in Fig. 25.
the Paschen curve, the dielectric strength of helium is at least At cryogenic temperatures the breakdown strength of he-
a factor of 10 worse than that of nitrogen or air. lium in uniform field allows for a straightforward design in

In the high-pressure regime of the Paschen curve, Olivier pool boiling magnets, where it can be guaranteed that break-
showed that a direct exponential correlation can predict the down will occur in the high density-distance regime. Figures
voltage breakdown for a broad range of gases, including he- 26 and 27 (46) show that with minimum breakdown fields on
lium, in a uniform field over a broad range of gap lengths and the order of 10 MV/m, each millimeter of gap should be ade-
pressures (45). At any temperature, the breakdown voltage quate to protect against 10 kV.
between spherical electrodes is However, breakdown in helium is highly sensitive to elec-

tric field nonuniformities and to field polarity. Figure 28 (47)
depicts low temperature dc breakdown characteristics for he-Vbreakdown = Kραdβ (59)
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Figure 25. Paschen curve for helium.
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Figure 28. Helium nonuniform field breakdown voltages in low tem-
perature helium gas at atmospheric pressure [Gerhold, 1979 (48)].

lium gas under nonuniform (point to plane) field conditions at
atmospheric pressure (48).

The strong polarity dependence is evident in this figure, is not merely an expression of extreme conservatism toward
suggesting that the design of the electrode configuration to catastrophic punchthrough and arcing, but also reflects the
maintain a field as close to uniform as possible is particularly reality of electrical field concentrations in practical designs.
important, when feasible. The breakdown level is also a func- While many solid insulations have dielectric strengths �100
tion of electrode surface material and conditions (49), condi- kV/mm, it has been shown that the presence of small voids
tioning, and electrode polarity (50). in a solid will cause the inception of particle discharges in low

A design approach proposed to avoid striking an arc across temperature helium at electric fields of 10 kV/mm to 20 kV/
a helium gap is to use the dielectric strength of helium at the mm (52). There is some evidence that the minimum break-
design temperature and atmospheric pressure for a sharp down voltage in a helium void may saturate at low density
point at a 3 mm gap between the point and the plain (51). At and that there is no left-hand side of the Paschen curve in
4 K, the breakdown strength of helium is 60 V/mil (2.36 kV/ voids. Measurements by Hiley and Dhariwal (53) appear to
mm), at 10 K, the breakdown strength is 24 V/mil (944 V/ saturate at 4.5 kV/mm in polyethylene at zero density for a
mm), and at 100 K, the breakdown strength is 2.4 V/mil (94 cavity depth of 0.2 mm (900 V). In epoxy resin, they appear to
V/mm). saturate at 1.2 kV/mm for a cavity depth of 0.2 mm (240 V).

Partial discharges in solid insulation voids are caused by
Electric Field Concentrations high electric fields in the voids. These will not destroy the

insulation, if they are infrequent, but can cause erosion ofSolid insulations are seldom designed with electrical fields
organic insulation in a pulsed application.higher than 10–20% of their intrinsic dielectric strength. This

The electric field in a void tends to be higher than that of
the solid insulation itself because the dielectric constant of
solid insulations is always higher than that of free space. Fur-
ther electric field multipliers are caused by shape factors in
the void, where breakdown can be further enhanced by non-
uniform electric field within the void itself. Analytic solutions
are available for the electric field concentrations in planar,
spherical, and cylindrical voids. For other shapes, numerical
techniques are available to calculate the electric field concen-
trations for both 2-D and 3-D shapes. Engineering rules of
thumb also exist for the most likely void shapes. Zahn (54)
developed the following derivation of the electric field concen-
trations in spheres and cylinders.
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Voids in Solid Insulation. The simplest model assumes thatFigure 27. Depicts low temperature (	10 K) dc breakdown charac-
a void region exists within a uniform dielectric that has anteristics for helium gas under uniform field conditions [Meek, 1979

(47)]. essentially uniform electric field in the vicinity of the void.
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Table 5. Dielectric Constant �

Material Dielectric Constant (
r/
0)

Kapton polyimide film 120CI-1 3.5
Kapton polyimide film 135RCI 3.8
G10-CR 4.9–5.0
G11-CR1 5.1–5.2

The internal electric field is purely x directed, while the exter-
nal electric field has the applied uniform electric field plus a

o

EaEaEa

(a) (b) (c) line-dipole field. To avoid breakdown in the cylindrical void

Figure 29. Three void orientations versus electric field in dielectric
medium. 2

ε

ε + ε0
Ea < Eb (64)

Spherical Void. The general form of solution to Laplace’s
We consider three simple cases shown in Fig. 29 of uniform equation in spherical coordinates for a uniform z directed
electric field incident on (1) a long, thin void, either planar or electric field is
cylindrical, with the long axis in the direction of the electric
field; (2) a long thin void, either planar or cylindrical, with
the long axis perpendicular to the electric field; and (3) a ϕ =

(
Ar + B

r2

)
cos θ (65)

spherical void. Cases (1) and (2) form easily at an interface
between dissimilar materials, while case (3) can arise due to The total electric field inside and outside the cylindrical void
gassing. If the void region is air at ambient temperature and is
pressure, the electrical breakdown strength is Eb � 3 kV/mm.
Fields above Eb will result in spark discharges. The maximum
external electric field outside the void can then be calculated
that would keep the voidage electric field below Eb.

Long Thin Void Along Electric Field. Because the tangential
component of an electric field is continuous across an inter-
face, the electric field

E = 3ε

2ε + ε0
Eaiz 0 < r < R

E = Ea

[(
1 + 2

R3

r3

(ε0 − ε)

(2ε + ε0)

)
cos θir

−
(

1 − R3

r3

(ε0 − ε)

(2ε + ε0)

)
sin θiθ

]
r > R

(66)

Ev = Ea (61)
The internal electric field is purely z directed, while the exter-

This result is valid for planar and cylindrical voids. nal electric field has the applied uniform electric field plus a
point dipole field. To avoid breakdown in the spherical void:

Long Thin Void Perpendicular to Electric Field
Planar Void. For highly insulating dielectrics with dielec-

tric relaxation times (� � �/�) much greater than the time

3ε

2ε + ε0
Ea < Eb (67)

scales of a quench, the normal component of the electric dis-
Dielectric constants of some widely-used solid insulations areplacement field, D � �E must be continuous across an inter-
listed in Table 5.face. Thus

The electric field multipliers for other commonly found
void shapes are listed in Table 6.

The multipliers for laps and voids in corners are typical
εEv = εEa → εEv = ε

ε0
Ea (62)

values, based on numerical analysis.
A conservative way to look at the design rules for solidThe higher the dielectric permittivity of the insulation sur-

insulation would be to design so that partial discharges in therounding the void, the lower the applied electric field must be
solid insulation were impossible, irrespective of the partialto keep Ev 	 Eb.

Cylindrical Void. In the absence of any volume charge in a
uniform permittivity dielectric, Laplace’s equation can be
solved in cylindrical coordinates for the electrical field inside
and outside the cylindrical void:

E = 2
ε

ε + ε0
Eai̇x 0 < r < R

E = Ea

[
1 + R2

r2

(ε0 − ε)

(ε0 + ε)
cos ϕ i̇r

−
(

1 − R2(ε0 − ε)

r2(ε0 + ε)
sinϕ i̇ϕ

)]
r > R

(63)

Table 6. Electric Field Multipliers for � � 3
Insulation System

Shape Multiplier

Infinite plane or cylinder, parallel to field 1
Infinite plane, transverse to field 3
Infinite cylinder, transverse to field 1.5
Sphere 9/7 � 1.286
Cusp/crescent (debonding at a rounded corner) 1.6–1.7
Triangle (e.g., epoxy/kapton lapping) 1.6–1.8
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pressure in the insulation voids. As an example, in a super- average ratios in coil systems we have investigated were in
the range of 1.1–1.3 : 1. A more serious, but avoidable, prob-conducting magnet, the worst gas and the most likely gas to

have a partial pressure is helium, whose Paschen minimum lem comes from the possibility of overvoltages due to distrib-
uted capacity charging of the winding pack. There is a distrib-is 160 V. Adopting 2 kV/mm as a typical allowable for glass-

epoxy and a geometry/dielectric constant mismatch multiplier uted capacitance between every turn of the winding pack and
to ground, as illustrated by the circuit model, shown in Fig.of 2, this design rule would then put the burden on the me-

chanical design to assure that the largest possible void in the 30. Mutual capacitance to nonadjacent turns is neglected.
The peak local electrical field is higher than what wouldsolid insulation would be

be predicted considering only the coil resistance because of
stray coil capacitance in the insulation. The voltage enhance-
ment factor is a function of �:

dmax,allowable ≤ VPaschen min

Emax,allowableRmult
= 160V

2
kV
mm

x 2
= 0.040mm

(68)
α =

√
Cg

Cs
(69)

For example, if a conduit with a slip-plane wrap bowed in 10
�m, this would be acceptable, since breakdown of helium

where Cg is the shunt capacitance to ground and Cs is thewould still be impossible.
series capacitance. For fast rise times and large values of �,
half of the terminal voltage can appear between the first two

Stray Coil Capacitance
turns of the coil. Measurements on the POLO coil (55) and
analyses at Karfruke (KfK) and M.I.T. showed that large volt-The turn-turn and layer-layer voltages across a winding pack

are not exactly equal, even in the absence of any resistance. age enhancements could be avoided, if the voltage rise time
were long enough. This is a tradeoff, since switch losses orThe turns in a winding pack don’t all link exactly the same

amount of flux, particularly in multicoil systems. The peak- counterpulse circuit size is proportional to the voltage rise

Figure 30. Distributed capacitance/in-
ductance network model of a winding
pack and ground insulation.
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time. Optimization of the cost/performance trade can be done Heat shrinkable stress grading tubing is also available, and
for a specific design, using commercial circuit codes. However, is normally used in the termination of high voltage cables.
since the ringing time is primarily a function of conductor size This material could offer a solution to the problem of tempo-
only, analysis indicates that it is safe over a broad range to rary stress grading during test, when the termination of high
limit the voltage rise time to �100 �s, if the conductor is 	5 voltage leads is not in its final configuration.
cm square. Yet another technique is to cover the entire termination in

an insulating jacket. The effect is to contain the areas of high-
est stress in a solid dielectric, and to increase the trackingTracking Along an Insulating Surface
path length that must be taken by a discharge which wouldTracking is the leakage current due to the formation of a con-
directly connect the high voltage electrode with the groundducting path across the surface of an insulation. In most
electrode.cases, the conduction results from degradation of an organic

To the extent that the high voltage conductors can be fullyinsulation. The conducting film is usually moisture from the
insulated and enclosed by an electrostatic shield, the trackingatmosphere absorbed by some form of contamination, such as
problem in the near vacuum environment can be avoided.dust. Tracking does not depend upon Paschen breakdown and
However, the high voltage conductors such as the main highcan occur at well below 100 V in air, while a gaseous dis-
current leads and any instrumentation (e.g., voltage tap) con-charge in air cannot exist below 380 V. Degradation of the
ductors must eventually emerge from the insulation.insulation is caused by heat from tracking, which either car-

The helium supply lines which must bridge the gap be-bonizes or volatilizes the insulation. This implies that insula-
tween the high voltage conductors and ground present an-tions in helium or vacuum at liquid helium temperatures
other potential tracking path. Considering a configurationshould be more immune to tracking than magnets in air, be-
consisting of a metallic pipe emerging from the main conduc-cause of the absence of chemical reactions. Carbonization re-
tor which delivers the coolant to an insulating tube, which insults in a permanent extension of the electrodes and usually
turn connects to a grounded metallic pipe associated with thetakes the form of a dendritic growth; but erosion of the insula-
manifold. Tracking on the outer surface of the insulating tubetion also occurs.
could be a problem, particularly in the cryostat vacuum envi-Configurations for which tracking is particularly impor-
ronment which can be compromised by helium leaks. Thistant are those where a high voltage conductor emerges from

an insulated lead. Generally a conducting electrostatic shield problem can be solved by encapsulating the region of transi-
or ground plane will surround the lead insulation, but will be tion from high voltage, through the insulator, to ground, in a
terminated at some point, leaving a tracking path along the solid dielectric contained within an electrostatic shield. In
surface of the lead insulation from the end of the ground this case the path which would otherwise be available for
plane to the conductor itself. The electric field is enhanced at tracking, and the entire region subject to electric stress, can
the end of the electrostatic shield in this configuration, and be fully contained in solid insulation, as illustrated in Fig. 32.
can lead to local ionization which effectively extends the
ground electrode, due to space charge, and reduces the useful

Experimental Basis for Tracking Allowables. Migliori,length of the tracking path, such that the discharge advances
Schermer, and Henke (56) measured dielectric tracking fieldsalong the surface toward the lead, with eventual flashover.
in liquid helium for four gaps in a G-10 circuit board. TheFigure 31 illustrates tracking at a high voltage lead termi-
minimum tracking strength that they measured was 13.7 kV/nation.
mm at 0.48 mm. They reported that the cleanliness of theCommon practice is to utilize a stress cone (a specially
sample, that is, whether it was abraded with copper or wet-shaped electrode) or a stress grading material or coating on
wound with metal inclusions, made little difference in thethe surface of the lead insulation just after the termination
tracking strength. They also reported that the breakdownof the conducting electrostatic shield. The effect of the stress
field declined as d�0.25 and that the tracking strength was thatgrading is to reduce the maximum field gradient based on the
of helium vapor, rather than that of liquid helium. This is anonlinear voltage versus current characteristic of the stress
somewhat misleading conclusion, because the trackinggrading material. Silicon carbide is a commonly used material
strengths that they measured were similar to those measuredfor stress grading, and is available in tape and paint binders.
earlier by Haarmon and Williamson (57) in liquid helium, and
orders of magnitude superior to Haarmon and Williamson’s
measurements in gaseous helium. The earlier experiment re-
ported nearly identical tracking breakdown fields for paper
phenolic, polyethylene, nylon, and teflon. Their measure-
ments of the tracking strength for series of five 60 kV, 500
ms, half sine-wave pulses with descending gap are shown in
Table 7.

For design purposes, the relevant numbers are those for
gaseous helium at 4 K and 293 K. Fortunately, the tempera-
ture sensitivity is rather small, varying only a factor of two
at most over a temperature range of 75 : 1. A factor of four
safety margin would imply that tracking should be limited

Equipotentials

Insulation

Conductor

Ground plane

Tracking path

Area of field
enhancement

to 100 V/mm (2.5 V/mil). Designs have been identified with
tracking fields in the range of 60 V/mm to 200 V/mm.Figure 31. Tracking at high voltage lead termination.
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Figure 32. Avoidance of tracking with full-insulated coolant connections. (a) Tracking at coolant
connection. (b) Fully insulated coolant connection.

Electrical Design Allowables tures. Some rules of thumb for leak rate testing are that the
leak rate at 1 atmosphere and room temperature is approxi-

For design purposes, typical electrical design limits in a cryo-
mately 1000 times better than the leak rate at 10 atmo-

genic environment are summarized in Table 8.
spheres and 4 K. A state-of-the-art measurement, using mass
spectrometry, might test helium stubs down to leak rates of

Breakdown Due to Helium Leaks
10�10 torr-L/s at room temperature, corresponding to �10�7

torr-L/s at 4 K.High voltages can be maintained over short distances in a
good vacuum. Typically, in the cryostat surrounding CICC It is generally acknowledged that quality assurance alone

won’t guarantee an absence of electrical discharges in vac-and potted magnets, or the vacuum tank surrounding pool-
boiling magnets, a vacuum of 10�6 to 10�5 torr can be main- uum, because of the difficulty of guaranteeing zero leaks and

because of the deleterious effects on breakdown of modesttained. In vacuum systems, where residual gas density is low,
the breakdown voltage is to the left of the Paschen minimum. transverse magnetic field. Three design ideas have been pro-

posed that can decrease the probability of discharges by sev-Therefore, electrical integrity within the cryostat can be com-
promised by helium leaks into the vacuum space. Helium eral orders of magnitude: (1) grading of the insulating ground

planes, (2) the use of a guard vacuum, and (3) the use of insu-leaks can be caused by diffusion through welds in a conduit,
helium feed stubs, and feedthrough seals. If there is a gas lating beads.
leak, the gas density increases and the breakdown voltage is
lowered toward the minimum, which could lead to a spark 1. The use of graded ground planes around all insulating

surfaces has the greatest generality as a design concept.discharge. This is the usual situation in cryostats and junc-
tion boxes, where leaks from helium coolant lines or extrac- If all metallic surfaces that are facing each other with

high potential differences are insulated, then theretion of sensor wires are difficult to suppress completely. Ir-
misch has confirmed low voltage breakdown in helium gas at can’t be an arc between those surfaces acting as elec-

trodes; although there could still be partial dischargescryogenic temperatures and low pressures (58), simulating
the effect of a helium leak into a vacuum space with a 10 mm that would gradually degrade the insulation. However,

if each insulating surface or wrap has a ground plane,gap. At 6 K, the Paschen minimum was 240 V, instead of the
classic minimum of 160 V. the resistance of the ground plane can be graded, so

that the insulating or ground plane surfaces facing eachLeaks are suppressed by the avoidance of nonwelded seals,
design layouts that permit field repair of leaks, and vigilant other never have a potential difference greater than 160

V. In this case, no combination of pulsed fields, capaci-leak detection at room temperature and at cryogenic tempera-

Table 7. Tracking Strength for 60 kV Pulse Waveforms (kV/cm)

Pressure LHe GHe GHe LN2 GN2 GN2
Material (atm) 4 K 4 K 293 K 77 K 77 K 293 K

Mylar 0.9 79 	3.6 2.7 158 39 4.7
1.6 79 2.8 189 79 6.8

Paper phenolic 0.9 95 4.3 2.3 158 32 4.3
1.6 118 4.3 3.3 189 39 7.9

Polyethylene 0.9 118 3.8 2.6 158 30 5.9
1.6 158 3.9 2.7 236 59 7.9

Nylon 0.9 79 3.9 2.0 158 47 4.7
1.6 118 3.9 2.0 236 59 7.9

Teflon 0.9 95 2.8 79 43 4.7
1.6 158 3.1 158 53 7.9

Permalin 0.9 68 2.2 118 30 4.7
1.6 79 2.8 158 68 7.9
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tures. Insulating beads could be used to raise the
Paschen minimum by an order of magnitude, either in
evacuated spaces, such as junction boxes, or in high
pressure chambers, such as helium isolators with
filters.

CASE HISTORIES

The majority of actual failures to protect superconducting
magnets have had little relation to the design principles de-
scribed in this chapter. Errors in operation have accounted

Table 8. Typical Electrical Insulation Sizing Rules

Design
Type Units Criterion

Flashover along insulating spacer in helium V/mil 5–7
V/mm 100–300

Tracking along insulating wrap V/mil 1.5–5
V/mm 60–200

Breakdown through epoxy V/mil 50–150
kV/mm 1.5–6

Breakdown through kapton wrap V/mil 125–500
kV/mm 5–20

for more failures than errors in fabrication, and errors in de-
sign have been less important than either. Several studies
and workshops have addressed the problems of real-life mag-tive charges, or helium pressures can cause a break-
net protection (61).down.

Operational errors causing magnet component failures2. The use of a guard vacuum around a winding pack can
have included:be very effective, where space constraints aren’t signifi-

cant, as in the Mirror Fusion Test Facility-B (MFTF-B)
• Bypassing protective circuits or not replacing them when

coils (59). The secondary vacuum space greatly de- they fail
creases the probability of a leak into the cryostat by re-

• Wiring magnet or instrumentation leads backwardsquiring two series independent leaks in the coil case
• Interpreting anomalous or changed sensor readings asand the guard vacuum shell. It can further lessen the

indicators of interesting experimental phenomena, in-possibility of operational problems by the use of inde-
stead of burnoutpendent on-line leak detection and/or differential vac-

• Poorly written, long and boring operating instructionuum pumping. In MFTF-B, it also had a fringe benefit
manuals, with incorrect or ambiguous instructions; theof being used as an auxiliary helium channel to reduce
ignoring of instructionsthermal stresses in the winding during cooldown.

• Absence of routine inspection and replacement of compo-3. Fast and Hart (60) have shown that filling an evacuated
nents with finite lifetimesbox for power feedthroughs box with glass beads in-

creased the Paschen minimum voltage and increased • Energization of coils in an incorrect sequence (the classic
the pressure at the Paschen minimum, as shown in Fig. error is energizing an outer solenoid and crushing an in-
33. Testing in helium as a function of pressure from ner solenoid with no strength in radial compression
1 Pa to 0.13 MPa (10�5 to 1 atm) at room temperature, through induced diamagnetic currents)
77 K, and 4.2 K in helium, they found that the mini- • Increasing current when critical properties proved to be
mum breakdown voltage across a 4.8 mm gap was in- better than expected, leading to burnout of vapor-cooled
creased by more than a factor of 10 at all three tempera- lead

• Unattended dewar operation leading to ice blocks, caus-
ing overpressure in the dewar

• Removal of a rubber stopper in a dewar, leading to inade-
quate vapor flow to the leads; failure to monitor lead gas
flow or voltage drop

Manufacturing QA problems that led to coil or prototype
failure included:

• Helium leaks at fittings
• Voids at the conductor/monolith interface leading to me-

chanical rupture of the conductor
• Small metallic slivers being sprung from a conduit by the

tube mill
• Metallic inclusions in an open, pool-boiling magnet caus-

ing turn-turn shorts and arcing
• Insulation tearing during winding, especially of kapton
• Joint installation without solder
• Weld contamination due to contamination by injected

polyurethane spacers
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• Turn-turn short due to mechanical abrasion of insulationFigure 33. Paschen curve for helium. (a) Measured in uniform gap
during transportation and installationand (b) measured in gap with and without glass bead particles [Fast

and Hart (60)]. • Vacuum leaks through mechanical (i.e., nonwelded) seals
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• Exposure of Incoloy conduit to oxidants during heat not only of the magnets, but also the leads, bus, and instru-
mentation feedthroughs. The goals of these improvementstreatment, leading to stress aggravated grain boundary

oxidation (SAGBO) cracking would be to achieve orders of magnitude decreases in the
probability of failure to detect a quench rapidly, to success-
fully interrupt current in a magnet, and to simulate and ade-Reliability problems caused by inadequate redundancy in the
quately predict the ability of quench propagation to absorbdesign of the protection circuits have included:
magnet energy without damage.

• Dump circuit interrupters failing to clear
• Power supplies failing to shut down on receiving a cor-
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