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Abstract
When the stored energy of superconducting magnets increases, the
problem of the protection of the coil when a quench occurs becomes
more and more important, especially if the sturcture of the coil is
such that the energy can be dissipated only in a small part of the coil.
The aim of this paper is first to describe a program which enables
to predict the increase of temperature inside the coil for several kinds
of protection and to give results for KEK pulsed dipoles (under con
struction and planned for TRISTAN).
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Several kinds of protection are possible when a quench occurs in
S.C. magnets.

The problem is to extract as quickly as possible the

stored energy from the magnet ; this can be done either by inductive
coupling, or by an inverse voltage applied to the magnet in series
with the power supply or by putting it in series with a protection
resistance outside the cryostat.

Usually, one or several of these

kinds are used.
The important parameters for the protection device design are :
- the stored energy.
- the current when the quench occurs.
- the ratio of copper to superconductor in the S.C. wire or assembly
used.
- the coil structure.
Other parameters are also important but cannot be defined so accu
rately due to their random aspect.

.

- place where the quench occurs (in relation with the structure).
- quench propagation velocities along the three directions.
Generally, the most critical value will be taken for these
parameters.
It is difficult to make analytical calculations taking into account
all the parameters.

A computer program is needed : the one described now

is very useful.
II.

The "QUENCH"

p r o g r a m ^

This program calculates the increase of temperature after a quench
occured in a S.C. magnet.

The main assumptions are :

- the coil is developed in a parallelepiped shape.

It is considered as

a whole.
- there is no thermal exchange with the outside.
- the place where the quench occurs is chosen, after that, the quench
propagates in the three directions.
The initial velocity along the wire can be imposed, or calculated,
using the STEKLY’s fo r mu l a^ .

J I LTC
Cv/Tc-To
Tc-’

where
J

is the overall current density

C

the mean specific heat [ at (T0 + Tc)/2 ]

L

the Lorentz number

Tc

the critical temperature of the composite (function of the

•

applied magnetic field)
T0

the operating temperature

A long the two other directions, the initial velocities are calcu
lated

taking into account the ratio of thermal conductivities along

these directions and along the wire.
Then, the velocities are supposed to be proportional to the current.
- the electrical circuit is :

PS : power supply
B

: current breaker

Re : external resistance
Rp : protection resistance
Rs : switch resistance
L

: self inductance of the coil

R^ : internal resistance of the coil (calculated by the program).
At every time, the current is calculated using :

Rext + %(t)

( 2)

I(t) = V;app

where
Rext =
or

Re*Rs

Re+Rs
Rp-Rs

Rext = Rp+Rs

and

V a p p

-

if the power supply is connected

if the breaker

is opened

0

if an inverse voltage is applied

or

The program makes small increases of time ;
for each increase of time, the followings are calculated and written :
- increase of normal volume AV^
- increase of internal resistance and of energy dissipated in each AV3
- increase of temperature in each AVi, taking into account the change
of specific heat and of resistivity according to the temperature
- decrease of current, using eq. (2 )
The program stops when the current is less than 1 % of the initial
current or when the increase of maximum temperature is less than 0.01° K
between two steps.

III.

Application to the protection of the pulsed dipole now under

construction at KEK
III. 1 General parameters

A cos© type pulsed dipole is now under construction at KEK.

The

design is made of several current blocks separated by epoxy wedges.
Consequently the thermal conduction between blocks is very bad and for
the protection design, it is necessary to consider a fictive coil, of
which dimensions are :
- thickness : thickness of the block where the quench occurs.
- length : length of one developed block times the number of blocks
The first assumption does not take into account the difference of

thickness for all the blocks but thermal propagation along the wire
and lack of thermal propagation between blocks can so be simulated.
General parameters of the magnet are :
Coil composition

.

Niobium Titanium

18.1 %

Copper

24.5 %

Insulation and resin

57.3 %

Maximum field on conductor : 45 kG
Braid dimensions : 2.55 x 0.05 cm
Coil width : 2.55 cm
thickness
length

: 0.05 cm times the number of layers in the block
: 106 cm times the number of blocks

Maximum current

:3000 A

Self inductance

:7 mH

Stored energy

:32 kJ

III.2 Influence of the random parameters
As said before, among the important parameters, tw o at least are
random :
a)

Place where the quench occurs : according to the block, the dimensions

of the fictive coil will be changed.

Fig. 1 shows the influence of this

parameter on the maximum increase of temperature, assuming no protection.
Following assumptions are made :
1 block per pole for N = 60 layers
4 blocks

per pole for N =

15 or 11 layers

6 blocks

per pole for N =

6 layers

7 blocks

per pole for N =

3 or 2 layers

In this case, the quench velocity is calculated in the worst case
where B = 0 kG.
For further calculations, two designs will be chosen [3] .
- four-block design

: smallest block : 7 layers
largest blcok

: 20 layers

- seven-block design : smallest block : 2 layers
largest block
b)

: 13 layers

quench velocity along the wire : according to the place in the block,

the magnetic field can have all the values between 0 kG and Bmax :

the quench velocity given by (1) can vary as follows : from 5.6 m/sec
for 0 kG to 10.4 m/sec for Bmax = 45 kG.

The influence of this parameter

or the maximum increase of temperature is given on Fig. 2 and 3, for the
two extreme block of each design.
For further calculations, the quench will be assumed to begin in
a place where B = 0 kG, which is the worst case.
It is interesting to notice that these two random parameters have
not influence at the beginning of the phenomenon (t 1 200 msec).
III. 3

Influence of the kind of protection

For the two designs, several kinds of possible protection have been
studied.
- inverse voltage of 10, 20 or 30 V applied 50 msec after the detection
of a quench.
- protection resistance of 0.1 ft put in series with the coil 150 msec
after detection of a quench (the value of the resistance is quite
conservative, giving Vpr = 300 V).
- inverse voltage of 20 V applied 50 msec after detection then protection
resistance of 0.1 Q, 150 msec after detection.
The results, are summed up in Fig. 4 for the four-block design and
in Fig. -5 for the seven-block design.
If one assumes that the maximum increase of temperature admissible
is 140° K, the followings can be carried out :
- if only an inverse voltage is applied, a value of at least 30 V is needed.
- if only a 0 . 1 fi protection is put in series, this must be done in less
than 250 msec.
- if the two kinds of protection are used, there is no problem.

This

kind of protection has two advantages : it doubles the number of protection
devices, and applying an inverse voltage can generate other normal areas
in the coil, which is good to dissipate the energy in several places
inside the coil.

III. 4

Summary

The followings protection device is suggested :
- at least : a protection resistance of 0 . 1 0. put in series with the coil

in less than 250 msec.
- better : first apply an inverse voltage of 20 V around 50 msec after
detection of the quench and then put the resistance of 0 . 1 ft in less
than 250 msec after detection.
If the protection device works well, the increase of temperature
will be almost the same for the two designs.
If the protection device dose not work, the probability to burn
the coil is much larger with the seven-block design.'(See Fig. 2 and 3).

IV. Towards TRISTAN

.

Some calculations are presented now about the protection of the
future dipoles for TRISTAN.

The main changes with respect to the proto

type now under construction are :
- four-block design with 11 layers in the smallest block
- ratio copper / SC = 2 in the assembly
- packing factor of 75 % in the assembly
These two last assumptions give almost the same dimension for a
3000 A conductor.
The basic protection device assumed is an inverse voltage of 15 V
applied 50 msec after detection then a protection resistance (such as to
have an external voltage of 500 V ) put in series 150 msec after detection.
Random parameters are as above, that is to say quench occurs in the
smallest block in a place where B = 0 kG.
Magnet length effect
As the length of the magnet increases so does the stored energy.
Fig. 6 shows the increase of temperature versus the length of the magnet,
assuming

a current of 3000A.

Thereis no problem even with

a 4 m long

magnet.

It is interestingto notice that for a 0.5 m longmagnet,

the

maximum temperature is 45° K.
Protection kind effect
For

a 4 m long magnetwith a current of 3000 A.

influence of the kind of protection.

Fig.

One can notice :

7 shows

the

- it is not interesting to reduce the time when the inverse voltage is
applied.
- it is more usefull (but more dangerous also) to increase the protection
resistance.
- the best way to do is to reduce the time when the protection resistance
is put in series.
Current effect

,

It is interesting to reduce the current of a S.C. magnet for an
economical point of view (losses in current leads) and also because the
wire can be simpler.
Fig. 8 shows the effect to reduce the current for a 4 m long magnet.
The following assumptions are made :
- conductor size and coil components adjusted to the current.
- same stored energy
- protection device as described above with protection resistance adjusted
to have an external voltage of 500 V,
One can see that it is possible to reduce the present current of a
factor two at least without

trouble.

V. Conclusions
A program enabling to calculate the increase of temperature during
a quench has been described.

Application to the dipole now under con

struction at KEK has permitted to define a protection device and also
to show the interest to increase the number of layers in the smallest
block if something is wrong with the protection device.
Application to dipoles for TRISTAN shows that these dipoles can be
4 m long with a current of 1500 A and well protected with a quite simple
device.
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