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ABSTRACT
A method to check the design of the quench protection of a
superconducting solenoid with a conducting bore tube is

described and justified. These checks assume the most pes-

simistic circumstances, Instructions on how to revise the

magnet parameters 1if the tests fail are given. The dependence

on the current, the diameter and the length of the solenoid

are discussed.
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1, Purpose

In this paper, we set requirements for a quench protection system
to insure that any superconducting magnet is safe against destruction during
a quench. The requirements apply to the case of a superconducting D.C.
solenoid with a bore tube made of electrically conducting mate'rial.l"3 Some
of the conclusions can be extended to other kinds of magnets in the limit
where the volume of the bore tube is equal to zero. The computations that
have to be carried out necessitate only the use of graphs and of a hand
calculator.

It 18 difficult to describe quenches accurately because of the many
parameters involved.z-b All we know is that a quench is a phenomenom that
turns part or all the coil normal. To derive our rules, we have developed
a pessimistic quench theory, i.e. a theory where our simplifying approximations
always make things worse than real life. For example, though heat conductivity
helps both in reducing the temperature of the coil's hottest point and in
decreasing the coil current by turning more of the coil normal, these aspects
of heat conductivity are ignored. The requirements determined are more strin-
gent, but the equations are simpler. It follows that a magnet may very well
survive a quench if its quench circuit violates our requirements, but we are
sure it is safe if its quench circult abides with them.

The theory relies on phenomena derived from basic principles only,
such as energy conservation and Maxwell equations. Later on, we may acquire
more confidence in some helpful phenomena that we are yet unable to describe
accurately. Also, we may use more sophisticated mathematical solutions.

At that time, we intend to update our theory and derive less stringent rules
based on less pessimistic assumptions. For the time being, in this paper, we

take an extreme position in favor of security.
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The maximum temperature which can be reached in the superconductor
is a function of the integral current density squared with time. The
maximum value for this integral which results in safe magnet operation
18 about 1017 Azm-és for copper based superconductor and about 4x1016 Azm-és
for aluminum based superconductor. The role of the bore tube is to reduce
the current density in the conductor very quickly without inducing large
transient voltages. The coupled differential equations which describe the
coil-bore tube circuit are given in Section 4. A solution to these equations
is given in Section 5. This solution, which is simplified, shows that the
bore tube does reduce the current in the coil very quickly.

Sections 6, 7, 8, and 9 present the pessimistic approximation of
the hot spot remperature in the superconducting coil. An external resistor
is assumed. If the quench is detected quickly and the power supply is dis-
connected, the pessimistic theory shows that high curremnt density magnets
with closely coupled bore tubes can be made to quench safely. Section 10
takes into account the change of resistance of the bore tube with temperature.
Sections 11, 12 and 13 show that for the same peak voltage across the coil,

a varistor, which is a resistor with non~linear voltage versus current
characteristics, causes the current in the magnet to drop even faster than a
resistor with linear voltage versus current characteristics. The varistor
will then result in lower hot spot temperature.

Section 14 summarizes the rules for calculating the hot spot temper-
ature using the pessimistic theory. Section 15 shows how the first-trial design
parameters can be modified to ensure a safe magnet. Section 16 shows, by ex~
ample, the design of a quench protection syatem that will result in safe

quenching of the LBRL A and B Magnets and the final TPC Detector Magnet.
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For solenoids with an iron yoke, Sections 17 and 18 show the scaling
laws for magnet safety. These laws act as quide lines for designing large
safe magnets based on previous safe designs. In general, the following can
be said for magnet safety when scaling a magnet from one size to another:

(1) If the magnet quenches safely at its maximum surrent, it will quench
safely at all currents lower than its maximum curregt. {2) For a given
stored energy, fewer number of turns will result in llwer transient voltages.
(3) For a given hot spot temperature, bore tube tempeirature and transient

voltage conditions, the current density in the coil must drop as the square

root of the magnet stored energy.
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2. Problems associated with a quench.

During a quench, one of the dangers is burn out. A small pfece of wire ends
up collecting too much of the magnet energy and gets damaged hy overheating. It
takes a finite time to heat a piece of material to a given :cmperatﬁre with a piven
current density, A sure way to keep this phenomenon under control is to make sure
the current { in the coil is turned off quickly after the begin;ing of the quench.

In section 7 and in ref. 5, 1t i3 shown how an upper 1limit T for the temper-

Hm
ature anywhere in the magnet coil can be derived, knowing the fnitial current 10

in the magnet, the wire characteristics and the effective time rJ

= (—f—;)z de (2.1)

The smaller TJ is, the smaller T o will be. If one makes sure that the coil

11

current i drops quickly enough as a function of the time t, the quantity rJ

computed by equation (2.1) is small and the corresponding Tlim will be an
acceptable value for the temperature. Therefore, anywhere im the coil, the

temperature will be less than T and there will be no burn out.

lim
Another danger during the quenches comes from the voltages that
are developed in the coil. They may exceed the value allowed by the insulation.

The voltages developed between any two points of *he coil are related to the

change of flux ¢. The Zotal inductive voltage v¢ across the whole coil is

v, w-n 48 (2.2)

where 0 is the number of turns of the coil and ¢ the flux in one turn of the

magnet coil. If ome makes sure that Ve is less than the value which the
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insulation can withstand, we insure the coil against damage from excessive
voltage. For this purpose, the variations of the flux ¢ have to be kept slow.

In a magnet where the only contribution to the flux ¢ comes from
the current i, security againat burnout requires short time constants but
protection against excessive voltages requiree long time constants. It may
be impossible to find a compromise between the two.

If the magnet is a solenoid with an electrically conducting bore
tube,l-3 then the current 1 can be turned off quickly to avoid burnout while
the flux ¢ decays slowly because of the induced current i' in the bore tube.a’A
Thus the coil voltage can be kept small. There is no danger of excessive
voltage in the bore tube efther, because it 18 a coil with only one turn.

Most of the energy will end up in the bore tube, but there 1s no danger of
overheating in the bore tube if its volume can absorb the total magnet energy,

because a bore tube made of homogenous material will heat up evenly.

3. The electric circuit.

The diagram of fig. 1 respresents the electric circuit corresponding
to the magnet coil, its bore tube, its current supply and a quench protection
circuit. During normal operation, the switch SD is closed and the current
i= io flows through the magnet coil. There is no current in the bore tube
because it is made of conducting, not superconducting material.

When a quench develops in the magnet coil, we assume that it is
detected soon after it has staréed and that an automatic device then opens
the switch So disconnecting the power supply. The coil current i is first
switched into the coil shunt shown on fig. 1, that, for the time being, we
assume to be a pure resistance Rex . The resistor in the coil circuit

t

provokes the decay of the current i, thus some decay of the flux ¢. The
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d
change 1in ¢ induces a current i' in the bore tube circuit that limits 3%.

which in turn limits the value of the maximum voltage vo. After a short while
(see section 5, ogq. (5.12) and fig. 2), the current i finds & new equilibrium and

decays slowly with 1'. Then, the ratio of the two currents is given by

nR'
E
R

l-:l»

(3.1)

where R is the resistance of the coil circuit and R' that of the bore tube.

I1f R' 1is small enough, the current 4 15 small and the quanticy TJ

of equation (2.1) can be made acceptable.

4. Basic equations after switch opening.

After the quench has been detected and the switch S° shown on Fig. 1
is open, the relevant equations are the standard equations that described
two systems magnetically coupled to one another.

di d1'

+ Ri+ M5—~ 0

L dt

(4.1)
di

a1’
¢ 82 ('Y} a1
L ac +R'i' + M ic " 0
We define the quantity ¥ (measured in amps) equal to the flux through the
bore tube divided by the mutual inductance M. M is the scale factor that makes y
comparable to the current i in the coil. The product n, " Y is the total number
of ampere turns from all sources producing flux in the bore tube. The low resist-

ance of the bore tube will oblige ¥ to always vary slowly.



t
v ﬁ 141
(4.2)
1’ - %. - 1)
= L = Tlme vonstant of cofl circult If (4. 1)
R the bore tube were not conducting.
L'
' = U Time constant of hore tube. (4.4)
r_ - IT = fatio of time constarts (4.5}
T T
2
€ =1- %ET (4.6)
€ 1s assumed to be small, less than a few %.
di 1 dy
L .
€ dat T (1 E)dt 0 (4.7)
T'%‘g+¢‘“i=0 (4.8)
v e L -1 (e = 0
T +r (4.9)

T

Let us define t = 0 as the time at which S opens. The initial conditions

at t = 0-are almost the same conditions as before quench.  The fore, at

t =0:
1=4, (4.10)
=0 (4.11)

b= (4.12)
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5. Time evolution of the current just after switch opening with a resistor shunt.

After the switch S° opens, the initial behavior of the curient 1
can be described by the solution of equations (%.B) and 4.9) with T and T'
constant. Before much heat is deposited in the bore tube, its temperature
is low and its resistivity @' is essentially constant at low temperatures,
wether it 13 wade of copper or aluminum (see fig. 3 ). Therefore R' is

equal to its minimum value R; . 1If the quench is detected soon,

in
the coil resistance is still small just after So opens and the resistance

of the coil circuit is essentially the resistance Rext of the external shunt.

(5.1)

L' . L' . T
R" ~ R’ max

1f the external shunt is a resistor, the system of equations (4.8) and
(4.9) has (wo tlme constants given by

1+r f Tr,min
s - E._J____..__—_
——temie 1271 - 4 5 | (5.2)

1 =17

s,L ax 2
’ b QHry i)
1 nczk'min
where *min ?xt B = (5.3)
T-ax ext

Our systems involve small €'s, therefore the long time constant A and

the short time constants 1s are given by
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sum of two

These formulae verify the initial conditions (4.10) and 4.12).
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) (5.4)

£ ot =3 '
TL Tmax + Text T m.ax(1 M rr,min
et .1’ r
T, w —SEE MK o Temin 5.5
] T max 1 + r
L T,min

functton of time, the current i and the quantity Y are described by the

exponentials as shown on Fig. 2.
t t
- =) -
t~1.e Ts +1 e T (5.6)
s § L L
t t
DL,
veYoe [ wL e L (5.7)
T _.~T T
4 =4 ext S T,min (5.8)
L -] TL - Ts ol + rT,min
1. -1 i
L _ext o
1, =1 - = (5.9)
S o 1L 15 1+ rT,min
"L
¥ i =1 (5.10)
L [ TL-TS o
s
Yo == 4 ——=0 (5.11)
] ° T TS

Once the

short time constant exponential has disappeared, i and ¢ decay with the same

time constant T

L

and they are bound by the fallowing relations:

(5.12)

(5.1
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The Tq exponential is just a transient to readjust i to its equilibrium
value given by (5.12), i.e. a response to the sudden opening of the switch SO.

In the limit where ¢ = 0, T_ 18 zero, and the current i drops instantaneously from to

S
to the value given by (5.12) at the time t = 0. This bchaviuy of the approx-
imation €= 0 i8 aleo shown on fig. 2. Equation (5.8) shows that during the long

time constant, the real current 1 is slightly inferior to lts value with the

approximation € = Q 1if Yo oin is less than 1.

()

6. Evolution when is vot constant.

When an appreciable amount of energy is deposited in the bore tube,
the resistance R' (therefore %7) will start to increase. A look at equations (4.8)
and (4.9) shows tnat even when R' {s changing, ¢ will vary the time scale 1',
while 1 will readjust in a time less than €1’ to a value such that

(5.12) and (5.13) are verified. Now T is time dependent

nczR‘ nczR'
TR TR 6.1
c ext

Since Rc, R and R' are time dependent resistances. With all these considerations
in mind, equations (5.1%) and (5.13) are still verified to a good approximation
when T can no longer be considered as constant, Then, there are
convenient variables to consider, Eem the electromagnetic enetgy, the energy

E“ dissipated in the coil circuit and the heat EH’ deposited in the bore tube.

= 21y (6.2)
dE, 2r E
R O L —em
& =M TRy T (6.3
dE."' E
H o pegel 2 -en (6.4)
ac " R ayr
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dgem 2 Een
a W ov (6.3

E, and EH' are bound by the relation

H
d!n ncz R’ ¢
—_——ar = (6.6)
dEH. T l.c+l.xt

These equations are valid in addition to (5.12) and (5.13).

7. Derivation of the burnout safety rule.
During the quench, let's consider the temperature evolution of the

hottest point of the wire at a2 given time. Its temperature T corresponds

to an enthalpy h

uire(T) per unit of volume and to the resistivity p

uire(T)'

The current density is

] (7.1)

S
wire A
wire
and Puire 8T averages over the

where Awire is the wire cross sectional area. huire

wire material composed of superconducting filaments and of a matrix of, let's

say, copper. If pCu is the resistivity of copper and r. the copper to super-

sC
conductor ratio
pLd

sC
< 7.2
pvire pCu Tsc ( )
Th duces an amount of heat equal to p jz er unit
e current produce: q wire Juire P

of volume. Some of this heat is left on the wire element to increase its

enthalpy h and some of that heat is conducted away. No heat is conducted inward
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since the element {s the hottest point in the coil. At that point

dh 14t 2
wire dT 2 SC i
dT dat < Petre Jwira < Pey 5o 2 .3
wire

Approximating the average enthalpy of the wire per unit of voll:me by the

enthalpy of copper, we have

dh 14

i i A~
Cu SC A
wire

Integrating (7.4) over time from the beginning of the quench, we obtain as in
ref. 5, an upper limit Tlim for the final temperature of the hottest point of the

wire. T satisfies the relation

lim
FJ (Tum) -J (7.5)
where 2
()
J w—_—1 (7-6)
1::J J
- [ == dt .7
0 1
-]
T
sc_ .2
- = A (7.8)
J 1+rsc wire
T
1 dh
Fy (D) = f po (1.9)
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TJ depends on the time evolution of the current i after the beginning of
the quench, CJ is a characteristic of the superconducting wire and FJ is
a function of temperature and of the matrix material only. Different

exsmples of functions FJ(T) are plotted on fig. 4 for coppers of several

reaistance ratios

Peu (273°K)

T o, 0

(7.10)

At any point of the wire, the temperature is less than T computed

lim

using equations (7.5) to (7.9). 1f TJ can be made small enough, T is

lim
acceptable and the burnout danger is avoided. .
Similar calculations can be made when aluminum based superconducting

wires are used. The same formulae can be used, but FJ(T) should be read from

the curves of fig. 5 instead.

8. Approximations for the computation of T

The integral Ty of equatfon (7.7) results from different contributions

Ty tg, t ATJ.S + ATJ'L (8.1)
tg, 18 the time for the quench to be detected and for the switch 5, to open. Until
t=to the current i is essentially the same as the initial value 10.

ATJ.L is the contribution made after the opening of Sn, neglecting the transient
responsc. It can be'computcd with the apﬁroximatlon € = 0 represcnted by (5.12), and
(6.2) to (6.6). ATJ.S is a correction due to the fact that € is not zero and { is

not given by (5.12) during the short time constant exponential.
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The computation of tSo involves a study of the quench detection that
will be the subject of another report. An exact estimate of ATJ'L and ATJ.S
trequires an estimation of the coil resistance Rc. i.e. a good description
of the quench propagation. A pessimistic estimate 1is obtained by setting
Rc = 0 at all times. We will first prove that this approximation is
pessimistic.

Actuvally, we intend to show that an underestimate of the resistance
R of the coil circuit leads to an overestimate, i{.e. a pessimistic
estimate of t .. For AéJ,L' equations (6.3) and (6.6) are valid. Therefore,

J

R' _.._H:.._&_ (8.2)

R = Rc + Rext

1f we know a real sclution for a given R for each value of EH, we can
consider the effect of a negative change in R just at one instant. The functioan
J R'dEH, @and therefore EH,)will be smaller after the change of R as can be scen
from integrating (8.2). Thus a larger fraction of the enecrgy Eo will end up in

the coil circuit. EH will be larger at the end of the quench. Furtheruwore,

dE dE
1 .2 1 1 B 1 H
A i - = = - == —=
L fizidf fizaa—r‘“ fiz R 8-3
[+] o °

will be larger because R is smaller and because the range of integration of

EH will be larger too.

For the transient contribution ATJ g* @ look at equation (4.9.) shows
»

that a decrease in R, (i.e. an increase in rT) induces a less negative valuc

for %%, therefore larger values for i while ¢ 1s not effected very much.
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The contribution of the transient to 1 will be larger if R is decreased
during the transient period.

In conclusion, the smaller R, the larger TJ. Selving equations
with Rc = 0and R = Rext provides a pessimistic estimation of the buraout
problem. Any underestimation of Rext will also lead to a pessimistic evaluation
¢f the burnout problem, a property that will be used in section 11.

When the external shunt is a resistor, there is an absolute relation

between the energy E dumped in the external shunt and the quaaticy

ext, f
L
ATJ s after So 1s open

2 2
Bext.f Rext J 1% dt = Rext io (ATJS + ATJ,L) (8.4)
E 2R
ext, f _ “ext
E, I (A'rJ st ATJ,L) (8.9)
Since Ty is overestimated in our estimation, Eext £ 13 overestimated
»

too.

t -
9. Estimation of ATJ,S and ATJ,L when R constant

When the energy Eo stored in the magnet is too small to heat ths bore
tube to the point when R' is temperature dependent, then we can assume R'
to be a constant at the same time as we assume Rc = 0. 'Then, ATJ'S and
ATJ.L can be computed by integrating (%;)2 with 1 given by expression (5.6),

(5.8) and (5.9). The contribution of the lomg time comstant is

2 -~
At - (iL) :L - 15 ¥ Lo Toxt rT,min (3.1
J,L iq/ 2 T ~Tg 2 2 1+rT,m1n
-3 9.2)

T
ext
Rext



T - - v (9.3)
Tumin Roxt Rtxt Tnax

The correction due to the short time constant exp tial tas to
at
1 (- =) 1.1, (-9
5,2 T S L T
ATJ,SEI[(i) e S48 7 e S]dt
o i
o
ET l+4r
- ext I,min 5 9.4)
(1+rT,min)

At.. is important with respect to AT, . of (9.1) only if r_ is small
Js J,L T
of the same order as €. Then

EText
[ 1
ATJ.S ) (9.5)

When the energy Eo in the magnet is large enough to heat the bore
tube to a degree where R' is no longer a constant, the variation of R' is
important only after the transient is over. Therefore expressions (9.4) or (9.5)

can be kept for the contribution of the short time constant.

10. Computation of AT when R' 1s not a constant
J,L

The effect of the changing R' is felt only after the transient is
over. We can use the approximation € = 0, therefore equation (B8.2), in ad-

dition to the approximation Rc = 0. -Since the total energy E dumped

ext,f
in the shunt is the same as the total energy EH £ dumped in the coil circuit,
»

we can write a relation between E and the total energy E.,, dumped 1in the
ext,f H' £

bore tube.
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. 2 Byges
- - c ’ =
Eext,f ™ B¢ " deH R R' dEg,
ext
0 .
E h!
(m D nc)2 [ w',f ("D nc)2 I £
- — p' dE,, » ——S=— ' dh' an.1n
ViRt Jo B Rext  Jp

where D is the diameter and V' the volume of the bore tube, o' {ts re-

sistivity and h' its enthalpy per unit of volume

B
h = ‘% (10.2)

We define the function C((h') of the bore tulie material.

G'(h') = fp' dh' (10.3%)

G'(h') can be plotted on a graph such as fig. 6. Equation (10.1)
shows that there is a point on the curve GYh') with coordinates h; and G} and

such that

G = G'(hg) (10.4)

l':eut,f Roxt

G! = (10.5)
£ mpay?
E
H'f
h} "N (10.6)

Since the energies dumped in the shunt E and in the bore tube E _,
ext,f H', f

add up to Eo at the end of the quench, Eo being the total system energy.
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1" (v D nc)z 3
E = V'h: + G (10.7)
° £ Rext £
hl G'
£ £
ote— =1 (10.8)
max 'max
E
o
where h'-.x =T €10.9)
c' - E° Rext - p' h'
max (D nc)z ext max
v (10.9)
o' - Xt
ext D nc)Z

The point of abscissa hE and ordinate Gé lies on the straight line
drawn between the point of abscissa h;ax on the h' axis and the point of
ordinate G;ax on the G'axis on fig. 6. The intersection of that straight line
with the curve G'(h') corresponding to the actual bore tube material has the
ordinate G;. This 15 a procedure to find GE. Then, using (8.5) and (10.5), we

»
get the relation between AT and the estimate of E with the assumption
J,L ext,f

€ = 0, i,e, with the assumption ATJ s” 0
»

2 ] t
At - L (ﬂDnc) . Text Gf - Text hmux ?[ €10.11)
T - T .y
3L ZRextEo Rext £ z Gmax 2 l‘max
Examples of functions G'(h') are plotted on fig. 7 for aluminum
bore tubes of several resistance ratios
v * p' (2713°K)
273°K) . (10.12)

R T TOGK) Prin

For magnets without a conducting bore tube, we set V' = 0. Therefore

Text
ATJ == (10.13)
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11. Use of a “varistor" in the shunt.

After the switch So is open, the maximum of the current i in the
coil occurs in the beginning, when { = io' That 1is also the maximum value
of the current in the shunt. Let V1) be the voltage characteristics of

that shunt, the voltage v, accross the coil is at all times
v " W) Q1.1
The maximum voltage accross the coil is the voltage at the beginning

-1'((10) (11.2)

v
C,max

If the shunt is a resistor, as we have considered so far

W) =R, 1 (11.3)

vc,max = Rex: 1o (11.4)

Rext cannot be chosen as large as one would like because the voltage

vc.max given by (11.4) canaot exceed the maximum value allowed by the in~
sulation. There is a maximum value for Rext from voltage limitatien. On the
other hand, the prevention of burnout may require a high value of Rext' A
suitable compromise may be hard to find.

It 1s interesting to notice that the largest voltage occurs just after
So opens, during the transient period. Onthe other hand, the largest contribution
to TJ (most likely ATJ.L) occurs after the transient is over and when the
current is already substantially reduced. It makes sense to look for shunts

that would decrease the voltage and increase X du}iug the transient period

when the voltage is the problem. This shunt should do the opposite later on
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when T3 is the problen. These shunts would have non linear characteristics, with
a large resistance at low current and a small resistance at higher current, 1i.e.
during the transient period. Such shunts can be made out of thyrites. They are some-
times called varistors. They have a more or less constant voltage for a vather larpe
range of current.

The voltage characteristics of a varistor made out of thyrites is shown

on fig. 8. It can be approximated by the function

Vi) xa b (11.%)
with be0.2to0.25 (11.6)

An exact solution for 1 is difficult to obtain. We will make a pessimistic
approximation, reducing the resistance R of the coil circuit as we did in Section 8.
The characteristics of the varistor will be first modified into a straight line
crossing the origin and a point of i* and of ordinate v* on the real varistor

characteristics {fig. 8). For 1 < i%* we will take

*
Y1) = {; 1 a7

The value i* is an arbitrary value less than 1o,but 1i* must be larger than any value
of { after the transient 1s over (see Section 13 for a method to check the validity
of that statement). Under this conditfon, the approximation (11.7) of the charac-

teristics leads to a pessimistic estimation of ATJ L The procedure of Section 10
v

and - formula (10.11) to estimate ATJ,Lcan be applied pessimistically, making thc
identification
v (11.8)
-
Roxt © 1% :

The choice of i* may have to be revised later in view of the consequences,

as it is explained in Section 15. For a first trial, one may try i* = % or % lo.

Note that, since {1 * < 10. we have

vc,lax - 17?10) < Rext 10 (11.9)
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Therefore, there is less voltage on the cofl if we wuse the varistor than (f
wir use a resistor of resistance cht in the shunt, j.e. for the same value
ofl ﬂ1’ L That happens because the varistor maintains the veltage across

the coll near maximum value, loe. max{mum cfficleney at all times, not only

at the beginning of the quench,
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12. ATJ.S with a varistor

The transient is different from (5.6) though. It may correspond

to a larger value of A7 than the expression (9.4) since, now, the

1,8

resistance /1 is smaller than Rex in the beginning of the transient.

t
We define, as in (5.8),

r
T,min
1L - 1° II%——-— = R 1 (12.1)
1,min 14 ___5%_'—_

using (9.3) and the value of Rext given by (118). The value iL of (12.1)

is about the value reached after the transient period once the approximation
Wy = &, 1t (12.2)

is assumed. During the transient period, the current i and the voltages change
from the values (10, lilo)) to (iL'RextiL) following the varistor characterfstics.
We will now make a second assumption, even more pessimistic, that the character-
istics will follow a straight line between the point (io, 1*(103 and the polnt

<iL’va( iL) during the transient period (fig. 8).

Ve " Roxe 'L ™ Reranstene (o710 (12.%)
R =~ :g - Roxc 11, + Rtransienr (1—1L)
i i i
where
Hiy-r_ 1
R a0 __ext L (12.4)
transient i - iL

(4]
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Then, we have to replace %— in equation (#£.9) by
T

ot

L] (] ] -
M - Rext.r 1L EgransT a 1L)

L1 L1 L i

1
1,
r
T

qld

R1'
1 (12.5)

¢ stays around its initial value io, therefore

R LA | R 1!
. di ext L , _traasient _
et 1+ —ir + i (1 iL) S 10 (12.6)
d(i-1.) R 1
' L transient . -
€T at + (1 + L Y (4 :I.L)

R iL kad R 1’
ext ext
- - oext L - JEXt 3y .0 12.7
1~ 14 i -1+ o ) ( )

Using (12.1) as an expression for iL

The transient can be approximated by

[+]}
1= + T—e
iL 1+r1,min

1 -5
s (12.8)

et’ .
where Tg = —-—%l‘-—-——- (12.9)
max
1+

T
transient

L

T = (12.10)
transient Rtransient

(-

T, M4 r
x i§_ _____T_gﬂl@_ (12.11)

2
(1+rf,min)
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ATJ s contains the factor €. through the term Tg. It 1is important
”

in comparison with ATJ.L only 1if ATJ,L is small, therefore if rT,min is

small. Therefore , when it is important,

T et
bty o = 75. -—AX (12.12)
»
201+ -T—l'L'-’i-—— )
transient

13, Maximum current after transient in the varistor case.

We have to make sure that the approximation of Tfi) being linecar as expressed
by (11.7) is indeed a pessimistic approximation after the transient. Then we can use
formula (10.11) for a pessimistic estimation of ATJ,LBS it was assumed to be in
section 11. Suppose that, for the approximated solution using (11.7), the current
never reaches the value i* after transient. Then the approximated resistance Rex:
of (11.8) is always less than the real ratio V{1)/i occurring in real life with
the varistor. By the same argument as the one used in section B, one shows that
the real current i is smaller than the approximated one, that it never reaches the
value 1* either, and that the real ATJ.L is less than its approximation (10.11).

Now we have to find out if the approximated current i ever reaches the value i*

once the transient is over.

After the transient is over, equations (5.12), (5.13) and (6.4)

are valid.
1-4-::,r
v i (13.1)
T
o _= eo Aozt Red (13.2)
[ -
dt T (1+rT) rTr Text L
2 2
dEys - sz - Text Roxe 1 - Rexe ! (13.3)
dt 2 T :

1"(1+r1_)z T r T
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Differentiating (13.1) with respect to time, we get the following

relations at the maximum of 1,

di
ac 0 (13.4)
2 3 ‘
g 8 0 Rewe D tRew Oy
de . 2 dt N 2 dEH. T, 3 dEH' :
T T T

Comparing (13.2) to (13.5), we find that the maximum of i occurs

when

= L1 (13.6)

In order to find out if i exceeds i* at its maximum, we compute
the value h'* of h' that would correspond to a maximum of i equal to i*.
From h'*, we can compute the corresponding total energy E* in the aystem. If E* is
found larger than Eo’ the hypothesis 1 = {* leads to an unphysical result and is
consequently wrong; 1 will not exceed i*. With our approximation (12.2), the

current i will exceed i*, however, if E* i{s smaller than E. To find h'* we define

Rext v' cl;\ax
', =——= (13.7)
1
ext ) nc)Z hmax
2
* 2
oot g ae
and the function g'(h') such that
. p'3
8'(h') = —pr— 13.9)

dh'
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Examples of functions g'(h') are plotted on fig. 9 for aluminum

bore tubes and several resistance ratios rR’. The maximum of i occurs at

i* 4f the corresponding value h'* of h' is such that

B'(h'#) = pd o v? R3
SLQ.:. yr 467 V'('nD)l' dr'
dh aE, dE,

' 2 3 ' 2
.V Roxt Ty - V'R okt Li*z -
(mp)* nc2 dr, (TI’Dnc)l‘
dE .,
H
2
L2 Lk
2 B e (13.10)

Therefore h'* can be read on the relevant curve on fig. 9 once g'* is computed.
It is the abscissa for the ordinate g'* From h'%, we can determine the
corresponding value p'* of the resistivity p' on fig.3 and G'* = G'(h’'*) using the
proper function G'(h'*) on fig. 6 or 7. The total energy E* in the system is given
by the sum of the energy EH' in the bore tube, Fext in the shunt and Eern

the electromagnetic energy.

By = V'h'* (13.11)
2 2
2 2 /l4r 2 p!
w? _ it 1) _rx? [ Pexe
Bpy = W - MY = e = (13.12)
. ()2 v
E . - Rextfi de = — oth'%) = Lo o' (13.133
ext ext

Using (13.3) to replace iz in the integral.
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The condition of validity for the choice of i* on the varistor characteristic

amounts to

E E E

* 1]

_E__ - EH + Eext + Eem > 1 (13.14)
(] (] o

Y VY * axt \2
h ¢ 142 (1 +_?_x_t_) > 1 (13.15)
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14, Summary of the rules and calculations.

All symbols are in the MKS system of units.

a) Magnet parameters.

E*
FJ (T)
Fy(T )
c'(n')
1]
Gg
G.
max
g'*

hCu

hwire
hl

1]
he

h L]
max

cross sectional area of wire

Section

(7.1) metersz

a constant that is characteristic of a particular type wire. See(7.8) metersb

diameter of bore tube

electro-magnetic energy

final energy dumped in external shunt

heat deposited in coil circuit

final energy dumped in coil circuit

heat deposited in bore tube

final heat deposited in bore tube

total system energy

total energy in system supposing the current 1 is maximum
when 1 = 1%

enthalpy integral of conductivity for matrix material
value of FJ(T) at T = T14m

enthalpy integral of resistivity for bore tube material

value of G'(h') for h' = h%

maximum possible value of G', had all energy ended in external

resistor
quantity defined by

enthalpy per unit volume of copper only
enthalpy per unit volume of the wire

enthalpy per unit volume of bore tube material
final enthalpy of bore tube

maximum bore tube enthalpy possible if all E0 ended in bore
tube

(10.1) meters

(6.2) M
(8.4) M
(6.3) MJ
(10.1) Mj
(6.4) M
(10.1) MJ
(10.7) MJ
(13.14) MJ

(7.9)a%ec/n’
(7.5) AZsec/n’
(10.3) vZsec/m?
(10.4) vZsec/n?

(10.9) vzsec/m2

(13.8)

7.4y Mi/a’
7.3 W’
(10.2) Mi/u’
(10.6) MJ/m’
(10.9) MI/w’
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h'* = enthalpy of bore tube if and when current maximum is 1* (13.10) MJ/m3
i = coil current at any instant {2.1) A
iL = initial value of long time constant contribution (5.6) A
io = current in coil at time of opening switch (2.1) A
15 = initlal value of short time constant component of { (5.6) A
i* = a gelected current to help approximate varistor characteristic.(11.7) A
i* ig arbitrary within limite (see section 13)
i’ = current in bore tube as a function of time (3.1) A
J = time integral of the square of the current density (7.6)
2
juire = current density in wire (7.1) A/m
L = inductance of coil circuit (4.1) H
L' = inductance of bore tube circuit (4.1) H
M = mutual inductance between coil and bore tube (4.1) H
n, = number of turns in coil (2.2)
R = resistance of coil circuit {R-RC+Rext (8.2)} 3.1) R
Rc = resistance of coill alone -~ a function of time (6.1) Q
R = external resistance of the shunt (5.1)
Rtra fent™ slope d Y/d1 of varistor characteristics in the approximation (12.3)
nsien used for the transient
R' = resistance of bore tube (3.1)
R&in = miniaum resistance of bore tube (5.1) 9
e = registivity ratio of matrix material at 273°K/4°K (7.10)
L = ratio of copper to superconductor (by volume average) (7.2)
r = 1/1' (4.5)
= - t -
rT,min ratio of ‘ext/rmax (5.3)
L o
ré = resistivity ratio ZZ3 K of bore tube material (10.12)
min
S, = switch name (fig.1)

T = temperature of hot spot of wire (7.1) °K



1lim

v
c,max

v

vk

o

Ttranslent'
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highest possible gquench caused tempcrature for hottest spot
in the coil

independent variable time

time for quench to be detected and So to open

volume of bore tube

varistor voltage at any instant

coil voltage at any instant

= maximum coil voltage

inductive voltage across the coil
varistor voltage corresponding to current i%
real volt-amp characteristics of varistor shunt
effective time (after So opens) of current flow
effective time after S° opens (neglecting short transient)
effective time correction due to short transient
MZ
1 - =
LL'
resistivity of copper

= ratio of leakage inductance to L

resistivity of wire (average for superconducting and matrix)
resistivity of bore tube material

a fictitious bore tube resistivity representing the external
resistor in the approximation € = 0
minimum resistivity of bore tube = resistivity at 4°K

L/R time constant of coil circuit if bore tube were not
conducting

L/Rexr time constant of coil circuit if coil resistance Re-o

effective time of current flow in coil after quench
(depends on time evolution of current)

long time constant
short time constant

1
time constant produced by element Rtransient

(2.1)
(2.1)
(8.1)
(10.1)
(12.1)
(11.1)
(11.2)
(2.2)
(11.7)
(11.1)
(10.13)
(8.1
(8.1)
(4.6)
(7.2)
(7.2)
(5.1)
(10.9)
(10.12)
(4.3)
(5.1)

(2.1)

(5.2)
(5.2)

(12.10)

rec

. sec

sec

Q~-m

sec
sec

sec

sec
sec

sec



1
max

= € e ©
(ol

w
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L'/R' time constant of bore tube

. ]
L /Rl'nin
magnetic flux through one turn of magnet coil
flux in bore tube divided by M

initial value of long time constant component of

initial value of semall time constant component of ¢

(4.4) sec
(5.1) sec
(2.2}

6.2y A
(5.10) A
(5.11) A
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b) Computed constants

[3
SC 2 14.1
CJ - 1+rsc wire ( )
"uire =TDn, . (14.2)
’ LV .
“max 22 o (14.3)
wire "min
L
T - (14.4)
ext Rnxt
R V'
Vo ext
Pext 2 (14.5)
wire
1]
nin
r'r.nin - 3:;: (14.6)
Ve,max = Rext 1o if resistor is used (6.7

10) = yoltage given by the varistor characteristics if

varistor ie used

r
5 o=t Tymin (14.8)
0 l+r
T,min
v - R i
- _Gemax “ext 'L
Reransgent ™ 1 - 1 (24.9)
-] L
Teransient ™ = if varistor is used (14.10)
transient
1 2
Eo 3 L io (14.11)
E
] 2 .
hmﬂx = (14.12)
c' =p' h' = E‘LEE_".E (14.13)
max ext max (“Dnc)z
v L 2
g'* N ::xt (14.16)

Lk'* = Read from fig. 9
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¢) Functions to be plotted or to select on fipi. 4. S5, 7, 9 or 3

1 dh

FJ(T) = f; it dt ‘ (14.15)

G'(n') -f p' dh' (14.16)
‘2

g ) = __:.___ 14.17)
ah"

p'(h') (14.18)

d) Checks and rulcs

1) 1s v, acceptable?

ymax

2) If varistor is used, check that iL < ix,

3) Determine h'* such that

g'(h'*) = g'* from fig., 9 (14.19)
Then p'* = p'(h'*) from fig. 3 (14.20)
G'* = G'(h'%) from fig. 6 (14.21)
'
e. :—'* + g* + (%1)2 (1 + g?f‘)z (14.22)
o max max o
Is %: larger than 1?
[o]

if yes, the point (i*v*) on the varistor c¢haracteristics is good for a pes-

simistic evaluation of AT If no, another point with a higher i*, m v

J,L°

have to be chosen (see subsection 15c¢).

¢) Determination of ATJLAand ATJS

On the graph showing G'th') fig. 7 for aluminum bore tube, draw the straight line
between thg point of aebscissa h;ax on the h' axis and the point of ordinate c;ax on the

¢'axis. Read the coordinates hé and G; of the intersection with curve G(h')
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Compute
! T
At - Text Cf - _%EE
J,L 2 G;‘x

1f resiator is used compute

ET
ext
bty 2

If a varistor is used, compute

1]
AT - ____f:_¥£§_____
J,5 Toax
2(1+ ———)
transient

f) Burnout condition

Knowiny tSo' ATJS and ATJL'

compute
- ot ATJS + A-rJL
2
J.= 10 TJ
£ CJ
Read Tlim such that

£ (Tlim) = Jg

Tlim is an upper limit for the temperature in the coil. 1Is it acceptable?

(14.23)

(14.24)

(14.25)

(14.26)

(16.27)

(14.28)
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g) Further checks

1) The energy in the shunt will be less than our approxime*ion Rext £ which
1
is such that

E 2(A1 .. + 41,)
S
ext,f _ JT JL (14.29)
[} axt
Is this amount of energy acceptable for the shunt?
2)  Since our approximations overestimate E (see Section 8 and

ext,f
equation (8.3) for justification}, the energy EH' i5 underestimated by

EH',E' However,

Ege < Ej (14.30)
i.e. h' < h;ax (14.31)
On fig. 7, there is a temperature scale for h'. From this scale,
one can read a maximum temperature Tiim for the bore tube, the
temperature corresponding to h;ax'
h;ax = h'(Tiim) (14.31)

' ?
Is Tlim acceptable?

15. Revision of design parameters.

a) If the rules expressed in subsections l4d 1), 14d 2), 14d 3), the
burnout condition 14f) and the checks of l4g 1) and lég 2) are satisfied,
the magnet is really safe against burnout. Since our theory 1is pessimistic,
the temperatures will be lower than computed here.

b) If condition 14d 1) is violated another shunt with less volEagc for the

current io is nceded, a lower resistor or a different varistor.
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c¢) 1If a varistor is used and checks of subsection 14d 2) or 14d 3) are not
0.K., the circuit may still be acceptable, but the choice of the point (i*v*) on
the varistor characteristics may have been unfortunate. Another choice with a
higher value of 1%, but still smaller than 10. can be made. If all the checks
are 0.K. with any choice of (i*v*), the magnet is safe against burnout.

d) If a varistor is used and if the burnout condition of 14 f) shows that
Tllm is not acceptable, things may still be 0.K. if another chofce of (i*v*) is
made on the varistor characteristics, The next chofce should correspond to a
lower value of 1%,

e) If i* cannot be increased because of the result of 14d 2) or 1l4d 3), or
if a resistor is used, a violation of the burnout condition 14f imposes another
revisior of the circuit parameters. Another shunt with more voltage for the

same current may be considered.

f) An increase in shunt voltage is of course possible only until the
condition of 14d 1) is violated. Then, to abide with our rules, either the
number of turns n, should be decreased or the volume of the hore tube V' should
be increased. Of course, 1f n. is decreased, iD and Awire has to be increased
by the same factor tu maintain the same field and current density in the magnet.
(Sec¢ scetion 18.h)
g) If the check of subsection l4g 2) is not 0.K., the volume ;f the bore
should be fncreased.
h) If l4g 1) fails, the shunt capacity to take energy should be increaced
or, again, L could be decreased or V' increasea.
k) Of course, if the magnet parameters violate our rules, the magnet mav
still be O0.K. Our estimations are all pessimistic. It may be wise to first try a
very simple quench protection circuit and to test the magnet nondestructively
uslng the method of ref. 5. If necessary, the quench circuit can later be made more

sophisticated.
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Application to two examples of
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magnets protected by varistors.

Magnet Coils A and 33’4 TPC Magneé
D 1.05 2.09
v 0.020 0.22
| ) 14 14
h 1.82x107° 1.8x107°
Prain * )
rn 73 73
s¢ 1.0 - 1.65 6
Awire 7.8x10 2.4x10
a, 1667 2000
L 1.89 4,92
€ 0.022 0.0105
io 670 2115
tSo 28 ms 18 me(44ms)
varistor element 69 W 60100 68 W 60100
ns-# of elements in series 1 6
ny = of elements in parallel 8 30
1% 224 400
vk 1344 4000
2 ~13 ~12
<, Awire r é(l+r 3x10 3.6x10
2 =TD 1, 5500 13100
o g2 -10 -5
A= v'/zwire 6.6x10 1.28x10
1]
Toax ™ LA/pmin 0.69 3.5
= Lii/Z 420KJ 11 MW
W~ E Y 21 Mi/m’ 50 Mi/fn’
' - c-]_ ] . *
Tlim h (hmax) 75°K 110°K
R = VH/i* 692 10 R
Tex:/Z = L/2Rext 157 o <246 8
p! ext -2 Rext 4,0x10 1.28x10
- 0! 1
rT min . pmin/pext 0.46 0.142
iL o T min/( T, min+1) 211 263
i < ix 7 yes yes

(cont 1nued)
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Magnet Coils A and B TPC Magnet
t « 0! t . .
cmnx pext hmax 084 0 61’
Voax = U,) 1800 5800
trans (Vmax-gextiL)/({o'lL) 1.16 L@
- t
Tr,trans R rang Tmax/L 42 1.21
hY
g'* = G/v) o' 02 7.6x10711 5.9x10710
nix 1.8 M/m3 20 MI/m3
pre 2.15x10" 7 4,0x10"°
o' .005 .057
L) ]
w'R/my .09 0.40
Y )t
er/g .06 .09
/1 0.33 0.189
L] L]
Poe/P'* 1.86 3.2
1 L]
(/1 )(1+0% /0" %) 0.96 0.79
same thing square 0.91 0.63
E*/E 1.06 1.12
E*/Eo >17? yes yes
hy 13 uy/m’ 38 MI/m°
c'f .032 .148
- viar
Aty (Text/Z)(Gf/Gmax) 59 ms 57 ms
< Bt
ATJS meax/(1+rT-trans) 5 ms 8 ms
TJ = ts°+ATJL+ATJS 92 ms 83 ms (109ms)
T 2(ATJL+A1JS)/Text .41 .26
32 = 13c, 1.50x10*8 1.24x10*8
. 2
I=ipy 1.38x10%7 1.03x10%7 (1. 35x1017)
Ty = F1D 320°K 180°K (300°K)
Ecxt.f - Eo e 171w 2.9 MJ
Eext‘f/(n' n) - 21 kJ 16 kJ
Magnet 0.K. ? yes yes




17. Dependence on 10.

Consider a magnet with an adequate quench circuit designed according
to the rules of section 14, The design value of the current is 1od and the
magnet is safe for quenches when the current is 1od' When the current is
being turned on, the magnet may quench before the current reaches the design

value io Therefore, the quench circuit has to be adequate also when the

4
current has any value io < iod' This may look as an obvious property of the

quench circuit. We are, however, giving a full justification hereafter.

Following the checking procedure of section 14 for io < iod’ we will

compute new values for E , h' and G'_ . They will be reduced by the factor
o’ ‘ma max

X

(io/iod)z. GE, determined on a graph such as fig. 6,will be smaller than for

will be smaller too. A7.. will be the same for a

2
iod’ therefore i0 A js

5L
resistor in the shunt (equation 14.24) and smaller for a varistor. Our ex-

perience with induced quenchesz’4

shows that tg, increases when io decreases,
but 102 teo still decreases. It follows that Jf of eq. (14.27) is smaller

for io than i0 For a varistor, E¥* will be the same. Therefore the test

4
14.4 3) will be 0.K. for io if it is 0.K. for iod' The maximum. veltage is
smaller whetherthere is a resistor or a varistor in the shunt. It follows
that the quench circuit and the magnet satisfy the rules of section 14 for
any io < iod if it satisfies them for iod'

Below design value, the protection against destruction is actually
easier than at design value. Probably, one can often design a simpler quench
protection circuit that would satisfy the requirement of section 14 for a current
1, = iy < iod but that would not for i0 = iod' That simpler circuit can safely
be used to test the magnet up to iom' Since our requirements of section 14

are pessimistic, the simple quench circuit may happen to be adequate for quench

protection also when io = 1°d, in spite of the fact that it violates the rules of
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of section 14 for i = lod' To find out if such is the case, one can use the testing
procedure of ref. 5, first inducing quenches with currents lesas than iom
and augmenting the current step by step untill the burnout limit of ref., 5

fs reached. If that limit 1is above 10 s, one ends up with the simpler

d
quench circuit and it is safe. If the burnout limit of ref. 5 is below iod

*
then one may have to return to the sophisticated original design of the
quench circuit.

18. Solenolds with an iron yoke.

1f there is an iron yoke, the formulae for infinite solenoids can be applied.
a) Scaling in size.
It is possible to build solenoids with the same field, different diameters
D, different lengths & but with the same values of Tlim' Tiim and Vc,max according

to the procedure of section l4. As a function of the two variables D and &, it

is sufficient to scale all the parameters according to the following rules.

Thickness of the bore tube = e' ~ D (18.1)
Number of turns = n, ~ constant (18.2)
Current = 10 ~ % (18.3)
External resistor = Rext ~ 1/% (18.4)
Self inductance = L~ Dzll (18.5)
External time constant = T ~ D2 (18.6)
ext
Total energy E "~ DZE (18.7)
r t 1] ]
hmax’ Gmax and therefore Gf and hf are the same.
i, ~of (18.8)

We assume that the quench detection is set in such a way that tSO ascales like

ATJ, i.e like DZ.
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The product i§TJ ~ DZQZ (18.9)

To get the same Tlim’ Jf should be the same and CJ needs to scale

2
like DZE The simplest way is to keep r_  constant and scale A like
8BC wire

DL. This way the current density in the superconductor varies but it may
not matter. To keep the current density the same, one has to vary Awire and

L such that

T
scC 2 -l g2
Cj l+rsc Awire D° R (18.10)
3 - ———i——}l+rsC) ~ constant (18.11)
sc Awire

Of course, if one has to redesign a magnet and change its diameter or
its length, the rules for scaling above may not necessarily lead to the best

design, but they provide an easy solution.
b) Change in n,

For a given D, &, and field B the number of turns n, is a design paramcter that

can be varied to adjust v, and i0 without changing G;ax’ h! and therefore

,max max

Tiim a¥ Tlim' The corresponding scaling has to apply.

io ~ 1/nc (18.9)
Awire ~ 1/nc (18.10)
For a resistor
.~ 2
Rext ~ Pe (18.11)
For a varistor, the number of elements in parallel ™~ l/nc (18.12)
in series ~ n, (18.13)
i* ~ 1/nc (18.14)
Ye,max T e (18.15)
~ 2
CJ l/nc (18.16)
v + i ~R i 2. congtant (18.17)
c,max ] ext o
T =L ~ constant (18.18)

ext
ext
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¢) Determination of Tl

im
t 1
For a solenoid with an iron yoke, hmax' Gmax and Tex: amount to
2
B D
h! e S——— =5 (18.19)
max 15,10 7 e
G’ - 10-7 .E‘£..:°—2 -.‘LC_Lm.l&.i_o_ (18 20)
max 2% [ *
. WL . _ 8’ s .82 p? (18.21)
ext R 2 -7 2 -7
ext Rext iD 16%x10 Rext 10 32x10 Gmax

From h'_ _, G!' and a graph like fig. 6, we can determine G! and therefore
max’ “max £

the ATJ's of (14.23) to (l4.25). From them we determine Tlim using (14.26)

to (14.28).
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