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THE ROLE OF QUENCH BACK IN QUENCH PROTECTION OF A
SUPERCONDUCTING SOLENOID

M. A. Green -

Engineering and Technical Services Division
Lawrence Berkeley Laboratory
University of California
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ABSTRACT
This report demonstrates the role of quench back in the quench

protection of high current density superconducting solenoid magnets

with well-coupled shorted secondary circuits. 'The:phenomenon of

"quench back” can be used to greatly reduce the size of an exterha]
quenﬁh protection resistor or even to‘éliminate the need for an
external quench protection system altogether. A comparisoh is made
with conventional magnet quench protect%on systems with and without a

closely coupled secondary circuit.



The Lawrence Berkeley Laboratory (LBL) has been building large
superconducting solenoid magnets for high energy physics applications
for some years. These magnets have required a minimum amount of
material between the inside and outside surfaces of the solenoid. In

this app1icatioh, conventional cryostab]e1

magnets are not appropri-
ate. The approach developed at LBL uses hfgh current density super-
conducting'coils which are closely coupled inductively to one or more
secondary c1’r‘cu1”cs.2'4
Using superconductors at high current densities (i>2x 108
Am'z) requires an understanding of the quench process. When a
secondary circuit is involved, an integral part of the quench process
is quench back between the secondary circuit and the superconducting
toi1.5 Quench back becomes a key element to being able to safely
quench large high current density superconducting solenoids which have

no external quench protection system.

The quench process in a one-dimensional superconductor .can be

characterized by the one-dimensional equation6:
aT 2 .9 aT
C -a—E= pJ + B(- k<3—X) . . (1)
where C is the specific heat per unit volume (Jm'3K'l); T is tempera-

ture (K); t is time (s); o is the electrical resistivity of the wire
2); x is the dimension along

the wire (m); and k is the thermal conductivity of the wire (Wm'lK"l).

(ohm-m); j is the current density (Am~

C, o, and k are nonlinear functions of temperature. Equation (1) can



be rearranged into the form

E-Feik (= F) (2)

where F is defined as
S T ‘ i '
F(T) = f %dT (3a)
[e]

and o the thermal diffusivity is

a = K/C | | (3b)

Equation (2), which is nonlinear, can be simplified if certain
aésumptions are made. The quench‘brocess can be divided into three
regions;'the ffrst two are not impoftant in this analysis. The third
is when a is small. (This region occurs at temperatures above 30 K.)

When o is neglected, (2)‘takes the following apbroximate form:
aF _ .2
Eo o (4)

Equation (4) is the so-called “burnout" equation, which is
commonly used in the electronics industry. This equation was applied

7 When (4) is integrated at

to superconductors by Maddock and James.
the superconductor hot spot (the point of origin of the quench), it

takes the following form:



where TM is the superconductor hot spot temperature (K), and r is
the matrix material to superconductor ratio. C and p are applied to
the superconductor matrix material; jo is the current density in the
superconddctor at the start of the quench; and =(t) = i(t)/iO where
i(t) is the coil current during the quench and io is_the starting
current in the coil.

For a superconducting magnet to quench séfe]y, TM must be 400 K
or 1e§s. For a typical copper-based high current density super-
17 2 -4

conductor, this means that F(T,) must be 1.7 x 107" A°m 's or less.

)
(In this case, j and jo are defined as the current density in the
superconductor plus matrix material.) ngure 1 shows F(TM) as a

function of TM for various residual resistance ratio (RRR) coppers

- and aluminums.

Safe quenching of magnets without a secondary circuit

It is possib1e:to design a magnet and an'accompanyinquuench
protection circuit that is safe against burnout. The most pessimistic
assumption one can make is to assume that the superconducting coil has
zero resistance (the hof spot occuré in an infinitely small piece of

'conductor). Thus, the coil energy must be removed by the quench

protection circuit shown in Fig. 2. The current decay is represented

by:
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Fig. 2 E]ectricai circuit diagrams of superconducting magnets with

and without shorted secondary circuits: (a) coil without

the bore tube; (b) coil with the bore tube



where BE the time constant of the coil circuit (s), is L/Rex with
L defined as the coil inductance (H) and Rex as a constant external

resistance. (In Fig. 2, ReX is defined as Rl')

F(Ty = 5 52 <;—1 * tso> | | m
where jo is the starting-current.density in the superconducting
matrix and tSO is the time required to detéct the quench and switch
on the resistor. If a constant resistance is used, the value of this
resistance Rex is: |

.2

Ja .

. -0 r+l _
Rex = 7F v -+ L ' (8)
where L1 is the coil inductance, jo is the startihg current density

in the matrix, F(TM) is found in Fig. 1, and r is the normal metal

vto superconductor ratio. The maximum voltage developed across the

coil electrical leads is:

where io is the starting currenf. ’

In general, one wants to limit V0 to some reasonable va]ﬁe. In
most superconducting magnets, the product of V0 and 10 has been
Timited to around 106 W. Thus one can define a 1imit over which one

should not operate a magnet. From Fig. 1, one can see that F(TM)



for a copper-based superconducting magnet is about 1017. Thus, the

operating limits for superconducting magnets should be set so that
= 1023 (10)

where Eo is the magnet stored energy (J); jo is the superconducting
matfix current density (Am'z); V0 is the maximum voltage across the
quench protection resistor (V);'iO is the starting current (A); and

F(TM) is found in Fig. 1.

2
0

In order to make substantial changes in the on limit given in
-(10), one must either change the type of external resistor used or
employ a secondary circuit. The thyfite resistor or varistor is an
external resistor with nonlinear resistance. The.resistance is low at
high current .and high at Tow current. The resistance of a varistor is

characterized by
R =R ()P ' (11)

with b on the order of 0.2 to 0.25. The starting resistance of the
varistor is Ro' The value of F(TM) in a circuit using a varistor

is:

_rtl 2 (71
F(Tw) = == Jg (’rb ' tso) (12)
where Ty = Ll/RO. As b » 0, the varistor circuit reduces F(TM)

to two-thirds of the value that would be obtained using a constant

This is not an impressive gain.

resistance Rex = Ro'



PLd

Safe quenching of magnets with a secondary circuit but no quench back

A closely, inductively coupled low resistance secondary circuit
permits one to increase the superconductor current density jo for a
given stored magnetic energy Eo. " The ong 1imit is no longer a
function of quench protection parameters when a secondary circuit is

used. ({The ong limit is a function of such things as maximum allow-

able strain-in_the'superconductor.).8

.The well-coupled Tow resistance secondary circuit will affect the

quench process in the following ways:

(1) The secondary circuit behaves as a shorted secondary,vwhich
causes a shift in current away from the coi]xto itself.

(2) The secondary circuit will absorb a substantial amount of the
magnet stored energy dUring the gquench process.

v(3) Since the time constant for magnetic flux decay is long
compared to the time constant for the initial coil current
decay, the transient voltages in.the magnet coil system are
reduced.

(4) A secondary circuit will greatly improve the performance of
the vari;tor résistor and will permit other unusual types of
external quench protection systems to be used (e.g. the center
tap discharge methodg).

(5) The secondary circuit causes portions of the coil that
otherwise would not do so to go normal by ordinary quench
propagation. This phenomenon is called "quench back."

The secondary circuit must be closely coupled, which means that

e < 0.05 where ¢ = (1 - M2/L1L2). M is the mutual inductance
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between the supérconducting coil, which has a self-inductance Ll’

and the secondary circujt, which has a self-inductance L2. When an

ordinary resistor is used for quench protection, the coil circuit time

constant T is defined as L1/Rex (R1 in Fig. 2) and the secondary

_circuit time constant iz is defined as L2/R2.

Whén T, and Té, the coil and secondary circuit time constants,

respectively, are constant, the current i in the coil has the

following time relationship: -

i -t/T

. o
i = - [(1,-Tc)e
T=Ts [ 1S :

-t/fs

" (e

where, when ¢ is small,

Tl = L1/Re}<
T2.= Ly /Ry
LI
Ts“z ;%%;%
1.

When Tl and TZ are constant, the value of F(TM) takes the

following approximate form (no quench back is assumed):

v(14a)‘
 (14b)

(lﬁc)r

(14d)

(14e)



v
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| r+l .2 Ti Ts
FiTy = 5L 52 |t T1+T2)+ 2+ te| - (15)

A compérison of (7) and (15) shows that a low-resistance, well-

coupled shorted secondary circuit will reduce F(TM) and the hot spot

temperature considerably. Maddox and James7 pointed out that if the

secondary and pkimaryvcircuits are made frdm the same material, the
secondary circuit can be combined with the primary circuit to yield a
Somewhat lower Va]ue of TM (when quench back is not present). If

one makes the primary circuit from a copper-based superconductor and
the secondary circuit’from aluminum, then a lower hot spot temperature
TM will occur for a given superconductor p]us‘éecondary circuit

mass. (Note: when the aluminum is combined with the primary circuit,

‘a lower value for F(Ty) is required for a given value of Ty.)

If the external resistor is replaced by a varistor resistor, a
dramatic reduction in TM results (when there is no quench back
present). The method for éa]cu]ating‘TM is given in Refs. 9 and
10. The varistor resistor required for protection is very small wﬁen
the secondary circuit is present. The coil energy is deposited in the
coil and the secondary circuit rather'thah in the external resistor. .

Thyrite resistors are quite expensive, so it is fortunate that only a

- small amount of the thyrite material (similar to ferrite) is required.

The options for external quench protection systems will be compared
later.
Before leaving the varistor resistor, we should point out its

major disadvantage. When a magnet quenches through a varistor, the
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voltage across the terminals remains high for some time during a
quench. If the terminals are in the cryostat vacuum, the magnet may
heat up, releasing frozen gases during this high voltage period. This
hazard must be considered when designing coils protected by varistor
resistors.

The quench back time required for fail-safe quenching

If the whole superconducting coil turns normal fast enough, the
superconductor hot spot temperature TM will be below its maximum
allowable 1imit. Thus, fail-safe quenching can be achieved. If one
can control the quench back time, then one can make the whole coil
turn normal fast enough to allow for fail-safe quenéhing;

The quehch back tfmg required for fail-safe quenching, tQBR’ is
a function of the maximum allowable hot spot temperature TM, the
nofma] metal to superconductor ratio r, the starting current density
jo over the whole supercondhctor plus matrix, and the temperature,
TSl’ that the superconductor would achieve if the entire coil were

to turn normal instantaneously.

Using adiabatic theory, one can rewrite (5) so that11
v teBR
C(T) r+l .2 Y

where F(T) is defined by (3a) and o, C, and =(t) are previously
defined. '
The only assumption which may be applied to (16) is that

(t) = 1. This assumes that the current in the conductor does not

(1)
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change until after quench back occurs. (This assumbtion results in a

minimum va]ue_for tQBR') Using (16), Qne can estimate}tQBR:

_r |FTy) - F(gy)
QBR ~ r+l .2
‘]O

t (17)

_ The temperature TM can be arbitrarily set, but TSl is a‘function
of the maferia] contained in the superconducting coil and in all of
the coupled secondary circufts.

Using a complete theory for quench evolution, TSl can be found

by solving the following integral equation for TSl:

Tsy

0

where o(T), r, and C(T) are previously defined for the superconductor
matrix and E(t) is the electrical field in the Superconductiﬁg
material which has been turned normal. The value of E(t) is very much
a function of the various time constants of the seconddry and primary
circuits as the coil energy is deposited in those windings when the
coil quenches.

There are équat{ons similar to (18) that calculate G(T) and TS
for each of the active circuits in the magnet. At the end of the
quench, e;ch circuit wiil have a different temperature TS, and the
thermal energy deposited in all of the circuits must equal the initial

energy stored in the magnet. For a magnet with only one well-coupled
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secondary circuit, the equation of thermal state at the end of the

quench takes the following form:
v P v
EO = Ll 10/2 = Vl[Hl(TSI) - Hl(To)] + V2[H2(T52) - HZ(TO)] (19)

where L1 is the superconducting coil self inductance; 10,15 the staft-
ing current in the superconducting coil; Hl(TSI) is the enthalpy per
unit vo]ﬁme of the material in the coil circuit at a témperature TSl;
HZ(TSZ) is the enthalpy per unit volume in the secondary circuit at a
temperature TSZ‘ Hl(To)vand H2(T0) are the enthalpies per unit volume
of the materials in the two circuits at the initial temperature TO.

Vq and V, are the metal volumes in the two circuits. Calculations of
TSl and Tszrare not easy to make with only a hand calculator, so
simplifying assumptibhs are often made.

These simplifications are: (1) the temperatures of the coil and
vsecondary circuit are the same at the end of the quench and (2) the
structural and insulating material does not absorb any of the energy
during the quench. Making these assumptions is not totally satisfac-
tory, but generally the resulting error in TSl is on the conservative
side.

Once TSl has been determined, the value of F(Tsl) can be
determined from Fig. 3 for various copper matr{x superconductors.
Figure 3 gives F(TSl) as a function of TSl and the residual

resistivity ratio RRR of the matrix material in the superconducting
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wire. Table 1 gives F(TM) for various RRR at values of TM = 300 K
and Ty = 400 K. It is interesting to note that F(TM)'F(TSI) is
nearly constant for all values of residual resistivity ratio from 10
to 1000 as long as TSl > 65 K. In large coils one should set the
value of T¢, to 100 K or less. If Ty s set to 300 K and T, is

set to 100 K, F(Ty)-F(Ts;) = 6.7 x 1018 A2m % for copper-based
Superconductors with matrix residual resistivity ratios of 10 to 1000.
Increasing Ty from 300 to 400 K will increase F(TM)-F(TSI) by about

25 percent.

The role of quench back in the quench protection of a magnet with an
external resistor

Quench protection of a superconducting magnet with a secondary
circuit is enhanced if the bore tube can be heated to cause quench
baék. whenAquench‘back is considered, tﬁe value of thevexternal
resistor Rex can be made smaller than one would ca]cu[ate using
(15). (The development of the theory of quench~back-is described
e]sewhere.s)

For a superconducting magnet with a single secondary circuit,
using adiabatic theory, one can define a function F; which is a

function of the integral of current density in the secondary circuit

squared with time:

Fp = FplTg) = Fp(T) = | 3y()%at (20)
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Table 1. Values of F(Ty) for Ty = 300 K and 400 K for copper of
various residual resistance ratios (RRR)

and for aluminum at

RRR = 25
F(T,,)
(Azm'4s)
Material RRR. TM = 300 K TM'= 400 K
Copper 10 10.5 x 101 12.2 x 106
Copper 30 11.9 x 1018 13.6 x 100
Copper 100 14.5 x 1010 16.2 x 1010 .
Copper , 140 14.8 x 1016 16.5 x 1010
Copper 200 15.4 x 1016 17.1 x 1016
~Aluminium 25 4.0 x 1016 4.7 x 1016
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where
AH2
F(Tg) - Fa(Ty) = DY | (20a)
and
i,(t)
J,(t) = A (20b)

where 12 is the current in the secondary circuit; AC2 is the

- cross—-sectional area of the secondary circuit; AH2 is the change“in
enthalpy per unit volume of the secondary circuit material from T0
to TQ; Py is the resistivity of the secondary circuit material

(92 is a constant from 0 to 15 K); T0 is the starting temperature
of the'secondary_circuit;VTQ is the temperature of the secondary
circuit,that drives the sUperconducting coil normal.thfough quench

back (TQ'is between 10 and 15 K); and t. is the time for the

. Q
secondary to heat up from T0 to TQ in order to_induce quench back.

The current in the secondary circuit for a well-coupled system (e

and T, are small) can be approximated by

=

2 T1+T2

T N
2 1 .

where T and 1, are defined by (14a) and (14b); Ni is the number

2
of turns in the primary circuit (the superconducting coil); N2 is

the number of turns in the secondary circuit from which quench back is

induced; and i_ is the starting current in the superconducting coil.

)
Using (21), one can redefine (20) to the following form:
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8H, [ N, i, 72 _
< 2 = T | (22)
12 "2 %e2

°2
)

Equation'(22) can be solved for tQ if severaT assumptions are

made as‘follows:

(1)‘The current in the primary circuit drops only a little before
quench.back occufs (T2 << Tl).

(2) Thé energy disﬁipated in the coil and its secondary circuit is
small compared to the total magnetic energy in the coil before
quench back; o |

(3) The coupling between the coil ciréuit and the secondary

).

circuit is good'(tQ > T
(4) Quench propagation in the coil does not affect quench back

S

(the coil resistance is zero; R1 = Rex)‘

When (22) 1is solved for tQ using these assumptions, the following

solution evolves:

2
aH, | Ty N, A : .
172 "c2
tq = _2 [?-'N_‘_%_] / : - (23)
0

Equation (23) can be solved for Rex directly in the following

form:

e ]
2 ™M Yo J[P2qr .
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where Ll’ T2, N2, Nl? AcZ’ io’ AH2, and Ps have been previously
defined. tQR is a function of the quench back time required for
fail-safe guenching, tQBR’ defined by (17). tQR is defined as

follows:

t = toam - <tH ‘o f2 + tso)} | (25)

where T_ is defined by (14d); tey 1S the time reduited to detecf
the guench and switch in the resistance Rex; and tH is the time '
associated with heating the superconductor and the insulation between
the supercohdﬁctor and secondary circuit by heat conducted from the
secondary circuit.5 tH has a va]ué of 0.03—0.04 seconds when the
insulation fhickness between the superéonductor and the secondary
circuit is 0.5 mm. Wheﬁ the insulation thickness is increased 1.0 mm,
t, increases to 0.08 to 0.10 seconds. | ”

Before using (24), one should make sure tH is less than tQBR'
One should also check T If Rex is small (thch means %1 is
large compared to r2), T = €Ty One must check to see that the
basic assumptions behind (24) are met before applying the equation.
If they are not, one must use (23), substituting (T1+T2)/T2 for
1/1,. The full form for t_ must also be used. Equations (14a),
(14d), and the modified form of (23) can be solved jteratively to
yield -a minimum value for Rex' |

Table 2 presents the parameters of a magnet similar to the Time

12

Projection Chamber (TPC) magnet built by LBL. It is assumed that
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Table 2. Parameters of a superconducting magnet and its secondary
circuit

Magnet Parameters

Self inductance, L1 o 4.5 H

Number of turns, N1 | | , 1800

Starting current, 10 _ ' ‘ 2300 A

Starting current density, jo 6.5 x 108 Am"2
Copper to superconductor ratio, r 1.8

Temperature, TSl u 80 K

Hot épot temperature, TM _ 400 K

F(T,) in matrix (RRR = 100) | 1.62 x 1017 a2m*s
Required guench back time,'tQBR | 0.15 s

vSwitching time for resistor - ' | 0

]

Secondary Circuit Parameters

Circuit time constant, L2/R2 5s
Number of turns 1
Secondary circuit cross sectional -

area, Acp 3.15 x 10-2m2
Enthalpy change from Ty to Ty

(Tq = 15 K) 4.9 x 104 J
Secondary circuit resistivity, o, 1072 om

Y

e=1-M /L1L2 | 0.01

Heat transfer period, tH 0.08 s
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a 3.3 mlong, 9.5 mm thick aluminum bobbin is used as a quench back
element. Table 3 compares the starting resistance for various
external quench protection resistors Rex and the peak voltage across
that resistor for various types of quench protection systems;

Table 3 shows that the addition of a secondary circuit reduces the
.values of an extérnél ordinary quench protection resistor.. The per-
formance of a varistor~resistor‘is enhanced by the secondary circuit.
The reduction is even greater when quench back from fhe secondary cir-
cuit is considered. Quench back as an aid to quench protection using
an external resistor is planned for the Collider Detector Facility
(CDF) thin so]enoid at the Fermi National Laboratory in the United

State_s.13

Quench back, if properly controlled, can be used for safe
quenching of magnets without an external resistor.

Controlled quench back as a method of safe quench1ng without an
- external quench protection system

The preceding section showed that thermal quench back can reduce
the value of an external resistor used for quench protection of a
superconducting magnet with a closely coupled secondary circuit.
Reference 5 shows that quench back is an important element in the
quench protection of two LBL test solenoids with closely coupled
circuits and no external quench protection. Quench back was induced
by the growing resistance of the coils as the normal region propagated
within the superconducting coil.

If a superconducting magnet turns completely normal fast enough

(in a time less than tQBR)’ no external quench protection system is
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Table 3. Resistance of an external quench protection resistor and its
peak vo]tage for safe quench1ng of -a magnet with parameters

given in Tab]e 2.

R )
Quench Protection System €x max
N (Q) (V)
Magnet coil without a secondary circuit and with :
a normal res1stor (Eq. (8)) 9.07 20860
Magnet coil without a secondary circuit but with _
a varistor resistor, b = 0.2 (Eq. (12)) 6.48b 14900
Magnet coil with a secondary circuit and
a normal resistor, no quench back (Eq. (15)) 2.51 5770
Magnet coil with a secondary circuit and a ;
varistor resistor, (b = 0.2), no quench backd 0.37b 850
Magnet coil with a secondary circuit and a
0.29

normal resistor and quench back (Egq. (25))

670

a  See Ref. 10 for the method of calculation

b Resistance of the varistor at 2300 A
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needed. If the growth of resistance can be controlled and if the
current is transferred to the secondary circuit fast enough, fast
quench back (where the whole superconducting coil turns normal) can

occur such that t the quench back time, is less than tQBR' This

Q8”
section presents the conditions favorable for fast quench and hence
for fail-safe quenching without an external quench protection system.
The quench back time for a superconducting magnet with a closely
coupled éecondary circuit in thermal contact with the superconducting
coil can be calculated with the following approximate expression:
teg = tg * ty (26)

B  "Q

where tQ is the period aésocfated with the shift of’current from the
superconducting coil to the secondary circuit and the heating of the
secondary circuit to a temperature TQ (about 10 K), and tH is the
period.associated with heating the superconductor and the insulation
between the superconductor and the secondary circuit by heat inducted
from the secondary circuit (see (15) in Ref. 5).

tQ can be calculated using (20) where j2(t) is defined by
(20b), and 12 is defined by (21). Here T is not aAconstant;
instead, it starts out at infinity and gets smaller as the resistance
of the coil grows. The theory for the growth of the coil resistance

is discussed in some detail in Ref. 5. The important thing to

understand is whether the quench is predominately three-dimensional,
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two-dimensional, or one-dimensional. In Ref. 5, expressions for tQ
are developed for thin coil superconducting solenoids (the coil thick-
ness is small compared to the coil radius such that a three-dimensional
quench changes to a two-dimensional quench quickly).

The approximate expressions for tQ devéloped in Ref. 5 are as
follows: | |

If the nbfma] region propagatidn within tHé coil is two-

dimensional, the expression for tQ is:

27 15 |
- L RN A |
S e < 172"2"¢2 > | | | (27)
A | |

Q 2 >
- \LoRpoNyaV) "1

*

where F2 is determined by (20) and (20a) and Table 4. Ll’ L2, Nl’

N2, R2, i and AC2 are previously dgf1ned. VL can be determined by

measurement or by the method given in Ref. 14. (Measured normal region

"~ propagation velocities along the wire made by LBL are shown in Fig. 4.)

a is the ratio of turn-to-turn normal region propagation velocity to
the normal region velocity along the wire VL‘ The normal region
velocity ratio a for a coil with rectangular conductors can be

expressed as:

(28a)

K b* r+l] 1/2
r

-]
]
—
| o
[y
-
—t
(% [-Y

when b'/b is greater than 0.5, and as:
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~Table 4. Enthalpy of various materials as a function of temperatufé
from 4.5 to 15 K.

Enthalpy (J'm'3)

Temperature Aluminum® Coppera Nb-Tid Epoxyb
4.5 1620 1600 8800 9000
5.0 2100 2230 -11300 13000
6.0 3270 3830 17200 24000

7.0 4860 6330 24900 40000

8.0 7020 9790 34700 62000
10.0 13200 21400 — 120000
12.0 ‘ 22400 40100 — 200000
15.0 - 360000

48600 95200

35ee Reference 10

bEstimate
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R 1/2 |
«=0.7 [LlT‘ g_r;i] (28b)
C

when b'/b is less than 0.5. ki is the thermal conductivity of the
insulation between turns; 01 is the resistivity of the matrix mate-
rial in the superconductor; r is the normal metal (matrix material) to -

-8 2) '

superconductor ratio; L is the Lorentz number (L = 2.45 x 107~ QWK™ °);
and Tc'is the criticaT temperatufe of_the superconductor (use TC =7 K).
The values of a, b, b', and S are given as follows: a is the width of
the conductor in the turn-to-turn propagation direction; b is the
thickness of the conductor; b' is the width of the flat face at the
edge of the conductor (b = b' when there are no rounded corners on. the
rectangular conductor); énd S is the thickness of the insd]ation
betweenAturns.

- For thin.superconducting coils with round cohductors, the ratio of
turn-to-turn to longitudinal normal region propagation velocity o
takes the same form as (28b) except that a is defined as the diameter
of the round conductor.

The resistance function ROZ’ which has the units of Qm‘z,

takes the following form for a thin solenoid magnet:

R = Elil_ (=L
02' RlAcl r

(27a) -

where Nl’ 01> and r are previously defined; 21 is the length of
the solenoid ((27a) assumes that the quench propagates from the end

of the 'solenoids; if the quench propagates from the center of the
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solenoid, R02 is doubled); and Acl is the cross-sectional area of
the superconductor (matrix material plus superconductor).
If the normal region propagation within the coil is one-

dimensional, the approximate so]utions for tQ are:

| 211/3 ‘
ty = 5+ 3F;< LlRZNzAsz. > ] (29)
Q LoRo1MieV 1o :

when t* = tl (one-dimensional propagation is from turn to turn, as
would be the case in a 1ong.solenoid), where t* is the shorter of two

times tl or t2, which are defined as follows:

.nal '
tl = \} (303)
L
and )
g |
£ - & ' (30b)
aVL v . :

‘where 3 is the radius of the solenoid; 21’ a, and VL have been

previously defined.

The resistance function ROl’ which has the units Qm'z, is

defined for the case where t* = tl as fo]Tows:

S

01 - vll ACl r

R (29a)

where a1» 21, Nl’ P1s Acl’ and r have been defined previously. A
quench started at the center of the coil will have double the value

given by (29a).
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The second form of one-dimensional propagation occurs when t* = t2
(one-dimensional propagation along the wire, in a short solenoid);

t, has the following approximation for this case:

Q
27 1/3
LR, N,A
12 *x [L1RN A
tg=7* [3Fz (ﬁw—\m> ] (31)

2011L o

where ROI takes the form:

2N 0 . : :
1°1 r+l
= , (31a)
01 Acl r v

R

where Nl’ s ¥ and Aci are previously defined.

Equations (27), (29);_ahd (31) can be used to define tQ for a
thin solénoid, but a better‘understanding of the quench process
requires further modification of these equations.. If one assumes that
a thin solenoid is well coupled to its shorted secondary‘circuit (e is

small), Ll’ L2, and R2 are defined as follows:

2 .2 .
MmNy |
L, = -——337-—- 9(a1.4) (32a)
Yo T ag Ng
p, 27 a, N :
R2 - 2 " 2 2 , (32¢)
c2 :

where 3 is the average radius of the superconducting coil; 2, is

the average radius of the secondary circuit coil; 21 is the length



of the superconducting coil; L5 is the length of the secondary cir-
cuit coil; N1 is the number of turns in the superconducting c011§

N, is the number of turns in the shorted secondary; Ps is the-

2
resistivity of the secondary circuit material; and Ac2 is the cross-
sectional area of the secondary cifcuit.- gl(al,zl) and gz(az,ﬂz)
are geometric factors for the solenoid. (gl and g, are one when

the so]énoid is bounded‘by uhsaturated iron poles.) Mg is the

1).

magnetic permeability of vacuum (u = 4= x 10~ Hn~
| Since-the coupling between the-primary and secondary circuit fs,
good, 3 = 3, and 21 ='22. Thérefore, the geometric factors gi and
g, are to first order, equal to one another. Thqs_(30a) and (32b)
can.be used for Ll and L2 in the general case with no iron.

“The value of F; is given by (20) éhd (20a). F; is a function of
nothing but AH2 ahd Po- The turn-tofturn to longitudinal quench
velocity ratio a is defined by (28a) and (28b), and R02 and Rgp bY
(27a), (29a) and (3la). When one makes the appropriate substitutions

into (27), (29), and (31), one gets the following forms:

200 aHyo, LT, 258, 1/5
ty = | — ¢ ()3 (33)
°1 * 'L Jo
for a two-dimensional quench in a thin solenoid from (27);
2 1/3
t. = t1+ 3AH2°2 LTCQ’]. ( r )3 (34)
Q-2 3ry2.2 'rid

°1 L Yo
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when t* = t1, the one-dimensional quench from (30); and
11/3

)’ o (35)

2
2 .2
L Jo

L t2
tg =7+

o% v
when t* = t2, the one-dimensional quench from (31). Note that AHZ,
0oy Ly Tos 315 295 095 s Vs J5s tl and t2 have been previously
defined. I' is the turn-to-turn to longitudinal propagation function,

defined as:

I =k, (a/S)(b'/b)} ' (36a) -

for rectangular conductors with b'/b greater than 0.5 (see (28a)) and

I = 0.5 k; (af$) | | (36b)

for rectangular conductofs with b'/b 1es§ than 0.5. (Equation (36b)
can be applied to round conductors if a is defined as the conducior
dfameterf) ._

We find from (33), (34), and ﬂ35) that quench back in a solenoid
is a function of several variables: (1) £ the resistivity of the
secondéry material; (2) AHZ, the ehthalpy change in the secondary
needed to induce quench back; (3) P> the resistivity of the matrix
material in the superconductor; (4) r, the matrix material to super-

conductor ratio in the conductor; (5) j., the starting current

0,
density in the conductor, and (6) VL’ the quench velocity along the

wire at a current density jo. (VL is a function of jo as well;

from Fig. 4, one can use V_ = 2.65 x 107> j 18, see Ref. 16
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for Karlsruhe-measured data where V, has a jg relationship.) The

L
quench back time tQ is-also a function of various coil geometric
factors and, where applicable, it is also a function of T, the con-
stant which determines the turn-to-turn quench propagation.

From (17), one can see that t is also a function of r and jo.

QBR
The reduction of tQ which results from increasing jo and decreasing r
is more than compensated for by a reductiohvin tQBR’ Thus, from a
practical standpoint, the only functions'which can make a change in tQ
without changing tQBR in a given superconducting magnet are P05 AH2,
and P~ |

Changes in Py and AHZ\QO together; Py and AH2 are functions of the
type, not the amount, of materiai used in_the secondgry circuit. The
amount of material in tﬁe secondary circuit or circuits does affect
tQBR but not tQB' (The secdndary circuit absorbs energy from the
magnetic fié]d; therefore, TSl is reduced when the amount of.materia1
- in the secondary circuit increases.)

One can use two secondary circuits to promote quench back and
absorb energy from the magnetic field. One secondary circuit can in-
duce quench back in a maghet (this circuit needs veryilittle material
and should be very c]osely coupled to the superconducting coil), while
a second circuit absorbs a substantial portion of the magnet stored
energy (which increases tQBR)' Such a pair of secondary circuits
has.been used in the TPC'magnet.lZ’ls’17
The parameter with the largest effect on quench back time tQB is
P the resistivity of the superconductor matrix material. If one
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wants to reduce tQB by reducing tq, one can increase 01~ This
has its price, however, in reduced superconductor adiabatic and
dynamic stability. Up to a point, one can compensate for this reduced

stability by reducing the suberconductor filament size.18

When f1
is increased substantially, stability must be considered. Unfortu-
natély there are no direct experihenta] measurements of the effect of -
°q on tog- | o

The theory for calculating quench back time tQB and the required
quench back time for fai]—safe quehching tQBR has a number of assump-
tions, and there is not much experimental data on the effects of
~ changes in parameters such.as‘AHZ, 095 and Ppe The theory appears
to be conservative when compared with expériménta] data taken at LBL.
For example, the A and B solenoid experimental data described in Ref.
5 showed that one can predict the quench back time tQé. One can also
predict tQBR and compare it with measured tQB data.

Figure 5 shows the calculated values for tQB and tQBR in the B

19

solenoid built by LBL. The measured quench back time tQB is

shown., Thé open square and triangle shows that the calculated value

of the hot spot temperature TM (based on measurements of the integral

of j2 dt) is less than 300 K. The filled square and triangle show a

calculated value of TM greater than 300 K. In reality the hot spot

temperature in B coil did not become higher than 300-400 K because the

19,20

coil quenched safely at all currents up to 920 A. In addition,

a later run at the Sandia National Laboratory showed that B coil could

be safe}y quenched at 960 A.20
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quench back time in the B solenoid (see text) as a function
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