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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 demonstratés the role of quench backvin the quench

protection of high current density superconducting solenoid magnets
Qith well-coupled shorted secondary ciréuits. The phenomenon of
"quench back™" cén be used to greatly reduce the size of an external
qguench protection resistor of even to eliminate-thevneed for an
external quench protection system altogether. A comparison is made
with conventjona] magnet quench protection 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 application, conventional cryostable1

" magnets are not appropri-
ate. The approach developed at LBL uses high current density super-
conducting coils which are closely coupled inductively to one or more

secondary circuits.2'4

Using superconductors at high current densities (j > 2 x 108 Am‘z)
requires an understanding of the quench process. When a secondary cir-
cuit is involved, an integral part of the quench process is quench back
between the secondary circuit and the superconducting coﬂ.5 Quench
back is defined as the process by which a secondary circuit drives the
superconducting coil (the primary circuit) normal faster than quench
propagation would permit. Quench back becomes a key element to being
able to safely quench large high current density superconducting solen-
0ids which have no external quench protection systemf

The quench process in a one-dimensional superconductor (with no

transverse heat transfer) can be characterized by the one-dimensional

equationsz
aT 2 .3 aT
CH= pJ +H k(ﬁ') (1)
where C is the specific heat per unit volume (Jm’3K"1); T is tempera-

ture (K); t is time (s); p is the electrical resistivity of the wire

_2)

(ohm-m); j is the current density (Am~“); x is the dimension along

the wire (m); and k is the thermal conductivity of the wire (wm‘lK‘l).

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



be rearranged into the form

. ] .
%; = J2 +%-?X_ (ao -:-;) : : : (2)
where F is defined as

T

F(T) =_~/P At - (3a)

0
and a the thermal diffusivity is

= k/C S | |  (3b)

Equation (2), which is nonlinear, can be simplified if certain
assumptions are made. The quench process can be divided into three
regions; the first two are not important in this ana]ysis.  The third
is. when a is small. (This region occurs. at temperatures above 30 K.)

When a is neglected, (2) takes the following approximate form:

aF _ .2
—E'-J
Equationr(4) is the so-ca]]edv"burnout“ equation, which is
commonly used in the electronics industry. This equation was applied

7" nen (8) is integrated at

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

takes the following form:

f __é._ydr _r_+1_ 2 ‘: ":'(t)zdt- (5)



where Tm islthe superconductor hot spot temperature (K), and r is
ratio of matrix material volume to superéonductor volume. C'andvp are
applied to the superconductor matrix material; jo is the cUrrent
density in the superconductor at fhe start of the quench; and

(t) = i(t)-/io where i(t) is the coil current during the quench and

[£9)

i, is‘the'starting current in the coil.
For a superconducting magnet to quench safeTy, TM must'be 400 K
- or less. For a typical copper-based high current density super-

17 ,2.-4

conductor, this means that F(T,) must be 1.7 x 10v7 A s or less.

)
(In thisfcase, J and jo are defined as the current density in the
superconductor plus matrix material.) Figurell shows F(TM) as é

function of TM for coppers and aluminums of various residual
resistance ratios (RRR).

Equation 5 ié a statement of the conditions needed to have safe
quenching of a superconducting magnet..'This équationvcan be app]ied
to magnets with or without a secondary circuit and it éan be applied
whether or not quenth back is present. This report presents the
equations for safe quenching of superconducting magnets with or
without a well'coupled shorted secondary circuit; The use of the
secondary circuit promotes quench back in superconducting coils which
are not well cooled. Quench back can aid conventional quench pro-

tection systems as well as make it possible for large superconducting

magnets to be quenched without an external quench protection system.
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As a review, quench protection of large superconducting magnets

7,3 In

without well Coup]ed shorted secondary circuits is presented.
general, cryostable magnets Qhere it is not desirable to dump the
magnét energy into the helium bath would not.use a shorted secondary
circuit. On the other hand, the use of a shorted secondary circuit
permits one to operate larger superconducting magnets above the cry-
ostable current density limit (J > 108 Am'z). The price one bays

for this circuit is that most of the stored magnetic energy will be
dumped into the coil and the secondary circuit where it must be re-
moved by the helium refrigeration. The shorted secondary circuit caﬁ
enhance quenéh protection, by permitting certain'novel quench protec-

4,9 The

tion schemes to be used, even when quench back is not induced.
coﬁditions for fail safe quench are pfesented. The use of quench back
to promote safe quenching without an external quench protection system
is discussed.

Safe gquenching of magnets without a secondary circuit

It is possible to design a magnet and an accompanying gquench
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 hot spot occurs in an infinitely small piece of
conductor). Thus, the coil energy must be removed by the quench pro-

tection circuit shown in Fig. 2a. The current decay is represented by:

i=ie M : o (6)
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Fig. 2 Electrical circuit diagrams of superconducting magnets with _

and without shorted secondary circuits.



~where T, the time constant of the coil circuit (s), is Ll/ReX-with L,
defined as the coil inductance (H) and Rex_as a constant external re-’

_ sistance. (In Fig. 2a, Rex is defined as Rl.)

| _r+l .2( 1 -
- FTy) =3, 7' t-S(J) v R o v(7)
.where jo is the starting current density in the superconducting 
matrix éhd’tsdviS'thé_time required to detect the quench and switch
on the resistor. If a constaht.resistance is used, the value of this
resistance Rex is:
.2
j _
. Yo r+l _ : _
ex ~ 2F(Ty - L o (8)

R

where Ll is the coil inductance, jo is the starting current density

in the matrix,:F(TM) is found in Fig. 1, and r is the normé] meta}

to Superconductor volume ratio. Thé maximum voitage.deve]oped>acr055'
the coil electricﬁ] leads (neglecting transients éssociated with sQitch

opening) is:

where io is the starting current.

In general,’one wants tq limit V, to some reasonable value. In
most superconducting magnets, the product of V0 and io has been
limited to around 106 W. .(The product of V0 and io can be

greater when the magnet current i_ is above 3000 A.) Thus one can

0
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 A2m"4s'° Thus, the operating limits for

superconducting magnets should be set so that

r+l 23

£ 3% - Voio F(Ty) =10 anln ' (10)

oY o

where E is the magnet stored energy (J); j, is the superconducting

0
matrix current density (Am'z); Y, is the maximum voltage across the
quench protection resistor_(v); io is the staffing current (A); and
F(Ty) is found in.Fig. 1.

In order to make substantial changes in the ong'limit given in
(10), one must'eithervchange the type of external resistor used or
employ a secondary circujt. The thyrite resistor or varistor is an
external resistor with nonlinear resistance. The resistance is low
high current and high at Tow. current. The resistance of a varistor
characterized by

R =R

= b-1
o(3) | (11)

with b on the order of 0.2 to 0.25. The starting resistance of the
varistor is Ro‘ The value of F(TMljin a circuit using a varistor

s

» T
0 = 5 5 (s o) o m

where Tl = Ll/Ro' As b > 0, the varistor circuit reduces F(TM)

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

at

is
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resistance Rex =R_. This is not an impréssive,gain. It should

0
be pointed out that varistor resistors are not good at abasorbing and
dissipating a lot of thermal energy, and they are expensive.

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 Timit is no longer a
function of quench protection parameters when a secondary circuit is
used. (The ong limit is a functidn of such things as maximum allow-
able strain in the superconductor).8

The well-coupled ldw resistance secondary éircuit‘wi]1 affect the
quench process in the following ways:

(1) Thé secondary circuit behaves as a shorted secondqry, which

causes a shift in current away from the coil to itself.

(2) The secondary circuit will absorb a substantial amount of the
magnet stored energy during thé quench process.

(3) Since the time constant for magnetic f]uxbdecay is long
cqmpared to the time constant for the initial coil current
decay, the transient voltages in_the magnet coii system are
reduced.

(4) A secondary circuit will greatly improve the performance.of
the varistor resistor and will permit other unusual types of
external quench protection syétems to be used (e.g. the center

tap discharge method4)°
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(5) The secondary circuit causes portions of the coil that
otherwise would not do so to go normal by ordinary duench:
propagation. This phenomenon is called "quench back."

The secondary circuit must be closely coupled, which means that

€ 5;0.05 where ¢ = (1 - M2/L1L2), where M is the mutua]-inductance be-
tween the supérconducting coil, which has a ;e]f—inductance Ll,'and

the secondary circuit, which has a seif;induttance L2° When an ordi-
naryvresistor is used for quench protection, the coil circuit timevcoh;
stgnt 7 is defined as LllRex (R

1
is. defined as L2/R2.

in Fig. 2b) and the secondary cir-

cuit time constantjr2 |
When Tl and TZ’ the coil and secondary circuit time constants,

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

following time relationship:

i —t/TL -t/rS
1= — [(Tl-rs)e- + (TL—Tl)e ] (13)
LS : ,
where, when ¢ is small,
Ty = L /R, (14a)
=Y, (14c)
eT, T

12

T. = (14d)
> 1T

2
M . :
e =1 - T (14e)
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When T, and T, are constant, the value of F(TM) takes the
following approximate form (no quench back is assumed):
2
T TS.

.2 1

*tso |-

A comparison of (7) and (15) shows that a low-resistance, well-
coupled.shortéd secondary circﬁit will reduce F(TM)_and the hot spot
temberature cohsidérab]y. Maddox and James7 pointed out that if the
secondary and primary circuits are_made from the same m
secondary circuit should be combined with the primary circuit (the
secondary circuit materia] becomes part of the primary cfrcuit sta-
bilized material) to yield a somewhat lower value of Ty (when guench
back is not present). If one makes the primary circuit from a
copper-based superconductor and the secondary circuit'from aluminum,
the hot spot temperature TM'will be lower for a given superconductor
plus secondary circuit mass when a well coupled secondary circuit is
used. (Note: when the aluminum is combined with the primary circuit
material, F(TM) will be lower for a given value of TM, which is unde-
sirable.)  The usé.of an aluminum secondary Ciréuit permits one to
reduce the over all magnet mass for a given hot spot temperature Ty
even when quench back does not occur.

If the external resistor is replaced by a varistor resistor, a
dramatic reduction in'TM results (even:when there is no quench back
present). The method for calculating M in this case is given in
Refs. 9 and 10. The varistor resistor required for protection is

very small when the secondary circuit is preéent. The coil energy



13

is deposited in the coil and the secondary circuif rather than in the
external resistor. Thyrite resistoré are quite expénsive, so it is
fortunaté that only a small amount of the thyrite material (simi]af
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
voltage across fhe terminals remains high,for some time dufing a
‘quehch. If the.termiha]s are ih the cryostaf vacuum; the magnet may
heat up, releasing frozen gases during this high voltage period. This
hazard must be considered when designing coifs.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 ]imit (say 400 K). Thus, fail-safe quenching without an
external resistor can be achieved. If one can control the quench
back time, then one can make the whole coil turn normal fast enough
to allow forffai1-safe,quench1ng.without an external quench protéction
system. |

The quench back time required for fail-safe quenching, tQBR’ is a
function of the maximum allowable hot spot temperature LIVE the normal
metal to superconductor volume ratio r, the starting current density

jo over the whole superconductor plus matrix, and the temperature,

T that the superconductor would achieve if the entire coil were to

s1°
turn normal .instantaneously.
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Using adiabatic theory, one can rewrite (5) so thatl1

~ toer

| : |
M | |
F(Ty) - F(Tgy) =j Ui ar -2 2w (16)
Ts1 | |

o

where F(T) is defined by (3a) and p, C, and E(t) are previously -
defined. ' |

The only assumption which may be applied to (16) is that

1]

(t) = 1. This assumes that the current in the conductor does not’
change'unti] after quench back occurs. (This assumption results in a
minimum value for tQBR°) Using (16), one can estimate tQBR:

e [F - FOg) |

LeBR = 71 > ' S

The temperature TM can be arbitrarily set, but TSl is a function

of the material contained in the superconducting coil and in all of

the coupled secondary circuits.

Using a more complete theory for quench evo]ution,11 TSl can

be found by solving the following integral equation for T51’
Ts1

6,(Tgp) =] vp(T)C(T)dT = FgI'J[;(t)zdt  (18)

o

where o(T), r, and C(T) are previously defined for the superconductor
matrix and E(t) is the electrical field in the superconducting

material which has been turned normal. The value of E(t) is very much
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a function of the various time constants of the secondary and primary
circujts as the coil energy is deposited in those windings when the
coil quenches;

There are equations similar to (18) that Ca]cu]ate G(T) and Tg
for each of the active circuits fn the magnet. At the end of the
quench, each circuit will have a different temperature TS’ and the
thermal energy deposited in all of the ciréuits must equal the initial
energy §tored in the magnet. For a magnet with only one well-coupled
secondary circuit, the equdtion of'thermal stéte-at the-ehd of the

quench takes the following form:

where L1 is the superconducting coil self inductance; 10 is the start-

ing current in the superconducting coil; Hl(TSI) is the enthalpy per unit
volume of the material in the coil circuit at a temperature Ts1s HZ(TSZ) is
the enthalpy per unit volume in the secondary circuit at a temperature TSZ’
Hl(To) and H2(To) are the enthalpies per unit‘voTume of the materials

in fhe’two circuits at the initial temperature Td. V1 and V2 are the

metal volumes in the two circuits.v Ca]culétions of Ts1 and T52 are not
easy to make with only a hand cé]cu]ator, so simplifying assumptions

are often made.

These.simplificationé are: (1) the temperatures of the coil and
secondary cifcuit are the same at the éhd 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.
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Once TSl has been.determined, the value of F(Tsl) can be
determined from Fig. 3 for various copper métrix superconductors.
Figure 3 gives F(T51) as a funétion of Ts1 and the residual
resistivity ratio RRR of the matrix material in the superconducting
wire. Table 1 gives F(TM) for various RRR at values of Ty = 300 K
and Ty = 400 K. It is interesting to note that F(TM)—F(T31) is
nearly constant for all values of residual resistivity ratio from 10

to 1000 as long as Ty > 65 K. In large coils one should set the

S1

value of T¢,-to 100 K or less. If T, is set to 300 K and T, is

16 AZm-4

M
set to 100 K, F(TM)'F(TSI) = 6.7 x 10

S1
s for copper-based

superconductors with matrix residual resistivity ratios of 10 to 1000.

Increasing T, from 300 to 400 K will increase F(Ty)-F( by about

M Tsy)

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 superconductor can be heated through quench
back. The form of quench back developed here is thermal quench back
which is caused by heating of the secondary circdit_from currents
transfered there. This heat is transfered to the superconductor
through the electrical insulation between the primary and secondary
circuits. (The development of the theory of quench back is described
elsewhere.s) When quench back.is considered, the value of the

external resistor Rex can be made smaller than one would calculate

using (15).
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Fig. 3 The value of F(TS) versus the temperature TS for coppers
of various residual resistance ratios (RRR) and for aluminum

(RRR = 25)
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Table 1. Values of F(Tw) for Ty = 300 K and 400 K for copper of
various residual resistance ratios (RRR) and for aluminum at

RRR = 25 -
F(Ty)
| (A2m4s)
Material ~ RRR - Ty =300K T, =400K
Copper 10 10.5 x 10'° 12.2 x 10'°
Copper 30 11.9 x 106 13.6 x 101
Copper 100  14.5 x 1018 16.2 x 1016
Copper 190 14.8 x 10'6 16.5 x 1016
Copper 200 © 15.4 x 1016 - 17.1 x 1016
Aluminium 25 | 4.0 x 1016 4.7 x 1016
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For a superconducting magnet with a single secondary circuit,
*
using adiabatic theory, one can define a function Fz_which is a
function of the integral of current density in the secondary circuit

squared with time:

| 0
Fy = FplTg) = FplTy) = | dp(t)%at ' (20)
Y .
where
_ : AHZ N : ," :
FTQ) - FplTg) = 5= - | (202)
and | |
()
Jp(t) = A, (20b)

where i, is the current in the secondary circuit; Acp is the
cross-sectional area of the secondary circuit; AH2 is the change in
enthalpy per unit volume of the .secondary circditlmaterial from To
to-TQ; Py is the resistivity of the secondary circuit materié]

(92 is a constant from O to 15 K); T is the starting temperature

0
of the secondary circuit; TQ is the temperature of the secondary

circuit that drives the supercdnducting coil normal through quench

back (T, is between 10 and 15 K); and t. is the time for the

Q

in order to induce quench back.

Q

secondary to heat up from T, to T

Q

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

and T are small) can be approximated by

N : v
2 1. : :
1y | (21)
N2 0
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where T and T, are defined by (14a) and (14b); N1 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 io is the starting current in the superconducting coil.

Using (21), one can redefine (20) to the following form:

tq

| fﬂ§:= | 'TTET ;i %2_ ? dt | - (22)
P2 172 "2 %2 |

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

made as follows:
(1) The current in the primary circuit drops only a little before
quench baék occurs (fz << Tl)f
(2) The energy dissipated in the coil and its secondary circuit is
small compared to the total magnetic energy in the coil before
quench back. » a
(3) The coupling between the coil circuit and fhé seCohdary

circuit is good (t, > TS)°

Q
(8) Quench propagation in the coil does not affect quench back
(the coil resistance is zero; R1 = Rex)°

When (22) is solved for t. using these assumptions, the following

Q
solution evolves:
' 2
t 2 B R B | (23)
Q ey [T2 N Ty

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

form:

L N A aH. 7 1/2
- 1 2 "¢ 2
Rex = [—" NI‘T;‘]E?TF’—] (24)
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where Ll"TZ’ N2, Nl’ Ac2’ AHZ, and Py have been previously

io’

defined. tQR is a function of the quench back time required for
fail-safe quenching, tQBR’ defined by (17). tQR is defined as
follows:

where T is defined by (14d); tSO is the time required to detect

the quench and switch in the resistance R, ; and t, is the time

H
associated with heating the superconductor and the insulation between

the superconductor and secondary circuit by heat conducted from the

5 tH has a value of 0.03-0.04 seconds when the

insulation thickness between the superconductor and the secondary

secondary circuit.

circuit is 0.5 mm. When the insulation thickness is increased 1.0 mm,
tH increases to 0.08 to 0.10 seconds.

Before using (24), one should make sure tH is less than tQBR‘

One should also check Tse If Rex is small (which means T is

large compared to Tz), T = efz. 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
Tl/Tz. The full form for Tg must also be used. Equations (14a),
(14d), and tﬁe modified form of (23) can be.solved iteratively to
yield a minimum value for Rex‘

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

12

Projection Chambef (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, L; ’ | 4.5 H
Number of turné, N1 . 1800
Stérting current, 10 2300 A
) Starting turrent density, jo , 6.5 x 108 Am'2
Copper to SUperéondUctor rqtio, r "~ 1.8
Temperatufe, Ts1' | ' 80}K-
Hot spot temperature, Ty . 400 K
F(Ty) in matrix (RRR = 100) 1.62 x 10Y7 AZmds
Required quench back time, tQBR - 0.15' s
Switching time for resistor 0
Secondary Circuit Parameters
Circuit time constant, L2/R2 ' : 5s
Number of turns | 1
‘Secondary circuit cross section&l _ :
area, Ac2 _ - 3.15 x 10-2m2
Enthalpy change from To to Tg | '
(Tq = 15 K) 4.9 x 104 J
Secondary circuit resistivity, P 10-9 m
=1- M2/L1L2 0.01

Heat transfer period, tH - | ~0.08 s
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~a 3.3 m long, 9.5 mm thick aluminum bobbin is used as a quench back
element. Table 3 compares the starting resistahce for various
external quench protection resiétors 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 exﬁernal ordinary quench protectidn resistor. The per-
formance of a varistpr resistor is enhanced by the secondary circuit.
The reduction is even greater when‘quench back from the secondary cir-
cuit is consideréd. Quench -back as an aid to quench protection using
an extérnal resistor is planned for the Collider Detéctor Facility
(CDF) thin solenoid at the Fermi National Laboratory in the United

States..13

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

Controlled quench back as a method of safe quenching 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 caused by
heating from currents induced in the secondarybcircuit by the growing
resistance of the coils as the normal region probagated within the
‘superconducting coil.

If a-supercohducting magnet turns completely normal fast enough

(in a time less than t ), no external quench protection system is

QBR
needed. If the growth of resistance can be controlied and if the current
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Table 3. Resistance of an external quench protection resistor and its
peak voltage for safe quenching of a magnet with parameters
given in Table 2.

o
R v
Quench Protection System ex max
o () (V)
Magnet coil without a secondary circuit and with ' R
a normal resistor (Eq. (8)) . 9.07 20860
Magnet coil without a secondary circuit but with _ -
a varistor resistor, b = 0.2 (Eq. (12)) ~ 6.48> 14900
Magnet coil with. a secondary circuit and ' I |
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 back?® 0.37P 850
Magnet coil with a secondary cifcuit and a

normal resistor and quench back (Eq. (23)) - 0.29 670

3 See Ref. 10 for the method of calculation
b Resistance of the varistor at 2300 A

€ Excludes the transient voltages associated with the opening of the
~quantum protection switch
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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 section pre-

Q8’
sents 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 secondary circuit in thermal contact wifh the superconducting
coil (e.g. the superconducting coil is wound on top of a secondary
circuit) can be calculated with the following approximate expression:

tqs = tg * ty |  (26)
where tQ is the pgriod associated 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 insu]ation.
between the superconductor and the secondary circuit by heat inducted
from the secondary circuit (see (15) in Ref. 5). Note: A shorted sec-
ondary circuit which is bi-filar with the superconducting coil will be
well coupled to it inductively and thérma]]y,'but such a circuit will
slow dan the normal region propagation within the superconducting coil.
The secondary circuit should be placed to minimize tH yet the normal
region propagation in the coil should not be affected.

tQ'can be calculated using (20) where jz(t) is defined by
v(20b); and 12 is defined by (21).‘ Here T is not a constant; in-
'stead, 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 un-

derstand 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 coii thick-
ness is small compared to the coil radius such that a three-dimensional
quench changes to a two-dimensional quench quick1y).

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

If the normal region propagation within the coil is two-

dimensional, the expression for tQ is:

27 1/5 |
x L1RoNoA o
t. = 5F2 v<|_ > | o (27)

2Ro2MeVL T,

where F; is determined by (20) and (ZOa) and Table 4. Ll, L2, Nl’

N2, RZ’ io, and Ac2 are previously defined. 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 regionvvelocity along the wire VL’ The normal region
velocity‘ratio.a for a coil with rectangu]ar conductors can be

expressed as:

piK. . » 1/2
e (28a)

when b'/b is greater than 0.5, and as:
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Table 4. Enthalpy of various materials as a function of temperature

from 4.5 to 15 K.

Temperature

Enthalpy (J m™>)

Aluminum Coppera Nb-Ti2 Epoxyb

4.5 11620 1600 8800 9000
5.0 2100 2230 11300 13000
6.0 3270 - 3830 17200 24000
7.0 4860 6330 24900 40000
8.0 17020 9790 34700 62000
10,0+ 13200 21400 — 120000
12.0 22400 40100 — 200000
15.0 48600 95200 — 360000

d5ee Reference 10

bestimate
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oK. 1/2 |
«=0.7 [LlT‘ a %%I | (28b)
C ' )

when b'/b is less than'O‘S. ki

%

is the thermal conductivity of the in-
sulation between turns; o, is the resistivity of the matrix material
in the superconductor; r is the normal metal (matrix material) to super- .
conductor volume ratio; L is the Lorentz number (L = 2.45 x~lO_8 QWK'Z);
and Tc is the critjcal temperature 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 = 5' when there aré no rounded corners on the
- rectangular conductor); and S is the thickness of the insulation
between turns.

For thin superconducting coils with round conductors, the ratio of
turn-to-turn to longitudinaf normal region propagation velocity a
takes the same form as (28b) except thét a is defined as tﬁe 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:

Rgp = ;% (=l | | (27a)

.where Nl’ P1s and r are previously defined;'fl1 is the length of

the solenoid ((27a) assumes that the quench propagates from the end

of the solenoids; ifbthe quench propagates from the center of the
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solenoid,-RO2 is doubled); and AC1 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 solutions for tQ are:

2413
N R Pt i~ I / | (29)
o *7 " | Felgr e ) | |

when t* = tl (dne—dimensiona] propagation is from turn to turn, as
would be the case in a long solenoid), where t* is the shorter of two

times tl1 or t2, which are defined as follows:

'Nal
tl =y (30a)
L
and
21 : '
12 = — . ’ : (30b)
aVL
where al'is the radius of the solenoid; 215 @ and VL have been
previously defined.
The resistance function ROl’ which has the units Qm'l,'is
defined for the case where t* = tl1 as follows:
2na, N;o
1 "1°1 r+l
Ro1 = T— =& (29a)

where 3, £1, Nl’ 1> 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
L2913 |
. :t2+[%t<ﬁ%%ﬁﬁ.> ]/ - a1
| Q 2 2 \LRyiMV 7,

where Ry takes the form:

2N5o ,
171 r+l (31a)

) S
where Nl’ °1; r and AC1 are previous]y defined.

Equations (27), (29), and (31) can be used to define tQ for. a
thin so]enoid, 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
_ Wy T al Nl ,
Ll - 21 gl(ala Q'l) 9 (3_3)
- Mo T ag Ng - |
L, = —f'_EE____ g,(25,25) , (32b)
o, 27 a, N
L2 2.2
Ry A , (32¢)
c?

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

the average radius of the secondary circuit coil; Ql is the length
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of the superconducting coil; 22 is the length of the secondary cir-
cuit coily; N1 is the number of turns iﬁ the supercbnducting coil;
Nz_is the number ofvturns in the shorted secondary;-p2 is the
resistivity of the secondary circuit material; and Ac2 is the cross-
sectional area of the secondary cirCuit, gl(al;zl) and 92(52’22)
are geometric factors for the solenoid. (g1 and g, are one when

the solenoid is very long or bounded by unsaturated iron poles.).
-7 Hm‘l).

0
is the maghetic permeability of vacuum (go =4q x 10

Since the coupling between the primary and secondary circuit is
good, 51 ='a2 and 21 = 12. Therefore, the geometric factors 9 and
95 are to first order, equal to one another. Thus (30a) and (32b)
can be used for L1 and L_2 in the general case with no iron.

The value of F; is given by (20) and (20a). F; is a function of

nothing but AH2 and Poe The turn-to-turn to longitudinal qUénch

velocity ratio a is defined by (28a) and (28b), and R,, and R

02 01 P
(27a), (29a) and (3la). When one makes the appropriate substitutions

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

200 aHyp, LT, 23%,° 1/5
= | = (33)
91 r V J
- for a two-dimensional quench in a thin solenoid from (27):
: 2 1/3
3aH,p, LT 2

Q =7 3 2 . 2
oy TV g
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when t* = tl, the one-dimensional quench from (30); and

. . 2 11/3
R0 D 1 W ()? (35)
Q 7 2 v 2 . 2 r+l: :
1 L Yo

when t* = t2, the one-dimensional quench from (31). Note that AHZ,

Pos L, TC, al,' 1> P> T VL’ Jgs tl and t2 have been previously

defined. is the turn-to-turn to longitudinal propagation function,
defined as:
T =k, (a/S)(b'/b) ~ (36a)

1

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

T ='0.5 k; (afs) | : . (36b)

for rectangular conductors with b'/b less than 0.5. (Equation (36b)
can be épplied'to round conductors if a is defined as the conductor
diameter.)

We find from (33), (34), and (35) that quencﬁ back in a solenoid

is a function of several variables: (1) the resistivity of the

029
secondary materia]; (2) AHZ, the enthalpy 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-
conddcﬁor yo]Ume ratio in fhe tonauctor; (5) j0, the starting current.

density in the conductor, "and (6) V., the quench velocity along the

L:
wire at a current density jo. ,(VL is a function of jo as well;
from Fig. 4, one can use VL = 2.65 x 10"15 Jj 1°8. See Ref. 16

0



34

2

has a jo

for Karlsruhe-measured data where V relationship.) The

L

quench back time t, is also a function of various coil geometric

Q
factors and, where applicable, it is»also a function of I, the con-
stant which determines the turn-to-turn quench propagation.

From (17), one can see that tQBR is also a function of r and jo.
The reduction of'tQ which results from increasing jo and decreasing r
is more than compensated for by a reduction in tQBR' Thus, from a
practica} standpoint, the only functions which can make a change in tQ
without changing tQBR in a given superconducting magnet are £os AHZ,
and f1- | |

Changes in Py and AH2 go together; £y and AH2 are functions of the
type, not the amount, of material used in the secondary circuit. The
amount of material in the secondary circuit or circuits does affect
QBR but not tQB' (The secondary circuit absorbs energy from the
magnetic field; therefore, T

t
s1 is reduced when the amount of material
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 magnet (this circuit needs very']itt]e material
and should be very closely coupled to the superconducting coil), while
a second circuit absorbs a substantial portion of the magnef stored
energy (which increases tQBR)’ Such a pair of secondary circuits
has been used in the TPC magnet.12’16917

The parameter with the largest effect on quench back time tQB is

Pi> the resistivity of the superconductor matrix material. If one
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wants to reduce tQB by réducing-tQ, one can_increase £p- 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 superconductor filament size,ls

When.p1

is increased substantially, stability must be considered. Unfortu-
nately there are no direct experimental measurements of the effect of
ey ON tQB' ..

The theory for calculating quench back time tQB and the required
quench back time for fail-safe quenching tQBR has a number of aisump_
tions, and there is nqt much experimental data. on the effects of
changes in parameters such as AHZ, Pos and Py - The theory appéars
to be conservative when compared with experimental 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 t .. One can also

QB
predict tQBR and compare it with measured tQB data.
Figure 5 shows the calculated values for tQB and tQBR in the B
solenoid built by LBL.lg The measured quench back time tQB s

shown. The open square and triangle shows that the calculated value

of the hot spot temperature TM (based on measurements of the inte-

2 dt) is less than 300 K. The filled square and triangle

gral of j
show a calculated value of Ty greater than 300 K. In reality the
hot spot temperéture in B coil did not become higher than 300-400 K
because the insulation around the superconductor absbrbed alot of
the heat generated within the superconductor. The coil was safely
quenched even when the current density in the conductor was as high

9 2 20

as 1.25 x 107 Am™° during a run at Sanida National Laboratory.
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Faj] safe quenching using controlled quench back is suited to in-
direct cooled solenoids (coo]ed'with two phase helium in tubes near
the coil) similar to those built by LBL. The'higher the magnet stored
energy, the better the coupling between the primary and secondary cir-
cuit must be. Controlled quench back should extend the range of self
protected superconducting magnet considerably once the needed experi-

mental work as been done.
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