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NOMENCLATURE

The.gymbolé uséd in this reportlaré liéted and'defined Seiow. In
most cases the symbols are defined again as they are used in the téxt.
The units corresponding to the symbol éefinitions are the standard SI
electrical and mechanical units. T?é eféctffcal S&stem utilized is a
rationélized MKS system with the bermeabiiity:of Qacuum set equal to
Yo = bm x 10°7 mm~1.

In general, superscripts are not used with the exception of t*,

tk% FZ*, sz*,‘a', and b' which are defined here and in the text.

-

Subscripted symbols are divided into two ca;egories. They are: the
letter subscripts which define thé unit and the numerical subscript unit
which defipeg which circuit the unit applies to. In general, a sub—
script of 1 abplies to the superconducting qoi%éand subscript of 2
appliesvtovthe.secohdary_circuit qpich is the source of quench back.

In most cases,'stgndard symbol not?tion is used so that one can guess

what'the symbol is by looking at the equation and reading the text.

. L .
A . . J . L vy
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Symbol

al

az

Acl

A2

Be2

cl

c2

c3
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Meaniﬁg of the Symbol .

long dimension of a rectangular
superconductor (see Fig. 6)

long face dimension of a rectaﬁgular
superconductor (see Fig. 6) ' :

average radius of a superéonducting
solenoid coil R

average radius of -a solenoidal shorted

secondary circuit which induces quench
back’ o ‘

cross—section area of the super-
conductor plus matrix material

cross-section area of the secondary

circuit material which induces quench
back ' '

short dimension of a rectangular
superconductor (see Fig. 6) '

short  face dimension of a rectangular
superconductor (see Fig. 6)

magnetic induction

time rate of change of magnetic
induction

lower critical magnetic induction of a
superconductor

upper critical magnetic induction of a
superconductor ' o

insulation thickness between the short

faces of a rectangular conductor (see
Fig. 6) : v
insulation thickness between the long

faces - of a rectangular conductor (see

insulation thickness between the turns

of round superconductor (see Fig. 6)

Units
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c(T)

d1

d2

d3

E(t)

F(T)

Fl(T)

F2(T)
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Meaning of the Symbol

insulation thickness between the
superconducting coil and the quench
back secondary circuit

volume specific heat as a function of
temperature

volume specific heat of the super-
conducting material

length of half of a coil turn

coil width perpendicular to the turn
direction o

coil thickness perpendicular to the
turn direction

superconducting filament diameter

mean distance between superconducting

filaments in a multifilamentary
superconductor

round. conductor wire diameter (see
Fig. 6)

stored magnetic energy in the magnet.
before the start of a quench (at a
current i)

electric field in the conductor as a
function of time t

integral of specific heat per unit ~
volume over electrical resistivity as

a function of temperature T as defined

by Eq. (1)

F(T) integral applied to the super-
conductor circuit as a function of T

F(T) integral applied to the secondary
circuit which induces quench back as a

function of T

Units.

Jn~3k~1 »

Jm~3x~1

Azm"4§

Azm-és
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Fa

et

g1{ay,2y)

g2(a2,21)

G(T) -

H(T)
Hm(T)
AH2

AHgo

AHy

W

AHg

AH;-

[}
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Meaning of the Symbol

change in integral Fo(T) needed to
make the secondary circuit hot enough
to induce quench back (see Eq. (13))

< F 1ntegral dlfference s1mllar to

F2 as defined by Eqs. (30a) and
(30b)

solenoid inductance function as a

~function of a; and 2; which applies

to the superconducting coil (for an iron

bound solen01d, gl—l)

solenoidal 1nductance %unction as a
function of aj and %9 which applies

to the shorted secondary circuit quench-
back -is induced from (for an iron bound
solenoid gp=1)

integral of specific heat per unit
volume times electrical resistivity as
a function of temperature T as defined

by Eq. (3)
enthalpy per unit volume
enthalpy per unit mass

enthalpy change per unit volume in the
secondary circuit needed to induce
quench back

enthalpy change per unit volume in the

superconductor needed to drive it
normal AHge = AHg + AHy

enthalpy change per unit volume due to
change in magnetization of the super-
conductor (see Eq. (21b))

sensible enthalpy change per unit
volume needed to drive the
superconductor normal

change in enthalpy per unit volume in
the installation between the super-
conductor and the quench back circuit
needed to induce quench back

Units

A2yt

AZn4
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i
ig
Ji(t)

Jz(t)

J.(B,T)

——-

Meaning of the Symbol

initial current in the superconducting
coil circuit before the quench starts

superconducting coil circuit current

current in the secondary circuit which

induces quench back

current density ‘in the overall section
of the superconductor

current density in the overall section
of the secondary circuit which induces

~ quench back

superconductor critical current density

(superconductor only) as a function of
magnetic induction B and temperature T

starting current density in the overall
superconductor section o

thermal conductivity of the insulation

‘between superconducting turns

thermal conductivity of the insulation
between the superconductor and the
shorted secondary circuit which causes
quench back

thermal conductivity of the super-~
conducting material

superconducting solenoid length

shorted secondary circuit solenoid

length (this circuit causes quench
back) '

superconductor twist pitch
Lorentz number (L=2.45x10"8 wor2)
superconducting coil self inductance

shorted secondary circuit which causes
quench back self inductance

Units

Am—2

wm"lK_].

wm_lK-l

wm"lK—l

w
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Y
Bt =)

Mactive

Mjg
N
N2

N¢

R(t)

R]

Ry
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Meaning of the Symbol

self inductance of the mth circuit

mass of the superconductor plus all
shorted secondary circuits which make
a significant contribution to quench
protection

the mutual inductance between circuits
1 and 2

number of turns in the superconducting
coil '

number of turns in, the secondary
circuit which induces quench back

number of coils in a multiple super-
conducting coil system (Ng is the
number of coils on a single pair of
leads) ’

normal metal to superconductor ratio

coil resistance as a function of
time t .o . .

coil resistance e

secondary circuit, which causes quench
back, resistance

resistance of the mth circuit
the resistance of a single one of Ng
coil when the superconductor is just

above its critical temperature

the resistance of an external resister
across the terminals of the super-
conducting coil :

coil resistance coanstant for a one

- dimensional quench

colil resistance constant for a two
dimensional quench-

Units

kg



tl
t2

t3

*d

ty

CQB

tQBR
tQR

tso
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Meaning of the Symbol

coil resistance constant for a three
dimensional quench

time

time to propagate a quench one half a
turn length

time to propagate a quench from turn
to turn a distance d2 (the coil width)

time to propagate a quench from turn to
turn a distance d3 (the coil thickness)

the shorter of tl or t2
the longer of tl or t2

time to heat the insulation and super-
conductor from the quench back element

- time to bring the quench back element

from temperature T, to temperature
Tq

calculated quench back time

required quenéh back time for safe
passive quenching of the magnet

time tn required for safe passive
quenching of the magnet

time required to switch on an active
quench protection system

temperature

superconductor critical temperature
(it is a funcétion of current density
and magnetic induction)

hotspot temperature in the super-

conductor which is allowed (usually
300 X)

starting temperature of the super-
conductor before the quench starts

Units

4
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Meaning of the Symbol

temperature in

the secondary circuit

which will induce quench back in the
superconducting coil (usually 10 X)

temperature in
circult 1f the
normal at time

temperature in

circuit if the

normal -rat time

temperature in

from which quench back was induced after

the superconductor

coil becomes cbmpletely‘n

zero (also known as Tg

the superconductor

coil becomes completely
zero (also known as Tg)

the secondary circuit

a time of infinity

temperature of other secondary circuits

3 through m at

Quenéh velocity along the subertonductor
(vy, is primarily a function of J and B

the end of the quench

material volume in a circuit

turn to turn quench velocity ratio in

direction d2 (to get quench velocity in

this direction multiply a by VL)

turn to turn quench velocity ratio in

direction d3 (to get quench velocity in

this direction multiply R by vp)

turn to turn quench velocity ratio in a
direction perpendicular to a round wire
.conductor

gamma function

for turn to turn quench

velocity defined by Eq. (32a)

one minus the coupling coefficient

between the superconducting coil ‘and the

secondary circuit defined by Eq. (lle)

electrical resistivity as a function of

temperature T (this applies only to
materials in the normal state)

Units

wm"’lK-l
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P1

P2

T1

T2
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Meaning of the Symbol

electrical resistivity of the super-
conductor matrix material

electrical resistivity of the secondary
circuit material in the circuit which
induces quench back

time constant for the superconducting
coil circuit as it goes normal (defined
by Eq. lla) :

time constant for the secondary circuit
which induces quench back (see Eq. (1l1b)

time constant of the mth circuit
(see Eq. 15b)

a coupled circuit long time constant
defined by Eq. (1llc)

a coupled circiut short time constant

‘defined by Eq. (11d)

permeability of vacuum
(yo = 4nx10"7 Hm~1)

Units

2

L



1. Introduction

Mo§t4of,the work on large supefcoﬁduétiﬂg magnets has'seen based
on the concept of cryostability. Moét of.the supercoﬁdu;iing magnets
with étofed energies_above»BﬁJ usé cry&stéﬁilized conaﬁctgré. The
coancept of cryostabilify iﬁplies_éhat tﬁere is_sufficient helium in
direct contécftwich the superconductor to inshfe good heat transfer in>
order to keép instabilities in the superconductor frdm driviné the
magnét normal.! | o |

Because iargé intriﬂsically stablé supérconducting maénets have
been cénsidefed riskyluntil recently, many magnéts builders would not
consider this approach when building lafge magneté. The use 6fvhigh
cur?en;Idensity super;onductdrs (current densities‘well'asove the |
cryéstability'limit of 108 Am-zjkoffefs a nﬁmber ;f adv;ntéges in
large supercondﬁcting magnets iﬁcluding: reduced ﬁagnef coid mass and.
size; increased aécess to the‘deviée requiring ;he.magnetic field; more
efficient helium cooling Qith enhanced c:yogenié safety; and reduced
consfruction cost., | |

The use of high current density conductors (witﬁ.matrix current
densities.above 1.5 x 108 an~2) requiresvcareful atgénéion.to
problems iﬁ (a) quench prqtecgion, (b)-magnetic sﬁrain and training,
and (c) cooling systeﬁ-design. The design of a 1arge adiabétically
stable“magnet is quite differeht fr;m the désign-of either a large
cryostable magnet or small high current density magnets. Qﬁench

protection becomes very important when one builds large high density

superconducting magnets. This problem is addressed in this report.
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A superconducting magnet will quench safely if its energy is
removed fast enough to insure that the integral of current»density
squared with time in the superconductor is small enough that the hot
spot temperature in the superconductor-belo;‘some value-(say 300K).
 As the stored energy of the superconducting magnét increaseé, the.tiﬁq
. constant for ég;rent decay will élso in;;;ase in most.casesjatva i
constant cufrent density in the conductor. As the sﬁperconductor
current density increases, the time consfaﬁt for current_&ecay must get
smaller in order to keep the'hot spot temperature low enough. As ;hev

stored energy of these magnets increases, the conventional solution is

to use an active quench protection system to protect the coil by

reducing the time constant for current decéy.2 fﬁe ;onventiohél
approach is to discharge fhe éoil through an eiternal fégistor. If th;k
current density in the coil is not too high or if the stéred energy of
the coil is not too high, this approach.will work. The conventional
active quench protection system has limits.which are usually bounded Ly
an E; Jy2 limit of around 1023 JAzm_4.3b‘(Note E, is the.maénet

stored energy dumped into the protection resistor aﬁd J, is the ;onductor
matrix current density.) See Fig. 1.

The Laﬁrence Berkeley Laboratory has built and tested high currént
density magnets which use closely coupled shorted secondafy circuits as
an integral part of.the magnet quench protection system.4 Using
these circuits the EJ? limit‘in the superconductér could be increased
up to values of 1025 JAzm;a. (This limit is oftén deterﬁined by | h
mechanical stress rather than quench prétection.S) Ihe role of fhe

closely coupled shorted secondary circuits is as follows:
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1) Current is shifted from the superconductor to the
sgcondary circuits induptively, which reduces hot
spot temperature in the superconductor.

2) The secondary circuits can absorb a substantial amount
of the magnet stored energy during the quench.

3) Since the rate'of flux decay is slower than the rate of
current decay in the supercoﬁducting coil, the voltages in
the magnet system during a quench are reduced over the
same superconducting coil without secondary circuits.

4) The ;horted secondary circuits permit some unusual types
of external active quench protection to be used (i.e., the
§aristor resistor or the center tap discharge systems).

5) The shorted secondary circuits causes the whole coil to
become normal in a time which is smaller than would occur
by ordinary normal regi&n propagation within the

"quench

coil.®® This phenomena will be referred to as
back".3s3
Before continuing our discussion of the shorted secondary circuit
concept, it is useful to point out this concept was thought of before

2 discussed the concept of a

the LBL experimenté. Maddock and James
coupled secondary circuit and its usefulness in protecting cryostable
magnets. The paper concluded that the shorted secondary circuit
material would be better used if it were combined with the primary
circuit. This conclusion is probably porreét in cryostable magnets

which are protected by an ordinary resistor, but we believe this

conclusion does not hold in high current density magnets where quench
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back occurs. Maddock and James did not look at some of the unusual
active quench protection systems studied by LBL‘(i.e., the varistor

resistor.) The shorted secondary circuit-improves'thé'performante of

the varistor résiéfor‘quench protection system whether or not quench
’ . ¢ E '

back is present (All that is required is good coupling between the

primary and secondary circuits.)

Za .

The role of well coupled.shorted.secondary_circﬁits in the active

quench protection of high current density magnets is described in a

number of LBL publications (see references 3,7,8,9‘and 10). This

report deals with the_cdhcept of protecting large high current density

magnets without using active external quench protection circuits. In

other words, this reports suggests how one might design coils which can
be quenched in a fail safe way using passive elements which are part of
the coil itself. (It shduld be pointed out that one might well have an

active quench protection system in order that hot spot temperatures be

" reduced.)

~One approach to.passive quench protection of lafge high cufrénﬁ
density superconducting magnepsvis to use the phenomena of quench back
from one or more secondary circuits built into the magnet to drive the
entire coil do;ﬁal fast énough to insure safe quenching. - At LBL, we 
found experimentally that a one ﬁete; diameter solenoid could be self

protected even when the current density in winding was as high as

1.17"x 109 am~2.%4:5,9 a1l that was required was a closely

coupled 1100 aluminum bore tube. As magnet size and stored energy

,
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grow, the design of the secondary circuit system becomes more impor-
tant. In large magnets, such as the TPC magnet, a simple 1100 aluminum

bore tube is not good enough to fully insure passive quench protection

>

at full design cuffent.

The theory developed in this report is a simpiified_ciosed form
theory which is similar to a largér theory which has been under devel-
opment at LBL for over a year.11 The central element of this theory
is quench back and the integral of J squared with time put into the

‘coil hot spdt while the.coil is tu;ning_completely normél. This'repo;t
shows the eésenti&l elements involved.in the thermal quench back
process. ﬁsing this report, one should be able to make a first‘cut
design of a.largebhigh current density ;;gnet which h;s shérted
secondary circuits. The equations are simple enough to permit hand

calculations.

2. ° The Quench Back Time Required in order to Insure Safe Passive

Quench Protection

There is a maximum quench back time (the time it takes the whole
magnet to go normal through quench back) which determines the limit of
fail safe quenching. If the actual quench back time for a given magnet
design is less than this maximum quench back time, the quench will

always be safe without active quench protection.,

The quench back time required for fail safe quenching is a
function of the maximum allowable hot spot temperature Ty, the normal
metal to superconductor ratio r of the superconductor, the starting

current density J, over the whole supercoanductor plus matrix, and the
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temperature the superconductor matrix would achieve if the entire coil

where to turn normal instantaneously Tgj.

12

Using adiabatic theory'< which assumes no heat -transfer out of -

-the superconductor'matrix one finds'that

T t
. M QBR
- CET) gp - Xl 2
F (T\)-F (Tg)) jT ) dT = : fo J ()%, (1)
sl S

where, C(T) is the superconductor specific heat per unit volume as a
function of temperature T; p(T) is the superconductor matrix resis-
tivity as a function of T; Ji(t) is the current density in the super—
eonductor plus the matrix as a function offtine te tQBR is the
maxinum required”quench back time in_order to achieve safe quenching
without an active protection system;vaduation‘l assumes that none of
the magnet stored energy is dissipated resistively from time t=0 to v
t=tQBR' (This assumption minimizes the d1fference between FI(TM)

and F1(T31)).

-

Using the assumption that the current den81ty in the super—

conductor does not change between t"O and t—tQBR (th1s is a conserva-

P

tive assumption) one can estimate a lower limit value for tQBR using

the following equation:

2
\



F(T,)-F(T.,)
¢ - M 51 - ) (2)
QBR 1""1) JZ ’ '
r (o]

where - J, is the starting current density in the superconductor plus
it's matrix; r is the normal metal to superconductor ratio for the

superconducting wire;

. _ TM .
- c(T) .
F (1) = IO o> 9T s (2a)
and
. T .
S1

_ c(T) | |

F (TSl) = fo = 9T - _ o (2b)

The temperature TM (the hot spot temperature) is arbitrarily
chosen depending on the type of damage to the coil one wants to
prevent. In most cases one chooses a value of TM around 300K. The
value of Tgy; is a function of the mass and material contaihed in the
superconducting coil and the shorted secondary circuits.

In the full theory which has been developed at LBL the value of
Tgy can be found by solving the following integral equation for Tg;

Tgy w

2 .
6,(Tg) = fo p(T)C(T)AT = ?ET 'jo E(t) “dt (3a)

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

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

There are equations which are similar to Eq. (3a) that calculates
G(T) and Tg for each of the active circuits in the magnet. At the
end of the quench, each circuit will have a different temperature
Tg. Also at the end of the quench, the thérmal energy deposited in
all of the circuits must equal tﬁe initial,energy-étoréd>in the magnet.

E, = Vy(H(Tg)) = H (T )) % Vy(Hy(Tg,) = Hy(T ) + ... (3b)

where E, is the,initial.energy'storgd’in the magnetic field given by
Eq. (4b). Hl(Tsl) is the enthalpy per unit volume of the material
in the coil circuit at a temperature Tg); Hy(Tgy) is the enthalpy
per unit volume first secondary circuit at a temperature Tgp; and so
on. H)(Ty), Hy(T,), and so on are the enthalpy per unit volume

of the materials in the circuits at the initial temperature T,..

Vi, Vy and so on are the metal volumes in thé circuits.

Calculation of Tg), Tgy, and so on are not easy to make using a

hand calculatot, therefore a simplifying assumption is made.

If one assumes that the final temperature in the primary
superconductor ;ifcuit and all of the active secondary circuits is the
same at the end of a -queanch when the coil isvdriven completely normal,
an estimate of Tg is easy to make. One should find the mass of each

secondary circuit which has a low enough resistivity to absorb a
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significant portion of the magnet energy. The average enthalpy of the

circuits at the end of the quench can be determined by

E .
H(T) & ——— (4a)
. active :
where
A R S (4b)
"o 2 o ° '

where Lj is the self inductance of the magnet. i, is the coil

the active mass of

current; E, 1s the magnet stored energy; my ¢ive

the coil and H(Ts)ﬁ the enthalpy gain ‘per unit mass from TO(4.5K)
to Tg. One can determine Tg given H (Tg) using Fig. 213,14
if one knows the fraction of the coil mass which‘i;'coppét and which is
aluminum. An apprdximaté'value for Tg can be deterﬁined‘graphically
using Fig. 2. (;n mogt casés, the assumption that aI1 the circuits end
up at the same temperéture.is not a bad one. During quenching of the A
and B §oils, the coil temperature away from the hot spot and the bore
tube temperature were the same within a few degrees.)5

Once TSlvhas'been determined, the value of F(TSI) can be
determined from Fig. 3 for various copper matrix superconductors.
Figure 3 gives F(Tq;) as a function of Tg; and the reéidual
‘resistivity ratio RRR of the matrix material in the superconducting
wire. A table at the bottom of Fig. 3 gives F(Ty) for various RRR at

values of Ty = 300K and Ty = 400K. It is interesting to note that
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can find Tg when one knows the portion of the various active
materials.) '
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Fig. 3. Value of F at temperature T, for copper at various residual
resistivity ratios (RRR) and aluminum at RRR = 25,

The value F(T,) for Ty = 300 K and 400 K for copper at
various RRR and aluminum at RRR = 25.

F(Ty)
Material RRR | Ty = 300 K Ty = 400 K
Copper 10 10.5 x 1016 12.7 x 1016
Copper 30 11.9 x 10l6 13.6 x 106
Copper 100 14.5 x 106 16.2 x 1016
Copper 140 14.8 x 1016 16.5 x 1016
Copper 200 15.4 x 1016 17.9 x to!®
Aluminum 25 4.0 x 1016 4.7 x 106
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F(Ty)-F(Tg}) is nearly constant for all values of residual
resistivity ratio from 10 to 1000 as long as Tg] 2 65K.

In large coils' one should set the value of Tg] to 100K or less.

If Ty is set to 300K, "and Tg] is set to 100K, the maximum quench

back time allowed takes the following form for copper based super-

conductors with a matrix residual resistivityrratio of 10 to 1000;

.. 6.7x10'° | 5y
QBR =L 52 .
o .

r

Reducing Tg) from 100K to 80K increases togr by about 16 percent.

3. The Quench Back Process in General

In the previous section it was stafed that if the time for quench
back tqg is less than tgpg, the high current density magnet would
quench‘Withodt hot spot probléms not usiqg ékternal quench protection.
This statement is true regardléss of the éize of the mégnet or the
current densityvih the supercondﬁctor cross—éection. (Note: 'voltages
within the coil could bé a'prleem.) There is only a limited aBility
to increase tQpRr for a'givén sfarting current density J, in the
superconductor cross—secfion. An understanding of thé quench back

process and the factors which make it work givesvone a clear under-

‘standing on how to control tqg so that it is less than tqpg.
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Quench back in superconducting magnets has two causes:”s13

1) normal regions are induced by heat transfer from other parts; we
call this form of quench back "thermél quench back." 2) Normal regions
can also be induced by A.C. losses in the superconductor due to
changing magnetic fields; we call this form of quench back "mégnetic
quench back". Thermal quench back has been the dominant form o% ﬁuench
back observed in the various LBL magnet tests. Magnetic quench back
has been observed in a number of our tests when a variator has been put
across the magnet leads. It is suspected‘that this may be the dominant
form of quench back in the Nb3Sn tape solenoids built by IGC.

Thermal quench back is the‘form of quench back which is dominant
at low currents in a magnet. Thermal quench back has two important
time periqu associated with it. The first time periSd is‘the time in
which the secondary éircuit heats up to a temperature of around IOOKH
The second time period is the time for heat to flow from the secondary
circuit to the superconductor. At low currents in ; coil, the dominant
time period is the time to heaﬁ the secondary circuit. As the curreat
density in the superconductor gets higher, the second time per;od for
heat transfér becomes more important.v The first time period is a func-
tion of the matrix resistivity in the superconductor, the resistivity'
of the secondary circuit directly adjacent to the supercoanductor
circuit, and the change of enthalpy per unit volume needed to heat the
secondary circuit to say 10°K. The second time period for heat trans-
fer is a function of the thickness of the superconductor layer adjacent
to the secondary circﬁit,and the thickness of the electrical insulation

between the secondary circuit and the superconductor.
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Magnetic quench back can become important at high currents if
the magnet is constructed to take magnétié quench back into account.
Since heat is applied to the superconductor directly through a.c.

loss,15:16,17

there is no heat transfer time period associated with
heat flow through an insulator layer. Magnetic quench ba;k is
controlled by the superconductor matrix material resistivity, the

secondary circuit material resistivity and geometric factors in the

coil design. Unlike thermal quench back, the amount and distribution

of the secondary ci;guit mate:}gl'is’%pportant fof magnetic_quench:
back. The meéhan;sm_for magnetic quench back is diécusséd in Ref, 15.
It will not ﬁé giséussed further here because the experimental data
hoﬁcérning magnétic q@gnch back is Spo:py at best. A; this time,
magnetic quench back is not well enouéh understood to permit its use in
the design of a fail safe coil which can be quenched at full current

without an active quench protection system.

4. Growth of the Normal Region in the Coil before Quench Back

Normal region growth in a coil starts out three dimensional.

.In most cases which are of interest to those of us who build magnets

with shorted sécondary circuiés;'the normal region growth‘becomes_two
diﬁensional, then one dimenéiénai.'then a magnet system has multiple
coils, one of those coils may go completély normal before the other
coils go normal through quench baék.

fWhen quench propagation is three dimensional ‘the growth of coil

resistance with time is;18
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_ 3 3 ‘ '
R(E) = R,aBVle o | - (6)

when 0 < t < t3 whege R(t) is the coil resistance, t is time; R,3 is
the three dimensional resistance conétant; a and B are transverse to
longitudinal propégation ratios, which are defined later in this
section; Vi is the propagation velocity of a quench.alohg the
superconducting wire,

t3 repreéents the time for'quench'propagation across the thiékness
of the coil d43. If B is the trénéverse'to longitudinal velocity ratio
in the c§il thickness direction. (Note: it is assumed that the coils
are thip or if they are thick they are broken up into thin sections in
order to achieve close coupling with the secondary circuits.) Thus t3

is defined as follows:

t3 = . v  (6a)

For maﬁy of the cases of interest t3 is a relatively short time. (For
example: in the TPC magnet t3 is abéﬁt 2 percent of time that‘avnormal
region proPagétes around the coil, which is the time where two
dimensional quench propagation becomes one‘dimensionai quench propaga-
tion.) Since in ﬁost of the caseé of interest t3 is much smaller th;n
the next lowest time of propagation for one of the other d;mensions,
one can often safely assume that

R(E) = 0 , (6b)

when 0 < t < t3.
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When quehch propagation is two dimensional the growth of the

magnet resistance is;

. R(t) = R(t3) + R
A , ‘ o

, o vi (e-e3)2 N

when t3 < t < t* where t* is the shorter of two times tl or t2 which

are defined as follows

’ dl ' ‘
tl = 7 (7a)
. . L . : . -
and
t2 = vl-: N ‘ (7b)

where dl = half bﬁ the length.of one tdrn, (In the case of a solenoid
this would be half the circumference) and d2 is the width of the coil
(In the casé of a solenoid this would be the length of the soienoia.)
Note: that d2,is»defined‘as the maximum length which when applied
yields the most conservative solution. Using the above definition for
dl and 42 one can define a value for R,y

r+l

R = .—_A__—. s . ) . 1(7C)
. cl
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where N; is thevnumber of turns in the coil; (if tﬁere is more than
one coil in a system of coils Nj is the number turns in a single
coil.) P1 is the resistivity of the matrix material of the supér—.
conductor at a temperature just above critical temperature; r is the
normal metal to supercondhctor ratios in the superconducting wire; d2
is the coil width; and A.j is the cross sectional area of the super-
conductor.(matrix material plus superconductor).

The quench‘propagation becomes one dimensional at t = t¥, If

t*¥ = tl the growth of the magnet resistance takes the following form
R(t) = R(tl) + R ; oV (c-tl). (8)

If t* = t2 the growth of the magnet resistance takes the following

form:

R(t). = R(t2) + R, VL(tft?) - (9)

Note Eq. (8) applies when a quench propagate élong a magnet ﬁurn faster
than it does across the coil width (the TPC magnet is an example of
this type of magnet). Equation (9) applies when the propagation across
the width of the coil is faster than along a turn. (A large diameter
small cross-section coil might be an example of this type of magnet.)
It should be noted that there is one special case of a magnet which has
one dimensional propagation which does not fit either Egs. (8) or (9),.
This is the ultra pure aluminum stabilized thin solenoid. The turn to
turn propagation velocity can be so slow that all propagation is along
the wire going around and around. This speciai case is not discussed

here.
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The value of R,; depends on which equation describes the one

.dimensional quench propagation. If Eq. (8) describes the resistance

growth t* = tl then;

r+l
2d1 Nypy

Rol. = —™473 , (8a)
cl

where dl, d2, N;, pl; r and A, are preQiously‘defined. If

Eq. (9) describes the resistance growth, t* = t2 then;

r+l
e U S | (9a)
ol v Ac1 ’ 174

again Ny, pj, .r, and A.; are previously defined.

 Before leaving this study of normal region growth, it useful to

‘point out that Eqs. (7), (8), and (9) assume that once the coil has

gone normal 'its resistance doesn't change. Early in the quench, before

a significant portion of the magnet energy is dumped into the coils or

s

the magnet secondary circuits this is true. If one uses Eqs.h(7), (8),
and (9) as equafions which describe the quench back phenomena, a longer
quench back time will result. (In this study that is a good thing;)
The quench velocity aloﬁg the wire Vy is complicated to
calculate. A theory for this calculation is given in Ref. (19).
Otherwise one should measure the velociﬁy V. The functional form
for the quench velqc%ty along a niobium titanium in copper wire at low
fields is shown in Fig. 4. Figure 4 shows that there is dependence of

longitudinal quench velocity‘VL on the current density J in the
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superconductor. This dependence varies from 314 at low current

.densities to J2.1 g¢ high current densities. In general; the

longitudinal quench velocity goes up with magnetic field for a given
current density (see Fig. 5).20 1o fifst order, there is little
dependence of Vj, dpon r or p;. Increased temperétu?é speeds uﬁ
vy, as does increased ﬁagnetic field.

The ratio of traqsvgrse.to 1ongitudinal quench velocity o and B
can be expressed appfoximately using ghe f0110wing expressions, which

are:detived from equations given in Ref. (18);

’ Prky a_b' f+i 1/2 (10a)
o L TC cl b r ’ a
Y
and
e e |PLS b sl el 2 (10b)
o 1L TC c2 a r | ’ o

bwhere,ki'is the tﬁermal'cohductivity of the insulation; p; is the

resistivity of matrix material; r is the normal metal (matrix)ﬁto_
supefconductor ratio; L is the Lorentz number (L = 2.45%1078 Qwk~2)
Te is.tﬁe.critical temperature of the superconductor (use Te = .
The values of a,na', b, b', clvand c2 are dimensfo&é of the super-

conductor and its insulation as defined in Fig. 6. If the conductor is

round and evenly spaced from like conductors, the ratio of transverse

to longitudinal quench velocity r takes the following form;

p k. D 1/2
_ - o 11 “w r+l
a = B Al | 0'7[E-T: 3 —?f]_- o , ; (10¢)
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~ Fig. 6. The dimensions of superconductor and insulation between
conductors which are used in Eqs. (10a), (10b) and (10c).
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where c¢3 is fhe thickqess of the insulation befween:wires and D, is

the diéﬁeter of Ehefwiré. (See Fig..6).'”(ﬁ6te: In'mést cases Eq.

10a, 10b, qhd 10cfyie1& a good approximation of the veldcity ratio, butﬂ
care mﬁstvbé téken when configurations are different than ;hose shown

in Fig. 6.)

5. Shift of- the Current from the Primary Circuit to the

Secondary Circuit

Thé development of the coupled equations whichxdesqribe hqy the
current shifts from the primary circuit to the secondary circuits is
described elsewhere. I start with the assumption that the coupling
between all circuits is good (at least 95 percent). This simplifies
the coupled equations considerably. The second simplification is‘to
assume that the magnet system consists of two closely coupled circuits
ﬂif is not too difficult .to extena it to three.)

When the coupling is good, thé solution ;akes the following

4

form:

H-‘
1]

L

ié _C/TL -t/Ts
1 ?-'-r-_—_?s—y (Tl"’l's)e + (TL—Tl)e ,
' (11)

) - M12 io +r )e_t/TL - (. ‘) 't/Ts )
1 LZ(TL—Tss T s 27 Tg’¢ ’
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vhere 1), Tg, TL» Tg, are defined as follows

Ll .
LI (11a)
1 =
L
2
‘l'2 = = ' (llb)
) 2 . .
L8 Tt Ty ' (11¢)
€ TyT
1°2
T, N emm——— (11d)
.8 T,*T,
i
M, |
€ = 1--1‘—-1-‘—- s B (lle)
i 172

~where L; is the inductance of the primary circuit (the suﬁerconduct-

iﬁg coil); Lp is the inductance of the secondary circuit; R; is the
resistance of the primary circuit given in Egs. (6), (7), (8), and (9);

Ry is the resistance of the secondary circuit; and Mj, is the

mutual inductance between-the two circuits. 1In this theory before

quench back occurs,’Ll,'Lz,.Mlz, and Ry are assumed to be
constant.
i} and iy can be calculated directly from Eq. (11), or when
Tg 18 small and when it is early in the quench before much energy has
bgen absorbed by tﬁe coil or the secondaries a simplified form can be

used;

TR S
H
1 11+12 o
(12)
T
1y T, +T N. Yo
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6. The Time Required for the Secbndary Circuit to Reach the

Quench Back Temperature

Let us define tq as the time needed to get the secondary circuit
warm enough for quench back to occur. Let us define this temperature
as TQf For a magnet made with Niobium Titanium conductor TQ = 10K,

If the magnet is made from Nb3Sn conductor T is from 12 to 18K
depending on tﬁe field in the conductor. If one applies Eq. (1) to the
secondary circuit one can define an F* which is the change in F re-
quired to heat the secondary circuit from the initial temperature T,

(about 4.,5K) to Tq

. | ‘o 2 - |
Fy = Fp(Tp)Fp(T)) = IO Jp(e)"ae (13)
where
Ty L (Cam L R
0 < I @t e G
T _

° ¢2(T) _ BT

FZ(TO) IO —p;—(-ﬁdT = ——pz— s v }(13b)

where Hp(T) is ghe'volume enthalpy of ;he secondary circuit ﬁateriél
as a function-of temperature T; p9(T) is the reéistivity of Ehe
secondary circuit material as a function of temperature; Jo(t) 1is thé
current density in the secondary circuit material as a function of

time t and tqQ is time needed to get thevsecondary circuit warm.
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Equation (13) may be rewritten such that Fp* is a function of

the enthalpy charge AHy of the secondary circuit material between

© T, and TQ and the resistivity of the material in the secondary

circuit py. At temperatures below 18K, py is a constant for most
materials which could be used in a secondary circuit thus py(T) =

oy for all T from O to 18K. Thus we find that

F, = —— = [ J (£)%dt , _ S (l4a)
2 Py 0 2
where
AHZ = HZ(TQ) - Hy(T ) o (14b)

| Using Eqs.b(l4) and (12) (I assume close coupling and not much energy

loss resistive heating) one gets the following form for the heating of

the secondary circuit to the quench back temperature T

: t '
e AH, . Q < T, N1 )2th sy
. ’
2 Py 0 Tl+12. N2 Ac2 7

where 1], 12, Njp, NZ,-Qﬁd i, have been previously defined

from Eq. (12) and A,y is the.gross—sectional area of the secondary
circuit which causes quench back. Equation (15) can be used even when
more than one secondary circuit is in the magnet structure. The

t1t12 term is replaced by a 1y which is defined as

. N .
T, - Z T, : (15a)
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where

Lm .

m
For magnet structures which are of interest, 1, is constant with time
for all values of m except 1.

When the coupling is not good enough to insure a 'low value of

Tg»> Eq. (15) can be replaced by

¢ .
F* = ﬁE& = f Q ig_ 2 dt (16)
2 Py 0 Ac2 ’

where‘iz comes from Eq. (11). In both Eqs. (15) and (16), the value
of tq is the time ‘to heat the secondary’circuit to a temperature TQ
(high enough to cause quench back). -

In Egs. (15) or (15a) the value of t1] can be found using the

following relationships

L

T =
1 3.3 ’
Ro3 a B VL t

(17a)

when 0 < t < t3 1] is generally very large becausé R(t) is usually

quite small in the time region.

Ly
Tl = 2 R . (17b)
R(t3)+R°2 a VL(t-t3) :

when t3 < t { t*, and R,y is defined by Eq. (7c)
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L

S T, = — , - (17¢)
1~ RCGeD#R ;o V (e-tD)

when t* < t < t¥%, t* = tl1, and R, is defined by Eq. (8a):

L v
- 1 - .
1 TR(t2)+R , V_(t-t2) °* : , (174)
o ol 'L _

N

when t* < t < t¥*, t* = t2 and R,) is defined by Eq. (9a). Note t**
is defined as the longer of the two times tl and t2. If there is more
than one coil and t > t** the value of 1) to first order can be

defined
‘ T, = ==, ' - . (17e)

'where Rc 1s the resistance of the one coil when it is completely
normal.

The growth of the norha1 region in the coil broceeds acéording to
Eqs. (15) or (16) until quench baék occurs at time tqp. tQB.is

greater than tq-
i | (18)

where ty is a time period associated with the time heat needs to flow
from the secondary circuit . to heat dp the suberconductor.

Table 1 shows the enthalpy of various materials as a function of
temperature from 4.5 to 15k, 13,14 This table can be used to calcu-

late the value of AHy given in Eqs. (14), (15), and (16).
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Table 1. Enthalpy of various materials as a function of

temperature from 4.5 to 15°K.

_Enthalpy (Jem™3)

Temperature Aluminum* Copper* Nb-Ti .Epoxy**
4.5 1620 1600 8800 9000
5.0 2110 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 48600 95200 - 360000

*See Reference 14 for tables and charts of enthalpy.

*See Reference 22 for method of enthalpy calculation.

**Estimate——godd data is hard to find.
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The resistivity of the seéondary circuit material py 1s a
function of the material, its purity, and the magnetic field it is in.
This also applies to p; the superconductor matrix material resisti-
vity. Tgble 2 ‘shows the resistivity at ISK of various coppers and
“aluminums at zero field and 1.0 T. Aé_a_genefal rule, one can use the
zero field resistivities for calculating quench, back time. The result
will nearly always yield a quench back time which is longer than if one

uses a value corrected for magneto-resistance,

7. The Time Required to Transfer Enough Heat into the Superconductor

to Drive it Normal

Equation (18) suggests there is a time required to transfer heat to
.the superconductor ounce fhe secondéry circuit has reached a témpefature
above the sﬁperconductor,critical temperature in a Eq. (18), this time
is defined at ty.

The time period for heat transfer can be répresented by the sum of
two terms. The first iﬁ the time required to pass heat through
insulation between the shorfe& secondéry.and'the superconductor fo.heat
up the superconductof to the critical point. The second is the time
required to heaf up the insulation to an intermediate temperature
between that of the shorted secondary and the superconductor. The time
‘required to transfer héat to the superconductor is approxiﬁately;

2
b c4 AHg. (c4) AH,

ty " TRTAT T R AT (19)
m in
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Table 2. The resistivity of coppers and aluminums at 15K as a
function of residual resistivity and magnetic field

. Resistivity Om

Material . RRR* B=0.0 T . B=1.0 T

Copper - 10 1.5 x 107 1.6 x 1077
30 5.17 x 10710 5.8 x 10710
100 - 1.55 x 10710 2.0 x 10710
300 5.17 x 10711 1.0 x 10719
Aluminum .14 1.8 x 10“9 1.8 x 10-9
25 1.0 x 1077 1.1 x 107°
100 2,45 x 10710 3.5 x 10710
300  sazx10 o 13x1070
1000 2.45 x 1001 5.0 x 1071

_ (273K) _ e o esos \
RRR = NCWI residual resistivity ratio
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where tg is.the time required to tgansfer heat into the superconductor
to drive it normal, b is the superconductor thickness, cé is the insula-
tion thickness, kin.is;the inéulation thermal conductivity between the
shorted secondary and the coil,%1 and AT is the temperaturé difference
between the shorted secondary at timéth and the starting temperature

T, (in other words, AT = tQ-To). AHge is the gnthalpy change

neéded to drive the superconducto: no?mal;'and-AHi is fhe averége
enthalpy change in the insulation layer. AHi>can be approxi@ate& as

follows:

 H(T)-H(T) | - ..
My e R0, | (20)
where for thin insulation H(TQ) and H(T,), can be found_fof epoxy
plastic in Table 1. When the insulation is thicker AH; is lower
because of glass in it.
The caiculation of AHSC‘is more difficult because the enthalpy:

change includes a sensible (i.é., temperature dependent) term and a term

due to magnetization of the superconductor

Mign = MHg + AHy , (21)
. where
, AH, = b U ' ' (21a)
R S T+r ' :
and

B .B 2 | 2 g
_ _cle2 1.t T _ e
M T T ey {1 Q) [TC(O)J }{1 *3 [TC(O)] JC(O)} '

(21b)
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where AHg is the sensible enthalpy change énd Ay is tﬁe enthalpy
change due to collapse ofvmagnetization in the wire. r is the normal
metal-to-superconductor ratio, AHg, is the enthalpy change from T,
to Tc for the normal substrate.metal, and AHyp-ri is the sensible
enthalpy change in Nb-Ti from T, to Té.zz

Derivation of Eq.‘(21b) is found in Ref. (22). The symbol defini-
tion in Eq. (21b) is as follows: B,) is the lower critical induction
at 0°K for the Type 1L superc§nductor (B.1 1is about 0;014 T for
Nb-Ti); B,y is the upper critical induction at 0°K for the Type II
suﬁercqnductor (Bco is about 14.0 for Nb—Ti); lo is the permeability
of aif‘(uo = 4y X 10"7); N ié the current density in the matrix;
Jo(0) is the critical current density in the matrix at zero tempera-
ture; T is the operatiné temperature (we have called it T, invother
equations); Tc(0) is the éritical temperature at zero induction and
current deﬁsity'(TC(O) for Nb-Ti is about 9.5°K); and r is the_coppef-
to-superconductor ratio in the matrix. _ |

Tables 3 and 4 give values of AHj, ky,, and AHgc which can be
applied in Eq. (19) to calculate the heat transfer time tg. Both
tables assume that the starting temperature T, is 4.5°K. Equation
(19) has interes;iﬁg,implications. The thickness of the insulation cé4
has a large effect on the time required to drive the superéonductor

normal once the secondary circuit has heated up.
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Table 3. Enthalpy change AH; and average thermal conductivity k; as
a function of the temperature difference AT of the heated
shorted secondary and the initial temperature AT = TQ—T
and the thickness of the insulation.

Thickness - AT | ki(ﬁm-lK—l) o AHi(Jm_3)
0.2 mm 2 , 0.045 16000
0.1 Formvar | 5 | 0.051 60000
0.1 Epoxy | " 10 0.063 200000
0.5 mm 2 | 0.119 15000
0.1 Formvar 5 0.127 55000
0.4 Epoxy-glass 10 0.136 180000

*

1.0 m | 2 0.130 14000
0.1 Formvar 5 0.139 150000
0.9 Epoxy-glass 10 0.148 160000

*For insulatioﬁ’thicker than 1.0 mm use the same values as for 1.0 mm
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Table 4. Enthalpy change AHgc as a function of magnetic
induction in the material and the copper—to-

superconductor ratio r.
(Note: T, = 4.5°K)

—3 k%
AHSC(J-m ?

- Induction r =1.0 r =1,8 r = 2.5
0.5 24500 © 19300 16800
1.0 ‘ 12100 9300 7900
1.5 8200 6300 5300
1.65 6900 . 4400 3700

*The material is copper based Nb-Ti multifilameﬁtary
superconductor o '
**These values apply for a magnet similar to the TPC
magnet.
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8. Determination of the Final Temperatures in the Magnet at the End of

tﬁe Quench'

There are at leést three important temperatures of at the end of
the quench process in a magnet with shorted secondary éircuits. They
are; 1) the hot spot temperature of the superconductor Ty 2) the
temperafures that a quench backed part of the coil cémes to at tﬁe end
of’the quench TSl,vand 3) the final temperétﬁre that the secondary
circuits -come to at.the end of the quench Tgj, Tg3 and so on. The
assumption used to calculate a maximum required quench back time tQBR
was based on the notion that tg; = tgyp = tg3 and so on. Once one
knows_the the characteristics of fhe circuits and the coupling coeffi-
cients, one caa calculate Ty, Tgy, Tgy and so on.

p

To illustrate the technique, let's look at a simple circuit repre-
senﬁéd by a quench superconducting coil and its shorted secondary
circuit. Equatioﬁé (11) can be used to calculate i} and iy for
short periods Qf;time. One must note the 11 and_Tz are functions of
temperature and time. One must adjust erand Tg accordingly._ If-
the problem is broken up into time steps a computer can calculate all of
the relevant parameters in a reasonable way. As a result, il(t) and
19(t) throughouﬁ the quench can beiéalculated.

Using Eqs. (11) and (17). before quench back one can follow the
quench back process and calculate iy and i, from t=0 to t=tog when

t is greater than tos both the primary and secondary circuits (both

are in the normal state) heat up. The resistance of those circuits
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increase with increasing temperature (t] and ty will go down) in

general the values of Ty, Tg; and Tgy can be found from:

T
M o
F(TM) fo "g—i—g-;- dT = -r{-l-fo Jl(t)zdt . (22)
where
o il(t)
Jl(t) = —3 . (22a)
cl
and
SL i el S ‘
F(Tsl) = _(0 o (D) dT = -—r—f Jl(tv) dt (23)
t ; .
. QB
anc_l
F(T..) = rTSZ-CZ(T) ar = [ g0l - (‘24)
82 0 P, (T) 0 2 S -
where
i,(t)
Jz(t) = . (24a)
c2

Tg; and Tgy can also be calculated using an equation which is

similar to Eq. (3).
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9. An Approximate Calculation of tg

Solving Eq. (16) for tq is an involved process which does not

lend itself to a closed form solution. One can make a first order

i

estimate of tg if several assumptions are made. They are:

1)

2)

3)

4)

5)

6)

The current in the primary circuit drqps bnly,a little before
quench back occurs. This assumption is often valid when

i1 > 0.7 ig.

The velocity of quench propagation along the ﬁifé does mnot -
change with time. Quench velocity'is determined by Joe -

The energy disgipated in the coil and its secondaries is small
before quench'béck (Smail compared to the‘foﬁal magnetic energy
stored in the coil);

The coupling is good so that tQB is large compared to T4

(tqg >> et2)-

a

19 << 7] duting most of the quench back process so fha;

: 1 T2 N
Ity = 77— = i, - (25)
c2 1

2
L1, Ly and M;9 are constant and the physical dimension of

the circuits are nearly the same.

- The method of derivation of tQ is nearly the same as the one used

in Ref. (15). This method is extended here to include cases with linear

quench propagation and a constant resistance case (where one coil in a

string has gone normal).. The equation for determining quench back time

is dependent on whether quench propagation is three-dimensional, two-

dimensional, one~dimensional or coastant R. One must do the calculation

first in order to find out what regime'one is in,
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When one is trying to design a coil ‘with fail safe quenching, one
knows the quench back time required tqggg in order to insure fail safe
- operation., Since the required quénch back time is known, a required
value of tq is also known. The required value for tq for fail safe

quenching known as tqr can be estimated as follows:

t =t -ty : (26)

ﬁhere tQBR is given by Eq. (2), (a conservative §a1ue is given by Eq.
(5)) and tg is given by Eq. (19). When one is designing a fail safe
coil, one simply assumes (as a first quess) that tq is less than or
eﬂual to tqr- To determine the quench propagation regime compare
tQr with t3, t2 and tl. A

If top is less thgn t3 (see Eq. (6a)), the quench propagation is
three dimensional. This case is highly unlikely because in order to
have close coupling between primary and secondary circuits t3 must be
small. TIf tqp is less than t* (the smaller of tl or t2 as defined by
Eqs. (7a) and (7b), the quench propagation is quadratic. An
approximate equation for quadratic quench propagation (Eq;'(16) in Ref.

15) is as follows

*
s | 5 ¥} 1/5
. = E3, - (27)
Q 3 L. R. N avli)?
< 2 o2 M1 L o>
L} Ry Ny Ay

where Fy* is determined using Eq. (14), Ly is the primary circuit
inductance, Ly 1s the secondary circuit inductance; N; is the number

of turns in the primary circuit. Ny is the number of turns in the
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secondary circuit, Ry is the resistance of the secondary circuit, VL
is the quench velocity along the wire (see.Ref. 19); i, is the
starting current in the coil; and A.9 is the cross-sectional area pf
the secondary circuit. The term Ry, is defined by Eq. (7¢) and q is
defined by Eq. (10a) or (10c).

When tQRJis greater than t¥*, the quench.propagation is one
dimensional. The one dimensional quench propagation equations can take
two forms depending on whether t* = t2 or t* = tl. This depends on
.whe;her one dimensiéngl pfopagation is along the suéercqndqctor or from
turn to turn perpendicﬁlar to the direction of the conductor.

When t* = tl one dimensional propagation is from turn to turn.
(This form is important in the TPC magnet.) The equation for to takes

the following aﬁproximate form;

* 1/3
el : 3 F, :

t (] —2—+ —— : s . (28)
\2
<L2 RNy aVy 1o>_
| L Ry Ny Ay

where Fz*, Ly, Lo, Nj, Ry, Vq, io, A.o and o are defined as before, -

Ro1 is defined using Eq. (8a).
When t* = t2 one dimensional propagation is along the wire (large
coils with relatively small cross-sections would have this property.)

The equation for tQ takes the following form:

. 5 5 /3
tQ ~ ——2—'" > s (29)
(Lz R M VL 1o>
L) Ry Ny A,
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where Fp*, L, Ly, Nj, Ry, Vy, iy, A,y are previously defined, and
R, is defined using Eq. (9a).

quuations (27), (28), and (29) apply in a majority of cases. When
the magnet consists of a system of Nc coils whe;e one coil may become
completely normal before quench back drives the other coils normal, a
fourth form of the tg equation will apply. This applies when tqp is
greater than t** and t** is defined as the longer of the two times tl or
t2 (note: t** is always greater than t*,) Wheh'tQR is greater than £**,
coﬁstant resistance quench back occurs. The equagion for tqQ takes the

following form;

F**
. *% .
by vt 2 , (30)
o\ '
L, Ry N 1
L R, N, A_, N_

where Ly, Ly, Nj, Nz; Rz,‘io, and A, have been previously

defined. Rj is tﬁe resistance of the lentine primary cifcuit when all
of the coils 5ust turned normal. (The resistance of one coil in a
system with Ng coils when its just above the critical point is

Re = R}/Ng.) Fo** is defined as follows depending on the value

of>t*. "When t* = tl

\ N2 43
R b Y Sl A A N " Goa)
) ]
2 T R T\ER LN, A, N 3

where R,; is defined by Eq. (8a) when t* = t2
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. \2 w3
F** - F* _ L2 Rbl N1 VL 1o t : (30b)
2 2 R, L. N, A_ N -3 '
2 "c2 ¢C : .

271

where Rolfis defined by Eq. (9b). Note that the other variables in
Eqs. (30a) and (30b) have been defined previously.

Equations (27), (28), (29), and (30) give value for quench back
time which in most cases are consérvative. One ﬁust have make sure that
the quench propagation regime is understood in order to ‘apply the proper
model. Equations (27) thréughv(30> do not describe the dynamics of the
quen;h back proéeéé. ‘Inhtﬁé ﬁext section these equétioné will be
further simplizlgdiso‘that tq Beéomés a function of basic material
propertiesbsucﬁ as AHé, pilandmpl. Once that has been Hone, one
can:understand the qu;nch process well enough to design the super-

conductor and the secondary circuits so that fail safe quenching of high

current density coils will result.

-10. Quench Back Time t as a Function of Basic Material Parameters and

QB

Current Density in the Coil

Equations (27) through (30) can be use& to find tg and when
combinéd with Eq. (19) tdﬁ. A bettef understanding of the quench back
process requires further modification of these equatidﬁs. Most
superconducting_magnets wﬁich.have used the shorted secondary concept,
have been relatively thin and are bounded By iron poles. As a résult,
Ly and Ly can be simﬁly stated as;can R, the resistance of the

seéondafy circuit?3,24
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2 .2
B T8y N1
L, = 7 gl(al,zl) s | (31a)
L, = -————E;f——— gz(az,zz) R (31b)
P, 2m a, N
R, = ZA 2 2 (31c)
c2

where a; is the average radius of the superconducting coil; a, is
the average radius of the secondary circuit coil; £; is the length of
the superconducting coil; £, is the length of the secondary circuit
coil; Ny 1s the number of turns in the superconducting coil; N, is
the number of turns in the shorted secondary; p, is the.resistivity of
the secondary circui; material; and A.p is the cross-sectional are of
the secondary circuit; gj(a;,2;) and gy(ap,%9) are geometric inductance
factors. gj(aj,2)) and gy(ap,2y) are one when the solenoid is bounded
by unsaturated iron poles.

Since tﬁé‘coupling befween the primary and secondary circuit is
good a) =~ ag and 2y = 2. Therefore'thé geometric factor g; and g,
are to first order, equal to one another. Thus Eq. (3la) and (Bib) can
be used for Lj and.Lz in the general case with no iron. Because the
coupling 1is good, the g; and g, terms are divided out.

The value ok Fo* is given by Eq. (14). Fo* is a function of
nothiné but AHy and py. The turn to turn to longitudinal queﬁch
velocity ratio a fouﬁd in Eqs. (27) and (28) can be substituted using

Eq. (10a). The value of R,y in Eq. (27) is found by substitution from
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Eq. (7c); the value of Ry in Eq. (28) is found by substitution from
Eq. (8a); and the value of Ryl in Eq: (29) is found by substitution:
from Eq. (9a).

‘When one makes the substitutions given above into Eq. (27), one

finds that this equation will take the following form:

£3 58,0, {175 A
8t * 37 T . (32)
3 V2 2 3 ey 2 4
gy 2y 0] (7)) Ik a bt vy
T & 2 .2
L 22 a1 4n d2vL Tc cl b

One can simplify the equation above further by applying the following

approximations

ay = aj
2, = 2
4n2 = 40 (32a)
T = k.ab'
1
clb

For a solenoid magnet d; is the length of a coil £;; and dj is‘the
ma} half a turn 1ength where aj) is the coil radius. L is the

Lorentz npmber (L = 2.45 x\__lO"8 WQK-Z). The temperature used is the
critical temperature T.. = For the sake of this approximation, one can

use T, = 7K. Thus Eq. (32) takes the following form:

2 2 /5
£3 1400 AHZ Py L a; 21 )
tQ L -—§-+ 3 A 3 (33)
3 (r+l Tv., J
g ()T e
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Equations (28) and (29) can be manipulated in the same way as
Eq. (27) was. I will leave this manipulation to the reader. When this

manipulation has been done on Eq. (28), one gets the following form;

1/3

. 2
21 AH, p, L 2 =
tQ = -t—;- + 23 2 ! . ' (34)
, 3 (r+1) r V2 JZ
. p1 r L o

When this manipulation has been done on Eq. (29),.one gets the following

form;
: 9 1/3
30 AH,; p, a
e o~ 2, 2 2 1 (35)

2
r+l 2 .2
oy (557 I, VL

Note: when a round wire is used instead of a rectangular wire, the

~ value of T used in Eq. (33), (34), and (35) takes the following form

k. D
1w

(32b)
c3.

r = 0.5

We find from Egs. (33), (34), and (35) that quench back in a
solenoid is a function of pg, the resistivity of the secondary
material, AHy the enthalpy change in the secondary needed to induce
quench back, p)} the resistivity of the matrix material in the

- superconductor,—r—the_matrix_material to_superconductor ratio in the

conductor, J, the starting current density in the conductor, and Vi
the quench velocity along the wire at a current density J, (note:
Vi is a function of J, as well. From Fig. 4, one can use Vi =

2.65 x 10713 Jol-g.) The quench back time tq is also a function
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of various coil geometric factors and where applica?le it is also a
function of T, the constant which determines the turn to turn queﬁcﬁ
;Fot the sake of completeness let's look at Eq. (30) when one coil
in a magnet which consists of NC'coiis becomes normélf} The quenéh
propagates in the one coil until it becomes compietely normal.  Equation
(36) gives the time to quench back if quench béck‘ocqurs after the one
coil has become completely normal. - The eduation for quench back which

is equivalent to Eq. (30) is as follows:

*%

2
i 2 2 ’
(r+1) Jo

r

*%k

p% Né F
t, =~ t + ~

(36)

2
°1
Qhéré P1s P2, Jo and r are previously defined Ng is the number

of coils in the sﬁringrwhich has a total inductance L} amd Fp*¥ is-

defined as follows depending on the value of t*. When t* = tl

3 (r+l 2 2 3
o My ey () TV g |
F, = 5= - 7 5 , (36a)
2 21 21 Py L NC

where p1, P2, ¥, T Vg, Jo, tos 21, Ng, AHy, and L are

previously defined. When t* = t2

2
2 ,r+l

s _ 2 Py (=)
Py 30

5 (36b)
a : :

2
VL
p N

2 ’
where p1, P9, Vi, Jo,'to a), Ng, and AH,y have.been

previousiy defined.
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11. The Role of Quench’Baék.in the Quench Protection of a Magnet with

an External Resistor

Quench protection with an external resistor has been studied for

2,12 14 1977, the effect of a shorted secondary

the last twenty years.
circuit on QUench protection with a reéistor or varistor was pre-
sented.3»8,9 The shorted secondary circuit closely coupled to’the
primary circuit reduces size of the external resistor and the voltage
aéross the leads when the resistor is switched into the circuit. If the
resistor is replaced by a ﬁhyrite varistor, the peak voltage i; reduced
further.’*10 The previous theory dealing with external quench protec-
tion‘ignores quench back. Quench back can have a profound effect on the
sizing of an external resistor. The value of the external resistor and
the peak voltagejacrpss the leads are reduced substantially when quench
back is considered. |

Equation (22) can be used to design quench protection system based
upon a resistor being put across the leads of the magnet. If there is

no shorted secondary circuit, the value of F(Ty) (see Eq. (22)) can be

calculated as follows;

_r+l 2 1
F(TM) = - Jo C‘f + tSO) s (37)
where ' L
e T,l,, = —i R T (37a)
= e !

where r, Jg» and L, are previously defined. R is the resistance

ex

of an external resistor tgy is the time required to detect the quench

and switch the resistor into the primary circuit.
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In most cases, tgp 1s small so one can estimate the resistance of

the external resistof as follows;

L
r+l 2 1
Rex -Z r Jo 2F TM ° (38)

F(Ty) is defined as in Eq. (22) where Ty is tﬁe maximum allowable
temperature at the hot spot in the coil. “

If a shortgd‘seCOndary circuit which is closely coupled to the
primary circuit is'used, the equatioh describing the calculation of

F(Ty) when quench back is not considered goes as follows;

2 .
T T
_ r+l .2 1 K] : ‘
F('TM) = Jo [2(11+12) gt tsé] ’ ' (39)
. where
L L
= 1 : -2
% R and T, Tw (39a)
ex 2

where Ly and Ry are previously defined, Tg is defined by Eq.
(11d). One can solve Eq. (?9) to achieve a value of Ry, to yield the
desired value of F(Ty) and Ty.

The value of R,y in Eq. (39) is smaller than that calculated by
Eq. (38) for the same value F(Ty). When quench back is cénsidered,
the value of R,y goes down consideraBlyf Using Eq. (30), setting
t** = 0, setting F** = Fp*, and substifuting Reyx for
Rl/NC onie can find the vglue of Ry, necessary to insure a quench
back time tQBR* This Ry, is;

L, R, N, A, F. |/%
R - [ 1 72 2. c2 2 ] , . (40)
ex : N

L2 N1 10» tQR



-50-

where Ly, Ly, Ry, No, Nj, i,, A.9, and Fy* are previously defined.
tQrR is the required_vaiue of tq needed to achieve the required quench

back time tQBR

. T
= - =5
t t (eg+—+t

SO)

where tgg < 0.05 top and 14 is defined by Eq. (11d). Since the

valué of Rgy 18 expecfé&'to be smail, Tg = 5{2 where ¢ is defined

by Eq. (1le). 1If there is sufficient material in the primary.circuit
then 19 may be quite small be;ause the secondary ciréuit.ddes not have
to be a large eﬁergy absorber. One can dse the full form for Tg and
adjust 1] so that 14 < TQr: A good rule of thumb for designing

the resistance Rex is to make

t = 0.5 (t

QR tH) . v : (40b)

QBR ~
For a typical solenoid which is closely coupled to its secondary
circuit aj = ap and 2] = 29. Using the proceeding approximations,

one manipulates Eq. (40) into a functional form py, AHy, Jg, tQrR and

geometric parameters aj and Nj. The functional form of Eq. (40) is as

follows;

2w a; N1 ‘I:AHZ pz]l/Z '
. (41)

ex ACl Jo tQR

Table 5 compares calculated values of R,, for superconducting
solenoid under the following conditions: 1) a magnet without a shorted
secondary circuit, 2) a magnet with a shorted secondary circuit with a

19 of 7.5 seconds, 3) a magnet with a shorted secondary which caused
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quench back to the primary circuit. The time constant for this circuit

is 7.5 seconds. The following constants apply to the TPC like solenoid

given in Table 5.

J, = 6.5 x 108 An~2

i, = 2300 A

r = 1.8 .
Ny = 1772 ,

Acl = 3.54 x 1076 An=2

tqr = 0-120

tg = 0.08

.F(TMf = 1.47 x 1017 . RRR = 14O éopper

Ty = 300 K

AHp = 9.36 x 10% Jn~3 - copperué;Slto 15K seeﬁs to.fit.
| data Eetter

pp = 1.73 x 10~10 gon copper RRR = 90 AVC

fs is small in all cases Bﬁt Eq. (41)
tqgr = 0.025 s Eq. (40) use in Eq.‘(41)d
Table 5 sﬁows that the éhorted‘secondary circuits reduce the Qalue

of the external rééistor Rex even when quench back is ﬁot considered.
A variséor resistor was also included in Table 5. The calculations were
 made using methods outlined in Ref. 10. The varistor resistor |
calculation may not be conservative but the effect is a large one. When
quench back is considered, Rpy is reduced to a low value. For the
sake of conservatism, I would double thé}value calculated for Rgy
(Heat transfer may be important and it may have a negative.effect on

quench back when Rey is low.)
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Table 5. The resistance of an external quench protection resistor and
the peak voltage across that resistor in order to insuré safe
quenching of a TPC like magnet.

Rex Vinax
() (volts)
Magnet coil without a secondary circuit
normal resistor 10.3 . 23700
Magnet coil without a secgndary circuit
varistor resistor b = 0.2 7.36%* 16900
Magnet coil with secondary circuit
normal resistor no quench back 2.25 - 5170
Magnet coil with secondary circgit -
varistor no quench back b = 0.2° 0.33 _ 760
Magnet coil with secondary circuit normal .
resistor quench back considered ' 0.134% 309

*See Ref. 10 for the method of calculation when a varistor is used.
***Starting value of varistor resistance at iy = 2300 A.

*It would be recommended the Rex be increased by a factor of two.
The voltage across the resistor would also be doubled.
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1Equation (41) and the calculations from that equation has an
impoftant efféct on how one views end tap quench protection on the TPC
magnet. When quench backlié considered, voltages requi?ed for safé
quenching are greatly reduced (see Table 5) and a varistor resistor
appears to be no 1ongerxngcessary. As a fesult, the major grgument? '
against end tap quench protection (high voltages which persi;t for a
long time) goes away.

Equation 40 or 41 can also be used to advantage when large high

current density magnets.are run in persistent mode. Two' examples are

given in Refs. 25 and 26. The value of R,y calculated by Eq. (40) or

(41) is the minimum allowable resistance for a persistent switch when

the switch is open (the resistance of the persistent switch when it is
closed should be about 1072 ohms.)

It is suggested that when the reader trys a calculation of R,y
using Eqs..(40) or (41), he should check to see that a correct value of
tQr is being used. Equation (40b) may yield too large a value of -
tQR; tQR can be calculated iteratively using the form for Tg |
given by Eq. (11d) (remember Eq. (11d) is not valid unless e < 0.1).

The result may be a much smaller value for tQr than would be indicated

by Eq. (40b).
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12. Calculation of Quench Back in the TPC Magnet Investigation

of Basic Parameters on Quench Back Time

The theory for quench back has been used to calculate quench back

time for the proposed new TPC magnet.27 Various paraﬁeters are

changed to demonstrate how the theory works. The following cases are

presented in this section:

1)

2)

3)

The base line case

a) 9.55 mm thick 1100 aluminum bore tube RRR=25

b) 2 mm thick layer of copper with RRR=200vbeforev
magﬁet—resistance is considered.

c) the superconductbr with a coppér to'supercondﬁétbr ratio of
1.8 and a matrix RRR = 140 before magneto-resistance ié N
considered.

A case without a layer of coppef cladding. The superconductor

is the same as the base line case. The bore tube has an RRR=25

a) 9.5 mm thick 1100-0 bore tube

b) 25.4 mm thick '1100-0 bore tube

The effect of insulation thickness between the cladding and the

coil

a) 0.2 mm insulation

b) 0.5 mm insulation

¢) 1.0 mm insulation (the base line case)

d) 1.5 mm insulation
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4) The effect of the cladding resistivity. - This case is.like the
base line case except the copper cladding is moved outside the

coil. Magneto-resistivity is not a factor.

a) copper RRR = 20 outside the coil

b) copper RRR = 200 outside the coil

2000 outside the coil

c) copper RRR
5) The effect of the superconductor matrix resistivity. All other

aspects are like the base case

a) sdperconductor matrix RRR = 140 (base case)

b) superconductor matrix RRR = 50

,c). supefconductor‘matrix RRR = 10
Case 5b and 5c are calculated using Eq. (34) and Eq. (33).
6) The,effect of copper to superqqnductor ratio in the conductor.
All other aspects are like the base 1iﬁe case,
a) copper to superconductor ratio r = 1.0
b) copper to superconductor ratio r = 1.8 (base case)
c) copper to superconductor ratio r = 2.6
. It is hoped that the six test cases, which apﬁly‘tp the new TPC
magnet,.will show the effect of various magnet désign parameters on
tQB and tQBR' A éomparison of the base line ;ase with two layers of
copper cladding with the cases without cladding explains the reasons for
choosing the copper cladding. 1In addition the case with the bore tube
alone shows that bore tube thiékneés does not have é‘mafked effect on

the process of quench back. Large changes in cladding resistivity and

in the resistivity of the superconductor matrix material are not



-56-

possible in the new TPC maagnet. It is hoped that this section will
demonstrate how changing these resistivities will affect the quench back
performance of future superconducting magnets with shorted secondary

circuits.
a) The base line case for the TPC magnet.

The comparisons in this section are all made with the base line
case. The TPC magnet coil and secondary circuits are 2.18 m in diameter
and 3.3 m long. The maximum currenf in the TPC magnet is 2300 A. The
maximum field is 1.5 T. 1In all cases, where applicable magneto-
resistance is considered.13,28,29 |

In order to determine whether quench propagation is linear,
quadratic or cubic one must know the values of tl, t2, and t3 given by
Eqs. (7a), (7b), and (6a) respectively. This means that one should know
the velocity of quench along the wire Vy. (See Figure 4) 1In the TPC
magnet, Vj, is the velocity in the circumferential directidn. The turn
to turn velocity ratios a (the turn to turn velocity ratio along the
length of the coil) and B (the turn to turn velocity ratio through the
coil thickness) are calculated using Eqs. (10a) and (10b). Note: Vj
and p; which aré used to calculate tl, t2 and t3 are functions of the
céil current.

The parameters of the TPC magnet needed to calculate tl, t2, and t3

using Eqs. (7a), (7b), and (6a) are as follows:



dl =

42 =

a3 =

b=

cl =

c2 =

Pl
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~wbal = 3.424m

(ay ié the coil radius of 1.09 m)
27 = 33 m

(% is the coil length)

1.1 x 1073 m

3.6 mm

3.1 mm
-~ 1.0 mm N
0.5 mm
O.QS mm
0.1 mm
0.036 Wn~ k-1
1.8
2.45 x 1078 k-2
7K

(given in the table)
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from Eqs. (10a) and (10b)

Q
|

= 3430 p}/z ,

w
[}

1680 pi/z

]

Table é gives the values of o and B8 as a function of magnet current
for the TPC magnet.. Also given in this Table are the values of Pl
based on a starting matrix RRR = 140. p; includes magneto-resistance.
Vi 1s included in the Table. The estimated value for V; is based on
measurements éf Vy, in the c magnet and the basic quench velocity
theory given in Ref, 19, From a, B, dl, d2, and d3; and Vj, one can
calculate the duench propagation times tl, t2 and t3 which are given in
Table 6,

The calculation of tqpr is done using Eq. (2). We have chosen a
hot spot temperature Ty of 300 K. We assume that all active elements
in the TPC magnet will reach thé'same final temperature Tg if the
entire coil goes normal at time zero. The active circuiﬁs for the TPC
magnet have the following masses; superconducting coil mass 360 kg,
copper cladding coil mas 360 kg, and the 1100 aluminum bore tube RRR =
25 mass 580 kg. One can estimate Tg using Fig. 2 when one knows the
magnet stored energy as 4 function of current i,. (Assume there is
740 kg of copper and 580 kg of aluminum in the active circuits.) Once
T and Ty have been found, one can calculate F(Tg) and F(Ty)

using Fig. 3.
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Longitudinal quench velocity VL» superconductor matrix
resistivity pl»> quench velocity ratios o and g and quench
propagation times tl, t2, and t3 as a function of TPC magnet
current i,. ;
T " oy tl a t2 B t3
500 1.8 1,18 x 10710 1,90 0.037  49.15 0.018 0.034
800 3.9 1.25x 10710 0.88 * 0.038  22.65 0.019 0.015
1100 6.4  1.32 x 10710 o,54 0,039  13.8  0.019 0.009
1400 9.1 -1.40 x 10710 0,38  0.041 8.94  0.020 0,006
1700 12,0  1.50 x 10710 0,29  0.042  6.55 0.021 0.005
2000 16,0 16.3 x 10710 0,21  0.044 4,71  0.021 0,003
2300 20.0 1.75 x 10710 0,17  0.045 3.64  0.022 0,003

*Includes the effect of magneto-resistance at zero field RRR = 140
copper has a resistivity of 1.12 x 10710 gm at 10°Kk. '
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Table 7. The parameters needed to calculate tQBR.fof the TPC magnet
base case. ' '

lio qo ) Eo ‘ .TS F(TM)_F(T5> * :tQBR
(8) (%) @ | CC OB
560 1.41 x 108 © 0.53 x 100 35  1.31 x ‘101.7 4,24
800  2.26 x 108 1.36 x 106 45 1,15 x 1017 1,45
1100 3.11 x 108 2.58 x 108 - 55 1,03 x 1017 - 0.68
1400 3.95 x 108 4,18 x 106 - 63 0.95 x 1017 0,39
1700  4.80 x 108 °  6.17 x 10 70 0.89 x 1017 0,25
2000  5.65 x 108 8.53 x 100 77 0.84 x-1017 - 0,17
2300  6.50 x 108~ 11.28 x 106 84  0.78 x 1017 0,12

*Iy = 300 K, r = 1.8.
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Since the quench back time tq is in general greater than t;,
the one-dimensional equation (Eq. (34)) can be used to calculate tg-
. The value of tl can be found in Table 6. The following values can be

sﬁbstituted'into Eq. (34)

AH, = 21600 -3
L = 2.45 x 1078 wer 2
I = 1.296 Wo 1K}
(§§i> = 376 r=1.8
24 = 33 m '

Table 9 shows the calculated values of tg (for the gladding
outside and insiae the coil); The calculated value of ty (See
sub—-section C)'ié also given in‘Tablg 9. tos and tqer are also

;presenfed in Table 9. Figpre 7 shows a plot of tqQs and tQBR Versus
current for the base line case of the TPC magnet. As long as tgp is
less! than tQBR the magnet quenches safely without an»exfernal active
quench protection systém.

b) The TPC magnet without copper cladding quench back from the
bore tube alone

Equation (34) can be used to calculate tq- The quench back -
element is 1100-0 aluminum RRR = 25 in which there is almost no
_magneto-resistance. All other parameters except AHp and p, are

unchanged.

AHy = 11600 Jn~3

02 1079 om
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Fig. 7. Predicted quench back time ton required quench back time
tOBR for the TPC Magnet as a function of magnet current and
superconductor current density (see Table 9).
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_Table 8. The parameters needed to calculate_tQ using Eq. (34).

io Jo VL pYﬁv Py (Qm)
(Am~?%) ns ! (om)* inside " outside™"
500 1.41x10° 1.8  L18x 10710 0.9 x 10710 0.78 x 10710
800  2.26 x 108 3.9 1.25x 100 1.0x 1070  0.78 x 10710
1100 3.1 x10% 64 132x1070  L1x100 078 x 10710
1400 3.95x 105 9.1  1L.40x1070 1.2 %1070 0.78 x 10710
1700 4.80 x 108 12.0 1.50 x 10710 1,37 x 1071%  0.78 x 10710
2000  5.65 x 108 16.0  1.63 x 10710 1.4 1079 0.78 x 10717
2300 108 200 1.75x 100 171 x 10720 0.78 x 10710

6.50

*The superco

»

nductor matrix copper has an RRR =

is considered.

**The copper cladding has a RRR = 200. The cladding inside has
" magneto-resistance considered. The cladding outside is at zero field.

140 magneto-resistance
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Table 9. The calculated values of tQ,'tH, and tqp for the base
line case. tQBR is compared with top-

io tQ (s) tH* | | tQB (s) . tQBR**

- (Al) insidé ~ outside (s) inside outside (s)

. 500 3.71 3.58 0.105 3.82 3.69 4,24
800 1.62 1.52 0.100° .72 1.62 1,45
1100 0.93 0.86 0.095 1.03 0.96 0.68
1400 0.63  0.57 0.090 - 0.72  0.66 ' 0.39
1700 0.46  0.41  0.084 0.54 0.49 0.25

12000 0.34 0.29 0.082 0.42 0.37 0.17
2300 0.25 10,22 0.081 0.33 0.30 0.12

*See subsection ¢ in the section for the calculation of tyge

**hen tQBR is greater than tQB» the magnet will quench safely
without external quench protection. According to this calculation,
the cross over point is at about 700 A (See Fig. 7).
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The other major difference in this case is tQBR" Two thicknesses of
the aluminum bore tube are used for comparison. Bore tube thickness
does not effect tQs but it does tQBR- The two thicknesses are
9.53 mm (3/8 inch) and 25.4 mm (1 inch). Table 10 shows the parameters
needed to calculate tQBR" Table 11 shows tqs and compares it with
tQBR* Figure 8 shows a plot of tQs and tQer Versus magnet
current. Note: From Table 11 and Fié. 8; there is no safe fegioﬁ'for
quenching of the TPC magnet when it has the bore tube alone as a quépch
back element. (tQBR is always less than tQB)'

t) The effect of electrical insulation thickﬁess c4 between

the superconducting coil and the quench back element.
A calculation of ty

The thickness of the electrical insulation between the shorted
secondary circuit element causing quench back and the superconducting
coil has an effect on tQB* This effect comes from ty and ty
only. At low currents in the coil, the effect ié not a strong one when
the coil current density is above 5 x 108 Am—z, the value of ty
may be a substantial fraction of téB‘ Table 12 shows the effect of
insulation thickness c4 on ty at various currents in the TPC magnet.

Table 12 ghows that tH.grows quickly with insulation thickness.
At high currents the thickness of the insulation betweeﬂ the super-
conductor and the quench back element has a marked effect on quench back
time tQe- From Table 9, one can see that ty is one quarter of the

’

predicted quench back time tq at a current of 2300 A.

N
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Table 10. The parameters needed to calculate tQBR*

&+

Thicknéss = 9.53 mm Thickness = 25.4 mm.
i, Ts F(Ty)-F(Tg)  togg T F(T)-F(Tg)  toge
(4)
500 38 126 x 107 408 32 L35 x 10'7 0 437
800 48 .11 x 107 1,40 40 1.22 x 107 1.4
1100 57 1.00 x 107 - 0.66 47 1.13 x 10} 0.75
1400 66 0.92 x 107 0.38 52 1.07 x 1017 0.44
1700 75 0.86 x 1017 0.24 58  1.00 x 1017 0.28
2000 85 0.78 x 107 0.16 65  0.93x 1017 0.19
2300 92 0.73 x 1087 0,11 72 0.8 x 1017 0.13

TM = 3’00 K, r =

1.8, see Eq. (2).



-67~

I

Table 11. The calculated values of. tQ, tH and tQB for the case
with an 1100-0- bore tube as a quench back element.
tQBR is compared with tQB' »

*%

tQBR
io | tQ tH*, ‘ tQB 9.5 mm . 25.4 mm
(A)
500  5.95 0.105 - 6.06 4.08 4.37
800 2.50  0.100 A 2.60 1,40 1,54
1100 139 04905 149 0.66 0.75
1400 0.91 0.090 1.00 0.38 0.44
1700 0.64 "7 0.084 " 0.72 0.24 0.28
2000 0.45  0.082  0.53 0.16 0.19
2300 0.32 0.081 0.40 0.12 0.13

*see subsection ¢ in this section for the calculation of ty.

**Note: tQBR is less than‘tQB for all values of current in the
. oo table. This suggests that there is no region where fallsafe quenching
' can occur (See Flg. 8).
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Fig. 8. Predicted quench back time tgp and required quench back time
tQBR for the TPC magnet without a copper quench back coil as
a function of magnet current and superconductor current
density. (Note: Quench back is caused by the bore tube which
is assumed to be RRR = 25 aluminum. Two bore tube thicknesses
“are included.) (See Table 11).
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Table 12. The time required to transfer heat across the insulation
: ty as a function of magnet current i, and insulation
‘thickness cé4.

io , thermal time constant ty (s)

(4

500 ~0.027 0.040 0.105 0.211

800. 0.024' 0.037 ~0.100 0.204

1100 . 0.021  0.034  0.095 10.196

1400 0.018 0.031 0.090 0.188

1700 0,016 0.029 0.084 0.181

2000 0.015 0.026 0.082 0.178
2300 0.014 0.027 10.081 0.176
c4.(mm) 0.2 0.5 1.0, | 1.5
k:n'(Wm'lK'l)‘ 0.051 0.127 0.139 0.139

*kin is given in Table 3. AH; used in Eq. (19) is also given
in Table 3,

~
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d) the effect of changing the resistivity of the secondary

circuit material :

Table 9 shows the calculated quench back time for the TPC magnet
from a shorted secondary circuit made of RRR = 200 copper. This table
gives the value of the quench back time with this circuit inside and
outside the superconducting . coil. The difference between the two cases

~is ps the average resisti?ity of the seéondary circuit (see Table 8).
This sub-section presents a systematic study of ﬁhe effect of py on
quenchrback time (see Eq. (34)).

The calculation illustrated in this sub-section use the same values
of AHy, L, T, r, p1, Jo, V and 2, 1is the base line case, the
rebuilt TPC magnet. Oniy py is changed. 1In Table 13 and Fig. 9 , ome
can compare the effect of secondary circuitvresistivity ratios RRR = 20

(py = 7.8 x 10710) | RRR ="200 (pp = 0.78 x 10710) and RRR = 2000

(pp = 0.078 x 10-10) with one another. 1In all three comparison

cases, (RRR = 20, RRR = 200, RRR = 2000), the copper is located outside

the coil so that magneto-resistance in the circuit is not a factor.
Table 13 shows that reducing py does reduce the quench back

time. An RRR = 20 cladding circuit has no safe region where the TPC

magnet can be quench. At an RRR of 200, the magnet will safely self

quench up to a current of 770 A. When the cladding resistance ratio

RRR = 2000, the safe quench current is around 1200 A.
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Table 13.. Quench back time as a function of copper cladding
resistivity at various magnet currents.

i base case copper cladding outside
© Y6 RRR= 200 RRR = 20 RRR = 200 _ RRR = 2000 t
. . QBR
(inside)

500 . 3.82 6.72 - 3.69 2.28 4.24
800 1.72 2,87 1.52 1.04 1.45
1100 1.03 1.65 0.96 0.64 0.68
1400 0.72 1.10 0.66 0.46 - 0.39
1700 .~ 0.54 0.79 0.49 0.35% 0.25
2000  0.42 0.57 0.37 ~ 0.28% 0.17
2300 0.33 0.45 ©0.30 0.23% 0.12

*Calculated using Eq. (34), Eq. (33) may yield a slightly lower
value. In these cases tQ < tl but not by very much.

1
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Fig. 9. Predicted quench back time tpp and required quench back time
’ tQBR for the TPC magnet as a function of magnet current or
superconductor current density and the residual resistance
ratio (RRR) of the copper quench back coil. (Note: The
copper coil is assumed to be outside the superconducting coil
so that magneto-resistance can be neglected.) (See Table 13).
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Figure 9 shows a plot of tQB and tQpr Versus magnet current for
various resistivity ratio secondary circuits.

Increasing the cladding resistance ratio (decreasing resistivity
pz) is not a very effective way of reducing quench back time. One can
see in the néxt sub—section that incréasing the_éuperconductor maﬁrix

I

resistivity p; is far more effective 'in reducing quench back time.

e) bthe effetf~of changing the resistivity of the superconductor
matrix material : : o ' . .

When one looks at Eqs.v(33), (34), and (35) it is clear that the
matrix ;esistivity p1 has a greater effect on quench Sack time than
does ;ﬁe.resistivity of the seéondary circuit mate;ialvpz ﬁhich
induces quench back. The value of tQBR is not the same as for the
base line case. ¥(Tg) and F(Ty) are both smaller when the resis-
tivity of the supercondugtor matrix is incréased. ‘As a resuit, tQBR
is not the same as iq the base line case. Table 14 shows ho& tQBR is
calculated for a magnet with a superconductor matrix resistivity ratio
RRR = 10 and RRR = 50.

Table 15 shows calculations of the quench back time as a function
of ﬁagnet current and the resistivity ratio of the copper in the supef—
conductor matrix.  Table 15 values were calculated using the two-
dimensional propagation equation (Eq. (33)). When the superconductor
matfix copper resistivity ratio is 10, one can see that tqB is less
than tl. Thus it is appropriate to use Eq. (33). When the resistivity

ratio is 50 tQB is greater than tl but not by very much.
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Table 14, The calculation of tQBr as a function of superconductor
matrix resistivity ratio.
i Tg F(TM) - F(TS) tQBR (s)
(A)  (K) RRR=10"  RRR = 50" RRR = 10 RRR = 50 RRR = 140
500 35 1.03 x 10!7 1.25 x 10!’ 3.34 4.05 4.24
17 17
800 45 1.00 x 10°7 1.13 x 10 1.26 1.43 1.45
1100 55 0.95 x 1017 1.03x 107 0.63 0.68 0.68
1400 63  0.91 x 10*7 0.95 x 10!’ 0.33 " 0.39 0.39
1700 70 0.86 x 1017 0.89 x 10%’ 0.24 0.25 0.25
17 17 '
2000 77 0.82 x 107 0.84 x 10 0.17 0.17 0.17
2300 85 0.78 x 1017 0.78 x 1017 0.12 0.12 0.12
*For copper RRR = 10, F(Ty) = 1.05 x 1017 A2m4s
**For copper RRR = 50, F(Ty) = 1.33 x 1017 A2y4-4g

Tror copper RRR

140, F(Ty) = 1.48 x 1017 A2y~4s
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Table 15. Quench back time as a function of current and the reéistivity
of the superconductor matrix material, pj.

i ey () ey ) gy
(A) RRR = 10 RRR'= 50 RRR = 200 RRR = 10 RRR = 50
500 1.51x 107 3.1 x 1010 0.90 x 10710 0.90 2.0
800 1.51x10° 3.3x107%%  1.00x 10710 0.4 0.97
1100 1.52 x 1070 3.5 x 10 110x 1070 030 0.61
1400 1.53 x 1077 3.7 x 10710 1.20x 10019 023 0.43
p
1700 1.55 x 107 3.9 x 10710+ - 1.37 x 10717 019 0.33
2000 1.57 x 1070 4.1 x 1000 154 x 10 o016 0,27
2300 1.59 x 100 4.3 x 1070 171 x 10710 o.15 0.22

*Equation (33) was used to calculate tQ-



-76-

Table 16 compares calculation of quench back time using both Eqs.
(33) and (34). When RRR = 50, there is not much difference between the
use of Eq. (33) and Eq. (34). Figure 10 is é‘plot of tqp and togg
versus magnet current for various superconductér matrix resistivity
ratios. (RRR = 10 uses Eq. (33), RRR = 50 uses Eq. (34) and RRR = 140
uses Eq. (34).

Increasinglthe resigtivity of the superconductor matrix appears to
be an attractive way to reduce quench back time in order to insure safe
quenching without active quench protection. The major question is
whether a reduced resistivity superconductdr matrix has a negative
effect on superconductor stability.

f) the effect of changing the conductor copper to

superconductor ratio :

"Changing the ratio of normal metal to superconductor r in the
superconductor affects the quénch back time tQB'and the required
quench back time tqgg. When one looks at Eqs. (33), (34) and (35) it
is clear that normal metal to superconductor ratio r will have a marked
effect on tq. It is also clear from Eq. (2) that toer is affected
as much or more by r than is tq. To first order, r does not affect
the velocity of quench velocity Vy. Therefore, to first order, tl is

not affected by changes in r.
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Fig. 10. Predicted quench back time tpp and required quench back time
tQBR for the TPC magnet as a function of magnet current or
superconductor current density and the residual resistance
ratio (RRR) of the matrix copper in the superconductor (see
Tables 14 and 16). (Note: Eq. (33) was- used for the RRR = 10
and RRR = 50 curves and Eq. (34) was used for the RRR = 140
curve.)
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Table 16. A comparison of quench back time calculated using Eqs. (33)
and (34).
i toB (s) toB (s) tes (s)
(4) RRR = 10 “RRR = 50 RRR = 140
Eq. (33) Eq. (34) Eq. (33) (34) (34)
500 0.90 1.27 2.01 .11 3.82
800 0.46 0.64 0.97 .97 .72
1100 0.30 0.42 0.61 .63 .03
1400 0.23 0.32 0.43 .45 72
1700 0.19 0.26 0.33 .35 .54
2000 0.16 0.22 0.27 .29 42
2300 0.15 0.18 0.22 .23 .33
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Table 17 shqws a comparison of quench back ;ime tQs and required
quench back time tQBR with éurrent in the coil and copper to super-
conductor ratio in the superconductor.  As r is decreased, both ﬁQB
and topg are decreased. The required quench back time tQBR 80es
down faster than the calculated time for quench ba;k tqp. As a
resuit, réducing r will reduce the current up to which safe quenching
can occur. The reasons for this are tqpRr is changed directly, but
t] and ty which are a part of tqs are not' affected very much by
changes in r. (A decrease of r will increase tH.slightly).

It can be concluded that maximizing the copper to superconductor
ratio is a good thing in terms of fail safe quen;h protection thréugh
fhermal quench back. Increasing r will, in many cases, result in better
.conductor stability. The other side of the coin is that more super—‘
conductor (a lower r) means a greater safety margin against fluctuations
of conductor temperature. (As an example, the TPC magnet is expected
to have a critical temperéture of about 6.2K. If the copper to super-
conductor ratio is increaéed from 1.8 to 2.6, thé critical temperature

will be reduced to about 5.5K).30

13. The Effect of Superconductor Métrix'Resistivigy on

Superconductor'Stability

From the previous section, it appears that increasing the resis-
tivity of the superconductor matrix p; is a good way to reduce quench
back time so that fail safe quenching caan occur at higher current densi-

ties. The major drawback of this approach is the effect that increasing
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Table 17. Quench back time as a function of the conductor copper
to superconductor ratio at various magnet currents.

*k
r=1.0 r =1.8 r = 2.6
i t t* t t* t*
Y QB QBR QB QBR teB QBR
(A) :
500 3.12  3.30 3.82 4.24 4.04 4.76
800 1.46 1.13 1.72 1.45 1.86 1.63
1100 0.88 0.53 1.03 0.68 1.11 0.76
1400 0.62  0.30  0.72 0.39 0.77 0.44
1700 0.47 0.19 0.54 0.25 0.58 0.28
2000 0.37 0.13 0.42 0.17 0.45 0.19

2300 0.29 0.09 0.33 0.12 0.35 0.14

*When tQBR is greater than tQB’ the magnet will quench safely
without external quench protection. According to this calculation
the safe current for quenching is: : .

630 A when T
700 A when r
750 A when o

1.0 (50% superconductor)
1.8 (35.7% superconductor)
2.6 (27.7% superconductor)

**This case would decrease the margin to safety in the TPC magnet
considerably. : o
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p] might have on the stability of the éonducto;.‘ In other words, does
increasing the resistivity of the sppercoﬁductor matrix méterial cause
the magnet to quench spontaneously.

In general, stability_pf a superconductor is a measure of its
ability to return spontaneously to the superconducting staté-after the
passage of a disturbance. Stability and stabilization mean diffe;ent
things to different people, so it is useful to describe it in general
terms>before applying stability crite;ia to our particular case. There
are two forms of stabilization which aré_used in the literature to |
describe the prqcess of insuring stable performance of a éupe;conducting
device. They are: 1) cryogenic stability where the conductor ﬁay

‘become partially Qf wholly normal without the device quenching, and
2) intrinsic stability where the superconductorvitself is stable against
disturbances which may drive the superconductor partially or Qholly
norﬁal. . The best of all worlds is fo have both types of stability
present invthe devicé_simultaneously.' Unfortunately, high current
density devices, such as the TPC magnet, do not have_very‘mﬁch
cryostability. Therefore, cryostability is not an important factor in‘
the design of a high current density device. (It might be useful to
point out that old TPC magnet had a degree of cryostability at low
currents, but cryostability is not a factor in the design of that
magneﬁ.)

Since cryostability is not an important factor in the design of high
current density (superconductor plus matrix current .densities above

1.5 x 108 am~2) magnets, it will not be considered further. This
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section will deal with the concept of the ﬁintrinsic stability" of the
superconductor itself. (It should be noted that the term intrinsic
stability is out of use. It was used to describe adiabatic or flux jump
stability). '"Intrinsic stability", in the context of this usage, is an
all encompassing term used to describe a number of types of conductor
stabilization. These include: 1) adiabatic stability of single
filaments and multifilamentary superconductor, 2) self field stability,
and 3) dynamic staﬁility; In general, one wants to héve a conductor
which is stable in all three modes simultaneously,

The concept of adiabatic stability comes from the concept of the
critical current model which says thét a superconductor in an electric

field must carry its critical current .31

(Another way to say this is
thét a superconductor has a resistivity which is proportional to the
e1ectrié field.? The critical current is a function of temperature and
magnetic induction. The energy stored within a superconducting filament
due to circﬁlating currents (at critical current densityj is
proportionallto filament diameter dg squared and critical current
density in the éuperconductor JC(B,T) squared. Flux jump instability
will occur when the shield magnetic induction from the center of the
e&ge of the filameﬁt is of the order of 0.25 Tesla.32 According to

33

the paper by Wilson et al., the superconductor will be stable if the

following conditions prevail:

1/2

2 1 (BN . :
d_J _<_ ZTJ;_. CSC JC —a-,-f (42)
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~

where dg¢ is the filament diameter, J. is the critical current in the

c
superconductor, u, is the permeability of air (y, = 4w x 107

Hm'l), Cgc is the specific per unit volume for the superconductor

and

bt
Jc /. = T . v - (42a)
many authors set T./2 = 4.' The specific heat of -the superconductor is
somewhat qomplicated to calculate because it contains both a termbfor
specifiéuheat of the‘normai state and the magnétization term for
specificvheat.k34 Wipf suggests using a specific heat of 4.2 x 103
.'Jm-3 k1l ar 4.2¢.35 Using this value of the supefconductér
specific heat and a T, of 4K then the folléwing form of Eq.‘(42)
emetgeé: ' |
.

Am-l

(43)

J d. < 1.82x 10
c £ — .

Other researchers have suggésted a range of values for‘tﬁe right hand
side of Eq. (43). These values range from the 1.5 x 10° Am~!
suggested by Smith and Lewinl® in 1967 to‘4 x 10° Am suggested by
Collings.32 Equation (43) suggests that the minimum filament diameter
for the TPC magnet conductof be 61 ym when fhe superconductor J. = 3 x
10% An2 (at 2T and 4.2K). )

Wilson33

and Hart3® have both suggested that stability could be
increased by increasing the specific heat of the superconducting

material Cgc and by increasing T.. A conductor which as a positive
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dJc/dT derivative ﬁill be stable regardless of the filament diameter.
Efforts toward increasing Cgc and T, have not met with a great deal

of success. The same can be said for the making the dJc/dT derivative
positive. The general rule is that the higher the critical current
density is in the superconductor, the smaller the filaments must be.
This is precisely why a small filament superconductor was chosen for the
TPC Magnet.

Multifilamentary conductors are not flux jump stablé unless the
filaments are transposed within the superconductor. Up to a certain
size.a simple twist is sufficient to insure that the conductor is stable
against circulating currents from filament to filament. The twist pitch
required for stable operation of a multifilamentary conductor is a
function of the matrix material resistivity and the rate of magnet flux
change the conductor sees. (The minimum twist pitch is about 5 times
the mean diameter of the conductor matrix.) In general, a higher resis-
tivity matrix material will result in a more stable conductor for given
rate of magnetic flux change. For a typical multifilamentary conductor

the twist pitch Lep should be:

1/2
2

: 8 p, J df 1/2
tp < l ¢ < 1 ) ds (44)

B r+l ds+df
where ztp is the critical twist pitch which causes doubling of the
superconductor a.c. loss in a magnetic induction which is changing at
the rate B=dB/dt. p;,J.,r and dg¢ are previously defined. dg is
average distance between filaments. For a densely packed conductor with

round filaments
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. 1/2
. - [<_4.1.>_] | Gase)

The twist pitch can be longer if superconductor matrix resistivityiis
high., Twist pitch affected by the superconduceor critical current and
the filament diameterl The conductor for slowly chaiging d.c. magnets
' can have twist pitches in excess of 100 mm.

Twisting does not insure stability against self field_effec;s;37
Self field is not a problem if the magnetic iqdection difference from
one side of a conductor to the oiher side of the conductor is less than
0.5T. There are a number of criteria which govern self field
iestability if the induction diffefenee from side to side is greater
than 0.5T. The‘conducebr'will be stable against self field effects if:
1) the'miﬁiﬁu@ conductor dimension is about 2 mm or less,38 2) the
filament diameter must be smaller than is iﬂdicated.by Eq. (43). The
larger the matrix theismaller the filaments should be. Increasiné the
matriiito superconductor ratio enhances self field stability.

The last form of stability which is important on the superconductor
1evei is dynamic stability. The principle behind dynamie stability is
that thermal diffusivity of matrix material must be much greater than
the thermal diffusion of the supercon&uctor. On the other hand, the
magnetic diffusiQity of the suberconductor must be much larger than the .
magneti; diffusivity of the matrix materie1.39’40 For effective
dynamic stability, the filaments of supercondector must Ee relativeiy

small and the matrix material should have a reasonably high thermal

conductivity (the matrix material should have a low electrical
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resistivity.) According to the dynamic stability criteria given by

Wilson et al;33

-1 .
8 kSC r -1 dJc (45)
d_.J < J —_—
f ¢ - Py c dt
where
-1 :dJc - Tc ’
Jé — B o 4 K . (42a)

aﬁd where J. is.the supérconducto: critical current density; df is
the filament diameter; kscbis the thermal conductivity of the super-
conductor; (kgec = 0.1 wm'le'l) p1 is the resistivity of the

maérix material; and r is the matrix material to supercondugtor ratio.

Equation 45 takes a form which is very similar to Eq. (43). When
the matrix material is made from good copper, the product of J.d¢ in
Eq. k45) is the same order as the J.dg product in Eq. (43). The
resistivity of the superconductor matrix material affect the dynamic
stability. If this resitivity p; is increased, the filament diameter
mdst be decreased.

Dynamic stability is the only form of stability which is directly
affected by the resistivity of the superconductor matrix. (Self field
stability may bé affected indirectly.) If the conductor is made with
good copper (p; = 1.5 x 10710 om, RRR = 100). The filament diameter
adiabagic and dynamic stability are nearly the same. (For the TPC

magnet conductor is a dg¢ ~ 60 ym). Since the TPC magnet conductor has
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a filament'diameter of around 26 mm, the resistivity of the matrix can
be incréasgd_to 9.5 x 16'10 m (RRR =~ 16) without sécrificing dynamic
stability at J. - 3x 10? an~2. The authur would not advocate
increasing the matrix material resistivi;y to this exﬁedt without
experimentally varifying the méterial stability within an epoxy impreg-

nated structure.

14, Conclu&ing Comment s
The theory presented in this report can be used. to design large high
éurrenf density supercdnducting magnets which ate'passively;quench
protected using a shorfed secondary circuit. In order to have effective
' - ¢
| passive' quench pfotection, the theory suggests that the quench back time
tQB be léss than a certain minimum quench back time tQBRJ.'This
minimum quench‘back time is a function of the maximum allowable hot spot
'temperature Tys thé magnetic-énergy stored E,, the mass of the
active elements of the coil, the current dehsity J, at the start of
the quench, and thé copper to superconductor ratio.
Only thérmal quench back is éonsidered in.this report. Thermal
quench back time tqB has.two parts to it. They are the'time to heat
the secondary circuit tq and the time needed to transféf that heat to
the superconducting coil ty. The theory fof‘thermal quench back has
been'simpiified so that closed form equations result, Two forms of the
equations for calculating the time to heat the secondary circuit to are
ppesented. Tﬁe fifst form, given in Section 9 if this report, gives tqQ
iﬁ terms of basic magnet and circuit parameters suéh as Ly, Ly, Ry,

Rgs Ni» N2, a» VL ios Ac2 and Fp. (See the nomenclature for the
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meaning of these terms.) The second form, given in section 10 of this
report, gives tg in terms‘of basic material parameters in the primary
and secondary circuits such as pjy, pp, AHg, and r as well as coil
geometric factors a) and £; and the current dénsity Jo in the

conductor, The second form of the equations is particularly useful when
one designs a high current density magnet.

Thermal quench back is a function of the product of AHy p9,

P1> Ts Jo» Vp, and T, as well as the physical dimensions of the

magnet, Thermal quench back time is not a function of the amount
material in the circuit the coil quenches back from. (This is true to
first order.) Reducing r and increasing J, will reduce quench back
time, but they are counter productive because they reduce the required
quench back time even more, For a given magnet geometry, the only
effective wayQ of reducing the quench back time tqp are to reduce the
AHypg product, increase pj, or_increase the turn to turn normal

region propagation velocity by increasing T,

When the quench back theory given in this report was applied to the
‘new TPC magnet (see Section 12),'the following conclusions could be
drawn: 1) increasing the bore tube thickness, without copper cladding,
does uaot reduce the quench back time tqp mor does it significantly
increase the required quench back time tQBR* 2) Copper cladding
appears to reduce quench back time over the cases with the bore tube
alone. The copper cladding will, in theory, permit fail safe quenching
of the TPC magnet to currents of 700 A. 3) Decreasing the resistivity

of the copper cladding will decrease quench back time and increase the
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fail safe quenching current. The use of ultra pure aluminum is justified
but is difficult. to obtain with the proper insulation. Incréasiﬁg the
;esistivity of the superconductor matrix material will, according to the
theory, reduce the Quench back time, Increasing‘the matrix resistivity
changes stability parameters in the superconductor. It was decided that
the TPC magnet was not the place to test the effect of iﬁcfeasing.the
matrix material resistivity.

The theory suggests that increasing matrix material resistivity p;
is the most promising approach for insuring that ' a magnet will quench in
§_fail safe manner. One can increase the matrix resistivity either by
céld working the material or by adding a small amount of ‘another metal to
the material. In most cases, the desired resistivity for the matrix
material (almost always this material is copper) is between 3 x 10710
Om and 1079 Qﬁ. Unfortunately, increasing matrix resistivity does
affect the stability of the condu;tor. If the superconductor filaments
diameter is less than 25 um, one should be able to acﬁieve adiabatic and
dynémic stability with a matrix resistivi;y as high és 1072 om.
It is sdggested that further experimental work should be pursued before
the concept'of'increasing the résistivity of the superconductor matrix
material is applied to large high current dénsity magnets which use

thermal quench back as a primary means of quench protection.
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