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1 Introduction

The purpose of this paper is to descnbe a techmque to turn a long length of

, superconductlng wire normal by dumpmg a charged capacitor lnto it and Justlfy

some formulae needed in the design. The physwal phenomenon is described. A
formula for the energy to be .stored in thevcapat_:it;.or is given.

T_here are circumstances where the DC current in an electrical circuit contain-
ing superconducting elements has to be turned off quickly and where the rnost
convenient way to switch the current off is to tvurn a l.afge portion or all of the
superconductmg wire normal. Such was the case of the Time PrOJectlon Chamber
(TPC) superconducting magnet as soon as a quench was detected. The techmque
used was the discharge of a capacitor into the coil center tap as ‘shown on Fig. 1

A [1] It turned the magnet winding'.normal in ten milliseconds or so and provided
an a.dequ_ateouénch protection. _Tne technique of discharging a capacitor into a
superconducting wire should have many other applications whenever a substantial
resistance in a superconducting circnit has to be generated in that kind of time
scale | | |

The process involves generating a pulse of large currents in some part of the
circuit and heating the wi:e_ up by AC losses until the value of the wire critical
current is smaller than the DC current. Use of low inductance connections to the
circuit is necessary. Then the DC current gets turned off due to the resistance of

the wire as in a magnet quench.

1This work was supported by the U.S. Depa;'tment of.Energy under Contract No. DE-AC03-
76SF00098. o S '



The calculations Will be 'performed in détaii for one possible application of the
technique. Hints will be given as to how to extend the results to other ¢ases. When-
‘ever calculations become too complicated lto be per_formed 'exa;:tl&, an approxima-
" tion will be made in the direction of cdnserva.tism, i.e. such that the capacitor
energy. thefefore its vbltage is overestimated rather than underestimated. Future
" refinements in the calculations to mé.ke the capacitof voltage léss overestimated are

conceivable.

‘2 The different energies involved

The mechanism consists of raising the wire temperature Oy from thevar.nbient
value ©g to a value where, after the pulse, :the DC current Ipc keeps the wire in a
-state of quench. .The temperature reached should be above a critical temperature
©, that makes the critical current I, (©¢) less than Ipc. Part of the energy stored
in the Capé.citor of capacitance Ce,p i_nitially charged to voltage Viap, is used to

increase the total wire enthalpy from the initial value H (o) to the value H(8,).

AH(ew) = H(Ow) - H(80) (1)
%Cﬂlp‘,c%po > AH(®.) ' (2)

In addition, heat will be communicated to the surroundihg insulator, a phe-
nomenon that is more_inipprtanf if the duraﬁion At of heat deposition is long.
rlEurthermore, the pulsed currents from the capacitor generate magnetic fields, the
energy of which rﬁay end 1'1p. after the pulse partly as frozen magnetic energies due
to frozen cufrents in the superconductor, partly as electrostatic energy in the ca-
pacitor charged backwards, and partly as thermal energy deposited too slowly to
be effécf.ive, The magnetic energies exiét at all rates of heat depvbsition because of
the superconducting currents but are more important at high rates of heat deposi-
tion because additional non negligible currents will be generated in the wire matrix
material. All these energies have to be supplied by the capacitor and be included
in the calculation of the _capacitdr’s initial energy. Defining A H;,, as the thermal

energy deposited in _the insulator and Wma, the magnetic energy, we should have

3



+

1 .
2CcapV capd 2 > AH + AHma + Wmag (3) -

In Section 6, it is shown that the wire temperature, the magnetic energy due to:
superconducting eurrents and the current at any one time are bound by equations
that do not depend on the preceding shape and duration'of the current pulse If
currents were limited to superconductmg currents and heat was ending up only in the
wire, we could write relationships between the current, the magnetic energy, the wire
enthalpy and, because of energy conservatxon, the energy on the capacxtor.‘ These
relationships would not be dependentv on the shape and ‘duration of the current
pulse, only on the final value of the current or the final value of the capacitor -
voltage. For the sake of simpllclty, we will make conservative appl‘okimations for
the heat communicated to the insulator-in .the time At to make it behave just like
an increase in wire enthalpy. Currents in the matrix material during the time At
will also be approximated conservatively in ofder to get equatipns.similar to these
energy relationships we would have had with the superconductor only. |

Finally a compromise has to be found for the pulse duration At which should
be small enough to keep AH;,, reasonable but also large enough to prevent the
magnetic energy W,,,, and the voltages inflicted on the magnet from becoming
prohlbltlve We w1ll give formulae to estimate A H;,, and’ Wmag as functions of At. -
To find a suitable compromlse dlfferent computatlons can be performed for different
values of At till the most practical value, engineering wise, is found a

For any value At of the pulse duratlon one should ‘minimize Winag and the
voltages by minimizing the 1nductance Leap of the circuit at the points where the
_ capacitor current will be fed. In the next section, we describe ways to make Leop
much smaller than the inductance Lpé of the circuit seen by the DC current (by
about three orders of magnitude in the case of the TPC magnet). Then, we can
determine the value C,qp of the capacitor capacitance 80 that the maximum of the
current pulse occurs at the time At. Assuming the circuit to be essentially inductive

most of the time

"

2
iccap = il_A.i (4)

Lcap
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This condition corresponds to the hypothesis that we want the temperature ©,

reached by the time the current pﬁlse is maximum.

3 Min’imizing the inductance L., -

Even if the superconducting circuit has a large _inductahce Lpc. for the DC
currentsvsupplieci by the DC power supply, most of the.circuit can presumably be
- built in two halves in close coUpling k to one another. Then the capacitor can be
connectéd ason Fig. 1, between the junction of the two halves andvb_ot'h connections
to the péwer supply. Let Ly and L3 be the inductances of either half and M their
mutual inductance. For the sake of simplicity, we will aésume that L; and L, vh.ave

about the same value. ,

" Lpc=Li+ Ly +2M =4I, - - (8)

Lle—Mz. Ly ;. l LDc(l—k)
=AW~ gy T8 6
Leap Li+L;+2M 4 (1 ) 16 (8)

Lpc can be large and L4, can be small if the coupling

M? | ‘
k= ' : 7
"Iils (M

is cl‘ose"enough to 1. This phenomenon is related to the fact thﬁﬁ, on one hand,
the current from thé power supply runs in. such directions in the two halves of the
circuit that the overall magnetic flux is reinforced while, on the other hand, the
currents from the capacitor run in such directions that their contribution in-each
“half almost cancel each other in the generation of the magnetic fluxes (sée directions
of the arrows on Fig. 1). In the TPC magnet, the power supply was connected to a
solenoidal coil made of two layers in close coﬁplin_g and the capacitor was connected
as shown 'in Fig. 1 Betwéen the junction of the'two'la‘yers,and the power supp‘ly
connections. The coil self inductancé Lpc was 4.5 H but the circuit self inductance
L.ap seen b& the capacitor was less than 10 mH. ‘

-In principle, any magnet can be bﬁilt in such a way that it can be connected as
in Fig. 1. Use two insulated wires and wind them side by side whe‘revér the current

density is néeded. Each' of these wires is a half circuit with close coupling to the

5



other._ If the two halves are connected as in Fig 1 with the pi'oper'polarities, the
DC current will run parallel in the two w1res, while the capacltor currents w111 run
in opposite dxrectlons

Theré are cases where a circuit containe a large inductance that can not be
conveniently built in two halves in close inductive coupling. Then one may want
to use a superconducting switch as shown on Fig. 2 instead. The switch can be a’
long length of superconducting wire wound up oh a coil form in a non-inductive way
_inserted in the circuit. Then the inductance of the sw1tch as fed by the current from

the power supply and the c one for the current from the capac1tor are the same and

- small. Let L; and L3 be the self inductance of each one of the two layers, M the

'mutua.l inductance between them and k the couﬁling coefficient as defined by Eq.
(7). We will assume L; and L; to be about the same and the irreducible inductance
of the rest of the. circuit to be large in comparison to the switch inductance. The
self inductance L.qp of the circuit for the current pulse from the capacitor is the

" same as the inductance of the switch.

. ' Lcap=L1+L2—2ME Ll(l—k) _ (8)

If the superconductmg c1rcu1t runs with a persxstent superconductmg switch
instead of a power supply, the same ideas and calculatlons apply as for the case of - |
a power supply. In Figs. 1 _and 2, the power supply has to be replaced by a sh01_'t in
the cryostat and the two diodes on Fig. 1 can be omitted.

The application we will consider here as an example is the case of a super-
A conducting switch connected as on Flg 2. The switch is made of two layers of _>
~ rectangular wire wound in opposite 'direetion on a coil form (Fig. 3) as a meahsvof
mlmmlzmg the inductance Lcap of the two layers in senes Let R be the radius of ,
the winding, a the wire thlckness in the radial direction, a,M the thlckness of the
insulator between the two layers, € the length of the ‘c01l in the axial direction, n
the total number of turns in the two léyer_s (i.e., twice the number of turns in each
layer).. We will neglect the volume of insulating material bettveen the turns. We

define L qp as the inductance one would measure at room temperature

T R, ' :
Leap = ghon' g (ains+0) ©

6.



4 The heat communicated to the insulator

The amount AH.-,,,.' of héat communicated 'tovthe insulator is difficult to cdmpute
.- exactly but it is irhpo:tant to have an estimate of it because it is a motivation to
» keép At émail.' We will give a rélatively simple ekpresSion for AH.‘,,, but, to stay on
| thé safe side, it will _correspondvto'a éubstantially overesti_mate of the real value.

Our basic assurhptions are that the temperature © is uniform inside of the wiré _
.and equal to a vé‘lue ©w. In the insulator, as a function of the d.ist‘ance v from‘ thé
.. wire, © a:ops off towardb the valué (S 1 tha.t; was the temperature everywhere before
vt_he current p1.11vse and which we call the ambient ‘tefn:per'atu,re., Deﬁning Ainss Cins

and k;,, as the insulator density, speciﬁc heat and heat conductivity, respedtively,

temperature © in the insulator satisfies the equation

a0 a ae _ . '
YinsCine '5? — % (kina ‘a‘;) (10)

* which is hard to solve exactly because C;y,, and k;n, depend on the temperature ©.
" However, simplifications can be obtained if one is willing to live with an overestimate

for A H;,, instead of a real value. Let’s define the functions of ©

hina(e) = Tins ‘/; C,_'n,d@ . (11)

e '
firu(e) =/ kin,d® _ (12)
8o : o
The total heat conducted away from the wire to the insulator is
. 0 _ _

The distribution of h;y, is given if the distribution of © is giveh, therefore if the

-one of fins is given. The quantity fins obeys the equé,tion :

Ofins _ __kins _0%fins
ot YinsCins- 0y?

(14)

* Instead of the real Cins in the above equation, we will use an increased value

so that f;,, satisfies a diffusion equation with a constant diffusion coefficient D.

7



Intuitively, it can be seen that increasing C;y, is equivalent to introducing a sink of -
heat, therefore, it will only make us overestimate A Hjy,, not underestimate it.

2

for 60 <0< @ (15)

D= mzmmum of
) ’1‘73‘0‘"3
vafina _ azfs'na i
at = Doy (16).
In our approximation ‘ '
87 RY o o
AHm, = / fmady - o (17)

We will make an addltlonal assumptlon When the wire temperature has reached
the value Oy, we Vassume that the heat communicated to the insulator is the same
as if the wire temperature was suddenly raised from ©9 to Ow and kept there for
the whole length of time At. _ Ihtuitively; it is easily seen that this hypothesis will
make us overestimate A H;,, even more. Then, the diffusion equation for fis, can -

be solved. Its distribution inyis

fo = fiai [ /°°’ | | - (18).

where fin, 0 is the value of fm, for the temperature of the wire O . Integratlng the

above expressmn of AHm, by parts, we get

AHin,(Ow) = ¥ [ y(-2me)dy =
| = 167Re fm,o = 16R¢y /25t fg’w kinsd©
The depth at which the heat penetrates into the insulator can be obtained from the

(19)

spatxal dlstrlbutlon of fins. It is typlcally

fyfmady n DAt
ffmady 2

The above calculation makes sense only if the insulator around the wire is uni- _

<y>—. (20) ‘

form to a much larger depth tha.n the mean depth < y > computed here. Otherwise
correctlons should be applied. :

The above calculation gives AH;,, as a functlon of Ow. If a less elaborate
estimate is wanted, one can calculate AH;,,, for ®w = ©, and approximate AHins

for lower values of ©w using the ratio r;p, .



AH(ow)= H(Ow)-H(®) ey

_ AHiha(GW = 6c:)

(22)

e T TAH(6w = 6.)
- The approximation consists of aﬁéuming
. AHipn, (eW) = rina,c_AH(e.W) o (23)

‘In this approximatioh, thé heat communicated to the insulator acts like an increase

of the material of the wire in the ratio 1+ rin,..

5 The magn'etic field and the heat deposition

The DC current is assumed to be spread uniformly over the cross section Aw of
the wire, as a result of the twist of the filament and the very lohg time for which the

DC current Ipg is assumed to have been on. The DC current density Jpc satisfies

Ipc ., nlpbc

Aw - 2af (24).

Jpc=

Let us consider the phenomena happening during the rise of the current pulse.
Unlike the DC currenﬁ in our example (Fig. 2), the pulse of current from the
c_épacitor is affected by a strong skin effect. The pulse of current, AI, is superposed
t.o the DC current Ipc and, like the DC current in our example (Fig. 2), it flows
in one direction in one layer and in the other direction, in the other layer. A
significant change AB;n, in magnetic field is geherated in the insulato:r between the
layers.fTher.e is also some éhéngeA AB in magnetic field inside of the wire up to some -
penetration depth p on either layer. Siﬁce ‘the change in the magnetic field requires
the presence of electric field, the currént density Jpc + AJ in the penetration depth
is e'quél to the sﬁr‘n of the critical current density J. at the temperature of the wire
at that time and the resistive current in the normal components (i.e. matrix +

superconductor turned normal); Therefore,

|AJ| > J. — Jpc R (25)

9



.Th_e spatial dependence of A B as a function of the radius r can be derived from
Maxwell’s equatién |
dAB

v or
where the +(—)I sign refers to the inner (outer) layer. From Eqs. (25) and (26) it

= tplas] (e

follows that the field AB has to vanish at some penetration depth p

-p’ AB;p, |
‘ ro(Je — Ipc)

In the wire beyond the penétration depth p, the quantities AB and AJ are zero.

(27)

VThlS means that the magnetlc ﬁeld and. the current dens1ty there have their DC
values, i.e. the ones they had before the current pulse. '

‘In this section we will neglect the resistive current density in the matrix ma-
terial and assume the current '_density in the superconductor turned normal to be -
the critical cufrent_ J.. Computations can be carried out quite accurately under the '

' assumption; provided that the estimation of A H;p, as. a function of O is accurate
enough or negligible. Unfortunately, these computations will have to be corrected
later for the currents generated in the wire matrix material (see Section 8). But
the study of the case without resistive currents will permit ;us to describe the phe-
nomenon qualitatively. ' . | 7 |

When resistive currents are neglected, the spatial distributions of AJ and AB

are as shown on Figs. 4a and 4b.

AJ = J, ~ Jpc in the penetration depth = (28)

ABin, = puoAJ | (29)
AI= Ap AT = 2—£ pAT = 2—ZAB.,,, | (30)
' a no - _ .

Inside the wire, the electric field is essentially in the azimuthal direction and its

azimuthal component E satisfies

-aB__a_E.. _ ‘ | - (31
2y e

10



In the irisulator,.Eq. (31) does not apply because of the difference of potential
" between the two layers generates a radial cor_i’iponent of the electric field. In i’.he
wire beyond the penetration depth, the electric field is zero. Within the.penetration
~ depth, its azimuthal component E at a point at radius r .c.iepends on the diStanee

§r of that point to the penetration depth. |

|E| = 4 (poAJs—r—) S o (32)

- The shape of E versus r is shown in Fig. 4c. The electric field will rglake the
current density in the penetration depth to deposit heat. That heat is assumed to
raise the temperature of the wire uniformly and, as described in Section 4, con-
trlbutes to the heating of the insulator. Per unit of volume of the wire, the rate of ‘

heat deposition Q is

Q__/(JDC+AJ)Edr—-—— %[A-Ipa] | | (33) -

De'ﬁning Cp as the wire specific heat per unit of weight, 4 the density and Oy

the wire temperature.

Q '7Cp d@W [1 + rana(GW)] _ | (34)

- where S
d[AH,(Ow)]
o
rins (Bw) = INACS) _ (35)

dow

Equating Eqgs. (33) and (34), we get.

ld[AJS] l%3 d@w

6a dt pol. dt (1+fm.(9w)) - (36).

.-

which can be integrated over time using an ad-hoc thermo dynamical function.

c(®) = /o'e 55%((%—/))[1 + "ina(e’)]d@' - '-(37) '
0P _Glew)-G(en) = AG(ew) (38)

11



* where 69 is the temperature of the wire before the current pulse. From Eq. (38) we '
“can derive the penetration dept'h that has to be reached to get to a given temperature

ow.

= (S - [

Using Eqgs. (29) and (30) we get the intensity of field in the insulator and the current

(39)

that have to be generated to get the tempera‘thre Ow

(40)

| o 1/3 | 1/3
ABins = o [6a{J.(6w) - Joc}HG(6w) - G(O0)}] " = o [Bars?a6]
ar=% [6aa72AG] e (41)
" _

6 - The magnetic ene_rgy without resistive currents

_Béyond the penetrav.tionv depth, in either layer, the electric ﬁeld is zero. There is
a voltage difference between points beyond the penefration depth in the outér layer
and other points beyond the penetration depth in the inner layer at the same ‘azimuth
and axial position. The voltage is associated to magnetic induction phenomena in
between. The 'voltage difference is eQual to the time derivative of the magnetic flux
¢ in that continuous circuit formed by the part of the wire where the electric and
magnetic fields are zero. From the shape of the magnetic field shown on the Fig..

4b, one sees that the pulsed component A¢ of ¢,

. : Qins + _ o
) A¢ = ABip, (aina +p)7ar = Lcap ____al‘ns T ZAI S (42)
: ) -~ Qing _

where a;n, is the thickness of the insulator between the two layers. '

. The voltage V@, across the capacitor is related to A¢

d o , o
Vo = (89) )

The current pulse AT is also the current supplied between -the points of connec-

tion to the capacitor. Therefore, there is an energy W;,; delivered to the circuit -

12
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véﬁlmd(AB,mp) = 6ulaAJ S [AG] =

dud’t‘.“ - AI Vcap = “2:'! AB"u dt (A¢) . ) -
.: _MABingﬁ [ABa'ru (aina + P)] = : (44)
= "Rt{at [AB?,., (_,u + e)] 1 A%u % (ABin,p?)}

‘From Eqs. (39), (40) and (37), we derive the expression

. o
= 6poayCy|l + rm,(®w)] 8% — uoJpo g (A Binsp?)
We can integrate Eq. (44) using the total wire enthalpy change AH
. Ow . ’
AH(®) = 4 Rlay / c (e)de » (46)
and the heat commumcated to the insulator
AHpy = /e rins (©)d(AH) - 47
0 ’ .

We define

ABZ, (a; o
Wiot = AH(@w) + AHips + 27rR£[ bo (“’2"’ + ’33) - _DE.ABm,p ] (48) -

On the right hand side of Eq. (48) thg terms A H(©w) + A H;p, are the thermal

energy deposited in the wire and the insulator respectively Therefore the rest of
the right hand side expresses the magnetic energy that the system has when the

wire has reached the temperature Gw Therefore

Wmag(Ow) = 2rRL [_‘“‘ (%= + 2) JDCABinapz] =
= 2uomRE[(6aAJPAG)? 3%+ + 2a(AT — Jpc)AG] = - (49)
= Ly [§RtiAr - 2 poAl]

The same formulae can be obtained making a strict magnetic energy calculation,

including the change of magnetic field in intensity and shape inside of the wire and
the energy (= —A¢Ipc) taken By the large irreducible inductance of Fig. 2. How-
. ever we would not have obtained the time dependent equations that could give us a

complete descriptibn of the time dependence of the current in an exact calculation.

13



It is remarkable that the energy Wmag is strictly a functlon of Ow regardless of
the shape and duratlon of the current pulse supplled at the points of connections
‘to-the capacitor, as long as the resistive currents are negligible. It is a property of
superconducting wires. That expression of Wy, represents‘the minimum magnetic

_energy we have to cope with even if the current pulse is very long.

7 The.e\;oluti'on of the pulse' |

The energy Wi, is taken out of the capacitor energy‘, as long as there is still
euergy left in it. Defining V450 as the initial voltage on the capaeitor

cap( a.pO cﬁp) = Wit = AH(GW) + AHip, (QW) + Wmay (@W) (50)

At the beg_inning of the current. pulse, the wire temperature O rises. Therefore _

| "AH ((F)w.), AH;n,(Ow) and W,,;M start at an initial value zero and rise too. There-

" fore the capacitor energy will decrease continously till the capacitof voltage Vgqp is
zero. As the wire temperature rises, J. and AJ will decrease from their non zero-
initial value but AI and AB;,, will rise from zero because in the beglnmng, the
penetration p rises faster than AJ decreases Eventually, if there is enough energy
in the capacitor, the penetration depth p will reach the full wire thickness a. Then,
if we can still neglect the resistive currents, the current density is uniform and equall.
to J.(Ow), the expressions of the cun_’enf AT and of the magnetic energy Wp,, are

AT = (J.(6w) - JDC)ZEE = I.(6w) - Ipc | (51)

Wmag = 27 RE [._un. (_m‘. + 3) - —JDCABtna] =
| (52)

= Leap [;%;-'%%,EAI’ ~i= aIDcAI]
_ As the temperature AGw rises some more? the critical current density J.(Ow)
continues to decrease and reaches the value Jp¢ eventually. The superconducting |
~ component AT of the current and the corresponding maguetic energy Wy,,, decrease
continuously after p =a and eventually become zero. Therefore, Wmag has a max-

imum as a function of O between the initial value O and the critical value ©,.

The maximum occurs before or at the time the penetration depth reaches the wire

14
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‘on the capacitor.

full thi_ckness a. Depending on the relative importance of AH + AH,-MY and Wy,

there will b.e a maximum of Wit = AH + AHiny + Wingg as'a function of Ow or

there will not be. If there is one maximum for Wm., before the penetration depth p -

reaches the thickness a there will be a fast jump of p to the value a with a transition

of the temperature' ©w to a higher value and with conversion of magnetic energy

" into heat. That phenomenon, analogous to the known phenomenon of flux jump (2],

is slowed down by the resistive currents which we have neglected so far.

When determining the initial voltage Veapo needed on the capacitor, one has

'~ to-take into account the possibility that the function Wi, may have a maximum

before Ow = Gc. and that this maximum may be higher than the final value of W,
for O = ©,. For ©p < Ow < O, Wnag(®w) has to be calculated to compute
Weot(Ow). Wiot(Ow) has to be plotted for these values of O to determine the
maximum Wtot,maﬁ.; which may occur at O =f@c' or before then. To insure that
the process does not stop before completion, one requires that the energy stored on

the capacitor exceeds all energies W, (Ow) for all Oy < 6,

Wiot(Ow) for all Ow < O, o _ (53)

" Therefore,

Eccapvcﬁpo > Wtat,inaz ) . (54)

8 Corrections for resistive currents

- The correction for resistive currents cannot be computed simply and accurately '
at the same time. We will use a grossly approximated expressién. Therefore we feel
juétiﬁed in simp‘lifying also the expressions of Wy,,;,. Whether or not the penetration

depth is less than the thickness a, we will use

1

. Wimag = 2

LopAI? o (59)

- As can be seen by comparing this equation to more accurate expressions of Wy,

this simplification leads to greater overestimation of the voltage Veqp0 to be stored

15



Furthermore, to provide the possibility to turn the superconducting switch nor-

mal fb: all the values of the positive DC currents Ipc, we will give expressions of
Wmag and therefore Veapo corresponding to the most constraining case. If the circuit

has to be operated with currents I pc of both polarities, one can always reverse the

polarity of the capacitor connections to the circuit when the DC current is reversed. ‘

Allowing for this possibility, our condition of Ipc positive does not restrict the range
of applications. The most constraining case is Ipc = 0 because it makes change in
current AI maximum and also because the temperature at which I,(®) equal Ipc

is the maximum.

.P_(Gw) = [9%(;,8;"—)]1/3 (56)
If P < a, the penetratipn depth p is equal to P(Ow)
Al = 'Jc(ew)ng o - (57)
IfP > .a, the penetration depth p is edual to a
Al= Jc(evw)a%? . (58)

So far we have considered only the supefcurrent I carried by the supérconductér.
This assumption is good in the begihning of the pulse because the electric field
E rises continously as a function of time from its initial value zero. Holwe\.'er, it
" cannot be good at the end Because the supercui'rent must eventually decrease as
the critical current deﬁsity J. approaches zero. Above its critical current density,

the superconductor carries some resistive current but the matrix material carries

most of the resistive current wherever the electric field £ is not zero. Let pw be

the wire effective resistivity corresponding to the superconductor turned normal and
the matrix material in parallel. Within the penetration depth p, the total current
density Jiot and the superconductor critical current density J, are approximately

related to one ancther by the equation

E .

Jtt = J. + —
pw

 The total current I,; and the supercurrent' I satisfy
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2

==l (60)
= —/Jd =I+—— fEdr o (61)
Let’s deﬁné . )
(o] . -
p=[Ear="21-n (@)

The rate of heat deposition per unit of volufne and second is

Q= /JmEdr == Edr+ — | E%dr - (63)
pwa -

Using Schwartz inequality

Edr)? p? ' !
[ B> L dr’ == (64)

. JB B n’pw n P.
Q > —-;—ﬂ + ;vv—ap = 422,, Itot(Itot ) > 4@21}2 Itot(Itot - I) (65)

“That heat dep'ositéd Q is the heat that is supposed to increase the temperature

of tixe wire to the critical temperature ©,, communicating the heat AH to the wire
»and AH;,s to the insulator. In order to accomplish thét in a time At, we need
electric field, thus resistive current. However we do not need more cufrent than the

limit given by

AH + AH;,,
At

n Rpw

= 4 Rta Q > (Itot ItotI) (66)

- Let’s define Ry as the total resistance of the wire if it is turned normal.

n’rR o ' |
Ry = 67
W= W o (67)

We overestimate the current I;o:, therefore the corresponding magnetic energy

by assuming that I, satisfies

AH + AH;,,

_I:"’o: — Lt = Rw bt

(68)
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_ Let’s define I Res a8 the value taken by I, in the ranges of temperatures where the

. critical current' density J., thus the supercurrent I is zero (éuch as when Oy = Q,

~at f_he end of the pulse).

. |AH(©,) + AHiny(O,) - '
Inws = \/ ( °)me ins(©c) (69)
-Then,
| ‘ I | | | - ~
Lipe = 2tV Tt 1%,, v L (70)

' After correction for the resistive currents, the total magnetic energy is

' 1 : o
Wmaav = ELcapItzot, ‘ » (71)

To make sure this estimate of Wy,,, is conservative, one has to make sure that

the estimate of the supercurrent I is conservative. We have an estimate of I from Eq.

(60), whi_ch was arrived at neglecting resistive currents. We have now to demonstrate

that , for a given wire temperature, the real supercurrent is lower than the estimate

of Eq. (60).

In Section 5, we considered the heat generated by the supercurrents only as the

penetration depth p gets larger and larger. If the heat generated by resistive currents

is added to the effect of the supercurrents, it can only make the temperature Ow
higher for a given penetration depth, not lower. Equation (36) with AJ limited
to the superconducting current density turns into an inequality. Thverefdre, the

penetration depth from Eq. (56) is lower for a given ©Ow if resistive currents are

taken into account. Therefore the real supercurrent I is smaller than the estimate

of Eq. (60). Equation (71) is conservative.

9 Summary

In order to turn a long piece of superconducting wire normal, one can use the

discharge of a capacitor into all or part of the superconducting circuit. In geperal,

to make this technique feasible, it is necessary and generally possible to provide a

path of low inductance for the capacitor current to be discharged into (See Figs. 1

and 2).
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- The energy required to be stored on the capacitor depends critically on the time
At, which is the time allotted t<; the heat deposition during the capacitor discharge.
AS>ever>al values of At can be considered and consequences be drawn in order to help
make the choice of a value for At. | |

The capacitance C.qp of the capacitor should be

. Ccap = I
cap

(72)

The circuit may be carrying a large DC cufrent Ipc. If the voltage on the

capacitor is set to trigger the transition for all vélues of I DC', it is sufficient to use a

‘voltage that is édgqua,te for a zero DC current and, if necessary, provide a possibility

 to invert the cabacitor connéctions tvcv> the circuit when the DC current polarity is
reversed. v . /

" We define ©g and ©, as the ambient and the critical temperature of the wire, -

.'1 the wire dehsity, Cp(©w) its specific heat as a function of the wire temperature

Ow and a the wire thickness.

AH(®) = 4nRtay [S C,(0)dO = .
= Volumeof wire x '7f@®0‘” Cp(©)dO :
" where R an’d. £ are parameters relevant to the example described in the preéeding
" sections. That éxample is a two layer superconducfing coil made of two layers wound
ﬁoninductively,. of radius R, length £, connected as in Fig. 2.

We define Vinss kins (©) and Cip, (6) as the density,the heat conductivity and the

specific heat of the insulator surrounding the wire as functions of the temperature
o v : .
kt'm (@)

D= minimumof —————— for©9; < © < © T4
! '7inecina(@) f 0 ¢ : ( ' )

"‘The depth to which heat penetrates the insulator is represented typically by
Vr DAt

y : | (75)

Check that < y > is small 'enough' so that thé data used for Cins and k;n, are

valid.
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AHins(®Ow) = 16RE\/ZE [V kin,d® =
= 2Ag'ng\/ WADL féeow kinad@

where A;y, is the area of contact between the wire and the insulator

¢

d AHu'na(®W2 )

rina(eW) = S T ) l o “ (77)

dAH(Ow)

dOw . _
 We define Ry as the resistance of the whole wire turned normal

e [EEIEEET

If the connections are as in Fig. 2, a first att‘e'mpt of an overestimate of the

| energy to be stored on.the capacitor is expressed by
. ' 1 . .
CcaPVcipO = AH(GC) + AH{M(@C) + §LCGPI}22” _ (79)

This estimate of V 4p0 will insure efficiency provided ©, is the temperature for
“which the maximum energy is required from the system. To be safe, it is necessary

to consider a few values of wire temperature Gw between Qg and ©,. From the wire

thickness a and from the wire critical current density J.(®w) at the temperature

Ow or from the wire critical current I.(Ow), we define

V _on . I(9w)
Jo(Ow) = 2a£,I°(@W) " wire crossection (80)
where n is the number of turns in the example described in this paper.
e _ [ ACs(©1) : '
AG(© =/ —_— 1+rm, or))der ~ 81
©= [, mr@gitrmenae ()
'eaAG(@W)]1/3, '
P(Bw) = [——- : 82

If P <a, the peﬁetratioh' depth p is equal to P(Qw)
R | % . P o
I(éw) = Jo(6w)P— = L(8w)— (83)

IfP>a, the penetratiori depth p is equal to a

Iew)=JOw)aZ =L(ew) (84)
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. I J? ' ‘ ) ‘
Lot = 2 + vy + Ilz,z“ - ‘ -(85)
For the 'appliAcation sketchved on Fig. 2.

1

Winag = 'Z'LcapI?dt(@W) _ ) ' v(86)'
In all,éasés _
Weot(Ow) = AH(Ow) + AHiny(Ow) + Wnag(Ow) . - (7)

The function Wi is equal to our previous estimate of the capacitor energy when
Ow = ©.. The maximum of the function W;,;(Ow) between @ and ©, is the term

Wiot maz- If we set

1 . ,
ECcapV ap0 > Wtot maz ‘ . (88)

we have a conservative estimate, (overestimate) of the capacitor energy needed.

10 Generalizations

There are other ways to build a superqonducting switch than the rectangular

wire, not inductively wound on a two layer coil. For these other applications, the -

important parameters mentioned in the above summary have been given general

expressions that can be applied to these other cases. Whenever a formula mentions
n, R, or £ that are specific to the example, it is equated to another expression that
can be utsed m more general cases. ' |

If the circuit can be wound and connected as in Flg 1, the same study can
be made as the one described a.bove Almost all the equations are the same. The
resistance Ry is the sum of the individual resistances of the two halves of circuit
shown on Fig' - The currents I, Ig., and I;,; refer to the currents from the
capacitor circulating in one half of the circuit only. The current Im is only half
the current drawn from the capacxtor whlle Lcap has been deﬁned as the 1nductance

of the whole circuit seen from the capacitor connections. Therefore the magnetlc
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energy for the case shown on F1g 1 is dlfferent Equatlons (79) and (86) should be
repla.ced by

1’

: 2C’capVapo-AH( c)+AH,-,,,(@c)+2LcapI,2u - (89)

Winag = 2LcapIt_20t(@W) e (90)

In a circuit as in Fig. 1, the capacitor current runs in the same direction as the
DC current for one half of the circuit and in opposite direction for the other half.

The rules described in the above summary will insure enough energy on the capacitor

to turn normal the half circuit where the currents run in the same direction. There ‘

mlght not be enough energy to turn the other one normal. After the current pulse
- this other one may be left at a temperature larger than the ambient temperature
©9 but less than the critical temperature ©.. This may be no problem because the
resistance of a half of the eirc_tiit may turn off the DC current quickly enough for the
actual application. Moreover, the state of quench indueed in one half of the circuit
will generate heat that, if the insulator is thin enough, will soon be communicated
»t.o the other half and _c‘om.plete the job of bringihg it to normality. This phenomenon
is analogous to the phenomenon of quench back (3],4).
The calculatiene made in this paper are not meant to be accurate. For the sake
of simplicity, they rely on approximations that have been made in a conservative
. direction, i.e. in a direction that makes us overestimate the voltage needed on the
capacitor. When the system is tested, one may very weil find that much less voltage
is sufficient to make the techmque effectlve Therefore the calculations above contaln

already a safety factor that is hard to estimate but that may be large.
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