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Abstract

This paper describes the development of a new class of large superconducting solenoid
magnets. High energy physics on colliding beam machines sometimes require the use of thin
coll solenoid magnets. The develop of these magpets has pr ded with the substitution
of light materials for heavy materials and by 1ncteas:|.ng the current density in the coils.
The Lawrence Berkeley Laboratory has developed a radical approach to the problem by having

the coil operate at very high current densities. This approach and its implications are
described in detail. .

Introduction

Becent 'developments in colliding beam physics have prompted the development of thin
superconducting solenoid magnets for use im these ezperiments. The development of thin
maguets can be traced starting with PLUTO, the first superconducting magnet which was used to
do colliding beam physics. The evolution of thin coil technology can be traced by comparing
PLUTO (which is not a thin superconducting magnet) with three other superconducting magnets
which have been built or are being built for colliding beam experiments. All three of these
magnets are designed to be thin to some degree. ’

L]

A comparative study of the four magnets illustrates the trend of thin superconducting
coil development over the last two or three years. First, one sees the substitution of 1lighter
materials for heavier materials in the CERN magnet. Then one sees the abandonment of cryogenic
stability when the bath cryostat is replaced with the tubular cocling system in the CELLO
magnet. Finally, the conductive bore tube concept 18 introduced in order to make a radical
improvement in the -protection of thin solenoid magnets against burnout. This is the basis of
the TPC magnet design proposed by the Lawrence Berkeley Laboratory (LBL).

Over half of this paper will be dévoted to the LBL magnet ‘technique. Since the LBL tech-

nique is a radical departure from conventional technique, this paper will present the theory

of the conductive bore tube and discuss the results of experiments on LBL test coils. Three
test coils have been constructed at LBL, Two of these colls, each with a diameter of omne meter,
have been fully tested and the results are presented herein. Preliminary teets on the third
test ‘magnet, which has a diameter of two meters, are described. The results of these tests
show the viability of the LBL two-phase tubular cooling system and the conductive bore tube for
diverting the magnetic currenr. from the superconducting coil.

The LBL technique is applicable to magnets in a variety of sizes. The radiation thickness
attainable is a function of diameter and central induction. This relaticmship is shown in this
paper. In addition, one can apply light superconductors and conductive bore. tubes. This can,
in principle, result in a reduction of the radiation thickness of solemoids which have a diam-
eter below a certain value.

The develngment of thin solepmoid techmology

The devn'l P of thin mapnet techmology can be traced by comparing four colliding beam
detector solenoids which have been built or are about to te built. The first of these magnets
18 PLUTO. This magnet, which makes no effort to be thin. was bullt in 1971 using the conductor
and stabilization technology used in the large bubble chamber(l). The gnet, ISR,
built by Morpurgo at: CERN-in 1976, subiﬂ.tu:ed a cryogenically stabilized aluminum conductor
for the copper éonductor normally used The vacuum vessels and cryostat vessels are also
made of aluminum. The third step in this progression 1is the magnet, proposed for the CELLO
experiment by Saclay and:Karlsruhe, ugin inttinsically stable aluminum conductor which operates
‘at current densities of 1.4 X 108 Anm2(3), The fourth step in the progression is represented
by the magnét proposed for the time projection chamber (TPC) experiment by the Lawrence
Berkeley I.ahoratory - This magr uses super ductor at very high matrix current densities
(sbour. 109 Am— ) 'me magnet uses a two-phase tubular cooling system.

The fout magnets are c\mpned in Table 1. “The PLUTO magnet has the largest cemtral
induction ‘and smallest free volime. The TPC magnet has both the largest free volume and stored
energy. The ISR magnet has the priallest stored emergy znd it has a central induction of 1.5 T
1ike the CELLO and TPC maguets. The thickest magnet from a radlation standpoint is' the PLUTO
magnet. The: thinnest magnet ia the TPC magpet.
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Table 1. A comparison of four intersection storage ring detector magnets.

R PLUTO ISR CELLO TPC
' a2y - (1976) 1979 (1950)
Cryostat il:n;er warm
.diameter (m) 1.40 1.38 1.5 2.0
) Distance between :he . ... '

1ron polea (m) . . 1.15 . 1.80 3.5 3.4

Gentral :lnduction ('r) . 2.0 1.5 1.5 1.5

i "Number of 'ruths .‘4 o, 152 " 1000 ~1400 1950

» Cun:ent periturn (8) 1266 . 2200 ~3100 2100
Hagnet 1ndul:r.ance |) 5.07 1.2% ~1,46 4.83
Maguet stored énergy (&)) 4.05 x 106 3.0 x 106 ~7.0 x 106 10.65 x 106
Superconductor matrix R :

-current density at its 7 7 " a 8

. design current (Aar2) 4.75 % 10 4.07 x10 ~1.41x10 8.75 x 10
“Iype of at_merconductor ’ ]

matrix Copper Aluminum Aluminum Copper
Radiation thickness : ’

‘(Rad’ len) C . o ~4.0 ~1.10 ~0.5 0.38
Cooling system . Bath - Bath Tube Tube
Conductive bore tube No . No No Yes
Type of stabilization . Cryogenic "Cryogénic Adiabatic - Adiabatic
cold k) ’ ~1.7%10° ~1.4 x 10° ~1.4 x 10°
‘Type-of cryostdat . ' " Stainless .

- vacuim vesgel B " Steel ’Aluminum He-xcel Hexcel

) N . ¥

. :

Thq fout magnets ‘shown in Table 1 ghow the prog-tession of high energy physics toward
It is. often deairable to do physics outside the magnet. In order to do

. Therefote, magnets which are thin from a radiation standpoint are used.
Before proceeding, it is useful to define’ radiation thickness. One radiation length will
convert- about 63% of high enetgy gamma rays to charged particle pairs. The number of particles
T which pass through an amount ‘of material mmhmged 18 a function of the original number
. of pardcles Ty and the Tadiation thickness A given in radiation lengths. To the first order
this’ relationship As: K .
PR ‘ T et
e e - r I'oe . (¢H]
In gemeral, materials which are thin from a radiation standpoint have low density and low
" atomic number. The thickness for one radiation length is given in Table 2 for a selection of
’ mat.etials( ),

, which is not'a r.'n:l.n super dueting lzag a radiation tuickness which is
ets bu.tlt with bubble chamber t.echnology In general, the following steps
£ | (1) Light, low density, low atomic
“heavier: matetials. ' Theé ‘materialg used for cryostat
used ‘in-the magne: itgelf. (2) The current dens;lty




ISR supercond_ >ting . detectur
»  CBB 778—7381

Tible 2. The thickness of various materials .
vhich equals one radiation length.

Thickness

Material

Helium (1iquid) 7450
Carbon ~670
Magnesium 145
Aluminum 90
Copper 14.5
Niobium Titanium (50ZI7) ~18
Copper based composite )

(Cu to s/c ratio, 1-2) 16.1-15.5
Aluminum based composite . .

(Al to s/c ratio, 1-2.5) 30-42
) Elpoxy-dm:ron ~ 360
Epoxy-glass ~180

The propesed CELLO and TPC magnets go a step further toward ligliter construction. Both

use a tubular cooling system, discussed in the next section, which will reduce the helium
vessel thickness. The outer .vessels prap d for the CELLO and TPC magnets involve
the use of composite or hexcel type materials. Large cryogenic vacuum vessels must resist
buckling due to pressure forces. Hexcel,which is a homeycomb structure, will provide the
thickness needed to resist buckling without adding material. As a result, the expected
cryastat vessel thiclk for these magnets' is expected to total 0.06-0.1 radiation
lengths. The use of light vacuum vessel material is especially important for magnets as they
grow in size. The TPC magnet which has an outside diameter of about 2.3 m will have a hexecel
outer vacuum vessel 30-40 mm thick. The proposed TPC experiment is shown in Figure 3. The
TPC magnet cross section is shown in Figure 4.

(b) Increasing st_ngerconductor matrix current denaigz The s'econd step for mducing magnet
thick is to i the current demsity within. the. superconducting coill. Both PLUTO and

the ISR magnets operate at low current densities which are typical of those found in cryogeni-
cally stsbilized magnets. Figure 5 shows the current density ip the superconductor matrix as
a function of stored:magnetic energy for a number of superconducting maguets which have been
built., The magnets are divided into two broad categories——those which. use adiabatic gl:abil:l.ty
(most of these magnets have stored energies under 106J and current densitics above 12
and those which use cryogenic stabﬂity (these magnets have stored energles above 10 An2 and
current densities below 6 x 107 an~2), From Figure 5 one cén see that the ISR maguet does not
maké a departure _fmm the norm. 1If anything, the design 1s“Vvery conservative.’

The CELLO magnet proposal calls for operacing at matrix current densities which are 3 to
3.5 times larger than PLUTO or the ISR magnet. This conductor is operated at current demsities
which are, in general, too high for cryogenic stabil:l.ty. The coil is operated as an
adiabatically stable coil; hence it can q hing can 4 5 coil unless the coil
. and its quéench protection circuit are properly designed. The Joon = 10 3 line represents a
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. ’ showing the location and size of K solenoid coil.

the superconducting magmet.

practical 1limit for the design of magnets without an inductively coupled bore tuhé‘s). The
CELLO magnet lies a little above that line. It can do so because its current is over 3000 A
B and' the coll can withstand vol’tg_ges during a.quench in excess of 1000 V.

i Th:e ‘TPC magnet and the Lawfence Berkeley Léboratuty test coils leading up to it (see
Fig. 5) represent a radical ‘departure from normal practice. These magnets are designed to
operate at superconductor current densities which are in excess of 8 X 108 an~2. At this
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current densith destruction during a quench can occur very qui.ckly. The TPC magnet has

Jo E, = 8 x 10 Such ogerar_:lon using normal magnet construction methods would require high
current operatinn (say 10% A) and high quench protection voltages (say 104 v). Instead, the
TPC magnet relies on a closely coupled bore tube for quench protection. As a result, the
TPC magnet has the highest stored energy and lowest radiation thickness of any of the four
magnets.

Development of the TPC magnet concept. Since the ptoposed TPC magnet is a radical departure
from normal magnet construction technique, it is useful to dlscuss its development. There
are two primary features in the TPC magnet which set it apart from the others: (1) The magnet
has ‘an inductively coupled bore tube for quench protection. (2) The magnet is coocled by
two—phase helium flowing in tubes. The TPC magnet integrates the cryostat (the helium
temperature part) and the coil into one comstruction. The basic design for the TEC magnet

- emerged in early 1975, when a smaller detector magnet was being proposed. The bore tube
technique has been refined and experimental tests have taken place. The results of these tests
are presented in the next section.

(a) The closely coupled conductive bore tube technique. Large thin solenoids are
potentially subject to destructiom during a quench. Coil fatlure is either due to (1) hot
gpot formation due to uneven quench energy distribution in the coil, or (2) excessive transient
voltages needed to overcome hot spot development. Sometimes both will occur at the same time.
The upper boundary of hot spot temperature can be found by assuming that a small section of the
gsupérconductor is heated by resistive heating and that there is no heat transfer out of tlmt
section. This approximation is valid once that small section of super ductor has r
30K or above. The hot spot temperature can be found from the follouing integral expression:

FA(T) = f -p—&)ldrn— fj(t) e @
[+]

vhere C is the specific heat per unit 'volumg of the superconducting matrix; p is the electrical .
resistivity of. the normal metal in the matrix; r is the normal metal to auperconductor Yatio . B
in the conductor; ] is the current demsity in the superconductor matrix; T is temperature; and

t is-time.

Figure'6 relates T to F¥(T), hence to the integral j dt:. It 1 clear from this figure
that one must reduce the conmductor current density as. quickly as possible to reduce :he hot
spot temperature, It is also clear that one must reduce the current density even faster when
an aluminum based superconductor is used.” At current densities of 10° Am~Z, ‘the current in
the magnet must be reduced substantially in times of the order of 100 ms. 1n large magnets,
this cannot be done without large transient voltages unless a ‘closely coupled low resistance
bore tﬁhe 18 used or the whole coil is driven normal at once.
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. Figure 7 ~hows the circuit diagrams for quenching magnets with and without a bore tube.
The decay of the magnet cu.rrenr. 1; in the magnet without the conductive bore tube is
. represented by

s . a1,

_LTJ-HlRl-O' @

where 1 = 1, (the starting curient) at t = 0. The solution for Equation 3 takes the form:

~t/ty
P . 11 = ioe : ‘ ()

when L1, the magnet inductance, and Rl, :he magnet circuit resistance, are constant. T3 (the
circult time constant) = L1/R1. :

The decay of the current in the magret 13 takes a different form when a closely coupled
bore tube is inr_rdduced. The differential equations for this case are:

o ‘ dil a, .
. . ;' C, 'L1¥+HT':—+11R1=0, . . .
RSN S ) . ] (5)
. . N di, dt . .

2.1
Lget g R0

N

0. Lz 1 the bore .tube inductance. Ry ia the bore tube

s 'nductancé between’ “the ,coll and the bore- ‘tube, If the coil
losely cdupled; e = 1 - M2/L qly <<'1.." If one assumes € small (say < 0.05)"
2 ate constadt, r.hen the. solur_:l.nn to. 13 1in Bquation 5 becomes

) -t/r
L ('rL-'rl)e,
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. where Ty (the bore tube time constant) = La/Rj.

When T2 ls large compared to 71, the current in the coil takes a sudden dip to a fraction
of its starting value. Then the current decays slowly (see Figure 8). The sudden dip in the
coil current i is accompznied by a sudden rise in.the bore tube current i2. The total flux
contained in.the magnet changes very slowly (with the time constant 11). As a result, the
transient voltages are kest within reasonable bounds. The shift in current away from the coil
reduces the integral of j4dt without large transient voll:agea(” The bore .tube absorbs a portion
of the magnetic energy in the process. The unexpected bonus is thot” the bore causes the whole

.coil to go nomal nuch faster than ordimary quench- propagation. This phenomenon, which is

- referred to as "quench back," has a positive effect on fail safe operation of larae high

current density coils.

(b) The tubular cooling system. The cryogenic aystem of all large superconduct.ing magneta
presents a pumber of major problems. The two—phase tubular cooling system solves most of these
problems 10), oOne is no: restricted to pool boiling heat transfer in a bath of helium once ‘One
decldes to use an adiaba<:ically stable superconductor. Liquid hel:lum flowing in tubes will
provide all of the cooling needed for a*dc solenoid magnet. The ages of a tubular
cooling system over an ordinary bath cooled system are: (1) the cooldown of the magnet is
well controlled because the helium flows in a well-defined path, (2) the mass of a tubular
cooling system is less than a bath cryostat (so is the radiation thicksess), (3) helium in
direct contact with the coil is minimized, and (4) the cryogenic safety is greatly enhanced

because tubes have very hi.gh pressure ratings and the ratio of helium volume to free vacuum
is minimized.

The LBL system uses two—phase helium instead of the supercritical helium which is used
in OMEGA or the SIN magnet. Two—phase helium was chosen because (1) a two-phase boiling
system will operate at lower temperatures than a comparable single-phase system, (2) the
temperature varies very little from end to end in a two-phase system, (3) the mass flow for a
given-amount of refrigeration is' lower for the two-phase system than for a supercritical
system, and (4) boiling in the tube can transfer large local heat fluxes. The stability of the
two-phase flow is achieved by choodsing the right flow regime. The liquid and gas should

travel at the same velocity. When the mist or bubble and froth flow is chosen, the fludd is
well behaved like a single-phase flow.

The Lawrence Berkeley Lsboratory experiments. LBL has built two-meter diameter solemoids which
have been operating for nearly two years. The latest LBL test coil, which was finished in June
of 1977, has s diameter of two meters, a length of 0.7 meters, and a stored energy which is

2.0 MJ (one~-fifth that of the TPC magnet). The one-meter diameter magnets hsve been tested
extensively. The two-meter test magnet tests have only begum.

(a) The one-meter test solenoids. The LBL one-meter diameter.solenoids are approximately
0.5 meter long with just_over 830 turns of 1.1 mm diameter (including insulation) super- ~
conductor wound on them(11), The primary difference between the two coils is the copper to
auperconductor ratio of the superconductor. The A magnet uses an MCA superconductor with 2200
12.3-pm filaments twisted one turn every 10 mm and with a copper to superconductor ratio of 1.8.
The B magnet uses a Supercom superconductor with 2700 13.6-um filaments twisted onme turn every
10 mm. Its copper to supercouductor ratio is 1.0, Both coils are wound on an 1100-0 aluminum
bore tube 6.35 mm thick. Om top of the coll is a layer of 12.7 mm OD aluminum tube for
cooling. Both coils are vacuum impregnated with epoxy. There are many small differences
bétween the two magnets. The B magnet is much better than the A magoet. For example, the
epoxy in the A magnet has cracked, causing the coil to move away from the bore tube as

“magnetic force is applied. The B magnet showa no evidence of cracking and, hence, we have not

encountered training. Figure 9 shows onme of the l-meter diameter. magnets. Figure 10 shows a
crosg-section of ‘the magnet bore tube, coil and cooling tube. .

A number of the tests of the A and B magnets hdve been described in other reports(u'ls).
Most of the discussion here will be centered upon the tests of new kinds of quench protection
circuits snd tests of the A and B magnets hooked in series. Before proceedipg, it is useful
to point out that the bore tube behaves as theory suggests it would. Figure 11 illustrates
the shift in cufrent from the coil ‘to the bore tube. It shows a sudden drop in coil starting
at a time of 50 me which ends at a time of 100 ms.. This sudden drop in the coil current,
balanced by sudden rises in the bore tube current, 1s caused by quenchback. It is also useful
to point out that the tubular cooling system has performed very well through a half-dozen tests
of the A aud B coil.. Detailed operating data of the cooling systeém is found in reference 15.

The use of a conductive bore tube enhances the performance of iuench protection systems.
LBL tested three kinds of quench protection systems: (1) a constant resistance resistor of
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0.6 ohms, (2) a variable tyrite resistor called a variator, and (3) the discharge of a
he.coil to drive it normal. The A magnet, B mapnet and A & B magnets can
~-safe manner without the use of an external quench protection circuit.
'[he u.se of auch circuits will reduce the integral of 12dt, hence the hot spot temperature.

. Figure 12 shm cun:en: vezaus time at 400 A in the B magnet for an umprotectad quench,
. - a protected q.leru: with'a 0.6 olm resistor put across, the leads and a protected quench with a
CE varl.acon across, the leads. One_can see quenchbeck in the unprotected quench. It takes over
) 100.uws -fo quem:hbank to start. - When quenchback is finighed, the current decays experimentally
from abuul: 30 percent of its former value. The hot sput temperature reaches 300 K and 60 to
L ‘¢ 70 percent of ‘thé coil energy onds up, in’ the Bore tube.

When a 0.6 ohm resistor is put across the leads (this occurs some 10 ms after the quench
is. inducéd), the current in the coil is reduced to 50 ox 60 percent of its starting value
-, immediately. Quenchback takes place dropping the coil vurrent to 25 percent of its starting
value; »The resistor reduced the hot spot temperature to around 90 K while forcing over 80
- , percent of the magnet energy into the bore tube. The effectiveness of the resistor is greatly
enhanced by the bore tube.

AAG1, TEST 6, LOG 2, RUN 47.

" 1q=700, Ug= 18
i
f Zw
‘a T
: g
13 8 i
i °

. . Time since quench started

.« . B L. . XBL T77- Ters
" ciirrents  Figure 12.° B coil current versus time for

ore tibe* ¢AL and ’ various quench protection systems.
Teus time fot I:he . R ‘




The varistor system is characterized by a resistance which takes the following form:

L \bL
R=R (1—1) ®
0,

where b is 0.2 to 0.25. When i = 400 A, R_ = 3.6 chms. The variator causes the coil current
to suddenly drop to only a few Percent of igs starting value in less than 5 ms (Tg, the short
time constant, is 2 - 3 ms). The integral j dt is dominated by what happened before the
quench was detected. In any event, when the hot spot temperature drops below 40 K, the bore
tube ends up with virtually all of the magnet stored energy. The conductive bore tube greatly

the perf of the variator system. Without the conductive bure tube, {Bf
varistor system would only be marginally better than a constant resistor of value B

The third method of quench protection is by driving the coil entirely normal through the
use of a capacitor bank. The A aud E =nagnets have a high frequency inductance of around 10 mH.
If a capacitor bank is discharged into the coil in a short time, the coil will see a sudden
surge of current (of short time duvation) which will drive the entire coil normal (by
womentarily pushing the current in the superconductor above its critical current). Once the
entire coil is normal, current is shifted to the bore tube and the coil hot spot temperature
is greatly reduced. A short pulse of a couple of hundred volts drove the B magnet normal very
well during recent tests of the A and B magnets together. Neither the varistor nor this method
of. quench protection would be effective without the conductive, closely coupled bore tube.

Table 3 summarizes the operating characteristics of the A magnet, the B magnet and the A
and B magnet together in series. The B magnet has never trained even though it has operated

at current demsities of 1.24 x 109 am2, Training due to coil movement has occurred in the A
magnet when it bas operated alone or in conjunction with the B magnet. The magnets were quenched
without protection at all of the peak currents given in Table 3. The testg have demonstrated
fall safe operation (without quench protection) substantially above the i,E = 1023 14ne shown
in Figure 5.

Testing of the A and B solenoids was completed in June 1977. The magnets have beer shipped
to the Sandia Laboratory in Albuquerque, New Mexico, USA, in order to become part of a pulsed MAD
generato:(l . The magnets have d rated they can handle considerable abuse. For example ,
an electrical lead was burned out due to inadequate gas flow. The magnet was driven normal
without damage by the overheated electrical lead. The lead becams hot enough to melt some
solder joints causing leeks into the cryogenic vacuum system. The A and B magnet tests
showed the inherent cafety of the closely coupled bore tube system and the two~phase
tubular cooling system. -~

o

-

—

Table 3. The operating characteristics of the A magpet,
b magnet and A + B magnets iu series.

A Magnet B Magnet A + B Magnet
Design curreat (A) 700 800 700
Critical current {at 4.8 K) (A) 910 1150 830
Number of turns 835 832 1667
Length (m) : 0.461 0.464 1.0
- Magmet diameter (ID) (m) 1.021 1.021° 1.021
Design matrix - 9 9 9
current density ant 0.909 * 10 1,120 x 10 0.909 X 10
Self inductance (H) : 0.789 0.782 ' 1.949
Desfgn stored energy (§) 1.931 x10°  3.028 x 10°  4.775 X 10°
Peak operating current (A) ] 804* 97244~ 704+ )
Peak matrix c_lnz:rent . 9 9 ‘ 9 -
density (Am2) . . 1.044 * 10 1.238 x 10 0.914 * 10
Peak stored energy (1) 2.547 X10°  3.69 X 10°  4.830 X 10

*The magnet trained; this is the highest current the magnet trained to.

"k
No magnet training to this currec:. This current was the limit of the power
supply. :

-9- o v .




. . (b) The two-meter diameter test coils. A two-meter diameter test coil was wound and
: potted during Spring of 1977. The mwagnet has an inside diameter of 1980 mm; it length is
t - ad ation thickness.of the mag is approximately
. ] gnet, called the C'magnet, has gbout 5500 m
n conductm.' which hal 200 19, 6~im diameter filaments. The copper
jupe e o’ ratio: in the conductor is 1. 8 and. it has a twist pitch of 20 mm. The C magnet
tu'buler cooli.ng eystem coneiets of 365.m of 12 7-um OD aluminim tubing.

The construe'ion of the C tagnet 1s similar I:o ‘the A =1d B magnets, The bore tube is
£ 1100—0 slum:lnum plal:e. 860 tumns of superconductor are wound ‘in two

ub see Fig, 13) Betuwgen the layers 18.a center tap. A quench

on’ ‘top#of ‘the upper layer of supercomductor. This w:l.ndiﬂg‘is

eds 10ngitudinally (lengthirise) dowh the coll in 12“Flaces around the coil

tm—to-turn quent:h velocity. (The A and B coils do not bave longitudinal

The total mase of the ﬂ.nished magnet including its four leads and %-.. bar essembly is 420 kg_.
The f:ln:[shed magner_ 18, show-‘ in Figure: 14.

Afl:ex: epoxy casting, the coll was high-potted to'8.2 kV to ground. The magnet was put
into 4 '2.4-m dianeter- nittogen shielded vacuum vessel which 18 1.2-m high. Instrumentation
on the coil 1included 8 strain- gages with 6 dummy gages, 12 quench coils, 2 colls for measuring
de/de, 4 voltage taps (ome for each electrical lead), 7 silicon diode’ thérmometers; 2 vapor
bulb thermometers, 7 strain gage thermnmeters, and 2 pressure taps in the cryogenic circuit.
The instrumentation was comnected to various oscilloscopes and to a PDP-11 computer which
acted as data collee:or and. preprocessor. Dar.a from the PDP-11 1s proceased by the LBL 7600

&

Testing was started on the C- coil in July 1977. (At the time this paper was written, only
; : been completed., The firit test of the magnet was terminated by an
accident uhich broke? thé mag gupports and damaged fhe plunbing. The magnet survived; it
qienchéd as would ‘be expected after moving several ‘centimeters hefore colliding with the
, vacuum vessel‘. Th'e ‘ccident was. caused by iron 1n the capacitor bank . uh:lch was being used

hi curred at a cun:ent of 957, which is
me the magnet canta:l.ned 890 kJ of
ne:l.ty of 5.4 x 108 A2, The
maghet de: gn is extrémely
oul be achieved.

A diameter test solenoid.
CBB 776-6029

I
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Table 4. The characteristics of the LBL two-meter
diameter test magnet.

Single Layer*® Double Layer

Average coll length (m) 0.6968 0.6968
Average coil diameter (m) 2,0062 2,0043
Number of turns 430 860
Magnet coil inductance (H) 0,462 1,847
Bore tube inductance (H) 2.3 x 1078 2.3 x 1070
Mutual inductance between -4 -3
coil and bore tube (H) 9.87 x 10 1.973x10
Design current (A) 2000 1500
Superconductor current density 9 9
at design current (Am=2) 1.131x10 0.849 x 10
Magnet 3tored energy at design & 6
stored current (J) 0.924 x10 2.078 x10

*
The outer layer which is near the quench propagator.

We saw evidence that the quench propagator circuits were working as intended. The expected
perfcrmance of the C magnet is shown in Table 4.

The future course of thin magnet tectmology. The Lawrence Berkeley Laboratory thin coil
development program has been rather conservative. We have not devoted a great deal of effort
toward the use of a suitable high current density aluminum based supercondvctor. The use of
aluminum based superconductor could reduce the radiation thickness of the superconductor
nearly in half. Paper studies have been made of coil systems which use aluminum taised
superconductors wound on magaesium bore tubes with a magnesium cooling tube system. With this
kind of technology, one could, in theory, reduce the radiation thickness of the TPC solenoid

from 0.38 radiation lenmgths to 0.26 radiation lengths. However the risk of using untested
technology is not justified.

High current demsity aluminum based superconductors are light. They have roughly half
the radiation thickness of copper based ductors. The q h wave velocity is about a factor
of three faster in the aluminum based conductor than iu a copper based conductor operating
at the same current density. If aluminum based superconductors are used in conjunction with
an aluminum bore tube, the structure will be particularly goud from a thermal contraction and
relative strain standpoint. The major disadvantage of the aluminum based superconductor is
the fact that P*(T) and hence the integral of j2dt is a factor of 3 to 5 smaller than for a

{ | 1 | H T
06—
£
05| -
s ™ Bo=15T
Copper based
2 o4l superconductor ]
S 0.
03} 7 .
o
P Bg=10T
02 - - < -
Aluminum based
3 superconductor
01 -
X
| l | 1 L |
0
1 2 3

Magnet diameter {m) XBL 777-1558

Figure 15. The projected radiation thickness of thin’solenoids
using the LBL technique as a function of magnet diameter,
superconductor type and central induction Bn'
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copper based superconductor. Particular care must be taken to avo:l.d burn-out problems
associated with the use of this type of conductor, .

Figure 15 ghows the total radiation thickness including the cryostat as a function of
diameter for magnets with central inductions of 1.0 and 1.5 tesla. The two upper curves apply
for magnets using copper based superconductors. The lower curve, which is a 1 tesla central
induction curve, applies when aluminum based auperconduc&or 18 used, The use of a conductive
bore tube should permit one to operate magnets when Epig” 18 as h:l.gh‘as 1 §By comparison
magnets without conductive bore tubes and limited to operation below E, j = 10 For coﬂs,
made with a'uminum stabilized conductor, Eglo < 0.4 x 1023)
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