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NOMENCLATURE 

The symbols used in this report are listed and defined below. 

In most cases, their definitions are given again as they occur in 

the text. The units corresponding to the symbol definitions are the 

standard SI electrical and mechanical units and, occasionally, a non 

standard or English system unit which, when used, is pointed out in 

the text. The electrical system.utilized is a rationalized MKS system 

with the permeability of vacuum set equal to~ = 4n x 10-7 • 
0 

Symbol 

A' 

al 

a2 

B 

Bo 

N3 

. 
B 

• 
Be 

c 

ccu J 

em 

D 

d 

LIST OF SYMBOLS 

Definition 

surface area exposed to liquid helium per 

m3 of superconductor volume 

radius of the coil 

radius of the bore tube 

magnetic induction 

magnetic induction 

total magnetic induction change 

rate of magnetic induction change dB/dt 

critical rate of magnetic induction change 

specific heat per unit volume 

specific heat per unit volume of copper 

specific heat per unit volume of low 

resistance normal metal 

inside diameter of the cooling tube 

superconductor matrix diameter 

superconductor filament diameter 

Units 

m 

m 

T 

T 

T 

Ts-1 

Ts-1 

J -3 -1 m K 

m 

m 

m 



E 

F(T) or F(t) 

F* (T) or F* (t) 

f 

f 

G 

HeR IT 

Bo 

HAL (T) 

i 

I 
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electromagnetic energy in the magnet J 

energy dissipated as heat in the magnet J 

energy dissipated as heat in the coil J . ~ 
.... 

energy dissipated as heat in the bore tube J 
,.-

integral of J 2dt A2m-4s 

modified integral of J 2dt A2m-4s ~ 

fanning friction factor 

fraction of magnetic energy ending up in 

the bore tube 

superconductor a.c. loss per unit volume 

for a given flux change 

superconductor hysteritic a.c. loss per 

unit volume for a given flux change 

enthalpy per unit volume at the super-

conductor critical temperature 

enthalpy per unit volume at the normal 

operating temperature for the superconductor Jm-3 
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J (t) 

J 
cs 

L 

M 
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measured current in the A + B coils A 

measured starting current in coil 

current density in the superconductor 

minimum current density in the super-

conductor matrix 

maximum current density in the super-

conductor matrix 

operating current density in the matrix of 

a cryogenically stable superconductor 

superconducting filament critical current 

density 

self inductance H 

self inductance of the coil H 

self inductance of the bore tube H 

self inductance of the A coil H 

self inductance of the B coil H 

self inductance of the A + B coils H 

length of the coil m 

length of the bore tube m 

superconductor twist length m 

mutual inductance H 

mutual inductance. between the coil and 

the bore tube 

mutual inductance between the A and B coils H 

mutual inductance between the A + B coils 

and the A co i1 



-x-

mutual inductance between the A + B coils 

and the B coil 

mutual inductance between the A coil and 

the A pickup coil 

mutual inductance between the A coil and 

the B pickup coil 

Ms,PA mutual inductance between the B coil and 

the A pickup coil 

Ms,PB mutual inductance between the B coil and 

the B pickup coil 

MA+B,PA mutual inductance between the H + B coils 

and the A pickup coil · 

mutual inductance between the A + B coils 

and the B pickup coil 

m helium mass flow through the cooling circuit 

number of turns in the coil 

number of turns in the pickup coil 

n exponent number 

flp pressure drop along cooling circuit 

P(t) pickup coil signal as a function of time t 

signal from A pickup coil 

signal from B pickup coil 

Q heat flux transmitted to boil helium 

R resistance 

resistance of the coil circuit 

resistance of the bore tube circuit 

H 

H 

H 

H 

H 

H· 

Pa or Nm-2 

v 

v 

v 

wm-2 

ohm 

ohm 

ohm 
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Ref> 

Re 

r 

* r 

s (t) 

s 

T 

t 
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resistance of the coil as a function of 

time 

resistance of the bore tube as a function 

of time 

external resistor resistance 

current shunt resistance 

resistance constant for the coil 

current ratio I(t)/I(o) 

magnetic flux or total current ratio 

<l>(t) /<l>(o) 

reynolds number 

copper to superconductor ratio 

ratio of low resistance normal metal to 

superconductor plus high resistance normal 

metal 

signal from the current shunt 

thickness of the superconductor on a 

thin solenoid 

temperature 

hot spot temperature 

time 

measured voltage 

voltage across the A coil 

voltage across the B coil 

voltage between the A and B coils 

volume of the aluminum bore tube 

ohm 

ohm 

ohm 

ohm 

ohm m-2 

v 

m 

K 

K 

v 

v 

v 

v 
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z 

r 

£ 

11 
0 

p 

p 

* p 
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quench propagation velocity 

distance between filaments 

length of the cooling tube 

coupling coefficient between the coil and 

the bore tube 

ratio of quench velocity from turn to turn 

to the quench velocity along the wire 

thermal diffusivity of copper 

number of particles to pass through a wall 

without interaction 

o~iginal number of particles to hit the wall 

1 - a one minus the coupling coefficient 

radiation thickness of the wall 

1/(r + 1) ratio of superconductor to the 

metal 

viscosity 

magnetic permeability of vacuum 

~ • 4'TT X 10-? 
0 

mass density 

electrical resistivity 

electrical resistivity of copper as a 

function of temperature 

electrical resistivity of low resistance 

normal metal 

average resistivity of the matrix material 

near the filaments 

ms-1 

m 

m 

radiation 
lengths 

kgs-~-l 

-i 
Hm 

ohm m 

ohm m 

ohm m 

ohm m 

... 
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signal from the shunt signal integrator v 

T (t) time constant as a function of time s 

coil time constant s 

bore tube time constant s 

short time constant for the coupled coil 

system s 

long time constant for the coupled coil 

system s 

measured time constant for the coil as a s 

function of time s 

measured time constant for the bore tube 

as a function of time s 

shunt signal integrator time constant s 

coil signal integrator time constant s 

=:(t) ratio of superconductor matrix current 

density as a function of time with the 

initial matrix current density 

~(t) total magnetic flux as a function of time weber 

~c(t) magnetic flux due to current in the coil 
It 

·-· as a function of time weber 

magnetic flux due to current in the bore 

tube as a function of time weber 

signal from the P signal integrator v 
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THE DEVELOPMENT OF LARGE HIGH CURRENT DENSITY SUPERCONDUCTING MAGNETS 
FOR USE IN HIGH ENERGY PHYSICS EXPERIMENTS 

Michael A. Green 

Mechanical Engineering Department 
Lawrence Berkeley Laboratory 

University of California 
Berkeley, California 94720 

ABSTRACT 

This report describes the development of a unique type of large 

superconducting solenoid magnet, characterized by very high current 

density windings and a two-phase helium tubular cooling system. The 

development of the magnet's conceptual design and the construction 

of two test solenoids are described. The successful test of the super-

conducting coil and its tubular cooling refrigeration system is presented. 

The safety, environmental and economic impacts of the test program 

on future developments in high energy physics are shown. 

Large solid angle particle detectors for colliding beam physics 

will analyze both charged and neutral particles. In many cases, these 

detectors will require neutral particles, such as gamma rays, to pass 

through the magnet coil with minimum interaction. The magnet coils 

must be as thin as possible. The use of superconducting windings 

allows one to minimize radiation thickness, while at the same time 

maximizing charged particle momentum resolution and saving substantial 

quantities of electrical energy. 

One must operate the superconductor in the coil at current densities 

approaching 109 Am-2 in order to minimize radiation thickness. The 

detector magnets will have stored magnetic energies approaching 10 MJ. 

Magnets of this stored energy normally operate at current densities 
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below 108 Am-2• The key to operating a large solenoid magnet at current 

densities of 109 Am-2 is the use of a closely coupled, low resistance 

bore tube. This bore tUbe permits one" to remove most of the current 

in the superconducting coil without developing high transient voltages. 

As a result, damage to the magnet is prevented in the event it should 

turn normal while operating at high current densities. 

Two one-meter diameter test solenoids were built using two different 

superconductors. The construction and instrumentation of these two 

magnets are described. Each of the two magnets has a low resistance 

aluminum bore tube, a high current density winding, and a layer of 

aluminum tubes which carry two-phase helium. The whole assembly is 

cast in filled epoxy to form a single integrated unit which has minimum 

radiation thickness. 

The tubular cooling system eliminates most of the problems which 

are found in the cryogenic systems of large superconducting magnets. 

This two-phase cooling system was successfully tested using a helium 

refrigerator. The magnets were stable at temperatures around 4.8 K. 

The cool down and operating characteristics of the two-phase cooling 

system are presented in this report. 

The magnetic tests of the solenoid were entirely successful even 

when the solenoid coil current density was over 109Am-2 • The low 

resistance bore tube behaved entirely as the theory predicted. The 

magnets were driven normal artificially by using small quench coils, 

· and accurate measurements of normal region propagation were made. 

The current shift from the coil to the bore tube was measured as the 

magnet turned normal. This current shift resulted in a new phenomenon 

-
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called •quench back". Strain measurements in the magnet bore tube 

show how the epoxy in the two magnets behaved. 

The results of the experimental measurements show that large 

high current density solenoid magnets can be made to operate at high 

stored energies. The superconducting magnet development described 

in this report has a positive safety and environmental impact. The 

use of large high current density thin superconducting solenoids has 

been proposed in two high energy physics experiments to be conducted 

at the Stanford Linear Accelerator Center and Cornell University as 

a result of the successful experiments described in this report. 

,:-., 
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I. HIGH ENERGY PHYSICS AND THIN SUPERCONDUCTING SOLENOIDS 

Some of the most exciting high energy physics today is being 

done at the Stanford Linear Accelerator Center (SLAC) in the United 

States and at the Deutsche Electron Synchrotron (DESY) in Hamburg, 

West Germany. At both laboratories there exist electron-positron 

colliding beam storage rings where collisions take place at center of 

mass energies as high as 8 GeV. 

At SPEAR, the electron-positron storage ring facility at SLAC, 

three new particles called ~particles have been discovered. 1 One of 

these particles (the lowest mass particle) was discovered simultaneously 

by a group at the Brookhaven National Laboratory, 2 who call the new 

particle a J particle. A group at Frascati3 in Italy and a group at 

DESY4 in Germany have confirmed the existence of some of the new particles. 

In addition, a Lawrence Berkeley Laboratory (LBL) SLAC group ~as appar­

ently confirmed the existence of charm5, one of the basic properties of 

quarks, which, according to modern particle physics theory, are the 

building blocks from which other particles are fabricated. 

Much of the interesting physics done at SPEAR has been done in a 

magnetic detector, called MARK 1, 6 which uses conventional water-cooled 
I 

coils. The MARK I magnet generates a magnetic induction of 0.4 tesla 

inside a solenoid which is 3 meters in diameter and 3 meters long. 

The purpqse of the large magnetic field volume is to detect and analyze 

the momentum of the charged particles. 

The next generation of electron-positron storage rings, now under " 

construction at SLAC7 and DESY, 8 will require even larger and more 

complicated magnetic detectors. The scheduled turn-on date for PETRA, 
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the 19 GeV electron-positron storage rings at DESY, is early 1979. The 

turn-on date for PEP, the SLAC-LBL 18 GeV machine under construction at 

SLAC, will be early 1980. A number of the proposals for magnetic detec­

tors for PEP and PETRA use thin superconducting solenoid magnets9-ll: 

this paper aims to conceptualize such a magnet for use in the PEP system. 

Before proceeding with conceptual design of a thin superconducting 

solenoid for a magnetic detector, it is useful to ask three questions: 

(1) What is the geometry of the experiment? (2) Why use a supercon-

ducting solenoid? (3) And, why use a thin superconducting solenoid? 

The answer to these questions is the motivation behind the LBL large 

thin superconducting solenoid development program. 

l. L. What is the Geometry of the Experiment? 

Both the PEP and the PETRA machines will be circular machines 

with circumferences of about 2 kilameters. The PEP machine will be 

divided into six superperiods, each with a long experimental straight 

section about 40 meters long. At the center of these straight sections 

bunches of electrons and positrons will collide, creating fragments to 

be analyzed by the high energy physicist. Figure 1 is an aerial view, 

and Figure 2 is a schematic view of the PEP machine. Since the ~ollisions 

of the electrons and positrons will occur only at or near the center 

of these long straight sections, the experiment with its magnetic 

and non~agnetic detectors must be built around the center of the 

straight section. The beam pipe forms a natural axis for the experiment. 

For this reason most of the experiments proposed for PEP and PETRA 

have cylindrical symmetry with the axis of the cylinder being the 

electron-positron beam itself. 

,. 
. ... 
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XBB 776-5800 

Fig. 1. An aerial view of the Stanford Linear Accelerator. 
The location of the PEP Col l iding Beam Machine is shovm 
in black. (Note Interstate 280 between San Francisco 
and San Jose cuts across the upper left-hand corner, and 
Sand Hill Road runs down the right side of the picture.) 
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PEP Ring Parameters 

Ring Circumference 
Number of Interaction Regions 
Maximum Energy 
Length of the Interaction Region 

~I ~ 
; :._II 8 m _JI ~' 
W I 
ij l 
< I 
~ · 
0 · 

01 
Z ' 
w 

ill 

~ 
WIGGLER TRJ PLET 
RF" kCC. STRUCTURE 
INTERACTION REGION 
PULSED INFLECTION 
SYSTEM 

~ INJECTION BEAM 
TRANSPORT SYSTEM 

2000 m 
6 
18 GeV 
20 • 

Fig. 2. A schematic view of the PEP electron-positron 
colliding beam storage ring. The physics 
experiments a re located at the center of 
the interacting r egions. 

A 
. ~·-
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Many of the magnetic detectors for PEP and PETRA propose to cover 

a large solid angle (say 90% of 4TI). Therefore, the magnetic detector 

should cover a spherical area f~om a disc perpendicular to the beam axis 

at the collision point (an angle of 90° from the axis) to an angle 

between 20 and 30° from the axis in both directions. The magnetic field 

is contained in a cylindrical region which has a length about twice 

its diameter. 

The minimum outside diameter of the magnetic detector volume is 

determined by the quality of momentum resolution desired. The momentum 

resolution of particles improves with o2B
0 

where D is the outer diameter 

of the detector and B0 is the average induction in the detector. The 

minimum momentum resolution of the detector is an inverse function of B
0 

and proportional to the minimum tracking tube diameter of the detector. 

Small magnets are less expensive than large magnets. For a given 

central induction B
0 

the magnet cost will go up as o2 or perhaps even 

faster. The construction of a detector magnet, as with any other 

endeavor, is a compromise between the money available and the scientific 

objective one is trying to achieve in the experiment. 12 

1.2. Why Use a Superconducting Solenoid? 

Superconducting magnets are being considered for use in charged 

particle detectors in colliding beam machines for the following reasons: 

(1) The central induction of the magnet can be increased by a factor 

of three. This increase in central induction permits the momentum 

resolution to be increased for a given size magnet or it permits the 

magnet size to be reduced for a given momentum resolution. (2) The 

electric power and cooling water consumption of the magnet are reduced 
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if it is superconducting. As a result, the total cost of a supercon­

ducting magnet system is less in many cases than a conventional 

magnet system. (3) Superconducting magnets can be operated at high 

current densities. This allows interesting physics experiments to be 

done outside the magnet coil. As a result, the physics experiments 

become more flexible and less costly. 

Three types of magnets can be~considered for use in magnetic 

detectors: (1) the dipole, (2) the toroid, .and (3) the solenoid. All 

three types of magnets can be used to analyze charged particles which 

travel perpendicular to the flux lines generated by the magnet. The 

three types of magnets are shown in Fig. 3. 

The first type, the dipole magnet,· is conunonly used in conventional 

spectrometers for momentum analysis. In an electron-positron storage 

ring the dipole would be oriented so that the particle beam transverses 

down the bore of the magnet. Since the magnetic field is perpendicular 

to the direction of the electron-positron beams, the dipole will analyze 

longitudinal momentum very well. Transverse momentum will be analyzed 

well in one direction but not the other. The major disadvantage of 

the dipole is its effect on the circulating beam of the machine. A 

large dipole will adversely affect the orbit in any storage ring. As 

a result, extensive first-order field compensation is required. In an 

electron-positron storage ring, the field perpendicular to the direction 

of beam travel will plague the experiment with synchrotron radiation. 

As if the other disadvantages were not bad enough, superconducting 

dipole magnets are difficult and expensive to build. 
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Dipole· 

Toroid 

Solenoid 

XBL 759-4190 

Fig. 3. Types of magnets which can be used for magnetic 
detectors (the dark lines show the current flow 
directionf the shaded lines show the magnetic 
flux direction) • 
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The toroid, in theory, has no field in the region of the beam. 

The magnet offers good momentum resolution in both the longitudinal and 

transverse (radial) directions. However, it will have a coil interposed 

between the magnetic detector and the beam; this is undesirable. The 

fiel~ in a toroid is not uniform but instead varies inversely with radius. 

Like the ~ipole, the toroid is difficult and expensive to build. 

The solenoid has its field parallel to the direction of the circu­

lating particle beams. Full integral field compensation is required; 

but the second-order effects on the beam are small. There is almost no 

material between the colliding particle beams and the magnetic detectors. 

Transverse momentum is accurately resolved; longitudinal momentum is not 

accurately resolved. Superconducting solenoids are easy to build com­

pared to the other types. As a result, nearly all of the proposed 

colliding beam experiment detector magnets will be solenoids which have 

the axis parallel to the direction of motion of the colliding beams. 

1.3. Why Use a Thin Superconducting Solenoid? 

The capital cost of magnetic detector experiments for PEP and 

PETRA is estimated to exceed six million dollars. While the magnet 

is estimated to be only about one sixth of the experiment's cost, 

the need to save money is prevalent. Substantial cost savings can 

be achieved if physics can be performed outside of magnetic field 

volume as well as inside the magnet. Also there are types of detectors, 

such as photomultiplyer tubes, which must be operated in little or 

no magnetic field. In order to achieve this, substantial numbers 

of charged and neutral particles must pass through or between the 

detector magnet coils. 
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Two approaches can be used to pass a substantial number of particles 

through the region occupied by the solenoid magnet coil: (1) one may 

lump the current in the solenoid into several discrete current lumps, 

or (2) one may make a uniformly thin coil. The viability of the lumped 

coil approach as compared to the thin coil approach depends on how thin 

the coil can be made. 13 

The advantage of the lumped coil is that there are regions between 

the coils which have almost no thickness at all. Thi~ is a distinct 

advantage in some kinds of experiments. Other ,experiments will be 

adversely affected by the thick coils which can impede particles from 

passing through about 25% of the solid angle. The thin coil approach 

permits particles to pass through the magnet at all solid angles, 

although the probability of particles passing through at low angles is 

less than the probability of their passing through at high angles. For 

many experiments, if both types of magnets have the same number of parti-

cles passing through the region occupied by'the coil, one will choose 

the thin coil magnet. The reasons for this will become more apparent 

as we proceed. 

The lumped coil magnet has a number of disadvantages over the 

thin coil magnet: (1) Since current is in discrete lumps, the peak 

field at the superconductor is always much higher than the central 

induction of the magnet. 14 A thin coil magnet has a peak induction 

in the coil which is only a few percent higher than central induction 

(if the magnet is bound at the ends by iron poles). (2) The magnetic 

field uniformity inside the lumped coil magnet is not as good as that in 

the thin coil magnet. (This is particularly true when iron poles are 



-10-

used.) (3) In order to gain advantage from a lumped coil detector, the 

region between the coils must be very thin from a radiation standpoint. 

The lumped coil magnet must really consist of many magnets, each with 

its own cryostat, or it becomes a single structure with many thin 

windows. In either case, the cryogenic system for the lumped coil 

magnet is considerably more expensive than the thin coil magnet. 

Studies at LBL15 and the Rutherford High Energy Laboratory16 indicate 

that the lumped coil system costs a factor of 1. 5 to 2 more than a 

thin coil system for a magnet with a given useful volume. 

Therefore, it can be argued that at least one of the magnetic 

detectors for PEP should be a thin solenoid with an approximate diameter 

of 2.0 meters and a length of 4.0 meters. The design central induction 

should be from 1.0 to 1.5 tesla; the radiation thickness of the super­

conducting coil, and the cryogenic system, should be as low as possible 

in order to maximize the percentage of particles that will pass through 

the magnet without being converted to other particles or absorbed. 

Additionally, the thin solenoid magnet should have iron poles and an iron 

return path for the following reasons: (1) The number of ampere turns 

needed to generate the magnetic field is minimized7 (2) the peak 

field rise in the coil is minimized: (3) the magnetic field uniformity 

inside the magnet is improved--this is very important for some kinds 

of detectors: 17 and (4) the field outside the coil is minimized •. When 

the field outside the coil is low, photomultipliers and other sensitive 

electronics can be used in that region. 
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II. DEVELOPMENT OF A CONCEPTUAL DESIGN 

The basic design concepts which will be employed in PEP and PETRA 

detector magnets were conceived during the last two months of 1974. 

P. Eberhard of Group A Physics at LBL asked if a low radiation thickness 

superconducting solenoid magnet could be incorporated into an experiment 

proposed for SPEAR. That experiment, called MINIMAG, 18 was to develop 

a large solid angle magnetic detector surrounded by lead glass counters 

to detect neutral gamma particles. It was felt that a superconducting 

magnet would result in a power saving and increased momentum resolution 

of the charged particles. Table 1 shows a comparison of conventional 

and superconducting MINIMAG magnet parameters. 

The development of the MINIMAG superconducting solenoid required 

that three questions be answered: (1) How can one reduce the system 

radiation thickness to 0.33 radiation lengths or lower? (2) How can 

a large diameter coil be made to operate safely, yet be thin from 

a radiation standpoint? (3) How can the cryogenic problems which 

seem to plague large superconducting magnets be avoided? 

Intuition played an important role in providing answers to the 

,three questions. It was clear that the magnet and cryogenic system 

problems had to be solved together. This approach is not usually 

followed by superconducting magnet builders, who tend to assume that 

someone else will provide a vessel full of liquid helium for their 

magnets. Many failures and setbacks with superconducting magnets can 

be attributed to this attitude. As a result of answering the three 

questions as one, an integrated design concept emerged. This design 

concept has the following components integrated into a single unit: 
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Table 1. A comparison of conventional and superconducting magnets 
for the MINIMAG experiment. 

Parameter Conventional Super conducting 

Inside diameter (m) 0.9 0.9 

Outside diameter (m) 1.1 1.1 

Length between iron poles {m) 1.84 1.84 

Central induction (T) 0.5 1.5 

Induction outside coil (T) <0.01 < 0.01 

Radiation thickness (Rad Len) 0.33* 0.33** 

Power consumption (MW) 1.6 <0.1 

*Radiation thickness consists primarily of 30 mm of aluminum conductor. 
Total coil thickness including water cooling passages approaches 50 mm. 

**Radiation thickness includes the superconducting coil and its 
cryostat. 

.. ... 
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(1) A high current density super conducting coil. 

(2) A low resistance closely-coupled bore tube to control the 

process of the magnet going normal. 

(3) The two-phase heliwn. tubular cooling system •. 

By February of 1975 a conceptual design for a superconducting 

MINIMAG solenoid had emerged. 19 The MINIMAG Proposal was unfortunately 

not accepted for a number of reasons, both scientific and nonscientific. 

Fortunately, however, the Laboratory felt that the continued development 

of a thin superconducting solenoid should proceed for future PEP detectors. 

2.1. Low Radiation Thickness Means High Current Density Magnet Coils 

The requirement of low radiation thickness has an important effect 

on the design of the superconducting coil. Before proceeding, it 

is useful to define the meaning of radiation thickness. One radiation 

length of any material is enough material to convert about 63%of 

high energy garmna rays to charged particle pairs. ·In general, the 

number of particles r which pass through an amount-of material unchanged 

is a function of the original number of particles r
0 

and the radiation 

thickness A given in radiation lengths. To the-first order the 

functional relationship is 

-A r = r e 
0 

.(1) 

In general, materials which are thin from a radiation standpoint 

have low density and low atomic number. The thickness of one radiation 

length of many materials may be found in Reference 20 or in Table 2. 
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Table 2. The thickness of various materials which equals one 
radiation length. 

Material 

Elemental Material 

Helium (liquid) 
Lithium 
Beryllium 
Carbon 
Magnesium 
Alwninum 
Iron 
Copper 
Tin 
Lead 
Uranium (238) 

Metallic Alloys 

304 Stainless Steel 
Niobium-Titaniwn (SOt Ti) 

Copper-Based Composite 

copper to S/C ratio 1-2 

Aluminum-eased Composite 
Al to S/C Ratio 1-2.5 

Magnesium Lithium Alloy 
Brass · 

Plastics and Plastic Composites 

Mylar 
Polyethelene 
Polystyrene 
Epoxy-Dacron 
Epoxy-Glass 

Densit3 
(g em- ) 

0.125 
0.53 
1.85 

variable 
1. 74 
2.70 
7.87 
8.96 
7.31 

11.35 
18.95 

7.8 
,.-..;7 

variable 

variable 
1.35 

variable 

1.39 
0.95 
1.03 

variable 
variable 

Thickness 
(111111) 

7450 
1560 

357 
"'670 

145 
90 
17.7 
14.5 
12.2 

5.6 
3.2 

17.5 
~18.9 

15.2-16.2 

27-41 
265 
ll-13 

292 
490 
430 

rv360 
'""180 

' . ... 
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Methods for calculating the radiation thickness of other materials 

are found in Reference 21. 

A typical copper~b~sed superconductive composite consists of niobium, 

titanium, and copper which have atomic ntmbers of 41, 22 and 29 

respectively. The thickness of one radiation length of a copper-based 

superconducting composite varies from 15.5 to 16.2 mm. The superconductor 

cannot, as a rule, be over about 40% of the total radiation thickness 

of the magnet and its cryostat. This means that the thickness of 

a copper-based superconducting coils, alone cannot be over 2.2 mm 

if the total system thickness is to be 0.33 radiation lengths. This 

suggests that the coil will operate at high current densities. 

An analytic expression for the minimum conductor current density Jmin 

is given bY: 

J . ml.n l1 s 
0 

(2) 

-7 
where B is the central induction of the solenoid, l-1

0 
= 41T x 10 

0 

(the permeability of air) and S = 2.2 x 10-3 m. 

A minimum radiation length coil results from the superconductor 

being used at maximum current density. This current density is a 

function of both temperature and maximum field in the conductor. 

A simple analytic expression for the maximum superconductor matrix 

current density Jmax in a solenoid with iron poles is given by: 

J 
max 

1600 B-0. 5 
~ ----=o __ 

llo 

(3) 
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Table 3 shows the minimum and maximum superconductor matrix current 

densities for a copper-based superconducting magnet system which is 

to be 0.33 radiation lengths thick. 

Equations 2 and 3 are simplified, but actual coils which have been 

proposed for thin detector magnets lie within the limits shown in 

Table 3. The use of newly developed, but untested, aluminum-based 

superconductor 22 will reduce the minimum current density by around 

40 percent. It is clear that with e.ither copper-based or aluminum-

based superconductors the current density in the coil will be high. 

2.2. Stability of Superconducting Coils 

Pure superconductors are very unstable when used in magnets. 

They have a tendency to go normal spontaneously at currents which are 

well below their critical current. Typically, once the superconductor 

goes normal, the magnet quenches. In other words, the energy from 

the magnetic field is dumped suddenly into the coil. Two methods 

of stabilizing supercond~ctors are commonly used1 the first is cryogenic 

stabilization and the second is intrinsic or adiabatic stabilization. 

Cryogenic stability, introduced by Steckly23 in 1,965, requires that 

the superconductor be able to carry all of its current in the normal 

metal without heating the superconductor above its critical temperature. 

Cryogenically stable coils do not quench (dump their magnetic energy) 

because the current can leave the superconductor and return without 

heating the superconductor. Since cryogenically stable magnets do 

not quench, virtually all of the large superconducting magnets use 

cryogenic stabilization. Before rushing to apply the principle of 

... 
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Table 3 Maximum and m1n1mum superconductor composite current density 
· limits for thin superconducting solenoid coils as a function 
of central induction. (A= 0~33 with copper based super­
conductor.) 

Current Density 
(A m-2 > 

Central Induction (T) Minimum Maximum 

0.50 0.18 X 109 1.80 X 109 

0.75 0.27 X 109 1.47 X 109 

1.00 0.36 X 109 1.27 X 109 

1.25 0.45 X 109 1.14 X 109 

1.50 0.54 X 109 1.04 X 109 

1. 75 0.63 X 109 0.96 X 109 

2.00* 0. 72 X 109 0.90 X 109 

* Above 2.0 tesla central induction, the iron poles sa~urate. Extra 
ampere turns of superconductor\are required in order to overcome 
the effects of iron saturation. 
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cryogenic stability to our thin solenoid problem, it is useful to 

look at the operating current densities Jcs for cryogenic stable 

magnets. 

An expression for this current density is: 

(4) 

where Q is the heat flux transmitted to liquid helium such that the 

temperature in the superconductor is less than the critical temperature, 

(usually around 3,000 wm-2), A is the area of surface exposed to helium 

per cubic meter of superconductor (A is usually about 150 m2) , and P is 

the resistivity of the superconducting matrix when it is in the normal 

state (for copper p ::::::: 1 x 10-lO ohm m). Solving equation 4, one can 

see that Jcs = 6.71 x 107 .A m-2 . This is about a factor of three 

below the minimum current density required for a radiation thickness 

of 0.33 radiation lengths. Thus we find that cryogenically stable. 

super-conducting coils are not suitable for thin detector solenoids. 

Since cryogenic stability cannot be employed, one must use the · 

principle of intrinsic or adiabatic stability. The principle of intrinsic 

stability, which was developed by Bancock, 24 Smith25 and Chester, 26 

requires that the superconductor be constructed in a special way. 

An intrinsically stable superconductor has the following characteristics: 

1) The superconductor is divided into hundreds of small filaments which 

are less than 40 ~m in diameter. 2) The fine superconducting filaments 

are co-drawn within a matrix which con.tains substantial amounts of 

low resistivity normal metal. 3) The superconducting filaments are 

.. .. 
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transposed or twisted so that normal metal to superconductor circulating 

currents do not develop• This twist pitch is typically only 10 to 20 

times the diameter of the composite (the composite consists of both 

superconductor and the normal metal). 4) High current density intrinsi-

cally stable superconductors contain between one and two times as 

much normal metal as superconductor (this is called the normal metal 

to superconductor ratio.) 

High current density magnets which are made from intrinsically 

stable superconductors can quench. If the stored energy of the magnet 

is low (the magnet is small), this is of no consequence. As the size 

and stored energy of the magnet grows, quenching becomes more of a 

risk. A PEP detector solenoid magnet is not supposed to quench~ however, 

in the event that it does, it must survive the quench. For that 

reason, existing high stored energy magnets (say greater than 1 or 

2 megajoules of magnetic energy) are all low current density cryo-

genically stabilized magnets. Figure 4 shows the stored energy and 

current density of a number of superconducting magnets which have been 

built in the last 15 years. From this figure one can see that virtually 

all of the magnets follow a law which states that the higher the stored 

energy, the lower the current density. The PEP detector magnets, which 

will have a stored energy of more than 10 MJ, will have a current density 

in the superconductor of 0.8 - 1.0 x 109 Am-2• This combination lies 

well out of range of normal practice for superconducting magnets. If 

the PEP detector magnets were built using normal techniques, the magnet 

would destroy itself during the first quench. The secret to preventing 

this destruction is the low resistance, closely coupled bore tube. 
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2.3. The Closely Coupled, Low Resistance Bore Tube to Control Magnet 
Quenching 

Large thin coil detector solenoids are potentially subject to 

destruction during a magnet quench. The two primary causes of coil 

failure during a quench are: 1) Hot spots are formed in the coil 

due to the uneven distribution of quench energy in the coil. Normal 

regions propagate within a coil at finite velocities. Thus, part of the 

coil is superconducting while another part of the coil is normal. 

2) There are excessive transient voltages due to the uneven resistance 

distribution within the coil. These transient voltages can cause 

substantial damage to the coil due to arcing. The formation of hot 

spots and transient voltages are usually directly related. 

An upper bound estimate of the hot spot temperature can be found 

by assuming that a small section of superconductor is heated only 

by resistive heating and that there is no heat transfer out of that 

section. The Tollestrup27 approximation is fairly valid once that 

small section of superconductor has reached a temperature of 30 K or 

above. 28 The Tollestrup approximation says that one can find the 

peak hot spot temperature by using the following integral expression: 

F (T) 

T=T 
= f hot 

T=O 

C(T) dt 
P(T) 

? 
J(t)- dt 

where for a typical copper-based superconductor 

{5) 
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1 + r = p (T) 
cu r 

= C (T) 
cu 

(Sa) 

(Sb) 

where Ccu(T) is the specific heat per unit volume of copper as a 

function of temperature Tr Pcu(T) is the electrical resistivity of 

copper as a function of temperature, r is the copper to superconductor 

ratio; J(t) is the superconducting composite current density as a 

function of time t. The maximum hot spot temperature Thot as a function 

of the integral F and r is shown in Figure 5. 

It is clear from equation 5 that one must reduce J in the conductor 

as quickly as possible in order to minimize the hot spot temperature. 

The usual method for doing this is to put a resistor across the leads 

of the magnet. This reduces J and a portion of the energy of the magnetic 

field ends up in the external resistor instead of in the coil. The 

electrical circuit diagram for this scheme is shown in Figure 6a. 

The equation which describes the behavior of the circuit shown in 

Figure 6a is as follows: 

(6) 

where the .resistance R1 is the sum of the coil resistance Rc and the 

external resistance Re. 

.• . . 
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COPPER MATRIX 
= 100 

RESISTANCE RATIO 

2 5 1016 2 a:> 
F (T) = f J(t) 2 dt 

t=o 

4 

COPPER TO 

SUPERCONDUCTOR 

RATIO 

5 

XBL 774 8447 

Fig. 5. The hot spot temperature vs the integral of 
current density squared with time for copper-based 
superconductors with copper (resistance ratio = 100) 
to superconductor ratios of 1.0, 1.8 and~. 
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Fig. 6. The electrical diagrams of magnets without and 
with conductive bore tubes. 
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(6a) 

and when i 1 is the coil current, L1 the coil inductance, the initial 

condition for equation 6 is: 

i 1 = i 0 when t = o (6b) 

if one assumes that R1 in equation 6 is constant with time. The solution 

to the differential equation takes the following exponential form: 

(7} 

where 

(7b) 

The smaller T1 the faster the current in the magnet decays. Thus the 

larger the external resistance Re the faster the current is removed 

from the conductor. 

The external resistor quench control method works fairly well for 

moderate current density magnets which operate at high currents through 

the electrical leads. In high current density detector solenoids the 

external resistor approach has a number of faults: 1) the external 

resistor increases the magnetic flux change d¢/dt, which aggravates 

an already bad transient voltage problem, and 2) in order for the 

external resistor quench control method to work, one must detect the 
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quench early so the external resistor can be put into the coil early. 

Such detection systems are prone to failure. 

The external resistor approach was abandoned because it does not 

solve the quench problem in a fail-safe manner. Intuition suggested 

that another approach was possible. An external resistor could be 

coupled to the coil by a transformer. From there, the use of a low 
I 

resistance bore tube closely coupled to the coil as a ·shorted turn / 

secondary in a transformer became obvious. The circuit diagram for 

the scheme is shown in Figure 6b. The equations which describe the 

behavior of the circuit shown in Figure 6b are as follows: 

dil di2 
ilRl 0 Ll --+ M12 --+ = 

dt dt 

(8) 

di2 dil 
i2R2 0 L2 -- + M12 --+ = 

dt dt 

where the coil circuit resistance R1 and bore tube resistance R2 take 

the form 

(Sa) 

(8b) 

and where i 1 is the current in the coil~ i 2 is the current in the 

secondary loop (the bore tube); L1 is the coil inductance; L2 is the 

' . • 

~:: .. 
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bore tube inductance; and M12 is the mutual inductance between the 

coil and the bore tube. The initial conditions for the above equations 

are: 

(Be) 

at t = 0. The inductances L1 , L2 and M12 are approximately as follows 

when the solenoid coil is bounded at the ends by infinite permeability 

iron poles: 29 

(8d) 

(Be) 

(Sf) 

The coupling of the system is supposed to be very good so we define 

_coupling as follows: 

(8g) 

The better the coupling, the closer a is to 1 as given by the definition 

in Bg. 

When L1 , L2, M, R1 and R2 are constants in equation ·a, the solution 

takes the following form: 
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where the time constants 1 1 , 12 , 1L' and 1s are defined as follows: 

(9a) 

1 + t- r2 12 + 11 4£1211 2 
(9c) 1L = 

2 
(12 + 11) 

1- t- r2 12 + 11 4£1211 2 (9d) 
1 = 

s 2 
(12 + 1 1) 

where e: is nothing but one minus the coupling coefficient a. When 

e: is small 1L and 15 can be simplified to the following form: 

(9) 

.. 
• 
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'rL """ 'rl + '[2 (9e) 

""" 
£'[1'[2 

'r 
s 'rl + '[2 

(9f) 

where 

(9g) 

The solution to the coupled differential equations 8 given by 

equation 9 meets all of the initial conditions. The solution for 

small £ (good coupling between the coil and the bore tube) shows that 

i 1 drops very suddenly to a value which is less than the starting 

value. The bore tube current rises suddenly to a particular value 

which is less than N1 i
0

• Then the currents in the coil and bore tube 

decay slowly. Figure 7 compares the decay of i 1 with time for the 

two circuits shown in Figures 6a and 6b. The two longer time constants. 

were chosen to be the same. The coupled bore tube current decay shows 

the characteristic sudden current drop. This is compared to the simple 

current decay characteristic of a simple resistor inductor circuit. 

The magnetic flux in the magnet is the sum of fluxes generated 

by currents in the coil i 1 and by current in the bore tube i 2• When 

£ is small (when there is gOOd coupling) the total - flux contained 

in the magnet ¢ takes the following form: 

(10) 
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From equation 10, one can see that flux in the coil decays with a time 

constant approaching the longer time constant TL while much of the 

current in the coil (equation 9) decays with a time constant approaching 

the shorter time constant Ts· The transient voltages in the coupled 

. system given by equation 8 go as d4>/dt, ~ di1/rdt. Thus one can 

cause the current i 1 in the coil to drop quickly without creating 

large transient voltages. 

The coupling between the coil and the bore tube should be better 

than a = 0.95 (£ = 0.05). The resistance of the bore tube should 

be such that T 2 is greater than T 1 at all temperatures above 10 K. 

As a result, the well-coupled low resistance bore tube should affect 

the quench process in the following ways: 

1) The bore tube behaves as a shorted secondary which causes 

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

in the cofl is reduced, resulting in a reduction of the hot 

spot temperature. 

2) The bore tube will absorb a substantial amount of the magnet 

stored energy during·the quench process. 

3) Since the time constant for magnetic flux decay is long compared 

to the time constant for the initial coil current decay, the 

transient voltages in the magnet coil system are greatly 

reduced. The bore tube, which is a single turn coil, has 

no transient voltage problem. 

4) The bore tube causes·portions of the coil to go normal which 

would not do so by ordinary quench propagation. This 

phenomena will be referred to as "quench back•. The causes 

of quench back are described later. 
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The well-coupled low resistance bore tube controls the quench 

process in a fail-safe manner. There are no unreliable electronic 

components or switches to fail. To our knowledge, quench control 

by the use of a well-coupled bore tube has not been done before. 

Several years ago the Rutherford Laboratory in England had considere~ 

the idea but they rejected it for fear it would not work. 30 As result 

of our experimental work in November 1975, which showed that the concept 

works, a number of laboratories are now considering the use of the 

concept.lO,Jl 

2.4. The Two-Phase Helium Tubular Cooling System 

A major problem with all large superconducting magnets is the 

cryogenic and refrigeration system. All of the large magnets, which 

are cryogenically stabilized, are cooled in a bath of boiling helium. 

Nucleate boiling in liquid helium permits heat fluxes of 3000 wm-2 

to be transferred with a temperature drop of less than 0.5 K. 32 The 

bath-cooled magnet is difficult to cool from room temperature to 4 K. 

Helium1 which is a difficult fluid to use as a coolant because of 

its low atomic weight, must flow into each region of the magnet; 

if the flow in a section of the magnet is restricted, stratification 

occurs and that magnet section remains warm. 

Once the pool-boiled magnet is cold and the cryostat is filled 

with liquid helium, the refrigeration problems are not over. Helium 

has a very low heat of vaporization (20 Jg-l at 4.2 K). 33 As a 

result, the release of large quantities of magnet-stored energy d~ring 

a quench (in our thin coil system) will result in large quantities 

of helium gas being flashed. For example, 1 MJ of energy will boil 

. . 

.. . . 
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400 liquid liters of helium into 286 m3 (10,000 ft3) of helium gas 

at STP. The large amount of helium gas generated by a quench requires 

careful design of the inner cryostat vessel and the relief valve system. 

The thickness of a two-meter diameter pressure vessel which is designed 

for at least three atmospheres is not trivial. 

One is not restricted to bath cooling with an intrinsically stable 

superconductor: it does not care how it is cooled as long as it is cooled. 

Since heat generated in a de solenoid is small (only the static heat 

load and an eddy current heat load in the bore tube during charging 

need be considered) , a tubular cooling system will provide all of the 

cooling that is needed. This system will also avoid all of t~e major 

problems which are encountered in any large cryogenic system. The. 

advantages of the tubular cooling over an ordinary bath cooled system 

are: 

1) The cool down of the magnet is well-controlled because the 

helium flows in a well-defined path. 

2) The mass of the tubular cooling system is less than that 

of a helium bath cryostat. The radiation thickness is also 

lower. 

3) The amount of helium in direct contact with the magnet coil 

is minimized. Helium boil-off during a quench is orderly 

and well-controlled. 

The tubular cooling system is not new. At least three superconducting 

magnets use this system. 34
r
35

r
36 The Lawrence Berkeley Laboratory 

system is different because it employs two-phase helium instead of 

supercritical helium (the critical pressure of helium is 2.25 x 105 
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Pa: the critical temperature for helium is 5.19 K). The reasons for 

choosing two-phase helium over supercritical helium are: 1) A two-

phase •boiling• helium system will operate at lower temperatures than 

a supercritical helium system. Since the superconductor critical 

current is a function of temperature, a lower operating temperature 

will result in thinner coils. 2) The mass flow for a given amount 

of refrigeration is lower for the two-phase system than for the supercritical 

system. 3) The boiling two-phase system can transfer large local 

heat fluxes without changing the temperature of the helium stream. 

Stability of two-phase flow is achieved by choosing the right 

flow regime. Here a bubble or froth regime was chosen, although the 

two-phaseflow system probably would have worked just as well in slug 

or plug flow. A series of pressure drop calculations was done using 

the Martinelli Nelson Technique. 37
r
38 Although the calculations agreed 

with experiments, they turned out to be a waste of time. The much 

simpler equation given below yielded almost the same results for round 

tubes (the reason for this is that the density change across the two-

phase dome is less than a factor of 8) • 

where 

and 

flp = 
0.8 

2 
'TT 

. 2 
m 
p 

f = 0.184 Re-0 •2 

Re = 

{tubulent flow smooth pipes) 

(11) 

{lla) 

(llb) 
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and where m is the mass flow (kgs-1) , p is the average density of 

the exiting helium (kgm-3): z is the tube length (m): Dis the tube 

diameter (m): ~is the helium gas phase viscosity (kgs-~-1 : note that 

1 kgs-~-l equals 10 poise): and b.P is the pressure drop along the 

tube (Nm-2 or Pa). (Note that 1 bar= 105 N m-1 = 105 Pa = 14.55 psi.) 

2.5. Other Features of the Conceptual Design 

The high current density thin superconducting coil, the low resisti-

vity, well-coupled bore tube and the tubular cooling system should be 

cast into a single integrated system. The·coil should be uniformly thick 

along its length. All of the cryogenic services and the current services 

should be in the end regions which may be thick from a radiation standpoint. 

The cryostat, supports should also be in the end region. The support 

system should be self-centering during the cool down so that the position 

of the magnet center remains unaltered. 39 Also, the support system should 

be designed to support gravity loads and asymmetric magnetic forces which 

can occur during operation or a quench. Shields and support points which 

are at 80K can be used in the end region where radiation thickness is 

not important. The central part of the magnet could be covered by about 

100 layers of multi-layer superinsulation inside and outside the coil 

to reduce the heat leak: no 80K shield in this region is needed. 

The outer cryostat vacuum vessel must have minimum radiation thick-

ness, yet safety dictates that it must also resist buckling. Thus a 

honeycomb or composite material, which is thin from a radiation standpoint, 

is warranted. The inner part of the vacuum vessel ordinarily sees only 

hoop tensile forces, yet safety dictates that it too must be designed 

to resist buckling. 
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III. THE ONE-METER DIAMETER TEST SOLENOID MAGNETS 

Calculations of the conceptual design suggest that it should 

be possible to build a large thin superconducting solenoid detec-tor 

magnet. But since the conceptual design has two unusual features, one 

or more test coils should first be fabricated to test it. The Lawrence 

Berkeley Laboratory chose to build two one-meter diameter test coils. 

The diameter of the test coil was selected for very practical 

reasons. LBL already had a cryostat in its warehouse with an inside 

diameter of 1.118 m (44 inches). Since the cryogenic vessel already 

existed at the "right price•, the outside diameter of the magnet was 

set to be about 42 inches (1.067 m). Except for the superconductor, 

the two LBL test coils are identical. The reasons for building two 
) 

magnets are: 1) One can test the electrical and magnetic coupling 

between the two coils. An understanding of the coupling process is 

important for the development of modular lumped or thin coil solenoids. 

2) One can test superconductors which have different characteristics. 

For example, is it better to use a low copper to superconductor ratio 

conductor or a high copper to superconductor ratio conductor? 

3) Fabrication mistakes can be corrected on the second prototype. 

As a result, one should be able to estimate the fabrication cost of 

future superconducting thin solenoids. 

As stated above, the two one-meter test solenoids are identical 

except for the superconductor. The two magnets are wound on identical 

bore tubes; both magnets have essentially identical tubular cooling 

systems. There are minor differences in the insulation and in the 

fabrication technique. The second coil (the B coil) benefited 

• • 
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considerably from the.experience gained in building the first coil 

(the A coil) • The primary difference between the two coils is their 
\ 

copper to superconductor ratio: the A coil uses a 1.8 to 1 copper to 

superconductor ratio conductor; the B coil uses a 1 to 1 copper to 

superconductor ratio conductor. Both superconductors have the same 

nominal diameter. This section describes the following about the 

LBL one-meter test magnets: 1) the superconductor, 2) the fabrication 

of the magnet coils, 3) the instrumentation of the test coils, and 

4) the physical and electrical parameters of the two solenoids. 

3.1. Superconductor Parameters and Tests 

The superconductors used in the two thin solenoid phototypes 

are described and the testing procedures are discussed. This sub-

section describes 1) the physical properties of the superconductor, 

2) the short sample superconductor, and 3) oval solenoid tests. The 

superconductor used in the two solenoids is typical of the kind of 

multifilament superconductors which are readily available in the United 

States from four manufacturers. 

a) Physical Properties of the Superconductor 

Two superconductors were ordered, one from Magnetic Corporation of 

America (MCA), and one from Supercon. Both superconductors are about 

1.00 mm in diameter. The total length of each order was 3000 m, and 

each was delivered in three pieces. Both superconductors consist 

of niobium-titanium alloy co-drawn in a copper matrix •. The composition 

of the MCA niobium-titanium is about 55% niobium and 45% titanium. 

The Supercon material is 52% niobium and 48% titanium. In both conductors, 
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the pinning centers are created predominantly by heat treatment rather 

than by cold working. (The heat treatment of both superconductors is a 

trade secret.) Although both conductors were developed within the last 

18 to 24 months, they represent the kind of superconductor which is 

readily available from the American superconductor industry. The 

composition and heat treatment of the niobium-titanium has been optimized 

for use at induction levels of 5 to 6 tesla. The composition of the 

superconductor is not optimized for use in magnets which have peak 

inductions of 2 to 2.5 tesla, but the superconductor is available at a 

reasonable price. 

The structure of the superconductor is typical of modern 2000 to 

3000 filament conductors. It is a stacked conductor consisting of 15 to 

20 bundles of superconducting filaments. (there are between 100 and 200 

filaments in each of the bundles) which are in a high conductivity 

copper matrix (the copper had a resistivity ratio of at least 200 before 

it was processed). Table 4 shows the mechanical properties of the 

superconductors. 

The superconductor was supplied insulated by the manufacturer • 
... 

The specification called for a polyvinal-formal insulation 

which is 0.05 mm thick, laid down in accordance to NEMA Standard MW-1000, 

Section MW15-C (Triple) Polyvinal Formal Resins. The specification also 

called for the insulation to be laid down in at least three passes. 

Visual inspection and an electrical buzz test of the insulation found 

some holes and cracks in the coating, though these were infrequent1 

they were repaired by varnishing the suspect region of the wire. 

Over most of its length, both superconductors were properly insulated. 

.. . 
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Table 4. Mechanical properties of the superconductors used in the 
large solenoid experiment. 

MCA Super con 

Superconductors Superconductors 

Matrix Diameter (mm) 0.99 1.00 

Copper to Superconductor Ratio 1.8 to 1 1.0 to 1.0 

Number of Filaments 2300 2700 

Filament Diameter (p.m) 12.3 13.6 

Filament Twist Pitch (mm) 10 10 
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Visual inspection of the superconductor (the insulation was stripped 

away on several samples of each type of conductor) showed that the 

conductor was sound. There was no evidence of superconducting filament 

protrusion through the copper. Although there was evidence of the 

twisting process, the surface of the conductor was smooth. Visual 

~ inspection was also extended to the superconducting filaments themselves. 

Because the niobium-titanium filaments are impervious (or nearly so) 

to the effects of nitric acid, the copper was etched away with strong 

nitric acid. There was no evidence of filament breakage. (A few 

filaments were broken but not many. A superconductor which has few 

broken filaments will usually pass the current test.) The twist pitch 

of the conductor was measured and found to be correct. Microscopic 

examination of the filaments showed that there was no change in filament 

diameter along the short lengths examined. 

b) Short Sample Superconductor Tests 

The superconductor was tested using the LBL short sample technique. 

This technique uses a relatively long sample which permits one to 

measure the resistivity of the superconductor ·as a function of current 

and magnetic induction. 

The short sample consisted of a loop of superconducting wire 

about 500 mm long which was wound around a small fiberglass-epoxy 

spool in a bifilar fashion. Several tries had to be made to mount 

the sample correctly so that there was no wire motion in t.he magnetic 

field. The external magnetic field was generated by a small 

superconducting solenoid with a bore diameter of SO mm and a length 

•!. 

•. 



• I r. 

0 0 6 

-41-

of 100 mm. The sample was positioned in the center of the solenoid. 

The expected external field variation due to imperfections in the 

coil of the magnet is only about one percent. In addition to the· 

external field, the sample also saw the self-field generated by the 

current in the conductor itself. The self-field is a major source 

of error only when the external field is below 1 tesla. A first 

order correction for self-field is included in the data presented 

here. 

Resistance data was taken at external fields (as measured at 

the center of the superconducting solenoid) of 0, 1, 2, 3, 4, and 

5 tesla. Since our test magnets will be operated at peak inductions 

in the coil of below 2 tesla, data above 5 tesla was not necessary. 

(An approximation of the high induction points can be found by extending 

a linear line from the 5 tesla point until it intercepts zero current 

at between 10 and 11 tesla.) The resistance data was taken in a helium 

bath at a temperature of around 4.25K. (The pressure in the dewar 

was slightly above atmospheric.) 

The resistivity of the wire was derived by measuring the voltage 

developed across the sample and current put in the sample. 4° Knowing 

the current I,· the voltage v, the sample length £ between voltage 

taps, and the superconductor matrix diameter d, one can calculate 

the superconductor resistivity P using the following formula: 

(12) 
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Measured data points were taken at resistivities as low as l0-16nm 
-13 and at up to resistivities approaching 10 Qm. The measured 

data is shown on log plots in Figures 8 and 9. The curves are nearly 

vertical, which is an indication that the superconducting material 

is good. 40 A bad multifilament superconductor shows a very definite 

slope away from vertical. In most cases this nonvertical slope is 

caused by broken or uneven filaments in the matrix. In theory, broken 

filaments should be independent of the material metallurgy~ in practice, 

however, bad metallurgy will often mean broken filaments. 

Table 5 shows the 10-14 n m current at various external inductions. 

Superconducting magnets are designed to be operated so that the maximum 

resistivity of the superconductor in the mag~et, is, less than lo-14 nm. 

Most high current density intrinsically-stable solenoids quench when 

the superconductor resistivity is just above lo-14 nm. 41 The superconductor 

current density column in Table 4 suggests that the Supercon and MCA 

conductors are metallurgically similar. The heat treatment process 

used in the two materials must be similar because the higher induction 

superconductor critical current densities are similar. The primary 

difference between the current carrying capacity of the two conductors 

is the difference in copper to superconductor rat~o. 

c) Oval Solenoid Tests 

It is normal that the new superconductor be tested in a small 

magnet in order to determine whether it is stable. Normally, a small 

round solenoid would be used for the test. In this situation, the. 

solenoid winding is well supported so that there is no wire motion 

.. 

·. 
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Matrix diom. 0.99mm 
Cu/Sc ratio I. 8 
Filament diam.12.4,u 
No. of filaments-

2300 
Twist pitch IOmm 

current 

TIT 0 External 
induction 

(A) 
XBL 759-4187 

Fig. 8. Superconducting wire resistivity as a function 
of current and magnetic induction near sample 
of MCA superconductor. 
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SUPER~ON WIRE 5T4r3T 2T IT 

Matrix diam. 1.0 mm I 
Cu/Sc ratio 1.0 
Filament diam.l3.6,u.m. 
No. of filaments- A 

2700 , .• 
Twist pitch 10 mm • I 

Iff 
I . I i . I . i 
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0 induction 
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XBL 759-4188 

Fig. 9. Superconducting wire resistivity as a function 
of current and magnetic induction near a sample 
of Supercon superconductor. 
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Table 5. The lo-14 ohm m critical current density versus induction. 

Matrix Current Density Superconductor Current Density 

Induction (Am-2) (Am-2) 

(T) MCA Super·con MCA Super con 

0.0* 2.60 i'1o9 3.34 X 10 
9:'" 

7.27 X 109 6.67 X 109 

1.0 1. 74 X 109 2.30 X 109 4.87 X 109 4.60 X 109 

2.0 1.17 X 109 1. 73 X 109 3.27 X 109 3.46 X 109 

3.0 -0.87 X 109 1.28 X 109 2.43 X 109 2.57 X 109 

4.0 0.70 X 109 1.02 X 109 1.96 X 109 2.05 X 109 

5.0 0.57 X 109 0.79 X 109 1.58 X 109 1.58 X 109 

*The corrected induction for the MCA wire is 0.5 tesla; corrected 
induction for the Supercon wire is 0.7 tesla. 

/ 
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inside the magnet. Previous experience plus successful physical and 

short sample tests made the simple round solenoid test unnecessary 

(in our opinion). We decided, instead, to wind the conductor onto an 

iron-shielded oval solenoid form. (The oval solenoid tests are similar 

to the ones performed with rectangular conductors in March and May of 1975.) 42 

An oval solenoid test permits the testing of the superconductor under 

reasonable conditions of induction (comparable to the worst case in 

the final one-meter diameter magnets), and at rather high stress-levels. 

In addition, the magnet forces cause the conductor to move.· This 

permits one to see the effects of wire motion and training. 

There were two test oval solenoids wound on the same coil form 

that was described in reference 42. Both oval coils contained two 

layers of 90 turns each, and had iron pole pieces so they behaved 

like infinite solenoids. The physical·dimensions of the oval solenoids 

are shown in Table 6. 

The oval solenoid tests are designed so that high magnetic stresses 

are put into the superconductor (about 4 x 108 Nm-2). As a result, 

the superconductor deforms elastically, then plastically, causing 

conductor motion which may manifest itself as training. The magnet 

with its iron shield is cooled in a bath of liquid helium at a tempera-

ture of 4.25 K. The magnets are quenched at various charge rates 

in order to test for training behavior and charge rate sensitivity. 

The MCA solenoid, which was tested in July of 1975, showed 

considerable training (quenching prematurely due to wire motion), 

but eventually reached the critical current of the superconductor 

which was around 900 A. (The superconductor critical current in a 

.. .. 
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Table 6. Physical characteristics of the oval solenoids. 

Solenoid Length 101.5 mm 
.. 

Major Axis Diameter 202.5 mm 

Minor Axis Diameter 70.0 mm 

Maximum Radius of Curvature 500.0 mm 

Minimum Radius of Curvature 33.0 mm 

Number of Turns 180 

dB/di 0.00224 T/A 

.. 
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magnet was by definition the 10-14 ohm m resistivity current.) The 

peak current that was obtained in the magnet was 910 A. This corresponds 

to an induction in the wire of 2.0 tesla. There was little or no charge 

ratio-sensitivity. Using methods given in reference 42, we estimated 

that the peak stress in the conductor at 910 A was 3.5 x 108 Nrn-2 

(51,000 psi). See reference 43 for more data on this test. 

The Supercon solenoid, which was tested in August of 1975, showed 

much worse training than the MCA solenoid. The lower copper to super-

conductor ratio in the Supercon conductor made it much more sensitive 

to wire motion (during the tests, wire movement of as much as three 

millimeters was observed.) The Supercon oval solenoid did not reach 

the critical current of the superconductor. The peak quench current 

reached was 1036 A. This corresponds to a current density of 

1.32 ~ 109 Am-2 in the matrix at an induction 2.3 tesla. (LBL had 

on a previous occasion run a small test solenoid at current densities 

of 1.45 x 109 Am-2 at a peak induction of 1.8 tesla. 44 ) The estimated 

stress in the conductor was about 4.2 x 108 Nm-2 (61,000 psi). 42 , 43 

The oval solenoid tests showed considerable wire motion. They 

also showed that the superconductor will operate at high current densities 

while being subjected to high levels of stress. 45 The Supercon material 

with its 1 to 1 copper to superconductor ratio was more sensitive 

to wire motion. Both materials, while sensitive to wire motion, should 

perform reasonably well in large potted solenoids which will restrict 

wire motion. 

.. 
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3.2. Fabrication of the Large Solenoids 

The two one-meter diameter thin solenoids were fabricated in 

the Lawrence Berkeley Laboratory assembly shop. The first coil was 

made between June and October of 1975.~ the second coil was fabricated 

in January and February of 1976. The first magnet was the first super-

conducting magnet ever manufactured by the main assembly shop. All 

of the previous magnets built at LBL were made by specially-trained 

technicians. 

The fabrication of the large solenoid consisted of five primary 

steps: 46 1) the central bore tube fabrication, 2) the superconducting 

coil winding, 3) the aluminum cooling tube winding, 4) vacuum impregnation 

of the coil, and 5) the assembly of the leads and cooling tubes. 

a) The Magnet Bore Tube 

Three aluminum bore tubes were fabricated together. The magnet 

bore tubes had an inside diameter of 1021 mm and an overall length 

of 500 mm. The bore tube consisted of a barrel and two end flanges. 

The outside diameter of the barrels was 1034 mm~ the outside diameter of 

the flanges was 1070 mm. The barrels were fabricated from 1/4 inch thick 

1100 aluminum plates~ the flanges Were fabricated from 1 x 3/4 inch 

6161 aluminum bars • 

The plates were cut, rolled up, and welded end-to-end with a 

single seam weld. The bars were rolled up and welded to the barrels 

by J welds. The welds were then ground flat to permit winding of 

the coil, and plate jig fixtures were made so that the coil could 

be held round (to about 1 mm) while mounting, drilling, machining, 

and coil winding. 
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After rolling, welding and rough machining, all three bore tubes 

were annealed at 350°C (6500p) for 15 minutes in the paint shop oven. 

Four test samples were sent to the Bureau of Standards, in Boulder, 

Colorado, for resistivity measurements. 47 (We decided later to anneal 

two of the bore tubes for one hour at 350°C. This had to be done 

off the LBL hill. The bore tube used for Coil A had only the paint shop 

anneal.) When the anneal was finished, holes in the flange were drilled 

and taped and the finish machining was completed. The strain gages 

were applied when bore tube fabrication was finished. 

One mistake made on the bore tubes was in not specifying vacuum­

tight welds, which meant we had to epoxy the bore tubes in order to 

vacuum impregnate the coil. The second and third bore tubes were 

vacuum checked before the coils were wound on the tubes. A second 

mistake was the failure to specify the weld differently in order 

to cut the amount of machining in the corners. Just before winding 

the superconductor, the bore tube was sandblasted. A photo of the 

finished bore tube is shown in Figure 10. 

b) Coil Winding 

Bach coil consists of over 830 turns of Nb-Ti multifilament 

superconductor wound in two layers between the flanges on the outside 

of the bore tube barrel. The insulated conductor diameter is 1.1 mm. 

The specific.properties of the conductor have been discussed previously. 

The insulation to ground, which separates the winding from the bore 

tube, consists of 1/16-inch thick glass epoxy resin spacers at the 

flanges and a layer of half lapped tape 0.007 inch thickJ 3/4 inch wide 

glass cloth tape is used between the coil and the bore tube barrel. 

' . 
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CBB 757-52 23 

Fig. 10. A one- mete r diameter test solenoid l J.00-0 
aluminum bore tube. 
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The total thickness between the barrel and the coil is 0.35 mm 

(0.014 inches). Layer to layer insulation consists of the same half 

lapped tape (0.35 mm thick). The insulation between the coil and 

the aluminum cooling tube is also the half lapped 0.007 inch tape. 

Before winding the coil, a 5-m long section piece of 18-gage 

copper wire was spliced to the superconductor. A special soldering 

iron tip was developed to make long soft solder splices, using a 

62\ Sn, 2\ Ag and 36\ Pb solder. All splices were covered with glass 

sleeving. The spliced conductor at the ends was passed through a hole 

in the flange so that about 1.8 m was left outside the flange. The 

holes in the flange had an epoxy fiberglass plug in them. The magnet 

conductor with copper wire soldered to it was passed through a hole 

in the plug; then it was epoxied in place. 

The A coil was wound on one of the large lathes in the main machine 

shop. A coil up to 1.5 m in diameter could have been wound on that 

lathe. The B coil was wound on the LBL large magnet coil-winding 

machine, which allows us to wind coils up to 3.0 m in diameter. The 

wire was maintained at a tension of 130 N (29 pounds) by a tensioner 

borrowed from the Lawrence Livermore Laboratory. The pretension in 

the wire is required in order that the thermal contraction coefficients 

between the superconductor and the bore tube be matched . 48 

The coil was wound with the turns laid carefully next to one 

another. Occasionally a soft-face epoxy hammer was used to jog the 

turns into position. The A coil had splices in the 388th turn and the 

647th turn. The B coil had splices in the 404th turn and the 784th 

turn. The splices were made with the specially designed soldering 
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gun tip. Each splice, 3.2 m long (one turn around the coil), was 

then covered by fiberglass sleeving and wound into the magnet 

coil. Figure 11 shows the B coil being wound on the LBL large magnet 

winding machine. 

' . After the last turn was tied down (to maintain tension in the 

coil) the lapped fiberglass tape was wound around the coil to insulate 

it from the cooling tube. The two, pieces of spliced superconductor 

which would eventually form the coil leads were coiled and put out of the 

way for later work. A cross-section of the magnet with its bore tube, 

superconductor, and cooling tube is shown in Figure 12. 

c) The Aluminum Cooling Tube Winding 

The cooling tube, which is used to carry two phase-helium, 39 is 

wound over the insulated superconducting coil. The tube has a 

12.7 mm (0.5 inch) outside diameter with a 1.1 mm (0.042 inch) wall 

thickness. We had some difficulty finding the tube in long continuous 

lengths, but one of our buyers finally found it in three 600-foot 

lengths at the Wolverine Tube Division of Universal Oil Products in 

Decatur, Alabama. Because Wolverine was about to scrap it, we paid 

the bargain price of 7 cents per foot for it. The tube is quite soft 

and is made from almost annealed 3003-0 aluminum alloy. 

The tube was wound around the coil on the large conventional 

magnet winding machine. Thirty-five turns of tubing were wound around 

each coil, and total length of cooling tube in the coil assembly 

was just over 117 m (384 feet). Since the tube is round, it will 

withstand much higher pressures than a square tube with the same wall 

thickness. There are small spaces between the tubes, which are 
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Fig. 11. The winding of the 1.1 mm diameter super­
conducting wire on the B magnet bore tube 
in the Lawrence Berkeley Laboratory main 
shops. 

. -
CBB 761-273 
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Fig. 12. A cross section of the one~meter diameter test solenoid magnet. 
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filled with dacron roving. There were spaces at the end of the tube 

layer where we could not quite get in another tube turn : these were 

also filled with roving. The A magnet has one quench-induc ing coil 

l ocated at the end of the magnet just under the tube. The B magnet 

has four quench coils mounted under the tubes. Two coils are located 

near the center of the magnet~ one quench coil is located at each 

end of t he magnet. 

Care was taken to fill all of the voids in the coil with either 

glass or dacron. This precaution is taken to avoid large expanses of 

epoxy which could crack upon cool down. (In theory, the coil assembly is 

designed for rapid cool down--one should be able to dunk the coil in 

liquid nitrogen and the coil assembly should survive.) After filling 

all the voids around the tubes with dacron roving, the assembly is 

compressed under the fourth and final layer of fiberglass t ape. During 

impregnat ion, the outer pott ing fixture will lay directly on top of 

this layer of glass . Figure 13 shows the tube winding process. 

d) Vacuum Impregnation of the Magnet Coil Assembly 

The bore tube, the superconducting coil, and the cooling tube are 

cast together to form a single rigid unit . We chose to vacuum impregnate 

the coil because experience at Rutherford and at Karlsruhe49 shows that a 

solid void-free structure can be created this way. Vacuum impregnated 

superconducting magnets , especially solenoids, have performed very well. 

Further, vacuum impregnated conventional coils have been built for years 

at LBL: the techniques are well understood by our assembly shop. 

• I 
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CBB. 759-6794 

Fig. 13. The winding of the aluminum cooling tube 
on the A solenoid magnet. 
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A steel potting shroud, with vacuum pump out ports and the epoxy 

fill ports in it, was built by the sheetmetal shop. Other parts were also 

built to make the coil assembly vacuum tight. Vacuum leaks were filled 

with bits of ·aluminum and silicone rubber. We found that the bore tube 

welds leaked; they were painted with epoxy. Repeated mass spectrometer 

vacuum checks were made. There was more patching with bath tub caulk, 

epoxy and •dux seal• until a vacuum tight structure was obt'ained. 

The plastic shop controls the potting temperature of a conven­

tional coil by running hot water through the hollow conductor. We 

used the aluminum cooling tube for the same purpose while we potted ·our 

coil. The plastic shop has a cam-controlled water temperature controller 

to regulate the temperature of the assembly during potting and curing 

the epoxy. 

The epoxy, which is described in detail in reference 50, has 

been used for the last five years to vacuum impregnate conventional 

magnet coils. We did not go through a cryogenic epoxy search as other 

laboratories have done. 51 ,S2 , 53 We were assured that the epoxy formula­

tion would work, provided the epoxy was filled with glass or dacron. 

The formulation has the following properties which make it ideally 

suited for vacuum impregnation: 1) low viscosity (500 C poise at 

25°C), 2) long pot life (-6 hours at 50°C), 3) good wetting power, 

4) a moderate cure schedule (about 24 hours with a final cure temperature 

of 80°C, and 5) good vacuum properties. 

The first coil took nearly seven hours to pour. Apparently there 

were no clear passages for the epoxy to enter the coil. The second 

magnet (the B coil) took only an hour and a half to pour, at a pouring 

.. 
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temperature of 50°C. After the pour was completed, the temperature 

was raised to 60°C, and the cure was started. Eight hours were spent 

at 60°C, then the coil temperature \tJaS slowly raised to 80°C. The cure 

proceeded for about twelve more hours after which the temperature was 

'· . 
allowed to drop to room temperature. The casting equipment is shown 

in Figure 14. 

e ) Leads and Cooling Tubes and the Final Assembly 

After the coils were taken from the molding fixture they were 

voltage tested to ground at at least 1000 V. The current flow measured 

had to be less than 50 ~A. An assembly consisting of copper bars, 

copper tubes and various fitted preassembled parts was fabricated. 

The copper bars with copper tubes soldered to them carry the current 

from the coil to the electrical leads. They are cooled by the two-

phase helium leaving the magnet cooling coil. 

Since the coil cooling tube is at ground potential and each of 

the leads to the magnet may be at any arbitrary voltage, the copper 

bus bars on top of the magnet must be insulated from the grounded 

cooling coil and the return line to the refrigerator. The two copper 

bus bars must be insulated from each other as well. Figure 15 shows 

an electrical and gas flow diagram of the copper bus bar and coil 

assembly. The insulators used were made of vacuum-tight ceramic with 

kovar sleeves brazed to them. They will stand off at least 10 kV 

and can be used at cryogenic temperatures. A commercial aluminum 

to stainless steel transition was used to connect the aluminum tube 

to the copper bar assembly. Figure 16 shows a photograph of the completed 

assembly. 



Fig. 14. Vacuum impregnation of the A magnet in the Lawrence Berkeley plastic 
shop. The equipment just to the right of the magnet controls the epoxy 
temperature during pouring and curing. 
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ELECTRICAL LEADS 

KOVAR 
INSULA TORS>--~~::___---~ 

a) Two Phase Helium Flow. 

COPPER BUS 
/BAR 

Ill 
~ ~~ -MAGNET 

I I I 

INTO COIL ~j L.- OUT OF COIL 

b) Electric Current Flow. 

X B L 774-8448 

Fig. 15. Flow d iagrams for two phase helium and 
electric current into and out of the 
test magnets. 
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CBB 762-2054 

Fig. 16. The finished B solenoid magnet. (Note 
the thickness of the coil compared to 
the magnet diameter.) 

• J 

' . 



' . 

Q 0 3 4 

- 63 -

When the magnet assembly was completed, various tests were pe formed. 

The cooling t ube and the copper assembly were checked f or vacuum leak 

with a mass spectrometer . The coil was voltage- tested t o gr ound (the 

insulation to ground was tested .) The A coil was tes ted at 1500 V7 

a current of 60 ~A t o ground was measured . The B coi l was tested at 

3, 000 V; a cu rrent of about 2 ~A to ground was measured. The improved 

resistance t o ground i n the second co il (over 1 G ohm) was due to improved 

quality cont rol and nonporous spacers between the copper bus bar and 

the bore t ube. 

3 . 3. Instrumentation of t he Large Solenoids 

The inst r umenta tion of t he magnets i s d i scussed i n this sub-sect ion 

because most of t he i nstr umentation had to be built into the magnet 

coils. The B coil bene fited from our experience in experimenting on 

t he A coil and as a result, in nearly all cases the B coil contains 

more instrumentation . The pr imary instrumentation for experiments 

is descr ibed here . This i ns trumentation is: 1) small pulsed coils 

for i nducing quenches in the superconducting magnet , 2) large coils 

which measure the f l ux change in the coil, 3) temper a t ure sensors 

mount ed on the bore tube, and 4) strain gages mount ed on the bore 

tube . In addi t ion t o t he f our c lasses of instrumenta tion previously 

mentioned, t he vol t age across the coil leads and t he current in the 

coil are measured. 

a) Small Coils for Magnetically Induc ing Quenche s 

An important part of the LBL experimental program is to induce 

quenches in the coil at low currents. 54 One can observe the behavior 
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of the solenoid coil going normal at low cu rrents without t he r isk of 

burning the magnet. In order to induce a quench, one must heat up a 

small region of the superconductor in the coil to a temperature which is 

above the superconductor critical temperature. Two methods were tested: 

a resistance heater which drives the superconductor normal,. and a pulsed 

coil which heats the superconductor by changing the magnetic field. 

We found that pulsing the field locally was the easiest and most reliable 

method for inducing quenches. 55 

• 
The pulsed magnetic field technique (from here on known as the B 

technique) requires that a small coil be attached to the main super-

conducting magnet coil. The coil is connected to receive the discharge 

of a capacitor. This discharge causes a fast and local change in 

magnetic induction B. The magnetic field variation (B = dB/dt) makes 

the superconductor warm up and turn normal. The advantages of this 

technique are: 1) the quench inducement is nearly instantaneous (within 

1 ms)r 2) the normal region formed is small (about SO to 100 mm2); 

3) the heat is induced in the conductor itself; and 4) quenches 

produced by the B technique appear to model spontaneous quenches well. 

The location of the quench inducing coils on the main super conducting 

coils is shown in Figure 17. The A coil has only one quench-inducing 

coil located at its end. The B coil has four quench coils--one is 

located at each end of the coil and two are located at the center 

of the coil. The additional quench points in the B coil permit 

one to measure the effect of the quench starting point on the way 

magnets go normal. In addition, one can induce quenches at multiple 

points in the coil. 

.. 
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• Ql 

a) Quench Coil on the A Magnet . 

• Q2 

Q5 • • Q3 

• Q4 

b) Quench Coils on the B Magnet. 

XBL 774-8316 

Fig. 17. The location of the small coils for 
inducing quenches in the A and B magnets. 
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The circuit for firing the quench coils (shown in Figure 18) is 

a simple capacitor discharge circuit. A 1000 ~F capacitor is charged 

to a set voltage. The charge is dumped into the small coils which 

are cast into the magnet. These coils, which come from a television 

set, have an inductance of around 1.0 mH. The time constant for the 

quench coil and all of its circuitry varies depending on the length 

of the leads between the capacitor and the quench coil. Time constants 

of 1.5 to 3.0 ms are typical for the LBL experiments. The heating 

of the superconductor is due almost entirely to coupled ac losses 

in the superconductor. 56
r
57

r
58 Only about 1 kJ m-3 is required to 

drive the superconductor normal. The energy required to drive the 

coil normal is a function both of the current and the local field 

(proportional to the current) in it. The quench energy as a function 

of current is shown later. 

b) Magnetic Flux Measurement Coils 

The changes of magnetic flux within the solenoids are measured 

by coils which are wound around the magnets. The voltage generated 

by these coils is proportional to the rate of flux .change59 (d~/dt) 

which is proportional to the rate of total current change ~ The use 

of a d~/dt coil permits one to see the shift in total current from 

the magnet coil to the magnet bore tube. 

The A magnet has a single d~/dt coil wound around the finished 

magnet (outside the cooling tube). It is .wound about 100 mm from 

one end. This is probably not the best position for a d~/dt coil, 

because the coupling to the magnet coil is estimated to be only about 

85 to 90 percent. (The d~/dt coil is shown in Figure 19.) 
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· quench inducing circuit (see Fig. 17 for 
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CBB 7512-8784 

Fig. 19. The finished A magnet just before the 
March 1975 test. The white band about 8 em 
from the bottom of the magnet is a 37-turn 
P coil for measuring the change in the magnet. 
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The B magnet has two d~/dt coils. One is wound directly over 

the magnet coil between the superconductor and the cooling tube. 

This coil is split into two parts with 20 turns each. (One turn makes 

the transition between the two coils; the total number of turns in 

the coil is 41.) The center of this d~/dt coil corresponds to the 

center of the superconducting magnet coil within about +0.5 mm. 

The coupling between it and the magnet coil is estimated to be better 

than 99 percent. The second d~/dt coil is identical to the first 

except that it is located outside the cooling tubes. Figure 20 shows 

the second d~/dt coil which also corresponds to the superconducting 

coil center within about +0.5 mm. 

The two d~/dt coils in the B magnet will permit one to directly 

measure the effect of the cooling tube on the magnet's quench performance. 

The inner and outer d~/dt coils can be bucked; the signal remaining 

corresponds to the current induced in the coOling tube during the 

quench process. The central location of the B magnet d~/dt coil should 

result in better measurements of the coupling between the superconducting 

coil, its bore tube and its cooling tube. 

c) Temperature Sensors 

The first test of the first one-meter diameter solenoid lacked 

accurate measurements of coil and bore temperature. Copper-constantan 

thermocouples were used during the cool down. This type of thermocouple 

is completely useless below 25 to 30 K. We found that a lack of good 

temperature measurements while the magnet was operating at or near 

its operating temperature was a real handicap. Other methods had 

to be used to measure temperatures at or near 4K. 
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CBB 762-1385 

Fig. 20. The finished B magnet. The Gouble dark 
band at the center of the magnet is a 41-turn 
P coil for measuring the rate of change of 
magnetic flux in the magnet. 
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A number of the common methods for measuring 4K temperature was 

rejected . Our laboratory has had bad luck with ordinary carbon 

resistors: therefore this method was ejected. (Operation of carbon 

resistors in a vacuum is particularly risky . ) The vapor bulb ther-

mometer was also rejected, for two reasons: 1) the temperature range is 

limited to between 2.5 and 20K: and 2) the thermometers are bulky 

and have a long thermal time constant. 

Before choosing our silicon-diode thermometers we looked at 

plati num res i stance thermometers, capacitance thermometers, gallium 

arsenide thermometers and glass-ceramic carbon resistors. 60 We felt 

that the silicon-diode offered the best combination of cost and reli-

ab i lity for a sensor which could be used over the entire range of 

temperatures from 4 to 400K. The major disadvantage of the silicon-

diode i s its magnetic field sensitivity. However, we found that we 

could calibra te the diode to get rid of this effect. 

The sil i con-diode has very good sensitivity at low temperatures. 

The s i gnal f rom t he sensor is about 2.4 volts at 4.2K, 0.9 volts 

a t 77 K, and 0. 35 vol t s a t room temperature. Figure 21 shows the voltage 

output of the s i licon-d iode as a function of temperature. The silicon-

diodes are power ed by a LBL- built 10 ~A power supply. 61 The total power 

dissipated in the sensor a t 4 . 2K is around 25 ~w. This low rate of 

power dissipation is important when the sensor is operating in vacuum. 

Each silicon-diode is mounted on an aluminum plug which can be 

screwed into the magnet exper iment. The plug serves as a platform for the 

diode and as a heat sink f or t he el ectrical leads which go to the diode. 

The t hermal time const ant for the diode and plug is about 100 ms at 
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4K, and increases to several second a t 77K. The diode temperature 

sensor syst em time cons t ant i about a fa t or of three fas t er t han 

he t ime constant for heat removal fr om t he magnet . 

Each magnet bore tube had t hr ee temperatur e diodes on it. There 

ere two uncalibrated diode s (the se had been ca librated only at 4. , 

0 , 77 , and 300 K) a t each end insi _ t he bore tube (on 

.e ange ) . There was one cal ' bra .ed diode (calibrated ove r the 

ull tempe ature range by La eshor e Cryotronics62) at t he cent er of 

e ,a • bore t ube. In addition t o the ag t i odes t he e wa one uncalibrated 

' iode locat ed on t he hel ium ' nle om the re rigerator. Each 

experiment used f r om four to seven si licon diodes. Figure 22 shows 

.he l ocation of the silicon i odes en .the magnet bore tube. 

d) Bore Tube Strain Gages 

The one-meter diameter thin super conduct'ng solenoid magnets 

can potentially p t the superconduc 'ng wire under l arge s t resses . 

However, other components of t he m·gn=t i uch as t he bor e tube and t he 

cooling tube, can car ry part f the magnetic force~ so t hat t he s up r-

onduc t or oper ates at much lower leve s of t r ess. One can l earn 

how the magnet behave s as it ·.s ene r gLe by measur ing the s t r ain 

in the bore tube a s we put c r r en n t1e oil . St r a in gages , whi ch 

r capable of operating a 4K, wer e us d to measure the bore tube 

strain . 

The magnet exper iment operated a t e p a t ur of 4 .5K. The 

gnet ic induction on the gage var ied f. m t 2 esla . The maximum 

s train one would expec t to measure i n the aluminum bore tube was less 

tan 0 . 5 percent . Th prope ies e . ir ..... . t he se gages were as 
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e TD-3 

A Moonet e TD-4 
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e Moonet e T0-5 

e T0-6 

TO-I 
XBL 774-8237 

Fig . 22. The location of the silicon-diode 
thermometers of the A and B magnet 
bore tubes and the helium pipe 
entering the magnet (this set-up was 
applied during the July 1976 test). 
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f l l ows : l) the ga e should oper ate a t 4K, 2) there should be ittle 

or no change i n resistance as the temperature changes: 3) there should 

be litt l e c'r no change in resistance as the magnetic e nvironment changes 

4 t he c •:mtract i on c. ft 1 .1en . of the gage should matc~h ha o f 

a h u .inm , it. i.s .. pp i ~.a to: and S) one should be able t o c he :r ge 

whi l e ~ t i s u.o m _a on t h.;, be e tube without having it come u g l et:' .• 

Th gage d . s en fOJ: us . in t he thin c o il experiment was the l<Iicro-· 

1.\'lec. ~mrement WK-· .3- 250 B~·~ 20 gage. This gage meets al f t :1e o bject ives 

g iv·l"!n at,o\?c!, ~xueft:. the. cna 1ge o f gage res istance wi t h t per a t ur e. 

1-iore U?. ta:lc-u 1n ... ormat i on , 1 tne strain gages may be foun i re f e rence 

63 or in the data s heet provided by the manufactur·er. 

The str ai gd _es were mounted on t he aluminum bore ubes befor e 

v i wa s w nd . Si. str · n ga es are affec ted by •en • 

were moun t e d in a i d ircuit 

r e lative s etween 

omm rc1al a ailable 

sed i our e xp riment.} 

h y were 

i n\ r. a ~'·-' ,n~) ·~ . -::. _ · <..: .l _ -:.:; ) !:'..: t u e. 'l'wo of these gages were mounted 
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ummy strain strain 
gage 

Null meter 

Vari able resistor 
in bridge box 

Constant res is tor 
in the bridge box 

XBL764-5485 A 

Fig. 23 . A simple bridge circuit for the strain 
gages. The dummy strain gage com­
pensates for temperature and magnetic 
field sensitivity. 
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-
Gage A Dummy tab I 

a ) A magnet strain gages and dummy tab . 

-
Gage C 

Dummy tab II 

G ge E 
GageD 

b) magne strain gages and dummy tab. 

XBL764 -5383A 

Fig. 24. The location of the active and dummy 
strain gages on the A and B magnets. 
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on the center of the bore tube ju~t as the gages on the A magnet. 

One of the other two gages was mounted on the center of the bore tube 

such that it measured the longitudinal strain (perpendicular to the 

loop direction) • The fourth gage was mounted near the edge of the 

bore tubeJ it measured transverse (hoop) strain. 

Three separate dummy tabs had been made for the magnet experiments . 

Figure 25 shows a photograph of one of the tabs. The tab had two gages 

which were mounted parallel to the rolling direction (the hoop direction 

in the magnet) and one gage mounted perpendicular to the rolling direction. 

The dummy tabs were mounted inside the magnet bore tube but not touching 

itJ also, they were mounted so that the temperature, magnetic field 

strength, magnetic field direction, rolling direction, and degree 

of cold work matched that of the active gages which they were supposed 

to compensate. 

e) Instrumentation Not Mounted In or On the Magnet 

Some of the most important instrumentation was not mounted on 

or fabricated with the magnet itself. This instrumentation included 

those which measure coil voltage and current, and those which measure 

pressures in the cryogenic circuitry. 

· One of the most important single measurements to be made on the 

magnets as they are operating is the current in the magnet coil. 

Current in the coil is taken by measuring, with a digital voltmeter, 

the voltage across a 1.066 m ohm water-cooled shunt which carries the 

full current into the coil. The coil voltage to be measured is taken 

from voltage taps which are mounted directly to the ends of the super­

conducting portions of the coil. (The voltage drop across the electrical 

·} 

. . 
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Fig. 25. The dummy tab used for strain gage 
compensation. The arrows show the 
hoop or rolling direction. 

CBB 764-3036 
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leads at 1000 A is about 50 mV.) One cannot measure coil voltages 

across room temperature electrical lead ends. 

Pressures in the refrigeration circuitry are measured directly 

by room temperature pressure gages which are connected _to the point 

in question by capillary tube. Oscillation in the pressure gages 

is eliminated through the use of needle valves which snub out the 

oscillations. We measured differential pressures with magnahelic 

differential pressure gages between the two pressure taps in question. 

Magnahelic gages may be pegged to the maximum value without destroying 

the gage itself. This is an important feature because differential 

pressures will vary about two orders of magnitude as the experiment 

is cooled down. The location of the various pressure gages is shown 

in the next section of this report. 

Other instrumentation in our experimental apparatus included 

various copper-constantan thermocouples on the liquid helium and liquid 

nitrogen circuits. An American Magnetic temperature sensor was mounted 

in the control dewar. This sensor is not very sensitive at 4K. (The 

silicon-diode sensor is far superior to the American Magnetic thermometer 

at temperatures below 20K.) An American Magnetic liquid helium level 

gage was also mounted in the control dewar. 

The last piece of sensing apparatus was several small coils mounted 

inside the solenoid. These coils permitted us to make an approximate 

field map inside the solenoid. They played an important role during 

the time we were calibrating the experiment, and were used as a check 

for measuring the self inductance of the magnet. 

.. 
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3 .4. Physical and Electrical Parameters of the Magnets 

This secti on deal s with the mechanical and electrical parameter s 

of the finished magnets. Table 7 shows these basic dimensions . The 

magne t bore tube, coil, and cooling tube assembly are about 1 . 4 rnm 

th i nner than the flange of the coil. The Fiberglass standoff buttons 

between the copper bus bar and the coil bore tube extend beyond t he 

edge of the coil. The larges t overall diameter of the coi l is about 

1080 rnm. The mass of the coil assembly is broken down in Table 8 . 

Table 9 shows an est i mate of the radiation thickness of the magne t 

a ssembl y . 

The electrical parameters of the magnet were calculated using 

a computer program called HENRY, 64 which uses elliptic functions 

to ca l culat e the field in the coil, the inductances and the stored 

energy . The procedure for calculating the electrical parameters is 

discussed elsewhere . 65 , 66 , 67 

The l oad l ine for the A and B magnets is s hown in Figure 26. 

Th i s f i gure shows the peak induction in the coil versus t he cur rent 

i n t he superconductor . I t al so shows the critical current in the A 

coil and B coi l s uperconductor a s a function of induction and t emper-

ature. (Temperatures of 4. 2 K and 5.0 K are shown). The c rit i cal 

current line i s def ined by a r esistivity of l0-14 ohm m. The des ign 

current f or t he A magnet i s 700 A; the design for the B magnet i s 

880 A. The elec t r ica l parameters of the t wo magnets are g iven i n 

Tab e 10 . 

One can under s t and t he electr ical behavior of the magnet coil 

and its bor e by l ook i ng at re l at i ve time constants of the coil and 
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Table 7. Finished magnet dimensions. 

Dimension (mm) 
$ • -

Coil A Coil B 

. 
Inside diameter 1021 1021 

Ouside diameter 1070 1070 

Magnet thickness 24.5 24.5 

Magnetic coil length 460.9 464.1 

Magnet spool length 500 500 

Overall assembly length -600 -600 

Thickness of the various components 

Bore tube 6.35 6.35 

Super conducting coil 3.25 3.25 

Cooling tube assembly 13.50 13.50 

Flange thickness 24.50 24.50 

.. 
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Table B. A breakdown of the mass of various magnet components. 

Mass (kg) 

Coil A Coil B 

Aluminum bore tube 34.0 34.0 

Insulated superconductor 17.5 16.0 

Fiberglass 1.5 1.5 

Dacron and other plastic parts 0.8 0.6 

Refrigeration tube 12.2 12.2 

Epoxy 9.2 8.5 

Sub Total 75.2 72.8 

Copper bar assembly 6.0 6.0 

Total Cold Mass 81.2 78.8 
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Table 9. A breakdown of the radiation thickness in a coil. 

Radiation Thickness* 

Average through Through the end 
Component the coil flange 

Superconductor 0.100 

Alluninum bore tube 0.071 0.271 

Aluminum refrigeration tube 0.033 

Glass, dacron and epoxy 0.029 

TOTAL RADIATION THICKNESS 0. 233 ** 0.271* 

* Given in radiation lengths. 

*~he average radiation thickness over the whole coil including the 
end flanges is less than 0.24 radiation lengths. 

.. . 
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Fig. 26. The peak magnetic induction in the 
magnet superconductor vs magnet current 
(the load line), and the critical current 
for the MCA and Supercon superconductors 
as a function of magnetic induction. The 
intersection of the load line with the 
superconductor performance curve determines 
the critical current for the magnet. 
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Table 10. The electrical characteristics of the two LBL test 
magnets (without iron). 

Number of turns 

Coil self inductance (H) 

Bore tube self inductance (H) 

Mu.tual inductance between the coil and 
bore tube (H) 

Coil critical current at 5 K (A) 

Coil design current (A) 

Design matrix current density (Am-2) 

Central induction at design current (T) 

Peak induction at design current (T) 

Magnet stored energy at design 
current (J) 

Magnet stored energy per unit coil 
mass at design current (Jg- ) 

A Magnet 

835 

0.789 

l.Ol4xlo-6 

8.97xlo-4 

910 

700 

0.9lxl09 

0.65 

1.11 

1. 93xl05 

11.2 

B Magnet 

832 

0.782 

1.014xl0-6 

8.92xl0-4 

1160 

880 

1.12x109 

0 0 77 

1.40 

3.03xl05 

18.9 

- _ .. 
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the bore tubes. In all cases , the superconductor was assumed to be 

in the normal state. The time constants shown in Table 11 are defined 

by equations 9a and 9b. 

From Table 10 one can predict that a substantial portion of the 

magnet-stored energy will end up in the bore tube after a magnet has 

quenched. The B magnet should dump more energy into the bore tube 

than the A magnet. The magnet and bore tube combination should fulfill 

the objectives of the conceptual design. Section 5.3 of this repor t 

shows that the bore tube does behave as it should. Tests on the magnet 

coils show t hat the parameters given in Tables 10 and 11 are correct • 

. . 
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Table 11. Current decay time constants for the LBL coils and bore 
tubes as a function of temperature. 

Bore Tube* 
Temperature Same for Both 

MCA Coil t Supercon Coil tt ( K) Magnets 

10 537 610 398 

20 537 610 398 

30 519 610 398 

40 446 325 249 

50 365 155 109 

70 242 60.2 42. 4 

100 154 32.6 22 .9 

150 87.8 18.2 12.8 

200 60.4 12.6 8.9 

250 44.3 9.4 6.5 

300 35.4 8.1 5 . 7 

* Based on resistance ratio 1~.3 aluminum. 300K resistance of the 
bore tube is 2.89 x lo-sn. 4 

t Based on a resistance ratio of 75 superconductor, 1.8-1 Cu to s/c 
ratio. The 300K resistance is 92.5 n. 

tt.Based on a resistance ratio of 70 supercOnductor, 1-1 Cu to s/ c 
ratio. The 300K resistance is 132 n. 

- .... 

.. 



... 

4 6 u 

-89-

IV. REFRIGERATION OF THE LBL TEST SOLENOIDS 

The LBL test solenoids are designed to be cooled by two-phase 

helium which circulates in the cooling tube around the magnet coil. 

It is desirable that the liquid helium used be of lowest 

quality. (Quality, in this case, is defined in the same sense as 

it is for steam. A quality of 0 is saturated liquid; a quality of 

1 is saturated vapor. Qualities between 0 and 1 define where the 

fluid is in the two-phase region.) Low quality helium in the cooling 

tube reduces the pressure drop i n the system for a given mass flow, 

and there is more heat of vaporization available for cooling when 

it is used. The LBL system uses the heat vaporization of the helium. 

This drops the operating temperature and minimizes the temperature 

change across the system. 

Two kinds of systems can be used to circulate low quality helium 

through the magnet cooling tube. They are: 1) a liquid helium pump 

used as a circulator, or, 2) the refrigerator compressors used as a 

circulator. Both systems use a heat exchanger to insure that the 

helium will enter the system at or near the saturated liquid line. 

Figure 27 shows schematic diagrams of the two approaches • 

The helium pump loop system shown in Figure 27a has the following 

advantages: 1) The refrigerator is completely decoupled from the 

load. In t heory, one could substitute liquid helium from a storage 

dewar for the refrigerator. 2) The mass flow through the system is 

limited by the capacity of the pump, not the capacity of the refrigera t or. 

The two disadvantages of the use of a helium pump system are: 1) The 

pump work is put into the helium, and therefore extra refrigeration 
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b) LIQUID HELIUM CIRCULATION WITH REFRIG. COMP RESS 

Fig. 27. Two types of two-phase helium ci rculation 
systems f or tubular cooled superconducting 
magnets. 
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must be supplied to overcome the work which goes into pumping. 

2) The simple pump loop system shown in Fig. 27a cannot be used to 

cool the magnet down from room temperature~ one must connect the magnet 

cooling system directly to a refrigerator. 

The refrigerator compressor can be used as a circulator provided 

a heat exchanger is used in an accumulator. The function of this 

heat exchanger is to reduce the inlet quality to the magnet cooling 

tube. The quality change across the magnet remains the same for 

a given mass flow in the circuit. The circuit shown in Fig. 27b has 

two Joule Thompson valves (J-T valves) which expand the gas in two 

stages. The first J-T valve expands the gas to a pressure of about 

5 bar. The gas is heated while it is being expanded from 15-18 bar 

to 5 bar. The heat is transferred to the boiling liquid helium in 

the accumulator tank as the gas flows through the heat exchanger. 

Expansion of the gas from 5 bar to the final inlet pressure of the 

load will result in an inlet quality at the load which approaches 

zero. If there were no heat exchanger the inlet quality at the load 

would be around 0.4~ the pressure drop in the tubular cooling system 

would be a factor of 2 to 3 higher. 

The system shown in Figure 27b is analyzed from a thermodynamic 

standpoint in reference 39. This system is capable of being operated 

at 30 to 40 percent over the capacity of the refrigerator for short 

periods of time. (The amount of time is dependent on the amount of 

excess liquid helium in the accumulator). It can be cooled down 

by the refrigerator directly, provided one bypasses the gas back to 

the compressors after that gas has passed through the load being cooled 
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down. Although this system was chosen for use in the LBL test coils, 

it is likely that a hybrid system (a combination of Figure 27a and 

Figure 27b) will be used in the final magnets to be built for PEP . 

The hybrid system is expected to offer maximum reliability. 

The LBL test coils we r e tested at two different locat i ons, using 

t wo different refrigerators. Substantial improvements were made in 

t he cryogenic system as these tests proceeded. The first two tests 

(November of 1975 and March 1976) were made using a cryogenic technology­

i ncorporated (CTi) Model 1200 refrigerator liquifier located in LBL's 

Building 64. The last test (July 1976) was performed in Building 58 us ing 

a CTi Model 1400 refrigerator. 

4 .1. Refrigeration for the Building 64 Tests 

The first two tests of the large solenoids were done in a smal l 

s uperconducting magnet laboratory located at the north end of 

Building 64 at LBL. This laboratory is equipped with a 500 Incorporated 

(the company name has since been changed to Cryogenic Technology 

I ncorporated--CTi) Model 1200 refrigerator. The refrigerator is a 

Claude cycle machine based on designs originated by Sam Collins of 

MIT. 68 The LBL Model 1200 machine developed 35 watts at 4 . 5K or 

10 l iters per hour of liquid helium69 •70 in 1969 when it was installed 

a t Berkeley. The performance of this machine has degraded after a 

number of years of use, 70 •71 and it currently will deliver about 

18 W at 4.5K or B~h-l of liquid helium. This refrigerator was used 

t o cool down the experiment when it operated in Building 64. 

- ·' 
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The magnet cryostat was salvaged f·rom the LBL Howard Terminal 

warehouse in Oakland. The cryostat, which was originally built in 

1965, was not in very good condition. However, since its price was 

right, we could afford to spend a little money to repair and refurbish 

it. The cryostat has about 20 layers of super-insulation around its 

stainless steel inner vacuum vessel. We used about 80 em of foam 

to insulate the neck of the vesse~. After refurbishing and vacuum 

pumping, the dewar heat leak was about 12 watts. This heat load could 

be cut down some by bleeding large quantities of boil off helium out 

of the top plate. This procedure could cause the main vacuum system 

0 ring to freeze. 

The cryostat, which is 2.2 m high and 1.3 m in diameter, could not 

be used in the Building 64 laboratory because the building ceiling 

is only 3 meters. The doorways are even smaller . Therefore, the 

experiment was located in back of Building 64 about 2 m from the building 

wall. A flexible co-axial t ransfer line was built to connect the 

refrigerator to the cryostat. This transfer line, which has a flexible 

section about 7 m long, can be bent to a curvature with about 0.5 m radius. 

The inside diameter (cold diameter ) is 10.9 mm; the vacuum shell diameter 

(the outside of the flexible hose) is about 40 mm. Refrigeration is 

sent out to the experiment through a small inner line (its ID is 

about 4.5 mm); the cold gas is returned to the refrigerator through 

the annular space between the OD {7.9 mm) of the inner line and the 

10.9 mm ID of the transfer line itself. The co-axial system behaves 

like a heat exchanger, so proper care must be exercised during cool 
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down . The construction and test of the flexible transfer line used 

\n this test is described in Reference 72. 

a) The November 1975 Test 

The large cryostat was used as a cryostat for the November 1975 

·:est . The magnet with all of its plumbing was sitting in a helium 

Jas atmosphere. (It was felt, at the time, that we could save a lot 

~f money by using this arrangement. We were wrong.) Cold gas (hopefully 

t wo-phase helium) from the refrigerator would circulate through the 

;nagnet coil and provide cooling for two gas-cooled electrical leads. 

The two-phase helium (if the were any) would drop into a small pot where 

?hase separation would occur and cold helium gas would then flow back to 

the refrigerator through the annular space in the transfer line. The ,, 

system shown in Figure 28 would work provided the total refr i gerat ion 

load did not exceed the capacity of the refrigerator. This was not 

the case, as the reader will see later. 

The gas-cooled electrical leads used for this experiment and 

the two later experiments were the standard LBL •Tampax• leads. These 

electrical leads are very easy to build and perform well. They have 

superconductor soldered to the outside, and consist of ~ 19.1 mm 4. 

{3/4 inch) ID type K copper pipe. Helium gas flow in it is laminar, 

ao the heat transfer from the tube wall to the gas is not very good . 

The insertion of an epoxy fiberglass rod (the Tampax) into the tube 

creates a 0 .5 to 0.7 mm annula r space between the tube and the epoxy-

fioerg l ass rod which improves the heat transfer from the copper tube 

o the helium by at least a factor of twenty. This in turn improves the 

~erformance of t he e lectrical leads considerably. 
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1/4 INCH OD INNER 

-LIQUID HELIUM FILL LINE 

INSULATORS 

SUPERCONDUCTING 
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COOLING TUBE 

COILED TUBE HEAT 

EXCHANGER IN THE 

BOTTOM OF THE CAN 

XBL 774-8545 

Fig. 28. A schematic view of the cryogenic cooling 
system used on the November 1975 test of 
the A magnet. 
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The Model 1200 refrigerator cooled the experiment from 300K to 50K 

in about twelve hours. The bypass was opened so that helium did not 

return to the refrigerator through the annular space in the transfer 

line. The temperature of the magnet was measured by copper-constantan 

thermocouples (they are not good below 40K) and by measurements of the 

magnet resistance. The magnet cool down stopped at about 50K. The 

t otal heat load exceeded the capacity of the refrigerator. In addition, 

t he refrigerator reacted poorly with the gas volume around the magnet. 

Liquid helium from a 500 t dewar was used to cool the magnet f rom 

50K to 6K. The liquid was added to the collection pot. The flow 

from the refrigerator removed the remainder of the heat from the magnet, 

whose temperature was monitored by measuring its resistance. This 

method worked quite well down to about 9.5K when the superconductor 

became superconducting. Below 9.5K the only way one could estimate 

t he temperature in the magnet was to measure the pressure drop across 

t he cooling tube in the magnet. Using this method, it was estimated 

that the magnet temperature was between 6 and 7 K. Two-phase liquid 

flow in the magnet was never established. Since the magnet operated 

at its design current at an estimated temperature of 6.5 ~, liquid 

helium in the tubular cooling system is not a necessary prerequisi te 

f or success f ul operation of a thin solenoid. 

The ma j or d ifficulty with the system shown in Figure 28 i s that 

the load (estimat ed to be between 35 and 40 watts) exceeded t he capacity 

of t he refr igerator (estimated to be between 15 and 20 watts) . Eve r y 

t ime the magnet went normal, the gas volume around the magne t was 

heated. Thi s gas r ushed out o f the system t hrough the re lief valves 
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and was lost. The total gas volume around the magnet was estimated 

to be 1400 liters. This volume requires about 250 liters of liquid 

helium to fill it at 6K. The refrigerator does not react well with such 

a large gas volume, and small changes in temperature easily change 

the flow conditions in the refrigerator. In any event, the system 

shown in Figure 28 was the wrong one to use. It cost the experimenter 

nearly 2000 liters of liquid helium to find out the effectiveness 

of quick and cheap cryogenic solutions. 

b) The March 1976 Test 

As a result of previous experimental experience, a number of 

changes were made in the cryogenic system. These included: 1) accurate 

temperature measurement below SOK, 2) reduced cold gas volume in 

contact with the Model 1200 refrigerator and 3) a number of changes 

in cryogenic components so that the cryogenic system used for the 

March 1976 test (and later ones as well) closely resembled the system 

shown in Figure 27b. Temperature measurements were made using the 

silicon-diode thermometers described in the previous section. 

The large cryostat was converted into a vacuum vessel. The plumbing 

for the magnet was made vacuum tight. In many cases soft-soldered 

joints were replaced by hard-soldered or welded joints. The 

transfer line was rebuilt to reduce its losses. 72 A transition piece 

was made to separate the inner and outer parts of the co-axial transfer 

line. Figure 29 shows a schematic diagram for the cryogenic system 

used for the March 1976 test. Figure 30 shows the vacuum tight plumbing 

which is a part of this cryogenic system. 
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Fig. 29. A schematic diagram of the cryoge~ic cooling 
system used for the March 1976 test of the 
A magnet. The July 1976 test of both magnets 
has a cryogenic system with a similar schematic 
diagram. -
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CBB 673-2832 

Fig. 30. The cryogenic plumbing system of the 
A magnet used during the March 1976 
test . (Note all of the plumbing is 
in a vacuum and it is at 4.6 K.) 
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The magnet with its tubular cooling system was shielded by a 

nitrogen temperature shield, and by multilayer i nsulation. The liqu i d 

helium, which is in contact with the magnet, was limited to about 

11 liters (the volume of the tubular cooling system). Control of 

the refrigeration process and phase separation was achieved by using 

a separate 25.4 em (10 inch) inside diameter control cryostat 

containing heat exchanger which helped lower the quality of the 

two-phase helium entering the co-axial transfer line to the magnet. 

The control dewar held around 40 liters of liquid helium. Figure 

31 shows the Model 1200 refrigerator connected to the control dewar . 

Figure 32 shows the large cryostat located outside Building 64, a 

temporary shack. The flexible transfer lines, cables, helium ser vice 

lines, and electrical leads passed from the Building 64 super conducting 

magnet laboratory to the magnet cryostat through a window in t he bui l ding . 

The cool down of the experiment, which had a cold mass of about 

150 kg, took around 12 hours to reach 70K. From 70K down the cool down 

was very slow. During the early phase (above 120K), there was a t emper a­

ture gradient of about 40 Kelvin degrees from end to end in the magnet 

(see Figure 33). The rate of cool down was limited pr imarily by t he 

mass flow of helium. The refrigerator delivered 1.5 to 2 . 0 g s-1 of 

helium and this rate was nearly constant during the entire cool down of 

the magnet. The reasons for constant mass flow are: 1) The refr i ge r ator 

heat exchanger cools down much more rapidly than the experiment. 

2) The high pressure side of the heat exchanger is designed t o have a . 

l ow pressure drop. The pressure drop across t he magnet was measured and 

found to be nearly linear with the magnet temperature (see Figur e 34). 
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CBB 763-2356 

Fig. 31 . The refrigerator and control dewar 
used in the March 1976 test in Bldg. 64. The 
control dewar is at the left , the model 1200 
r efrigerator is in the center; and the 500 liter 
storage dewar is to the right. The black line 
rising straight above the control dewar is a co­
axial transfer line to the magnet which is 
loca ted outs i de Bldg. 64. 
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CBB 763-2354 

Fig. 32. The magnet cryostat located outside the 
window of Bldg. 64 during the March 1976 
test. (A temporary shack was built 
around the magnet cryostat.) 
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The refrigerator could not cool the load below SOK. The estimated 

load was about 30 W, which is 10 t 15 W more than the refrigerator can 

deliver. It should be noted that a helium ~efrigerator can deliver 

considerably more refrigeration at higher temperatures. · (At SOK the 

Model 1200 machine should be delivering 50 to 60 watts of refrigeration. 

A second factor that inhibited the cool down was vacuum. The vacuum was 

quite poor (about 100 ll m of Hg) ; the super insulation had considerable 

conductive heat transfer through the gas. A temperature of 50 to 60K 

is too high for effective cryogenic pumping (the vapor pressure of 

nitrogen is above 100l.J.) 

Liquid helium was added to the control dewar to cool the magnet 

below 50K, to its operating temperature. The amount of liquid used was 

greatly reduced over the previous test. The magnet was superconducting 

within 40 minutes and two-phase flow through the magnet was established 

as soon as the magnet temperature dropped below 5 K. The onset of two-

phase flow was marked by a sudden reduction of pressure drop across 

the 117 m of cooling tube surrounding the magnet. The flow of t wo-

phase hel i um was very stable; there was no evidence of slug or plug 

flow in the tubular cooling system. 

Once. two-phase flow in the cooling tube started, steady state 

operation was quickly established. The helium in the control dewar 

boiled off at the rate of 0.17 g s-1 (about 4.9 th-1). This is a 

refrigeration deficit of around 12 w. The magnet was not affected by 

the lack of refrigeration as long as liquid helium remained in the 

control dewar. 
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A magnet quench was followed by a pressure rise when the heat was 

transferred to the liquid in the 117 m cooling tube. After about 

20-30 seconds the pressure dropped back to the normal operating range. 

When there was liquid in the control dewar and when the helium bypass 

valve was open for a minute, the magnet returned to its normal operating 

temperature quite quickly. 

Refrigerator operation during the second test (March 1976) was 

an improvement over the previous test (November 1975). The control 

dewar served as buffer between the magnet and the refrigerator and the 

magnet was able to operate as long as the control dewar contained 

liquid helium. It was decided that the July 1976 test would be performed 

using the CTi Model 1400 refrigerator in Building 58. The use of 

this refrigerator permitted long term steady state operation. 

4.2 Refrigeration for the Building 58 Magnet Tests 

The July 1976 test was performed after much delay. While the experi-

ment was being moved to Building 58 in order to get adequate refrigerat ion, 

a leak in the helium system opened up which had not manifested itself 

in the previous two tests. The leak, which was due to a badly soldered 

joint that had survived the previous two tests, was fixed. An attempt 

to test the magnets was made in June 19761 this ended in failure because 

of bad vacuum. Several causes for possible vacuum failures were found 

and corrected. In addition, the superinsulation system for cryostat 

was improved in preparation for the test during the latter part of 

July 1976. 
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a) Mod{fication of the Experiment 

The system had a number of modifications, the most important of which 

was having both magnets in the same cryogenic vessel. This required 

modification of both the electrical and cryogenic systems. The liquid 

nitrogen shield was extended and more superinsulation was added to the 

vessel. Additional instrumentation was installed for the second magnet. 

The two magnets were placed back-to-back with the electrical leads 

(this experiment has three electrical leads); bus bar assembly for the 

A magnet was placed at the top while the B magnet bus bar was at the 

bottom. (Figu re 35 shows the two magnets mounted together.) The two-

phase helium stream enters magnet B along its bus bar (only one lead 

is supplied with cold gas from this bus bar). The helium flows through 

magnet B and from there into magnet A. Then it exits from the system 

through the A magnet bus bar. (The A magnet bus bar supplies two 

electrical leads with cold helium.) Figure 36 shows the piping assembly 

for the two magnets in series. Figure 37 shows the two magnets fully 

superinsulated and ready to install in the vacuum vessel. The control 

I 

dewar arrangement is the same as the control dewar arrangement shown 

i n Figure 29. 

Electrically, the two magnets were hooked up in series. They 

were supposed to have been hooked up so that the directions of their 

solenoidal fields coincided. Unfortunately, this did not occur; instead, 

the magnets were hooked backwards so that their magnetic fields were 

opposite, forming a solenoidal quadrupole. 65 The error was not discovered 

until just before the experiment was to be superinsulated. Since the one-

week delay involved in correcting the error would have put us in 



-108-

CBB 765-4874 

Fig. 35. The A magnet (above) and the B magnet 
mounted together prior to the July 1976 
test. 
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CBB 765-4876 

Fig. 36. The cryogenic plumbing of the A and B 
magnets hooked together for the 
July 1976 test. 
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CBB 769-8355 

Fig. 37. The A and B magnets fully insulated and 
shielded just before insertion into the 
vacuum tank. (The photo was taken just 
before the July 1976 test.) 
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direct conflict with a high priority ESCAR magnet experiment, we 

decided to test the magnets even though they were hooked up backwards. 

Most of the information we hoped to gain frcm the two magnet series 

could be learned with the two magnets hooked in opposition. 

After the magnets were hooked together electrically and mechanically, 

about 40 layers of superinsulation were put on the outside of the coils. 

All pipes entering the magnets were electrically insulated with Mylar 

film, then superinsulated. Care was taken that the superinsulation 

did not short the magnets electrically. The same care was taken with 

the twisted pair instrumentation leads. 

The liquid nitrogen shield, which was in three parts, was installed 

around the magnets. Both the inside and outside of the shield was 

superinsulated. The styrofoam previously used for insulation at the top 

of the cryostat was replaced with about 10-15 layers of superinsulation 

between the room temperature cryostat lid and the liquid nitrogen shield. 

The support system between the magnet and the cryostat consisted 

of stainless steel cables and fiberglass epoxy rods. The cables carry 

the gravity load plus downward magnetic forces. The fiberglass epoxy 

rods carry the upward magnetic forces in compression. 

The cables and compression rods contributed about 2.5 W heat load 

to the helium system. The total radiation heat load over an area 

of 5.5 m2 was estimated to be around 1.5 watts . The transfer line 

losses were estimated to be 3.5 w: The control dewar heat leak (mostly 

through its styrofoam plug) was around 2.5 W. The total heat leak 

into the experiment was around 10 W. 
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b) Characteristics of the Model 1400 Refrigerator 

The Model CTi 1400 refrigerator in Building 58 was purchased by LBL 

in 1972. The machine has two compressors, each of which deliver gas at 

the rate of 5 g s-1 at a pressure of 17.5 bar (240 psig). The refrigera­

t or is equipped with a liquid nitrogen precooler, which uses about 

9 g s-1 (40 ~h-l) of nitrogen during normal operation. When the 

efrigerator was new, it was supposed to deliver 70W of refrigeration 

at 4.5K or liquify 0.69g s-1 (20 ~h-l) of helium. 73 The machine 

is now four years old. It delivers a maximum of SSW at 4.5K or it 

liquifles 0.60 g s-1 (17.3 R.h-1) of helium. 

The refrigeration-liquefaction curves for mixed mode operation are 

s hown in Fig. 38. The curves result from the recent calorimeter tests on 

the Model 1400 in Building 58. 74 Table 12 summarizes the important 

i nformation given in Figure 38. 

Gas withdrawal through elec t rical leads or off the top of a cryostat 

i s equivalent to helium liquefaction (1 g s-l of gas withdrawal is 

equivalent to 1 g s-1 of helium liquefaction). The gas withdrawn from 

the system is returned to the compressors at room temperature instead of 

passing through the refrigerator heat exchanger. For every gram per 

aecond of gas withdrawn, the refrigerator loses a portion of its 

refr ge r ation capability. In order to find the amount of ref rigeration 

n ed d to handle a certain l oad, one must convert the gas withdr awal and 

liqu~faction to equivalent refrigeration watts. This is done by 

mu tiplying the liquefaction (or gas withdr awal) by the refr igerat i on 

liquefac t ion coefficient. The refrigeration load is around 10 W. The 

total liquefac t i on plus gas wi t hdrawal capability left is 0.45 g s-1• 

- .t 
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XBL 774·8478 

Measured curves of liquefaction vs 
refrigeration at various engine speeds 
for the Bldg. 58 Model 1400 refrigerator. 
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Tabl e 12 Liquefaction and refrigeration parameters of the Bui l ding 

Model 1400 refrigerator at various engine speeds ~·· 

Engi ne Speed Maximum Maximum Refrige r a tion 
(RPM) Refrigeration Liquefaction Lique faction 

at 4. 4 K (g s-1) Coeffic ient 
(W) J g-1 

90 55 0.55 125 

112 48 0.59 107 

180 41 0.60 72 

225 29 0.39 74 
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This is equivalent to 56.3 W of refrigeration. Table 13 shows a breakdown 

of the heat and gas loads for the experiment. 

c) The Cool Down of the Magnets 

"'.l~ The general procedure for cooling down the magnet system is as 

follows: 

1) The service valve which bypasses helium around the refrigerator 

is opened. During the cool down, cold helium is taken from 

the refrigerator and fed into the warm magnets. The helium 

is warmed up to nearly room temperature as it cools the 

magnets and therefore must not be allowed to return through 

the co-axial transfer line. It is taken from the cryostat 

and returned warm to the compressor intake. 

2) As the magnets cool, the helium bypass (through the service 

valve) is kept open. Internal bypasses within the refrigerator 

are opened to help cool the refrigerator heat exchanger. 

This increases the mass flow of cold helium delivered to 

the magnet. 

3) As the magnets approach liquid helium temperature, the sevice 

. ~ .valve may be throttled down, allowing part of the helium 

to flow back to the refrigerator heat exchangers. When 

the magnets become superconducting (at 9 K), the service 

valve can be closed entirely. Joule-Thompson cooling will 

cool the magnet further until liquid helium begins to collect 

in the control dewar. 
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This procedure is used any time one wants to cool superconducting 

magnets using a refrigerator and was used to cool the experiment during 

the July 1976 test. 

The Model 1400 refrigerator cooled the 220 kg of magnets, transfer 

line and control dewar to 4.8 K in just under 48 hours. Figure 39 

shows the temperatures of Magnet A and Magnet B (measured with the 

calibrated diodes at the center of the magnet bore tubes) • The B magnet 

cooled from 290 K to 130 K in four hours. The A magnet, which is 

downstream from the B magnet, sat at 210 K after four hours. During 

the first night, the cool down stopped. The following morning the 

cool down resumed after the bypass valve was closed down, permitting 

the refrigerator to slightly cool internally. The two magnets were 

superconducting 24 hours later. 

The Model 1400 refrigerator has quite different cool down charac-

teristics from the LBL Model 1200 refrigerator. The Model 1400 refrigerator 

heat exchanger takes a long time to cool down. Refrigerator temperature 

tends to follow that of the load; the mass flow of gas delivered from 

the refrigerator to the load increases as the temperature of the load 

decreases. Figure 40 shows the mass flow rate through the tubular 

cooling system as a function of the average magnet temperature. Figure 41 

shows the pressure drop across both magnets as a function of temperature. 

The jump in mass flow and pressure drop at a temperature of 130 K reflects 

the changes made in the operation of the refrigerator on July 24th 

at 10.00 a.m. 
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Fig. 41. Pressure drop through 235 meters of 10.8 mm 
ID tube as a function of average magnet 
temperature (both magnets). (Note the 
dramatic change in pressure drop when two­
phase flow is established. 
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. d) Steady State Operation of the Magnet System 

Once the temperature of the magnet dropped below 5.0 K, liquid helium 

was formed filling the control dewar. Two-phase helium flow was estab­

lished, and pressure drop across the two magnets suddenly fell by at 

least a factor of two. This pressure drop through 235 m of 10.9 mm 

ID aluminum tube varied from 0.028 to 0.060 bar. The average quality 

of the helium in tube varied from 0.05 to about 0.40, depending on 

operating conditions of the system. 

During most of the magnet run, the cooling tube carried between 

80 and 90 percent liquid helium. Only once did we see oscillations 

in pressure drop across the magnets (we are not sure whether this 

was due to flow oscillation or due to oscillations in the capillary 

tube between the magnahelic differential pressure gauges and the cold 

helium). The oscillations observed were small in magnitude (less 

than 0.005 bar). The top of the large cryostat is shown in Figure 42. 

The two magnahelic gages that were used to measure differential pressure 

can be seen. 

During steady state operation of the magnet system, when there is 

no current in the magnets, the refrigerator was producing liquid helium 

in the control dewar at the rate of 0.27 g s-1 {7.8 liquid liters 

per hour). When the magnet had 800 A flowing in it, the liquefaction 

rate was reduced to 0.18 gs-1 (5.2 R, h-1). Table 13 compares the 

performance of the refrigeration system during the March 1976 test 

with the performance during the July 1976 test. A breakdown of the 

various heat and gas withdrawal loads is given. 



Fig. 42. The top of the magnet cryostat during the July 1976 test. (Note the 
magnahelic gages close to the camera. Both gages read on scale 
i nd i cati ng two-phase flow in t te magne t. ) 
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e) The Refrigeration System's Response to a Quench 

The tubular cooling system around the magnets has a volume of 

22 liters, capable of .containing around 1.5 kg of helium during normal 

operation. When the magnet or magnets quench, thermal energy is dumped 

into this helium, which boils until it becomes supercritical. The 

pressure rises, expelling much of the g,as. 

At currents below 400 A, which correspond to a magnet energy of 59 

kJ, the refrigerator could make the system recover within a few minutes 

provided there was liquid helium in the control dewar. At higher 

currents, the bypass valve has to be opened in order to help the magnet 

recover. During the experiment, high-stored energy quenches boiled away 

considerable helium from the control dewar (roughly 40 t per 100 kJ) • The 

highest current quenches, where the magnet-energy was over 250 kJ, 

required a liquid helium transfer to the control dewar from a 500 

liter storage dewar (see Fig. 43) after nearly every quench. 

The pressure in the tube rose with a much longer time constant 

than quench itself. Pressures as high as 14 bar (190 psig) were seen 

during an 800 A quench of the magnet. The peak pressure during a 400 A 

quench (the coil dumped one quarter the energy of the 800 A quench) was 

just under 11 bar (145 psig). The pressure in the tubular cooling system 

reached its peak 10-20 seconds after the magnet was quenched, which in 

itself took just over one second. For all practical purposes, the 

process of putting the magnet-stored energy into the coil and bore tube 

is decoupled from the heat transfer process. 

Once the cooling system pressure reached its peak, the pressure 

dropped back to near normal in about 30 seconds. It took 10 to 20 



Fig. 43. The refrigeration system for the July 1976 test. (Far left is a 500 
li te~ storage dewar. In the center is the control dewar. Just right of center 
in t he back is the Model 1400 refrigerator. To the far right is the magnet's 
1000 A power supply.) 

, . . ._ 
'• 

CBB 767-6706 

" 

I 
I-' 
N 

"" I 



0 0 6 u 

-125-

minutes for the magnet system to reach a stable operating condition after 

being quenched while containing 200 kJ or more of stored energy. (This 

process takes longer if a helium transfer to the control dewar is 

required.) . -~ 
The July 1976 test established that the magnets could be cooled down 

and operated using the Model 1400 refrigerator . The quench process was 

well-behaved. During the t est , the magnet was left operating 

unattended overnight on the refrigerator with 400 A flowing through the 

coil. The B magnet was operated on the refrigerator (in the closed cycle 

mode) with cur rents a s high as 920 A. The magnet was quenched at this 

current, depositing 314 kJ of magnetic energy as heat into the super-

conducting coil and bore tube. The July 1976 test verified the viability 

of the tubular cooling system. 
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V. THE ONE-METER DIAMETER TEST COIL EXPERIMENTS 

The two one-meter diameter test coils were tested in November 1975, 

March 1976 and July 1976. These tests will be henceforth known as tests 

5, 6, and 7. (Tests 1 through 4 are a series of tests done on small 

oval solenoid magnets.) The A magnet was tested during all three tests; 

the B magnet was tested only during July 1976 (test 7). Section 4 

described the refrigeration of the magnets during the three tests; 

this section describes the tests themselves. 

The following aspects of the magnet tests and test procedures are 

discussed: 1) the method of data acquisition and transfer to the 

computer; 2) the calculations which are done off line by the computer 

and the plots made by the computer; 3) the results of the magnet 

experiment; 4) the results of the strain gage measurements which are 

correlated with spontaneous quenching in the magnets (this spontaneous 

quenching is often referred to as training). 

In general, quenches were induced in the magnet coil by putting 

a pulsed magnetic field into a small section of the magnet. The experiments 

show how the normal region grew and how the coil and bore tube interacted 

during the quench process. The general procedure followed was to 

quench at low currents first in order to minimize the danger of permanent 

damage to the magnet or any of its subsystems. This test procedure 

permits one to maximize the amount of data to be taken before the 

magnet could possibly be damaged. 54 Fortunately, there was no evidence 

of any magnet damage even at the highest currents at which the experiment 

was operated. 

- & 
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5.1 The Method of Data Acquisition 

The magnet coil has a number of instrumentation points on it (see 

subsection 3.3 of this report). This instrumentation includes: 

1) small coils for inducing quenches, 2) magnetic flux measuring coils, 

3) temperature sensors on the magnet bore tube, and 4) strain gages 

mounted on the bore tube. In addition, there is instrumentation for 

measuring the current flowing in the coil conductor. (One may also 

measure the resistance of the coil as it cools down.) 

a) Inductance and Field Mapping 

Before the magnet could be powered for quench testing the following 

procedure was followed: 1) The temperature of the bore tube and the 

resistance of the coil was monitored. Figure 44 shows the resistance of 

each magnet as a function of temperature. 2) When the magnet t emperature 

dropped below 15 K, the electrical performance of the quench-inducing 

coils was checked. The mag net insulation was checked at this temperature 

also. 3) Once the magnet was cold and superconducting, the various 

inductances (self and mutual) for the various coils we r e measured. A 

crude field map as made using small coils. 

Field mapping was done with small coils which have a diameter of 

about 10 mm. The magnet was powered from 0 to 50 A. The signal from the 

coil was passed through an analog integrator and became directly propor­

tional to the induction changes at the center of the measuring coil. 

The induction component measured was the component parallel to the 

axis of the magnetic measurement coil. Figure 45 shows the location 

and axis direction of each of the measuring coils. The field map 

of the A coil being powered was measured during test 6 (March 1976). 
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Fig. 44. The measured resistance of the A and B 
magnets as a function of their average 
temperature. 
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Fig. 45. The location of the small coils which 
measured the magnetic field. (The 
arrow direction indicates the direction 
in which the magnetic field is measured.) 
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Coils 1 through 4 measure the field in the A magnet due to current 

flowing in the A magnet. The B magnet field map was made during test 7 

(July 1976). All seven coils were used to map the field. Table 14 shows - .~ 

the results of the field mapping. It should be noted that the field map 

data has an error of between 5 and 10 percent, due primarily to 

integrator drift coupled with a very small signal. 

Each of the two magnets has pickup coils wound around them which 

measure the rate of magnetic flux change within the pickup coil. These 

pickup coils are closely coupled to the magnet. The A magnet pickup 

coil, located about 130 mm from the center of the magnet, has 37 turns 

which enclose the coil, bore tube and cooling tube. The B magnet pick­

up coils, with 41 turns each, are located over the center of the magnet 

coil. One coil is located on top of the superconducting coil under the 

cooling tube7 the other coil encloses the cooling tube as well as 

the coil and bore tube. We used the pickup coil which was under the 

cooling tube for most of the tests involving the B magnet. 

Figure 46a shows the active electric circuit used for tests 5,6, and 

7 which involved just one coil. The circuit in the figure shows just the 

A magnet (tests 5 and 6). Figure 46b shows the active electric circuits 

of both magnets being hooked in series. In both Figures 46a and 46b, 

the bore tube circuit is left out. Three kinds of data are taken from 

the magnet. They are: 1) the voltage across the current shunts, 2) the 

voltage across the leads of the A and B magnets VA and VB' and 

3) the d~/dt signals from the pickup coils for the A and B magnets 

PA and PB. 
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Table 14. A crude field map* of the magnets when current is carried 
in the A magnet and the B magnet. 

Measuring 
point 

1 

2 

3 

4 

5** 

6** 

7** 

Current in the A magnet 
(test 5 and 6) 

Induction 
dB/di at 700 A 
(TA-l) (T) 

8.9 X 10-4 0.62 

6.9 X 10-4 0.48 

14.9 X 10-4 1.04 

9.9 X '10-4 0.69 

Current in the B Magnet 
(test 7) 

dB/di 
(TA-l) 

3.6 x 1o-·4 

6.7 X 10-4 

6.4 X 10-4 

9.2 X 10-4 

15.0 X 10-4 

7.2 X 10-4 

Induction 
at 700 A 

(T) 

0.25 

0.47 

0.45 

0.64 

1.05 

0.51 

* The accuracy of this field map is probably only around 10 percent. 
** Point 5 in the B magnet is equivalent to point 1 in the A magnet. 

Point 6 in the B magnet is equivalent to point 3 in the A magnet. 
Point 7 in the B magnet is equivalent to point 2 in the A magnet • 
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Fig. 46. Electric circuit diagrams of the magnet 
with its measuring coils, shunt resistor, 
voltage taps, and power supply. 
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The simple circuit shown in Figure 46a has two inductances which 

are important. They are the self inductance of the magnet coil (L1 or, 

to differentiate between the A and B magne t s, LA or Ls) and mutual 

inductance between the pickup coil and its magnet (MA,PA or Ms,PB). 

The circuit shown in Figure 46b has several important inductances. 

There are three self inductances, depending on which magnets are hooked 

to the power supply. They are LA' Ls and LA+B· The mutual inductances 

in~ lude the following: MA,PA' Ms,PB, MA,PB' Ms,PA, MA+B,PA, MA+B,PB, 

MA+B,A' MA+B, B and of course MA,s· The preceding symbols are defined 

in the list of symbols . 

The inductances were measured at the start of each test. In 

general, the method was to measure the voltage generated across each 

of the coils as the magnet or magnets in question was being charged at 

a specif i c rate of current change. For example the self inductances 

of the coil s are : 

(13a) 

(13b) 

(13c) 
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The other inductances can be calculated similarly by taking the 

ratio of the coil voltage in question with the voltage across the coil 

with which the mutual inductance is being taken. The ratio is multiplied 

by the appropriate self inductance given above . 

Table 15 shows the various self and mutual inductances associated 

with the circuits shown in Figures 46a and 46b. The A and B magnets 

shown in .Fig. 35 were hooked up backwards with their fields in opposition 

(like a quadrupole) instead of in the same direction. The self inductance 

of these two coils in series was less than the sum of the two magnet 

self inductances. (If the magnets had been hooked up so ~heir fields 

were in the same direction, the self inductance of the two magnets in 

series would have been larger than the sum of the two individual magnet 

self indue tance s • ) 

The time constants of the coil system were measured by dumping 

the coil across an external re s istor . The resistor chosen was made 

from a bifilar coil of wire wh i ch had a r esistance of 0.25 ohm. The 

coil was discharged through the res i stor at currents of 50, 100, 200 

and 300 A. · The long time constant measured on the A coil at the 50, 

100, and 200 A currents was 3.8 s. At 300 A the time constant was 

reduced because the current in the bore tube caused the coil to go 

normal. This was the first time we observed quench back. The time 

constant was measured on the B magnet with the resistor in place; 

we measured a long time constant of 4.3 s. No measurements of the 

short time constant were taken on the A magnet. The measured short 

time constant on the B magnet was around 2 ms, which is quite a bit 

shorter than the expected va l ue of 4 or 5 ms. 

- •' 
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Table 15. Measured self and mutual inductance for the A and B magnets 
and their pickup coils. 

Measured Calculated 

Self Inductances 

A magnet LA 0.79 H 0.789 H 

B magnet La 0.78 H 0.782 H 

A + B magnet 
(field opposing) 

LA+B 1.15 H 1.193 H 

A + B magnet LA+B 1.949 H 
(field together) 

Mutual Inductances 

A to B magnet MA,B 0.19 H 0.189 H 

A magnet to A pickup MA,PA 31.0 mH 

A magnet to B pickup MA,PB 11.0 mH 

B magnet to B pickup Ms,PB 38.0 mH 

B magnet to A pickup Ms,PA 13.0 mH 

A+B magnet to A pickup MA+B,PA 20.0 mH 

A+B magnet to B pickup MA+B,PB 34.0 mH 

A+B magnet to A magnet MA+B,A 0.60 H 

A+B magnet to B magnet MA+B,B 0.59 H 
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b) The Set Up for Quench Operation 

The quench data from the magnet is recorded on the screens of four 

tectronic storage oscilloscopes. Figure 47 shows a photograph of the 

data recording set up for the July 1976 test. Pictures were taken of 

these screens. These pictures were digitized on one of the LBL scanning 

tables, and the digitized data were then processed by the LBL 7600 

computer. The oscilloscopes which can record three or four signals 

simultaneously were triggered by the circuit which induces the quench in 

the magnet itself. This signal provided a zero time mark and started 

the sweep of the appropriate oscilloscopes (from here on referred to as 

scopes). 

Scopes A, · B and D recorded time on the x axis. Scopes A and B 

displayed the voltage across the quench coil (showed the trigger pulse), 

the current shunt signal S, and the pickup coil signal P. Scope D 

displayed the same signals as A and B during test 5 (the November 1975 

test) and part of test 7 (the July 1976 test). Scopes A, B and D were 

run at various sweep rates so that certain kinds of information could 

be recorded about the magnet. 

Scope D during test 6 (the March 1976 test) and part of test 7 

(the July 1976 test) displayed the signal from three of the silicon­

diodes. Since the response time of the diodes was not instantaneous, 

the only thing that was successfully recorded on the scope pictures 

was the time constant of the silicon-diodes and their mounting lugs. 

(This time constant was 5 to 10 seconds.) 

Scope C, which required no trigger, displayed a versus S, P vs 

S, and ~ vs s, a, P, ~ and S are defined as follows: 



"' 

Fig. 47. The oscilloscope set up used to measure quenches during the July 1976 
test in Bldg. 58. 
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S(t) dt (14a) 

P(t) dt (14b) 

(15a) 

(15b) 

where t is time1 t
0 

is the starting time1 T 11 and T
12 

are the time 

constants of integrators to which the current shunt signal S(t) and 

the pickup coil signal P(t) are connected1 Rs is the shunt resistance 

in series with the magnet coil1 Np is the number of turns in the pickup 

coil1 N1 is the number of turns in the coil1 ¢ is the magnetic flux 

which passes through the loop of the pickup coil and I(t) is the current 

in the coil. (Note that t, t
0

, T11 , T12 are in seconds1 ¢ is given 

in webers1 I is given in amperes1 and N1 and Np are dimensionless.) 
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The picture from scope C could be measured directly to obtain 

the integral of current squared with time. Using a polar planimeter 

or some other method one can measure the area of the a vs S curve 

on the oscilloscope picture. From that area and the use of appropriate 

constants (see Reference 75) one can directly obtain the expression 

given in the right half of Equation 5. Using Figure 5 it is possible 

to estimate the worst case temperature which might occur within the 

magnet coil. With this information, one can estimate what a safe 

operating current for the next quench might be. 

The picture from scope C may be used to estimate the amount of 

energy which is dumped into the bore tube relative to the total energy 

contained by the magnet before the quench was initiated. ljJ, which 

is proportional to the magnet flux¢, does not decrease in the same 

way that S, which is proportional to the current I, does. When much 

of the coil current I has decayed, there is still much flux within the 

coil bore tube structure. By measuring the area under the 1jJ vs S 

curve and comparing that area to a triangle with the same end points, 

one can find the fraction of the magnet energy which ends up in the 

coil and in the bore tube. The scope C picture is shown in Figure 48a. 

Figure 48b shows the appropriate area for calculating the integral 

of current density squared with time. Figure 48c shows the appropriate 

areas for calculating the fraction of the energy which ends up in 

the coil bore tube. 

5.2 The Computer Analysis of the Experimental Data 

The experimental data of the magnet quench tests were recorded 

on polaroid film from the screen of storage oscilloscopes. These 
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(a) The oscilloscope picture. 

------s 

(b) The method used for calculating Jj 2dt. 

Fraction of Energy 
Put in the Coil 

---- s 

(c) The method used to calculate the energy 
fraction which ends up in the coil and 
bore tube. 

Fig. 48. 
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The C oscilloscope picture and its 
interpretation 
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pictures were digitized by scanning them with a bubble chamber photo 

scanning table similar to the one shown in Figure 49. The photos from 

scopes A and B were scanned. The position of the scope trace could 

be determined within a fraction of a millimeter. Figure SOa shows 

a photograph of the scope screen after a magnet quench. Figure SOb 

shows the position of lines which represent the S and P traces as 

well as the quench coil trigger pulse as a function of time. 

The S and P signals as a function of time are sent to the computers. 

The current I(t) is obtained thus: 

I (t) 
s (t) 

R 
s 

The inductive voltage across the main coil is defined as: 

N 
V(t) = Nl P(t) 

p 

(16) 

(17) 

The flux contained in the main coil as a function of time t is: 

cf>(t) = - 1 Jt 
Nl 

V(t) dt (18a) 

0 

where Ll is the coil self inductance and I(o) is the initial current 

in the coil. The magnetic flux within the magnet which is due to 

current in the coil is: 
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Fig . 49. The bubble chamber scanning table to 
scan the oscilloscope picture. The 
scanning table digitized the data 
for use in the CDC 7600 computer. 
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s 
t = 0.2s cm- 1 

Q=20Vcm- 1 

P.= 5Vcm- 1 
B 

S = 100m V cm- 1 

VA= 20 V cm- 1 

Fig. 50. A typical oscilloscope picture of a quench 
(taken on the A scope). Interpretation of 
the picture is given below. 
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¢ (t) = 
c 

(18b) 

The magnetic flux due to current flowing in the bore tube is: 

¢ (t) - ¢ (t) 
c 

(18c) 

Once the flux¢, <Pc and <PAL have been determined one can determine 

the current which is carried by the bore tube as a function of time: 

(19) 

where i 2 (t) is the bore tube current as a function of time t: N1 is 

the number of turns in the coil and L1 is the magnet self inductance. 

The electromagnetic energy in the coil as a function of time 

is given by: 

E(t) = 
¢(t)2 

2L
1 

(20) 

The energy transformed to heat in the coil and the bore tube circuits, 

due to resistance in those circuits, is 

1 2 
EH(t) = i L,I(o) - E(t) (2la) 

- ..,._ 
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. --



.~ ... 

t. 
' 7 2 

-145-

the heat energy dissipated in the coil circuit alone is 

t 

EHC (t) = f V (t) I (t) dt 
0 

(2lb) 

and the heat energy which is dissipated in the bore tube alone is 

(2lc) 

The computer further defines the terms R1 , the ratio of the current 

with the initial current, and Rep, the flux or total current ratio: 

(2la) 

and 

(2lb) 

The time constants for coil and bore tube current decay can also 

be defined from the data fed into the computer: 
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T (t) =N ~ 
1 v (t) 

T (t) = 
c 

= T(t) - T (t) c 

(23a) 

(23b) 

(23c) 

where T is the total circuit decay time constant (note this changes 

as a function of time). Note that¢, ¢c' ¢AL' and V have been defined 

previously. 

The time constant of the coil and the bore tube are inversely 

proportional to the resistance of the coil R1 and the bore tube R2 . 

If the coil self inductance L1 and the bore tube self inductance 

L2 are known, then 

and 

Ll 
"[ (t) 

c 
. ( 24a) 

...... 

-... 
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(24b) 

Last but not least, the integral of current density squared with 

time as a function of time can be determined directly: 

t 
F (t) = -.;- f I

2 
(t) dt 

1Td 0 

(25) 

where F = F(t) (see Equation 5) and d is diameter of the superconductor 

matrix. F(t) may be converted into hot spot temperature by the use 

of Figure 5. 

The information, which was fed into the computer in the form 

of S and P as a function of t, came out of the computer in graphical 

form. For example, plots of R1 and R¢ as a function of t yielded 

a great deal of information. The most dramatic series of plots shows 

¢, ¢c and ¢AL as function of t. The plot, which shows how the current 

shifts from the coil to the bore tube, will be shown and discussed 

in the next subsection. The graphical form of the computer output 

data greatly facilitated our understanding of the kind of processes 

which go on within the thin superconducting magnet system • 

5.3 The Results of the Quench Tests 

The primary purpose of the three tests was to observe the response 

of the magnets to induced quenches. The A magnet, which was quenched 

during all three tests, _was quenched at a single point. The B magnet, 

which was quenched only during test 7, was quenched at four different 

points. 
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Quench tests were made in graduated steps with quenches being 

induced at low currents first. 54 , 75 This procedure was followed in 

order to get as much experimental data as possible before the magnet 

might be destroyed. Both magnets were operated at current densities 

in excess of 109 Am-2 without apparent ,damage. The quench tests per-

formed the following functions: 1) quench propagation velocities were 

measured; 2) the limiting hot spot temperature in the superconductor 

was estimatedJ 3) a shift in the current from the coil to the bore 

tube was measured; 4) the amount of magnetic energy which was deposited 

in the coil and bore tube was estimated; and 5) quench back from the bore 

tube back to the superconducting portions of the coil was demonstrated. 

Tables 16, 17, and 18 summarize the experimental data on a run 

by run basis. Table 16 covers data from test 5 (Nov. 1975); Table 17 

covers data from test 6 (March 1976); and Table 18 covers data from 

test 7 (July 1976). The three tables show what transpired during 

the various runs of the three tests. Included in the tables are: 

the current in the magnet at the time of quench, the type of quench, 

the limit value of .coil temperature, the final bore tube temperature, 

the fraction of the magnetic energy dumped inside the bore tube, the 

quench back time, and remarks which may add to the description of the 

run. The data shown in Tables 16 through 18 provide the bases from which 

the conclusions of this section are drawn. 

a) Quench Propagation Velocities 

The quench tests showed that the coil resistance grew as time 

. squared early in the quench process. The quench propagates along 

the wire at velocities as high as 35 ms-1 • The propagation of the 

. -
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. . . 
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8 
9 

10 
11 
l2 
ll 
u 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29-30 
31 
32 
33 
34 
35-38 
39 
40 
41 

current 
(A) 

so 
so 
50 
50 
50 

100 
200 
300 
300 
100 
100 
200 
200 
300 
300 
400 
500 
525 
200 
541 
300 
699 
300 
300 
300 
300 
300 
300 
580 
360 

' .. ·~ i J. l' 

' 

~able 16. Sumaarr of experlaental data tor teat 5 (Noveaber 1975), 

Quench• 
'JYpa 

none 
none 
none 
none 
none 
none 
none 

Q8 
01 
01 
01 
01 
01 
01 
01 
01 
Ot 

epon 
none 
epon 
none 
epon 
01 
01 
01 
01 

none 
none 
apon 
apon 

Quench Back .. 
Tlae 
(as) 

1108 
NQB 
NQB 
NOD 
NOB 
NQB 
'NQB 

NOB 
NQB 

520-600 
260-320 

180-220 
160-190 

85-110 
NQB 

65-80 
280-340 
280-340 
240-340 
220-280 

NQB 
NOB 

lner9r 
rrac:tlon 

ln Bore 1\lba 

0,40 

0.56 
0.65 
0.68 

o.n 

Reaarlla 

du~ acroaa a 0,25 oha reelstor 
dump acrose • 0,25 ohm resistor 
dump across a 0,25 oh. resistor 
dump ac:roaa a 0.25 oha realator 
dU2p across a 0,25 oha resistor 
dump acrose a 0,25 oha re&ietor 
dw.p across a 0.25 oha realator 
duap acroae a 0,25 oha reelator 

epontaneous quench due to hl9h temperature 7.6 K 
field aap at 200 A 
spontaneous quench due to hi9h temperature 7,2 K 
charge rate sensitivitY to 4 V, no quench 
te~rature at eoll high, about 6.5 K 
40 V quench, near threshold 
30 V quench, near threahold 
100 v quench 
200 V quench 
quenc:hea Inside bore tube, no quench 
heater On for 60 S at 37 w, total ener9r 2220 J, no quench 
epontaneous quench due to hi9h temperature 
epontaneous quench due to hl9h temperature 

• QUenCb type arabolar 01 • quench colt labedded.ln the a119nat 
epon • epontaneoue quench 
none • no quench 

Q8 • quench beck induced quench 

88 Quench bac:k tlMI WQ1 • no quench 
• quench beck tlM not known 

I 
1-' 
~ 
10 
I 

0 

0 

'"'"':· ~~ 

~.:r.. 

0"· 

c 

--
~ 

(;~ 



Tab1• 1'J. auaaarr of experl..nta1 4ata for teat 6 (March 19761. -
current Quench• Upper Quench beck .. lore 'l'Ube lnergy 

aun IAI TYPe cou T TIM 'l'alpera ture traction In a-rile 
Ill , .. , Ill I«• TUbe 

21 so none -- t108 - - thrOU9h the 1/C re•btor 
~~ 50 none - NQ8 
:u 50 none - NQB 
~5 100 none - 1108 - - 1.0 V charge, no quench 
~7 100 - - NOB - -- 5.~ V charqe, no quench 
21 200 none - ~ -- - I.S V charqe, 0.11 bore tube T rl•• 

~· 200 none -- 11011 -- -- 2.15 v charge, no t-.perature rl•• 
30 100 none - t108 -. -- no quench at 100 V 
31 200 Ot -- -- -- 0.44 
32 ~00 01 " 700-100 25.7 0.4S 
)) 300 01 81 150-450 34.~ o.sc 
34 500 Ot 170 ll0-170 46,1 0.65 
35 597 epon - -- 52,5 o.n tralnlnq quench 
36 ~00 01 - 700-800 as.c o.u 70 v quench 
37 ~00 Ot 71 700-800 25.3 0.43 threshold U V 
31 300 01 100 340-UO U.l 0.55 43 v ~uench threahold 
)9 )00 01 100 360-460 - 0.56 CO V quench threahold I 
40 )00 01 100 360-440 - 0.55 70 V quench .... 
41 500 Ot 175 U0-190 46,1 0.64 28 v quench thre1hold V1 

42 500 Ot 200 150-200 - 0,62 70 V quench 0 
I ., 600 Ot 240 ll0-160 50,6 0.62 25 V quench threahold 

u 600 01 :us 130-110 - 0.64 70 V quench 
u 6$4 epon 230 110-140 •n.o o.u 11 V quench threahold 
46 696 epon 2U 100-UO S6.0 o.u tralnln9 quench 
47 700 01 liO 75-110 55,1 o.u U v quench thr .. ho1d 
41 100 01 - lf08 - - US V quench ., 100 01 -- JII08 - - 150 V qul!nch 
50 . 100 01 NOB I - - 150 v quench 
51 300 Ot 110 340-UO 33.4 0.53 70 v quench 
52 300 none -- -- - - try to quench through bore tube 
53 300 Ot 110 320-400 u.s o.sc. 150 V quench 
54 300 01 -- 340-UO U.l - 70 V cruorneh 
55 700 y .. - 10-100 SC.6 o.u bon tube upped by 

. uplodlftCJ colt, quench 
56 lll epon 290 70-90 60.0 o.u tralnlnq quench 
57 77l apon 240 70-90 S7.5 0.61 tralnlftCJ quench 

• Quench type ;y;;b01at none . no quench 
Ql . quench ln coil labed4ed In a.gnet 

apon . 1pontaneou1 quench 
y .. . qu.neh fra. another eouree 

•• Quench beck tiM 1108 . no quench back . quench back tl• not kiiOWII 

. . 
-~ 
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Table 18. 

Powered Starting Quench Quench•• 
Run Magnt!t Current Coil• Voltage 

Coil (A) (V) 

12 8 195 Oz TllO 
13 B 195 Oz Tl20 
u B 292 02 120 
1!1 8 3011 o2 120 
16 B 292 02 120 
17 B 389 Oz 120 
18 B 389 02 120 
19 B 389 o2 120 
20 B 389 Oz. 120 
21 B 389 0) 120 
22 B 389 0) 120 
23 B 389 02 120 
24 B 389 04 120 
25 B 389 o5 120 
26 B 389 Q2+Q4 120 
27 B 389 02+Q5 120 
28 B 389 02 TBO 
29 B 91 Oz T200 
30 B 97 o, Tl80 
31 B 195 03 120 
32 B 292 o, 120 
33 B 97 o2 Tl90 
H B 195 o, Tl20 
35 B .195 Or+Q4 120 
36 B 195 Oz Tl20 
37 B 389 02 200 
38 B 389 Oz 200 
39 B 389 02 200 
40 B 389 02 T70 
H B 97 o2 200 
42 B 97 03 T230 
4) 8 97 o, 200 
u B 97 o, Tl70 
45 B 97 02+Qc 200 
46 8 97 Ql+QS 240 

" A+8 97 Oz Tl90 
50 A+8 97 02 Tl85 
51 A+B 97 0] T250 
52 1\+8 97 0) T250 
53 A+8 97 04 T180 
54 A+B 97 Oz+Qc 200 
55 A+B 97 Ot T240 

56 A+B 97 Ot 250 
57 A+B 107 Ot 250 
58 A+B us 01 150 

Su.mary for data froa test 7 (July 1976), 

Upper Ll•lt o~ench hclt Bore TUbe 
Coil T~p. Time••• TeiiiP<'rature (I!) 

(It) (IDS) " 8 

90 700-800 - --
85 700-800 5.7 21.8 

240 H0-400 13.1 29,4 -- 300-360 ll.S 30.2 
195 320-390 ll.l 36.7• -- 221. -270 14.5 40 
170 200-280 -- 38,4 
290 200-260 - 38.3 
195 240-270 u.s 38.3 
195 200-260 u. 5 44.11 
195 200-260 u.s 43.81 
195 210-270 u.s )7 .9 
170 200-270 14 .s 38.0 
195 200-250 u.s 43. St 
170 170-220 14.5 37.9 
170 190-2)0 u.s 4l.St 
195 210-250 - NQB 6.0 17.8 

50 NQB 6.0 15.3 
9S 560-640 - 26.6f - )00-270 -- 29.1 -- NQB 5.8 16 - 560-S40 9.1 25 -- 520-600 9.1 23.8 

115 570-680 9.1 23.6 
200 190-250 14.5 38.0 -- 195-240 -- 37.8 
170 195-240 14.2 37.9 
170 220-270 14.5 35.9 

56 NQB 15,3tt 14.5ft 
50 NQBt 18.ltt lS.ltt 
54 IIQB 15.ltt tl9.ltt 
56 IIQB 15.ltt tl9.0ft 

" NQB 17. 7tt tl7.8ft 
50 NQBI l8.2tt 15.3ft 

.58 IIQB - 16.4 
58 NQB 11.9 16,4 
sa NQB 11.9 18.81 
58 IIQB 11.9 18.7f 
65 NQB 11.7 16.0 

. 56 NQB 11.7 16.2 
so NQB 17.1 -
ao NQ8 17.1 7.7 
65 NQ8 18.3 9,6 

125 1000-1200 23,4 19,9 

Energy 
Fraction in 

Bore Tube 

----
0.61 --
0.60 
0.65 
0,64 
0.64 
0.64 
0,6• 
0.63 
0.65 
0.63 
0,64 
0,65 
0.64 

0,40 
0.38 
o.s~ 

0,60 
0,40 
0.54 
0.53 
0.55 
0.64 
0,63 
0.64 
0,6) 
0,42 
0.43 
0.4' 
0.42 
0.48 
0.45 

0.25 
0.25 
0.25 
0.28 
0.24 
0.26 
0.18 

0.17 
0;20 
0,45 

~· 
•· 

I 

Remarks· 

data hera questionable 
data here questionable 

hot spot eff..ct seen 

hot spot effect seen 
hot spot effect seen 

hot spot effect seen 

hot spot effect 1een 

hot spot effect aeen 

the hot spot effect 
apparent heat t~ansfer 
from coil hot spot to 
the coil bore tube 

hot spot effect seen 
hot spot effect seen 

very alov quench 1n 
A coil 

t 

c 
0 

/c.: 

c~ 

"· -'~ .... 

.0'· 

C' 

I 
f-o 
U1 
1-' '-& I 

,.b, 



nble 11. C»ntl nue4. 

tower eel ltartlnt QIMIICII Quftc:h .. UPPer Llalt QIMnch helt Bore 'rvbe &ner9Y 
aun 1Ca9Mt Cllrrtftt coue V01tat~e Col\ Teelp. Tin••• ,..eperature (Ill ruc:tlon ln .._rka 

CDll (AI (V) Ill) Cui A I lou Tllbe 

St A+l 19$ 01 'rl40 us 1000-1200 ll.2 19.1 0.49 
60 A._ 19$ 01002 110 91 720-840 22.4 21.7 0.5J 
61 A+B 195 02 170 12S 100-900 21.1 22.5 0.5J 
n A._ 2U 02 no uo 420·500 21.1 27,) •• It 
n A._ 2U Ot 110 140 $00-600 21.1 u.s o.s7 
u A+l 292 Ot002 170 uo )', 1-460 21.1 27.1 0.56 

IS • , 
Oa 200 - PJII 5.7 14.7 --

" • n Qa 200 - NQB 5.9 14.7 0.40 
n • 411 oa T70 llO 160-200 U.2 41.7 0.66 .. • $84 02 "r'O )50 ll0-16S 11.1 44.5 0.68 hellu. bottle dlaturbe 

JU<,~net, no quenc:h 

" • 771 02 TU soo 90-100 21.6 51.1 0.74 
70 • IU Oa ores 510 10-90 2l.4 s·e.t o.n 
71. • un 02 orn 710 ll-10 25.) St.O 0.75 
72 • 560 a pan - - 60-70 - - o.n Yery faat c:hac9e, bot 

bore tube 
n I 904 - - - no 4ata - - -- 2 •olt c:har9e up, 110 I 

...... 
quenc:h U1 

"' 74 A 97 Ot '1120 - I 

75 A 97 Ot 250 - 1101 15.6 5.2 

" A 100 Ot T210 - IIQB 15,1 5.2 -- w/o flltar 
n· A 195 Ot 'rl40 111 100-960 24.2 6.1 o.u 
71 A 200 01 Tl40 " 740-900 24,6 7.0 o.u w/o filter 
7t A 2U 01 T100 us 440-SOO 30.5 9.5 O.S2 
80 A )19 Ot TIO liS 260-llO )9,0 11.1 0.60 
11 A 416 Ot T70 210 110-220 U,l U.6 o.u 
u A 804 apon -- - no data 51.7 U.l o.n tralnlft9 queftC:h 

• 01• Of' 0 3, 0 4, and Os are the c:oll fraa whlc:h quenchea are lnduced1 
none a non quenc:h, and •apon• la a apontan.oua quench 

•• T before the .altate lndlc:atea a threahold teat • 
••• MOB Ia no quench bec:t, •no data• Ia no·quenc:h back data a•al1able • 

• TeMperatura on bore tube ele•ated 4ua to hot apot ln coil ne•t to bore tube • .. ~ correaponda to t-.pecature at center of 1 coil bore t~be1 TB correaponda to t.-perature 
at edge of bore tube under quench eo11'o4• Thla ayabol only app11ea In auna 41 throu;h 46. 

·. ~. 
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normal region (or quench) from wire to wire is much slower than the 

propagation along the superconducting wire. The growth of the magnet 

resistance with time early in the quench can be represented as follows: 

(26) 

where R1 (t) is the resistance of the magnet as a function of the 

time t since the quench was induced. VQ is the velocity of normal region 

propagation along the superconducting wires~ a is the ratio of wire-

to-wire propagation velocity to propagation velocity along the wire~ 

Rcon is a constant which relates the normal region area to the resistance 

of the coil at time t = 1. 

The longitudinal quench velocity VQ has been theoretically derived 

by a number of investigators. 76
r
77 In general, these models make too 

many simplifying assumptions and do not agree with the measurements 

which have been made. Recently here at LBL a new theory was 

developed by Eberhard and Green. 28 This theory can be used to predict 

the velocity of normal region propagation in the absence of transverse 

heat transfer from the superconducting wire (the only direction heat 

is transferred is along the wire proceeding in the normal zone.} The 

velocity of normal region propagation VQ can be represented as follows: 

= 0.548 J cu cu 
[ 

a P ~1/2 
HCRT - Ho 

(27) 
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where v0 is the longitudinal normal region propagation velocity (ms-1), 

J is the matrix current density (Am-2) 1 acu is the thermal diffusivity 

of copper at the temperature the superconductor becomes normal (m2s-1) , 

Pcu is the electrical resistivity of copper at the temperature the 

superconductor becomes normal mm> 1 Bert is the enthalpy per unit 

volume of the superconductor matrix at the temperature the super-

conductor becomes normal, and B
0 

is the enthalpy per unit volume of 

the superconductor matrix at the starting temperature. The temperature 

at which the superconductor becomes normal is a function of the 

.matrix current density J and the local magnetic induction B. 

The above equation shows no dependence of copper to superconductor 

ratio in the matrix (there is a slight dependence which is found in 

the Bert term but the dependence is small). To the first order quench 

wave velocity v0 is dependent only on J and. B. The J dependence of 

v0 is not linear. At low current densities v0 goes as J 1 •5• At high 

current densities v0 goes as Jn where n > 2. Measurements of quench 

propagation velocity in isolated well-cooled wire samples show a J 2 

dependence. 78 It is believed that heat transfer retards the quench 

velocity at low J; hence the J dependence does not change to J 1 •5 as 

the LBL theory indicates. The Karlsruhe measurements show that v0 

depends only on J and B. There is no discernible dependence on matrix 

copper to superconductor ratio. 

Figure 51 shows the results of the LBL quench velocity measurements. 

These measurements are compared to a best fit of the Karlsruhe measure­

ments79 and to the LBL quench theory. The LBL measurements which 

were made in a magnet agree in magnitude with the Karlsruhe single, 

....... 
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Best fit of 
Karlsruhe data 

7 6 

0 

Fig. 51. Measured quench velocities along the wire 
in the A and .B magnets as a function of 
current density in the wire. (The measure­
ments are compared to the LBL theory with no 
heat transfer. Also shown are best fits of 
bare wire measured data taken by P. Turowski 
at the Institut fur Experimentelle Kernphysik 

XBL 769- 4078A 

the Kernforschungszentrum, Karlsruhe, w. Germany. 
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wire data. However, the LBL quench theory yields results which are 

high. The shape of the VQ vs J curve is the same for the measure-

ments and theory. The measured velocities are believed to be influenced 

by transverse heat transfer. The ratio of transverse quench velocity 

to the quench velocity along the wire is calculated to be 0.02 to 

0.025, Rcon ~ 1.5 ohm m-2 for the A magnet and Rcon :::::: 2.5 ohm m-2 

for the B magnet. 

b) The Maximum Temperature Possible in the Magnet Coil 

The maximum temperature possible in a superconducting magnet 

is a function of the integral of the matrix current density .squared 

with time. A doubling of this integral when it is low results in 

only a small temperature change. When the integral is large (say, 

corresponding to a temperature of 140 R) a doubling of the integral 

of J 2 with time will result in a very large temperature change. (If 

the integral of J 2 dt is doubled from a starting value which corresponds 

to 140 R, the final temperature will be around 1000 R.) The reason 

for the high sensitivity of temperature with the integral is the fact 

that the resistivity of the metal changes much faster than the specific 

heat. (See Equation 5 and Figure 5.) 

The integral of J 2 dt was calculated fran the scope C picture, 

and also from the computer data. There was reasonable agreement between 

the two calculations. From Figure 5 one can calculate the maximum possible 

temperature in the superconductor. This temperature is plotted against 

coil current in Figure 52, which also shows data points for Magnet 

A and Magnet B. Theoretical hot spot temperatures as high as 800 R 

were ·recorded. 
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Fig. 52. Measured theoretical hot spot temperature (taken from measurements of 
the integral of current density squared with time) as a function of 
starting current in the A and B solenoid magnets. 
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In general, the highest current runs exceeded the maximum safe 

operating quench temperature of about 400 K. The theoretical hot spot 

temperature was higher for the B magnet than for the A magnet, the 

reason being that (r+l)/r (r is the copper to superconductor 

ratio) has a greater effect on the final temperature than does the 

faster quench back in the B magnet. It was interesting to note that 

spontaneous quench, which often occurs in the center of the coil, will 

cause lower hot spot temperatures than induced quenches which occur 

at the edge of the coil. The magnet resistance does not grow as quickly 

from a quench at the coil edge as it does from a quench at the coil 

center. Quenches which were induced by two separate coils had lower 

theoretical hot spot temperatures than quenches induced by one 

coil: A and B magnet powered together had a higher hot spot temperature 

than quenches induced in the magnets when they were powered separately. 

Maximum theoretical hot spot temperatures of up to BOO K were 

calculated from the integral of J 2 dt. The insulation begins to char 

when its temperature reaches 400-450 K. The theoretical hot spot 

temperatures were in same cases very high, yet there is absolutely 

no evidence of damage to ei~her of the magnet coils. It can be. safely 

assumed that heat transfer from the superconductor matrix to the surrounding 

insulation and the bore tube reduced the hot spot temperature and 

the resistance of the coil. Indeed, there is evidence that suggests 

that this heat transfer is quite considerable. The bore tube temperature 

was measured with the silicon-diodes, and was shown to be considerably 

hotter under the portions of the coil in which the quench \vas induced 

than under other parts of the coil. Thus it appears that the LBL 
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magnet design is inherently safer than the simple theory would.suggest. 

c) The Shift in Current from the Coil to the Low Resistance Bore Tube 

The shift of the current from the magnet coil to the low resistance 

bore tube was noticed from the very beginning of the experiments.80,81,82 

Figure 53 illustrates the shift in the current. This figure shows the 

total magnetic flux ¢ , the magnetic flux due to current in the coil ¢ c 

and the magnetic flux due to current in the bore tube ¢AL as a function 

of time. The total current (between the coil and the bore tube) remains 

constant for some time. Yet the current flowing in the coil drops 

dramatically and the current in the bore tube rises just as dramatically. 

The shift in the current from the coil to the bore tube is inherent, 

as shown in the basic coupled equation 8{ it starts almost 

as soon as the primary circuit becomes resistive. The time constant 

of this shift is the short time constant Ts discussed in Section 2. 

As the coil resistance increases, more current is forced into the bore 

tube. The sudden drop in coil current, which occurs between 80-110 ms, 

is caused by quench back which will be described later in this section. 

Quench back, however, is not necessary in order to achieve a dramatic 

shift in the current from the coil to the bore tube, as illustrated 

in Figure 54. The difference between what is shown in Figures 53 and 

54 is due to the initial current at which the quench started. Both 

figures show that once the bore tube current reaches its peak value, 

both currents will decay almost exponentially with a time constant TL 

which is discussed in Section 2. 

The shift in current from the superconductor to the bore tube 

has the effect of reducing the integral of J 2 dt and hence the hot 
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spot temperature in the coil. The decrease in the current does not 

result in large changes to total magnetic flux. Hence the inductive 

voltages in the coil system which are proportional to d~/dt are kept 

within reasonable bounds. Figure 53 graphically illustrates the role 

of the bore tube. The shift in current to the conductive bore tube 

is further aided by quench back. 

d) Quench Back to the Magnet Coil 

The bore tube causes the entire coil to go normal before the 

normal region propagation occurs in the quench along the wires 

and from wire to wire. Figures 55 and 57 show a sudden drop in the 

coil current at all currents above 100 A. These figures, which are 

normalized current plots with time, illustrate that high current 

quenches take less time than low current quenches. The break in the 

current is due to the sudden shift of the current from the coil to the 

bore tube, caused by a sudden increase in coil resistance. This is 

the process we call •quench back"1 it is nothing more than the whole 

coil becoming normal at once. 

The current break shown in the normalized current curves of 

Figures 55 and 57 should be contrasted with the lack of a break in 

the magnetic flux which is shown in the normalized flux versus time 

curves of Figures 56 and 58. (Figure 55 and 56 belong to the A magnet; 

Figures 57 and 58 belong to the B magnet.) A further comparison between 

Figures 53 and 54 show that the magnet coil becomes normal rather 

suddenly and its current drops suddenly. The drop in coil current 

when there is no quench back is far less dramatic; hence, there is no 

characteristic break. The limit for the start of the quench back 
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phenomena occurred when the initial coil current was between 100 and 

200 A. 

There are two ways that quench back can be initiated. The first, 

which occurs at low rates of di/dt, is initiated by the current in 

the bore tube. This current heats the bore tube which in turn heats 

the coil in thermal contact with the bore tube. This method of quench 

back has a couple of time constants attached to it. 84 There is a 

characteristic time for the bore tube to heat up, and a characteristic 

time for the heat to be transferred to the coil. The second method 

of quench back, which occurs at high rates of di/dt, is initiated by 

the high rate dB/dt associated with quick current shifts to the bore 

tube. 56 ,S?,S8 This method of quench back will occur even when there 

is no thermal contact between the bore tube and the coil. Once a 

high enough value of dB/dt has been achieved, quench back will occur 

very quickly. The LBL measurements of quench back indicate that the 

first method (the thermal quench back) appears to dominate at low 

currents. At high currents both methods of quench back could be important. 

The second method (the magnetic method) will be dominant whenever 

the current is dropped suddenly (shifted to the bore tube) by putting 

an external resistor into the coil circuit which results in a 

large voltage across the coil. 

Quench back divides the quench process into two distinct periods. 

In period 1, the current in the bore tube increases largely as the 

current in the coil decreases1 it ends in quench back. The total 
I 

flux in the magnet decays very little during this process. The analysis 

of period 1 shows that the coil resistance increases quadratically. 
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This is shown in Figure 59 by a quadratic decrease in the coil time 

constant Tc (see Equation 23b in this section). Before quench back 

only a portion of the coil turns normal, as evidenced by high values 

of T
0

• Figure 60 shows the coil resistance change vs time at various 

currents in the coil. Quench back has started when the coil resistance 

change with time varies from a t 2 to a tn relationship where n is 

greater than 3. Figure 61 shows that relatively little magnetic energy 

has turned to heat by the time quench back starts. (The fact that ¢ in 

Figure 53 remains constant is also evidence of this.) When the coil 

is entirely normal at the end of quench back, period 2 starts. This 

period is characterized by the exponential-like decay of the current 

in the coil and the bore tube (see Figure 53). 

Quench back appears to start when the current in the coil drops 

to around 70 percent of the original current in the coil. Once 

started, it proceeds rapidly until the coil current drops to about 

30 percent of its original value. Figure 62 shows the quench time 

as a function of the starting current in both the A and B magnets. 

The width of the band represents the time over which the coil becomes 

entirely normal through the quench back process. At low currents 

the A magnet requires more ttme to quench back than does the B magnet. 

An explanation for this is that the B magnet conductor has low 

copper to superconductor ratio. Superconductor ·has a higher normal 

resistance as the quench propagates, driving the current into the 

bore tube sooner and thereby causing quench back sooner. A quench 

induced in the B magnet at two separate points causes a faster quench 

back than one induced at one point. 

........... 
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Fig. 62. Quench back ttme vs starting current in the A 
magnet and the B magnet. (The lower line of 
the shaded area shows the start of quench back, 
the upper line shows the finish of quench back.) 
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The duration of period 1 is extremely important since it is the 

most likely time when patterns for magnet overheating and burnout are 

established, provided that T1 is smaller than T2• In both the A and 

B magnets~ period 1 was found to decrease as approximately as i
0 

- 312 , 

where i
0 

is the starting current in the coil. Efforts in reducing the 

quench problem in thin magnets must be aimed at reducing the duration 

of period 1. Methods for doing this will be discussed further in 

Section 7. 

e) The Final Bore Tube Temperature and the Distribution of Energy 
between the Coil and the Bore Tube 

The silicon-diodes measured the temperature of the bore tube as 

the quench process proceeded. Silicon-diode thermometry had a typical 

time constants of 5 to 10 seconds; these thermometers were not useful 

for showing the fine structure of bore tube temperature change. The 

time constant for heat removal from the bore tube is typically greater 

than 10 seconds (particularly when the magnet is quenched at high 

currents). The silicon-diode thermometers proved to be somewhat useful 

for measuring the local temperature maxima on the bore tube. 

This temperature can be correlated with the energy which has 

been deposited in the bore tube by current. Figure 63 shows a plot 

of bore tube enthalpy as a function of temperature. 85
r
86 The total 

energy deposited in the bore tube from the magnet is: 

(28) 

where EAL is the heat energy deposited in the bore tube, (J) VAL is 

the volume of the bore tube m3 , HAL(T) is the enthalpy of the aluminum 
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at a temperature T (J m-3), and HAL(4.5) is the enthalpy of the aluminum 

at a temperature of 4.5 K {Jm-3). There is about 29 kg (1.07 x 10-2 m3) 

of 1100-0 aluminum in the bore tube. Most of the bore tube energy 

will end up in the 1100-0 aluminum. The 5 kg of 6061 aluminum in 

the bore tube end will not absorb much of this energy because its 

resistivity is too high. The fraction of the magnet's energy which 

ends up in the bore tube is given by: 

f = {29) 

where f is the fraction of the energy ending up in the bore tube 

L1 is the inductance of the coil (H), I 0 is the starting current in 

the magnet and EAL is as previously defined. 

Figure 64 shows the final bore tube temperature as a function 

of time in the A and B magnets. One can see the effect of thermal 

diffusivity in the thermometry, which results in an error of several 

degrees in the temperature measurement. Figure 65 shows the final 

bore tube temperature as a function of current. in the A and B magnets. 

This figure is based on direct temperature measurement with the silicon-

diodes. In all cases the diodes used are located away from the region 

where the quench was induced. 

Three methods can be used to estimate the fraction of magnetic 

energy which ends up in the magnet bore tube. They are: 1) direct 

measurement of the areas under the ¢ curve in the scope C pictures 

(see Figure 48c), 2) the determination of the change in enthalpy of 

aluminum bore tube by temperature measurements with the silicon-diodes 



- so~--~~~~~~~~--~--~--~--~--~ ~ -
Cl) 

~ 50 -0 
'­
CI) 

Q. 40 
E 
Cl) -
~ 30 
:::, -
Cl) 

'-
0 

. ..0 -
20 

Cl) 

c: 
0' 
0 

,, 
'• 

I 0 ~:~ 
I 

~ 

m oo 2 

'• ,, 

4 

Fig. 64. 

--..-•--o--- -o- --·---

6 

• A Magnet, Test 7 
a 8 Magnet, Test 7 

8 10 12 14 
Seconds 

16 

The indicated bore tube temperature measured in 
diodes TD-4 and TD-5 as a function of time 
after the start of the quench and the starting 
current in the magnet. (Note the temperature 
measure time lag is gre~ter for the B magnet 
sensor TD-5 than for the A magnet sensor TD-4.) 

18 20 

XBL 772-297 

. . , 

I .... 
-..J 
0\ 
I 



' . ' ... I 

i 
'< 

- 70 ~--~----T-e-s-ts __ 6_a_n_d __ 7--~----~--~----~--~--~ 
~ -
~ 60 
:::J -0 
'-

~50 
E 
Q) -
~ 40 
:::J -Q) 
'-_g 30 
"0 
Q) 

~ 20 
(/) 

0 
Q) 

E 
.:.:. 
0 
Q) 

a.. 

10 

00 

• A bore tube, induced quench A magnet 
Y A bore tube, spontaneous quench A magnet 
a 8 bore tube, Induced quench 8 magnet lt 

y a y. 
a 

I 

i 

100 

f 

0 

• 

200 

• 
~ 

cP 

• 

• B 

0 

• 

• • 
a 

0 

• 

• • • 
a 

0 

Test 7 

a 

0 
0 

0 

o A bore tube, quench in 8 magnet 
• B bore tube, quench in A magnet 

300 400 500 600 700 800 9001000 
Initial starting current (A) 

XBL 772-295 
Fig. 65. The peak measured bore tube temperature after the magnet has quenched 

vs the starting current of the magnet. 

I .... ...., ...., 
I 

'O· 

i·C 
1.,. .. 
--Oi ....... 'IJ~ 

·~ 

•·0' 

~c 

~~-

I 
-~ .. 

(» 

D}·'ll ,..., 



-178-

(see Figure 63), and 3) the calculation of Ea and EHAL with the computer 

from the scan of pictures from scope A. Figure 66 shows the fraction 

of the magnet energy which ends up in the bore tube of the A and B 

magnets as a function of the initial current in the magnet. In all 

cases the method used to calculate f was the first method described 

previously. 

The three methods for estimating the fraction of the magnetic 

energy that ends up in the bore tube are compared in Table 19. The 

two electrical methods (measurement of the scope C picture and the 

direct calculation of EaAL and EH with the computer) compare reasonably 

well. The temperature method does not correlate well at all with 

the two electrical methods. There are two reasons for this: 1) the 

time lag in the thermometry is long so that the bore tube has cooled 

by the time the thermometer measures maximum temperature, 2) and other 

circuits, such as the helium cooling tube and other aluminum parts, 

absorb part of the energy. Of the two reasons, the dominant one causing 

disagreement appears to be the time lag in the·thermometer which 

causes the temperature reading to be about 4 degrees low. The resulting 

error in the temperature measurement leads to large errors in the 

bore tube enthalpy change estimate. A correction of the final bore 

tube temperature was made in some of the runs in test 7. This was 

done by extrapolating the temperature decay slope back to a time of 

1.5-2.5 seconds in a plot similar to Figure 64. This corrected 

temperature was used to calculate a corrected fraction of energy which 

ends up in the bore tube. The corrected value in Table 19 correlates 

much better with the electrical measurements. 

... 
. - . 
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Table 19 and Figure 66 show that most of the magnetic energy 

in a quench will end up in the bore tube. The highest current runs 

result in 70 percent or more of the ene~gy being deposited in the 

bore tube. In most cases, and as shown in Figure 61, the magnet is 

entirely normal after less than ten percent of the magnetic energy 

has been converted to heat. Above 35 K the bore tube time constant 

T2 is a factor of 4 to 6 greater than the coil time constant T1 • As 

a result of the longer time constant, the bore tube will absorb the 

bulk of the magnetic energy. Energy which it absorbs does not get 

absorbed by the coil, and as a result, the coil hot spot temperature 

is reduced. 

The bore tube absorbs energy differently than does the coil. 

More energy becomes deposited in its cold parts than in its hot parts 

so that its temperature evens out. On the other hand, energy 

deposited in the superconducting coil tends to gravitate to the 

hot spot, making it worse. 

f) The A and B Magnets Powered in Series 

During test 7, the A and B magnets were tested together. These 

magnets were electrically hooked together in series. The hookUp of 

the helium system between two coils was such that the superconductor 

connecting them could not transport a normal zone between the two 

coils. These magnets were run to a maximum current of 300 A. : The 

current had to be restricted because the two magnets had been hooked 

together with their magnetic fields in opposition. 

Runs 49 through 64 of test 7 experimented with the two magnets 

together. Quenches were initiated in each of the two coils and then 
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Table 19. A comparison of various methods for determining the fraction 
of magnetic energy which ends up in the bore tube as heat. 

Temperature Method 
Current Scope C Computer 

Run (A) Method Method. Uncorrected Corrected 

'fl.~ ;o. 

Test 5, Magnet A 

17 100 0.40 

20 200 0.53 

22 300 0.56 

23 400 0.65 

24 500 0.68 

Test 6, Magnet A 

36 200 0.44 0.48 0.25 

33 300 0.54 0.53 

39 300 0.56 0.59 0.40 

41 500 0.64 0.68 0.47 

42 500 0.62 0.68 

43 600 0.62 0.70 0.53 

44 600 0.64 0.70 

47 700 0.66 0.70 0.54 .,. . 
Test 7, Ma2net A 

--. 
77 195 0.48 0.23 0.42 

78 200 0.48 0.23 

79 292 0.52 0.26 0.48 

80 389 0.60 0.45 0.56 

81 486 0.62 0.46 0.57 

82 804 0.68 0.46 
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Table 19. Continued. 

Temperature Method 
.-..,~ ... Current Scope C Computer 

Run (A) Method Method Uncorrected Corrected 

..... ·~ 

Test 7, Magnet B 

66 97 0.40 0.43 0.18 

36 195 0.55 0.50 0.19 0.42 

15 292 0.56 0.28 0.45 

67 486 0.66 0.66 0.36 0.58 

68 584 0.68 0.70 0.32 

69 778 o. 74 . 0.73 0.33 0.57 

70 864 0.75 0.37 

71 920 0.75 0.40 0.58 

. ~ 
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in the two coils together~ At 97 A the coils did not quench easily. 

When one coil was quenched, the other coil never became normal. The 

coil in which the quench was induced experienced no quench back. At 

19S A quench back occurred in both coils. This effect is dramatically 

seen in Figure 67. The value of Vcom' the voltage to ground on the 

lead between the two coils (see Figure 46b), goes positive as the A 

coil becomes resistive. Suddenly Vcom decreases and becomes negative. 

This sudden decrease in voltage is caused by the second coil going 

normal through quench back. The characteristic trace of PA and PB 

compares with the P trace in Figure SO. The current trace in Figure 

67 compares with the current trace in Figure SO. 

In general, the following can be said about the two coils in series: 

1) The quench in the first coil will cause the second coil to go normal 

through quench back. 2) The quench back time for two coils in series 

is longer than the quench back time for either coil alone. 3) If 

the quench is induced in both coils simultaneously, the quench back 

time is shorter than inducing quench in one coil by itself. 4) The 

temperature of both bore tubes is nearly equal when quench back occurs. 

When no quench back occurs, the bore tube under the coil in which 

the quench was induced will be warmer than the coil bore tube which 

has not gone normal. S) The coil hot spot temperature will be hotter 

when the two coils are series than when one coil is quenched alone. 

S.4. Strain Measured on the Magnet Bore Tube and Its Correlation to 
Magnet Training 

Strain gages were mounted on the aluminum bore tubes in order 

to measure the strain as the magnet was powered. The method of mounting 
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the strain gages and the method of Strain measurement is described 

in Section 3.3. The A magnet has two strain gages mounted on it 

(gages A and B); the B magnet has four strain gages mounted on it 

(gages C, D, E and F). Figure 24 shows the location of the strain 

gages on the two magnet bore tubes. 

The magnetic force on an individual conductor is the cross product 

of the current and induction vectors. Since the magnitude of the 

magnetic induction at the wire is directly proportional to current, 

the magnetic force on the wire is directly proportional to the magnet 

current squared. Since stress is proportional to. force, the stress 

in the magnet wire is directly proportional to the magnet current 

squared. Figure 68 shows the direction of the magnetic forces in 

one of the magnet coils when it is being powered alone. The length 

of the arrows in Figure 68 is proportional to the magnitude of the 

force. 

The magnetic force on the coil winding is transmitted to other 

parts of the magnet system. The integrity of the epoxy determines 

which parts see the magnetic force. Thus measurement of the bore 

tube strain is useful for diagnosing the condition of the interface 

between the coil and the bore tube. Training, which is defined as 

premature spontaneous quenching due to coil motion or cracking (the 

usual cause) can be correlated to the condition of the epoxy joint 

between the bore tube and the current carrying coil. The strain gages 

mounted on the A magnet show the effect of a broken interface between 

the coil and the bore tube. Magnet B, which showed no sign of breakage, 

shows an entirely different pattern 9f strain gage behavior. 
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a) Strain Gage Measurement on the A Magnet 

The first test of the A magnet in November 1975 (test 5) showed 

little or no evidence of coil separation from the bore tube. Figure 

69 shows the stress versus strain curve for the bore tube during test 

5 as measured by strain gage A. The B strain gage curves overlay the 

A strain gage curves almost precisely. (The B strain gage measu·rements 

are within 10~ strain of the A strain gage measurements. Note the 

104 ~ strain is one percent strain.) The A magnet strain gage measurements 

during test 5 showed a classic plastic-elastic behavior characteristic 

of a well, designed composite system. (See Reference 63). 

Figure 69 shows that there is a plastic deformation line and 

an elastic deformation line. The magnetic force which is proportional 

to the current squared caused the bore tube to deform plastically 

when the coil was charged the first time. When the coil current was 

reduced, thus reducing the magnetic force, the strain in the bore tube 

was reduced along an elastic deformation line. Subsequent charging 

of the coil showed elastic deformation until the previous charging 

current limit had been reached. Once beyond this previous current 

limit, plastic deformation was resumed. The important.factor in the 

first A magnet test was the fact that both strain gages behaved in 

an identical way. 

The March 1976 and July 1976 tests showed different strain gage 

behavior. The responses of the two presumably identical strain gages 

were not the same. The A strain gage measurements shown in Figure 

70 (taken during the March 1976 test) shows behavior which is similar 
•. 

to the elastic behavior found in the November 1975 test. This indicates 
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the bore tube and coil are straining together. The B strain gage 

measurements taken during the March 1976 tests (see Figure 71) shew 

marked differences from th A strain gage measurements. The gage would 

show elastic strain up to a certain magnetic force level. Above this 

level the rate of strain versus magnetic stress would be reduced (like 

a sudden increase in modulus). In sane cases the bore tube strain 

would be reduced as stress was applied. This behavior was indicative 

of the coil lifting away from the bore tube above a certain level 

of magnetic stress. The July 1976 test showed further deterioration 

of the coil bore tube interface in the region of .the B strain gage 

(aee Figure 7.2). 

b) Spontaneous Quenching and Training 

Spontaneous quenching was observed in all three tests of the 

A magnet. It is believed that spontaneous quenches during test 5 

(November 1975) were due to poor cooling. Pressure drop measur<elill'mts 

across the magnet cooling tube indicate that the magnet probably was 

never cooled below 6 K, and thus the A magnet probably operated near 

its critical current (which is a function of the local magnetic field 

and temperature). During test 6, the magnet was well cooled. Its 

operating temperature was always below 5 K. There was i~nediate evi6ence 

that something was wrong with the coil bore tube interface at 

or near the B strain gage. 

Cracking apparently occurred between the bore tube and coil~ 

caused in part by thermal stresses during the second cool down of the 

magnet. The coil started to peel away from the bore tube, forming 

shear points at the boundaries of each region, which further continued 

.... 
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the separation process. (Epoxy is quite strong in tension but weak 

in shear, so it was effective in preventing separation.) The coi.l 

separation from the bore tube did not occur smoothly but rather, 

in a series of jerks. The radial motion of the coil was less .than 

50 ~m or so, but this motion occurred suddenly. The superconductor 

saw a high rate of magn.etic flux change, causing ac loss and heating 

the wire which then drove the superconductor normal. Once a normal 

region is established in the superconductor, it will propagate quenching 

in the entire magnet. The sudden movement of a small portion of the 

coil as it broke away from the bore tube is believed to be the cause 

of training observed during tests 6 and 7. 

Spontaneous quenches in magnet A during tests 6 and 7 show what 

appears to be progressive training. Figure 73 shows the spontaneous 

quench history of the A magnet. The current at which spontaneous 

quenches occurred during test 5 was quite erratic. A reasonable expla-

nation for this is temperature variation, since there was no evidence 

of coil break away from the bore tube. The progressive increase of 

the spontaneous quench current during tests 6 and 7 is typical of 

training. Dipole magnets built by Karlsruhe in Germany; 87 the Rutherord 

Laboratory in England, 88 Brookhaven National Laboratory in the OSA, 89 

Fermi Laboratory in the USA90 and the Lawrence Berkeley Laboratory91 

all show similar behavior. The causes of training in the magnets 

are believed to be due to wire motion and epoxy breakage. When the 

coil was well supported, less training was observed. 

Training quenches at 597, 654, 696, 733, 773, and 804 A have 

been observed. The A magnet is expected to train further in future 
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tests. The cool down of the magnet is believed to be contributory 

to the breaking of the epoxy bond between the cool coil and the bore 

tube. However, the warm~up and subsequent cool down of the magnet 

appears to have no effect on the progressive nature of training in 

that magnet. No training has been observed in the B magnet, which 

has only been cooled down once. A second cool down of the B magnet 

may find that cool movement and training will become a problem in 

the future. However, since the B magnet epoxy impregnation was better 

than the A magnet, there may be no training. Further testing of 

the·B magnet is needed in order to resolve this point. 

c) Strain Gage Measurements in the B Magnet 

The B magnet was tested for the first time during test 7. There 

was no evidence of coil separation from the bore tube. Figure 74, 

which is a plot of bore tube strain ~t gage C versus the current squared 

in the B magnet, resembles Figure 69 very closely. The strain measurement 

at strain gage D very closely resembled Figure 74 and 69. Thus the 

B magnet strain gage measurements showed the plastic-elastic behavior 

of composite structures where one component is plastically deformed 

and the other components are elastically deformed. The elastic 

strain of the magnet without the bore tube closely resembles the plastic 

deformation slope shown in Figure 74. 63 Figure 74 shows only the 

results of three higher current runs (runs 68, 69 and 70). The break 

from elastic to plastic behavior occurred in run 68 at a current of 

486 A, to which the magnet had been previously charged (run 67). 

The strain in the E and F strain gages during runs 68, 69, and 

70 is shown in Figure 75. The E gage which measures longitudinal 
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strain in the bore tube, shows that the bore tube is put into compression 

by the magnetic forces. There are two factors which come into play: 

1) There is a direct magnetic force carried for the most part by the 

bore tube alone, that puts it in compression. 2) There is a Poisson 

ratio effect due to the hoop strain of the bore tube in the transverse 

direction. The combined effect of the two factors is a large compressive 

strain. The F gage, which measures hoop strain at the edge of the 

bore tube, shows that the bore tube is strained in tension. The tensile 

strain at the edge of the bore tube is much smaller than the tensile 

strain at its center. The plastic deformation measured by gages E 

and F is compressive, but only slightly so. 

As magnet B is charged with current the bore tube becomes barrel­

shaped. An exaggerated view of this change is shown in Figure 76. 

Due to plastic deformation of the bore tube, the magnet assumes a 

permanent barrel shape. A charge from o-920-o A will permanently deform 

the magnet so that the diameter of the magnet at the center is about 

0.3 mm larger than the diameter at the ends of the magnet. When the 

magnet is at a current of 920 A, the diameter at the magnet center 

grows almost 0.65 .m. (This includes the plastic and elastic deformation.) 

The edge diameter grows only about 0.15 mm (this also includes the 

plastic and elastic deformation. In most cases, the change of solenoid 

shape is of no consequence. 

5.5. A s·ummary of the A and B Magnet Test Results 

The three tests of the two one-meterdiameter solenoid magnets 

achieved all of their objectives. The following were the primary results: 
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1. Both magnets operated above their design current. Both 

magnets operated at superconductor matrix current densities 

in excess of 109 Am-2. 

2. The magnets operated at full design current while being 

cooled with two-phase helium which flows through a tubular 

cooling system. The helium was supplied to the tubular 

cooling system by a closed helium refrigerator. 

3. Quench velocities were measured. The measured values agree 

with the theory within a factor of two. 

4. As the magnet resistance grew, the current flowing in the 

coil shifted to the low resistance bore tube. 

5. The shift of the current from the coil to the bore tube 

caused superconducting portions of the magnet coil to go 

normal through the •quench back• process. The increased 

resistance of the coil caused less current to flow in it, 

thus reducing the hot spot temperature. 

6. The bore tube absorbed up to 75 percent of the magnetic energy 

in the form of heat. This energy did not end up in the 

superconductor. 

7. When both magnets were powered in series, a quench in one 

magnet caused the other magnet to go normal through quench 

back. 

While the primary objectives of the magnet tests were met, the 

magnet tests results cannot be called 100 percent positive. The following 

information will be useful for the construction of the next generation 

of superconducting magnets: 

... ... 

..... 

-. 



... ~ 

. -
. . . 

0. U. \r 0 . i~.j 6 0 7 

.· i' -201-

1. The epoxy joint between the superconduct()r and the bore 

tube broke, causing training in the A magnet. 

2. The normal region did not grow fast enough to cause quench 

back soon enough to insure that the coil hot spot .. in the 

magnet was completely safe. 

3. Additional dynamic quench protection would be useful to 

speed up the quenching .process. 

Table 20 shows the peak operating parameters. for the A and B 
' ' 

solenoid magnets. Neither magnet h(lS reached it.s critical current. 

'l'he 804 current reached in the A magnet was, reached in i~s last .training 

quench. The A magnet should train to a higher.current than 804 A. 

The B magnet peak current of 920 A was the limit of the power supply 

on which the magnet was tested. Future tests of the B magnet should 

reach currents above 920 A • 



-202-

Table 20. The peak operating parameters for the A and B solenoid 
magnets. 

Design current (A) 

Design matrix current density (Am-2) 

Design magnet stored energy (J) 

Estimated critical current at 4.8 K 

Peak current tested (A) 

Peak matrix current density (Aa-2) 

Peak magnet stored energy (J) 

A Magnet 

700 

0.909xl09 

1.93lxl05 

905 

804 

1.044xl09 

2.547xl05 

B Magnet 

880 

1.120x109 

3 
3.028xl0 

1100 

920 

1.17lxl09 

3.J47xlo5 

_ .... 
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VI. SAFETY, ENVIRONMENTAL IMPACT, AND CX>ST 

This section discusses the safety, environmental, and cost aspects 

of the LBL thin solenoid program. LBL has had a great deal of experience 

handling cryogenic fluids such as hydrogen and helium and the procedures 

for handling these fluids have long been established. The LBL experiment 

itself has little impact on the environment, but the success of the 

LBL approach for building superconducting magnets will have substantial 

positive impact on the construction and operation of the PEP storage 

rings. 

The construction of the one-meter diameter prototype magnets 

occurred in the main LBL shop. This. is an important step toward getting 

the construction of superconducting magnets out of the laboratory 

and into i'ndustry. The one-meter diameter prototypes are large enough 

to derive reasonable cost data on the construction of thin superconducting 

solenoids which can be scaled to a full-sized experimental magnet. 

6.1 Safety Aspects of Thin Solenoids 

The safety rules governing the one-meter diameter solenoid experiment 

are set by the Lawrence Berkeley Laboratory Safety Committee. 92 Safety 

hazards of the experiment take four primary forms: (1) the hazards 

associated with the handling of cryogenic fluids: (2) the pressure 

hazards due to the sudden boiling of helium in the magnet and liquid 

nitrogen in the 80 K shield; (3) pressure hazards due to the evaporation 

of air which has accumulated in the vacuum space around the magnet coils: 

and (4) hazards due to the stray field around the magnet. 
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The handling of cryogenic fluids is aL~ost eliminated in th~ 

on~-meter diameter solenoid experiments. The refrigerator provides 

the magnet with cold helium. Liquid helium was transferred to the 
' "'- . 

control dewar on some occasions. The cold gas which flashed off during 

the transfer passed through the refrigerator heat exchanger where 

most of the sensible refrigeration was recovered, and the helium gas 

t!hich passed through the refrigerator was vented to either the gas 

recovery system or the atmosphere. Warm helium, which is nonflamm~ble 

and non-poisonous, can be vented to the atmosphere in campl~te s~fety. 

Thh procedure minimhes the hazard of handling liquid helium. The 

liquid nitrogen fed to the cryostat was controlled b¥ an automatic 

controller which metered the liquid to the experiment. Failure of 

thi.s control system would result in spillage of Hquid nitrogen 

onto the ground outside Building 58 or Building 64. The full-scc::le 

experiment at Stanford is expected to present less hazard than the 

one-meter test apparatus. 

From an internal pressure standpoint, the LBL thin solenoid is 

one of the safest cryogenic systems ever built at LBL. The tube around 

the m2gnet has a burst pressure in excess of.lSO bar (2180 psia), The 

magnet. cooling tube would be entirely safe during a magn~t. quench even if 

both ends of the tube were plugged tight. The weakest link in th€- r,.lll'JiU~t 

transfer line piping is a couple of bellows which are rated at 30 ba.r 

(450 psi). The control dewar cryostat which is at the return end of the 

transfer line is rated at nearly 10 bar. There are two relief valves in 

the magnet cryogenic system: the relief valve located at the top 0 ;-:: ~hi.!Jo. .. -·-
magnet was set to a pressure of 1 atu (1 atmosphere differentisl 
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! .• 

pressure) , and the relief valve at the control dewar was set at about 

0.68 atu (about 10 psig). Another safe feature of the tubular cooling 

system is the small volume of liquid helium contained therein. It 

is expected that the inherent safety of the tubular cooling system 

will be extended to the full-scale PEP detector magnet. 

One of the primary safety hazards of the LBL experiment is the 

vacuum system. The one-meter magnet experiment vacuum can meet the 

LBL safety specification that requires the vacuum vessel of a cryostat 

containing nonflammable cryogen to be a 5 atmosphere pressure 

vessel, which meets the standards for an unfired pressure vessel stated 

in section 8 of the boiler code. 93 The cryostat has a large relief 

valve on it. In addition, the normal operating procedure at LBL is 

to keep the cryostat vacuum vessel on the roughing pump while the 

magnet is being warmed up. We found that there was considerable frozen 

air gas buildup inside the vacuum space during the two-week run of the 

test 7 experiment (July 1976). The buildup of air gases in the vacuum 

space of the cryostat will be the major safety hazard associated with 

the full-scale detector magnet. 

Stray magnetic field was a major problem during the one-meter thin 

solenoid tests. The magnets were run as air core solenoids with no iron 

return paths. Measured stray inductions as high as 100 gauss (0.01 

tesla) were measured 1.5 m from the cryostat outer surfaces. The.stray 

induction at the outer surface of the cryostat would have approached 0.1 

tesla. Low level magnetic fields at 0.1 tesla and below has no apparent 

effect on human health, but will damage even a magnetically shielded 

watch and it will erase the magnetic coating on a BART ticket. 
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The primary hazard of the stray field around the one-meter magnet 

experiment is its ability to attract ferromagnetic materials such 

as screws, bolts, wrenches, screwdrivers, and even larger, more massive 
........... 

objects. Stray fields of magnets at the LBL Bevatron have been responsible 

for at least two injuries due to the presence of ferromagnetic materials. -.• 

During the July 1976 test, the power of stray magnetic fields was 

well demonstrated. An empty gas· cylinder, which had a mass of around 

70 kg including the dolly it was mounted on, was pulled into the magnet 

from a distance of about 2 meters. This accident could have caused 

injury, but fortunately did not. This incident points out the importance 

of maintaining an iron-free zone around the tests. Stray field will 

not be a hazard at the PEP detector because there is an iron return 

path for the magnetic field. 

6.2 Environmental Impact of the !xperiment and the Full-Scale PEP 
Detector Magnet 

The environmental impact of the one~eter test coil is negligible. 

The experiment used existing LBL space and facilties. The emissions 

from the magnet (helium gas) are non-polluting, unless there is a 

rare endangered species of flea which dies at the slightest trace of 

helium. (If such a creature exists, there will be environmentalists 

to find it.) The environmental impact of the full-scale PEP detector 

aagnet should be positive compared to an alternative conventional 

magnet. 

The primary reasons for using superconducting magnets in high 

energy physics are improved physics and a considerable energy saving. 

The PEP detector superconducting solenoid will save energy and 

perform more physics experiments than a conventional magnet occupying 

. . . 
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the same space. The electrical energy saved justifies the project 

economically. At current electrical energy prices, the energy cost 

saved in two years would pay for the superconducting magnet. As a 

bonus, the superconducting magnet improves momentum resolution. 

The environmental impact of ~ electrical energy usage reduction 

from 3 MW to 0.2 MW is considerable. Less electrical energy needs to 

be delivered to the experimental area and conversely, less cooling 

is required because all of the energy delivered to a magnet ends up 

in the cooling tower. The direct energy delivered to the superconducting 

magnet power supply is only about 20 kW (0. 02 MW). The remaining energy 

consumed by the superconducting magnet goes to the helium refrigerator 

compressors. The full-scale detector magnet is expected to be free 

of a large stray field or any chemicals which might pollute the atmosphere 

or waste water. (The hypothetical flea, of course, is an exception.) 

6.3 Economics 

The LBL thin superconducting solenoid program is a continuing 

research and development program. The construction and testing of 

the one-meter diameter solenoids are equivalent to the construction 

and testing of a pilot plan~. A great deal of the cost associated 

with such a project pays the salaries of the permanent support staff 

of the research program. Since the one-meter diameter 

test solenoids were the first superconducting magnets built by the 

LBL main shops, an effort was made to separate the cost of constructing 

the magnet from the rest of the experimental program. 

Table 21 shows an approximate cost breakdown of the A and B solenoid 

magnets. The purchases of materials are the prices paid by LBL, including 
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Table 21. A breakdown of the cost of materials and fabrication of 
• the A and B magnets.* 

Cost Category 

Materials 

Bore Tube 

Superconductor 

Cooling tube 

Epoxy 

Glass-dacron 

Copper, copper tube fittings, 
insulators 

Strain gages, quench coils, 
and thermanetry 

TOTAL MATERIAL COST 

Labor 

Labor outside LBL 

Bore tube fabrication 

Parts fabrication 

Winding 

Potting 

Assembly and test 

TOTAL LABOR COST 

'l'O'l'AL FABRICATION COST 

Cost per kilogram 

Costs ($) 

A Magnet B Magnet 

150 150 

2,970 7,910 

60 60 

110 110 

30 30 

3.20 290 

350 310 

3,990 8,860 

400 430 

460 460 

290 390 

1,700 1,680 

1,350 1,200 

2,190 1,570 

6,390 5,730 

10~380 14,590 

128 185 

* Costs do not include Laboratory overhead or support burden 

Third 
Bore Tube 

150 

60 

50 

260 

430 

460 

890 

1,150 

.. 

•... 
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shipping. The labor costs were calculated in terms of the man-hours 

worked at a labor charge of $13.91 per hour which includes fringe 

benefits. Tables 22 and 23 show an approximate cost breakdown of 

the Laboratory research and development program and which portions of 

that cost can be more or less directly connected with the engineering, 

construction, and testing of the A and B solenoid magnets. As one 

can see from Table 22, a great deal of the program cost is not directly 

related to the A and B solenoids, but to peripheral functions. For 

example, considerable effort was expended in testing the performance 

of the Cti Model 1400 and Model 1200 refrigerators. In addition we 

built a co-axial transfer line aqd did experimental and theoretical 

studies of the quench process. 

Furthermore, a Laboratory overhead of 36.5 percent was added to 

all labor and material costs. The services in the overhead category 

include the Laboratory director's office and staff, accounting, purchas-

ing, Laboratory administration, and technical information (the division 

which publishes Laboratory papers). 

It is hoped that the information given in Table 21 can be used 

to help determine the cost of a larger magnet system. So far, our 

latest solenoid, which is described in the next section, costs less 

per unit mass than would be predicted by the cost figures given in 

Table 21. We expect that the figure given in Table 21 will yield 

a ex>nservative estimate of cost in larger magnets. 

Table 23 is a condensed version of the Lawrence Berkeley Laboratory 

Expense Statement. Shown is a breakdown of materials and labor costs 

" 
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Table 22. Approximate cost breakdown of the thin coil experimental 
magnet program for 16 months (May 1975 through August 1976). 

A ana B magnet construction (Table 21) 

Cryogenic system* 

Testing** 

November 1976 Test 

March 1976 Test 

July 1976 Test 

t 
Test data reduction 

Direct engineering 

tt 
Physics (theory) 

§ 
Physics (equipment development} 

Superconductor for two-meter magnet 

Subtotal 

OVerhead 

'ro'l'AL EXPENSE 

Cost (k$) 

26.2 

10.9 

11.9 

11.8 

15.4 

28.8 

13.0 

14.5 

17.5 

11.6 

161.6 

6.2 

61.3 

229.1 

* Cryostat vacuum vessel was acquired from the LBL warehouse. 

u "testing includes sane of the test preparation. 

t Includes scanning of the photos as well as hand reduction of the 
experimental datae 

tt Quench theory development and theory of the magnetic coupling to 
the bore tube. 

§ Includes small coil tests and refrigerator tests. 

... 

.- . 

• 
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Other - 140 111 - 301 
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Payroll &xpenae 

Scl•ntlflc - ,,Ill 604 '·"' 66,124 
Adalnlatrathe -- -- -- --- ---
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Con II tr UC: tl Oft -- 20 11 -- 38 
~hanlcal Shope 1,ll6 7,010 5,S88 -- 13,994 
Electrical Engl~arl119 --- 1,445 U9 --- 1,674 
Electrical Shope - 4,47S ZS2 l,ltS S,922 
Mechanical &n9lnnrl119 4,051 10,H4 2,909 5,112 22,566 
Mechanical ftchno109Y lU 1,229 4,261 1, 761 7,441 

IIU8'I'OTAL 5,610 10,304 13,861 17,977 117,759 

-
Support Dur4en• 613 2,930 1,592 l,OSJ 6,248 

Laboratory Overhead .. '·"' n,no 11,249 9,491 U,U6 

toTAL DP!NSI 24,521 UI,U9 U,Oll 35,197 229,135 
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by classification. Three ~ifferent account numbers were used during 

the 16~onth peri~. It is important to note that material cost 

was almost $44,000. Labor charges were almost $118,000. The cost 

of Laboratory overhead an~ support was around $67,000. The breakdown 

is typical of research programs at LBL (particularly programs which 

must support a number of permanent laboratory employees). 
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THE FUTURE COURSE OF THE LAWRENCE BERKELEY LABORATORY THIN COIL 
SUPERCONDUCTING SOLENOID RESEARCH AND DEVELOPMENT PROGRAM 

The experimental results discussed in Sections 4 and 5 represent 

one step in the development of thin solenoid magnets. The development 

program has two primary parts: a tubular cooling system,- and a closely 

coupled low resistance bore tube used to control magnet quenching. 

The series of tests described here show that the cryogenic system 

works essentially as planned. There is little· technical difficulty 

associated with scaling the helium cooling system to a full scale 

magnet system. The control of quenching is another matter. The experiments 

described here show a substantial improvement of the state of the 

art in high current density solenoid magnets; but our experiments 

have not proved conclusively that large (ten'megajoule stored energy) 

magnets will operate safely. 

The experiments described in this report are analogous to the 

building and testing of a pilot plant. More theoretical and experimental 

work is needed before a safe, reliable full-scale detector magnet 

can be built. Further scaling laws must be established and new techniques 

for improving quench control (in conjunction with the low resistance 

bore tube) should be tested. This section is divided into three 

parts. They are: 1) improved quench propagation and quench control 

methods, 2) further test coils and a test program, and 3) the time 

projection chamber magnet proposal (from here on this will be referred 

to as the TPC magnet. 
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7.1. Improved Quench Control Methods 

The key to quench control is minimizing the hot spot temperature 

in the magnet during a quench. The A and B magnet tests which were 

described in Section 5 showed that theoretical hot spot temperatures 

in excess of 300 K were developed. Neither magnet showed any damage, 

but it is clear that eventually the temperature at the hot spot would 

have become excessive. The key to reducing the magnet hot spot temperature 

is the reduction of F(T) (see equation 5). F*(T) can be defined in 

terms of equatioo 5: 

F*(T) 
C (T) 
_m~-. dt = 
pm(T) 

r* + 1 It= J(t) 2 dt 
r* 

t=O 

( 30) 

where T is temperature, Thot is the final temperature, em is the specific 

heat per unit volume of the low resistance normal metal, Pm is the 

electrical resistivity of the low resistance normal metal, r* is the 

ratio of low resistance normal metal to superconductor plus high resistance 

normal metal (similar to the copper to superconductor ratio r defined 

for equation 5), tis time, and J(t) is the current density as a function 

of time in the superconductor matrix. The preceding equation can 

.be redefined for copper in terms of equation 5 as follows: 

..... 
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00 

{30a) 

t=O 

One can normalize equation in terms of the J(O), the starting 

value of the matrix current density and 5(t), the ratio of J(t) to 

J(O). This form is as follows: 

F*{T) = r* + 1J(0)2f 
r* 

00 

t=O 

(JOb) 

Figure 77 is a plot similar to Figure 5. This plot shows Thot 

as a function F*(T) for copper-based and aluminum-based conductors. 

Three curves for each are shown for various starting electrical resistivi-

ties at 4 K which correspond to resistivity ratios (the ratio of resistivity 

at 273 K to resistivity at 4 K) of 10, 100 and 1000. Figure 77 shows that 

for a given hot spot temperature Thot, F* (T) is smaller if: 1) aluminwp 

is used instead of copper as a superconductor matrix, 2) lower resistivity 

ratio matrix material is used instead of high resistivity ratio matrix 

material, and 3) if r* is small. 

From the preceding equation, one can see three methods for reducing 

F*(T) and thus the hot spot temperature. They are: 1) increase r* (the 

ratio of low resistance metal to superconductor plus high resistivity 
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metal) I 2) reduce J(O), the starting matrix_ current density; and 3) 

reduce =<t> as a function of time. (Note that =<t> is the same 

thing as l(t)/1(0) which is discussed in section 5. 

The least effective method for reducing F*(T) is increasing r*. 

Por aost practical systeiiiS, r* is between 1 and 21 which means (r* 

+ 1)/r* is between 2 and 1.5. ~ncreasing r* to infinity cannot reduce 

F* (T) more than by a factor of two (for a practical system). Often the 

price paid for reducing F*(T) by increasing r* is increased radiation 

thickness and/or less safety margin on the superconductor critical 

current. In most cases neither is desirable. 

Re~ucing J(O), which is reducing the current density of the magnet, 

does not make the spectacular gains one might expect. Reducing J(O) 

by a factor of two does not reduce F*(T) by a factor of four. Typically, 

reduction factors of less than two are more normal. Reducing J(O) has 

a number of negative implications which are related to the fact that 

the superconducting coil is made thicker. They are: 1) The coil 

becomes less closely coupled to the bore tube, which reduces the bore 

tube effectiveness. 2) The radiation thickness of the coil must 

increase unless the superconductor stabilizer is changed to a low 

radiation thickness material. Aluminum could be substituted for the 

copper stabilizer. However, the F*(T) for aT of 300 K is considerably 

lower for aluminum than for copper (by about a factor of three). 

Thus the gain made by reducing J 0 is cancelled by the lower F*(T) 

which is inherent in an aluminum system.94 

The =<t) parameter has the largest effect on F*(T). It is important 

that the current be. removed from the coil as quickly as possible. 
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In large high current density magnets, the reduction of ?:(t) with 

ttme t is not quick enough without the use of a low resistance bore 

tube which shifts th~ coil current from the magnet coil to the bore 

tube. 

A fast shift of the magnet current from the coil to the bore 

tube reduces the quench back time. Quench back is an essential ingredient 

for fail-safe quenching. .Two methods for quench back come into play, 

depending on the rate of current change in the magnet opil: 

1. Low rates of coil di/dt cause low rates of magnet ~lux change 

in the coil. The current is shifted to the bore tube slowly 

and as it flows, it heats up. This heat transfer, from the 

bore tube to the coil, causes the coil to go normal. It. takes 

time to shift cu~rent to the bore tube. There is a time 

constant associated with heating the bore tube and one 

associated with transferring the heat back to the coil. 

Further, it requires good thermal contact between the ooil 

and bore tube. This form of quench back, defined as •thermal 

quench back,• prevailed during the tests described in Section 5. 

2) High rates of coil di/dt causes high rates of dB/dt in the 

coil as current shifts into the bore tube. dB/dt depends 

on whether the coil is inside or outside the bore tube. 

The magnetic induction in the coil changes1 the magnitude 

and rate of this change influences the ac. loss rate in 

the superconductor. High rates of dB/dt will quench the 

superconductor directly. The time for this process is short 

and it does ~ require good ther~al contact between the 

.. 
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coil and the bore tube. This form of quench back is defined 

as •magnetic quench back". 

The desired form of quench back is •magnetic quench back". The 

superconductor can be tailored so that •magnetic quench back" is made 

easier, and the method for doing this becomes apparent when one looks 

at the equation for ac loss in a superconductor. The superconductor 

ac loss G for an induction change ~B takes the following form: 36 ,S7 

where 

Jd c 
B = 32 P* 

c 12 
c 

1 ). = ___;;'-:-
r + 1 

(31) 

(3la) 

w (3lb) 

(3lc) 

where Jc is the superconductor critical current density, df is the 
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filuent diameter, fl B is the flux change, B = dB/dt the rate of flu.x 

changer p* is average resistivity of the matrix material, d is the 

matrlx di&meter, X.c is the superconductor twist length, r is the 

normal metal to superconductor ratio, w is the average distance between 

the ~uperconductor filaments, Go is the hysteresis loss per unit volume 

per cycle (this loss is a function of 6B only and is not time d·:ependent) ,. 

anCl G i.s the total ac loss per unit volume for a given 6B. 

The value of G-Go is often referred to as the superconductor 

c~upled loss. This form of ac loss is caused by currents which 

flow down the superconducting filaments across the matrix and back~ 

it behaves like an eddy cur~ent in that it is frequency depe~dent 

(on a p<!lr cycle basis},. Coupled currents are greatly rest.ricted by 

twi~tin9 the multifilament superconductor, as the preceding equations 

int~icate. One can make a superconductor quench at. a hlgh rate of 

B sil'!!lf?lY by not twisting it so !IIIUCh. Sane twisting in the superco~1ductor 

is ~eces~ary fo~ intrinsic st&bility. 

'J!'he :=:(t} parameter, which is reduced by the bore tube, is further 

r~duc~ by increasing the resistance of the coil circuit f~ster. 

One may increase the resistance of the coil circuit by the follu~ing 

w~ys~ l} one may speed up the quench process and thus make the con 

r®sistance grow faster, 2) one may put artificially induced quench@e: 

in many places in the coil, or 3) one may put an external r®~istor 

across the coil. All three methods will cause faster current to nhift 

from the coil to the bore. Quench back will be speeded up and in 

many eases quench back w~ll become of the magnetic type. 

~ ~peed up of the qu~nch process requires one to speed up the 

·. 
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longitudinal velocity and/or the transverse velocity. Increasing the 

longitudinal quench velocity also increases the transverse velocity, 

and this is done.~ increasing coil current density and operating 

closer to the critical current limit of the superconductor. In general, 

both of these are undesirable things to do. One can, on the other 

hand, increase the transverse quench velocity without changing the 

longitudinal quench velocity. Transverse quench velocity is typically 

a few percent·of the longitudinal velocity, so that increasing the 

transverse veiocity to between 60 to 80 percent of the longitudinal 

velocity will have a big effect on the increase rate of the magnet 

coil resistance. A method for increasing the effective transverse 

quench velocity is given later. 

The July 1976 test (test 7) showed that inducing quenches in 

two places caused quench back to occur sooner. If a q~ench is induced 

in 20 to 30 places simultaneously the coil resistance should grow 

very quickly and with it the time to quench .back should decrease markedly. 

The use of multiple coils to induce a quench requires a reliable quench 

detection system which is capable of detecting quenches within 10 

or 20 ms after they occur. 

The insertion of a resistor across the .. leads of the coil drives 

coil current into the low resistance bore tube. Much of the coil 

current can be reduced in this way, and within a span of .10 to 20 ms. 

Large changes of induction within the coil occur in. that time. It 

should be possible to put a 68 of 0.5 T into the coil at rates 25-50 Ts-1 , 

which will induce a magnetic quench back (if the coil superconductor 

is suitably selected) that is quick, and thus safe. Thi~ quench back 
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will require a reliable quench detection system capable of detecting 

the quench within 10 to 20 ms. The resistor method is superior to 

the multiple quench induction method because it is far less complicated 

electrically and will guarantee magnetic quench back. 

7.2 Proposed Changes for Future Magnets 

Future superconducting thin solenoids shall have the following 

passive and active quench protection features: 1) There shall be a 

low resistance bore tube which has a resistivity between 3 x l0-10 nm 

and 2 X 10-9 Qm. 2) There shall be quench propagators to increase 

the transverse (from turn to turn) quench velocity. From here on 

these will be referred to as longitudinal quench propagators because 

they speed up quenching in the longitudinal direction of the magnet 

(along the axis of the solenoid). 3) The superconductor twist pitch 

shall be adjusted so that the superconductor will go normal when a 

~B of 0.5 T is applied in 200 ms or less. A twist pitch of 50 111'11 

will be sufficient. 4) A quench protection circuit which switches 

a resistor across the coil shall be provided. The time constant of 

the resistor circuit should be at least a factor of three smaller 

than the time constant for the bore tube circuit. 

The first three quench protection features are passive. They 

are inherent features which are built into the magnet1 hence, they are 

essentially fail-safe. The fourth quench protection feature is an 

active method. It requires the reliable early detection of a magnet 

quench. Thus it is not fail-safe. Before proceeding, it is important 

to point out that the low resistance bore tube is the key to making 

.. .. 
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the current in the coil drop quickly. Without the bore tube, none 

of the other quench protection features will work. In general, the 

low initial resistance bore tubes will carry more of the magnet current. 

It is clear that a balance between longer magnet charging times and 

larger current flow in the bore tube during a quench must be struck. 

(An order of magnitude reduction of the bore tube low temperature 

resistivity means that charging time of the magnet is increased a 

factor of three.) 

The •longitudinal quench propagators• consist of current carrying 

bifilar (non inductive) windings which travel in a direction 

perpendicular to the solenoidal windings. These bifilar windings 

will carry the full current of the magnet at the same matrix current 

density as the coil i~self. Normal regions which are formed in the 

solenoidal coil will be propagated along the superconductor. When 

the superconductor under the longitudinal quench propagator becomes 

normal, the prop~gator itself is driven normal by heating. A quench 

wave now propagated along the quench propagator wire drives other 

parts of the solenoidal winding normal. Thus, turn to turn quench 

propagation velocities which.are in excess of fifty percent of the 

quench velocity along the wire should be attainable, and, the normal 

region within the superconducting coil should grow much faster. Figure 

78 illustrates how the quench propagator system increases the normal· 

area of the coil. 

Increasing the twist length increases the sensitivity of the 

wire to quick changes of magnetic flux. Increasing the twist length 

to SO mm (in a copper-based superconductor) should make magnetic quench 
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back easier. The disadvantages here are that the coil becomes more 

sensitive to conductor motion, and training becomes more of a problem. 

It is proposed that additional support structure be built into the coil 

to restrict superconductor motion away from the bore tube in the event 

of epoxy breakage at the bore tube-coil interface. 95 

The addition of an external resistor quench protection circuit 

will insure that minimum hot spot temperatures are achieved during a 

quench. 96 The resistor is limited by the voltage to ground that is 

allowed for the magnet coil1 from practical considerations, this limit 

is less than 10 kV. When a constant resistance is put across the magnet 

electrical leads, the voltage across the resistor is.proportioned to 

the magnet coil current. Best results can be obtained if the voltage 

put across the coil electrical leads is kept constant1 this is possible 

with a •varistor• or •thyristor• resistor. A thyristor has a voltage 

drop across it which is proportional to current to the one-fifth power. 97 

When the current decreases through such a device its resistance increases 

markedly. Thus as current in the magnet coil is shifted to the magnet 

bore tube, more resistance is put across the magnet leads, forcing 

even more current into the bore tube. The electrical circuit for 

the magnet with a varistor quench resistor is shown in Figure 79. 

• ·· The resistor or •var is tor• quench protection system is not fail-

safe. The existence of the quench must be detected before the switch 

shown in Figure 79 can be activated. Two methods of quench detection 

can be considered: 1) the rate of current change can be measured, 

or 2) a bridge circuit across two parts of the coil which are inductively 

cou~led can be used to detect resistive regions in the coil. Figure 80 
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shows a simplified electrical diagram of a bridge circuit quench detector. 

Once the quench has been detected, the magnet power supply must 

be switched out of the circuit. Mechanical switches which are used 

in the electric power industry are reliable but have switching times 

as long as 50 or 100 ms. Modern solid state switches can have short 

switching times (say 100 ~s) but they are not proven reliable. When 

either kind of switch is used, a capacitor circuit must be installed to 

prevent excessive voltage buildup across the switch. 

Further tests of the two one-meter diameter magnets and tests 

on a two-meter diameter prototype magnet will experimentally verify 

whether the improved quench protection systems proposed here will 

work. The future LBL test program is outlined in the next subsection. 

7.3 The Future Course of the LBL Test Program 

The Lawrence Berkeley Laboratory research and development program 

includes the testing of both small and large superconducting magnets. 

A number of small test coils have been built to test new copper-based 

and aluminum-based superconductors. These coils will be used to test 

tbe theory of quenching and to debug a new computer-cOntrolled data 

acquisition.system. Two or three large magnet tests will be made 

before the first high energy physics detector magnet is built. These 

tests include: 1) a test of the A and B magnets in series such 

that the magnetic fields go in the same direction, 2) a test of a 

two-meter diameter solenoid which is 0.7 m long, using 1.5 mm diameter 

copper-based superconductor, and 3) a test of a one-meter diameter solenoid 

which is wound with new ALCOA aluminum-based superconductor. The first 

two tests are to be performed during the spring of 1977. The last test, 
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if it is to be performed at all, will occur in the summer or autumn 

of 1977. All of the large magnet tests will have forced two-phase 

helium tubular cooling systems. 

The large magnet tests will use a PDP-11 computer to collect 

and preprocess test data, which can then be fully processed and plotted 

by the CDC-7600 central computer facility at LBL. Thus, fully processed 

experimental data should be available overnight. 

a) The A plus B Magnet Test 

The A and B magnets will be tested one more time for the following 

purposes: 1) Further training of the A magnet will be measured. 

2) Tests of the B magnet will determine whether the epoxy joint between 

the magnet coil and its bore tube is sound. 3) High current tests 

(above 920 A) will be performed on coil B. 4) A test of the A and 

B magnets together in series with their fields in the same direction 

will permit the testing of the thin coil system at stored magnetic 

energies as high as 500 kJ. 5) Quench protection using a resistor 

and a varistor demonstrates that the coil current can be switched 

quickly to the bore tube. 6) It is hoped that the existence of magnetic 

quench back can be determined experimentally. 7) A new computer 

controlled data acquisition system which uses a PDP-11 computer will 

be tested. This system will replace the scanning of the oscilloscope 

pictures, this data will· be fed directly into the LBL CDC 7600 computer. 
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b) The Two-Meter Diameter Solenoid Test 

The next step in the LBL test program is the construction and 

test of a two-meter diameter prototype magnet. This magnet is nearly 

the diameter required for the proposed detector magnet to be built 

for the Time Projection Chamber (TPC) experiment at PEP. The magnet 

coil has a diameter of just over 2.0 meters: its length is 0.7 meters. 

Its peak stored energy is around 3.0 MJ. The peak current density 

expected in the coil could be as high as 1. 36 x 109 Am-2• 

The two-meter diameter magnet, called Magnet C, uses the same 

general construction techniques as the A and B magnets and consists of 

five distinct parts: l) The low resistance bore tube is made from 

9.53 mm (3/8 inch) thick 1100-0 aluminum plate. The electrical re-

sistivity characteristics of the plate is expected to be nearly the 

same as the 1100-0 aluminum plate used in the A and B magnet bore 

tubes. 2) There will be two layers of 1.6 mm diameter superconductors 

(the 1.6 mm diameter includes the insulation) with a center tap between 

them which permits the magnet to be operated.as either a single-layer 

or a double-layer magnet. 3) Just above the two-layer coil will be 

a longitudinal quench propagator system. Twelve bifilar longitudinal 

quench propagators will be evenly spaced around the magnet, (one every 

30°. 4) Two layers of round, 3.18-• (1/8-inch) diameter, 6061-T93 

wire is wound around the magnet to help support the magnetic forces. 

This layer will help minimize the effect of a bad epoxy bond between 

the bore tube and the magnet winding. 5) Fifty-four or fifty-five 

turns of 12.7-DDU (1/2-inch) OD aluminum tube will be wound over the 
' 

support structure. Figure 81 shows the two-meter diameter test solenoid 

.... ~ . 
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2 

CBB 7612-11056 

Fig. 81. The two-meter diameter test solenoid 
bore tube. 
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bore tube7 Figure 82 shows a cross secti on of the two-meter diameter 

test coil. The radiation thickness of the two-me t er t est coil wi ll 

be 0.37 radiation lengths. 

The superconductor used in the magnet has a matrix di amet er of 

1.5 mm. It is insulated .with triple formvar insulat ion which is 0.05-mm 

thick (the insulated conductor was a diameter of 1 .6 mm). The conductor, 

which was made by Magnetic Corporation of America (MCA), has 2200 filaments 

imbedded in a low resistivity copper matrix. The copper to superconductor 

r atio is 1.8 to l7 the filament diameter is about 19 ~m7 and the super­

conductor twist pitch is 20 mm. The conductor was or iginall y or dered 

for a high current density lumped coil magnet. As a result, it is not 

ideally suited for a thin coil solenoid. The C magnet superconductor 

should permit magnetic quench back because of its i ncreased twist pitch. 

The electrical characteristic s of the two-meter test magnet are 

shown in Table 24. The des i gn current f or the single-layer case is 

2000 A7 the design current for the double-layer case i s 1500 A. In 

both ca ses the design cur rent for the magnet lies somewhere between 

80 to 85 percent of the superconductor critical cur r ent along the 

load line. Maximum current densities will occur in the s i ngle-layer 

test. (The current density at the superconductor cr i tical current 

could be as high as 1.36 x 109 AM-2 . ) Maximum stored energi es will 

occur during the two-layer test (stored energies as h i gh as 3. 0 MJ 

are possible if the magnet goes to its critical current .) 

The two-meter diameter test solenoid has four l eads on it. There 

are the two ends of the coil, a center tap between the two coils, and 

a separate quench propagator l ead. The coil can be tested with one 
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T~ble 24. The electrical characteristics of the LBL two-meter diameter 
test magnet. 

~v~rage coil length (m) 

Average coil diameter (m) 

!~Ul\\OOr of turns 

I:l~~fi'M!lt coil inductance (B:) · 

BoLe tube inductance (B) 

~utuf:~l inductance between 
coil and bore tube (B) 

Design cur.~ent (A) 

Superconductor current d!neity 
.t\t. design current (Am- ) 

~s~net stored ·energy at de5ign 
atored cu.rrent (J) 

Superconductor critic~l current(B) 

Superconductor current denaity 
.,.. ' ! 1 -2 et t .... - cnt:~.ca current (Ala ) 

~.~gnet stor.ed energy ~t er itiesl 
~un:ent (J) 

Single layer* 

0.6968 

2.0062 

430 

0.462 

2.39 X 10-6 

9.87 X 10-4 

2000 

0.924 X 106 

2400 

1.350 X 10~ 

* !be outer layer which is near the quench propagator. 

Double layer 

0.6968 

2.0043 

860 

1.647 

2.39 )! 10-6 

1.973 X 10- 3 

1500 

0.649 X 109 

2.078 X 106 

1800 

l.OU! ~ 10~ 

:2.992 l( 10f:. 

'• 

.. 'o..i.._ 

~· .... 
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layer (either the inner or the outer layer) or with two layers,.and 

with or without the quench propagator. The two-meter coil has instru-

mentation to measure the longitudinal quench velocity directly. By 

watching the growth of the coil resistance, one can calculate the 

transverse velocity. 

The two-meter test coil bore tube will have eight strain gages on 

it. In addition, strain gage temperature sensors will be tested. This 

type of temperature sensor has a very quick response, the calibration 

from one gage to another is supposed to be more accurate, and it 

is substantially cheaper than the silicon-diode type sensors. The 

disadvantage of the strain gage type of sensor is that it cannot be 

reused once it has been installed on a surface. 

The PDP-11 computer data logging system should be fully developed. 

The data collected ~ the PDP-11 will be sent to the eric 7600. Within 

twenty fours the experimental data should be reduced, correlated and 

plotted by the 7600 computer. A successful test of the two-meter 

diameter test coil will dispel the doubts that most critics have on 

the concept of a large thin superconducting solenoid magnet. 

c) Other Possible Solenoid Magnet Tests 

Recently Lawrence Berkeley Laboratory bought 100 m of a 

new type of superconducting material. This material has a matrix 

made from 5056 aluminum alloy instead of copperJ its 54 filaments 

(called cells ~ ALCOA22> are hollow, and the center of the conductor 

is filled with ultra pure low resistivity aluminum. All in all, 

this material is one part niobium-titanium, 1.25 parts 5056 aluminum, 

'and 0.4 parts pure aluminum. For thin· coil magnet applications 
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this material offers a number of potential advantages: 1) the radiation 

thickness of the superconductor is half that of copper-based materialsJ 

2) the superconductor has a thermal contraction coefficient ~hich 

matches the bore tube: and 3) the structural properties of the new material 

are excellent. The separate support structure used in the two-meter 

diameter coil can be eliminated. 

On the other hand, the aluminum-based material has not been used 

in large coils, so its behavior in a magnet is not understood. CThe 

stability of the material, particularly when there is wire motion; 

has not been established. Another disturbing factor concerning the 

aluminum material is the fact that the burn temperature occurs at 

a substantially lower value of the integral of J 2 dt. (See the F~(T) 

vso T curves for aluminum in Figure 77.) 

The Lawrence Berkeley Laboratory has wound but has not tested 

a a.all oval solenoid using the aluminum-based superconductor. This 

solenoid has been a testing ground for various soldering techniques, 

since &luminum is difficult to solder even with special fluxes. 5056 

aluminum is especially difficult to solder because it contains &bout 4 percent 

magnesium. We were able to tin the aluminum by using pure tin and an 

ultrasonic soldering bath. Once the material has been tinned, it cen 

be jointed to copper or other materisls. 

A successful test of the oval solenoid would lead to further large­

seale testing of the ALCOA materials. LBL has a third one-meter di&meter 

bore tube which could be used for a large-scale test of the ALCOA 

superconductor. Such a magnet could have a radiation thickness below 

.. 
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0.19 radiation lengths. The decision to build such a test solenoid 

has not been made at this time. 

d) The Time Projection Chamber Proposal 

In December of 1976, a number of experiment proposals were sutxnitted 

to the PEP Experimental Program Committee (EPC), which is charged 

with approving and funding projects for PEP. The experiments will 

have to be ready in late 1979 or early 1980. One of the eXperiments 

proposed for PEP is the time projection chamber (TPC) experiment. 98 

This experiment, which is strongly supported by LBL, consists of four 

primary parts: 

1) The magnetic detector called the time projection chamber 

(TPC) • This device has very good manentum and spatial 

resolution of many kinds of particles, given a strong uniform 

magnetic field. 

2) A thin superoonducting solenoid magnet. This magnet must 

have a thin continuous winding which is .under 0.5 radiation 

lengths thick. The magnet must generate a uniform field 

which is good to at least one part in 1000 (in the region 

of the TPC). 

3) The liquid argon calorimeter which consists of alternating 

layers of liquid argon and lead. This device detects strong 

neutral particles and gamma radiation. 

4) The muon (mu meson) detector. Muons will pass through many 

radiation lengths of material without' an interaction, but 

about 0.3 m of iron will get the muon to interact and form 

particle showers which can be detected by spark chambers •. 
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The thin superconducting solenoid which is being developed at 

LBL is ideally suited for the TPC experiments. 99 , 100 The TPC experiment 

requires a magnet with a clear bore of 2.01 m and a distance between 

the iron poles of 3.4 m. The central induction of the magnet is 1.5 

tesla. 

The general layout of the magnet within the TPC experiment is 

shown in Figure 83. The magnet cryostat has an inside diameter of 

2.02 m, an outside diameter of 2.32 m and a length of 3.9 m. The 

magnet coil package which includes the bore tube, superconductor, 

support structure and cooling tube has a thickness of 37 mm. The 

structure of the coil is shown in Figure 84. It is very sim.ilar 

to the ones already tested. Two design alternatives for it are given 

in the proposal: one uses a copper-based superconductor and has a total 

radiation thickness of 0.44 radiation lengths while the other uses 

an aluminum-based conductor and has a projected radiation thickness 

of 0.29 radiation lenths. The copper-based conductor design is better 

understood, so it is likely that physicists will accept it more readily. 

The design parameters for the two kinds of superconductors are 

qiven in Table 25. The specifications given for the copper-based 

aatarial can be met by all of the niobium-titanium producers in the 

United States. The price, therefore, will result from competitive 

bidding. The aluminum-based material is the ALCOA conductor. As ALCOA 

is currently the only producer of this material, there will be dis­

advantages, both in terms of availability and price, associated 

with the purchase of this material. The magnet design electrical 
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Fig. 83. A general cross section of the time 
projection chamber (TPC) experiment 
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XBL 773-8037 

(the solenoid magnet has a 2-meter 
inside diameter and is 3.9 meters long). 
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TWO f>HASE HELIUM 

DACRON FILLED EPOXY 

COOliNG 

SUPERCONDUCTING .COIL J 
LONGITUDINAL QUENCH PROPAGATOR 

SUPPORT STRUCTURE 

MILLIMETERS 
I I I I 
0 10 20 . 30 

Pig. 84. A cross section of the time projection 
chamber experiment's s~erconducting 
solenoid coil which uses copper-based 
superconductor. 
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parameters are given in Table 26. They are the same for both types 

of superconductors. 

The magnet cooling system is based on the tubular cooling system 

described in Section 4. The inside diameter of the cooling tube is 

13.9 BaJ its length is 1400 m. The cooling circuit is divided into 

two parallel circuits. The total mass flow through the system is 

expected to be around 10 gs-1 ~ pressure drop in the circuit during 

normal operation is expected to be under 0.1 bar. The cold mass of 

the magnet system is 1510 kg for the copper-based superconductor case 

and 1150 kg for the aluminum based superconductor case. The expected 

cool down time from ~00 K to 4 K is less than one day, when a 200 W 

refrigerator is used to cool the magnet. 10l 

The cryostat is insulated only by superinsulation except in 

the end region where liquid nitrogen shields are used. The support 

system, similar in configuration to bicycle spokes (see Pigure 85) , 

will support a force of 2 x 105 N (20 metric tons) longitudinally and 

2 x 105 N radially. 102 The magnet cryostat is designed to meet LBL and 

SLAC safety codes for cryogenic vessels. Although these vessels can be 

made a number of ways, the way which appears to result in minimum radia­

tion thickness uses a composite honeycomb structure. The honeycomb or 

hexel structure offers large vessel thickness, which is important to 

prevent buckling under vacuum load, without large radiation thickness. 103 

The TPC proposal was reviewed during the spring of 1977. It 

was one of four proposals which use superconducting magnets. Since 

there will be two experimental areas which can use superconducting 
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Table 25. Design parameter of the superconductor to be ·used in the 
TPC magnet. 

Parameter 

Matrix dimensions {mm) 

Insulated conductor dimensions (mm) 

Insulation type 

Normal metal to superconductor ratio 

Number of filaments 

Filament diameter {~m) 

Twist pinch (mm) 

Critical current at 5.0 K and 
1. 53 '1' (A) 

Design magnet current at 4.8 K and 
and l. 53 T (A) 

Design matrix current density (Am-2) 

Copper-Based 
Superconductor 

l.6xl.S 

l. 7xl.6 

formvar 

l.S-2.0 

>1500 

<25 

-so 

>3000 

2100 

8.75xl08 

Alumimnn-
Based 

Superconductor* 

l.6xl. 7 

l. 7xl.8 

formvar 

l.S-2.5 

>150 

<75 

-120 

>3000 

2100 

7.72xl08 

.---·----------------------------------------------------------------
Based on the ALCOA conductor. 
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Table 26. The electrical parameters of the TPC detector superconducting 
magnet. 

Design central induction 

Est~ated peak induction in the coil 

Ampere turns of conductor 

Numbor of turns 

Design current 

Design stored energy 

Coil inductrmee 

Bore tube inductance 

Mutual inductance from the coil· to the bore tube 

Coupling coefficient between the coil and the bore tube 

Charging ~ime 

Charging volt29e 

1.50 T 

-1.53 T 

4.10xl06 

1 

1950 

2100 A 

10.65 MJ 

4.83 B 

0. 91 lJH 

2.07 mH 

>0.99 

1800 s 

5.64 v 
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Fig. 85. An end view of the time projection chamber 
solenoid which shows the compression rod, 
bicycle-spoke type cryostat support •ystem. 
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magnets, at least two of the four cryogenic proposals were expected 

to be rejected. On April 15, 1977 the TPC proposal was accepted as 

an experiment for PEP. It was the only experiment accepted which 

uses a large superconducting magnet. 

7.4. Other Uses for High Current Density Solenoid Technology 

Other high energy physics groups are considering the use of the 

LBL thin solenoid technology. Cornell University plans an experiment 

for their proposed new storage ring which requires a 2.0 m diameter 

thin solenoid and has been working with the LBL group towards that 

goal.l04,105 

Other groups outside high energy physics are considering the 

use of LBL thin solenoid technique. For example, the two LBL one-

meter diameter test magnets (Magnets A and B) will be used by a group 

at Sandia Laboratory in Albuquerque, New Mexico to provide the de 

magnetic field for an experimental pulsed M.H.D. generator. 106 This 

pulsed generator is being developed for the laser controlled fusion 

program. Other potential users of the LBL technique include people 

interested in magnetic separation and in magnetically levitated trains. 

The techniques described here have application in many areas where 

large de magnetic fields are required. The integration of the magnet 

coil with its cryogenic cooling system has impOrtant economic advantages 

which should be utilized if the development of superconductivity is 

to spread to American industry. 
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