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Michael A. Greent 

Lawrence Berkeley Laboratory 
University of California 

Berkeley, California 94720 

October 1976 

Abstract 

High energy physics experiments on the latest generation 

colliding beam machines require large supeiconducting sole­

noid magnets. The Lawrence Berkeley Laboratory is developing 

a new generation of high current density (- 109 Am- 2) super­

conducting solenoid magnets which are thin from a radiation 

standpoint. In order to meet our design objectives, an 

integrated magnet and cryostat design has evolved. Recent 

test of one meter diameter protptype magnets show that our 

design concepts are tedlllically viable. The results of 

the one meter magnet test are reported here. 

* This work was performed by the U.S. Energy Research and 
Development Administration. 

t The author is with the University of California - Lawrence 
Berkeley Laboratory, Berkeley, California, U.S.A. 94720. 
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A new generatioDof superconducting .solenoid magnets is under 

development at the Lawrence Berkeley Laboratory. This development is 

prompted by a need for large superconducting solenoids which are thin 

from a radiation standpoint. These magnets would be used on one or more 

of th~ high energy physics experiments on the electron-positron colliding 

beam facility called PEP, which is now under construction at the 

Stanford Linear Accelerator Center in the United States. 1 The develop­

ment of thin superconducting solenoids is also of interest to physicists 

who are designing experiments for use on the Intersecting Storage Rings 

(ISR) at CERN and the PETRA machine now being built in Hamburg, Germany. 

Experiments being proposed for PEP require a solenoid which is 

about 2 meters in diameter with length between iron poles of about 

4 meters. The design central induction for these magnets will be 

approximately 1.5 T (see Fig. 1). The proposed experiments require 

that physics be done outside the magnet coil in a relatively field-free 

region as well as inside. the solenoid. 2 Thus the radiation thickness of 

the solenoid magnet and cryostat nrust be minimized. Conventional 

cryogenically stabilized solenoids cannot be used because of their high 

radiation thickness .. 

A Conceptual Design 

Experiments being proposed suggest that the thin superconducting 

solenoid magnet system be as thin as possible. A compromise may be 

around one third of a radiation length. (One radiation length of 

material will convert just over 60 percent of gamma rays passing 

through the material to charged particle pairs.) Table 1 shows that 
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desirable materials from a radiation thickness standpoint have a low 

atomic m.unber and a low density. 3 Unfortunately, niobit.un-ti tanium has 

neither of these properties. Since the radiation thickness of the 

magnet system includes the coil, the coil form, and the cryostat, 

less than 40% of the radiation thickness of a third radiation length 

thick solenoid can be the superconductor. Therefore, the maximum 

superconductor thickness is 2.2 nvtl. One finds that the minimum current 

density in the superconducting matrix for a thin coil, (1/3 radiation 

length total magnet system thickness) 1.5 T magnet will be 0.54 x 109 

Am- 2. ~bst practical magnet designs call for superconductor matrix 

current densities of 0.8 to 1.0 x 109 Am- 2. 

A 4 m long, 2 m diameter, 1.5 T solenoid bounded by iron poles 

will have a stored energy larger than 10 ~U. This size and stored 

energy is well beyond the state of the art for a magnet with superconduc­

tors which operates at current densities of 109 Am:-2 or more. 

Figure 2 shows the superconductor matrix current density versus stored 

energy for a number of magnets built in the last 15 years. The figure 

shows that magnets which operate at high superconductor current 

densities have low stored energies and vice-versa. Magnets which have 

been built to date fall in two broad categories: the intrinsically 

stable magnets which have a stored energy under 2 MJ and the cryogenically 

stable magnets which have high stored energies. The large circles 

which are crosshatched show the progress made to date by LBL. The 

large open circles show test magnets which are under construction 

and the proposed PEP detector magnet. It is clear from Fig. 2 that 

the large LBL test magnets and the proposed PEP detector magnet must 

operate at current densities well beyond the state of the art. 
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Cryogenically stable magnets do not quench (dt.nnptheir magnetic 

energy suddenly when a.portion of the superconductor turns normal). 

Hence this safe method of stabilization has been used· on all of the 

large magnets built to date. Intrinsically stable magnets, which use 

a twisted multifilament superconductor, will quench when a portion of 

the superconductor becomes normal. The propagation of the normal. 

region determines whether or not the magnet can be quenched without 

burning up the coil. The larger the stored energy and superconductor 

current density, the worse the burnout problem becomes. 

The key problem to be solved in large thin solenoids is the quench 

protection problem. Most magnet designers solve this problem by 

dwrrping most of the magnet energy into an external resistor. The dwrrp 

resistor approach alone does not work in high~current-density magnets 

" for the following reasons: 1) when the external resistance is high 

enough to remove an appreciable amount of magnetic energy, the 

transient voltages in the system are excessive; 2) the current is ndt 

reduced quickly enough to prevent burnout; 3) the dump resistor 

requires quench detection and switching; the system may not be safe 

enough. 

The second problem which faces all large-magnet builders is the 

cryogenic cooling problem. The cryogenic system design becomes more 

." difficult if the magnet can quench. Large magnets, which are usually 

cooled by a bath of liquid helium, are difficult to cool down from 

room temperature to liquid helium temperature. 

(; 
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The LBL design solves the quench protection problems and cryogenic 

systems problem in a single integrated package. The LBL thin solenoid 

consists of three primary parts: 1) the thin coil (the superconductor), 

2) a low resistance, low radiation length, bore tube closely coupled 

to the coil, and 3) a tubular cooling system carrying pumped two-phase 

helium at 4.6°K. The three parts of the magnet are cast together into 

a single rigid unit with a radiation thickness less than 0.25 radiation 

lengths. (The cryogenic vacuum vessel is the remainder of the radiation 

thickness.) 

The low resistance bore tube, which is inductively coupled to the 

coil, is the key to quench protection in a large high-current-density 

solenoid magnet. The closely coupled bore tube behaves like a 

shorted secondary in a transformer; therefore: 

1) Increasing resistance of the coil as the normal region 

propagates causes the current in the coil to shift to the 

bore tube. This reduction of the coil current reduces the 

hot spot temperature in the coil. 

2) The bore tube can absorb a substantial amount of the magnet's 

stored energy during a quench. 

3) Since the coil current is quickly reduced, transient voltages 

within the coil are reduced during a quench. 

4) The bore tube causes the entire magnet to go normal before 

the quench is entirely propagated. We call this phenomenon 

"quench back." 
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Insurrunary, the w~ll .. coupled low resistance bore tube controls the 

quench process' in:a fail-safe manner, in contrast with the external-

' .. resistor technique.,. Therefo,re, there .is.less dependence on electronics 

or switches. . 

Since, ,one IJRlst use an intrinsically stable superconductor, one 

is not restri<;:ted to a.bath cooling system. Intrinsically stable 

,superconductor (in a d.c. magnet) does not care how it is cooled ·as 

long as it is cold. A tubular cooling system carrying two-phase 

helium will provide all of the cooling that is needed. The tubular 

. cooling system will avoid the major problems which are encountered 
. , . . 

in many large magnet cryogenic systems. 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 through the magnet, in a well-defined path. 

2) The mass and radiation thickness of the tubular cooling 

system is less than a conventional bath cryostat. 

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 .. 

Two-phase helium has been chosen over supercritical helium as a 

coolant for the .. following reasons: .1) A two phase "boiling" helium 

system will operateat.lpwer ~emperatures than. a supercritical helium 

system., 2) Themass flow fo~. fl giveJ.1 amount of refrigeration is 

lower for the two-phase helium system. 3) The boiling two-phase 

system can transfer large local heat fluxes without changing 

appreciably the temperature of the helium stream. 
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The One Meter Diameter Test Coils 

Two 1 m diameter test solenoids were built at LBL.4 The inside 

diameter of the magnets is 1021 rnm; magnets are 500 rnm long; thickness 

of the magnets with their tubular cooling system is 24.5 rnrn. The two 

test soleno~ds have very nearly identical physical parameters. 

The primary difference between the two magnets is the copper to 

superconductor ratio of the superconductor. 

The characteristics of the superconductors used in the two test 

coils are shown in Table 2. Both superconductors have a forrnvar 

insulation which is 0.05 rnm thick. The superconductor was wound on 

low resistance bore tubes fabricated from 6.35 rnm thick lIDO-aluminum 

plate. Two layers of superconductor were wound on the bore tube. A 

winding pre-tension of 130 N was applied to the superconductor so that 

the thermal contraction between the coil and bore tube was matched. 

Layer to layer and layer to ground insulation was provided by 0.35 mm 

of impregnated glass tape. An aluminum cooling tube 117 m long with 

an outside diameter of 12.7 rnrn was wound on top of the coil. The space 

between the tubes was filled with polyester braid. The whole 

assembly was vacuum cast in epoxy to form a single unit. A cross 

section of the magnet is shown in Fig. 3. Figure 4 is a photograph 

of the complete B magnet. The physical and electrical properties 

of the two test coils are shown in Table 3. 
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Refrigeration System Tests 

A recent test of the LBL 1 m diameter magnets was made with the 

two magnets connected to the same refrigeration circuit. The assembly 

of the two magnets, which are connected in series, in shown in Fig. 5. 

The magnets could b~tested electrically either individually or with 

both magnets in series. The tubular cooling system was supplied with 

two-phase helium from a CTi Model 1400 refrigerator. A schematic 

of the refrigeration system is shown in Fig. 6. The magnet and control 

cryostat are connected by a 9 m long flexible transfer line. The 

refrigerator compressor pumps the helium through the magnet cooling 

circuit. The cqntrol cryostat serves as a liquid helium collection 
\ 

point. The quality of the helium. entering the magnet is reduced by 

heat exchanging with the liquid helium in the control dewar. 5 

Tests of the two magnets indicate that the tubular cooling system 

will operate on a closed cycle refrigerator. The CTi Model 1400 

refrigerator used for the test is capable of delivering 55 W at 4.5°K, 
. -1 

or it will liquify helium gas at the rate. of 0.54 gs . The measured 

refrigeration liquefaction coefficient for the refrigerator running at 
. . 

-1 high refrigeration loads (90 rpm engine speed) was 125 Jg (4.4 W per 

liter per hour). 

The refrigerator cooled the magnets down (the cold mass of the 

system was around 220 kg) and was able to refrigerate the magnets 

with plenty of excess capacity. The mass flow through the magnet 

cooling tubes increased as their temperature decreased (see Fig. 7). 

The pressure drop across the 235 m of cooling tube decreased with 

temperature (see Fig. 8). When the magnet temperature reached 5.3°K 
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(just above the critical temperature) the pressure drop was about 

0.2 bar. The onset of two-phase flow was announced by a dramatic 

decrease in pressure drop (at least a factor of 2) across the magnets. 

As the heat exchanger became covered by liquid helium the pressure 

drop leveled off below O. OS bar when the mass flow through the magnet 
-1 was 4 gs • 

The average operating temperature of the two magnets was 4.6°K 

(as measured by silicon diode thermometers). The estimated heat leak 

into the cryogenic system (inCluding control dewar and transfer line) 

was 10 W. The three 1000 A electrical leads required o.iS gs-l of 

gas flow. The refrigerator was, able to refrigerate the magnet, provide 

gas for the electrical leads, and liquefy 0.27 gs-l of helium into 

the control cryostat. Steady state operation of the two-phase 

cooling system was smooth. There was no evidence of flow oscillations 

in the cooling system. 

The refrigeration system was operated when the load exceeded 

the refrigerator output. 'During steady state operation, with the 

liquid level in the control dewar dropping, a magnet temperature of 

4.6-4.8°K was maintained even though there was insufficient refrigera­

tion. The magnet temperature did not increase until the helium 

which covered the heat exchanger had boiled away.6 

The tubular cooling system was well behaved during a magnet 

quench. The 235m of cooling tube in the two magnets contained about 

20 Ii ters of liquid helium. Since the heat transfer from the coil 

and bore tube is poor, the pressure buildup in the cooling tube 

took 10 or 15 seconds. Peak transient pressures of 14 bar were 



-10-

measured in the cooling tubes. The time required for the system to 

recover from a quench depended on magnet stored energy released into 

the coil and bore tube. Recovery times varied from 1 to 20 minutes. 

Magnet Performanqe Tests-

The A and B magnets were tested by an LBL team of engineers and 

physicists lead by P. Eberhard, J. Taylor and the author. Quenches 

were' induced by discharging a 1000 ~F capacitor into small (10 nun 

diameter) quench coils. The magnetic field pulse created by'these 

coils turns a small region of the magnet normal. The pulse of the 

quench coil provides a time mark for the quench process. Electrical 

data, such as the magnet _furrent and the voltage generated in a coil 

Which measured d<P/dt, were recorded on pictures of a storage oscillo­

scope screen. 7 The pictures were measured and the digital information 

was then pr@cessed on the computer. 

Quench tests were made in graduated steps with quenches being 

induced at low. currents first. 8 This procedure was followed in order 

to get as much experimental data as possible before the coil might 

be destroyed. Both magnets were operated at current densities in 

excess of 109 Am- 2 without apparent damage. The quench tests yielded 

the following information: :1) quench propagation velocities were 

estimated; 2) a shift in the current from the cpil to the bore tube 

was measured; arid' 3rquench back from cbore tube back to superconducting 

portions of the coil was demonstrated .. In addition to quench tests, 

strain measurements on the- bore tube of -two coils were made. Training 

or lack of it can be correlated with these me.aSllrements of strain. 

.< .. 
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The LBL quench tests showed that the coil resistance (the normal 

r~gion size) grew as time squared early in the quench process. 

~ench velocities as high as 35 ms- l were measured along the wire. 

Quench velocities along the wire as a function of matrix current 

density are shown in Fig. 9. In the early portion of the quench, the 

functional relationship between quench wave velocity and current 

density is in general agreement with theory. The estimated quench 

velocities agree with the theoretical values better than a factor of 2. 

The quench tests demonstrated the viability of the coupled bore 

tube, and also demonstrated that the magnet current is shifted into 

the bore tube as the coil goes normal. Figure 10, which is a plot 

of the magnetic flux due to the coil current, bore tube current, 

and·total current, shows that early in the quench process the current 

shifts from the coil to the bore tube while the total flux remains 

relatively unchanged. 

Figure 11 shows the normalized coil current 1/10 as a function of 

time for various starting currents 10 in the B magnet. All of the 

curves except for the 100 A curve show a break where the current 

in the coil suddenly drops. This is the "quench back" process when 

the entire coil quickly becomes normal. Quench back divides the 

quench process into two distinct periods: The first period is charac-
i 

terized by the quadratic increase in coil resistance described 

previously. The coil current drops while the bore tube current 

increases. The first period (Period 1) ends with the sharp bore tube 

current increase (or sharp coil current decrease) we call "quench back." 
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Quench back usually starts when the coil current drops to about 70% 

of its starting value. Before quench back, only a fraction of the 

coil winding is normal. Heat from resistive heating in the bore tube 

drives the rest of the coil normal. (It should be noted that the 

shift in the magnetic field in the coil could cause quench back at 

high currents in the coil.) After quench back, when the coil is 

entirely normal, the second period starts. This period, called 

Period 2, is characterized by a roughly exponential current decay in 

both the coil and the bore tube (see Fig. 10).10 

Figure 12 shows the quench-back time as a function start~ng 

current in the A and B magnets. The band between the upper and lower 

curves represents the time over which the coil becomes entirely normal 

through the quench back process. The A magnet requires more time to 

quench back than does the B magnet. An explanation for this is that 

normal resistance per unit length is greater for the B magnet conductor 

than for the A magnet conductor. Quench back apparently occurs when 

the magnet coil resistance reaches a specific value. The B magnet 

reaches this value sooner than the A magnet. When the B magnet had 

normal regions induced at more than one point, the quench back time 

was reduced. When the A and B magnets were hooked in series the quench 

back time was longer t~ for either of the magnets alone. This 

suggests that d<t>/dt had to reach a certain value in order to induce 

enough current in the bore tube to drive the rest of the magnet normal. 
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The duration of Period i, the time before quench back, is 

important for hot spot formation within the coil. The length of Period 1 

was found to decrease as the starting current to the 3/2 power. 

The temperature which a coil hot spot reaches is a function of the 

integral of the current density squared with time. 8 It is important 

that coil current decay quickly in a high-current-density magnet. 

Since "quench back is an important part of the process of dumping the 

coil current, it is important to minimize the quench back time. 

Since there is a marked shift in current from the coil· to the 

bore tube, much of the magnet energy will end up in the bore tube. 

The amOlD1t of energy which ends up in the bore tube is a function 

of the current decay time constants for the coil and the bore tube. 

For example ,at a current of 700 A in the -A magnet 73% of the magnetic 

energy was deposited 1n the bore tube. The bore tube current decay 

time constant is a factor of 3 to 4 longer than the coil time 

constant for this magnet. In general, it was found that more of the 

magnetic energy ended up in the bore tube at high initial currents than 

at low currents. 

The training of the two magnets was quite different. The B 

magnet which was tested only once, exhibited no training as the coil 

was changed to various currents up to 920 A (the limit of the power 

supply we were using). The A magnet which had been tested three times 

has trained during the last two tests. The first test may have had 

some training but we are not sure. (The refrigeration system was 

troublesome during the first test of the A magnet.) Training quenches 

occurred at currents of 597, 654, 696, 733, and 773 A during the second 
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test of the A magnet. The third test of A magnet had only one training 

quench at 804 A. Training ~n the A magnet is apparently caused by 

movement of the superconductor within the magnet due to a broken 

epoxy bond between the bore tube and the coil. Strain gage measure-

ments on the A magnet bore tube showed that a portion of the coil 

moved away from the bore tube as magnetic stresses were applied. 

The B magnet, which exhibited no training, showed no evidence of coil 

separation from the bore tube. Future LBL thin solenoids will be 

designed to prevent movement of the coil away from the bore tube. 

The two LBL 1 m test coils both operated at current densities 
9 -2 in excess 10 Am . The B magnet was quenched when itsstored magnetic 

energy approached a third 'of a megajou1e (see Table 3). Both 1 rn 

test magnets operated at current densities far above what is normal for 

magnets of their stored magnetic energy (see Fig. '2). 'We conclude 

that the concept of the well-coupled low resistance bore tube worked 

as expected. The experimental evidence gained has aided the design 

of the 2 m test magnet. 

The Two Meter Test Coil 

One or two more test solenoids will be built before the PEP 

detector magnet is built. At least one of these magnets will have a 

diamet:er of 2 ID. ClIr LBL team has decided to incorporate two features 

not found in the 1 ID diameter coils: 1) There will be longitudinal 

quench propagaters built within the magnet coil to increase the turn­

to-turn quench velocity. Quench propagation turn-to-turn in theory 
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can be made as fast as quench propagation along the superconductor. 

Thus the resistance of the coil will grow much faster. 

2) There will be a support member built into the coil to prevent coil 

movement away from the bore tube in the ,event the epoxy bond is broken. 

In addition we intend to pursue the development of magnets using 

alumimnn based conductors and other materials which have a low radiation 

thickness. (For example, one could use a magnesium bore tube, magnesium 

cooling tubes, and a boron fiber composite support system.) 

Other methods of quench control will be considered. The LBL 

experiments show the importance of dumping the current in the coil 

quickly. The low resistance bore tube is the key to this process. 

Our team is investigating two other methods of speeding up the quench 

back process in addition to the longitudinal quench propagaters. 

They are: 1) small quench coils are scattered about the magnet and 

induce many normal regions into the magnet simultaneously; 2) a dump 

resistor is put across the leads, putting d¢/dt into the magnet to 

drive enough current into the bore tube in order to cause early quench 

back. The low resistance bore tube causes the current in the coil 

to decrease rapidly. Both of the methods mentioned previously 
I 

require the development of a reliable quench detection system. 
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Stumnary 

Our team at the Lawrence Berkeley Laboratory has demonstrated 

that large thin solenoids can be refrigerated with a two-phase 

helilDll tubular cooling system. These magnets have operated at high 

superconclucting matrix current densities up to 1.17 X 109 Am- 2. 

At this current density the magnet stored energy was 312 kJ. 

It is now felt that high current density solenoids with stored 

energies in excess of 10 MJ can be built using the technology now 

under development at LBL. The use of high current density, tub~lar 

cooled solenoid magnets could extend far beyond high energy physics. 

Such magnets may eventually find their way into magnetic separators, 

or magnets for space application due to the light weight of the magnet 

coil. Integration of the coil, bore tube and cryogenic system into 

a single unit is an important step toward developing a reliable super­

conducting magnet system. 
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Table L Jhe thickness, of various materials for a radiation thickness of 
, . . ,one radiation length ' 

Material 

Helium (liquid) 

Epoxy-dacron' 

, Epoxy-glass 

Magnesium 

AllD11inum 

Copper 
* Copper based 

* 

superconductor 
Nb-Ti 

Thickness for one radiation length 
(nun) 

7450.0 ' 
345,.0. 

183".0' 

145.0 
'90.0 

,14~ 5 

15.6-16.2 

Copper to superconductor ratios-vary from 2 to 1 to 1 to 1. 
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- Tabie 2~ "'fh~_, supetconductor characteristics for 
the twoLBL one meter solenoids 

Magnet A 

Bare matrix. diameter (rrm) 0.99 
Insulatadmatric diameter (mm) 1. 09 
Copper to superconductor ratio 1.8 

Number of filaments 2300 
Filament diameter(~) 12.3 
Filament twist pitch (rrm) .,. 10 
Critical current (A) @4.2K,2T 900 

(def ined as 10- 14 fm1 res isti vi ty 

Magnet B 

1.00 ": 

1.10 
LO 
2700 

13.6 

- 10 
1360 
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Table 3. Physical and electrical characteristic of the 
two LBL one meter solenoids 

A Magnet B Magnet 

Coil diameter (mm) 1035.0 1035.0 
Coil length (mm) 461.0 464.0 
Ntunber of turns 835.0 832.0 
Magnet self inductance (H) 0.75 0.74 
Magnet design current (A) 700.0 880.0 
Design current density in 
matrix (Am-2) 0.91x109 

1.12x109 

Stored energy at design 
5 

2. 88X105 current (J) 1. 83xlO 

Peak current achieved in test (A) 804.0 920.0 
Peak current density achieved 
in test (Am-2) 1. 02xl09 

1.17x109 

Peak stored energy (J) 2.42xlO 5 
3.12X105 

Radiation thickness 
(radiation lengths) 0.24 0.24 
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Figure Captions 

Fig. 1 An exploded view of a colliding beam machine detector magnet 

showing the inner cryostat, coil, and outer cryostat. 

Fig. 2 The stored energy versus superconductor matrix current 

density for a number of magnets built since 1961. 

Fig. 3 A cross section of the LBL 1 m diameter solenoid coil. 

Fig. 4 The completed LBL magnet B showing the lead bus bar assembly. 

'Fig. 5 The A and B solenoid magnets connected together for testing. 

Fig. 6 A schematic of the tubular cooling refrigeration system used 

for the LBL thin coil tests. 

Fig. 7 Helium mass flow from the CTi 1400 refrigerator as a function 

of average magnet temperature. 

Fig. 8 The pressure drop across the A and B magnet cooling coils 

(235 m of 10.8 mm inside diameter tube) as a function of 

average magnet temperature. 

Fig. 9 Quench propagation velocity as a function of matrix current 

density (the Karlsruhe data taken by P. Turowski 9 shows a J2 

dependence. The sample was well cooled, retarding the 

velocity at low current). 
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Fig. 10 Magnetic flux due to current in the coil, bore tube and 

the total magnetic flux as a ftmction of time since the 

start of the quench in magnet A at a starting current of 700 A. 

Fig. 11 The normalized coil current versus time after quench start 

for various starting currents in magnet B. 

Fig. 12 Quench back time versus starting current in magnets A and B. 
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