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Introduction

We will address the following question

How do we establish if a magnet 
reached its limit? 
is degraded? 
is limited by conductor motion or flux jumps?

What is “training”?

What are the possible causes?
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Degradation or energy deposited quenches?

A magnet quenches at a current lower than Iss : is it a conductor-
limited/degradation quench or a energy deposited quench?

In general the answer is never easy, but four types of analysis may give 
us some information.
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Degradation or energy deposited quenches?

1) Temperature dependence studies 
Since conductor limited quenches occur when the magnet current 
passes the critical current at a given temperature, they are very 
sensitive to temperature

One of the way to check if a magnet reached the conductor limit is to vary 
the temperature, and verify if the maximum current is “moving” along 
the critical surface.
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Degradation or energy deposited quenches?

2) Ramp-rate dependence studies
Ramp-rate quenches are induced by 
AC losses. At high ramp rate, AC 
losses can dominate over the other 
quench causes.
A reduction of the ramp rate, and 
consequently of the AC losses, 
should produce, in the absence of 
other possible causes of premature 
quenches, a “smooth” increase of 
quench current to the conductor 
limit.
A sharp change in the quench 
current vs. ramp-rate curve can 
represent an indication of a magnet 
not limited by the conductor. 
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Degradation or energy deposited quenches?

3) Voltage signal studies
Quench have different voltage precursors. 

A motion or a flux jump generates a change in magnetic flux inside the winding.
A variation of magnetic flux results in a voltage signal detected across the coil.

Depending on the shape of the voltage signal, it is possible to identify 
Conductor limited quenches: slow, gradual resistive growth
Flux jump induced quenches: low-frequency flux changes
Motion induced quenches: acceleration-deceleration-ringing

Conductor limited Flux-Jump Motion
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Training

Proceedings of the 6th International Conference 
on Magnet Technology, 1978. p. 597.
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Training
Definition

Training is characterized by two 
phenomena

The occurrence of premature quenches
What are the causes?

The progressive increase of quench 
current

Something irreversible happens, or, in 
other words, the magnet is somehow 
“improving” or “getting better” quench 
after quench.
Some irreversible change in the coil’s 
mechanical status is occurring.

In R&D magnets, training may not be an 
issue.
For accelerator magnets it can be 
expensive, both in terms of time and 
cost.

A. Tollestrup, [2]
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Training 
Causes

Mechanically induced quenches are considered the main 
causes of training in superconducting magnets. 

Frictional motion of a superconductor
During excitation electromagnetic forces determine conductor motion; 
any motion of a conductor in a frictional environment produces heat.
After each quench, the coil is partially locked by friction in a new and 
more secure state which allows the conductors to withstand higher levels 
of electro-magnetic forces.

Epoxy failure
Under the stress status induced by the mechanical structure and the e.m. 
forces, the coil stores strain energy. When a crack is initiated and 
propagates (for example in the resin), part of the original strain energy is 
dissipated as heat.
Premature quenches produced by epoxy cracking take place when the 
stresses in the winding exceed the epoxy’s fracture stress. Once the epoxy 
is locally fractured, further cracking appears only when the e.m. stress is 
increased.
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Frictional motion

The Coulomb friction (or static friction) model is defined as 
follows.

Let’s consider two bodies in contact, being N the normal force exerted 
between the two surfaces.
We then apply to one of the two body a force Fappl parallel to the 
contact surface. 

The friction force is given by Ffr £ µN where µ is the friction factor.
This means that the friction force depends on Fapp

If Fapp £ µN, no sliding occurs, i.e. the friction force is (just) what is needed 
to prevent motion
If Fapp > µN, sliding occurs, and the friction force is constant and equal to 
µN. 
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Frictional motion

We can use a contact pressure P instead of force N, and frictional stress or 
shear stress sfr instead of Ffr.

The Coulomb model can be reformulated as follows
Two surfaces can carry shear stresses sfr up to a magnitude of µP across their 
interface before they start sliding relative to each other. 

Whenever two surfaces slide with respect to each other in a frictional 
environment, frictional energy is dissipated. The frictional energy 
dissipated per unit area E (J/m2) can be estimated as 

where d (m) is the relative sliding of the two surfaces, and sfr (N/m2) is 
the frictional stress between the two surfaces (in the direction parallel to 
the two surfaces). 

frE ds=
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Frictional motion

Where does this 
frictional motion occur?

Some examples

Azimuthal sliding 
between coil and collar 
because of azimuthal 
e.m. forces
Radial sliding between 
coil and collar because 
of radial e.m. forces
Axial sliding between 
coil and pole because of 
axial e.m. forces
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Frictional motion

Some orders of magnitude
Let’s consider a contact pressure between coil and support structure 
(or between adjacent cables) P of about 30 MPa (LHC or SSC).
With a friction factor µ = 0.3, the maximum frictional stress will be   

sfr = µP = 9 MPa

A relative sliding d of about 1 µm will dissipate

E = sfr d ~ 10 µ J/mm2

10 µ J was the computed MQE for the SSC dipole: a very small motion 
under friction can initiate a quench

Fine, but how can we explain the progressive increase of 
quench current?
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Frictional motion

A simple analytical model has been proposed 
by O. Tsukamoto and Y. Iwasa [3].

A simple force cycle applied to a spring system shows
Irreversible displacement at the end of the first cycle
Reduction of total displacement in the second cycle

Y. Iwasa, [4]
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17. Degradation and training Episode II 16

Frictional motion

If we consider three springs, the transition from stick to 
sliding is more gradual, both during the increase of force 
and the decrease of force.
With increasing or decreasing applied force, the bodies start 
sliding one after the other.
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Frictional motion

A real coil under the effect of 
Lorentz forces, can be analyzed 
as a series of springs.

If we cycle the forces, a frictional 
system in not completely reversible.
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Frictional motion

Strain measurements
Increase of coil length as Lorentz forces are cycled

The axial Lorentz forces tend to pull the coil ends outwardly
After an excitation cycle, the coil does not return to its original length
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Frictional motion

Acoustic emissions 
measurements

AE are emitted during 
frictional sliding between two 
surfaces (cracks)
Kaiser effect 

“During a sequence of cyclic 
loading, mechanical 
disturbances such as 
conductor motion and epoxy 
fracture appear only when 
the loading responsible for 
disturbances exceeds the 
maximum level achieved in 
the previous loading 
sequence.” [3]

H. Maeda, et al., [4]
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Frictional motion

How to prevent it?
Minimizing conductor motion

Hold the coil as tight as possible
Quality of the components

Smooth surfaces to minimize frictional energy
Epoxy impregnation

It glues the conductor
It “protects” the brittle superconductor (Nb3Sn)
It increases the coil modulus

For the same force/stress applied, the displacement/strain is reduced

Unfortunately epoxy impregnation presents a drawback
Epoxy failures
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Epoxy failures

Epoxy resin becomes brittle at low temperature
Micro-cracking or micro-fractures may occur

The phenomenon is enhanced by the fact that the 
epoxy has an higher thermal contraction than the 
composite superconductor (to which it is glued)

After cool-down the resin is in tension

A brittle material in tension may experience crack 
propagation.

When a crack propagated, the strain energy previously 
stored in the volume surrounding the crack is converted 
in heat.

We can compute the order of magnitude of the 
energies released by epoxy cracking.

M. Wilson, [6]
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Epoxy failures

A material under stress/strain stores a strain energy density 
[J/m3] given by (uniaxial case)

where E is the elastic modulus [N/m2]. 
After cool-down, considering the much higher modulus of 
the composite conductor, the strain in the epoxy can be 
expressed as 

where a is the integrated thermal contraction (from 293 K to 
4.2 K).
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Epoxy failures

Assuming for the epoxy an elastic 
modulus of 5000 MPa, one gets a 
stored energy density of 1.6 ´ 105 

J/m3, which is very high compared 
to the minimum quench energy 
density.

To prevent or minimize this potential 
quench initiation phenomenon 

fibrous reinforcement (fiberglass) are 
added to the epoxy to reduce cracks 
and thermal contraction;
volumes with only resin are 
minimized;
In general, epoxy is used where it is 
needed (Nb3Sn magnets).

A current question is how do we 
characterize the epoxy properties and 
what do we need?

M. Wilson, [2]
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Case studies of quench performance
Tevatron dipole magnets

All magnets were measured under two different excitation cycles 
(different ramp rates). 
The average Jc measured on the cable is 1800 A/mm2 at 5 T and 4.2 K. 
The average short sample current is 4600 A (nominal 4333 A). 

H.T. Edwards, [8]First quench
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Case studies of quench performance
HERA dipole magnets

Training is negligible: maximum quench current reached after few 
quenches. 

S. Wolff, [9]
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Case studies of quench performance
SSC dipole magnets

Test results from 18,  50 mm aperture, SSC dipole prototypes [10] 
No or very little training to 6600 A (operating current).
All the magnets tested reached a plateau current very close to the short sample 
current. 

W. Nah, et al. [10]
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Case studies of quench performance
RHIC dipole magnets

Test results of the first 41 RHIC dipole magnets [11] 
All the magnets exhibited minimum quench well above the RHIC operating 
current of 5000 A.

A. Green, et al. [11]
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Case studies of quench performance
LHC dipole magnets

During the test of virgin 
magnets,  in order to reach 
the nominal current of 
11850 A (about 86% of Iss)

0.6 quenches per magnet for 
Firm1, 1.2 for Firm2, and 1.0 
for Firm3.

Improved training expected 
during commissioning.
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Overview of quench performances
D20

Conditioning
Magnet is cool-down at 1.8 K and then warm up to 4.4 K to improve 
training performance

De-training
A progressive degradation occurred due to a damage to a splice.
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Case studies of quench performance
Tevatron Quad Corrector

Aperture 3.00 inches 
Maximum gradient 0.633 T/cm 
Current ~1000 A Maximum ramp rate 50 A/sec
Magnetic length 24 inches 
Overall length 30 inches 
Outside diameter 7.25 inches 
Integrated 12-pole harmonic < 15 units
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Case studies of quench performance
Tevatron Quad Corrector
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Fabrication and Performance of a New High-Gradient Trim 
Quadrupole for the Ferrnilab Luminosity Upgrade 

P. M. Mantsch, J. A. Carson, S. A. Gourlay, M. J. Lamm, A. W. Riddiford 

Fermi National Accelerator Laboratory* 
P.O. Box 500 

Batavia, Illinois 60510 

SUMMARY Requirements and specifications. 

A series of 16 high-gradient trim quadrupole magnets has 
been designed and built for the Tevatron luminosity upgrade 
(Fermilab III). These quadrupoles form part of the new Low- 
Beta system for the two interaction regions in the Tevatron 
Collider. The magnets have been installed in the Tevatron 
lattice in anticipation of the 1991 collider run. 

, Aperture ! 3.00 inches 
Ml m. txirnum gradient 1 0.t _ -. ^ 533 T/cm 
Current l-1OOOA 
Maximum ramp rate ’ rA A ’ 
Magnetic length 
n----11 bnoth 

The one-shell design uses a “cable” of individually 
insulated rectangular strands. The cable is overwrapped with 
Kapton and epoxy impregnated glass tape. The winding, 
curing and collaring of the magnet is accomplished in the 
same manner as Tevatron-like magnets using Rutherford style 
cable. Once the magnet is assembled, the five strands are 
connected in series to achieve high gradient at low current. 
The required gradient is 0.63 T/cm at 1086 A. The production 
magnets reached maximum currents of about 1.1 T/cm at 
1990 A. 

w 
Z.0 CT 
76.2 cm 

Outside diameter 1 18.4 in. 
Conductor alloy 1 NbTi 
cu::sc ratio 
Number of filaments 
Strand dimensions 
Cable dimensions 
Stored Energy 
Inductance 

1.5:1 
612 
1.09 x 1.75 mm2 5 
9.93 x 1.50 mm2 
12,040 J/m at 1.1 kA 
19.9 mH/m 

The success of this design approach suggests other 
applications in beam transport where magnets of high 
performance and low operating cost are required. 

INTRODUCTION 

The main arc magnets in a superconducting accelerator like 
the Tevatron are connected in series. A small number of 
power leads are used to feed current to the ring. Although the 
heat load of the power leads is high, it is small compared to 
other sources of heat in the magnet strings. Superconducting 
magnets used for correctors or trims, however, must be 
powered separately. The large number of these individually 
powered magnets can contribute a substantial fraction of the 
total heat load of the machine. The heat load of these leads 
can be reduced by designing magnets with as low a current as 
possible. The design of the Low-Beta system for the 
Fermilab Collider requires three high-gradient quadrupole trims 
on each side of the two interaction regions. These quadrupole 
trims replace standard correction packages in the existing 
spool pieces. 

The design, described in detail in reference 1, features a 
single-shell coil wound with cable and copper wedges to 
approximate a cos29 current distribution. The coil is 
supported by aluminum collars and surrounded by a laminated 
steel flux return yoke. The magnet cross section is shown in 
Figure 1. 

Figure 1. Magnet cross section. 

__-- 
* Operated by Universities Research Association Inc., under 
contract with the U.S. Department of Energy. 

The cable consists of five parallel monolithic conductors 
each individually Kapton wrapped. The five insulated strands 
are then ovetwmpped with the Kapton and epoxy/glass system 
first used on the Tevatron. The cable and insulation systems 
are shown in Figure 2. 
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Figure 2. Cross and longitudinal sections. 

Twelve spool pieces containing the quadrupole trims have 
been built and installed in the Tevatron ring. All of the 
magnets have been successfully operated in the ring during 
Low-Beta studies in the fall of 1990. 

PRODUCTION EXPERIENCE 

The construction techniques used in these magnets are 
described in reference 1. The fabrication methods are those 
traditionally employed in other accelerator quadrupoles using 
Rutherford style cable [2,3]. This design approach is unique 
in that many splices are required to connect the cable strands. 

Winding of coils using the five-strand cable presented no 
special problems. The ease of winding was attributable to the 
constant perimeter shape of the winding key ends. 

Problems with the strand-to-strand cable splices became 
apparent after magnet operation in the test dewar. The magnet 
performance suggested high resistance joints. Disassembly of 
the affected magnets confirmed this data. Since room 
temperature resistance cannot be used to qualify the splices, 
additional rigor was imparted in the splice-making procedures 
along with modifications to the splice fiituring. The fixtures 
were modified to facilitate the addition of solder and maintain 
strand-to-strand pressure during the soldering operation. 
Subsequent assemblies using the revised techniques and 
tooling yielded magnets with the expected performance. 

TESTING 

Prior to cold testing, room temperature magnetic 
measurements were performed on each magnet to determine 
the field integral harmonics. AlI measured harmonics were 
found to be less than five units (at the 1 inch reference radius), 
except for the 12 pole which was measured to be 
approximately - 16 units. 

Next the magnet was tested in a vertical dewar of boiling 
liquid helium. Magnets were repeatedly quenched until a 
quench current plateau was established. The ramp rate for 
these quenches was 12 A/s. Each training quench exceeded the 
maximum operating current. Quenches were also performed at 
ramp rates up to 200 A/s. Magnets were deemed acceptable if 
they had a quench plateau current in excess of 1600 amps. 

Magnets that failed this criterion invariably were found to 
have a poorly soldered splice joint. 

For the first four cold tested magnets, body and integral 
magnetic measurements were also performed. These 
measurements were used to study the 12 pole versus current 
hysteresis, and to correlate cold harmonics with room 
temperature magnetic measurements. 

Finally, the spool piece package containing the trim 
quadrupole and other correctors was cold tested at 4.6 K on a 
Tevatron test stand at the Fermilab Magnet Test Facility. The 
magnet was quenched once to verify that the magnet could 
reach the maximum operating current. In every case the 
magnet exceeded 1600 amps prior to quenching. Magnetic 
measurements were performed to determine the quadrupole 
field angle with respect to gravity and the magnetic center. 

PERFORMANCE 

For convenience, the conductor used for these magnets was 
derived from the same material used for the high-gradient 
quadrupoles built for the Low-Beta system [2, 31. Although 
not optimum for the five-in-one magnet, the conductor 
performance was more than adequate. Some features of that 
conductor should be noted. Since the cross sectional area of 
the five-in-one strand is 8.7 times larger than the Low-Beta 
quadrupole strand, the filaments are 44 microns in diameter. 
Because of the nonoptimized drawing geometry and in 
particular the reduced strain ratio, the current density (-2000 
A/mm2, 4.2 K, 5T) is about a third less than the 0.528 mm 
strand used in the regular Low-Beta quadrupoles. There is no 
cabling degradation, however. Again the current density more 
than meets the requirement. Another unusual feature of this 
design is that the current density in the copper at the plateau is 
about 1450 A/mm2 at short sample. This is to be compared 
with the copper current densities of about 1000 for other 
superconducting dipoles and quadrupoles. 

Figure 3 shows the number of training quenches to 
plateau. The structure of the rectangular monolithic conductor 
is mechanically more stable than the Rutherford cable. This 
is reflected in the low training observed in these magnets in 
spite of the high-current densities. 
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Figure 3. Number of training quenches. 

Figure 4 shows the quench plateau current of each of the 
16 quadrupoles that were built. Three of the magnets show 
plateaus somewhat below what is expected from conductor 
short sample measurement. This is attributable to a strand 
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Case studies of quench performance
Tevatron Quad Corrector
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Figure 3. Number of training quenches. 

Figure 4 shows the quench plateau current of each of the 
16 quadrupoles that were built. Three of the magnets show 
plateaus somewhat below what is expected from conductor 
short sample measurement. This is attributable to a strand 
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with lower than normal short samples possibly due to damage 
during assembly. The lowest quench plateau is still 60% 
above the required current. 
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Figure 4. Quench plateau current. 

The distribution in the first allowed multipole, the 12 
pole, is shown in Figure 5. The approximately 16 units arise 
primarily from the ends. Although the ends were designed to 
be approximately 12 pole neutral, the fairly loose requirement 
on the 12 pole did not justify further refinement of the end 
geometry. Should 12 pole neutral ends be required on such a 
device, development of end geometries could be accomplished 
with the same techniques used for high-current, high-gradient 
quadrupoles. 
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Figure 5. Twelve pole variation. 

Ramp rate studies were done on all the magnets as part of 
the basic qualification procedure. Figure 5 shows a few 
examples of the ramp rate dependence for the Low-Beta single- 
shell quadrupole magnets. Most of the magnets reached the 
current expected from short sample measurements of the 
conductor. All of these magnets show the same rapid fall-off 
to quench current with increasing ramp rate as S5-001. 
However, an interesting phenomena occurs for those magnets 
which fell below the expected short sample limit (presumably 
due to conductor damage incurred either during processing or 
magnet construction). They maintain a plateau which 

eventually meets the falling curve of the higher performance 
magnets. Note that the ramp rate is in amps/seconds in the 
strand The cable current is a factor of five higher. 
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Figure 6. Ramp rate dependence of quench current. 

CONCLUSIONS 

Trim quadrupoles of a new design have been built, 
installed and tested in the Tevatron lattice as part of the 
Collider Low-Beta system. These high-gradient trims are a 
unique solution to the requirement for low-current individually 
powered magnetic elements. Beam transport systems between 
machines or to experimental areas pose the same requirements. 
Both quadrupoles and dipoles using this design could be built 
for that purpose. 

HI 

El 

[31 

REFERENCES 

P. M. Mamsch et al., “A New High-Gradient Correction 
Quadrupole for the Fermilab Luminosity Upgrade,” 
proceedings of the 1989 IEEE Particle Accelerator 
Conference, Vol. 1, Chicago, IL., March 20-23, 1989, 
pp. 512-514. 

A. D. McInturff et al., “The Fermilab Collider Da Low- 
Beta System,” European Particle Accelerator Conference, 
Vol. 2, Rome, Italy, 1988, pp. 1264. 

S. A. GourIay et al., “Quench Performance of 
Superconducting Quadrupole Magnets for the New 
Fermilab Low-Beta Insertion,” these proceedings. 

2238 

PAC 1991

with lower than normal short samples possibly due to damage 
during assembly. The lowest quench plateau is still 60% 
above the required current. 

2500 Maximum Current 

1 1 

xwx)- l * * 
++** + + - 

+ 
+ 

1500- f + 

Short Sample PredictIon 

,M)o----------------------- 

7 
Required Current 

500- 

I I 

0 lb 

Magnet Number 

2.0 

Figure 4. Quench plateau current. 

The distribution in the first allowed multipole, the 12 
pole, is shown in Figure 5. The approximately 16 units arise 
primarily from the ends. Although the ends were designed to 
be approximately 12 pole neutral, the fairly loose requirement 
on the 12 pole did not justify further refinement of the end 
geometry. Should 12 pole neutral ends be required on such a 
device, development of end geometries could be accomplished 
with the same techniques used for high-current, high-gradient 
quadrupoles. 

12 Pd. (X 10-q 

Figure 5. Twelve pole variation. 

Ramp rate studies were done on all the magnets as part of 
the basic qualification procedure. Figure 5 shows a few 
examples of the ramp rate dependence for the Low-Beta single- 
shell quadrupole magnets. Most of the magnets reached the 
current expected from short sample measurements of the 
conductor. All of these magnets show the same rapid fall-off 
to quench current with increasing ramp rate as S5-001. 
However, an interesting phenomena occurs for those magnets 
which fell below the expected short sample limit (presumably 
due to conductor damage incurred either during processing or 
magnet construction). They maintain a plateau which 

eventually meets the falling curve of the higher performance 
magnets. Note that the ramp rate is in amps/seconds in the 
strand The cable current is a factor of five higher. 

ZCQO 

1 

1900- Oo 
AA P 

g 0 
1800 - 

A 8 
0 

1700- x 
” ‘I x I( x 

t 
1 h :: 

,600 no 0 a a a a a d q cI 

1 

0 55-001 

I s5-003 

a 55-004 

A s5-005 

1500 ! 1 
0 loo 200 300 400 

Ramp Rate (A/s) 

Figure 6. Ramp rate dependence of quench current. 

CONCLUSIONS 

Trim quadrupoles of a new design have been built, 
installed and tested in the Tevatron lattice as part of the 
Collider Low-Beta system. These high-gradient trims are a 
unique solution to the requirement for low-current individually 
powered magnetic elements. Beam transport systems between 
machines or to experimental areas pose the same requirements. 
Both quadrupoles and dipoles using this design could be built 
for that purpose. 

HI 

El 

[31 

REFERENCES 

P. M. Mamsch et al., “A New High-Gradient Correction 
Quadrupole for the Fermilab Luminosity Upgrade,” 
proceedings of the 1989 IEEE Particle Accelerator 
Conference, Vol. 1, Chicago, IL., March 20-23, 1989, 
pp. 512-514. 

A. D. McInturff et al., “The Fermilab Collider Da Low- 
Beta System,” European Particle Accelerator Conference, 
Vol. 2, Rome, Italy, 1988, pp. 1264. 

S. A. GourIay et al., “Quench Performance of 
Superconducting Quadrupole Magnets for the New 
Fermilab Low-Beta Insertion,” these proceedings. 

2238 

PAC 1991

Training quenches to plateau

Plateau current of all the magnets



Summary

The training phenomenon can be defined as
The occurrence of premature quenches
The progressive increase of quench current

Both characteristics can be explained by frictional motion 
and/or epoxy fracture.

Superconducting accelerator magnets usually operate with a 
sufficient current margin (with respect to short sample 
current), so that nominal current is reached with very few 
quenches. 
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