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I. INTRODUCTION

This report presents the results of discussions during and work subsequent
to a Workshop on Quench Analysis and Power Supply Operation held at the
SSC-CDG on April 1-4, 1985. The major portion of this volume addresses
quenches in the Design C and D magnets, as described in detail in Appendices A
through H. Some work has been carried out on the power supply operation and
the appropriate control philosophy as described in Appendices I through K.
Further work will be required for a complete understanding of the quenches and
of power supply operation, in particular of the response under transient
conditions. A list of participants is included as Appendix L.

The results of the appendices are presented in the main test of the report
along with enough of the figures to verify the conclusions. Some of the
effort on power supply operation can be found in the Commissioning and Opera-
tions Workshop report, SSC-SR-1005.

The first topic is the analysis of quenches in the Design C, superferric
magnet in Section II. Analysis using four different programs are presented,
and the differences, which are in some cases significant, are discussed. The
detailed results of each of these programs are presented in Appendices C
through F. 1In addition, subsequent to the workshop, quench velocities were
measured on a 1-m long Design C magnet at the Texas Accelerator Center (TAC).
The results of these measurements, which form the basis of much of the input
to the analysis of the type C magnets, are given in Appendix A. When longer
magnets are tested, it wiil be instructive to induce quenches to determine if
our extrapolations from 1-m models are correct.

Quenches in the Design D magnets are considered in Section III. These
have been evaluated with three different computer codes. Again, the results

are quite similar when the initial hypotheses are the same; however, there is



some disagreement as to the exact initial conditions that should be used for
the calculations.

In general, slower initial quench velocities give higher temperatures. At
present, the only quench data are on 1-m models of Designs C and D, a 4.5-m
long, 30 mm bore magnet, and short samples. Additional data on quenches in
longer model magnets are recommended to aid in further extrapolations of these
results to full-scale magnets. At this point it should be noted that the
quench data on the Design C magnet were taken subsequent to (in fact the
effort was stimulated by) the April 1-4 workshop, and the results have con-
siderably lowered the expected quench temperature. The major issue is the
number of diodes required for passive protection. Eventually a tradeoff
between passive and active protection will have to be made after the diode
requirement for passive protection is established precisely. At present, the
group is leaning toward the use of a passive protection system for both magnet
designs because of the inherent reliability and simplicity relative to the
active protection system.

Simulations of the transient response of the two principal magnet types,
Designs C and D are described in Section IV. The preliminary analysis con-
sidered the elements as lumped circuit elements using the program SPICE. Some
part of this effort has been reported elsewhere and is included here as
Appendix I. Subsequent efforts have been to try to understand the impli-
cations of the transformer coupling in the Design C magnets on the current
regulation 1imits and the effects of the delay line character of the magnet
strings on the use of differential transductors to insure tracking between the
12 sectors of the ring. A simulation program, ACSL (Advanced Continuous
Simulations Language), has been used to model the coupling (see Appendix J).

A preliminary report of the new Design C power supply is given in Appendix K.

In this design, at present, the trim coil will quench during a dump because of
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excessive dI/dt due to transformer coupling. The increased thermal load on
the cryogenic system implies longer recovery times. Because of the lower
inductance of the design C magnet, the delay time from the power supply to the
far end of a quadrant in the new design is comparable to the delay time of a

sector (1/12) of Design D.

II. QUENCHES IN THE DESIGN C MAGNET

The Design C magnet is shown in Figs. 1 and 3 of Appendix A, and the con-
ductor is shown in Fig. 3 of Appendix F. The three coils are independently
powered in such a way as to produce a uniform field across the bore for all
beam energies. These coils are magnetically coupled so that when the current
in one changes rapidly a voltage will be induced in the others. Of course,
the induced current will depend on the external connections of the magnets,
the number and placement of diodes, the cause for the initial voltage varia-
tion, etc.

Recently, some quench velocity data have been obtained on the Design C
magnet. These data are used in the quench analysis and are described in
Appendix A. The critical observation is the rather slow propagation of the
quench from turn-to-turn and coil-to-coil. The slow transition times are a
result of the insulation, which, at 0.008 inches of Kapton, is much thicker
than that used in the other proposed SSC dipoles.

The Design C conductor, which is described in some detail in the Appen-
dices, contains solder that melts at about 500 K. There is some concern for

the long term safety of a magnet in which the solder melts repeatedly during

* During the tests of the ISABELLE magnets, which were made with a braided
conductor saturated with solder, some spectacular low-temperature burnouts
were observed. These coils were not insulated as throughly as the present
generation of magnets so the experience there may not be relevant. How-
ever, these results do suggest some caution in the use of solder.



quenches. Because there is little experience* with this situation, we cannot
be certain there is a problem. On the other hand, until some hard data are
available in terms of many quenches on a long coil where the solder can be
forced to melt, there can be no assurance that the system will be safe. The
prudent course to follow at present is to choose a magnet length and protection
scheme that will give a maximum temperature that is below 500 K for the worst
case quench.

Here we consider the temperature during a quench, and its variation with
length, for several different cases. A simple analysis of the temperature
development for a single coil is described initially. Then a more complicated
analysis that includes the mutual inductances among the three coils is
presented.

The Design C magnets are 105-m long and consist of three 35 m long sec-
tions. Because of the double conductor thickness in the joints at the ends of
the magnet sections, and near the diode, quenches are not likely to propagate
across these regions. The doubling up of the conductor in a long joint tends
to reduce the quench velocity considerably. Theoretically the ratio would be

on the order of

v /v - cwire Tmarg wire
Joint *“wire Cjoint Tmarg joint

where the C's are the specific heat per unit length, is a number less than 1

and reflects the expected resistive heating in the joint, and the T re

marg a
the temperature margins for the two regions. The net velocity ratio can easily
be as high as 5. As a result, the propagation in this region is so slow that
the involvement of a second 35 m length of magnet in a quench can only be

relatively minor. Further, this dramatically affects the maximum temperature,



which is set, in essence, by the part of the volume of material that goes
normal in the first 200 ms or so. If a quench begins near one of these joints,
it will only propagate in a single conductor and in only one direction for a
significant length of time.

Aside from a possible quench near the end, the worst case condition for
the Design C magnets is a quench that starts in the outer coil along the
straight section. Only two conductors of the outer coil are involved signi-
ficantly in such a quench, at least until very late, around 300 ms or so. As
a result, it is possible to analyze the quench as if only two conductors
participate and to obtain a reasonable estimate of the energy deposited if the
effective inductance of the outer coil alone is used.

The temperatures for the outer coil quenches using the single coil version
of the computer program QUENCH are shown in Fig. 1 as a function of time for
four different magnet lengths. These curves suggest that, with some reser-
vation, magnets up to about 100 m long could be safe with a single-diode,
passive protection system. The temperatures calculated by QUENCH may be low
because the magnetic coupling among the coils are not included.

For a more complete analysis of the quenches in the superferric magnets,
we need to include the mutual inductances of the three different coils and the
effect of quench propagation from one coil to another. This propagation
occurs both by thermal effects in the case of the inner and outer layers, and
inductively for the trim coil. Details of the circuits and solutions are
given in appendices ¢, D, and F, and a summary is given below.

| The circuit for the 3 T superferric, Design C magnet is shown in Fig. 1 of
Appendix C and is described in detail in Appendix K. The values of the self
and mutual inductances vary with field due to the saturation of the iron.

These inductances are given at several field levels in Table 3 of Appendix D.
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Using the inductances at peak field gives an erroneously low value of the
total stored energy, and thus predicts a low temperature.

The computer code SSC* models the individual conductors of the SSC super-
ferric magnet and includes transitions of the quench from conductor to con-
ductor and from coil-to-coil. It does not model a general coil with some
averaged parameters as does QUENCH. Rather it requires a specific description
of the inductor and then calculates the temperature accordingly. (Note that
the estimate of temperature along the conductor assumes that thermal con-
ductivity dominates the temperature development whereas the program QUENCH
assumes that thermal conductivity is zero.) The SSC* code probably gives a
slightly low peak temperature because of this assumption.

The development of the three currents in the superferric design as esti-
mated by the computer code SSC* are shown in Fig. 2 for a quench that begins
in the outer coil. A similar set of currents for a quench that begins in the
inner coil are shown in Fig. 3. 1In both cases, the entire trim coil is driven
normal fairly early in the quench due to inductive coupling, and reaches a

modest temperature.
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Two effects cause the trim coil to quench more rapidly when the inner coil
quenches than when the outer coil quenches.

The first is the fact that all four turns of the inner coil become involved

in a quench, so that dB/dt is greater.

The second is the closer coupling between the trim and the inner coil than

between the trim and the outer coil.

Note that the mutual inductances used as input to in the program SSC* are
the same between the trim and both main coils so this effect is not included.

One version of the computer code QUENCH is capable of simulating quenches
in inductively and thermally coupled systems. This code has also been used to
mode]l quenches in the Design C dipoles as described in Appendix D. A plot of
one of these quenches is included here as Fig. 4 because the variation of
temperature with time is shown along with the currents. Note that the cur-
rents in the quenched coil are shown as dashed lines while the currents in the
rest of the magnets in the string are shown as solid lines. These magnets are
discharged into the dump resistors and the current in them decays much more
slowly.

The discussion above describes quenches that occur in the body of one of
the 35 m long coils that make up the Design C magnet. If a quench begins at
an end, either between 35 m sections, or at a diode, there will be a delay of
the propagation into other turns. This delay will result in a higher tempera-
ture and is probably the true worst case condition.

An estimate of peak temperatures is described in Appendix F for quenches
that start in different regions of the superferric magnet. These are based on
a computer code TMAX and are summarized in Table I. This computer code models

each conductor in much the same fashion as the code SSC*. However, the
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turn-to-turn propagation time and the quench velocity are inputs to this code
rather than being calculated. To the extent that empirical data is better
than the theoretical estimates, a point which is debatable at this time, this
code should give the best results. We are still not certain of the exact
values of the quench velocity and the turn-to-turn propagation times in a long

coil, even though we have some data from tests on shorter coils.

Table I

Peak Quench Temperature in the 3T Superferric Magnet

Length Peak Conductor Temperature (K)
(m)

Outer Outer End Inner Inner End
140 796 1050 799 981
70 520 679 529 648
35 355 457 365 446

At = 90 ms At = 70 ms

3rd & 4th turn at
140 ms
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III. QUENCHES IN THE 40 MM BORE DESIGN D DIPOLE

The Design D magnet is shown in cross section in Fig. 5. As for the
Design C magnet of the previous section, the quench phenomenon in this coil
has been studied with several programs and for several conditions, such as
temperature, number of diodes, critical current of the conductor, etc.

The critical question to ask of a quench in the Design D coil is what is
the maximum temperature reached by the conductor. Because there is no solder
in this conductor it can be expected to safely reach some higher temperature,
say 800 K. Some magnets have even been tested and showed no apparent damage
after having experienced local quench temperatures of 800 to 900 K. However,
it is not clear that this temperature range is acceptable for a coil that is
operated over a long period of time and is subjected to many quenches. The
ultimate temperature the coils can withstand for a few quenches, which may
occur anywhere in the SSC, may be higher than is possible in those coils that
may be frequently quenched during a beam dump or due to beam excursions near
interaction regions. At present, we can only guess at the effects of multiple
quenches on magnet performance. A conservative approach is recommended here,
with a relatively low temperature, 700 K or so, considered to be acceptable.

Those quenches induced by beam dumps are likely to involve a large portion
of the magnet rather than the small regions that the worst case quench calcu-
lations suggest. 1In fact, the beam will likely cause an extensive area to be
heated close to the critical temperature before one spot goes normal. The
resulting velocity of quench propagation may be 3 to 10 times higher than the
worst case estimates. As a result, the final magnet temperature in these
"susceptible" regions may only be 400 to 500 K, rather than 700 to 800 K. The

life expectancy in this case would be improved considerably.

13



ELECTRICAL BUS

STANLESS STEEL
CRYSSTAT

CoaLING
8Y-PASS

LAMINATED
IRON YOKE

RiTRONIC 40
LAMINATED
COLLAR

MAIN
SUPERCONDUCTING
coiL

BORE TUBE ASSEMBLY.
INCLUDING HIGH VACUUM
CHAMBER AND TRIM COILS

Ri= 1999 cm
R = 4058cm
Ra= 5557cm
Re = 13335 ¢m

Fig. 5. The new type D magnet, is essentially a one-bore version of the

evolved Design A.

14



The effect of operating (not peak) current on quench temperature has been
observed for some CBA magnets. Quenches near short sample, which have high-
quench velocities, generate lower peak temperatures than those occurring at 70
to 80% of short sample, (see Appendix G). These conditions can be compared
to calculations of CBA quenches and then used to predict the results of
quenches in magnets of different designs and having different conductors.

Not all models of the quenches give the same results. We compare below
some different predictions that give different results. These comparisons are
summaries of results described in detail in Appendices F, G, and H. The major
causes of the differences in final temperatures are the different input condi-.
tions, in particular quench velocities and the resistivities of the copper.

Data taken on LBL developed inner coil conductor, in a short sample
apparatus at BNL, gave a velocity of 9.18 m/s at 6 T and 5900 A. Data on
training quenches in a model dipole at LBL for this same conductor gave
velocities for similar, but not identical, conditions of current and field of
about 25 m/s. The latter velocity is in agreement with other "in situ"
measurements and also with the formula used in the program QUENCH. The short
sample data is suspect, but it cannot be ignored. This difference in velocity,
with all other characteristics held constant and using a single diode per
dipole, leads to a very different ultimate temperature for a given magnet
length. A conservative approach, if one is to base the protection system on

the slow velocity, would be to put two or four diodes in each magnet rather

than one.
One possible suggestion for a 16.6 m magnet is to have 4 small diodes, one
across each quarter of the coil and to have 1 large diode across the total

magnet. These would all be in a single heat sink. The small diodes would
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never carry the entire current, and, by mechanically connecting the diodes
together, only one heat sink is needed. This heat sink must be sized for the
single diode protection system.

Some calculations that are based on the higher velocity, about 25 m/s, are
shown in Fig. 6. This prediction is from Appendix G. An even lower tempera-
ture is given by an extrapolation from 30 mm bore, 4 m dipole test data,
Appendix H. The lower quench velocity of 12 m/s, gives an unsafe temperature
for Design D dipoles longer than 4 m if only one diode is used. This result
is described in Appendix F.

The conclusions one can draw from these calculations is that the Design D
dipole will be safe with a passive protection scheme at some length and with
some indeterminate number of diodes. Additional measurements, in particular
on long magnets, will be needed to select the appropriate length and number of

diodes needed for protection.

IV. POWER SUPPLY CONSIDERATIONS

Simulations of the transient response of the two principal magnet types,
Designs C and D, as lumped circuit elements were carried out during the week
of the workshop using the program SPICE running on the VAX used by the CDG.
During this time the main focus was on understanding the magnet systems as
circuit elements. The voltage waveforms required for a linear field ramp from
1 TeV to 20 TeV in 1000 seconds were generated for the designs.

As expected, Design D had no surprises. The transformer coupling of the
three separate windings for the Design C requires larger voltages to compen-
sate for the mutual inductance between the windings and, in the case of the
trim winding, a +20 V power supply capable of currents from -3 kA to +3 kA.
This latter power supply provides an interesting design challenge. The main

conclusions of this workshop have already been presented as Appendix 7.2
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of the Report of the Task Force on SSC Commissioning and Operations (SSC-SR-
1005), which is included here as Appendix I. This Appendix, along with the
original Reference Designs Study, gives an overview of the magnet power supply
system for the SSC.

Since the workshop, the efforts of the group have been to try to under-
stand the implications of the transformer coupling in the TAC design con-
cerning the limits on current regulation and to understand the effect of the
delay line character of the magnets in using the differential transductor
approach to insure tracking between the 12 sectors of the ring. A simulation
program, ACSL (Advanced Continuous Simulations Language), was used to model
the coupling. In this process it was necessary to make a first pass design of
the regulator loops for one sector of Design C. The preliminary report of
this work is given in Appendix J.

In response to the observation that there was substantial power consumption
in the room temperature components of the output filter networks in the high
current power supplies proposed for the original design C circuit, that supply
has evolved into a 4-sector circuit, which reduces power consumption by a fac-
tor of 3. A preliminary report of the new Design C power supply is given in
Appendix K. This new design has not received the same level of scrutiny as
the previous design and Design D. In particular, with the present choice of
dump resistor values, the trim coil will quench because of excessive dI/dt due
to transformer coupling during a dump. The increased thermal load on the
cryogenic system implies longer recovery times.

Little progress has been made in actually simulating the effect of the
delay line character of the magnet system on the tracking of the magnetic
field in the different sectors of the ring. Because of the lower inductance

of the design C magnet, the delay time from the power supply to the far end of
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a quadrant in the new design is comparable to the delay time of a sector
(1/12) of Design D.

~ As mentioned above, two simulation programs were used to study the pro-
posed SSC magnet power supply characteristics. The program SPICE has been
around for many years and simulates the response of an arbitrary network made
up of linear discrete components. The lumped constant equivalent circuit of
an SSC 6 T magnet half cell is shown in Fig. 7. The transient response of a
sector of 6 T magnets to a voltage step at the power supply is shown in Fig. 8.

The program ACSL was used to understand the dynamics of the coupled regqu-

lation loops within a sector of Design C magnets. It is much more powerful
than SPICE and can handle linear, nonlinear, and discrete step digital systems
simultaneously. The problem to be solved can be formulated by specifying
either: (1) the complete set of differential equations, (2) the set of state
vectors (variables and their first derivatives) and the system transform
matrix, or (3) the Laplace Transforms for all the elements connecting the
system variables. The studies outlined in Appendix J specified the problem by
using the Laplace Transform approach. The model for the Design C three cur-
rent regulator is shown in Fig. 9. The transformer couplings of the three
windings are included in the output by the appropriate Laplace Transforms. In
these coupling studies, the transmission line behavior of the magnet string
was ignored, i.e., the load was assumed to be an inductance with a time con-
stant TE' After the model is set up. the program then finds the time
response of the system by numerical integration starting from the specified
initial conditions. As a check of the programs, the transient response to a
voltage step at the output of the power supply of one of the windings was cal-

culated both by ACSL and SPICE and the results agreed. As a further check,
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the Tevatron power supply was modeled and the performance predicted by ACSL
agreed with the empirically observed regulation level, stability margin and
transient response of the accelerator magnet system.

The results presented in Appendix J illustrate the coupling problem of the
superferric magnet by applying an appropriate voltage step at the voltage pro-
gram input to give a 1 V step at the output of the power supply. The gains
for the forward current amplifiers and the forward voltage amplifiers were

determined by a lengthy trial-and-error effort looking for stable solutions.
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The values noted on the graphs in Appendix J represent the maximum gains that
do not lead to oscillations. Lower gains lead to poorer regulation and a lar-
ger current error. As can be seen from the graphs in Appendix J, a 1 V step
leads to 10 mA peak current pulses in the other windings. Experience with the
Tevatron power supply indicated that 80 V steps, which would scale to 8 to 10
V steps for this power supply, are not uncommon due to SCR misfiring, for
example. This variation would lead to 100 mA current pulses or current errors
at the 10_5 level due to coupling. It is possible to compensate for the
coupling by including a compensation network at the power supply output. A
two winding example (Appendix J) shows that the effect of the coupling can be
reduced by at least an order of magnitude making it negligible in comparison
to other sources of regulation error. The penalty paid for this solution is
added power dissipation in room temperature components and a higher output
voltage requirement for the power supply.

The other distinction between the 6 T and 3 T magnets from a power supply
point of view is their different transmission line characteristics due to
their different inductances per unit length. The 6 T magnet has a larger
inductance per unit length and the propagation velocity of signal along the
magnet string, which acts as a delay line, is smaller, leading to larger
delays. Because of time limitations, and our feeling that addressing the
transformer coupling problem was more important, little progress has been made
in determining the details of this delay line characteristic on the level of
the entire ring. It should be noted however that this behavior is well under-
stood and completely reproducible so that feed-forward techniques using smart
regulators can reduce the tracking error to the negligible level. The next
modeling project should be to demonstrate that this form of regulation will

function in a real system.
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The main conclusion at this point with respect to the power supply systems
is that acceptable designs can be made for both the superferric (3 T) and the
design D (6 T) magnets. It appears possible to build power supply systems
that will provide the necessary part—in-lo5 regulation and tracking accuracy
using present day techniques. There will be operational differences having to
do both with the complexity and the current levels required by the two dif-
ferent magnet types. The 6 T magnet power supply, since it provides only one

current at 6 kA, is somewhat simpler and thus will be cheaper to operate.
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QUENCH VELOCITY MEASUREMENTS ON TACO005

A series of quenches was initiated with a heater installed in dipole
magnet TAC005 to study its quench properties. This dipole is a 1lm 1-in-1
prototype using the three coil design optimized to eliminate sextupole and
decapole error components. The quench response of this multi-coil magnet must
be understood to verify that the proposed passive quench protection scheme is
feasible.

The cross-section of TAC005 in Figure 1 shows the turns corresponding to
the inner, outer, and trim coils. A top view of the outer coil in Figure 2
shows the placement of the heater and voltage taps used in the quench velocity
measurements. Since these components were retrofitted to an existing magnet,
they were only added to the outer coil to minimize the amount of disassembly
required. Thus, their placement allowed the measurement of longitudinal and
transverse quench velocity in the outer coil only. The field values in Figure
3 show that the heater was placed on the conductor that is in the lowest field
region in the coll assembly. Thus, the quench velocities measured in this
test are the minimum values which may be expected for this magnet.

The quenches were initiated by firing a Minco thermofoil heater taped to
the outside of the superconductor. Since the heater was installed in a
retrofit operation, the Kapton insulation on the conductor was not removed.
Thus, the heat produced by the thermofoil heater had to travel through four
layers of Kapton tape, a total of 0.008 inches. All quenches were initiated by
passing a 0.58 amp current pulse through the 10 ohm heater. The length of the
current pulse was varied to produce the minimum amount of heat required to
initiate a quench. In some instances multiple pulses were required before the
conductor was quenched.

The quench measurements were performed with the test circuit shown in
Figure 4. This configuration was chosen for safety considerations rather than
to provide proper dipole field quality. The design currents for the inner and
outer coils are roughly equal at high fields, so the test circuit provides a
reasonable approximation for the outer coil under those conditions.

Each measurement consisted of initiating a quench with the heater and
then monitoring the voltage taps to determine the rate of quench growth. The
automatic quench detection circuitry was prevented from tripping the power
supply so that the full current could be maintained until the quench
resistance forced the power supply to its voltage compliance limit. During
the quench development, the power supply current and the voltage between each
pair of taps were recorded on a strip chart recorder. These oscillographic
traces were then analysed to determine the time delay between the quench
inception and the appearance of quench resistance between each pair of voltage
taps.

A series of quenches was initiated at coil currents of 9 kA, 7.5 kA, and
5.0 kA. Figure 5 lists the time required for the quench to propagate from the
heater location (tap 6) to each of the other tap locations for each test. The
table also lists the corresponding average quench velocities calculated by
using the distance between the center points of the voltage tap pairs listed
in the path. For the tests run at 5 kA, the path notation "(6-) 3-4" denotes
the quench velocity from tap 3 to tap 4 after the time required for transverse
propagation from tap 6 to tap 3 has been subtracted.



In general, the quench velocity in the conductor outside the laminations
(6 - 5) was faster than the quench velocity in the conductor inside the
laminations (6 - 7). The first test was the exception, but it was run at a
bath temperature of approximately 4.42 K as compared to approximately 4.44 K
for the remaining tests. Thus, the extra cooling on the exposed end blocks
may have slowed the quench velocity around the end during the first test.

The dependence of longitudinal quench velocity on coil current for each
of the propagation paths is shown in Figure 6. Due to the short length of the
magnet, the propagation path from tap 6 to tap 4 changed as a function of coil
current. At high currents, the quench propagated from tap 6 around the end of
the magnet to tap 5, down the inside turn on that side, and around the far end
of the magnet to tap 4. At lower currents, however, the quench propagated
transversely from tap 6 to tap 3 and down the inside turn to tap 4. As
expected, the quench velocity in the inside turn is much higher than in the
outside turn since the conductor 1s in a higher magnetic field. As a
comparison, the quench velocity in the outside turn (6 - 7) 1s approximately
6.5 m/s at 5 kA while the quench velocity in the inside turn (3 - 4) is
approximately 9.4 m/s at the same current.

The transverse quench propagation time is shown in Figure 7 as a
function of coil current. The propagation times range from approximately 115
ms at 9 kA to approximately 250 ms at 5 kA. These relatively long propagation
times are due to the .016 inch layer of Kapton insulation between conductors.

The quench velocity measurements on TAC005 provide an initial set of
data for use in understanding the quench behavior of this type of magnet.
Further studies of the quench properties of the outer coil as well as the
inner and trim coils will be performed on future dipoles. The propagation of a
quench from one coil to the other coils will also be studied to give a
complete analysis of the gquench response.



FIGURE 1_. CROSS-SECTION OF TACO005

- 36.25 —mm -
“ e 3 29.25~ e 3] 5
T R

: ' 2" 5
@ | g |

— 1.1 @
5 B j ~:
- :
o @ HEATER @ cuRve
CUF E LEneT
LEpcin 7%
Iy " —
424 (5 j
S - corL GoLs
> * ——% UNDER BLOck
—___' [ HERE

FI»G'URE 2. LOCATION OF HEATER AND VOLTAGE TAPS

29



LOW FIELD, EB=0.0021T

LOCAT IUN

WNG WD WY

MID

. or ooy — —

WN U D WY -

BOX) BCOY)D
71.1 -5128.1
102.1 ~3774.1
1761.1 -1337.9
37.2 - B03.5
-333.2 - 92.6
-521.6 -5047.6
-781.9 -2130.95
-885.2 - 26.9

IELD, B=1.6288T

B(X) B(Y)
497.1 -16380.1
505.7 -12270.1

3756.6 - 5078.2
- 994.4 - 2666.2
-1690.3 - 341.4
-1910.5 ~-16666.1
-2898.4 - £983.0
-3290.8

- - ——— i 00 oo M o o .

B(X) RCY)

972.5 -27980.0
1795.2 -31147.7
2104.5 -23723.2
~1347.5 -11082.8
-1979.2 535.06
-1035.1 -30388.1
-1338.3 -13315.3

~-1495.3 "196.1

Figqure J.

249.6

LOUATIUN

TN U D W =

CUURLINATES

X

0.9283
1.0443
1.1443

Y
0.41
.41
0.528
0.528
0.528
0.18114
0.18114
0.18114

Y|
-h-qﬂ-

Magnetic field wvalues near conductors



PassIVE

TEST

DEWAR

FuJTR

/2 kA

Rwer SureLy

FIGURE 4. TEST CIRCUIT FOR QUENCH
VELOCITY MEASUREMENTS

-

1

OUTER
colL

INNER
coiL

TRIM

colL




TEST #

11

12

13

15

16

17

19

20

21

22

CURRENT
(KA)

9

7.5

7.5

7.5

Figure 5.

QUENCH PROPAGATION VELOCITIES

HEATER
PULSE
(SEC)

0.70

0.96

2@ 1.54

2 @1.73

2@ 2,21

TAP
LOCATION

Wb U~ Wb N Wd N~ Wb N WeU

W 0~ W N WPsU We

WP~

DELAY TIME

(MS)

60.8
23.2
85.2
118.8

62.4
21.6
80.4
113.4

62.6
21.8
80.2
113.0

94.2
30.4
133.6
177.0

100.4

30.2
131.4
173.0

103.0

29.0
130.4
175.4

195.2

45.6
344.8
255.2

193.2

45.6
338.8
249.2

188.0

49.2
336.0
242.4

198.4

43.6
325.6
248.0

Results of quench velocity tests

AVERAGE
VELOCITY
(M/8)

13.47
12.80
15.58

13.13
13.75
16.51

13.09
13.62
16.55

8.70
9.77
9.93

8.16
9.83
10.10

7.95
10.24
10.18

4.20
6.51
9.14

4.24
6.51
9.14

4.36
6.03

8.75

4.13
6.81
10.56



FIGU‘F\;EH 6. LONGIVTUDINAL OUENCH VELOCITIES

CROSS SECTION

T _ i [ R i ;
A i URTIT
H ! i i e
| i IR
| i | ) ;
N . 1 n
‘\,Il..»?v _ i i 7 T I
IEESI | NN i 1 ] ; T
] | ] N L EREEN
IR N T i ! IR _A, T
- e . : i Ll W!,JI, |
e RO S ! T L ol
. A EENEN I o 4_| R 1
, IR L
R e N Y I~ I i R PN
- B e e - XDy i RS AN
o i S& ~~ S& | | P !
— e - ,.‘J,rl ! h ™~ ™ i il i i - ,q’, 7
IR NEE 1 - L i PR -
1 | T - T 0T —t
(IR ] 1 M ; ] .
] DU (Y SO S T O W SR
- BEREN 1o ~— : | RERE N
I | 4 1 ! ,_4_ i i 1'1
] i RN . 1
RS SN T AR NS FUBS I
IO . S R
T | : i i R T I
Ll i S, ! { i e N -
BN S ! T NEEEEREES BRERCS
,v A | ] NERERNEEE BN R
! R — o TS W, . —
; N 10 [ L EHACIEENY!
_ | N\ | ; T - !
— ,7 | 1 S AIL T T - _— e
RN hd T T 7 HSENei
S N [ BEEEEE B T T
” 7 ¥ =vi] 1 P IEEENERE YRR N
B NNESEE EESSEE AUREEy RIS
RO SN S A [ 1] HEREEN ERERE R
S én N = 1 S
I IR ! M A 1 T m N
T T N N + T dvé»i —]
Ll [ *_, ” : - - H T
St I RN P
IENEEREE. | i REEEE RN
T N NS
- b | : | o1l : :
: [ I L IR
PSRN ; - .
T M i -
— i Py v
........ 4 | AN BN
—— T L PN
. . PG R S . — IR . i
- : ; v ; | i TTT T e
SN A i I i | T M S e
. 4 : LA i [ SEEEEEE SR
. [ ! i } ] T T T
. . T ! L P { T i s i - A
. . [ ] [ 1] i 1 SRR EERNREE
Eol i P 7 e aanannh ey —
- . IR U N ; i RN
. [ SR R rl : T DEEEE
" i | : i — i ; : i
. | | [ i R T
c e AL o~ p RN T
U .uw«i Y < N X i II“ 3 q AV Y t i3 7T S
: T T NQI 4 gt )i P i A_I o
- ENERNEEE SRR
b ! O 5 BN
: i ! )1 i IR
_ L] 1L < i RERENN
R L bl 1 P i
i hn, A .‘ _ !
——r b -t i
i { [T — ] j T

o

SUHIARES TO INCH

TO

s

!

amean <



..........

- [-)
N 8
o L
2951
(s 4
_1 . —_ — .

oon

| S - .
{ 1 j ]
N N

- NN AER R SeEEEE RN COETT SRR
| aes T :
081000 4

,
i 1 I —~4—-- - -4t RS U G S S s s
[’ e vy [

SSaaus anaknEuRan AR iufr [ASERREEE: H}tiiw Siusalsadiaanananns
FIGURE 7. TRANSVERSE QUENCH PROPAGATION TIMES

ampeao 20 115 CROSE CTION 10 SQUARES TO INCH

_'f'\‘\;'

B, SN RS
S SRRAE RERREEN
T




APPENDIX B

RESULTS FROM HEATER-INDUCED QUENCHES
OF A 4.5m TWO-IN-ONE SUPERCONDUCTING
R&D DIPOLE FOR THE SSC






Submitted to the 1985 Particle Accelerator Conference
Vancouver, B.C. May 13-16, 1985

BNL-36624

RESULTS FROM HEATER-INDUCED QUENCHES of 'a 4.5 m TWO-IN-ONE
SUPERCONDUCTING R&D DIPOLE FOR THE SSC*

G. Ganetis and A. Prodell
Brookhaven National Laboratory

Upton, NY

Abstract

Quench studies were performed using a 4.5 m long
SSC R&D dipole to determine the temperature rise dur-
ing a quench by measuring the resistance of the con~
ductor cable in the immediate vicinity of the quench.
The 2-ip-l magnet was wound with improved "high
homogeneity" NtTi conductor in a 2-layer cosine ©
coil configuration of 3.2 cm inner diameter with each
layer powered separately to simulate graded conduc-
tor. Twelve pairs of voltage taps were installed at
various locations in the coils around one bore of the
magnet. "Spot" heaters were placed between the volt-
age taps of 8 of these pairs to initiate magnet
quenches. The resistance of the conductor was
obtained from observations of the current and voltage
during a magnet quench. The temperature of the con-
ductor was then determined by comparing its resis-
tance to an R vs T curve measured independently for
the conductor. The quantity JI%dt is presented as a
function of current and location, and the maximum con-
ductor temperature is shown as a function of [I4dt
and location. Measured longitudinal and azimuthal
quench propagation velocities are also presented.

Introduction

This paper reports on tests conducted with the
third of a series of four 2Z-in~-1l, 4.5 m long
superconducting dipoles built to specifications simi-
lar to those for SSC Reference Design A. This mag-
net, which is described in detail elsewhere in these
proceedings®, was wound with improved "high
homcgeneity" NbTi conductor in a 2-layer cosine ©

ecoll cenfiguration of 3.2 cm inner diameter. To simu-~

late graded conductor each layer was powered sepa-
rately with the current in the outer layer always set
35% higher than the current in the inner layer as the
currents were varied during these tests. The tempera-
ture of the liquid helium bath in which the magnet

was suspended was also decreased from 4.5° to 2.4°K
during the course of these tests to increase the mag-
net currents at which the heater quenches could be
initiated. '

Experimental Arrangement

The parameters of the conductor with which the
magnet was wound are given in Table I. Eight heaters
~ were installed in different locations in the inner
and outer coils around one bore of the magnet, 4 in
the inner coil and 4 in the outer coil. Each heater
consisted of a 0.0635 mm thick strip of stainless
steel with an overall length of 30.5 mm and width of
7.62 mm with the width reduced to 2.54 mm over the
17.8 mm long center section of the heater. By
varying the voltage from 5.0 to 7.5 V, about 1 to 2
j of energy could be delivered to the heater in ap~
proximately 60 millisec. The heaters were wrapped
with one layer of 0.0508 mm thick Kapton and
positioned against the inner surface of the insulated
mid-plane turns of the inner and outer coils in the
locations shown in Fig. 1. At each heater position
a pair of voltage taps, separated nominally by 12.7
cm, was connected to the conductor with the heater
located centrally between the taps. Four additional
pairs of similar voltage taps were installed on the

*Work performed under the auspices of the U.S. De~
partment of Energy.

11973

third turn on the left and right sides of both the
inner and outer coils next to the heaters positioned
on the straight sections of the coils. These pairs
of taps, which are designated in Fig. 1 by the num-
bers 5 and 6 on each coil, were used to determine the
azimuthal quench velocity. The leads from each pair
of voltage taps were carefully twisted to winimize
any induced voltage in the voltage tap signal due to
& change in magnetic field.

Table I. Conductor Parameters for the §SC R&D Dipole

Multifilamentary Wire

Superconductor Nb 46.5 wt T Ti
High Homogeneity Alloy

Diameter .0681 mm

Filament Diameter 19 microns

No. of Filaments 528

- Cu to SC Ratio 1.3 to 1
Cabled Conductor

Width (bare) 7.823 mm

Mean Thickness (bare) 1.257 om

Reystone Angle 2.8°

No. of Wires 23

Filling Factor 88%

Insulation Thickness
Rapton 0.0508 wm
Fiberglass-epoxy 0.0762 mm

Experimental Results

.Since one of the objectives of the tests was to
measure the highest temperature to which the conduc-
tor could be raised before the magnet was damaged,
the first heater quenches were made at a constant
bath temperature of 4.4°K at different values of mag-
net current to determine the current, Im, at which
JI4dt was maximum. This procedure was repeated for
each heater and the curves for two of the heaters in
the outer coil are shown in Fig. 2. The heater
locations, OEL and OMPL, are identified using the key
in Fig. 1. The points plotted as x's are measure-
ments made by firing the heaters on the right side of
the coil in equivalent locations, OER and OMPR.
Throughout these tests the heaters on the left side
of the inner and outer coils were used since occa-
sional firings of the heaters on the right side
indicated that the results from these heater quenches
were essentially the same as those from the left.
From the curves in Fig. 2 it was determined that
S12dt was 2 maximum when Im was about 76% of the
non~heater induced magnet quench current, Iq, of the
outer coil. The points marked with a "C" in Fig. 2
were obtained at a temperature less than 4.4°K
indicating that as the magnet quench current
increased with decreasing temperature, the current at
which S12dt was a maximum also increased, maintaining
the relationship, Im = 0.76 Iq. Each time the bath
temperature was changed the magnet current was
increased until a quench occurred to determine Iq and
permit the resetting of Im for the subsequent heater
quenches. Curves similar to those in Fig. 2 were
also obtained for the heaters on the inmner coil.

The tewperature rise of the conductor cable dur-
ing a heater-induced quench was measured by monitoring
the magnet current and the voltage across the 12.7 e
section of cable where the heater was fired. The re-



sistance of this length of cable was calculated frow
which the average temperature over the 12.7 cm length
between voltage taps could be determined by using the
R vs T calibration curve. A correction to obtain the
"hot spot" temperature was made by calculating an
incremental AR following the procedure of Ganetis and
Stevens.? From the trace of the voltage across the
section of cable where the heater was fired as a func-
tion of time and -knowledge of the magnet current the
slope d(f12dt)/dR may be obtained. The trace in Fig.
3 shows that when the heater is fired the voltage and
thus the resistance increase rapidly as the quench
propagates away from the heater toward the voltage
taps as both p and & are increasing in the relation-
ship, R = PL/A. The slope changes when the normal
quench fronts reach the voltage taps since £ is now
constant between the taps and R is a function omnly of
P. From such traces, for each heater quench the time
from the beginning of the quench to the time when the
entire 12.7 cm length is resistive can be measured.
Half this time multiplied by 12 gives AfI2dt, the dif-
ference in SI2dt between the hot spot and the length
of 6.35 cm which, to first approximation, is the posi-
tion corresponding to Tave. R is then corrected by
adding AR where AR = Af12dt/d(Sf12dt)/dR and with this
addition the hot spot temperature is found. The cor-
restions for these tests varied from less than 1°K to
15°K.

The curves in Fig. 4 show the temperature rise
of the section of conductor where a heater quench was
initiated as a function of SI2dt for locations OMPL
and OEL. The curves for the inner coil, IMPL and
IEL, not shown, followed closely the curve for OMPL
to & maximum of 345°K for IEL and 280°K for IMPL. As
mentioned above, the current in the ocuter coil
(curves OMPL and OEL) was 35X greater than that in
the imnner coil. It was apparent from Fig. 2 that
larger values of JI2dt for a given current could be
obtained during a heater quench by firing the heater
(OEL) near the end of the outer coil. This heater
was then used in the final series of heater quenches
at reduced liquid He bath temperatures in an attempt
to dacage the magnet coil., After each heater quench
in this series the magnet current was increased until
a quench occurred to ascertain if there had been any
deterioration in the magnet performance. For the
last heater quench which caused no damage, JSI%dt =
8.72 MIITS and T = 920°K. For the next and last
heater quench which damaged the magnet, J124t = 9.04
MIITS and T reached an estimated 1170°K. The He
bath temperature for these last quenches was 2.4°K.

Measurements were also made of longitudinal and
azimuthal quench velocities by measuring the distance
between pairs of voltage taps and recording the time
when a voltage signal would appear at the several
pairs of taps after a heater quench had been
initiated at a particular location. The longitudinal
quench velocities as a function of current are shown
for the outer coil in Fig. 5 (OMPL) and Fig. 6 (OEL),
for the inner coil in Fig. 7 (IMPL) and Fig. 8 (IEL),
and the azimuthal quench velocities for both the
outer and inner coils in Fig. 9. The numbers next to
the curves in each of the figures are the locations
between which the velocities were measured (see Fig.
1}. The quench velocities given by these curves were
measured in a He bath at 4.5°K. Additional data, not
shown here, indicate a dependence of the quench vel-
ocities on temperature for the same magnet current.

References

1. P. Dahl et al., '"Performance of Four 4.5 m Two-
in~One Superconducting R & D Dipoles for the
SSC", these proceedings.

2. G. Ganetis and A. Stevens, "Results of Quench Pro-
tection Experiment on DM1-031," SSC Technical Note
No. 12, Brookhaven National Laboratory.

™ 22
S 5@ o=
© =y mnN
— 5 . oog
» L-__ —
ﬂ'“T'S
e _Z T ’-1
=z 7 —
22 oL 1337 S J.
55 wo ® oo
ala & ==
Sl “P ® ®
Fia 1HOIN =
7 t
O r=
©0 I o
i T a_ ., 89
LeX 2] z§
=]
5@
Rev:

Coil Dimensions in cm: O-Outer, I-Inner

Heater + Voltage Taps: 3,4,7,8. Taps only: 5,6
Mid Plane Right: OMPR-Outer, IMPR~Inner Coil
Mid Plane Left: OMPL-Outer, IMPL-Inner Coil

End Right: OER-Outer, IER-Inner Coil

End Left: OEL-Outer, IEL-Inner Coil

Figure 1. Location of heaters and voltage taps on
the magnet coils.

101 .

[+
[
®
{ PSRV VR YOI

~

L1248 in MITTS
W o0
AR LR
o
m
r

IS
e e
-

i

OMPL Y e0EL

N

A . L

I 2 3 4 5
1in KAMPERES

Figure 2. [I2dt vs I for Outer Coil at 4.4°K.

[e)

O -
P

o

S e PN e

Figure 3. Voltage vs Time across a 12.7 cm section
of conductor cable where a heater quench
was initiated.



moeL —T——r—TTT 16 T T T T 73
1300 1 15+ =
i
1280 CEL; ] 14+ 1
1100k - o 13p -+
! 2
1000E 7 > 2k -
i @
900+~ - ¥ .
¥ i (4-8
800 OMPL N ] -
< z
s« 700p T > 9 -
L [ - (8-7)
6001 g er -
L - T 7t _
500 ¥
4004 - 3 6f .
z
300 - g 5+ -~
[
200+ - 5 ab N
-4
100} . S 3+ .
1 [l ) 1 | S S | ! - -
%12 3 4 5 6 7 8 3 10 2
/1241 (MIITS) - -
. 1 ! 1
% ] 2 3 4 [
Figure 4. T vs JI2dt for OMPL and OEL. I inka
34 T i i ! ! . . . .
32 8-7/ | Figure 7. IMPL: Longitudinal Quench Velocity vs I
(7-3) at 4.5°K.
30 = -
5 T T ' Tig-4)
28+ 1
g T 7-3 |
g 26 13- -
b - Qo
& 24 w2k -
- ~
¥ 22~ (4-8}] 2 nk -
u
= b -
z 2 T 1op .
> =
= I8k W z ol
g Ll : I
] lGr 7 E 8t J
> H - <
rIs
: / /i Z -
= = >
] o 8r b
= z 5+ (8-7)
g - 5
S -] g 44 -
g 3k J
4 S
2+ -
7] 1} -
[ 1 ! i L
% i 2 3 ) 5
N lin KA Iin KA
Figure 5. OMPL: °Longi:udinal Quench Velocity vs I
at 4.5°K. Figure 8. 1IEL: Longitudinal Quench Velocity vs I
2. : : : . : at 4.5°K.
o 1= 008 . . . T
& 10} oMPL
g o {4-6)
E 9~ §oos- =
= st— b4
z | © IMPL
7 - -
s g 004 (4-6)
g 6| z
- >
¥ 5; 5003- -
g 4r g
z >
g 3}» 30.02- 1
3 2 5
z E
S ~ oolf 4
<
% ] 2 3 r s &
Iin KA o . . L . L
° 10 20 3.0 40 5.0 60
Figure 6. OEL: Eongitudinal Quench Velocity vs 1 Iin KA

-at 4.5°K.

Figure 9. IMPL and OMPL: Azimuthal Quench Velocity
vs 1 at 4.5°K.






APPENDIX C

' QUENCH COMPUTER ANALYSIS FOR THE 3T
SSC SUPERFERRIC DIPOLE COLD
IRON MAGNET

G.LOPEZ
TEXAS ACCELERATOR CENTER
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ABRSTRACT

The principal quench parameters such as decay time ,maximum
temperature,etc. 2are calculated for 105m dipole magnet unit proposed for the
3T Superconducting Super Collider (85C). This simulation was achieved with
the S8CA computer programs developed specifically for few conductor coils
Special cases are presented for possihkle active quench protection

considerations. Finally the possibility of having higher magnetic field than
3T-field is studied.



INTRODUCTION

The most important parameters for coil protection , once
guench has started, are the ultimate temperature reached and the
characteristic decay time. We shall deal here with these quench parameters .

I the first part of this report, +the characteristics of the
superferric magnet, the conductors, querch velocity, are shown for a single
magnet.

In the second part, the g9lobal circuit for one of the four
main sectors of the accelerator , is shown with the equivalent circuit
equations. Results are presented at the emd . Alse the operation of the
proqram is explain, and the guench of a3 single, independent, magret is
dezcribed.

Im the third part of this work we address some special cases for
posible quench protectiorm , and higher field conmsiderations . All of these

cases are considered for a3 single magnet.

The approach followed here for a quench is hbased on the
distribution of the resistivity along the quenched region, in the fourth
part we make gsome detailed derivation of the distribution used here . We also
consider other resistivity distributions amnd their *the quench® implications.
The thermal and electrical data of the materials are shown at
the end (RRR=97 is the copper wused in this calculation).



L. OQUENCH APPROACH.

The superferric dipole
Superconducting Super Collider has a
This field is determinated by three
and by the steel whicnhn provides appr
has 2 passive guench protection syst
3%m magnets, as is shown in FIG.1 @

L —1

%

magrnet proposed for use in the

maximum central field of 3 tesla.

coils carrying 10.1 k& , 11.3kA ,-2.25kA
oximatly 1.7 tesla. The 10%5m magnet

em with one diode per coil per three

A

A

FIG.1 Passive Protection System for
Cold Iromn Dipole Magnet
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The cross section of 2 single dipole magnet is shown inm the next figure 21
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The irmner and outer coils have one kind of conductor
while the trim coil has another orne. The inmer and outer conductors have
24 superconducting strands. Each strand has 267 filaments of NbBTi(46.7%Z7
imbedded im 3 copper matrix o The conductor nas a caopper stabilizer among
the strands and solder SnAQ(S%) hetween the strands. The to copper ares
{ Aoy ), solder area (Asaol 7, superconducting area ( Asz.c. 1, andd kapton
{ Ak JYarea are given by:

Acy =0.1281E~-04 mAm
Asol =0.2556E-05 mAm
As,.c.=0,3985E~-0% mAm
Ak =0, 4294505 mim

is made of a similar superconductor but of with 12

The trim coil conductor
givern bhelow:

strands of %00 filaments each. The areas are

(n)



Aoy =0.370BE~0% mAn
Asol =0.2085E-09 mim
As.Cca=0.188B3E~03% mém ()
Al =Q0.2147E-0% mim

It 1s known that the final temperature reached, within the
quench reqion, depends on how the stored enerqy is distributed in the
conductors, and this depends on the increase of the resistance of the
conductors. The increase of the resistance depends in turn on the temperature
along the conductor (axial quench velocity) and the propasgation of the quernch
to the adjacent conductors.

The axial quench velocity we are going to use 1s the knoun(a)
Cherry & Gittleman and Broowm % Rhoderick expressiond
2&9{*¢9a>
- e 1 | —
J Lo Os - 6o
- -l = (1)
- - 1
(&Qbs \ E¢ -8, i|__ Oc —Po
59—-6;
The adiabatic version of (1) is :
L)
9, .
7/?": J ._____L" ; (1)
' Bs - 6o
(SCP)S *
Where 3 is the current density, l—o is the Lorents number, & is
the critical temperature of the superconductor in magnetic field B, @ is
the maximum temperature in the quench region, (gCP)S is the averagqe heat
capacity at the tramsition temperature &s given by Es = (%& +6%)/[2 y
ard &o is the bath temperature.
The temperatures é? and & depend on the

field B and the current density in the following way (linear assumphtion):

(32a)

N

907 G, + (8. - g,)(: -J/jco)



G: = Cro — (o — &) B/H.B (2k)

The critical current dernsity ;»o at the temperature of 4.5 K 1s given by!

JCo = Jao ’%——"’:gi; (2¢)
(<

Where ;L, the critical current density at 4.2 K, is given hy:

Jao = “5_50X/065 + Y940 X/&é (24d)

. 2 .
The current densities are given in units of A/YH and Bro is the
critical temperature at B=0. :

The propagation of the normal reqion to the adjacent
conductors is based orn the experimental results of short magnets.

A. Single Magnet Quench and programs description.

Let us assume the quench appears in one of the coils (say the
outer one), and consider the 3X3%m magnets represented by three inde-
pendent current sources feeding the «coils, as is shown in the circuit
model below, FIG.3 & )

"f;’ oUTER
ESQL) :>R Y l% T oM
> “ I| E gs. <> "n' RO‘ ;
>
(ﬁ) <>Rd3 :
(3a) 1
i;r‘ \NWER
Bs. <:’“" (3¢)
@ }Ral

(3b)

FIG.3 Circuit Coils View



Ornce the quench starts and the volitage scronss any diode reaches

four volts, the diode beain to comduc and the current bypasses the magnet,
causing the current inside the magnet to fall off. In FIG.3 the L1 , L2,
amd L3 variables are the outer , inmer, and trim self inductarnces
respectively .Kgl , Rgq2 , arnd RgZ are the gquench resistances, and Roi
i=1,2,3 are the external diode resistances (considered here with constant
value L0001 in the conducting stated ).

The equations for the above circuit and the increasing
temperature of the quenched reqions are @

Ly, M w || Ty Rq, I, ¥R (T,-1) o)
i M L o [\ IR} & R3,Tx YR (32-15) | =| o (1)
Jdt m m Lal| Iy Rgs Lz + Res (Tc's - I;) V) h

@
(9(‘,)\ © o 1 6, £ 3 07_ o o

6 (SG), o0 5 el | o &r © 2 R S
& © (3(’?)3 @z o 0 € 0 4

The subindexes 1 , 2, and 3 mean outer , imner , and trim coils
respectively, * M ' is the mutual inductance btetween inner and outer coils,
*m " is the mutual inductance between the trim amd both the inner and outer

coils; * A * is the conductor area. The quench resistance is given by!

R = ‘}\—' S £x) JX | (5)

21

. \\ Y}
with ,g being the normal lemgth calculated hby:

+
A= S v Jt o)

(]
here _e(X\ is the distribution of the resistivity along the gquenched region,

which is taken in first approximation as :

¢(x) = fC) asa % , (73)

which is derived in the section 4.



and f%é) is the resistivity at the initial quench point given hby:

| Al _.
(7h)

L g
~—

e . (&
223 — S @

z)t- is the fraction of the i-conductor component. The averane specific
heat includes kapten insulation.

We solve the equations (3) and (4) by the Runge-Kutta’s methad
with the proaram S8SCEX (outer case) and SSCIN (inmer case) with the initial

conditions:

I,l0) = /0.1 £A
T lo) = 1.3 LA 8, (0) = B,l0)= G;(0) = ¥.5°K (@)

T3(0) = - ?.Qf»é/i

In both programs we use the adiabatic expressiom (1) for the quench velocity.

IThe resistivities and specific heats are approximated by poliromials of the form
Asx+ 2of ywhere £ the temperature ; the data wused can be

seen in the F. L1 and L2 . The resistances of the quenched

conductors are estimated inm the following way. Let “t‘(" = 1,2,3 ke the

timees the quench arrives at the conductors 02, bve resg ct1vely for a

quench that stants im 01 , let 1PH2’, r=1,2,3 be the delay time to

propagate from Il to of I2, I3, I4 respectively, and 7?0 be the delay

time to propagate from 01 to Il.

i

~ ~
Rq‘ - Rq,‘("') * Rs\ (") ) qu RQI -'l—(O\ + R‘z("-, (93)

Where RQ\ and RQz.are the total outer and inner resistances,®4ibt)and “h(+"?;0)
arg the resigtances of the first outer and inner conductors quenched ,

R (e and q2(ty are the comstribution to the resistance of the other
outpr and inner conductors which are going to quench later, defined Ly

O + < T 7 .)2,3
K-y
~ Ro (4= D A (.; w
Q‘it i = iz i ) <‘t <Tx (9t

3 )
Z Rgq, (- Tf.") > ‘t’;’

.-
C=



o + < (
- — 9erd
Ra,(E-Teo) =\ gt 25,
=) .
<) @) BT im0z (94)
[, ( c'~
=] & G(CTmT) Wit <ol
Y Rga (=T~ T tr Ty

REY)

Because of the iron’s constribution to the magnetic field, the
self and mutual inductarnces are field dependent. The variatiom of L1 , L2 ,
M , L3, and , m with respect the magnetic field can be seen in the FIG.3. The
way these inductances are determined is @ given a desired
magnetic field value Bo, this can be set wup by different combination of the
outer, inner, and trim currents (we can select orie of these =mero, for example).
For every combination (L), the stored emergy per volume (€g ) is calculated

with the Polsson’s program arnd the expression!t
ge E AtJI (9e’
(lJ>l

Where (AJJ' ) is the symmetric inductance matrix ( A(‘J = Aj ¢ ;s Aa= L{’Z=l)2/3
are the self inductances , and A02.=’2M and A|3_~_ A.,_s-.-_ Lm are

the mutual inductances. The coupling coefficients are of course less than one.
This increasing of the inductances can be show that has the same effect like the
reduction in the inductances themselves or an faster increasing in the
resistance of the conductors (dependimg if we see the inductances as a function
of the total current (2Tout+2Iin +Itrim) or if we see these as a function af

the magnetic field (R), respectively), see appendix A.

The calcultions are made for two cases, when the quench appears
in the outer coil (more exactly imn the conductor 01 of FIfi. 2), and when the
quench appears in the inner coil (conductor Il FIG.2). The distribution of the
magnetic field on the conductors for the inner coil is very high from 100%Z near
the beam tube to 50Z near the yoke. Imn the outer coil changes from 93% to 207 .
Im this work, we chose the averagqe of the field in the conductor.

Frogqram descriptiond (o) (0)
The imitial condltlon 1nc1ude a gquenched lenqth («( . heat capacity (‘Q} ),

|nductances ), Mm@ ), resistivity £@), gquench resistance ( R(8 ),
current ¢ I ), and quench velocity ( vqQ®) def1ned at the bath temperature 6“’)
amd at the 1n1t131 time (€=¥o). After » time At using equation (4), the
temperature r1:e~ to GK” in the point where quench appeared . New valueg

are read for Al ), ﬁ“’ v At gf(n y With these values and the relations

(5,9), (67, and (7) we obtain the Jalues for R® M  arnd £ | once

we h?ve these, with the relation (3) we calculate the new value of the current
The process continues to the next time step.

T must point out the fact that for 3 given step, fz“) is the resistivity
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at the point where the quench appeared ( this value is from 3 table, once the
temperature at that point is calculated from (4)), while QL) is the
distribution of the resistivity along the length guenched ( is calculated

by (6) and (7)).

The evolution of quenches can be seen in the
FlG. 6 y and 7 , for quenches starting in the outer or in the inner coil.
The meaning of the variabhles that appear are : T(s) 1is the characteristic
time decay of the field in seconds , 0 is maximum temperature reached, NM is

the number of Miits ( /5‘ IaJl' (Afs) )y 3and R is the maximum quench

resistance. All of these quantities are taken when the magnetic field has
fallen off 90% of its highest value (3 tesla) ; the maximum voltage across
the normal region is V, and the maximum quench velocity is VG(m/s) reached
during the quench .

From the experimental results, we have that the time delay
guench propagatiorn from the conductor 01 to the conductor Il (FIG.2) is
158ms, from 01-02 and I1-I2 is 80ms, and from Il to I3 is 200ms ( see
FIG. E3-ES (Quench expeirmental results)).
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2. Quenches including real circuit performance.

The main ring circuit proposed for the S8C involves
4 sectors of 332 dipoles umits, each unit with 3 35m-long magnets
with a diode irn parallel for each of the inmer 2and outer coils , and
twoe way diodes for the trim coil (without taking account the gquadrupoles?
as can be seen in the next FIG. 8 @

@ Ll .. ..Jm
R

IS FEE—
< r
j .
—<—
A — 255

S Y

) . . Q’l ' )
N i on E o)

YA Rswy

.

FIG.B GLobal Circuit Sector for the 68C

The equation to be solved for this circuit are:

L‘P M'_ MJ Is,‘ RJ) (Is."lgb + ‘R‘ Jv\Ig\ + Ral (IS\'I.\ o
Me Lap Mg | Tpo | | Ros (To-Tp) + Rowp T, +Roz (TosL) [=lo | M
M i \’Y\g Lsf Tss R4 (153"]:3)“\- Rswy 153+ Re3 (153_ I3) 0



2. SPECIAL CASES FOR SINGLE MAGNET QUENCHES

The FIG.11 shows the variation of the tempeRatures in the coils
As a function of the length of the magret when quernch appears in the outer
coil.

The FIG.12 shows the variation of the témperatures (when quench
appears inm the outer coil) with respect the variation of normalized area
enclose by the resistivity distribution (see FIG.13), qiving by the inteqral

)’:;l?:gf(x)dx , ¥ =1 is the uniform distribution, Y =.636 is the cosine
© Jo

distribution, X=n5 yand 'K =,3333 is the distribution (21) with n=1, and n=2
respectively.

The TABLE 1 shows the results when quench appears in the outer
or in the inner coil but with a reduction of time delay for quenching between
outer and inner coil . This can ke schieve puttinmg a layer of Copper (biut
without formimg 3 loop) in bettween the inmer coil and the outer orne instead
of the irnsuiator G-10 we have in the calculations A.

The results presented in the TARLE 2 correspond to induction of
total quenchig alonq the whole inner and outer coile (by heating it) when the

voltage across the diode is 4 volts.

TABELE 3 and TABRLE 4 correspond to have a copper layer coils in
betweer the main coils{¥). The coupling inductance between the layer copper
coil and the outer {(immer) coil is "M" (see page 8). The assumed self
inductances of the layer copper coils is 1.354L1 . The quench evolution of this
particular cases can be seern in the FIG.14 and 15.

Finally TABLE S represents quenches at 3.257. For this
case the kind of superconductor strand used (outer and inner coils) has 709
NLTi filaments of 20 gm diameter, each one, the strand’s diameter is 0.0268
inches. The conductor is made up of 24 strands and copper stabilizer among
the strands of .05X.25 inches square of cross section area. Solder (SnAg(S%))
is also ugsed to make good contact with the stabilizer. The total areas of
the metal comporments are:

As.c. =0.9345734E~-05 mkm
Ao =1.143327E-09% mAm
As0lder=0.2555798E-05 m4m

The currents at high field are:

Iout = 14900 A
Iin = 11300 A
ITtrim= -4000 A
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L. M m 14 o ‘RQC:\ + ﬁkl CII'tLﬂ) O
M Ly m I, Rq,_]'q_ 4+ Roy ('I-z"Isz) =10 (12)
wm WL 13 Rq_313 ¥+ Rez (‘13‘1533 0

Where Kswi, i=1,2 are the switch resistances that are connected ornce a

guench is detected . L1f , L2f , Mf , and Mg are defirned by

L1f=3314L1 ; L2f=3314L2 ; Mf=3314AM ; and M9=331lim. All other variables

have the same meaning as before. The above equations are solved by Runqge-Kuttia
method with the programs SSCX (outer) and S8CY (inner case).

The results can be seen in the FIG. 9 and 10 ,which represent
the quench appearing in the outer and inner coils . The protection circuit
fired when the voltage across the diode reaches one volts. These and the
"QUECH" program’s results (5) shows that an outer coil gquench is the more
dangerous. If we use current detection for the coil protection (i.e. the
gquench is not detected until the voltage across the diode reaches four volts)
the peak temperatures are only larger by about 10 K.

The above results point out that the magnets studied quench
safely in the sense that they will not reach the melting point of the Cu or
NbTi . We should worry about the 8nAg solder because the temperatures are
above of the 494 K melting point of this material.



13

4. DISTRIBUTION OF THE RESISTIVITY

Given 3 quench length /( there are not experimental results
about the distribution of the resistance aleng this length yet{¥) 1o
determinate this distribution analytically or numerically would require
s0lving a3 highly non linear differemtial equation. Instead an approximation is
used here Lo bypass this difficulty.

a) Diffusion approximation.

2
The orme dimensional diffusion equation with hesat source ,PJ

Pl 24 %
(SC')?ﬁ:%(kax + £J (13)

The resistivity is not constant, we assume, as a first approximation,
L= 1€ (14)

Where r is a positive comstant. With this assumption, at any given time

equation (13) hbecomes @

£ d% 1 542 ,

= + pJ° =0 (153)

rm dx2 f
?

is given by:

or — 3 )610 - &
(15k)
ATz fr/e (16)
Clearly the solution of the equation (15b) is:
jp'= A.e,ﬂhx '+ B é;LAX (17)

With the condition: f’(o\ = Fe . f’o is the resistivity in the point

2
Where ) is the positive quantity

where quench appeared, we have:

f=i(20-£)ndx + S5 ean DX (18)
because )0 must be a real functiom and with the condition _P(I) x O y
the value of the other constants are Az £o/5 2nd 2L = (2n+)) I . The
<

tfhharmonic solutions are :

L=/ wo{Znﬂ)%’;_ (19)

and the only non negative solution is :

= mx
/ /';m:»!

This is finally, the formula (73) used in the calculations.
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(200

) Adiabatic apprbximation aive us less resistivity than the distribution (20),
for this case we can make a polinomia assumption for the resistive distribution:

_ n .
f~f [} - X now oo (21)
= Je A
In the next figure we plot some distributions:

e ¢

] VNI FoRM

FIG.4 Some Resistivity Distributions



9.0ISCUTION

As I said above the results inm A. and B. point out the
fact that the solder (SnAg) is qoing to melt if the passive diodes
are used as protection only. But we need an estimation of how much
solder is melted off the total quenched reqion.

With approximation made for the distribution of the resistivity,
the radius of resistivities corresponds te the radius of temperatures so. the
distribution otf temperatures along the normal zaorne is

é = 5% J, = g%%

If the maximun temperature reached is about 690 K and
the melting point is abkout 494 K then the fraction of solder melt is
about 49 Z of the normal region . 0f course this fractiom g9oes to
zero when the maximun temperature reached qoes to this melting point.
Im this way, if we have 20m of normal reqiom thern we would expect
akout 10m of solder melt. Any way this fact does not damagqge our
conductor , even if the resistivity distribution is adiabatic (n=1,2 in
the FIG.4 abtove) as can be seen from the FIG.12 (see also ref.6).

In these calculations , the absorbtion of the stored energy
in the magnet because of the eddy currents induced in the irom and beam
tube has not been taken account. These eddy currents could be simulated
with amother coil coupling to the main and trim coils through certain
mutual inductances. This fact, 3s we have sesen in the TABLES 3, 4, 3B,
and 5C and FI1G. 14, 1% reduce the pear temperature on the rormal reaion,

prpect this reduction not to ke higher than 50 K.

From the TARLES 3, 4, Sk, S5C and FIG. 14 ,19% we see the copper
coil between the main coils work like a g9o00d consumer of enerqy when quench
appears. This fact reduce the peak temperature of the normal reqgion about 170 K
at 3 Tesla and about 260 ¥ at 3.25 Tesla. This iz so beacuse of the high eddy
current induced in the copper coil. This eddy current does not make trables
cduring exitation according with the next estimation I
The maximum induced current on the copper coil (Icm) is proportional to the
change of the magnetic field with the time (¢ B), so :
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[
IToemg Ao By during quench

L]
Teme v ke during exitation
Ther, the maximum eddy current during exitation is given by :

- *

Ieme= BeiAlomqg/ZEq

Erom the data of the TARLES 3 _and 4, and form the FIG. F1 and F2, we

have the values Iemqg=4400 A, Bq=3/.83 (I/%), and assuming Re=3/150 (T/s),

leme has the small value Icme= 29 A. In this case we must have care with the
maximum voltage between the outer and inner coil sirnce a3 posible arking can
appear . 1 rneed to mention here another possible advantageous of this case,
the heating on the copper layer coils (because of the eddy currents) is more
or less uniform, and can induced quenches on other parts of the superconductor
(or evern quench it completelly) , increasing the normal mone ard then speeding
the falling off the current.

Finally, from the FIG.I we obseve that the peak temperature

reached in the normal mone, depends critically of the distribution
of the resistivity along the normal regqion. Although we predict the 105m magret

will quernch safely, it is important to determinate experimentally the
resistivity distribution to improve the predictions of the QUENCH programs.

This calculation will need to be confirmed experimentaly
on the model magnets.



APPENDIX A

The equation (3) can ke written as :

d =
s0T) +RLT =0 (

28]
|2

Where lL~ is the inductances matrix, :[ is the column current vector, and
ﬁz is the resistances matrix. I shall omit their explicit difimition here.

If we see the inductances matrix n_. as a function of the
totsl current *It" defirned hy
Tt=2ATout+2ATIin+Itrim (23)

we have for the term involving the variatiomn of the inductances:

JM_ - J'IOVT J. ._I‘\N 3 A I’“'M 4]1 | )
:\7\;][— AIT“_(Q +2 =37 >__ T'L: (24)

Where Y2 is the matrix defined hy:

EPa LI A RIDE - £
&
L -— dl
e |23 dlet 1, Z Jf_zg ¢ 7, ; TAL T, e,

dL dLlsg
RPRe Z'Zf’.’r-:::ff E

50 the egusation (22) can be written as

_\.Leg 4—3% IR =00 (26)

u~€€. is the effective inductance matrix defined byl
\l_ee_ \L AL (27)

the effect of having a3 increase of the inductance from high to low field
imply that the effective inductarce matrisx “Le@ has lower

value than the original A\ (the elements of the matrix <2 ACE MOn
positive).



If we see the inductance matrix \k_, as 3 furnction of
magqnetic field B , in this case we have @

i g 5 L T
Y= B =5
Jdt 48
and the equation (22) cam be written like @

LAl y R X = ©

Where the effective resistance matrix ‘28.?. has 3 higqher value than

and is agiven hy: A———L
\’Qec = R * g 4

s0o the effect is to have an increment in resistance.

the
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QUENCH SIMULATION OF 3T SSC DIPOLE
MANGET

TOSHI TOMINAKA
TEXAS ACCELERATOR CENTER






TN : ?

H

Buerncn Simulation of 2 T 650 Dipole Magnet

Tosni Yomirnaka
Tevas Accelerator Center
2319 Timberloch Place
The Woodlands, (X 77380

June {7, 1925
filrstract

The quernch of the 3 T Superconducting Swuper Collider (55C) dipole
magnet is simulated by uwsing the modified QUENCH’ program.

(1) Inmtroduction

Ae the magnel must be desiqgrned to quernch safely, we calculate the
guench characteristics of the magnet, that is, the current decay, the
coil temperature rise, the coil voltage development, etc. applying
the program developed from the ‘QUENCH’ program.l1-51 This program is
developed and modified mainly from 3 version of ‘QUENCH’ proaram which
takes account of the secondary coil’s effect and was applied for the
design of some large solenoids for high enerqy physics experiments.f4l

(2) Quench Calculation by the Modified "RUENCH’ Program

Input Data for the Proqgranm

Abbout the materials of the superconducting cabkle, the cross section
and fractionsl percent of each material are listed in lable 1, and the
specific heat anmd the resistivity are assumed as shown in Fig.l anmd 2.
I'm additiorn, the relation between the current amd the field, the
relation between the induyctarnce and the field, and the relation
between the central field amnd the field at each coil are listed in
Takhle 2-4. These values are estimated by ‘FOLISSON’.LG,7]

Quench Velocity

With thne adiabatic approximation, the quench velocity (or thea
propagation velocity of rnorwmal sone) is given by the following
equation [21,

V%d = i%; *ijji— (\)

R4 Te-To
where J is the current density, YC 1is the neat capacity per wunit
volume of the conductor, L, (= 2.45%1078 waohmaK™? ) is the Lorents

number, T, is the transition temperature, ared To is  the operating
temperature.



With the assumption of +the critical current density in the

superconductor, Jo (A/cm?) = “5.50K10% B (T) + 4.95x1 . W& got the
q00d agqreement between the calculated results and the experimental
ones, as shaown in Table S5,

Subsegquent Wuench of Adjacent Coil

IThe temperature of the quenched c¢coil arises by the joule hest
qeneration, especially near the point where the guench occurred. This
heat flows through the insulsation layer between the quenched coil and
the adjscent coil, and rises the temperature of the adjacent coil.
Ihis temperature I(t) is estimated by the following equation,

Twaxtt) — TRy -at
T+ = Te) + Kk 2 Twa — 2
T d - rCltay] - w ( )

q%?ctve
where k is theVthermal conductivity of it b Atk |

is the thickness of the insulator, lqu(t) is the tpmperature ol th@
quench point in the quenched coil, YL is the averaged heat capacity
per wunit volume of the adjacent coil, and w is the width of the
conductor of the adjacent coil.

With the value of 2~ 3 X 10’5 WscmKrK as the effective thermal

conduectivity, we also got the qood agreement as shown in Table 5.

Effective Inductarmce Matriyx

As the self and mutual inductances of this superferric magnet depend
on  the exitation current (or the magnetis field), we assumed that the
inductance is a fumction of the total current, I, = 2(1,, + 1 + Icﬂ
through the magnetic field at the center, E,. Then, the effective
inductance for the current decay was calculated as follows, where

Tin=Ti, Toor=1z, amd I =15 is defined.

%(L' Il) + %(Mlzlz)*‘ %(M'-‘IS)

AM, Al AMB
= LTHTR M Ty ¢t M Te * I3 qe

= de, AL; {z("a' ,{Iz) 9\13}

qe * T 4T,
1, I
M s Tt § 2 (g 2+ 42
1 I al
Mg gE I dM‘*ﬁijt °‘ e ol

= jtra(nggen e *”'*)2-‘*3—' g b2(mdl s T gt g syl

'dft 23z '"3o\Ic 4 4t

t ZM + (I, E‘ +T, "‘M"& JM'Z)} dls

I, ~
= Lot B+ Mo, epy ﬁ—“r My, st 35 °‘I3 <



Az a3 result, the effective irductarnce matrix is qiven as follows,

L,*ELi, hAuf+Zdﬂ AAB*’“!

[ U—-QGQ—J‘: Mzi#2d, La+Zd, Mzvdly (4)
W{'\le‘y : - x AL| . I dM[z I dM‘Z
Ohy ™ r Z dI{; 3 AI_& P
A, = I dM,, + I, dl., + T AM2 (5)

S s ARl SR s o
o, = I_d 3 aM 3
+ I, m32 T, dls
5 dre t dItc
A typical variation of 1nductance iz shown in Fig.3.

(3) Simplified Calculation for Une Magnet on the UWhole Circuit

The simplified electric circuits are shown in Fig.4 for one magrnet on
thhe whole circuit and the equations of three coil’s currents (I,, lo
arnd 13) are as follows,

'3%( "Rm(’&)’x‘ + RA(IOI‘II)

<U‘Q%%) %%L = "sz&ylz* R4<Iol“ll) (6)
4t '
ac = Rp5 @I, + Ry (Toz- 10)

where L is the effectve inductance matrix, Rp(t) is the resistance
due  to the normal zone in the coil, Ry is the peswiel resistance due
to the diode «esdedrbre—biipemeodader , and lg is the idnitial operating

current. Ifhe resistance of diode is approximately assumed to be
infimite on the ‘0UFF’ state and 0.1 milli-ohm on the ‘0N’ state.

Lalculation Result

The quench calculation is carried out for the magnet of 35 m long, 70
m long, 105 m long (3% m lomg X 3), and 140 m long. The calculational
resuylts are compiled in Tatle 6-~7, amd the plots of the current decay
and the temperature rise are shown in Figq.o~ll, respectively.

(43} Netailed Calculation for a Wnole Circuit of UOne Power Supply
System

I'ne electric circuit is shown in Fig.9 for one array of ring maanets.,
Thie equations of currents are as follows,



21 A A (M, T, (M T,
drere Ao ar oy D CMLTN # (N (LI S (M Ty sTs)
E(L|I|)+ ;\;‘(Mnlz) t «tleL’» 33 )ga.g P At pps

£ Ry I # Ryymp 1 (T1=Ta) =0

A ML)y
1’)+——-CLZI )+ ~CM231 y + (N- \)Z—-—(Mu Dt 4 (LI + 7 Mo j

FACH
+ haié + QO\WPL<IZ.* oz) =0
’ /7 A SN
%(MMI{) t ﬁ(""ﬁlz) + gg(‘—a I)
-I..)=0
* R"') IS/ + deay}' Cx}’ I'°/>

ol I
+ (N-\)KZ%(M;,IQ +£(M3,Iz7+RCL; 3)}

A -R, 14 Ryuny =0
- )y - gL - M T Rt e

i
o

- %(Mlllx{) - ;(T\—C- (L'?/. IZ ) J‘%CNijs) Q’\ZJ'Z Qd ;L,Z -
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whiare Lfand L are the self inductance of » quench coil  and  a
nor-gquench coil, respectively, Mfand M are the mutusl inductance of =
qgwnch coil and a non-quench coil, respectively, N is the total number
or  maaqnet, I, is the initial operating current, K,(t) is the
resistance due to the normal zmorne in the coil, Rympis the resistance of
the dump (or protection) resistor in the cf}cuit, and Ry is the
rezistance of the diode.

Caleculation Result
/4

The quench calculation is carried out for one section (Swee) with the
332 wmagnets of 105 m long (3% m loma X 33). The calculational results
are compiled in Table 8, and the plots of the current decay and the

temperature rise are shown in FigJ2-lf, respectively.

(5 Discussions

Ine melting temperature of the solder ($n-%%Ag) of the superconducting
cable is 494 - 518 K (430 ~ 473 F), and the operatable temperature of
{apton is up to 673 K. Therefore, the maximum temperature of the
superconducting coil s bhe lesser tham 300 K.

sho

The calculation result by the modified ‘QUENCH’ program shows that the
maximum temperature of the 103 m (35 mX 3) long magrnet is little hit
high.

o t
As this calculation involves many uncertain parameters, Ahis
calculation will need to be confirmed experimentally on the small
model magqnet.
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Table 1.

Details. of the IAC S8SC #-T Dipole Conductor

Conductor dimentions
with insulation

Conductor cross section
Superconductor cross section
Copper cross section

Solder cross section

Insulation cross section

He at 4.2K

TC at k=0

{(mmAmm)

(mml)

(mm?)

(mm<)
(mmZ)

(mm%)

L)

(K

Inner or
Outer Coil

2.9548.03

23.6 (100 %)
3.80 (16.1%)
12,99 (55.0%)
2.36 (10.8%4)

4.29 (18.17)

Trim Coil

13.9 (100 Zo
1.90 (13.7X7
570 (40.9%)
2.08 (14.97)

4.24 (30.3%)



TabRe. 2,
Xelation
ITe kA

Bq (SR

Ig (ka)

By (1)

The

TﬁbQﬁa 30

between

the

Inductarnces for the

L oin

L out

|l

trim

M in,out

c 4

inytrim

M out,trim

TabQ 4

Eelation
]
B im

B out

Q]

E trim

(1)

(H/ m)

(H/m)

(H/m)

(H/m)

(H/m)

(H/m)

Between

0.0

(0>
5. 24(kE-5)

G.88AE-S
9.104E-06
4.64AE-5
1.86AE-S

L. 86kE=5

Total Currentih

-8

and the

12,1

1.231

9.1

2.749

total current is defined as 1t = Ek(l,N +

3~1T TAC $uC Dipole

Ge24kE-G
D.88AE~O
9.10;E~6
4.644AE~5
1.864AE-S

1.86AL-5

1.6

4.40KE-5

4.78AE-4

8.88xE-06

3.91%E~-9

1.70AE-5

1.70kE~5

1.6

0.92

030

Central Fie

16.6 19.3

1.63 l.u8

40.6

2.98

IOUT) + ICOR

da.4

4.04%E-5
3.954E~5
B.11%E~6
3.36AE-5
1.49%E-S

1. 494E-5

1

21.0

2.04

3.0

3.42AE~5
3.16AE-45
7.034xE-G
2.86KE~3
1.244E~5

1.24KE-5

the Central Field amd Typical Fields at Each Coila



Tabfe 5.

Ouernch Velocities amd furn—~to-Turn fransition Times
for tne Outer Coil of TAC Magnet

Current Quencn Velocities
Measured Calculated
(1A (m/s) (m/s)
9.0 12.4 + 0.4 12.8
7.5 7.9 + 0.3 9.7
5.0 4.1 + 0.1 He3
Current Turn to Turn Propagation Time
Measured Calculated Calculated

(BAE—F W/ omEK) (DxB=— W/ cmAk)
2xip°° 3x(p-5

(A (ms (ms) (ms)
9.0 116 + 3 134 92
7.9 176 + 2 186 142

5.0 24y + & - 278
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Symbiols

Kesxt
L

Ii
If
Rma

Tmax
Umas
Velil
Es,id
Es,f
Ein

Eext

"
“
»
"
-
“
«
u
«
u

of the Table atiached to the Figure

Bump resistance

Self inductance and (effective inductance)

Imitial coil current

Final coil current

Final coil resistance due to the normal zone
Cimncluding the volumwe per cent of the mormal zone in
Maximum temperature in the coill

Maximum resistive voltagqe in the coil

the

Initial gquench velocity and (including the quench time)

Initial maagnetic stored enerqy of the coil

Finmal magnetic stored enerqy of the coil

Thermally dissipated emerqgy in the coil

Thermally dissipated enerqy in the external resistor

(or

coil?

diode)



(05 m MA%M’X
Inner Carll Quemchy

Rext L

I

Iy

Rmax | Tmax | Ymax | Vel Es,i

Es,f

’,

Ein

€
Drgdo!

Coil i

n

— :2.2«,5!,3[) [1295A] B00 A

2,3x% lO’J

‘7.5xIQ3J

1.g~6.20]{0225A] 990 A

9Imsl| =no
(4.20) 500K| 68V €031 1<y

18 e f3,3x157 5|5, 2010

2.1 x10°7]5.4x0°3

Coil trim

0.14+ 034

- fo,u}-»oﬁﬁ"’zqooA 210 A

(100%) 0.33 cec)

23m2 | 5| K| 110 V| B.ombkd3. 2] 5,0% 18 3] 2.5x10"F

1,8x10°]]

Total

12290,

1100.7

1000 .
(loka)

900.]

890,

(52,

H), €=0 , at:0.0iSec 69x1019. %10y

44X 163

17x(0']]

Tw,o

I our,0

\

-4

@.ze 9 .4o

¢.69

A L] T 1 A

2.0¢ 1.0¢ t.2e {.4e t.

TIME(SEC)

z.o¢



(05 MM%V\‘X
Qv Cotl Quemedr

Rext L L It Rmax | Tmax | Ymax | Veli Es,i Es Ein D‘que;“
_ 36~55 2 ) :
Coilin | — |@aspll1215A] 00A C,;g’f’/g 530K| 8V |27 5ed39x0° 3907|2507 72215
3~ . 5
Coil gt — c;{g’ve‘;ﬁ) {0225A] 1000 A C%D,]':/ﬁ 6l10K| ToV Izm/5,¢3.3.xlo.7 5.3x (03 2,3Xlo’3 S.Qxlo’J
P.N¥~,6 26mfN A 3 2 4 3
v — ko -2400A( z50 m 0 V| 7-6msect32x10'3147x10 3 [23x10' 7] 1n~10
Coil trim O‘frq;f;l A| z50A oo 58K l60V AR 32x10314.7 3 «10°y
5 &
Total (52" UH.) €=0 ,at=00{sec 6,9 X150 3|gNx10°3 5.lxl63 1.5x10 3
1200, -
YA iiv,0
1169.]
\‘ Iovf,o
1000, | e
Jdoka) \
900 .
-
LN
820 , |
IOUT :".'
7098,
500, 1
{600K)
500.
499 , 1
Qsoo.
ézoo
;
100.]
0. !
'100- 'lll
-200. 1 Tcon,
‘300. 4 T T T T =T Y T T
.89 3.20 .40 8.69 2.80 1.00 |20 ) {60 1.80 2.20
TIME(SEC!



105 m MAﬂMf«
Cor, Coll Qv%d\/

Rext L

It

F‘ﬂ\OX

THWGX

Vrnox

Vel;

E':si

Es,f

»

Ein

£
’.’JE“

Coil jn

3,6~5.5
FZ.?_ME\}?)

(1275 A

850A

23mQ)
(1.6%)

520K

8V

23m/iac
{835 scd

39x10°3

43x10°3

25X T

ngx0°J

.1
3.3~6.2
(\.g'\' 6-2)

mH

2lmQ1
[0225A|1000A Cr.540e) 530K| N5 v

18 mbec33x(0°3
o 48sec)

s4xidy

23xI8T

5.0x 1073

Coil {rim

0.4~ 096

[0.437+09¢)
mH

2| m1

~2400A Gl

330A 320kK]| 32V

1.5 oa]

-3.2x(0'3

64x10F

45x10'3

24x10J

Total

l"/o
Cl:15%uH) e<D ,at:0.0lsec

bﬁnoﬁJ

I.Ox\dJ

5,3)(!053

1L.5x10']

1209,

-

41N,D

1100.7

1
T,

)]

1800, |
LtokA)
920 .

6890 .1

700 . ]

609 .1

-10d . {

-200.

-300.
2.20

‘—:"é,g

T Ll T T T

1.00 (I
TIME(SEC)

.00




|40 m '\/\Aév\lx
Quter CotL Quemch,

Rext L I I Rmax | Tmax | Ymax | Veli Es,i Es f Ein D‘Edext
. %~ 0
Collin | — &%wé, 11275A| 800 A | 29n% | ¢oo 22511073 5,208 | 340075 | 14x10°3
A WV Je 29 sac
. 4682
Coloy | = |aswe) 10225A| 990 A (Zf’q"‘./n) 730 K 18 ~Yor |41t110° 1|64 %105 3,1x10 3| 58x10 3
sl (L 10
. 0q9~ 1.3
Col yrim | —  Kanpor)|"2490A] 240 A C%g:f) 59K g‘i:/%;—@.zndb 60x103|32x18317x133
» . Sel.
Total (ol uny, e=0 ot onsiec ‘7,2,\'(063 13%0' | 6.8x10°3] [5%10'F
1200
) Liv,o
1100 \
\l I!uT,O
1000 , | T
(o kh) 3
9001
800 .1
s ‘ouT
. 4 IDUT ; e
(r;gf,{)
“ TIN
609 .1 O
\.z‘ :r'
500. AN
400 . 1 Lok .’" :
Q J I.' ] el
K 300. L
§200.. ) e .’l' /
I‘.-‘_."-' 'T R
-200. 1 T o, 9 .
-300., T T T T T T T T T
0.80 5.20 0 .40 2.60 0.60 .00 1.20 .40 1.60 .60 2.00
TIME(SEC)




r?() M b«lkelﬂljt
Quien 1L Quanchy

Rext L I; It Rmax | Tmax | Vmax | Veli | Esi | Esf | Ein Djf"t
— 24~ \m0 23mfec|2.LXIG 3|26x 10 T|1Nxi0°T | 68x16°T
Coil gy — 5%:% l0Z25A] (000 A (fcf-/r% 510K (& Miecf2.2x10°3|3,5%103 | (.5 % T 3| 55xIBT
, 049~ 00H 18mS2 B.6m/, # >
ol 0| S h00Al 260 omfect-2 Ixjof 7|3.2x16 7| 1 6x1d T|1bx1S
Coil {¢im (0.9 oz,lb:{) 24004} 260 A (100 %) B3K (037,005 i bx T
4
Total (5:29--TAC), € <0 ,ot=005lic |40 J]65503[33x1073|14x10'T
1200. A I
.0
1100, ]
\ Iour,o
1800, | o
(10 KA) \
900 ] A
aee . 1
709. |
600 .1
00, |
cSonk)
4080 , 1
Haoe.
é 200.1
gwo.'
5 K
-10@ .1 ;
-200, / Iw'."/_‘_’_...._
-300 . A\l T T T Y Y " T T
.00 2.20 2.40 0.60 2.80 1.00 1.20 1,40 [ .60 1.80 2.00

TIME(SEC)



35 m M.Ag_r\lk

Outev Cotl vad\/

Rext L b It Rmax | Tmax | VYmax | Veli Es,i Es,f Ein 'Eexl
l\/(. l| v
Coil i — (E;‘%ME}? [1215A| 850 A 33:"/’!}1 280 K jf;}s/;;c 13x10 Ty x10%y g3x10"J 63x0°J
(i~ 2,1 ;
Colgy | — ;o,éqé,:*) 102254/ (000 A zf”;‘)l 330K 18 whec |11 107 T|18x10° T|T5 1 T [5.50F T
h‘ o
] 0.25+032] _ "9mQ [ mfsac, . 3 3
- — ~os)|"2400A[ 300 A | oTm oK L0 J{2oxiB 3 [14x00 T |2, 3x!

Coil 4rim W o32) 30 (g > 4 03550] > i

Total (33 UMY €20 b0l cur 2300 3{35 (03 [17 71073 |14 xl0"T
1200, I

N, O
1100,
\l IOUT,D

1000 |
ClokA) "

900 . ,

800 . { :

"300. T T T T T T T T T

0.00 0.20 0 .40 0.60 2.60 .00 (.20 .40 .60 1.80 2.00
TIME(SEC)



|05 m Mn:)t X35T
Inner Corll va&ev

k < }.OX IO—; W/Cm.K

Rext (tl'q,(() b Iy Rmax | Tmax | Vmax | Veli Es,i Es,f } Ein D,Eext -
6~55
Coil i O.‘Sﬂé-{:-gﬂ) (1275 Af 0O A c"’f,"jg Sook | 64 V | 2394eBant 7|3ax10°5 (2,307 59,5407
3,
Coil ot 0.15 Q|Pa~e2 10225 9904 | 1172 | 5ook | gy |1Bsel33x17T]5 301075 |2ut ¥ 1677|524 0BT
mH (‘f_.i */o) (0.31sa¢)
074~09
Coil trim 0-l5ﬂ(o.~z~o.qf)‘2‘f°°‘\ 270A | 2321 51k 110 v |B-Smhed32xid1|50x (0 5| 25010 1810y
/ mH (tooele) (0,33 sec)
Total Leffective (567 OH). e:0  atz0.0lsc 69x10°3 °I.7xlo’J"+.é><lo'J 17 %100
Inductance ‘ ’
1200, oo
1100.] \ Tosr,o
1000, | ‘
CiokA) .
500 .1
800 .-
900, 1
600 .
506 .
(500K)
4601
@300.+
§zoo.
;
190,
o :
-100 .1 ;"
| -
-309. T Y T T T T N Y Y T
0.00 2.20 °.4e 2.60 2.00 .00 1.20 L .40 {.60 .60 2.00

TIME(SEC)



105 m Magnek x 332~
:Ennek' (:olQ/ GluEMJJL/
t}w’;o\l ;QX/

L o=3.0x(07% %K\K

Rext. L I; I¢ Rmax | Tmax | Ymax | Veli Es,i | Est Ein mgﬁxt
Coilin 10150 ﬁ:ggz (1Z75A f100 A (Zég’.ﬁ 560K| 69V |23%e39x10°7|32x0°T|2. 2007|1355
33 Ai;?i é; n / Ef C? Cf Cf

i L o 15A|a904 | 1O o 2V |15 mhec33x| oxlOT|{.Txi73[2.8x
Coil oyt |0.15 2417~ 6:2)10225A[TTOA| 11T | 420K 5 vmmd 715 J]
Coil 4rim O,lSnp:Z::%Z%Q‘fOOAZ?-OA C%f;"/'j 45K| {60V (’Z-;ﬁe;-&zaoﬁ 39x187|2.2x18'7|g 0 %18 7

‘ ‘ 5

Total (59" UH) e=0  at-00lsec [pINGI|8LxBIl4l xI103)11x0"T

~109.1
-200.]
-300, T T T = T T T Y T
3 .00 .20 Q.42 ? .60 9 .he 1.00 1.2¢ 1.49 1.60 1.60 2,89

TIME(SEC)
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(05 mMagnel x 3372 Pogtee et ek v, 5
Outew CO(Q.— QVWC'L’ [\LC’"J . "‘r.a‘u\“".,.!?f-‘ Z/f
'e‘” :_0\ ‘ sw kfsp){“—)'s p\//‘:"\ K
k = 3'0)‘ IO-7 WAM\\Q ) {;>w 0l qee
Rext L I If Rmax | Tmax | Vmax | Vel Es,i Es,f Ein Eext
. 36~55 22 mSL 21 - 5 b3
. " 0 P m/sec xi 2.3%10° 3|44 103
Coilin | 050 (za~55)| 11275A| 830A |17 | 500K | B3V Cm{g 3907|4115 23x10°3
33~
Coilgy (0150 a.iizf? t0225A | 990A 5,07'1/‘} olok | 60V | 18msed33%10°315.3x16° 5 2, 24107 31 1S5
- L B ad
on4~036 m
Coil trim | 0.15 2 fous-ons)~2400A| 260 A gf’o'gf) 49 k| 160V qu /4«3 -3,2x183| 5,0 xid 3| 24 x10°3] 6,3 x10'3
[ . o DUE'YS
Total (57+-UH), €0 ot 0olsec 64x10%|99 %103 |48 x107| 81X T
669 .1 A
(600 k) i
500 . ,,'
409 1 ;" .
Iak;' '
Qsoo.‘ o
§ R
L 200 . 250
E 100, ] ~ -
r"'—/’l’
OI 3
-100 .
-ze0.]
-300. T T T T T T Y T T
.00 .20 .40 2.60 B .50 (.00 1 .20 1,49 1.60 | .80 2.00
TIME{3EC)
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A BRIEF ANALYSIS OF QUENCHES IN THE THREE TESLA, DESIGN C SSC MAGNETS*

W.V. Hassenzahl
Lawrence Berkeley Laboratory

University of California
Berkeley, CA 94720

- Quenches in the 3 T, superferric magnets proposed by the Texas Accelerator
Cenl;erl have been analyzed by using the computer program G\UENCHZ. The version of
QUENCH used here models only one coil so the two and three coil geometries that are
'proposed cannot be analyzed explicitly. However, the inductances of each single coil
circuit allows this version of the program to give good estimates of the final
temperature because the energy dump in a quenched coil must occur in a time much
shorter than the discharge by the external protection circuit.. In addition, an estimate
of the "worst case" temperature, when a large fraction of the energy goes into one or

the other of the two main coils, can be calculated directly.

Description of the 3-T Magnet

! The

The 3-T Superferric magnet has been described in great detail elsewhere.
salient features for the analysis presented here relate to the conductor and the details
of the coil and conductor placement. As a reference point the cross section of the
magnet is shown in Fig. | and the details of the conductor region is shown in detail in
Fig. 2. There are three independent coils that are driven with different currents to
produce very uniform fields within the bore. The discharge circuits that protect these

coils in the event of a quench in énother coil are not addressed here. Rather, we

consider the effect of a quench in either the inner coil or the outer coil that causes a

*This work was supported by the Director, Office of Energy Research, Office of High
Energy and Nuclear Physics, High Energy Physics Division, U.S. Dept. of Energy, under
Contract No. DE-AC03-76SF00098.



dump of the energy associated with a certain length into the winding selected. The
energy deposited in a normal region is controlled by changing the inductance and
current, which are an input to the program. This does not allow a simulation of the
case where the quench begins in one coil winding and propagates to another.

The parameters of the conductor for the inner and outer windings, which we study
here, are presented in Table I and the conductor is shown in Fig. 3.. The two different
coil windings have slightly different inductances, and, because the iron saturates the
differential inductance is somewhat different from the integrated or net inductance at
a given field/current. Some of these inductances are given in Table II.

The field within the windings at the positions 1, 2, 3, 4, 5, and 6 of Fig. 4 are
given in this same figure for three different values of central field.

The critical current curve for the conductor, as proposed by Texas Accelerator
Center is shown in Fig. 5. This curve was used to obtain the quench velocities in the
inner and outer coils shown in Fig. 6. These velocities are calculated in the program
quench and are based on the conductor cross section given in Fig. 3 and Table I. They
are quite similar to the velocities observed by Zeigler in magnet TACO005. These
velocities are also given in Fig. 5 in the low field region, which represents the field in
the region of the conductor in the superferric design. The information on this coil
suggested that the transverse quench propagation velocity was quite small. We begin
with some results based with physical characteristics of the conductor and then use the
observed data. The turn-to-turn transition times are given Table IIL.

GQuenches in the coils were calculated for a variety of conditions in the two coils.
A set of typical quench temperatures based on only one coil quenching are given in
Fig. 7.

The resulting temperatures, though modest for magnets such as the CBA etc., are

probably unacceptably high for this magnet because of the use of solder throughout the



conductor. This solder should not be allowed to melt as it might then be dispersed in
the magnet by the helium pressurized by the quench. The melting or liquidus point of
the solder used, and therefore the upper allowable temperature during a quench, is
about 500 K. The solder enters a putty-like region at a lower temperature.

The use of shorter magnets, say 35 or 70 m would allow the energy deposited in
either of the two main coils to be reduced by at least a factor of two.

For all the transitions depicted in Fig. 7 the assumption is made that either the
inner coil or one half of the outer coil quenches and the rest of the magnet does not
participate. In fact the system is much more complicated. What is likely to happen is
that the inner coil, which is in a higher field region and more exposed to beam loss and
synchrotron radiation, will quench first. As a result, as its current decays, coupling will
cause the current in the outer coil to increase very slightly. Thermal conductivity and
the increased current will then cause the outer coil to quench. Because of this possibly
elevated current coupled with the lower field and higher effective inductance, the outer

~coil has more energy available during a quench that will propagate more slowly. Thus
the outer coil could become slightly hotter than predicted by any of the calculations
here.

In an earlier study on the 6.5 T Design A SSC dipoles3 it was shown that the peak
temperature would occur if the magnet quenched at about 80% of peak current. The
result of a similar study for the Design C dipoles suggests that the peak temperature
here would be at currents greater than 10,000 A. So we need not be concerned about

intermediate temperature quenches.
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Fig. 1. Cross Section of Design C Magnet

Fig. 2. Detailed Cross Section of Conductor Region

Fig. 3.  Cross Section and Details of Conductor Alone
Fig. 4. Coodinates and Fields in the SSC Design C Dipole
Fig. 5.  J, vs. B for TAC Conductor

Fig. 6. Quench Velocity for Inner Conductor Uses Details of B vs. Pasition and Cross
Section and Jo

Fig. 7. Temperature Development for Quenches in 140 m Coil



TABLE I
Details of the TAC SSC 3-T Dipole Conductor

Conductor cross section (mmz) 23.70
Conductor dimensions with insulation {mmxmm) 2.90x7.90
Superconductor cross section ) (mmz) 3.88
Copper cross section (mmz) 12.85
Copper core cross section (mmz) 8.00
Copper in strands cross section (mmz) 4.85
Solder cross section (mmz) 2.84
Insulation cross section (mmz) 3.90
Helium* cross section (mmz) 0.23
H,p at 4.2K (M 10.5
T.atB=0 (K) 9.5
Number of strands (mm) 24
Strand diameter (mm) 0.67
Cu to S.C. ratio in strands 1.3
*¥Estimate



TABLE 11

Inductances for the 3 T Superferric Design C Dipole with a Lentgh of 105 m

Coil Field Inductance
(M (mH)
Inner 3.0 3.6
Outer 3.0 33
Inner 1.6 4.6
Outer 1.6 4.9
Inner 0.5 5.5
Outer 0.5 6.2



TABLE III

Transverse or Turn-to-Turn Quench Propagation Times in the TAC0D05 Magnet

Current Field Time
(kA) (M (ms)
5.0 1.8 250
1.5 2.3 175
9.0 2.8 115
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A STIMULATION OF QUENCHES IN SSC MAGNETS

WITH PASSIVE QUENCH PROTECTION.
K.Koepke

Introduction

The relative ease of protecting an S5SC magnet following a
quench and the implications of quench protection on magnet
reliability and operation are necessary inputs in a rational
magnet selection process. As it appears likely that the
magnet selection will be made prior -to full scale prototype
testing, an alternative means is required to ascertain the
surviveability of contending magnet types. This paper
attempts to provide a basis for magnet selection by
calculating the peak expected quench temperatures in the 3 T
Design C magnet and the 6 T Design D magnet as a function of
magnet length. A passive, "cold diode" protection system
has been assumed. The relative merits of passive versus
active protection systems have been discussed in a previous
report (1). It is therefore assumed that - given the
experience gained from the Tevatron system - that an active
quench protection system can be employed to protect the
magnets in the eventuality of unreliable cold diode
function.

Quench Model

The calculations were performed with the program TMAX. As
the magnet current decays during a quench, the program
updates magnetic field, quench velocity, quench resistance
and quench temperature for every magnet turn and uses the
results to control the magnet current. Single or multiple
quenches can be started anywhere in the magnet.

The quench velocities in the program are calculated with
empirical equations obtained by fit to available velocity
measurements. In the case of the Design C magnet, in situ
velocity measurements - longitudinal and turn-to-turn - have
been made (2) and are used unaltered in the program. In the
Design D magnet case, the longitudinal velocities for the
inner and outer cables have been measured in a test fixture
(3)., It can be shown - at least in the case of test magnet
SBN003 - that longitudinal velocity measurements made in a
magnet and in a test fixture agree on the 10 percent level
(Table 1). Turn-to-turn quench delay data was obtained by
scaling from data in test magnet SBN0O0O3 (4) and test magnet
RO1001 (5).

1



The quench temperatures are obtained by equating the change
in cable heat capacity to the heat deposition in the cable
due to ohmic heating, i.e.}! from a Miit versus temperature
calculation. This calculation ignores heat transfer
(adiabatic approximation) across the boundary of the cable
- segment and must therefore be interpreted as the maximum
cable temperature possible for a given ohmic heating. The
validity of this approach has been tested by comparing an in
situ measurement of cable temperatures (4) with the
temperatures obtained from an adiabatic calculation (Fig.1l).
The comparison indicates that better agreement is obtained
if the cable insulation is included with the heat capacity
of the cable and this has been done in all subsequent
calculations. The integration has neglected the
contribution of the helium to the cable heat capacity. This
assumption is probably correct for the Design C magnet which
has solder filled cable. 1Its effect on the temperature
calculation for the Design D magnet is ‘also minimal. The
program uses empirical quench velocities which already
include the effect of the helium. In the case of the inner
cable , the helium content of the cable increases the cable
Miits necessary to reach a temperature of 700 K by
approximately .1 Miit.

The number and location of quenches in a passively protected
magnet have a strong relation to the peak quench
temperature. Graded cable and magnetic field variations
result in different quench velocities. Boundary conditions
such as shims, coil boundaries and splices to stabilized
conductors severely limit the extent of the normal quench
zone. Multiple quenches in coils protected by more than one
diode can give elevated temperatures due to the bias
obtained from mutual coupling of the diode loops. In
recognition of this fact, quench temperatures have been
calculated for locations that result in the minimum and
maximum temperature. It may be argued that the quench
scenarios that result in maximum temperatures are unlikely
or less likely to occur during normal operation. However,
the loss of operation due to magnet replacement on an even
infrequent basis is probably not tolerable.

The calculations have been made with the assumption that
each magnet is part of a high series-impedance string which
contains a constant current. This is equivalent to the
requirement that the sum of the magnet current and the

2 .



bypass current 1s constant during the short interval that
the current switches to the diode. This condition is
approximately satisfied in'the Design D circuit as the
quench voltage rapidly overcomes the relatively low
inductive voltage that results from the dump current decay.
However, the dump time constant in the Design C circuit is
small enough to result in significant current decay before
the magnet resistance forces the bypass diodes to conduct.
Nonetheless, the calculated temperatures are probably valid
in the case of maximum current in the inner and outer coil.
In this particular case, the initial current decay due to
the dump circuit is roughly equal to the initial current
decay in the quench simulation.

Design C Magnet

The peak temperatures calculated for -this magnet are shown
in Fig. 2. Only the inner and outer coil temperatures were
calculated as the trim coil operates at reduced current and
its area and/or its composition can easily be changed if its
quench temperatures are too, high. Quenches were simulated
in the body of the magnet wbre the quench is free to
propagate in both longitudinal directions and also at the
magnet end were the cable is spliced to the fully stabilized
cable contiguous to the cold diode. The end- of-coil quench
location for this magnet is critical because of the magnet's
long turn-to-turn quench delay. This delay and the
relatively small number of magnet turns available to the
normal quench zone imply that most of the quench resistance
comes from the first turn to quench. For quenches at the
coil end, this quench resistance is halved. In the outer
coil, the quench zone was limited to two turns. In the case
of the inner coil, the third and fourth turn were
simultaneously - and arbitrarily - quenched after 140 ms.
The effects of intercoil quench propagation, or of multiple
quenches in either or both coils were not investigated but
are clearly relevant.

The cable and magnet parameters used in the gquench
simulation are courtesy of the TAC group. The cable cross
section is shown in Fig. 3. Fig. 4 contains the calculated
temperature versus Miits for this cable including the solder
and insulation at 0 T and 3 T magnetic fields. The quench
velocities, quench delays and coil inductances used are
given in Table 2. The velocity and quench delay values for
the 10.1 kA and 11.3 kA currents are extrapolated. The
sizeable effect of iron saturation in this magnet has been
approximated in the quench program by parameterizing the
coil inductances as a function of ampere-turns.
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Design D Magnet
X

The peak temperatures calculated for this magnet are shown
in Fig. 5 thru Fig. 7 as a function of magnet length and as
a function of the number of protection diodes per magnet.

In the case of single diode protection, the maximum quench
temperature occurs for single quenches that start in the
high field turn next to the coil key. At this quench
location, the quench normal zone can only expand in one
azimuthal direction which compensates for the higher quench
velocities. For magnets with multiple diode protection,as
shown in the figures, the maximum quench temperature occturs
for dual quenches at the median plane of the magnet. In
general, geometrically symmetric and simultaneous quenches
with mutually coupled decay circuits behave as if the coil
inductance per quench is L/2 instead of L/(2+2%4k) where L
and k are the total magnet inductance and mutual coupling
constant respectively. End-of-coil quenches for this magnet
were not considered because of the relatively fast turn-to-
turn quench propagation and the large number of magnet turns
that contribute to the quench normal zone. This assumes
that the magnet ends are of minimum size which allows a
quench to rapidly exit from this location. If exagerated
"dog bone" ends are used, the magnet end quench protection
will need to be reevaluated.

The quench calculations assumed that the Design D magnet
utilizes the cables specified for the Design A magnet of the
SSC design study (6) and that the coil geometry agrees with
BNL drawing no. 22-00217-4 Rev B. Fig. 8 gives the
calculated temperature versus Miits for these conductors at
field values of 0 T and 6 T. The Miit integration includes
a .004 in. thickness of Kapton insulation per cable. The
inner and outer longitudinal quench velocities used are
plotted in Fig. 9 and Fig. 10. These velocities were
measured in a test fixture and were furnished by B. Sampson,
BNL. The turn-to-turn quench delays were obtained by
scaling from measurements in test magnet SBNOO3 ( A.
Prodell, et al., BNL) and test magnet R01001 (K. Koepke, et
al., FNAL) and are shown in Fig. 11. The magnet inductances
were taken from SSC publication SSC-MD-104 (J. Cottingham)
without any adjustment for the small iron saturation.



Ad justments

The quench temperatures cailculated should be considered as
a first approximation calculation as many factors present in
a quenching magnet have been ignored. For example, the
quench velocities were measured at constant current and
field. It is known that during a quench, these veloc1t1es
are increased due to eddy current heating. 1In fact,
Tevatron dipoles quench spontaneously near short sample at
300 A/s. Other effects which may significantly alter the
quench temperatures are eddy currents in the collars and
cryostat - especially if constructed out of aluminum - and
quench propagation between inner and outer coils. If
included, these effects would tend to lower the actual
quench temperature calculated. These effects, along with
the asymptotic behavior of the quench velocity near short
sample, are probably also responsible for the maximum in
quench Miits observed in passively protected magnets, e.q.,
the CBA magnets. This maximum in quench Miits occurs at
magnet currents well below the short sample current for the
cable in the magnet.

‘A more realistic peak temperature estimate can be obtained
by assuming a higher initial "effective quench velocity", or
by evaluating the quench temperature at the magnet current
at which the Miit maximum is observed, or by adjusting the
calculated quench Miits by an observed correction factor.

We can obtain an estimate of the current at which the quench
Miits of the inner Design D coil will be at a maximum by
scaling the current at which the quench Miits for the inner:
coil of test magnet SBN003 peaked. Scaling by cable cross
section areas yields a current of 4450 A. When the inner
coil Design D quench temperatures are evaluated at 4450 A,
the result is equal to 78 % of the result obtained at 5906
A. This correction is probably not universal, i.e., it may
depend on magnet length and certainly is different for
different magnets.

Conclusions

Superconducting cable formed out of niobium-titanium with
Kapton film insulation starts to show short sample
degradation at a quench temperature of 800 K. Repetitive
quenches in solder-filled cable may show damage at even
lower temperatures. If we arbitrary set the allowed quench
temperature to 700 K, this quench temperature limit and the
calculated quench temperatures can be used to evaluate the
relative suitability of passive quench protection for the
magnets discussed.
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Arbitrarily using the same correction factor for the inner
and outer coils of. both magnets, it appears that the 140 m
long 3 T magnet and the 1636 m long 6 T magnet are
protectable with a passive quench protection system. The 3
T magnet requires a minimum of 6 diodes per half cell. This
assumes that a pair of parallel diodes are needed to carry
the order 10 kA currents in the inner and outer bus. A
single diode for the trim winding and another for the
separate quadrupole are also assumed. The 6 T magnet
requires 21 diodes per 100 m half cell, i.e., 4 diodes per
16.6 m dipole and one diode for the separate quadrupole. As
the 3 T ring needs to be twice as long, the 6 T ring needs
approximately 2.8 times as many diodes per aperture for
passive quench protection. A more complete comparison among
competing SSC magnets from the viewpoint of quench detection
and protection has been made in a previous report (1).
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Table 1

A comparison of the longitydinal velocities measured in a
test fixture (W.B.Sampson, BNL) to the longitudinal
velocities measured in test magnet SBNOO3 (A. Prodell, BNL).
The cable in both instances was 1.3/1 high homogeneity NbTi
with a cross section of .085 sqcm.

Coil Average SBNOO3 Fixture
Current Field Velocity Velocity
(amps) (tesla) (m/sec) (m/sec)

Quench origin - inner coil,median plane (IMPL)

1500 1.69 1.6 1.34
2500 2.82 2.7 3.15
3000 3.38 4.6 4.56
3500 3.94 6.3 6.02
4000 4.5 8.4 8.09
Quench origin - inner c¢il, median plane end (IEL)
1500 1.69 1.5 1.34
2500 2.82 2.8 3.15
3000 3.38 5.0 4.56
4000 4.5 11.0 8.09
Quench origin - outer coil,median plane end (OEL)
2000 .65 1.7 1.6
3000 .97 3.2 3.16
4000 1.3 5.0 5.6
5000 1.62 7.7 8.9
5500 1.79 10.0 10.5
Quench origin - outer coil,median plane (OMPL)
2000 .65 3.6 1.6
3000 .97 6.7 3.16
4000 1.3 10.4 5.6
5000 1.62 15.4 8.9
5500 1.79 18.8 10.5

Last data set has insidious factor of 2 ?
7



Table 2

This table contains the parameters that were utilized to
calculate the peak quench temperatures for the TAC 3 T
magnet.

Magnet Longitudinal turn-turn
Current Velocity delay
(kA) (m/sec) (sec)
5.0 4.0 .248
7.5 7.9 .175
9.0 12.0 .115
10.1 15.6 .090
11.3 20.2 .070
Magnet Self Inductance of Magnet Coils
Field Quter Inner
(T) (10E-5 H/m) (10E-S5 H/m)
.5 4.62 4.07
1.6 4.43 4,07
2.4 3.91 3.93
3.0 3.11 3.38
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Fig.2 Calculated maximum quench temperatures for the 3 T
TAC magnet. The actual quench temperatures can be
expected to be lower (See "Adjustments" of text).
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COMPUTER STUDIES OF THE QUENCH BEHAVIOR OF AN SSC MODEL -DIPOLE*

Gebhard Moritz and William Hassenzahl
Lawrence Berkeley LLaboratory

University of California
Berkeley, CA 94720

Introduction

The quench behavior of SSC dipoles is of interest for several reasons. First, the
quench characteristics of the conductor will affect the design of the magnet windings.
Second, if excessiv. temperatures are reached in a passive protection mode then
additional accelerator components such as fast quench detection circuits, heater firing
units, and heaters will be required. Third, machine operation, percent downtime, ramp
rate, acceptable beam loss, etc. will depend somewhat on the quench characteristics of
the various superconducting magnets in the machine. Of course all these factors
influence the ultimate cost of the accelerator.

As a consequence it is desirable to understand very early on the detailed quench
behavior of the SSC dipole windings. In the absence of experimental data on the
magnets themselves we will attempt here to estimate the characteristics of quenches,
in particular the hot spot temperature, in the SSC Reference Design A dipoles. The
quenches are analyzed using the computer program QUENCH. Input data, material
characterstics, are similar to those for other accelerator dipoles. We have compared
calculations from the program QUENCH with actual data on quenches in the CBA
magnets and the LLBL. model dipoles in the D-7, D-8, D-9, and D-12 series. Two
"parameters”, the copper resistivity at low temperatures and the effective enthalpy of
the liquid helium contained in the windings were adjusted to make the temperatures and

velocities calculated by QUENCH correlate with those in the actual magnets. Where

*This work was supported by the Director, Office of Energy Research, Office of High
Enerqgy and Nuclear Physics, High Energy Physics Division, U. S. Dept.
of Energy, under Contract No. DE - ACO3-76SF 00098.



good data on the actual copper resistivity were available, the measured residual
resistivity ratio was used, and only the helium fraction was adjusted. Good agreement
was obtained with the available test results in all these comparisons.

These calculations are expected to be representative of quenches in the real SSC
magnets, at least to the extent that they will correspond to other similar dipoles. We
believe this correspondence is quite good. However, these calculations are not
substitutes for hard data. Thus we recommend that as much data as possible be

obtained on quenches in SSC model dipoles.

Program QUENCH

The calculations described here used the computer program QUENCH, it was first
written by M.N. Wilson(l) and later modified and documented by W. Hassenzahl(z). The
specific heats of copper and superconductor and the resistivity of copper that we used
are given in Figs. | and 2.

Because of the low copper-to-superconductor ratio in the proposed cable the
windings heat up very quickly. There is no pool boiling heat transfer. Though the
program would permit some of the heat from the conductor to be deposited in the
helium bath, this feature is not used in these calculations. From fundamental

(3)

experiments,'”’ it is known that there is some transient heat transfer from the rapidly
heating conductor to the small volume of helium with which it is in direcl contact,
which is a fraction of the helium within the insulation. This transient characteristic is
taken into account by ascribing a constant specific heat Cp to helium between 4.4 and
15 K. The value used is determined by the integralleKdeT = heat of vaporization.
The maximum temperature of 15 K is used because 4v:/iKknow that by the time the
surface temperature of the conductor reaches this temperature there is essentially zero
heat transfer (the film boiling limit is reached at about 5 or 6 K) to liquid helium that

started at either 1.8 or 4.2 K.



Guench Velocities

The program QUENCH can calculate the quench propagation velocity or the

velocity can be set by the user. If the velocity is calculated, the formula used is:

- I(Qm-zecl \/ LT,
¢ ¢ ¢ em(em_e)c)

where: 1 = operating current (A/mz)

C = specific heat (J/m°K)

@m = (T m-Tb) temperature difference between the maximum
temperature of the conductor and the bath temperature
@C = (TC—Tb) temperature difference between the critical
temperature of the conductor and the bath temperature
-8 ,,2,.2 .
L = 245x10 ° (V'/K") = (Lorenz ratio)

TC is calculated by

Temax b
Te = Temax - I, /1,
where: T cmax - maximum critical temperature for B= O
Ic - critical current at the bath temperature (A)



Conductor and Windings

We ran quench calculations for the conductor in both the inner and outer layer of
the proposed SSC-dipole. The conductors a.re slightly key-stoned, "Rutherford type"
cables wrapped with two overlapping layers of Kapton. The Kapton has a thin layer of
B-stage epoxy on one surface. The cable data for an LBL model dipole are given in
Table I and those from the SSC reference design are displayed in Table II.

The coil geometry evaluated by the program QUENCH is rectanqular. For small
bore dipoles this approximation is not perfect, but the results of interest, namely
temperature, do not depend strongly on slight variations in the overall coil dimensions.
We have taken the circumferential extent of the winding at the mean radius of the
conductor for one dimension, the height of the conductor for another dimension and
twice the length of the coil for the other. These dimensions are also given in Tables |
and II. The presently proposed geometry for the SSC model A magnet includes wedges
in both layers. These may have an effect on circumferential quench propagation but
the specific effect is unknown at present so these have not been included at all in the

calculation.

Calculations

The program QUENCH allows the user to restrict the total normal going volume
(the maximum extent of the quench) to certain regions of the coil. In our calculations
the worst cases were those where only one layer, either the inner or the outer goes
normal starting at the pole. The quench moves circumferentially in only one direction.
For some other calculations we chose the innermost point of the inner layer in the
midplane of the magnet as the point of quench initiation, i.e. B = B central. 1he length
of the magnet is assumed to be 16 m unless otherwise specified, and no external dump
resistor is used. Though some of the heat from the conductor will end up in the helium

bath while the quench is in progress, the event is over so fast in general that very little



Characteristics of the D-12 Cable and Windings

Bare Cable Dimension Average (in)

Insulation Thickness (in)
(before squeezing)

Insulation Thickness «n)
(after squeezing)

Number of Strands
Strand Diameter (in)
Copper to Superconductor Ratio

Percent of Unit Cell (%) in
squeezed conductor

Copper
Superconductors
Insulation
Void (He)
Winding Height (em (in))
Width (em (in))

LLength  (em (in))

Table I

Inner L ayer

371 x .0557

.0022

0015
23

0310
1.1

44.6

40.5

1.3

1.7
5.03 (1.98)
0.93 (.37)

220 (87)

Quter |_ayer

.383 x .0470

.0022

0015
30
0255

1.79

52.7
29.5
8.3
9.5
5.50(2.17)
0.99 (.39)

220 (87)



Table 1I

Characteristics of the SSC Reference Design Study Cable and Windings

Inner Layer Outer Layer
Bare Cable Dimension Average (in) 371 x .0571 .383 x .0470
Insulation Thickness (in)
(before squeezing) 0022 0022
Insulation Thickness (in)
(after squeezing) 0015 0015
Number of Strands " 23 30
Strand Diameter (in) .0318 0255
Copper to Superconductor Ratio 1.3 1.8
Percent of Unit Cell (%) in
squeezed conductor
Copper 48.1 54.0
Superconductors 37.0 30.0
Insulation 6.9 8.0
Void (He) 8.0 8.0
Winding Height (cm (in)) 5.03 (1.98) 5.50 (2.17)
Width (cm (in)) 0.93 (.37) 0.99 (.39)
Length (cm (in)) 3220 (1268) 3320 (1268)



heat has a chance to be transferred out of the coil volume. Thus, in keeping with
making a pessimistic estimate, no heat transfer to helium or any of the coil structure is
taken into account.

One output of the program that is of major interest here is the time dependence
of the highest temperature in the windings. The temperature increases with time and
reaches its final value after 0.5 to 0.7 seconds. The final temperature depends strongly
on the effective specific heat C b of the hglium in the windings through the effect of
this parameter on the propagation velocity. For example, for a quench in the outer
layer at the pole, the quench propagation velocity was calculated to be 13, 18, 27 and
35 m/s respectively for 7, 5, 3 and 2 percent helium, as shown in Fig. 3. To check this
assumption we carried out another calculation with quench velocity as direct input to
QUENCH and a helium fraction of 7 percent. In this case the enthalpy of the helium
affects the temperature rise up to 15 K but not the quench velocity. These results are
shown in Fig. 4. The final temperatures of this calculation are in good agreement with
the results displayed in Fig. 3.

It is interesting to note, that the geometrically calculated fraction of about 7
percent helium does not give the guench velocity measured in other magnets with
almost identical conductor geometry.(a) Instead, much lower percentages, about 2
percent for our model, give the experimentally observed velocity. This same effect

(%)

appears to have been observed at BNL , where they measured lower velocities in
"forced-flow” than in "pool-boiling" experiments. The explanation was that only a
small amount of helium boils and the rest is simply forced out of the conductor with the
result that the quench front "sees" only a limited volume of liquid helium. On this basis
we use the percentage of helium as a knob to adjust the quench propagation velocity in
the calculation so it will agree with the few known experimental values.

Figure 5 shows the final hot spot temperature for the inner and outer layers of the

1 m long D-12 magnet as a function of the operating current. A maximum is observed



at about 5000 Amps. For higher currents the stored energy increases, but the quench
velocity increases even faster (Figure 6). A similar effect was observed in the CBA
coils.

The predicted temperatures are well under the damage level, which we assume to

be below 700 K.

Improved Superconductor

In recent months there has been a successful effort to improve the critical
current density of the NbTi superconductor used in the SSC dipoles. Improved
superconductor has several effects on the SSC. First, it can reduce costs. Second, it
may improve accelerator reliability if a greater operating margin (AT) is allowed.
Third, on the negative side, this increased margin will increase hysteretic losses, and
induced multipoles. Fourth, the increased margin will cause the quench propagation
velocity to decrease, and thereby increase the ultimate peak temperature in the
windings. Figure 7 shows the critical currents of three cables; the middle curve is the
quoted SSC RDS performance curve, not the design curve. The other two are actual
conductors. The lower is for the conductor used in the D-12C series of magnets and the
upper curve is for the most recent billets of high homogeneity conductor. Also shown in
this figure is the short sample performance of the high homogeneity wire alone. In
Figure 8 we see the peak magnet temperature to be expected for quenches at the layer
1 pole for 16 m SSC dipoles made of these conductors. No active protection system is
used. By keeping the copper to superconductor ratio constant the improved conductor

to some extent reduces the likelihood of a possibly safe coil.

Effect of Magnet Length on Temperature

The SSC coil length of 16 m, which was set rather arbitrarily for the reference

design study, may be changed for a variety of reasons before the SSC is actually



constructed. One reason for shortening the coils would be the desirability of a passively
safe magnet system. The peak temperature predicted in Fig. 8 occurs at about 5000 A
for all the different superconductor characteristics. Using the Reference Design Study
Nb-Ti critical current bharacteristics, and 5000 A, the effect of magnet length on peak

temperature is shown in Fig. 9.

Conclusions

Preliminary calculations of the quench behavior in SSC-dipoles show that the
magnets could be self-protecting and that a heater may not be necessary, depending on
the conductor used. Nevertheless, in order to get more accurate results, it is necessary
to measure quench propagation velocities in the model magnets and the cable
temperature as a function of "MIITS" in the model magnets or in short sample
experiments. Furthermore, we must pay attention to the difference between
"pool-boiling” and "forced flow" cooling as this may also affect the ultimate
temperature rise in the conductor. As a separate issue, not discussed above, improving
the residual resistivity of the copper in the conductor will have a major effect on the

final temperature.
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Figure Captions

Specific heat of copper and NbTi superconductor used for the calculations in this

report.

Resistivity of copper based on measurements of LBL conductor #280 used in the

D12A magnet. The residual resistivity ratio is 60.

Quench propagation velocity affects the final quench temperature more than any
other factor. In this study the effective helium content in the windings was varied
to control the velocity. The initiation point of the quenches for this figure were at

the inner layer midplane. No external energy dump is assumed.

Quench propagation velocity was a fixed input to QUENCH for this set of curves.
Note that the helium content has little effect on the final temperature compared

with the previous figure.

Estimates of maximum quench temperature for a 1-meter model magnet with

graded conductor from the inner to the outer layer.

Estimates of quench propagation velocity as a function of current and the effective

helium content within the windings.

Load line and critical current curves for the C-5 magnet design and three
conductors. The parameters for these conductors are used to estimate the

temperatures in Fig. 8.

Peak temperatures in a quench in an SSC dipole for different conductors. Note

that the magnet made with the best conductor has the highest final temperature.
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At the observed propagation velocities only about 5 to 7 meters of an SSC-dipole
will go normal during a quench in which no heaters are used. Thus final
temperature will depend on magnet length as shown here. This curve is for a
5000A quench, the highest temperature for the Reference Design Conductor of the

previous figure.
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SSC-MD-104
Quench Protection for SSC Design D Magnets
J. G. Cottinghan

Ganetis and Prodell conducted a series of experiments relating to the
quench burn-out and quench propagation properties of NbTi superconductipng
magnets. These results are reported to the 1985 Particle Accelerator

Cogference and are contained in their paper entitled Results from Heater-

Induced Quenches of a 4.5 m Two-in-One Superconducting R&D Dipole for the
SSC.

These results can be used to upgrade the method for estimating the
natural quench characteristics of the proposed full length SSC magnet which
is assumed at this time to be that reported in BNL Technical Note 19,

The burn-out limit for the cable used in the experiment was estimated
using a computer program which extrapolates from CBA experience. These

results are tabulated below and compared with measured values.

Program predicted design limit 6.13 x 10% AZ-sec.
Measured burn-out limit 8.72 " "
800K temperature point 7.70 " "

The ratio of the AZ-sec. value for a “hot spot” temperature of 800K to
that predicted by the computer program is 1.256 indicating that the program
predictions are pessimistic by 25.6%. This is not surprising since the
program has been known to give pessimistic results because it contains no
conductive cooling correction for the "hot spot”.

As has been reported before the integral I%2dt rises with quench current
until it reaches a maximum then falls as the current approaches the critical
current, Figure 2 in the referenced paper 1llustrated this typical be-
havior. The program used to predict quench behavior needs, as an input, the
current value at which this integral peaks. The output results are a strong
function of this input. 1In the past I have used a value of approximately
0.9 that of the planned operating current. Since the planned operating
current 1s a judgement matter, this is a poor procedure for choosing this
input parameter. The current at which the integral I%dt peaks is a funétion

of the quench current. Ganetis and Prodell report this current ratio to be
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0.76. If I estimate the location of this peak from the design quench current

using the 0.76 ratio, I obtain estimates that are lower than before. These

are summarized as follows:

Original

Estimate New Estimate
Operating Current 6530 amps
Critical Current 5992 amps - See TN-19
Peak, Integral 124t 5875 4550 amps

This reduction ig the current at which the integral 12dt function peaks
favorably alters the peak temperature predictions and in fact now produces a
prediction that the SSC design of TN-19 is passively quench protectable.

Results are summarized as follows:

Predicted Quench Characteristics for SSC Magnet Described in TN-19

Inner Coil Quter Coil
Predicted cable burn-out 12.16 x 10%A2-sec. 10.02 x 10%A2-sec.
Corrected cable burn-out(+25.6%) 15.27 12.58
Quench event, single diode 11.22 10.56
Quench event, double diode 9.39 8.89

If these predictions are correct, then this magnet 1is passively
protected with only a single diode and the double diode concept becomes a
backup procedure.

Clearly, small changes in certain critical inputs make significant
change in the output results and in this case have radically changed the
conclusion. Only tests with a full length magnet will confirm these pre-
dictions, but I believe they now represent our best estimate of quench

performance and that we should now anticipate that the Magnet Design.D is
passively protectable.
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Appendix I

MAGNET POWER SUPPLIES

Introduction

From discussions with our colleagues in the design group and after Jisten-
ing to our CERN colleaques describe their operating experience with SppS col-
lider, it is clear that the quadrupole and dipole magnet currents must track
within a few parts in 10°. Requiring that the betatron tune spread be < 0.002
during acceleration (to 1imit particle loss) and during colliding beam opera-

tion (to limit emittance growth) impiies current regulation with dI/I < 2 x 10

for-the SSC. At first sight this requirement seems to provide an interesting
design challenge, because in the Reference Designs Study dipole and quadrupole
current was provided by 12 separate power supplies coupled together by
differential transductors. Assuming that the current errors are random, each
power supply must then regulate to a factor of 12.'/2 ~ 3.5 better than the
overall regulation requirement. One way to avoid these random errors would be
to connect the entire ring in series with 12 equally spaced power supplies.
A1l except one would operate in the voltage control mode, with the remaining
one operating in the current regulation mode to close the current regulation
loop. For the ramp rates specified in the Reference Designs Study, the total
power supply voltage requirement is less than 1360 volts for Design A (and D)
and 270 volts for Design C (in both cases plus power lead drops), which is

easily satisfied.

Because of the 4 volt "on" voltage for cold diodes, substantially higher
voltages at low output currents are required to test the integrity of a
passive quench protection system. This could be provided either by the main
supplies or by separate low-power higher-voltage supplies which are switched
in only during quench protection system tests. A penalty of the single-loop
solution is the requirement of at least 12 high-current active and fast
switches (as in the Tevatron power supply system). These must act reliably
during upset conditions to limit voltage to ground by isolating the faulty
sector from the circuit. Commissioning would be more difficult because the

entire magnet is in series.

5
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During a talk on overall performance of the SppS collider, Lyn Evans from
CERN described the magnet power supply regulation requirements. Because of
intrabeam scattering they must 1imit the tune spread contribution from the
power supply system to less than 0.001, which implies an overall current regu-
lation of better than 3 x 10'5. The magnet power supply system uses sepa-
rate power supplies for the vertically focusing quadrupoles, the horizontally
focusing quadrupoles, and the dipoles. During normal operation, the SppS thus

-achieves regulation within a factor. of two of that required for the SSC.

To 1imit the sextupole and decapole contributions to an acceptable level
in the 3T magnet, the current excitation is separated into three circuits.
Fig. A7.2-1 shows the coil placement for one bore in the 3T design. The eight-
turn main coil s separated into two separate circuits (inner and outer) with
roughly equal currents at 3T. The third circuit §is a two-turn separate deca-
pole correction winding which requires about one-third the main current. The
currents in the two main sections along with the correction winding current
necessary to achieve the required sextupole tolerance are shown in Fig. A7.2-2
as a function of the dipole field. Only the sum of the two currents from the
two main power supplies (Iinner) has to be regulated to the level mentioned
above, with the tolerance on the ratio being a part in a thousand. The deca-
pole correction winding current must be regulated to one part in 104. The
quadrupole magnets are on a separate power supply. They require 3 kA at the

Decapole
trim

} Quter

;l Inner )
N/

Out
\J\, Decapo'le/\/ j} o

trim

Fig. A7.2-1. Coil configuration and placement in the 3T magnet.
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peak collider energy, and their current must track the dipole sum current to a

few parts in 105.

Since the dipole magnets are in series with the quadrupole magnets in the
6T design, tracking in a sector occurs automatically except for saturation
effects in the dipoles. In Reference Design A this saturation effect amounted
to less than ten percent at the peak field. With the iron further away in the
new Design D, the saturation should only be a few percent. It is thus possi-
ble, by increasing the strength of the correction quadrupoles, to eliminate
the high current shunt around the quadrupoles, along with its additional
wiring and power supply complexity.

A feature of magnet power supply systems which has often been overlooked
(with painful consequences) is the transmission-1ine behavior of the magnet
inductance and the shunt capacitance of the coil to ground. The cutoff
frequency of such lines can be in excess of several tens of kHz. One of the
problems in commissioning the SppS collider was a dramatic sensitivity to
switching noise spikes from the power supply. These caused field spikes at
the milligauss level which drove the first betatron resonance at 12 kHz. As
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a transmission line, the SppS magnet has a cutoff at 50 kHz, so these noise
spikes were being transmitted without attenuation by the magnet system. In-
stallation of a Tow pass filter on the power supply output eliminated the
spikes and improved the luminosity lifetime by 30%. A first pass analysis of
transmission line effects in the SSC magnet types is given below. Propagation
of signals by the 1ine can be damped simply by including a shunt resistance
across the magnets at each quench protection bypass diode. These resistors
may pose a commissioning and operational difficulty when measuring coil leak-
age unless it is possible to disconnect them. Although it might be simpler to
provide well-filtered power supplies, the shunt resistors are necessary to im-
prove the transient response of the magnet circuit, and to assure the necessary
current regulation during ramping.

A7.2.1 37 power supply system

As described in the introduction, the 3T design requires three separate
high-current power supplies to assure an adequate field quality in the dipole
magnets, as well as a separate high current power supply for the quadrupole
magnets. Because the iron is not heavily saturated even at 3T, the three high-
current circuits are tightly coupled. The self inductances per unit length of
the inner (1), outer (2), and correction (3) coils are listed in Table A7.2-1
as a function of magnétic field.

Table A7.2-1
Coil inductances and coupling coefficients (3T)

Magnetic Field (Tesla) Inner(1) OQuter(2) Correction(3)
0.5 4.07 4.62 0.91
1.6 4.07 4.43 0.88
2.4 3.93 3.9 0.81
3.0 3.38 3.1 0.70

Coupling coefficients: K12 = 0.87 K13 = 0.813 K23 = 0.847
(Units are 1072 Henrys/meter)
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The tight coupling gives rise to a variety of effects during ramping and
during transient events such as quenches. Preliminary indications are that
the proposed 0.1 ohm dump resistors in the most recent 3T design must be
reduced to 0.025 ohms to limit dI/dt to less than 3000 A s_] in the outer
coil, due to transformer coupling of the current decay in the correction
coil. Lengthening the dump time will lead to larger temperature rises in the
bypass diodes and their associated leads, and generally greater system stress.

"The tight coupling also means that the regulation loops will interact strong-
ly, and, although at this time we see no fundamental difficulty with this
coupling, it will certainly complicate the design and implies a delicate bal-
ancing of the loop time constants. During ramping, the voltage applied to
either of the main coils divides roughly equally into charging the self in-
ductance of the coil, and charging the mutual inductance between the coil
being driven and the two other coils. The self inductance of the correction
coil is small and its mutual inductance to the other coils is large. Combined
with the larger dI/dt in the other coils, this results in requiring a four-
quadrant power supply to provide the current. Figure A7.2-3 shows the current

6.00 3.00
__ 450 150 %
z x
—
n Z
5 w
%% 3.00 0 =
pun }
[&]

1.50 -1.50

0 1 1 1 1 i i [] 1 1 _3'00

0O 200 400 600 800 1000

TIME (sec)

Fig. A7.2-3. Current and voltage for the 3T correction coil during ramping.
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and voltage of the correction coil power supply, assuming a linear increase in
the magnetic field during the ramp. A one-thousand second linear ramp is
assumed. The circuit analysis program SPICE was used to Ea]cu]ate these data,
as well as the current and voltage relationships during ramping for the other
coils.

Clearly, a much more detailed analysis is required to make an accurate
assessment of the likely performance of the 3T power supply system in view of
the complexities disclosed by this brief study. It is certainly more compli-
cated than the 6T supply system described in the next section.

A7.2.2 6T power supply system

The 6T magnet power supply system is simp]ekin comparison to the one
described above, since it consists of a single power supply per sector to pro-
vide the current for the series-connected dipoles and quadrupoles. As men-
tioned in the introduction, the present stainless-steel collared coil design
for the 6T dipole magnet proposed for Design D probably places the iron far
enough away from the coil to 1imit saturation effects to a few percent. Since
the quadrupoles do not saturate, it may be possible to correct for the small
dipole saturation by increasing the strength of quadrupole correction magnets,
thereby eliminating the substantial current bypass shunts around the quadru-
poles proposed in Reference Design A. Because of the placement of the quadru-
poles in the lattice, the bus structure, as presently designed, to enable the
current bypass is complex: The quads must be electrically connected at the
ends of dipole strings, while they are physically distributed among the
dipoles. The Design D magnet deﬁigners should be strongly encouraged to pro-
vide a design which eliminates the current bypasses. Assuming this simplifi-
cation to be possible, the 6T design question reduces to that of overall
current requlation of the ring due to tracking errors between the 12 sectors
caused by differential current transductor errors, and lack of synchronism due
to transmission line effects.

A7.2.3 Current requlation 1imits and transmission line effects

The ability of a power supply system of the SSC's scale to provide the
current requested by the control system is limited by four main effects. The
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transducer that measures the current flowing in the magnet bus has both an
absolute error and a transient response error in its conversion of current to
voltage. The regulation loop has finite gain, built-in offsets, and Timited
bandwidth. Control systems provide digital numbers, which after conversion to
analog voltages are used as the inputs to error amplifiers in the regulation
loops. Each compares the voltage representing the current in the magnet to
the command value, and this conversion has a finite error. Finally, because

_ of the scale of the SSC magnet structure, transmission line effects set a lTow-
er 1imit on the current tracking error in a sector during ramping. Because of
the large inductance of the 6T magnet, this transmission line effect sets a
Tower. 1imit of dI/I > 1 x 107>, With the 3T design, the 1limit is roughly one
half this value. In addition to the above effects, the 3T qesign has errors
induced through transformer coupling, which may in fact set the higher limit
on the minimum current error. The analysis of this feature is just beginning,
and will be a major part of the work carried out by this group during the next
several weeks. The basic regulation loop being analyzed is illustrated in
Fig. A7.2-4.

RING REGULATION

Al(n-1)
{FORWARD | N
AMP o . 5 STRING (n-1)
(7Y
IN T o b '
L(Hl%iY%kSASG)E = = DIFFERENTIAL DCCT'S
X 9 e .. (gain=1 vAmp)
V(PROGRAM) | O —<«— STRING (n+1)
FEEDBACK + | AT(n)
VOL;'AGE <_ DCCT (gain=imV/A)
(FAST) (e.g. HOLEC)
CURRENT
FEEDBACK
(SLOW) A
I(PROGRAM)

SECTOR n POWER SUPPLY (6T)

Fig. A7.2-4. Prototype regulation loop for SSC magnet power supply.
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To analyze the transient response of the magnet system, the circuit
analysis program SPICE has been~used with input parameters of inductance and
capacitance to ground as measured on the 8-meter prototype 3T magnet, and with
measurements of inductance and scaled estimates of capacitance to ground for
the 6T magnet. Figure A7.2-5 shows a typical equivalent circuit representing
the magnet. That transmission 1ine effects are important is dramatically
11lustrated in Fig. A7.2-6, which shows the magnet response to a voltage step
at the power supply as a function of distance from the power supply.
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Fig. A7.2-5. Lumped constant equivalent circuit for SSC 6T Magnet.
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Fig. A7.2-6. Transient Response of 6T magnet to power supply voltage step.
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With these features, what are the likely performance levels of the two
different magnet power supply systems? The preliminary indications are that
sensing the currents and providing the digital to analog command voltages are
straightforward at the 10"5 level in each sector. Using high gain differen-
tial transductors and taking proper account of the delay line characteristics
of the magnet, it appears feasible to link the individual power supply loops
around the ring to achieve the required overall part in 105 average tracking
tolerance for the 6T design. Further detailed analysis is required before the
same statement can be made about the coupled 3T design. This analysis is
presently under way, and, as mentioned above, a separate technical report will
be issued in the near future.

As with any superconducting magnet system, the power dissipation in the
magnet power supply system for the SSC occurs entirely in the room-temperature
components during steady state operation. This power dissipation is dominated
by the voltage drop in the necessary series filter inductance, and is typical-
1y 10 volts for a 150 microHenry 12 kA inductor. A well-designed lead system
from the power supply to the magnet will have a total voltage drop of 2 volts.
In addition, there is a 2-volt drop in the series switches shunting the dump
resistors necessary for the quench protection system. This gives a total
voltage drop of 14 volts for each power supply circuit. The total power re-
quirement is then given simply by multiplying this 14 volt drop by the total
current in each circuit and doing the sum over the circuits. Table A7.2-2
summarizes the total power requirements for the 3T and 6T designs. Since the
load is resistive in steady state operation, the AC power is only slightly
larger than the DC power. For DC power supplies in these current ranges, the
efficiency is > 90%, taken as 100% in making Table A7.2-2. As can be seen
from the Table, the 3T magnet requires an additional 4 MW of DC power to oper-
ate at 20 TeV as presently designed. This means a significantly increased
operating cost. In finally designing the power supply system for the SSC,
careful attention must be paid to the voltage drops in the room-temperature
components to minimize such operating costs.
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Table A7.2-2
AC power requirements for 3T and 6T power supplies.

Magnet Current (kA) DC Power (MW)
6T 1{(dipole + quad) = 5.6 1.88
3T , 1(inner) =11.0 4
- 12.0% 4.03
1 (outer) = 10.0
1(corr.) = 2.5 0.84
1(quad) = 3.0 1.01
Total 5.88

*The circuits are configured so that only one of the power supplies
provides the net current at full field.

A7.2.5 Conclusions

The power supply system for the 3T design is more complex because of the
two high-current and two moderate-current circuits necessary to provide the
required guide-field quality. Transformer coupling of these circuits compli-
cates the regulation loop design and dictates using smaller dump resistors to
1imit dI/dt during a &uench in order to prevent secondary quenches in the
coupled circuits. The smaller dump resistors imply a larger temperature rise
in the current bypass components, and a generally higher system stress. A
four-quadrant 3 kA—Butput power supply presents a difficult design task, and
has potential reliability problems as compared to a conventional DC supply.
The operating cost of the 3T power-supply system is significantly higher than
the 6T system. Because of the simplicity of the single-circuit design, com-
bined with its lower operating current, the 6T design is preferred from an
operational and commissioning point of view.
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ACSL Study of Mutually Coupled Loop Regulation for TAC 8SC Design
(Preliminary Results)

Attached are graphs from the ACSL program showing the
regulation effects on each of the 3 inductively coupled circuits
in the TAC SSC magnet design due to a voltage program
perturbation in one of the circuits. A block diagram of the
model used 1s shown 1in Figure 1, also attached. A special model
having only 2 coupled circuits, shown in Figure 2 was used to
simplify the demonstration of the possibility of compensating for
the effect of the coupling by added networks.

GENERAL:

1. The current in each of the loops is zero, so the change
due to the perturbation can be easily recognized.

2. An uncoupled reference circuit (subscript D in the
graph axis labels) was included to show the difference
between a loop identical to the Inner coil loop having
no coupling and the actual one with coupling (subscript
A in the axis labels.)

3. A unit voltage program step was used as the
perturbation, resulting in displayed power supply
output voltage and loop current changes. Other
disturbances such as power supply output voltage steps
could just as well be studied.

4. The point labels on the graph curves (i.e., A, B, etc)
are placed in an order determined by the left to right
order of the ordinate axis display, and do not
typically correspond to similar A, B, etc subscripts
used in the block diagram symbols such as EOFA.

5. Considerable effort went into understanding the power
supply and load transfer functions and gain values in
order to adequately demonstrate the effects of the
mutual coupling in a "reasonable" regulator system, but
no emphasis was placed on optimizing a regqulator
design. The model 1is similar to power supply
characteristics achieved in the Energy Saver.

6. The current error in the loop into which the voltage
program step is introduced becomes a steady state
current error due to the finite regulator gain. The
error in each of the coupled loops 1s a transient for
some length of time, dying out to zero after the
regulator for that loop responds.



Six different cases are represented in the attached graphs.
Initial work was done with a sector configuration based on 1/12
of the accelerator, with nominal inductance values used in other
studies in early April, 1985. The last cases have been run using
presently understood inductance and coupling coefficient values
and a configuration based on a power supply sector encompassing
1/4 of the total accelerator as described in John Ziegler’s
6/19/85 note titled "DIPOLE POWER SUPPLY SYSTEM". The cases are
numbered and described as follows:

I. Initial 1/12 ring with a voltage step at Inner coil
power supply.

IT. Initial 1/12 ring with a voltage step at Trim coil
power supply.

III. Initial 1/12 ring, Inner & Outer only shown as
reference case without any "“compensation."

IV. 1Initial 1/12 ring, Inner & Outer only shown with a
"compensation" network added to cancel effect of the

coupling.

V. Current 1/4 ring, unit voltage step at Inner coil power
supply.

VI. Current 1/4 ring, unit voltage step at Trim coil power
supply.

SPECIFIC CASES:

I. Refer to Figure 1. 8Step in Inner loop. Graph I.3 shows
difference between current error in an isolated loop and one
- coupled to the other two loops.

II1. Refer to Figure 1. Step in Trim loop. In graph II.1l,
ignore the curve (points labeled "A") for the isolated circuit.

III. Refer to Fiqgure 2. Reference case with no compensation
circuit. Graph III.1 is plotted on a scale for direct comparison
with next case.

IV. Refer to Figure 2. Note in graph IV.1l that power supply
output voltage in both loops is considerably larger than in
II1.1; this is the price of the compensation function. Graph
IV.3 clearly shows the possiblility of a much reduced effect in
the loop which did not have the original disturbance. The size
of the reduction would be limited in a real system by the degree
to which one understands the circuit parameters and to which one
can realize the compensation transfer function. Graph IV.4 is a
magnified view of the coupled disturbance.

un.'-l-s on\ SMPL\S ave \IOH‘s.) awps , and Seconds.



V. Refer to Figure 1, but the currently understood circuit
inductances and coupling coefficients are used along with a load
that represents 1/4 of the accelerator and the specified circuit
resistances contained in the above mentioned report from John
Zelgler. Step in Inner coil circuit as in initial case I.

VI. Refer to Figqure 1, but as in V above. Step in Trim coil
"circuit as in initial case II.
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DIPOLE POWER SUPPLY SYSTEM

The power supply system for the Texas Accelerator Center magnet design
is configured as four independent sectors per aperture. Four sectors were
chosen to minimize the number of power supplies, dump switches, and current
leads while maintaining adequate control of the voltages occuring during a
quench. The sectors are operated independently to avoid the additional
complexity of sectionalizing a series connected ring to control voltages
during a full scale quench.

Each sector contains 332 half-cells consisting of a 105m dipole and
either a focusing or defocusing quadrupole. The 105m dipole units are
physically constructed from three 35m coil assemblies. Each coil assembly
contains three coils: inner, outer, and trim. The location of these coils are
shown in the cross-section of the dipole in Figure 1. The inner and outer
coils generate the basic dipole field while the ratio of their currents is
adjusted to correct for the sextupole field inherent to this coil geometry.
The trim coil current is adjusted to correct for the decapole field which is
also inherent to this coll geometry. Due to symmetry, all other lower-order
multipole components are not allowed.

The major elements of the power supply system for these dipoles are
shown in the schematic of Figure 2. The independent inner, outer, and trim
coil currents are provided by a power supply at the center of each string of
coils. The polarity of the inner coil power supply is opposite the polarity
of the outer and trim coil power supplies so that the current in the common
return bus is minimized.

The liquid helium refrigeration system is configured as 12 independent
loops as opposed to the four sectors for the power supply system. If the
power supplies for a sector are located in the service building housing a
refrigerator at the center of its loop, the four main current busses must
cross two refrigerator loop boundaries. This is accomplished by cryogenic
feed-throughs at each end of the refrigerator loop, which correspond to the
center of the string of magnets on each side of the power supply.

The power supplies are capable of ramping the magnets to the full 3
Tesla operating point in 1000 seconds. The currents required in each string
of coils and the resulting return bus current during the ramp are shown in
Figure 3. The inductive voltages required to provide these currents are shown
in Figure 4. The stair-step effect in the voltages as calculated by the SPICE
simulation package is a result of using a very coarse piece-wise-linear
approximation for the current waveforms as a function of time. The actual
inductive voltages would be relatively smooth curves with no discontinuities.

The current and voltage waveforms for the trim circuit require a multi-
quadrant power supply to produce the desired excitation. During the first
portion of the ramp the current and voltage are both positive. Near the end
of the ramp, however, the current becomes negative while the voltage remains
positive due to coupling from the other coils. Once steady-state operation is
achieved, all inductive voltage requirements become zero and the power supply
must only overcome the warm bus losses., At this point, the current remains
negative while the voltage changes from positive to negative. Thus, the power
supply is required to operate in three quadrants during the ramp to full

field.



Dump switches are located at each power supply and at the end of each
string of coils as shown in the schematic. These switches are operated each
time a quench is detected in the sector, and dissipate much of the energy
stored in the dipoles. The size of the dump resistors is based on the
inductance of the coil strings to give a 15 to 20 second time constant for
current decay in the sector. The main busses between magnets and the entire
return bus are provided with enough copper stabilizer that they can withstand
this current decay after a quench.

The current waveforms for a sector during a dump from full field
operation are shown in Figure 5. Due to the high degree of mutual coupling
between the three coils, the inner and outer coil currents decay rapidly at
first as they transfer some of their energy to the trim coils. After this
initial energy transfer, all three of the currents decay in a very controlled
manner.

The voltage distribution across a sector for the same dump from full
field operation is shown in Figure 6. In this plot, the significance of
location is as follows:

LOCATION CIRCUIT ELEMENT

0 - 5 Dump resistor at one of circuit

5 - 45 166 dipoles in series
45 - 55 Dump resistor at power supply (middle of circuit)
S5 - 95 166 dipoles in series :

95 - 100 Dump resistor at other end of circuit

The voltage distribution shown is at the time of maximum voltage magnitudes,
occuring during the initial transfer of energy from the inner and outer coils
to the trim coils. For the symmetrical dump conditions used in this case, the
maximum voltage to ground is limited to less than 400 V, while the maximum
voltage between coils is limited to approximately 750 V.

During a quench, individual magnets are passively protected by bypass
diodes across each of the three independent coils as shown in the schematic.
The trim coils require two diodes connected in inverse parallel since the
current in these coils is bipolar. The bypass diodes for all three coils are
installed in a liquid helium reservoir at the end of each magnet to achieve
the increase in forward voltage drop associated with operation at cryogenic
temperatures. As shown in Figure 7, the forward voltage drop increases as the
junction temperature is decreased below 15 K. This provides a desirable
characteristic requiring approximately 4 V to initiate conduction while
maintaining a 1 V potential across the coil after conduction has warmed the
junction temperature above 15 K.

The total installed power requirement for the main power supply systenm,
including the quadrupole power supplies, is approximately 11 MW. The
assumptions used in this calculation include:

1) All equipment is located at the surface

2) Dump switches have a 2 V drop at full current

3) Warm busses, including power leads, have a 0.5 V drop at full current
4) Power supply filters have a drop of 0.25 V/KA

Based on these assumptions, the operating power requirements at 3 Tesla are
approximately 2.3 MW as shown in Figure 8. The additional power required
during the 1000 second ramp is approximately 8.6 MW as shown in Figure 9. The
sum of these two power requirements gives the total installed power



requirement of 11 MW for the main power supply system.



FIGURE 1. CROSS-SECTION OF DOUBLE-BORE DIPOLE
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COIL STRING

INNER COILS
OUTER COILS
TRIM COILS
RETURN BUSS
QUAD COILS

POWER (MW)

TOTAL POWER AT 3 TESLA

SECTOR POWER REQUIREMENTS AT 3 TESLA

CURRENT DUMP
(Ka) SWITCHES WARM BUSSES
11 3 & 2V 4 ~ 0.5V
10 3 & 2V 4 ~ 0.5V
2.5 3 & 2V 4 & 0.5V
3.5 - 2 > 0.5V
3 4 * 2V 8 « 0.5V
0.165 0.063
= 0.287 MW ~ 4

2.3 MR

Figure 8. Power requirements during

FILTERS

1 4 2.75V
1l *~ 2.5V
1 ~ .625V

SECTORS * 2 BORES

3 Tesla operation



SECTOR POWER REQUIREMENTS DURING 1000 SEC RAMP

COIL STRING

INNER COILS
OUTER COILS
TRIM COILS
QUAD COILS

POWER (MW)

TOTAL POWER DURING 1000 SEC RAMP

Figure 9.

CURRENT (KA)

11
10
2.5

INDUCTIVE VOLTAGE  POWER (MW)

45 0.495
50 0.500
20 0.050
10 0.030

1.075

1.075 MA # 4 SECTORS * 2 BORES
8.6 MW

Power requirements during 1000 second ramp
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