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SUMMARY.

This magnet was the first to be assembled with
*]ine-to-line" fit of the yoke-collar assembly. The tapered
keys were inserted in the collars using both vertical and
horizontal force, as is standard. The magnet gquench
performance was good. At 4.35K, it reached a plateau at 6.9T
after two training gquenches. After a thermal cycle the
magnet's only quench below plateau was within 1% of the plateau
current. The magnet reached 8T with 1little additional
training. (Erratic performance at 8T was traced to the
magnet's hookup to the test stand.) The multipoles were very
good. The strain gauge data indicated that the coils were not
unloaded at 7.4 kKA. The results have been summarized in a
conference paper (Appendix A). This note adds guench location
and strain gauge data to that presented in the paper, and
updates the multipole analysis.

QUENCH HISTORY AND LOCATION

With DSS013, as with previous 1.8 m SSC dipole magnets,
the quench test procedure consisted of training by ramping up
the magnet current at a rate of 16A/s until a quench was
generated, and repeating this until the quench currents
achieved had reached a four-quench plateau, within an allowable
range of 30A. Since it was shown to have no apparent effect on
the plateau quench currents in the DSS012 tests, the time
between guenches was reduced to 1/2 hour. Training was
performed at the SSC operating temperature of 4.35K (nominal),
where the central magnetic field is 6.9T, then again at the
subcocoled temperatures of 3.85K and 3.35K, where the central
field is about 7.6T and 8.1T, respectively. This schedule was
then repeated after a warm-up to room temperature and recooling
{(thermal cycle). The training at subcooled temperatures is
done to test the magnet to the 1limits of its mechanical
performance under the stress of the higher magnetic fields
possible at the lower temperatures. In addition, at the end of
each set of plateau quenches, strain gauge measurements were
made every 500A until the magnet quenched.

Figure 1 gives the quench history of the magnet and shows
each of the training and conductor-limited (plateau) quenches
by symbols which distinguish between upper and lower coil
quenches. As in DssS011, DSS0l12, and DSS014, all quenches in
DSS013 occurred in the inner coils, as expected. The training
guenches were located mostly in the ramp-splice region of the
upper or lower jinner coils. All conductor-limited plateau
gquenches started in the upper inner coil except for one gquench
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after a strain gauge run. As seen 1in Fig. 1, the dquench
currents are all very consistent (except in the 8.1T test after
the thermal cycle, as will be discussed later). However, on
studying the gquench location details in Table 1, it is noticed
that the guench locations are not quite as consistent as in
DSS014. Most plateau dquenches at 6.9T were closer to the
ramp-splice and were in the same location as the training
quenches; whereas, in DSS014, the plateau quenches were all in
a long middle straight section of the pole turn (T16SS). At
7.6T and 8.1T, however, the plateau quenches in DSS013 were
mostly in T16SS, as in DSS014.

Details of each quench as to temperature, current, and
location, are given in Table 1. As can be seen, the
conductor-limited quenches at 4.35K, 3.85K, and 3.35K were at
average plateau values of 6919 -A, 7570 A, and 8095 A,
respectively; the corresponding calculated short sample 1limits
at each temperature were exceeded by 1%, 3%, and 4%,
respectively. It should also be noted that the average gquench
currents at each test temperature after the thermal cycle were
slightly lower, by about 0.4%, than they were before the
thermal cycle. This can be accounted for by a 0.02K increase
in the magnet temperature.

As can be seen from Fig. 1, there were eight training
quenches during the testing schedule. Four of these originated
in the short straight section adjacent to the ramp-splice
region, <close to the tap 16G (tap 16G is about 1/2 inch into
the G10 box which houses the ramp-splice itself). Three were
in the lower inner coil and one in the upper inner, where all
the plateau quenches occcurred. This differs from DSS014,
where three out of the four ramp-splice training gquenches were

in the upper coil like the plateau quenches. Calculation of
the approximate quench origin 1locations for the ramp-splice
training quenches places the start peint about 1 - 2 inches

from the tap 16G on the straight section side of the G10 box.
The first three such quenches started outside but near the G10
box while the last one happened inside the box. These quenches
were essentially the same as for DSS014.

The magnet initially quenched, at 6.9T, in the upper coil
in the left hand straight section of turn 13, which is adjacent
to the thick copper wedge on the midplane side. Its 1location
can be placed about 1 inch behind the ramp and this puts it in
the same axial region as the ramp.

The next training quench started in the lower coil pole
turn return end section (T16RE), but in the left hand straight
section part about 1 1/2 inches from spot heater 4. The other
quench which occurred in the T16RE was at 8.1T (before the
thermal cycle) and was located at the position of spot heater

4, about 11 inches from the tap 16C. Since the quench
propagation times for these are similar to those for a quench
triggered by the spot heater 4 itself, it is inferred that the
T16RE training quenches might be related to the presence of
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that device on the cable.

As can be seen by studying Fig. 1, the second T16RE
training gquench was the second training quench which occurred
at 8.1T (before the thermal cycle) and was separated from the
first gquench (a ramp-splice guench in the lower coil) by an
apparent plateau quench. This behavior indicates that at 8T
the magnet first trained in the lower coil and then had to
train again in the upper coil. Similar behavior was seen in
DES014 at 8.17T.

The only aberrant behavior exhibited by DSS013 appeared at
8.1T after the thermal cycle, where, after apparently showing
one training quench (data for locating this quench origin was
lost}, the magnet gquenched at abnormally low currents. The
start locations for these quenches,denoted "L" in Fig. 1, were
placed at lead connections outside the magnet and the quenches
were therefore not due to any problem with the magnet itself.

Voltage tap data indicate that these aberrant quenches
originated in a section of magnet lead which passes from very
low field to very high field. From the plots of magnet voltage
versus time in Fig. 2 it can be seen that the development of a
typical conductor-limited quench (top) is much faster than the
development of the abnormal quenches (bottom), indicating that
the gquench originated at a current far below the conductor
limit. (Note that the vertical and horizontal scales of the
plots are quite different.) Data from the abnormal gquenches
were compared with data at the same temperature and current
generated by a spot heater located in the high field region of
the magnet midplane. These data indicated that the abnormal
quenches originated in a low-field region. The lead region of
the magnet was inspected after testing and a Gl0 piece was
found touching the lead at the location of the quenches. (The
design of this piece was changed to prevent this from happening
again.)

The plateau gquenches all occurred in the pole turn of the
upper inner coil as expected and as was also seen in DSS014.
All were in the left hand straight section of that turn (Tie6),
but, unlike DSS014, where all were located in the middle
straight section, the 6.6T plateau quenches in DSS013
originated in the ramp splice region straight section, closer
to tap 16G than to tap 16A. In the other cases, the quenches
were on the other side of tap 16A.

STRAIN GAUGE DATA

The coil stress data at significant points in the history
of the magnet are given in Table 2 and in Fig. 3. A plot of
the coil stress versus current squared up to 7.4kA is contained
in Appendix A.
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FIELD QUALITY DATA

A summary of the geometric multipole coefficients of the
central 76cm of the magnet straight section is given in Table 3
for both cold and warm measurements. The results are given in
the standard "units" (10**4/Bo at 1 cm radius). For the cold
measurements, the geometric terms are obtained by averaging
up-ramp and down-ramp data from 2 to 3 kA to eliminate the
effect of magnetization currents. For the warm measurements,
the geometric terms are cobtained by averaging data at +10A and
-10A to remove the effect of residual iron magnetization. For
both c¢cold and warm data, the unallowed 1l6-pole and 18-pole
terms have been used to obtain the location of the measuring
coil with respect to the magnet. (Thus, the values for b7, a7,
b9, and a9 given in Table 4 are not meaningful. Upper 1limits
for these terms can be obtained from the data before centering
and are at most 0.02 units at 2.5 T.)

A plot of the sextupole versus current, which demonstrates
the small effect of saturation, is given in Appendix A. More
complete presentations of the multipecle data are given in
internal "“prompt reports," TMG 395 (uncentered data) and TMG
398 (centered data). At 1.8kA, the NMR measurement of the
transfer function gave the result 1.04596 T/KA.

TIME-DEPENDENT EFFECTS

A measurement of the change in sextupole with time at
injection current is given in Fig. 4. The setup for this
measurement was the same as for the last several magnets:
spontanecus gquench, AC cycle to 5.3kA, 8 minute wait at 25A
idle current, ramp to 300A (3A overshoot), hold constant
current, measure. Ramps were 1l6A/sec. The time dependence is
larger than that observed in DSS6é and DSS1l. Curiously, DSS13
has smaller filaments in both inner and outer coils than DSS6
and DSS1l.
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TABLE 17
DSS013 & DSS014 COIL STRESS SUMMARIES
February 24, 1989

1. DSS013 SUMMARY

PACK1 - Straight Section AVG. AVG, DELTA DELTA

DATE Near Lead End INNER  OQUTER* INNER OUTER
10/ 5/88 After Collaring 7386 4777

10/10/88 Before Shell Welding 6534 4373 -852 ~-404

10/18/88 After Shell Welding 6691 5601 158 1228

. 10/20/88 On Ass'y Floor 6619 5545 -72 -56

12/16/88 In Dewar at 4.3 deg K 4220 5143 -2399 -402

12/26/88 In Dewar at 298 deg K 6072 5360 1853 217

12/27/88 In Dewar at 4.3 deg K 3853 4950 -2219 -411

* - Average of Gauge #5&6

PACK2 - Transition Section
at Return end

10/ 5/88 After Collaring N/A N/A

10/10/88 Before Shell Welding 8144 4390 N/A N/A
10/18/88 After Shell Welding 8202 5639 58 1248
10/20/88 On Ass'y Floor 8111 5601 -91 -38
12/16/88 In Dewar at 4.3 deg X 3508 3238 -4604 -2363
12/26/88 In Dewar at 298 deg K 7360 5543 3853 2305
12/27/88 In Dewar at 4.3 deg K 3319 -3280 -4041 -2264

2.D055014 SUMMARY
Packl - Straight Section

10/19/88 After Collaring 9390 6787
1/19/89 On Ass'y Floor w/ Shell 8048 7927 -342 1139
1/25/89 In Dewar at 4.3 deg K 4820 4809 -4228 -3117

PackZ2 - Return End Transition

10/19/88 After Collaring 11816 8005
1/19/89 On Ass'y Floor w/ Shell - 10345 8207 -1471 202
1/25/89 In Dewar at 4.3 deg K 7128 6054 -3217 -2153

i — . . G — - - — - —— — - -
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E. KeMy, G. Morgan, J. Murmore, A. Prodell, E.P. Rohrer, W. Sampson, R. Shwi, P. Thompson, E. Willen
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Upton, New York 11973

Abstract

We repori resulis from lwo 1.8 m-long dipoles built as pars of
the Superconducting Super Collider (SSC) R&D program. These
magnets contain design changes made on both the 1.8 m and the
tull-length 17 m dipoles 1o improve quench performance, magnetic
field uniformity, and manufacturability. The magnets reach 8 T
with linle raining.

inirodyction

The good quench performance of iwo recent 17 m model
dipoles [1] cstablished the principles needed for producing magnets
capable of reaching the conductor current.carrying limit with [itule
traininy. Design changes have been made 1o implement these prin-
ciples and other improvements in a more produclion-oriented way,
Except for icngth. the 1.8 m magnet serics [2,3] has the features of
the SSC design, which is bascd on a 1wo-layer cosine theta coil
with <4 cm apertucc. As compared 10 the 17 m design length SSC
dipedes, these LR momagners are a (axier and more coonnmical way
wWolestag design chunges. To cheek magner performance, thesc
dipoles have been heavily instrumested with vollage laps, strain
pauges and spol heaters, Existing tooling scis the magner length at
I.& m. The magnets are tested in iiquid helivm in a vertical dewar,

The design changes incorporaied in these magnes are brielly
summarized here. The coils were wound with a revised cross
section which included asymmetric copper wedges and were
molded in a singie-cure procedure. In both magness. the collass
which compress 1he coils were locked with 1apered keys. When one
ol the magnets was assembled, however, no pressure was applicd Lo
push the keys imto the collurs. The yoke innar dizmeter waz reduced
10 oblain 2 line-l0-line (zero clearance) (it to the collars. The yoke
laminations were assembled (o produce a monolithic yoke structure,
The 1wo yoke halves were keyed with respect (0 esch other at the
mudplane.

Mapner Desizn and Consiruciion

The cnil aperure is 4 ¢m aad the cail outer diameter is & cm.
The yoke inner diameter is [1.1 cm; its outer diameter is 26.7 cm.
The maghet is designed to operale at 6.6 T ceniral field in 4,35 K
heimm witit o current of 6.3 KA. Features of the magnet desiga
which are not discussed in deiail here are as described in the SSC
Concepwai Design Repon (CDR). (4]
Cable

The cable used in the inner (outer) quurier coils of both
magnets came from a single reel. It had a critical current density of
277 (243 ka/mm” at 5 T, 422 K, a copper-to-superconducior
ratio of 147 (1.74), a filamens size of 6 (S)pm, and a relative
resistance ratio between room temperature and 10 K of 63 (123).

Cou

A cross section of the collared coil in the yoke and helium
vessel 5 shown in Fig. 1. The coil cross seciion (designated
LIISSDY o 2 fourawedge non-eadial block dexign. |5} The design
titfers only shightly from the previous design (CISBAY The change
wits ninde 1o Further reduce allowed multipales,

*Work performed under the auspices of the U.S. Depanment of Encrgy

~ CRAmB* Ang Tem £OMS

Fig, 1 Coliassd coll sl yoke,

To eliminate the abrasion of wedge insulation during coil
moiding, the outer radius of the wedges was made with the same
curvalure as the coil. The result, in this non-cadial design, was an
"asymmeatric” wedge,

To improve coit maiding time, 2 "single size of ihe shim used
in the curing fixture was determined from & size measurement made
in the same fixturc when the B-siage epoxy had become just warm
enough (o liquify, Also. further changes were made to the cuil ends
10 make them sironger and more uniform in size.

Coll _Assembly and Collaring

The G1G "rampesplice™ assembly was modified 10 berter sup-
port and presiress the cable. This piece encapsulates the inner ¢oil
cable as the cable moves to the ouler coil radius; i also cneapsu-
lalcs the spiice between the inner and outer coils,

As in earlier models {2], 1he collars were punched trom
Nitronic 40 stainless sice) and spot weided in pairs, with the pairs
then lefi-right aliernaied 1o prevent iwist in the coliarcd coil.
Tapered keys were used in the collaring. For DSS013, the usual
procedure for lapered key assembly was [(ollowed, whereby Lhe
overall prestrest on the magnet during collaring is minimized by
using both vertical and horizontsl force to seat the keys. As an
experiment 10 tost differences between this procedure and assembly
with reclangular keys, DSSOI4 was assembled with lapered Seys
but with no significant horizontal force.

Yoke and Shell

The iancr radius of the yoke laminalions was 0.63 mm smaller
than on previous magaets 50 that there would be a line-to-line (zero
clearance) fit of yoke and unsiressed collars at room temperature.

For the portion of the yoke which covered the straight section
of the magnet. 15 cm-long stacks of standard iron laminations were
alternaled with single stainiess steel laminations punched to pro-
vide channcls for radial helium fow during quenches. All 1he
laminations were stacked on rods and shen compressed o a prede.
iermined length 10 obtain 2 “monolithic” axial structure. The yoke
end (incltuding the last 5.2 cm of the inner coil straight section)
contained only stainless siec! laminations, bonded together.

" To assure corrccl relative positioning, \hc iwo yoke hulves
were keyed together at the midplane with iron keys. as shown in
Fig. 1. The stainless steel half sheils were then welded around the



yoke, The welding was Junc by hand. by two weiders. The rods

used to stack Ihe yoke were withdrawn afier the welding was

compieted and the end plates instalied. A modesi preload (a few

hundred pounds) was applied 10 the coil ends via the one-piece
" 3%.1-cm thick cnd plates.

Test Resulls
Quench Data

The initial yuench program was carried out al lcmperajures
close to those of SSC operation, 4.35 K. The helium temperature
was then lowered in two 0.5 K steps t0 determine the mechanical
limits of magnet performance, After a cycle 10 room temperature,
these sieps were repeated. As seen in Figs. 2 and 3, both magoets
reached the conductor limit at fields above 8 T with little training
and the training was retained afier a thermal cycle. The maximum
quench current in DSS013 was 8.11 kA; in DSS014 it was 8.14 KA.
- The current required 10 reach 8.0 T is approximately 8.07 kA.
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Each magnet had more than 100 voltage taps, ncarly ail in (b
inner coils. Quenches which occurred when the magnel reached Lhe
curremi-careying capacity of the conductor (“piateau” quenches)
originated in the cxpecied piace. the poic turns of the inner coils. Al
4.35 K, piateas yuenches were at 6.93 kA, reproducible within
about 0.0 kA,

Tuking the localions of the non-plateau yuenches of the 1wo
magnets as 3 group, the most common origin was the section of
inner coil cable 5-~10 cm beyond the G10 ramp-splice assembly.
Other quenches also originated in the pole turm, in and near the
non-lead end, and in the turn next lo the largest wedge.

The longitudinal quench velocities generally agree with those
in 17 m SSC dipoles. [6] These veiociries are substantially higher
than those messured in 4.5 m SSC dipoles {7} and io 1 m SSC
models buiit a1 LBL [8]. These velocities are also faster than would
be calculated in the adisbatic approximation. [6] The reason for this
discrepancy is not understood ai this time. Azimuthal quench veloc-
ities are about ihe same for all these magnets.

Stress Measuremenis

Each of (he magnets was instrumented with two “beam-lype”
sirain gauge packs. [9] One pack was located in the siraight section,
near the lead end. The other was the lasi pack in the straight section
at the non-lead end. Each pack had four gauges for each coil, plus
lemperature compensaling gauges. Average dsta from the gauge
pack i the siraighi seclion of DSS013 are presented in Fig. <.
Gauge-lo-gauge variations in siress make the average siress some-
what uncertain; however, the linear variztion with I” does indicate
that the coils do nol become unloaded ar the highest current
measured, 7.5 kA,
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Fig. 4 Aversge inger coil siress va. 12, for strain gauge pack in DSS013
straight section.

Ficld Sirengith and Multipoles

The notation for muliipoles is defined by he foltowing equa-
Lon:

B, + iB, = B, T (o, + ia)x + iy
neQ

where B, is the dipoie field, x and y are the horizontal and versical
coordinates measured from the magnet center. It is copvenicn: 10
define a multipole “unit” as 10 . of Ibe dipole ficid, with ihe

_ multipole evaluated at a radiug of 1 em.

Magnetic field measurements from the cemtral section of the
magners are reporied in Table I. The variation of the sextupoic with
current is shown in Fig. 5. The multipoles were measured with 2



76-cm long rotating cosl centered axially in (he magnet, Measure-
ments have been anaiyzed t0 remove feeddown and magnetization

effects. [2}
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Fig. 5 Vananon of sextupole with current in DSS014. The crosses are
up-ramp daia: the squares, down-ramp data.

Insofar as can be determined from wo 1.8 m magnes, the
higher order terms meet the SSC two-dimensionai tolerances. {10}
The low order terms deserve further comment, The quadrupole
lerms can be affecied by the hand-welding invoived in welding the
shell around the yoke, Use of an automatic welding machine, to be

imroduced in
multipoles can

the future, may reduce these terms. Allowed
be affected by changes in production procedures,

su¢h as the impiementation of the line-lo-line yoke-collar fit, It
should be possible o compensate for these effects by making
further small changes in the coil cross section.

Mulnipole Coefticiomis (1

Table |

- . —t
unit™ = 10 " B, r= 1 cm)

Measured SSC Tolerances (body)
Cacllcient DSSUOL3 LSSV Random (rms) Sysiemalic
iy -.55 ~2.53 0.7 0.2
ay -.65 -01 0.6 0.1
3 43 -12 0.7 0.2
iy -.12 -0 0.2 0.2
4o =02 -.03 0.2 —_
4, -.02 .01 0.1 _—
. -.01 -.01 0.2 —
ny 00 .00 0.1 —_—
b, -.33 42 0.7 0.2
thy =2.50 —=1.R6 2.0 1.0
b, -.19 01 0.3 0.1
b, -.59 -32 0.7 0.2
b, 00 -.01 0.1 0.04
b, 02 04 0.2 0.07
e, -.01 .01 0.2 0.1
by 0% .03 0.} 0.2

The ficld sirength was measured with an NMR probe a1 1.3 T.
The measured transfer functions were 1.0460 T/kA for DSS013 and
1.0463 T/xA for DSSO014. The calculated value is 1.0439 T/kA,
with design shims.
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