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Abstract

We report results from the firsi four in a scries of 1.8 m-long
dipoles built as part ol the Superconducting Super Collider (8SC)
R&D program. Except for length, these models have the features of
the SSC design, which is based on a two-layer cos8 coil with 4 cm
aperture. As compared 10 17 m, the SSC design fength, these 1.8 m
magnetls are a faster and more cconomical way of testing changes in
field shape, the ratio of copper 1o superconductor, cable support al
the coil center and ends, and similar varizbles. The two mosi recent
magnets in this series have the design ficld shape and improved
yuench performance.

latroduciion

The training and ficld shape of the cight 4.5 m dipoles made
during the initial SSC R&D ctlort were penerally satisfactory {1).
However, the achieved prestress levels were lower than desired und
accelerator physics studies led to a significant reduction in the
maximum allowed value of the 18-pole term. Further, the training
of the first full-length 17 m magnets is too slow (2]. To quickly test
ideas for solving these problems with magacts made on the same
tooling as the 17 m prototypes, a aew program of short magnet
construction has been underway at BNL. Existing tooling sets the
length at 1.8 m. The magnets are operated in liquid helium in a
vertical dewar.

To study training. the v st important features of the thagnets
tested were the ratio of copper w NbTi superconducior in the inner
coil conductor, the strengih of the stainless sieel collars (by spot
welding pairs of collars), and the strength of the coil ends. For ficld
shape, a mew cross scction (which uses the turn thickness as
determined from experience with the 4.5 in magnets) was designed
to reduce tha 18-pole term. Also, the yoke design was aliered to
reduce saturation ctfects.

Magnet Design

This discussion of magnet design focuses on improvements
identilied in the 4.5m magnets which have been incorporated in the
1.8 m models. A cross section of the collared coil is shown in Fig.
1. The coil aperture is 4 cm and the coil outer diameter is 8 cm. In a
celd mass assembly, the collared coil is mounted by the four collar
tabs in an iron yoke split at the midplane. A stainless steel helium
vessel clamps the yoke blocks in place (3]. The yoke inner diameter
is 11.1 cm; its outer diamcter is 26.7 cm. The magnet is designed 1o
operate at 6.6T in 4.35 K helium with a curreat of 6.5 kA [4).

Coil Cross Section

In the SSC Conceptual Design Rceport {(CDR), the following
notation for muitipoles is defined:

B,*m.=3n§)("n*i“n)("*iy)n

where B, is the design bending ficld, x and y are the horizontal and
vertical coordinztes micasurcd from the magnet center (S]. I is
coavenient to define a multipole "unit” as 10~ of the dipofe field,
with the multipole evaluaied at a radius of 1 cm.
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Fig. 1 Collarcd coil with C358A cross scction.

The goal of coil design is to achieve a satisfactorily pure
dipole field while maximizing the transfer function (B/l). In the
cross section developed for the 1.8 m magnets (called C3I58A [6]),
the nost important variables are the size and position of the wedges
(three in the inner coil, onc in the outer coil), the pole angles ol the
two layers, and the freedom to vary the angle of all coil blocks
{except those on the midplane) away from the radial direction.
(Changes 1o the sizes of the cable would have taken much longer to
inplement.)

Satisfactory values of the high-order muitipoles were achieved
in a four wedge, non-radial block design developed for the CDR
{7]. The C35BA design uses these same variables, but with turn
thicknesses determined from the assembly of the 4.5 m magnets.
Design multipoles and the SSC requircments are given in Table II.

The design multipoles given in Table Il are for unsawrated
iron. Computer studies made sincc the CDR indicated that the
vertical notches in the iron yoke which position the collared coil
made the dominant contribution to the saturation sextupole (8].
Reducing this notch area in the 1.8 m yokes a factor of four
decrcased the saturation sextupole from 2 units 10 a maximum of
0.4 unilts.

Insulated cable

The ralio of copper to superconductor has been found to be an
importam variable in determining the number of quenches required
10 “train” a piece of cable prior to a short-samplc measurement {9).
To study this effect in the inner coil layer of SSC magnets, cables
with two dilferent ratios (1.3, the valuc given in the CDR, and 1.6)
havc been used in the 1.8 m magnets (Table I).

Also, for most of the magnets in this series, it was decided 1o
fix the overlap hetween successive spirals of the 25 pm kapton
insulation &1 45% to mimimize the buildup of the wrn-to-turn
insulation. (A 55% overlup produces a three-high stack over 4 small
portion of the cable, adding about 0.25 mm to the coil size and
increasing prestress 10ss via creep.)
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Tablc 1| - Magnet Paramecters

Cu:S¢

Ratio Kapton  G-11 Coil Coil End
Magnet (inner coil) overlap end supporis strengthening
DSS1 1.3 55% no unfilled
DsSs2 1.3 55% no unfilled
DSS2 retest 1.3 55 no filled
DSS4 1.6 45% yes filled
DSSS 1.6 5% yes filled
D8S7 1.3 45% no unfilled

Common features: 1.8 m length; 5 um NbTi filaments; C358A coil
cross-section; stainless steel, spot-welded collars; rectangular keys;
“straight” ends; 1.8:1 Cu:Sc ratio in outer coil.

Coil Production

NMR measurements ol the first full-length SSC dipole re-
vealed a 152 cm periodicity in ficld strength (10). Although this
variation is acceptable for the SSC. all the tooling used in the
production of the cold mass was Closely examincd so Uiy the cause
could be identiticd and remaved. As parl of this study, the sizes ol
17 m coils were measured in 5 ¢m steps at a fixed pressure close 1o
that desired in the assembled coils. The periodicity was traced 10
the coil molding procedure. The procedures were maodified and the
1.8 m coils were molded as a test of the modification. The peak-to-
peak size variation in a given coil wus reduced lrom 10 10 5 wils
and the revised procedures are now uscd in manufacturing full
length coils. Additionally, the uniformity of the tooling has been
improved.

The coils are molded to a tixed size: hence, the maximum
pressure applied during molding varies due 10 within-tolerance
variation of the size of the tnaterials (cable, wedges, kapion,
epoxy-impregnated fiberglass) uscd in the coil. The range of pres-
sure allowed during coil molding was lower for the 1.8 m magnets
than for the 4.5 m magnets. This was done to reduce the risk of
damage to the turn-to-turn insulation during molding. The 1.8 m
coils were molded in the pressure range 5-9 kpsi, wherecas maxi-
mum cure pressures of the 4.5 m coils exceeded 15 kpsi.

The magnet design calls for the cnds to be restrained {rom
moving under the 17 kpsi axial Lorcntz force present at 6.6T. To do
this, a support is glued to the rounded ends of the winding during
molding so that the coil will have a uniform length which can be
supported externally. In the later 1.8 m magnets, this support was
machined from a G-1! tiberglass-cpoxy cylinder, replacing the
silica-loaded epoxy ("green putty”) used in the initial 1.8 m mag-
nets and in the 4.5 m magnets.

Further, the support of iadividual wurns in the coil end was
improved by coating the end of the molded coil with a viscous
mixture of epoxy and alumina powder and then holding the coil end
in a small section of molding tooling under presure while the epoxy
cured. In a test of this "filling" procedure, it was verified that the
epcxy-alumina mixture did not come in cossact with the supercon-
ductor, which could result in degradation of stability. (As a lest of
the need for the end support, the ends of one of the 1.8 m magnels
were modified after the initial test so that axial maotion of the coil
could occur.)

In the coil end regioa, the iron yoke is spaced away lromn the
coil by 2 cm on the radius so that the peak field will be reduced in
the end, where the prestress may be lower. For the 1.8 m magnets,
this end region configuration of iron was extended S cm into the
inner coil straight seclion to further reduce any ficld cnhancement
at the end.

* v -

Collared Coil Assembly

Belore the stainiess siced collars for the 1.8 m magnets were
clainped around the coils, pairs were spot welded together as
indicated in the drawing (Fig. 1). (The collars behind those shown
in the drawing are left-right reversed.) The welds transmit the shear
forces between adjacent collars, rather than the pias as in the 4.5 m
magnets. Further, the position of the keys was altered 10 reduce the
stress concentrations and yielding found n collars used on the 4.5
m magnets, A stiffer collar has come {rom these changes. As a
resuft, the difference between mmaximum pressure which must be
applied during assembly (when the keys are inserted) and the
pressure after coliaring has decreased {rom about 9 kpsi to about 5
kpsi. This allows coils to be collared at the design prestress (7-9
kps1) without damage to the turn-to-turn insulation which has been
found 1o occur at collaring pressures above 18 kpsi.

The initial 1.8 m dipoies were used to obtain the correct coil
size for assembly with spot-welded collars, Magnets DSS4 and
DSS5 were asscrabled with the coil compressed to the design size
with 6 kpsi initial prestress in DSS4 and 10 kpsi in DSS35. These
two magnets are then the reference points for comparing the mea-
sured dipole field with the calculated values.

Tesl Results

B/1, field uniformity

As is noted above, magnets DSS4 and DSSS were assembled
with the coil compressed to the C358A design size. Mecasurements
of the allowed multipoles for these magnets are given in Table II.
The design values are less than 0.1 unit. The significance of differ-
cnces between the desigh and mcasured values is evaluated by
comparing the dilferences to the cstimated magnet-to-magaet con-
struction vartaiion (11} and to the maxinum mean value ailowed
for magnets, cestimated from accelterator physics considerations
[12]. These two rcference numbers are also given in Table 11.

Table 11 ~ Multipotes

Measured Estimated Maximum
Coefficient DSS4  DSSS rms_Variation Value of Mean
b, 2.5 20 2.0 1.0
b, 0.54 0.40 0.7 0.2
b, -0.07 -0.9 0.2 0.04
b, 0.06  0.07 0.1 0.1
Do 0.07  0.08 - -
b -0.02 -0.02 - -

Entries have units of 107 B, and are evaluated a1 | cm radius,
Mcasurements are of the cenwral 76 cm, averaged from 2 kA
through 3 kA and over the up-rump ind down-ramp.

I making this comparison for the sextupole, for example, the
difference between the two magnets, 0.5 units, is seen 1o be much
less than the estimated rms variation, 2.5 units. This is an encourag-
ing result, but it does not mean that the estimates for construction
variation were 100 conscrvative since DSS4 and DSSS were wound
with cable from the same spools. Both magnets have sextupoles
about twice as lurge as the 1.0 x 107 upper limit to the mean. A
third magnet in this serics will be tested soon. On the basis of these
threec magnets, it will be decided whether 10 make changes to the
C358A design to reduce the sextupole. Such changes would be
small.

The same discussion and conclusions also apply to the next
Iwo allowed muitipoles, b, and b,. Terms above b, arc withia the
limits. Values for \he unallowed multipoles arc not presented here
since the cffecis of feeddown can be important. However, the
measurements do not show large values for these terms.



For both magnets B/l was measured with un NMR probe to be
1.6429 T/RKA. When the calculation {6} is correcied for the thermal
contraction of the iron, there is agreement with measurement within
about 0.1%. Also, mcasurement coafirms the calculated reduction
in sawration sextupole,

Operating field

Two aspects of yuench performance are important in determin-
ing the maximum uscful field of the magnet: the number of
quenches required o reach the short-sample limit and the quench-
to-quench variation o in current afier training. Data on the mag-
nctic field a1 quench lor four 1.8 m magnets are given in Fig. 2 and
in Tuble II1. All four magaets were asscmbled with spot-welded
collars (23], The last two magnets tested, DSS4 and DSSS (14],
also have the other two major improvements (higher ratio of copper
to superconductor in the inner coil cable, "filled” ends). The retest
of DSS2 (discussed telow) has also provided quench performance
data, .

Table I -~ Quench Perlormance

Magnets Mcan '0(’\) c[lO(A)l Notes
DSS2 6379 85

DSs7 6620 108 4
DSS2 (retest) 6578 12 |
DSS4 6435 9

DSS4 (retest) 6450 13 3
DSSS 6401 21 2

Noltes:

1. A correction has bcen made for variation of the helium

temperature. For the uncorrected dala, the mean IQ =

6655, 6 = 24A.

Only quenches in the lower inner coil have been includ-

ed.

3. For this retest, axial motion of the coil was not re-
strained.

4. The two low quenches following training are in sepa-
rate coils. If they are excluded from the average, the

=

As witl the 17 m magncts, quenches in the 1.8 m magnets are
all in the inner layer {15). Comparing results of DSS2 and DSS7
with results from DSS4, DSSS, and the retest of DSS2, a marginal
reduction in the number of training queoches and a significant
improvement in the variation of quench currents after training can
be seen.

To isolate the effect of filléd ends, DSS2 was completely
disassembled after its initial test so thal the epoxy-alumina mixture
could be upplicd to the coil ends. (The quench data of a reassem-
bled magnet are usually quite similar to the initial data.} In Table
11, it can be seen that the average quench current and the quench-
to-quench variation arc betier in the DSS2 retest than in the initial
test. Other quench performance duata were also better in the retest of
the magnet: Retraining after a thermal cycle was reduced (0.3T vs.
0.97) and a higher maximum field at reduced temperature (7.4T at
3.0K vs. 7.0T at 2.6K). Conclusions based on the test of a single
magnet are necessarily limited, but the “filled" ends do appear to
have improved the quench performance of the magnel.

A test of the semsilivity to ceil axial metion was made by
removing about 1 cm of maicrial from the ends of the coils of DSS4
se that the coils could expand along the magnet axis. Initially, the
magnet quench current at 4.5K was unchanged, but the guench
current became crrativ in subscquent testing at lower temperatures.

Conclusions

Tae first two magnets made with the C3S8A design have
achieved multipole values close to the design and close to SSC
requirements. Furtker iterutions in the cross section, if any, will be
small. The use of spot-welded collars has reduced the presiress loss
in coflaring and increased the range of coil sizes which can be
assembled with satisfactory presiress, The combination of an in-
creased copper-to-superconductor ratip and strengthencd ends has
improved the quench performance of the 1.8 m magnets.
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