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ABSTRACT

This report updates the various performance data,
design and specifications for the storage ring and ex-
perimental series dipole and quadrupole magnets as well
as the working line and corzection coil systems. The
working line system includes the closed orbit dipoles,
the quadrupole trim, sextupoles, octapoles, decapoles
and duodecapoles. These are the magnets in che sctandard
subonits of the Brookhaven National Laboratory Inter=-
secting Storage Ring Accelerator "ISABELLE". There have
been 14 full size single layer dipole prototypes &.25
to 4.75 w long constructed. There have been two l.5 o
long full size quadrupoles built. A one meter double
layer dipole was built in order to obtain high field
> 6.0 T data. A subunit cf the original 200 % 200 GeV
veérsion of the ISABELLE lattice was assembled to study
systems operation, (ISABELLE now has the design goal
of 400 x 400 GeV.l) This subunic ucilized the proposed
ISABELLE form of refrigeracion, namely "hizh pressure
helium gas forced flow'. The array composed of two
dipoles and a quadrupole with auxiliary workiag line
and correction coil syscems was serially connected both
electrically and cryogenically. One of the major de-
sign goals, that of the magnets being protected by the
ability to absorb their own energy, proved to be attain-
able, This is accomplished without external interven-
tion, i.e. external extraction or driving the magnets
normal by an active external circuit., This simply means
the magnets L/R time constants during a quench are short
enough to prevent thermal damage or rum away. There are
two series of prototypes. The first one is the so-called
"standard” which will become the ring magnets for
""ISABELLE" when the machine design is frozem. The second
is that in which various characteristics and/or limits of
various parameters are explored. Yarious parameters such
as maxi{mum ramp rate and other .} deperdent phenomena ave
bracketed even though the present staniard parameters are
workable. There has also been obtained in the last two
years operational data on four larze (25 cm cold aper-
ture, 2.5 m long) pool boiling dipcles. They have been
an integrzl part of the High Energy Unaseparated Beam
guiding particles to the MPS (multiparticle spectrometer)
of the AGS (30 GeV alternating gradient synchrotron,
ISABELLE's injector).

INTRODUCTION

The operation of devices at high magnetic fields
{~ 5.0 T) for long periods of time is an ideal applica-
tion for superconducting magnets. The dissipation of
energy inherent in the cyclic operation of supercon-
ductors is minimized due to the low duty facrtor {(repeti-
tion rate) of the modern high energy storage ring ac-
celerator. The excellent current densities "J" avail-
able in modern superconducting composites lead to in-
creases of greater than an order of magnitude in the
maximum c¢oil winding densities attainable compared
to standard copper windings, therefore resulting in much
higher field intensities being produced efficiently.
With these advantages, however, there are several addi-
tional constraints imposed on the system that are either
nonexistent or much less severe in a conventional room
temperature magnet string. The iron of the magnets acts
as a mirror for the conductors resulting in the magnetic
field quality being almost totally dependent on the con=~
ductor placement accuracy. Due to the very high fields
and currents involved, the coil forces are very large
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and must be carefully contained. One of the more
challanging constraints is that an uncontrolled release
of a few joules or millijoules can cause the super-
conductor in the magnet winding to become unstable and
revert to the normal resistive state. This

constraint is imposed in a unit whose total stored
energy is greater than a megajoule. This problem is
therefore both inceresting and challenging. The latest
evolution of a magoet design and the data on which it
is besed is contained in this paper. The desizn aust
operate within the aforementioned constraints and scill
retain the desirable features needed for machine con-
struction and operation of ISABELLE,

MAGNET DESIGN

An ISABELLE ring magnet can be simply described
as single layer cos N turns discribuction saddle
coils chat are preloaded by the cold iron shield chat
surrounds them. The coli winding fixture and coit
half are shown schemacically in Fig. 1. This elevated
temperature molding technique usually produces a very
monolithic type of structure as shown in the upper left
hand corner of Fig. 2. The actual construction details
and techniques have been thoroughly covered in previous
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Fig. 1. This is an end view drawing of the winding
fixture for the "cosine 3' saddle magnet. It is a
steam heated steel fixture. Newer version of the
fixture used hydrolically operated cylinders in place
of the die springs on top.

Important design parameters that are addressed in
the prototype program can be divided roughly into two
material properties and magnetic properties.
One of the more important cmaterial characteristics is
the compatibility of the materials in the coil winding
assembly, first in contraction in the 300 K to 4 K cycle
and second in the ability to withstand the high come
pressive pressures encountered at both ends of the tem=
perature range, i.e. the molding pressure at 140 C and
the magnetic pressure at & K, The third material
property required is as high a thermal conductivity
of the winding package as possible. The most important
magnetic properties required are: predictability and
reproducibility of the magnetic field shapes with the
ability to alter those shapes for the requirements of
machine operation, and particularly the highest reliable
magnetic field intensity possible within the economic
constraints given. The materials that have evolved
as well as the winding and molding techniques used in
conjunction with the prestressing of the coil structure
by the iron shield have resulted in a design that
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nominally produces magnets which achieve the following
dasired propertias:

i. The quench characteristics of the magnets are
such that there ars no thermomechanical distortions of
the turns when all of the stored energy of the device
is internally dissipated. The high azimuthel quench
velocity (turn-to-cturn) causes the energy to ove dis-
tributed over a large volume of the coil. The high
velocity is a result of the following three conditions
being met: a) There are no finite thicknesses of epoxy
or thermoplastic from the pole tip to the midgplane
wadge on the inner diameter edge of the coil with the
exception of the fiberglass epoxy lnsulation tape.

b) The fiberglass epoxy insulation tape i3 very thin
and has a very high glass to resin ratio (see Fig. 2).
c) The high aspect tratio of the conductor (width to
thiciness 23/1) results in a large turn<to-turn surface
area to volune ratio. One-seventh of the aximuthal path
of the inner diaceter of the coil from the first current
block to the midplane L3 occupled by flberglass and 3"
stage epoxy, the rest is metal.
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Flz. 2. This is a composite photograph showing the
bare compacted braid conductor, its position in a
typical dipole and photomicrographs of various details
such as the filaments in the strands.

ii. The coil package is preloaded radially and
azimuthally by the interference fit in the iron shield.
This i3 accomplished by inserting the coll package at
77 ¥ into the laminared room temperature iroun shield.
This preload, if all of the components £1ll che radial
extent of the coil package, results in the magnet reach-
ing the short sample performance of the conductor with
a minimal amount of training.

The parameters that have been explored in the ex-
perimental series are showm in the following list and
will be referred to by number in the results section.
. 1. The transfer function of the magnet has been
increased.

2. The current density available in the basic
conductor has been increased.

3. The effective current density of the winding
has heen increased.

4, The effective resistivity of some components
3f the magnet winding has been increased. This ig to
increase the quench propagation and decrease the 3
dependence of various magnet parameters.

(3]

5. Better mechanical control of the materials that
compose the coil package has been achieved.

6, Better saturation paramaters of the irom shield
due to geometry has been achisved.

7. The effective resistivity of soms part of the
winding has been decreased, This is to improve stability
and thermal conductivity.

The various experimencal and scandard magnets have
led to the present design which is shown in Pig. 3.
The design of the doubla layer magnet is essentially
identical with chat of the.single layer except one
magriet winding nests inside the other. The inner layer
is wvound first, then banded and the outer layer is
clamped onto the inner magnet's outer bands. The cross-
over joints (f.e. the lead coming sut orthogonally to the
post is lapjointed with the lead from the other maguet
half) for both inmner and outer coil, were posizioned out-
ridq_:hq]oufer coil.

m

Fig. 3. The £inal dipole winding cross section is shown
schematically drawm for one juadrant. == == =

The design of the "HEUB" dipoles was a simple ex~
tension of ISA MK-II design to different aspect ratios.
The cold aperture of the magnet is 25 cm, thz length of
each magnet is 2,5 m, and the operating ficld is 3.8 T.
There are four magnets which bend the high emergy (30
GeV) unseparated beam of BNL'3s AGS through 20° enroute
to the multiparticle spectrometer. This is a single
layer design (see Fig, 4) as well.

MAGNET AND MAGNET SYSTEMS PERFORMANCE

The four large aperture "HEUB" magnets reached or
exceedad the design field after only a few quenches.
These liquid helium cooled magnets store ¥ Megajoule
at 4,0 T. The magnets operate {n geparate cryostats
supplied by a CTL 4000 unit refrigerator which has a
capacity of 1.5 kW at 4.5 K. Their combined load with
associated piping is 550 W, The magnets are controlled
by the AGS computer which is in command of other mag-
nets in the beam line. Thelr parformance and character-
istics are given in Table I.

This beam line has operated without incident, with ..
the exception of & few cryogenic impurities blocking the
primary heat exchanger, from Sept, 1976 to present, It
should be noted that this set of heat exchangers are che
only major part of the refrigerator without redundancy.

The experimental 3eries of prototypes and param-
eter characterization magners have been varied in purpose
and performance. The performance and characteristics
are given in Table II.



) 8-586-76

TABLE I. HEUR P
Inductance = 230 mH, 1.d. = 24.8 cm, Magnetic length =
230 em

Magnetic Field T 11 III___ 1v
Design Field (T, 3.8 3.8 3.8 3.8
B/ (uT/A)yme .52 1,51 1,51 1.51
B(max 0,0) Attaiged 4,02 4.0 4.1 4.1
First Quench 3.5 3.26  2.97 3.8
No. of Quenches 6 8 7 5

% _Short Sample

1st to last Quench 65-77 63-73 54-76 72-78
Current Density "J" kA/cm2

Design (incl. ims.) 18.1 18.1 18.1 18.1
Design Braid & Filler 20.1 20.1 20.1 20.1
J(max) Attained 22.0 21,1 219 22.3
Harmonic Coaff (3.2 T

b2 x 104 cmr -0,32 -0.01 -0.2 0.07
bg * 106 em=4 0.1 0.1 0.1 0.1
Energy Dissipated (MI) 1.06 0.98 1.06 1.09

10 K Rasistance () 280 280 280 280
Iine Constants (1/e)

Magnetization (sec) 82 82 82 82
Quench (L/R, sec) 0.38 0.57 0.58 0.42
Weight (kg x 103) 11.0 11.0 11.0 11.0

The standard magnet series parameters which represent
a compromise of all the paramecers thet yield the most
raliable performance ecouomically are given in Table II
for comparison. There have baen two full size
quadrupoles built and tested or in the process of being

d . tested.. The quadrupole data is given in Table II as well.

Fig. 4. This is a photograph of the last two HEUB Typical dacta behavior for a standard magnet with'cthe
magnets in the beam line to the MPS of the BNL Altern:t- latest iron geometry is given by Figs, 5 and 6,
iag Gradient Synchrotron. - ‘

. TABLE II. TISABELLE Magunet Parameters
Experimental Saeries Prototype Dipoles 'Double Standard Dipole Serles Quads

I I1 IIT IV VII XIT2 XTIIDXTVC|Layer®|IIF V - VI VIIIJIX %8 xIa IV4 S
Fleld (T)® 3.92 3.97 3.94 3.9 3.97 2.97 5.0 5.0 6.0 3.5 3.95 %95 4.0 4.0 4.0 4.0 5.0 3.21 3.21
B/ (nf{/A) 1.25 1.26 1.26 1,26 1.29 1.29 1.35 1.25 2.23 1.26 1.26 1.26 1.25 1.25 1.28 1.238 1.35 1.0 1.0
B(0,0)5583ched) 3.6 4.6 3,75 3.8 3.74 — 3.93 6.2 6.9 4.9 4.1 4.0 4.7 4.5 4.4
1st Quench 2.8 4.0 3.5 3.8 3.2 3.78 3.2 4.96 3.9 4.1 3.75 3.4 3.95 3.2 3.1
# Quenches 8 22 2 1 16 9 26 21 9 15 23 13 16 15
1.d. cm 12,2 12,1 12,2 12,2 12.2 12.2 12.3 12.2 8.5 12.2 12,2 12.2 12,2 12.2 12.2 12.2 13.1 12.1 12.2
% Short Sample :
st Cuench 56 75 68 72 62 70 s8 73 73 98 75 65 80 67 &6
High quench 66 83 71 72 72 13 92 98 102 81 81 91 96__ o4
Current Density
"J' kA cm‘
Incl. Ins.©  24.8 24,8 24.8 24,8 26,4 26.4 29,9 34.1 21,9 24,8 24.8 24.8 24.8 24.8 26.4 26.4 32,0 24.8 24.3
Conductor? 30.0 30.0 30.0 30.0 30.4 30.4 34.7 39.3 26,7 30.0 30.0 30.0 30.0 30.0 30.4 30.4 38.2 30.0 30.0
Max Achieved 24.0 35.5 27.0 27.4 28.3 25.8 29.2 39.4 38.5 31.0 30.0 36.5 43.2 40.4
Parametersl o .d Afredd
Varied — 7.5 4 4 1,2 1,24,1,32,7 6 il B9 6 6 6 6  mwd pwid mrd
garmonls (302
by x 10* emZ «0.5 =2.7 =1.2 -1.6 ~0.5 «0.25 =0.8 =0.7 ~0.1 <0.7 not +0.2
bg * 106 co~4 0.6 8.0 3.9 2.8 ~L.3 1.6 17,0 1.40 20.0 -0.5 aval.~0.3
Grad..nT/cm 508 508
Evergy Dissi~ 4 39 0.57 0.33 0.35 0.35 0.37 0.22 0.69 0.58 0.44 0.61 0.07 0.08

pated (MI)
Mag. iength (m) 411 400 409 409 406 406 402 402 99 406 408 408 461 461 46l 461 400 146 160
16 K Res. (mil) 270 250 255 255 338 262 286 272 105 230 255 255 278 278 288 290 325 98 98
Induct. 'L" (ud) 78 73 IS5 75 77 717 80 77 48 73 15 75 85 85 87 3871 97 8 9
Time Censt. l/e
Magnetization

sec 18.5 38 18.5 18.5 38 38 38 38 38 38 18.5 38
Quench (L/R)}® 0.8 0.2 0.7 0.7 0.12 0.4 0.4 0.25 0.17 0.17 0.17 0.17 . Unknown
Loss I3A 6 W/m — 1.36 1.3 1.3 = == o= — — 1.2 1,2
Ref. Mode Pool Pool Pool Pool Pool Pool Pool Pool Pool FFC FCC FFC FPeol Pool Pool Pool
Daraged Y ¥ Y Y X Y N8 N N ¥ % g w N N

a) not tested yet; b) arced to ground plane before tests were completed; <) tests not completed yet; d) coil
fabricator; e) design; f£) these numbers explained in design section; 3) l/e current decay time with 5 mil across
magnet termicals during a quench; h) repalrable without performance loss; 1) percentage of undamaged conductor;
j) not completely inserted into iron shield.
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The Half-Cell series test was performed to gain
information in the proposed serial operation of the mag-
necs both cryogenically and electrically. The Half-Cell
was that of the oider 200 X 200 GeV version of the
ISABELLE lattice consigsting of two dipoles and a quad-
rupole (MK-II, V, and QUAD I). In the force flow system,
high pressure helium zas entered the firsc dipole
(MK-II) and passed through to the second dipole (MK=-V)

and then went on to quadrupole (Quad I) before return~
ing to the refrigeratov via the intermediate shields
wvhich snclose each magnet.? Thea superconducting

for the main and working line coil system are routed
through the high pressure helium gas lines from coil

to coil. The ixon cors laminatious and the scainless
steel tube chat holds them doubles as the high pressure
vessel and inner dewar. This standard Half-Cell
structure would be repeated 108 times in the 400 X

400 CeV lattice with the exception of 3 dipoles,not 2,would
be used per Half-Cell. The quench protection for

this FalfeCell was a combination of opening relief

vaives on both sides of the quenching magnec and a cold
diode across the magnet's terminals which limits the
forward voltage.” The purpose for opening of the the
relief valves is twofold, Pirst, it reduces the pressure
of the hot gas wave that is generated in the quenching
magnet and second it assures a high enough mass flow
past the interconnecting bus in the case of two or more
magnets in series simultaneously quenching to prevent it
from being damaged. The cold diode virtually eliminates
external energy from being dumped into the guenched coil.
This magnet array had external leads connected to the
intermagnet buses, in case the cold diode scheme proved
unworkable. These leads, however, had very high losses
and tharefore limited the lowest temperature attainable.
The system reached a temperature of 5.5 K at the warmest
magnat, The quench curreat a2t this temperature was

3.5 kA which corresponds to a dipole field of 4,3 T.

The system was operated for a period of five weeks with-
out accidental quenching. The quench protection scheme
(i.e. cold diodes and relief valves) worked exceptionally
well ou che scheduled quenches. In all but two transi-
tions of the magnets to the normal state, the transition
was confined to the initiating magnet and in those cases
where it was not the succeeding magnets were at a much
lower power level by the time they transitioned.

The latest auxiliary working line coil systeam coa-
tained in a prototype dipole performed to the power
supply current limit which corresponds to 587 of the
short sample characteristics of the strands. The dipoles
sextupole and decapole windings were checked at 4.4 T.
Those of the quad have been checked at low field.

ACKNOWLEDGMENTS

The research and development program that has lead
to these data on the magnet windings are due to the on-
going program of the ISARELLE Project of the Accelerator
Department at Brookhaven National Laboratory. The
authors would like to acknowledge the high degree of
dedication and prcfessionalism of the techmicians,
staff, and administration of the ISABELLE Project with=-
out whose hands, efforts and ideas the Project could
not have progressed,

REFERENCES

1. ISABELLE, A Proton-Proton Colliding Beam Facility,
BNL Rept. 50648 (1977)

2. A.D. McInturff, P.F, Dahl, R, Damm, C. Lasky,

K.E. Robins, and W.B, Sampson, IEEE Trans. Nucl.

Sci, N5-22, No. 3, 1133 (1975).

3. A.D. MclInturff, W.B. Sampson, K.E. Robins, P.F. Dahl,
and R. Damm, IEEE Trans. Nucl, Sci. NS=24, No. 3,
1242 (1977).

4, W.B. Sampson, K.E. Robins, S, Kiss, P,F. Dahl, and
A.D. McInturff, IEEE Trans., Nucl. Sci, NS-24,

No. 3, 1296 (1977).

5. J.A. Bamberger, J. Aggus, D.P. Brown, D.A. Kassner,
J.H. Sondericker, and T.R. Strobridge, IEEE Trans.
Magnetics MAG-13, No. 1, 696 (1977).

6. K.E. Robins, W.B, Sampson, and M.G. Thomas, IEEE

-~ . Trans, Nucl. Sci. NS§-24, Wo. 3, 1318 (1977).



