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SCQ Test Winding



““SSeerrppeennttiinnee CCooiill DDeessiiggnn ffoorr BBEEPPCC--IIII
SSuuppeerrccoonndduuccttiinngg IIRR MMaaggnneettss..””

The design and production of the superconducting IR
magnets for BEPC-II presents special challenges,
compared to HERA-II, that are driven by the fact that
the BEPC-II coils have a much shorter aspect ratio
(length/diameter). For example the BEPC-II quadrupole,
SCQ, needs multiple conductor layers to ensure
adequate integrated strength and all the BEPC-II coils
require much special attention to compensate coil-end
harmonic effects. It is not found practical to wind the
BEPC-II in the same manner as HERA-II coils. To this
end a new “serpentine” style winding technology was
developed for BEPC-II to fully address these concerns.



•• HHiissttoorriiccaall OOuuttlliinnee ooff tthhee PPrreevviioouuss WWoorrkk..
–– RReevviieeww HHEERRAA--IIII UUppggrraaddee IIRR MMaaggnneett DDeessiiggnn..
–– HHiigghhlliigghhtt BBEEPPCC--IIII UUppggrraaddee IIRR MMaaggnneett IIssssuueess..

•• WWiinnddiinngg TTeecchhnnoollooggyy IIssssuueess aanndd SSoolluuttiioonnss..
–– CChhaalllleennggee ooff WWiinnddiinngg SShhoorrtt MMuullttii--LLaayyeerr CCooiillss..
–– OOuuttlliinnee SSttaannddaarrdd AApppprrooaacchh aanndd iittss SShhoorrttccoommiinnggss..
–– TThhee NNeeww ““SSeerrppeennttiinnee CCooiill WWiinnddiinngg SSoolluuttiioonn..””

•• RReevviieeww PPrreesseenntt SSttaattuuss aanndd FFuuttuurree PPllaannss..
–– TThhee FFiirrsstt SSeerrppeennttiinnee SSttyyllee TTeesstt CCooiill WWiinnddiinngg..
–– VVaaccuuuumm IImmpprreeggnnaattiioonn aanndd QQuueenncchh TTeesstt RReessuullttss..
–– SSeeccoonndd SSCCQQ SSeerrppeennttiinnee TTeesstt ((CCoorrrreecctt HHaarrmmoonniiccss))..
–– SShhooww tthhee FFiinnaall BBEEPPCC--IIII SSeerrppeennttiinnee CCooiill DDeessiiggnnss..

PPrreesseennttaattiioonn OOuuttlliinnee::



HHEERRAA--IIII GGOO MMaaggnneett
IInnssttaalllleedd iinn HH11

HERA-II GO Magnet
Installed in H1

BNL Winding
Machine

Stainless Support KeySlotted G­10 Spacer

He Containment
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3 mm Wall

He Containment
Coil Support Tube
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5 mm Wall

Coil Layers

Beam Tube
3 mm Wall

4.5°K He

40-
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GO Cryostat Cross Section

GGO =
13 T/m

40-
110°K

EExxtteennssiioonn

AArrmm

GGOO MMaaggnneett TTeessttiinngg iinn MMaaggccooooll
H-Dipole, Quad,
V-Dipole , Skew
Quad & Sextupole
coils fit inside a
very tight radial
envelope!

VViissuuaall SSuummmmaarryy ooff HHEERRAA--IIII LLuummiinnoossiittyy
UUppggrraaddee MMaaggnneett PPrroodduuccttiioonn..



SSoommee RReelleevvaanntt HHEERRAA--II II MMaaggnneett
PPrroodduuccttiioonn HHiigghhlliigghhttss..

• Both single strand wire and seven strand round cable
ultrasonically were bonded to coil support tube forming
“direct-wind” coil pattern. Gaps in layer pattern filled in with
G10 and epoxy before applying fiberglass wrap for prestress.
• Mix and match coil types; each receiving own prestress.
• Field harmonic measurements (warm) and corrections
incorporated throughout coil production. So multilayer coils
have the best harmonics.
• HERA-II leads came from pole region. Inconvenient for a
multilayer structure (so BEPC-II will use dual-layer windings).
• HERA-II did not leave enough radial space for heat shields
and cold mass supports (BEPC-II provides more space).



BEPC-II IR Magnet

X-Section Detail

Coil

G10

Name Function Layers* Conductor

SCQ Main Quad 8 7 strand cable

SCB Hor. Dipole 2 7 strand cable
(HDC)

VDC Vert. Dipole 2 1 strand wire

SKQ Skew Quad 2 1 strand wire

AS1 Anti-Solenoid 6 MRI wire

AS2 Anti-Solenoid 2 MRI wire

AS2 Anti-Solenoid 6 MRI wire

Compared to HERA-II, the BEPC-II magnets have almost double the
aperture but only 1/7 the length. The radial budget does give more space
for the cryostat (...that is used to provide a warm bore tube, inner and
outer heat shields and LHe cooling flow on both sides of a thicker coil pack).

IIRR MMaaggnneettss ffoorr tthhee BBEEPPCC--IIII LLuummiinnoossiittyy
UUppggrraaddee aatt IIHHEEPP,, BBeeiijjiinngg,, PP.. RR.. CChhiinnaa..

*Note each BEPC-II cold mass has a total of 28 winding layers.



IIssssuueess SStteemmmmiinngg FFrroomm SSttaannddaarrdd CCooii ll
WWiinnddiinngg TTeecchhnniiqquuee ((ii..ee.. HHEERRAA--IIII LLeessssoonnss))..

BEPC-II cold mass is much more complicated than HERA-II. So had
to look for ways to improve coil structure. Initially we tried simple
extension to double-layer coils, but discovered significant issues....

The re turn lead is
trapped inside the coil
winding near the pole.

For a short coil the change of straight section length with turn number makes
it very hard to achieve good harmonic quality (“...ends are important”).

Schematic HERA-II Style Coil Winding



Traditional Double-Layer Winding
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SCB Coil Pattern Traditional Double-Layer Winding Steps:
Wind first base coil (gray) then stop to insert G10,
and substrate etc. Then continue winding in same
direction in second
layer (red) before
dropping down to
the first layer and
winding next pole
(blue) . Stop and
repeat as needed.

For a quadrupole we have to stop/restart
four times per double layer (slows processing)!

Harmonics “swing rapidly” near end spacers
(|B| varies strongly off-axis in the end region).

And it is still very difficult to ensure good
integral harmonics (turn length correlation).

•

•

• New serpentine pattern
offers a better solution....

TThhee OOrriiggiinnaall BBEEPPCC--IIII ““DDuuaall--LLaayyeerr
CCooiill WWiinnddiinngg”” DDeessiiggnn SSoolluuttiioonn..



DDeelliibbeerraatteellyy PPrroovvooccaattiivvee oobbsseerrvvaattiioonn::

Imagine that every turn takes the same shape
in its path in space independent of angle.

Then each turn gets the same longitudinal
integral weighting with the consequence
that the integral harmonics are the same as
that given by the 2D cross section!



TThhee SSeerrppeennttiinnee WWiinnddiinngg SSoolluuttiioonn..

For a “flat pattern” it is not possible to keep
the winding paths the same without crossing
wires, but winding on a tube opens up new
topological possibilities.

By allowing the pattern to wind around the
support tube it is possible to lay successive
turns next to each other without having to
cross wires.

This is the serpentine winding principle.
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Lower Layer Serpentine Pattern
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Upper Layer Serpentine Pattern

First lay down continuous pattern that wraps
around the support tube. Fill in spaces with
G10 and lay down substrate for upper layer.

The upper serpentine layer winds around the
tube in the opposite direction (covering lower
layer’s open ends).

The lengths of turns in the conductor packs are identical.

TThhee SSeerrppeennttiinnee DDuuaall--LLaayyeerr CCooiill WWiinnddiinngg..



SS oo mm ee OO bb ss ee rr vv aa tt ii oo nn ss RR ee ll ee vv aa nn tt tt oo
DDuuaall--LLaayyeerr SSeerrppeennttiinnee CCooiillss..

• The serpentine pattern winds around the support tube in
opposite directions in the two layers and we are careful to
wind the same number of times in each direction in order
not to generate a net solenoidal field.
• However with the above constraint in mind the patterns
in the two layers are allowed to be quite different.
• There is a small, but easily corrected, lead pack asymmetry
that arises from the need to connect turn N to turn N+1 .
• The present AddHarmonic harmonic correction procedure
works well because 3D problem is effectively reduced to 2D.
• We have developed serpentine coil configurations that
allow easy access to current leads without taking up extra
radial space (this is a spinoff of KEK-JPARC winding work).



BB uu ii ll dd ii nn gg UU pp EE xx pp ee rr ii ee nn cc ee ww ii tt hh
SSeerrppeenntt iinnee CCooii ll WWiinnddiinnggss ..

Our serpentine winding proceeds as follows:
- Do entire first layer, fill gaps before adding new substrate.
- Do second layer, fill gaps then do a vacuum impregnation.
- Do fiberglass compression wrap and cure for next layer.
We decided to do a BEPC-II prototype winding
to test our new serpentine software and get
feedback on vacuum impregnation technique.
Our first serpentine winding test was made with a very
simple pattern that did not include features (no 2D cross
section spacers or constant radius end turns) needed to
achieve good harmonic quality but it did give us a chance to
get experience and look out for show stoppers (none found!).



SSeerrppeennttiinnee MMoovviiee VViieewwiinngg IInnssttrruuccttiioonnss..

The next viewgraph is linked to a 5 minute movie showing the winding
of the second layer of our first test serpentine coil. The link is to a
quicktime format movie file, serpentine_movie.mov, which should be
put in the same directory as this presentation. Note Acrobat Reader
version 4 or greater has built in support for such quicktime movies.

WWhheenn iitt iiss oovveerr tthhiiss bbooxx tthhee ccuurrsseerr
sshhoouulldd cchhaannggee ffrroomm aa ppooiinntteerr ttoo aa
mmoovviiee iiccoonn.. CClliicckk hheerree ttoo ssttaarrtt mmoovviiee
aanndd bbrriinngg uupp tthhee qquuiicckkttiimmee mmoovviiee
ccoonnttrroollss..

CClliicckk oouuttssiiddee tthhee bbooxx oorr hhiitt ““EEsscc””
wwhheenn yyoouu aarree rreeaaddyy ttoo mmoovvee oonn ttoo tthhee
rreesstt ooff tthhiiss pprreesseennttaattiioonn..



Serpentine Test Winding

AA DDeemmoonnssttrraattiioonn HHooww tthhee BBNNLL CCooiill WWiinnddiinngg
MMaacchhiinnee WWoorrkkss:: SSeerrppeennttiinnee CCooiill EExxaammppllee..



AAnnaallyyssiiss ooff FFiirrsstt SSeerrppeennttiinnee TTeesstt CCooiill..

Our Coilfield code calculates the field contribution from each wiring
segment defined in the winding pattern. By convention wiring segments
are kept shorter than 0.5" (12.7 mm) and span no more than a 3° arc.
Coilfield is used to calculate central and integral harmonics and
transfer functions. We also can place the coil in a background field
and calculate the total field, force and torque on each wire segment.

PPlloott ooff ttoottaall ffiieelldd aatt eeaacchh wwiirree sseeggmmeenntt iinn
tthhee wwiirriinngg ffiillee wwiitthh tthhee hhiigghheesstt ffiieelldd ppooiinntt
sshhoowwnn iinn bbllaacckk..

NNoottee tthhaatt ffoorr tthhee eeiigghhtt wwiinnddiinngg llaayyeerrss
ffoorr SSCCQQ,, ssuucchh aa ccaallccuullaattiioonn iinnvvoollvveess
cclloossee ttoo aa qquuaarrtteerr ooff aa mmiilllliioonn wwiirree
sseeggmmeennttss..

Trivia:
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|B| per ampere of excitation current for wire segments in lower coil layer.

Warm coil testing before vacuum
impregnation was done and the fiber-
glass prestress wrap was added.

Test wind ing quenched at 911 A
which is 90% of cable short sample*.

Double-Layer Winding Schematic.

AA TTeesstt ooff tthhee NNeeww SSeerrppeennttiinnee--SSttyyllee
BBEEPPCC--IIII SSCCQQ CCooiill WWiinnddiinngg PPaatttteerrnn..

*Note a different cable with different superconductor to copper ratio &
higher short sample will be used for the actual BEPC-II SCQ magnet.



SS ee rr pp ee nn tt ii nn ee WW ii nn dd ii nn gg TT ee cc hh nn ii qq uu ee ::
IImmpprroovveemmeennttss MMaaddee aafftteerr FFiirrsstt TTeesstt..

• First crude vacuum impregnation fixture had extra space beyond
coil ends that filled with epoxy. This area developed visible cracks
upon cooldown. Waste space reduced in final fixture and unavoidable
spaces will be filled with fiberglass weave to avoid crack propagation.

• Serpentine coil design software has been upgraded to handle 2D
harmonic tuning spacers, end spacers (not used) and constant radius
bends (needed to keep path length constant). Now have enough
“knobs” to be able to provide desired harmonics.

• With the first test winding we realized that more attention was
needed on how to bring out coil leads. Lead scheme has been
improved in subsequent design iterations. Now have a robust solution.

Next we decided to try to wind a harmonically
correct SCQ using the above improvements.
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Test Coil

Second layer is omitted here for clarity.

The second serpentine test
winding has features needed
for proper harmonics. Also
worked out lead connections
and improved the vacuum
impregnation fixture.

TThhee NNeexxtt SStteepp:: WWiinndd aa PPrrooppeerr SSeerrppeennttiinnee
BBEEPPCC--IIII SSCCQQ TTeesstt PPaatttteerrnn ((BBoottttoomm LLaayyeerr))..

Tube was placed here to bring current
lead down and out via the gap in first layer.



KKnnoowwlleeddggee GGaaiinneedd wwiitthh tthhee SSeeccoonndd
SSeerrppeennttiinnee BBEEPPCC--IIII SSCCQQ TTeesstt WWiinnddiinngg..

In order to prepare a path for getting the return current lead out from the
second layer a teflon tube was run alongside the input lead on the
bottom layer. It was then a simple matter to run the current lead through
this tube, passing under the second layer’s end turns, to the outside.

TThhee ffiieelldd qquuaalliittyy iiss ggeenneerraallllyy vveerryy ggoooodd -- cceerrttaaiinnllyy ffaarr
bbeetttteerr tthhaann tthhee ffiirrsstt ccooiill.. TThhee oonnllyy nnoottaabbllee hhaarrmmoonniiccss aarree
--33..77 uunniittss ooff sskkeeww sseexxttuuppoollee,, ++22..11 uunniitt ooff sskkeeww ooccttuuppoollee
aanndd ++11..55 uunniitt ooff nnoorrmmaall ddeeccaappoollee ((aallll aatt aa rreeffeerreennccee rraaddiiuuss
ooff 5500 mmmm)).. AAllll ootthheerr hhaarrmmoonniiccss aarree aabboouutt oorr bbeellooww oonnee uunniitt..
TThhiiss ffiieelldd qquuaalliittyy iiss ssiimmiillaarr ttoo wwhhaatt wwee ccaann ttyyppiiccaallllyy
aacchhiieevvee ffoorr aa ssiinnggllee llaayyeerr ccooiill..

II bbeelliieevvee tthhiiss tteesstt ccooiill ccaann bbee ddeeccllaarreedd aa ssuucccceessss aass ffaarr
aass ffiieelldd qquuaalliittyy ggooeess.. -- AAnniimmeesshh JJaaiinn,, 2222 DDeecceemmbbeerr,, 22000033..

Later we realized that swapping the layer winding order
allows to bring out both leads via the pole gap in the
second layer (see figures next few pages).



CCoommmmeenntt oonn FFiieelldd HHaarrmmoonniicc EExxppeerriieennccee..

In a discussion of the previous results with Animesh Jain I (BP) learned
that while I had become accustomed during HERA-II production to
expect single layer winding errors would be smaller than 2 units
(i.e. > 2 x 10-4 fractional error with respect to fundamental) upon
occasion, when there were major changes in the winding procedure,
we saw single layer errors as large as 4 units (scaled to BEPC-II).

For a multilayer coil winding, experience show that the final achievable
error level can be reduced at least inversely to the number of windings
so for the four double-layer SCQ coil we can expect an error pedestal
of about 1 unit. Since SCB, VDC and SKQ are single windings their
error limits remain higher.

Note: By design all magnets, SCQ, SCB, VDC and SKQ have zero design
integral harmonics. Final harmonics are thus dominated by production.



CCoommppaarriissoonn ooff SSeerrppeennttiinnee RReessuullttss wwiitthh
tthhee PPrreevviioouuss BBNNLL BBEEPPCC--IIII DDeessiiggnn..

Up to this point we have not had a chance to make detailed
comparisons for all the BEPC-II coils; however, from spot
checks we see the following trends:

Z (mm)

Previous SCB Coil Pattern with End
Spacers to Address Integral Harmonics

SSeerrppeennttiinnee ccooiillss tteenndd ttoo hhaavvee mmuucchh ssmmooootthheerr ooffff--aaxxiiss
ffiieelldd bbeehhaavviioorr wwhheenn ccoommppaarreedd ttoo tthhee ttrraaddiittiioonnaall ffllaatt
ppaatttteerrnn ccooiillss wwiitthh eenndd ssppaacceerrss.. IInn ppaarrttiiccuullaarr wwee aavvooiidd
llaarrggee ffiieelldd sswwiinnggss tthhaatt ooccccuurr ccrroossssiinngg tthhee ssppaacceerrss
sshhoowwnn iinn tthhee ccooiill ppaatttteerrnn oonn tthhee lleefftt..
SSoo ffaarr wwee ffiinndd tthhaatt sseerrppeennttiinnee ccooiillss tteenndd ttoo hhaavvee lloowweerr
ppeeaakk ffiieellddss tthhaann tthheeiirr ffllaatt ppaatttteerrnn eeqquuiivvaalleennttss bbuutt mmoorree
ddeettaaiilleedd ccoommppaarriissoonnss aarree nneeeeddeedd ttoo sseeee iiff tthhiiss hhoollddss
uupp mmoorree ggeenneerraallllyy..

SSeerrppeennttiinnee ccooiillss aarree bbyy ffaarr mmuucchh eeaassiieerr ttoo aaddjjuusstt ttoo zzeerroo hhaarrmmoonniiccss.. FFoorr tthhee vveerryy sshhoorrtt
BBEEPPCC--IIII ccooiillss wwee ffiinndd tthhaatt tthhee eenndd ttuurrnnss ccoonnttrriibbuuttee ssiiggnniiffiiccaannttllyy ttoo tthhee ffuunnddaammeennttaall
hhaarrmmoonniicc.. SSiimmppllyy mmooddiiffyyiinngg eenndd ssppaacceerrss wwaass nnoott eennoouugghh bbuutt wwee hhaadd ttoo kkeeeepp cchhaannggiinngg tthhee
22DD ccrroossss sseeccttiioonn.. SSeerrppeennttiinnee ccooiillss rreeqquuiirree oonnllyy 22DD ooppttiimmiizzaattiioonn rraatthheerr tthhaann mmuucchh hhaarrddeerr 33DD..

AAddddHHaarrmmoonniicc wwoorrkkss mmuucchh bbeetttteerr ffoorr sshhoorrtt sseerrppeennttiinnee
ccooiillss tthhaann iitt ddooeess ffoorr ffllaatt ppaatttteerrnnss ((mmoorree ““22DD””))..



UUsseeffuull SSyynneerrggyy wwiitthh OOtthheerr OOnnggooiinngg
BBNNLL CCooiill PPrroodduuccttiioonn AAccttiivviittiieess..

The BEPC-II magnet production program has benefited greatly
from work in progress to produce a superconducting NLC final
focus prototype and work to produce combined-function and
skew dipole correctors for the KEK JPARC project.

25 mm coil
w i n d i n g
diameter

11½ turns
per pole

IIPP

F o r Q D O
G=144 T/m
Rapt=10mm

A

A

NNLLCC FFFF WWoorrkk

FFoorr NNLLCC FFFF wwoorrkk wwee ddeevveellooppeedd aanndd wwoouunndd 11..88 mm nneesstteedd--
sseerrppeennttiinnee qquuaaddrruuppoollee pprroottoottyyppee uussiinngg ssiinnggllee ssttrraanndd wwiirree..
AAlloonngg tthhee wwaayy wwee lleeaarrnneedd ttoo ddeessiiggnn ccooiillss wwiitthh aann oodddd nnuummbbeerr
ooff ttuurrnnss iinn tthhee ccooiill ppaacckk ((nneeww ddeessiiggnn ffrreeeeddoomm)) aanndd hhooww bbeesstt
ttoo ggeett tthhee lleeaaddss oouutt.. TThhiiss wwoorrkk iiss aapppplliiccaabbllee ttoo tthhee VVDDCC aanndd
SSKKQQ ccoorrrreeccttoorrss wwhhiicchh wwiillll bbee wwoouunndd aass nneesstteedd--sseerrppeennttiinneess..

Quicktime Movie: jparc_skewdipole.mov

FFoorr JJPPAARRCC wwee mmaakkee 660000 mmmm
lloonngg sskkeeww--ddiippoollee aanndd ccoommbbiinneedd
ffuunnccttiioonn ccoorrrreeccttoorrss.. HHeerree wwee
rreeaalliizzeedd tthhaatt pprroodduuccttiioonn ggooeess
bbeetttteerr iiff tthhee bboottttoomm llaayyeerr iiss
kkeepptt ssiimmppllee wwiitthh hhaarr mmoonniicc
ssppaacceerrss oonnllyy oonn tthhee uuppppeerr llaayyeerr
((aa ggoooodd lleessssoonn ffoorr BBEEPPCC--IIII))..
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SCQ Lower Layer Serpentine Pattern SCQ Upper Layer Serpentine Pattern

Coil winding starts here.
An
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Harmonic tuning spacers are now
only placed in the second layer.

FFiinnaall ““TTwweeaakkiinngg”” ooff tthhee SSCCQQ CCooiill PPaatttteerrnn..

Layer transition.



FFiinnaall ““TTwweeaakkiinngg”” ooff tthhee SSCCQQ CCooiill PPaatttteerrnn..
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SCQ First Double-Layer Cross Section SCQ Serpentine: Close Up at Lead End

Keeping the bottom layer pattern simple (no spacers) reduces the time the coil stays on the winding
machine and we find good harmonic solutions with fewer total spacers. Starting winding at the pole
allows the input lead to be brought out next to the exit lead in the gap in the second layer.



SSuummmmaarryy ooff BBEEPPCC--IIII SSCCQQ,, SSCCBB ((HHDDCC)),,
VVDDCC aanndd SSKKQQ SSeerrppeennttiinnee CCooiill DDeessiiggnnss..

With the next four viewgraphs we quickly review the final proposed
serpentine winding patterns for the BEPC-II IR magnets. The SCQ and
SCB cable magnets build upon JPARC experience and the VDC and
SKQ single strand corrector coils will be wound similar to the NLC FF
quadrupole as nested-serpentine coil patterns.

Note for SCQ special attention has been given to how to connect
leads from the four double-layers together with the result that the
AS3 coil should be slightly shortened in order to assure that
adequate space would be present for SCQ lead splices. This resulted
in a minor reoptimization of all the antisolenoid coils, AS1-3, which
will be reported in a separate presentation.



TThhee ““FFiinnaall”” MMuullttii--LLaayyeerr SSCCQQ CCooiill PPaatttteerrnn..
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Four Double-Layers

-120 -110 -100 -90 -80 -70

2
0

3
0

4
0

5
0

6
0

X (mm)

Y
(m

m
)

SCQ Coil
Close UP

SSCCQQ hhaass ffoouurr
ddoouubbllee--llaayyeerrss..

OOrriiggiinnaall SSCCQQ ppaatttteerrnn hhaadd
tt wwoo hh aa rr mm oo nn ii cc tt uu nn ii nn gg
ssppaacceerrss iinn eevveerryy llaayyeerr;;
pprreesseenntt ddeessiiggnn oonnllyy ttwwoo
iinn eevveerryy ootthheerr llaayyeerr bbuutt
aacchhiieevveess bbeetttteerr ssoolluuttiioonn..
SSiinnccee ccooiill ffeeaattuurreess nnooww
ddoo nnoott lliinnee uupp aass mmuucchh iinn
ddiiffffeerreenntt llaayyeerrss,, rreessuulltt
hhaass rreedduucceedd ppeeaakk ffiieelldd..

Each double-layer has two leads that exit next to each
other from the coil pack. It is then a simple matter to
make pigtail splices (wires alternating clockwise and
counterclockwise azimuthally to save longitudinal
space) to connect up the different layers. Thus these
splices are done outside the main coil pack where they
can be reliably made up.SCQ Wiring Schematic

VViieeww ttoowwaarrddss ccooiill lleeaadd eenndd
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SCB Final Serpentine Winding Pattern

Like SCQ the SCB coil is wound from seven strand cable. Here three spacers in the upper layer are
sufficient to ensure good harmonics. Note that dipole ends are naturally longer than quadrupole
ends so SCB has even less “straight section” than SCQ and has to be wound longer than SCQ in
order to have the same magnetic length.
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VDC Final Serpentine Cross Section

VDC is wound using single strand wire and as with SCB three spacers in the upper layer are
adequate for tuning design harmonics. The actual winding pattern is a nested-serpentine, as was
done for the NLC FF quadrupole, where the conductors in the second layer are constrained to lie in
the “grooves” atop the lower layer turns. As was done for HERA-II spacers are filled in with Nomex.
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SKQ Final Serpentine Winding PatternSKQ Final Serpentine Cross Section

SKQ is also wound in a nested-serpentine pattern from single strand wire and only two
spacers are needed in the upper layer for desired design harmonics.



Serpentine style coil winding has matured just
in t ime to be usefu l fo r the BEPC- I I
superconducting IR magnet coil production.

Serpentine patterns offer many advantages
for short aspect ratio magnets including the
ability to correct SCQ harmonics during pro-
duction using existing AddHarmonic software.

This gives us confidence to meet BEPC-II goals.

SS ee rr pp ee nn tt ii nn ee CC oo ii ll DD ee ss ii gg nn ff oo rr BB EE PP CC -- II II
SSuuppeerrccoonndduuccttiinngg IIRR MMaaggnneettss:: SSuummmmaarryy..



TThhee EEnndd ooff tthhee BBeeggiinnnniinngg......

SCQ Test Winding
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