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* Optimum Integral Design — Why?, What?
 PBL/BNL Direct Wind Dipole BOApF for EIC™*:
d B,=3.9T and coil i.d. = 114 mm - a significant magnet
»Higher “field & aperture” than RHIC arc dipole (3.45 T & 80 mm)
* Design, construction and test results
» Three phases, each with significant results
 Summary
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« Typical mechanical length of each dipole end: ~ two coil diameter

* Loss in integral field due to ends starts becoming significant
when the total coil length (L) < ~8 X coil diameter (a) in dipoles

Coil length to coil diameter ratio in some magnets:
e Y > AGS Corrector (L = 182.8 mm, a = 300 mm): ~0.6

» EIC BOApF (L =600 mm, a =114 mm): ~5.3

Coil id: 80 _ _ _
ot > EIC B1ApF (L = 1600 mm, a = 370 mm): ~4.3

Coil Length: ~9.46 m
> Lla>100 v" There is a motivation for a design that reduce the

loss in integral field due to ends in such magnets
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A two-step process:

Step 1: Optimize coil cross-section to
obtain cosine theta like distribution:

I(6) = 1, . cos(nb)

Step 2: Optimize ends for reducing
harmonics and peak fields
d magnetic length: ~ 2 mechanical length
3 typical loss in magnetic length due to ends -
» Dipole: one coil diameter N
= » Quadrupole: one coil radii |
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Optimize cross-section and ends together
in a single step to obtain cosine theta
distribution in an integral sense:

I(6).L(6) =1,. L. () o« I,.L, .cos(nb)

Benefits are

Extend midplane turns end-to-end = [\ enormous in any
> - magnet with
Length of coil ends which determines the *{B - small flat-top

loss in magnetic length, made nearly zero °~| :
- (useful in any

v Loss due to ends essentially eliminated | short magnet)
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(allowed this magnet to be built in the cost and schedule of an STTR)

Demonstrated earlier in
lower field or lower
aperture magnets.

But not in such a high
field and large aperture
magnet.

» For more on info the direct wind technology, please visit
~ oral session (Fri-Mo-0Or4) and poster session (Fr-Mo-Po.05)
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Three Phases of the Program

 Phasel: Two layers
* Phase ll (year 1): Six layers

* Phase Il (final): Twelve layers

~10% margin at 4 K test temperature (EIC operates@1.92K).

» Key outcomes of each phase to be discussed briefly.
N
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-y WY . e < . 4
Tension rowing over two layers to contain forces Coil in yoke, ready for test

Expected Performance: B, =~1.7 T, Bk =~2.2T, Coil i.d. =114 mm

|:_ L N lm >L

=
gg' L:.‘ Brookhaven

National Laboratory

_PBL Ramesh Gupta for PBL/BNL Team Design, Construction & Test of a Direct Wind Optimum Integral Dipole BOApF 7/3/25@%@9 9



Question #1: Will optimum integral design extend the magnetic length?

4.0

3.5

Major 3.0

motivation of ~ 25

the optimum £ 20
integral design “ 15 O B(mT), measured
demonstrated 1.0 —B(mT), computed

0.5

0.0

-0.35 -0.25 -0.15 -0.05 0.05 0.15 0.25 0.35
Z(m)
L Answer: Yes! Good agreement between calculations & measurements.
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Question #2: Will the direct wind coil based on the optimum integral
have a good quench performance?

3.5 . T 900
To | l SC Wire aco ° o s) o
0 -Computed (used) | = °
25 : 5 800
E 5 750 £
2.0 ¢ . 3 2%
G - / | § 700 Measured ég
m g g 650 £z
1.0 P 3 | S 600 53
0.5 ° : 550 o
0.0 - . 1 500
0 200 400 600 800 1000 1200 0 1 ) 3 4 5 6
| (A) Quench Number

B,=~1.7T,B,=~2.2T, Coil i.d. =114 mm
v Answer: Quench performance remains excellent to this field/bore
(reached computed short sample without training)

These two are significant demonstration for a Phase | (in <1 year)
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Goals of STTR Phase Il Year 1 (with 6 layers)

a) Demonstration of a good field quality (warm measurements):

> Validation of the optimum integral design and the software

b) Demonstration of the magnet performance:
» B, ~29T,B,~3.5T (coil aperture 114 mm)
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Optimum Integral Dipole 6-layer Design

R E O R G Gl P (NOFe) 1.860 mT.meter/A

Measured Integral Harmonics@31mm | Lower
No. bn an order from
| 2 0.77 3.51 external
3 6.12 4.32 leads.
4 0.43 -0.98
5 0.93 0.50 All other
° 0.20 0.64 harmonics
7 1.85 0.58 :
8 -0.02 0.22 <2 units
9 -0.66 -0.19 (meets the
10 0.02 -0.08 spec)
11 0.18 0.05
Reference radius 31 mm, instead of 25 mm 12 0.00 0.02

1> A good field quality despite several changes on the fly (as in any R&D project)
gﬁj (¢ Brookhaven 3> Remaining small harmonics are compensated in the next layers.
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= Phase | “Optimum Integral Design”
used extra radial space for bringing
leads out “over the coil” at the pole.

* This solution required a splice at the pole
in high field region and additional routing
of leads outside the end of coil. =

o T ;
gg- (& Brookhaven Phase Il configuratio
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ORF : . #1: Layer3+Splice (398A)
#2: Layer5+Splice (396 A) \ :

« Magnet reached 470 A (~70% of the short sample).

 Quenches were in the coil sets where the lead routing was changed
to eliminate the need to use the extra radial space.

 Limited cooling (15t test run in <2 hours, and subsequent runs with
s ~20 minutes or less wait) didn’t help.
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This issue has now been resolved
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R&D Dipole BOApF for EIC (full-length, design field integral)
B,~3.9 T, B ..k ~4.3 T peak, i.d. 114 mm, L=0.6 m (1.98 T.m)

12 layers provided some additional margin for the 4.2 K test
» More margin in EIC as BOApF will operate at ~1.9 K

First address the issue that limited the performance of Phase Il, year 1 magnet.

 Weakness discovered in routing of the leads outside the magnet. Made robust.
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Key Parameters:
* Coil id, od: 114, 183 mm

 Coil length: 600 mm

* By Bokr 3.9T, 4.3T @470A
* Integral field: 1.98 T.m

* Inductance: ~700 mH
12 Layers (6 + 6)
 Intermediate SS tube

4.8 . ~ e Superconducting wire diameter: 0.33 mm
-+—=Wire'97 S~ " . .
4.6 + _—Bo(T) _— e Filament diameter: 10 pm
——Bpk(T) — 1 5 e C(Cable type: 6-around-1
4.4 +— 1 | --..h\ .
// l __— e Cable diameter (bare): | mm
4.2 __— = = e (able diameter (Kapton insulated): 1.1 mm
4.0 e C(ritical current (4.2K, 5T): > 421 A
3.8 L — e Copper to superconductor ratio: 2.25
- — e (able used in the magnet: 1.7 km

440 450 460 470 480 490 500 510 520 530 540 ° COmputed quench currentat 4.2 K: ~500 A

I(A)
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Primary components of mechanical design:

 Tension roving after every two layers

« Two stainless steel tubes

» 2 instead of 1 to reduce stress/strain buildup

=
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> Parameter Value

QLASA simulation MIITs 0.0353
@ =430A ) T a
600A o Hotspot temperature 279 K
:‘?_ 0 27 !I_IQ Voltage total 898 V
— ] -
dump Voltage to GND 449 V
210 Decay time constant 337 ms
Energy extraction
resistor
300 [
. 2007 |—— QLASA coil#1
500 —— QLASA coil#1 ol 250 1
400 | 200 f
-200 | —
3007 S ool §150—
< >
= 100 |
200 | -600 |
50 f
. 100 f -800 | |——QLASA coil#1
0 ‘ ‘
A 0 . . 11000, 05 1 15 2 t(s) s :
é}d 0 0.5 1 15 t(s)
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* Magnet energized (with NO spontaneous quench) to 5,0 Jcsian field of RHIC
~29T (~74°A) of the required field integral for BOApF) 80mm dipole, in 114mm aperture

* A significant and promising test result for direct wind

* Innovation to reduce radial buildup worked, as planned
(issue that limited performance last year, now resolved)

 Test seems to be limited by a superconducting lead
from magnet to top hat (should be fixed in next run)

400 _ Poster Fri-Af-Po.01-03
- 29T h ) ¢
e on quench experiments
250 0.08 e

—~ 0.04
<% s M
= 150 = 0%

D b AR v g
100 0.02 ¢
50 -0.04
0 -0.06
. 50 0 500 1000 1500 2000 2500 3000 1 -ol.a -o‘.e _0‘.4 _0'.2 0

t (S) t(s)
AL (A - -
é?l; k' NBaEiE,',Eg.kLEL?,‘gS{J Quenched @331 A at the superconducting lead extension connecting magnet to the top hat helium cooled leads
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* We acknowledge the contributions of our technicians who worked hard
and long hours. The outcome of R&D like this, carried out with a limited
engineering, depends on their skills, experience and practical solutions.

* We wish to thank support and encouragement of the EIC management.

* The work performed was possible from the Phase | and Phase || STTR
funding and continued support and understanding from the project

manager. Additional quench studies were performed with the LDRD
funding.
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Optimum integral design minimizes the loss in magnetic length due to the ends.
Benefits are significant in short magnets, as in just tested EIC IR dipole BOApF.

» Poster Fri-Mo-P0.05-03 for the optimum design of EIC IR dipole magnets B1pF & B1ApF.
Extension of magnetic length and good field quality have been demonstrated.

The 12-layer magnet, built with the direct wind technology, was energized to ~2.9 T.
This produces ~74% of the required field integral at ~4.2 K (extra margin at ~1.92 K)
and ~84% of the RHIC arc dipole design field with no quench in the magnet.

Above are significant demonstrations of the direct wind technology (Bo = 3.9 T, coil
i.d. = 114 mm, L = 600 mm) and of the optimum integral design for BOApF (1.98T.m).

We expect to continue the magnet performance test and quench studies after
repairing the superconducting leads, external to magnet, to reach the design goals.
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Optimum Integral design as examined for B1ApF
(midplane turn extends full length to minimize the loss due to ends)

» Important for short magnets, like BOApF and B1ApF in EIC

Present cable magnet design it * Short straight section .
‘ e R Y ¥+ Maximum dipole field at center is 3.915 T. g
l;_m A R 8 S e + Integrated dipole field is 4.08 Tm (>4.05 Tm £25
& 2
1.5
777777 1
0.5

-1200 -1000 -800 -600 -400 -20902 0 200 400 600 800 1000

zlectron-lon Collider
RIBIN ok Z (mm)

30 A wider flap-top in Optimum Integral

25

2.0

1.5

B(T)

Integral Field 4.05T.m
1.0

0.5

0.0
-16 -14-12 -1 -08-06-04-02 0 02 04 06 08 1 12 14 16

Z(m)

W Technical benefit: B, goes down from ~4 T to ~2.6 T; forces/stresses go down as B?
K (@ Brookhaven )
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KT (& Brooknaven Optimum Integral

Length of the Straight Sections (SS) in Various Designs
(length of SS determines the integral field in short magnets)

Space for turns in the Ends must be at
least as much as that used in the arc of
the straight section (usually more).
Thus, straight section will have ~1/3 of
the length in a cos theta dipole or in a
serpentine. It’s worse in double-helix.
In the optimum integral design, straight
section length is the full coil length.

—— e e e

.v-, Y ‘- J.J-J‘--—.»‘o - <
’f— - *“’ WMM
> e Dt e ST b e 2 \ \

Stralght sections |
& are same Iength

serpentine

-— Duble heI|

Theta (Degrees)
1?0 1?0 2?0 2?9 390 3?0

0 50

0 100 200 300 400 500 600 700 8
Z (mm)
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Optimum integral design extends the magnetlc Iength for the same coil length

//JJ

~ \\
\\\\\\\ -

ox

0.3 meter —|

Xcoord 0.0 0.0 0.0 0.0 0.0 0.0
Ycoord 0.0 0.0 0.0 0.0 0.0 0.0
Zcoord 0.0 0.08 0.16 0.24 0.32 04

l
&' () Brosknaven Phase | & Phase Il funded for the demonstration of BOaPF
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Argument Made for Optimum Integral Design BOapF STTR

 Optimum integral design reduces the maximum field by 10-20%. Lorentz forces, stored
energy and stresses goes as square of the field. The design is not part of the baseline
design of EIC and therefore it can be for SBIR/STTR. Once proven, can be used in EIC.

 BOApf dipole for EIC has an aperture of 120 mm and a total length of 600 mm. The design
field is ~3.3 T. This is ideally suited for a potential high impact SBIR/STTR proposal.

—aRHeli | s ~12% gain in integral field for the same peak field
| 40 el E— - < u
Peak Field 493 T ., / \\\ ]
= : for integral field | / | g ©
il . of 2.296 T.m . / ,/ \\ & E’) -
= " i - =N .. /) RN
sanomoc-a01 _ . \ =
5.316941E-003 ’f;i :]] z / / Do u b I e H EI Ix \ \ O
I Y N
Peak Field 4.96 T / A
for integral field =" =
00 00 00 00 00 00
. of 2.042 T.m 08 03 04 01 05 05
nnnnnnnnnnn nent: B, from buffer: Line, Integral = 2.29628581129738
nent: B, from buffer: Line, Integral = 2.04202410348335

67 L’* Brookhaven
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Optimize cross-section and ends together
to obtain an integrated cosine theta
distribution

I(6) .L(G =1,. L,() o I,.L,.cos(nb)

For no wedges or end spacer, function;

varies linearly ==> Modulate it to cos theta |

» Full-length midplane turn defines the,
length of the magnet

- Essentially no loss due to magnet ends
gg’ L’,‘Brookhaven'
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Integral harmonics:

RN\"Y

g3, = 10° () L.cos[(n+1)¢]

Harmonic Contribution

0.7
0.6
0.5
04
0.3
0.2
0.1
0
-0.1
-0.2

a

The length “L” is different for different turns

<bo

o b2

- b4

+ b6

T T :

0

10 20 30 40 50 60 70 80 9@
Angle (degrees)
(Note:b, is sextupole)

Integral harmonics can

be optimized with EXCEL
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How Optimum Integral Design code differs from most
other 3-d codes in optimizing integral harmonics

« Most codes first compute field (or vector potential) along the length at several
places and then compute and integrate field harmonics and then optimize them.

« Optimum integral code directly computes integral harmonics from each conductor

R,\"
Integral harmonics: 8. = 10’ (;) L.cos[(n+1) @]

» This is an order of magnitude faster. The formulae are valid when the field is 2-d or
when it is integrated over the entire length. Iron is included as the image current.

» The downside is that it doesn’t do anything else — like peak field, field in the
aperture, etc., etc., etc.. To overcome that limitation, we create output files which
are input for OPERA (or RAT) and those calculations are performed there.

o
:0;’ '\:} Brookhaven
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(not considered practical for superconducting magnets before)

> High field quality dipoles with coil
length less than the coil diameter

Model of a short
length dipole based
on the Optimum

» Quadrupole magnets with coil Integral Design.

length less than the coil radius

Coil length 175 mm;

» Sextupole magnets with coil length coil diameter 200 mm.

less than 2/3 of the coil radius

\F VEGTOR FIE
COMPUTED INTEGRAL FIELD HARMONICS FOR A SHORT DIPOLE (COIL
LENGTH < DIAMETER) AT A RADIUS OF 66.6 MM. THE COIL RADIUS IS 100
MM. NOTE b; IS SEXTUPOLE MUTLIPLIED BY 10* (US CONVENTIONS).
Integral Field (Tm) b, by bs bs b b
0.00273 @ 25 A 0.0 0.0 0.0 0.0 0.0 0.0

A Dipole
: Optimized with
End Spacers
Only

=
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Compare the length
of midplane turns
RN between the
) !ll!}) ) r conventional and in
P / 999 & the optimum integral

@9 @ design. Difference
—— | matters more in
~ A AN short magnets.

ggr L:> Brookhaven
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Three Phases of the Overall Program

(original as was in the proposal => enhanced as in built)

 Phasel: Two layers, short length => Two layers, Full length
 Phase Il (year 1): Four layers => Six layers

* Phase Il (final): Ten layers => Twelve layers

Twelve layers, instead of ten gave ~10% margin at 4 K.

a » lestresults of each phase will be discussed briefly.
e 12 Brookhaven
& €
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