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Status of the cross-section design of Q2pF for 2K operation

» Cross-section designed for the desired mechanical layout of turns and for some
possible future adjustments in field harmonics (as per the discussion last week).

* Thickness for collar (yoke i.d.) as per the guidance from the mechanical analysis.

o Saturation-induced harmonics examined as a function of current for the entire
range of EIC operation (41 GeV to 275 GeV - a factor of 6.7).

* Impact of large holes for “tie rods™ near the yoke inner surface examined.

* Field in the hole for electron beam examined (magnitude and the harmonic analysis
of the field inside to better examine impact of the field on beam dynamics).

« Required thickness for yoke evaluated for choosing yoke outer radius.
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Basic Parameters of the current Q2BpF Design

Parameters from pCDR:

Parameters used in the current design:

Table &6 Parameters Q2PF Magnet

Parameter Value
Magnetic length [m] 3.8
Maximum gradient [T/ m] 40.7
Aperture diameter (front) [m] 0262
Aperture diameter (rear) [m] 0.262
Required field quality 1% 1074
Physical length [m] 3.8
Physical width [m)] 0156
Physical height [m] 0156
Superconductor type MNbTi
Conductor Cable 20x2mm?
Current density [A/mm?] 512
Cu:5e ratio 13
Temperatune [K] 158
Peak field wire [T] b.85
Magnetic energy [M]] 3.0
Ampere turns [kA-t] 420
Number of turns 28
Curnent [A] 15000
Inductance [mH] 26.67
Margin loadline [%] 32
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« Gradient: 36 T/m (revised from pCDR, current 36.8 T/m)
* Physical Length: 3.8 m Design should be flegble to
e Coil inner radius: 140 mm accommodate such changes
« Estimated effective length: 3.8 - 0.14 = ~3.66 m

« Estimated gradient in body: 36*3.8/3.66 = ~37.4 T/m

. Cable: 15 mm o il 2 ri O 756k bl 20401 1135

LHC inner type o I
( ype) - \ S £
« Cu/SC: 1.6 ngg;;
- y
 Temperature: 2K s
T
=X o
o
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Optimization of Coil Geometry (pictorial)

» Angle for poles for collars, two aligned layers, wedges, gap at midplane

Midplane

k;” Brookhaven 0 20 40 60 80 100 120 140 160 180
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Optimization of Coil Geometry — ROXIE Input

Input to coil geometry

Eile Edit Display Fun

Xroxie [fhome/gupta/EIC/Q2pF/2022/eic-Q2pF-600-7_TkA-NO-tie1!

Comment 3

[EIC I2pF 15mm cable. 2K - or=600 mm. HO tie rods 7.5kA. hole@366,Bwm

Main Options
4 30 geometry CLEMDD
4 Quench simulation (LEOUEMCH?

F
A Optimization (LALGO}X

Cable data path i | home/zupta/EIC UZpF /2022 /roxie—eic,.cadata

File Dizplay

Edit Cable Data [fhome/qupta/EIC/Q2pF/2022/roxie-eic.cadata]

<4 Time transient (LPH @Jc—Fit

Brouse ||

E 20 Option=

| @ Block Data 20

Mo |_T3pe | MCak | H | e | Eurrent|_Cable name | M1| MZ|Im
C ilCes w31 140 0.2 0 —7717 EICLHCEZK = || 2| 200
2o %[ 3] 140 31.179 25.1% -7717 EICLHCBZK w|[ 2] 200
Ifos  w|[ 19] 155,5 0.2 0 -7717 [EICLHCEZK =|[ 2| 20[0
dtes  w|[ 17| 155.5 17| 30 -7717 EICLHCB2K »|[ 2] 200

Midplane half-gap = 0.2 mm (both layers)

Optimization algorithm 31 Extrem

©
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Mo | H1| Hu | Hz | String |_Fh::t M=
[ 1 = g | 28,0509 |PHIR 2 =l
2 25 | 33 28,6602 [ALPHA 2 =k
z| A 10| 28,8426 |PHIR 2 w|ld
4 18 | 2a| 20,2614 |ALPHA 2 w4
Brookhaven

@ Insulation
Mo | Hame | Radial | Az inut | Comnment
1 [BARE ' o 01 [BARE Cab I e
2 [ALLPOLYIL 0,15 | 0,12 [POLYIMID ME IMMER
3 [ALLPOLYOL | 0,15 | 0,13 [POLYIMID ME OUTER
4 |[ALLPOLMOY | 0,08 0,08 [POLYIMID MQY.MOM p a.r I I l et e r S
5 [ALLPOLMA 0,13 0,11 [POLYIMID MQ
7| Filament
ﬂ Strand
ND_| Hame | diam, | culzc | RRR_|_ TreF‘_|_ BreF_|_ Jc@BrTrJ dJc.r’dBJ_EDmment
1 STREIC1 1,065 | 1.6 70| 1,59 10 1591 | 500,34 [EIC BRUKER-CERM SCALED.72DEG
2 [5TRO1 1,065 | 1.6 70| 1.9 10 1433.3 | 500,34 [ME INMER
3 |5TROZ 0,825 | 1,9 80 1.9 El 1953 550,03 MB OUTER. MO
4 [WIRES 0,93683 | 1,6 70 4,222 5| 2640 | G068 [MCS . MCDLMOT?
5 [G5I1STRA 0,648 2,21 187 | 4,2 | 5.5 | 2455, 24 | 583,898 [G5I001 (RHIC) STRANDS
E Tranzient
Eﬂuench Material Properties
@Eable Geomnet.ry
ND_|Hame | height | width_i]_ width_o ns_|_ transp._|_ de rd_|_EDmment |E
1 EICLHCE 15,1 1,816 1,984 | 28 115 G |LHC IM KEYSTOE FOR EIC DIPOLE [
1 EICLHCR 15,1 1.79 2.01[ 28] 115] 5 LHC IM KEYSTOMNE FOR EICIR QUAD
1 EICLHCO1 15,1 | 1,786 | 2,014 28| 115 | 5 |LHC CABLE KEYSTOR FOR EIC 4.2K
2 [EIC3R42 19,4 | 1,773 | 2,027 | 36| 115 | 3[EIC 36 STRAMD B4.2K
3 [EIC3618 19,4 | 1,773 2,027 3R 115 Z[EIC 36 STRAND @1,8K
ﬂ Cable Definition
| ND_| Hame _|_Eable Geom, | Strand | Filament | Insul | Trans _|_Buench Mat., | T_o |_CDmment |E
1 EICLHCEZK [EICLHCE STREIC1 METII ALLFOLYIL [TRAMS1  MOME 2 LHC INNER FOR EIC IR QUAD @2K [
2 [EICLHCO2K [EICLHCE [STREIC1 |METII [ALLPOLYIL [TRAMS1  [MOME 2 |LHC IMMER FOR EIC IR DIPOLE B2 | |
Z[LHCINGZK [EICLHCO1  [STREICA METII  [ALLPOLYIL [TRAMS1  [MONE 4,2 LHC IMMER FOR EIC @d,2K |
4 [YELLOWIM [CRABLEO1 [STROL METII [ALLPOLYIL [TRANS1  [MOME 1.9 [ve-1 DESIGN DIPOLE IMMER
5 [YELLOWOU [CRBLECZ STROZ METIO ALLPOLYOL [TRANS1  [MOME 1,9 [va-1 DESIGN DIPOLE OUTER /
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Quench Margin in the Current X-section of the
Q2pF at 2 K (desired collar size, no tie rods)

MATN FIELD (T) v v e e e emem - 3.10473%
MAGNET STRENGTH (T/ (m~(n-1)) 37.40e5
BLOCK NUMBER & it ittt s e eeemesennennnnn 28
PEAK FIELD IN CONDUCTOR 509 (T) ....... 6.1311
CURRENT IN CONDUCTOR 509 (R) ...veeuenn. =7717.0000
LOWEST FIELD IN CONDUCTOR 493 (T) ..... 2.4084
SUPERCONDUCTOR CURRENT DENSITY (A/MM2) . -504.4049
COPPER CURRENT DENSITY (A/MM2) ......... -502.7531
PERCENTAGE ON THE LOAD LINE ....coveuun.. 55.6477
QUENCHFIELD (T} &veeeennennennnnnnnnnnns 10.4541
TEMPERATURE MARGIN TO QUENCH (K) ....... 3.6548
PERCENTAGE OF SHORT SAMPLE CURRENT ..... 20.7445

» Operational margin = 100/58.6 = ~70%

QEENYANElIR) Consider asingle layer design (higher current)?
> Brookhaven Or a narrower cable (same in BlpF & BlapF also)?
¢
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Quench Margin in the Current X-section of the
Q2pF at 2 K (desired collar size, no tie rods)

Bl (T)

Peak Field Enhancement
* Fleld gradient = 37.4 T/m
 Coll Radius = 140 mm

6.131
5.811
5.491
5.172
4.852
4.533
4.213
3.894
3.574

« Computed midplane field at coll a5
radius =140 *37.4 =5.236 T o
» Peak field enhancement = - o
6.131/5.236 = 17.1% e

0.059
ROXIE 12

0 20 40 60 80 100 120 140 160 180
¢ Brookhaven
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Quench Margin in the Current X-section of the

Q2pF at 2 K (desired collar size, no tie rods)

Margin to quench (%)
e

L:.‘ Brookhaven

* National Lahoratory

Magnet Division

94.09
91.31
88.53
85.76
82.98
80.21
77.43
74.66
71.88
69.10
66.33
63.55
60.78
58.00
55.23
52.45

49.67
46.90
4412
41.35

ROXIE 102
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Jsc(A/mm*2)|

1500

1000

Q2pF Cross-section for 2K Operation

B3
2
21
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g
g
7
b
5
3
1 | | | | L1 1 | | L1 | L1 1 | | L1 | 1 | |
2 4 [ 8 10 12 14
B(T)
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Field Quality (Geometric Harmonics @1kA)

GOAL: Obtain low field harmonics in a geometry
which is good mechanically (as per previous
slides) at a field where persistent current induced
or saturation induced harmonics are small (1kA)

A
Uyl
/

1
W\w\u\m i
N

=
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7_7kA-NO-tie 18x8rc265.output &3 =] Q2pF-28mar-alcurlkA-TkA output 3 |

Q2pF Cross-section for 2K Operation

HEEMONICZ ANALYSIS NUMBER ... i ittt i s st st emnnmnnnns 1
I 1 2
EEFERENCE RADIUS (IMIN] & v o v v o e o e e smeneesnsensnsesennasa 83.0000
X-POSITION OF THE HARMONIC COIL (IMN) . v e ueueeennns 0.0000
Y-POSITION OF THE HAERMONIC COIL (M) . v eueueeenna-n 0.0000
MEASUEEMENT TYPE ... ¢ it i st st sennnnneooa ALL FIELD CONTEIBUTICNS
ERROE OF HAEMONIC ANALYSIS OF Br ... i e e e e e e e e 0.5091E-05
SUM (Br(p) - SUM (&n cos(np) + Bn sin(np))

MAETN FIELD () &ttt ittt et e tesasssaesesasasaeeeeenns 0.4225851
MAGNET STRENGTH (T/ (™ (N-1)) .t e it i e e e seannnn 5.0958
NOEMAI RELATIVE MULTIPOLES (1.D-4):

b 1: -0.1273% b 2: 10000.00000 Db 3: 0.02750

b 4: 0.00959 Db 5: 0.00085 Db e: 0.08276

b 7: -0.0015%7 b 8: -0.00058 b 9: -0.00024

bl0: -0.20165 Dbll: 0.00001 Dbl2: 0.00001

bl3: -0.00000 Dbl4: -0.16068 DblS -0.00000

blé: -0.00000 Db17: -0.00000 Dbls: 0.02900

bl9: 0.00000 Db20: 0.00000 b

» All geometric harmonics are small
April 5, 2022 9




Saturation-induced Harmonics

(examine the impact of non-liner properties of iron at high fields)

Current nominal operating range of EIC (Holger Witte): 41 GeV to 275 GeV
Minimum to Maximum Ratio: 1 to 6.7; Max. current: 7.7 kA (1.15to 7.7 kA)

Persistent current induced harmonics will be of little concern (as in RHIC)

I k? Brookhaven
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|Btot] (T)

Evaluating the Impact of the Proposed Tie Rods

EIC Q2pF 15mm cable, 2K - or=600 mm, NO tie rods 7.5kA, hole366.8mm 22/04/02 10:43

3.899
3.693
3
3

 Tie rods will have impact at high fields.
« Mesh to evaluate the impact of tie rods.

700
11

April 5, 2022

488
283
873
668
2.257
2.052
1.847
1.642
231
026
821
616
411

1.437

1
1
0
0

0
0.206
0

3.078
2.462

2

important to examine the impact on the harmonics.

36.2 T/m (not surprising, given the location/size).
» This is significant (over 3.2%). However, it is more

ROXIE 102
» Field Gradient @7.7 kA goes down from 37.4 T/m to
200 300 400 500 600 700
Ramesh Gupta Q2pF Cross-section for 2K Operation

100

L? Brookhaven

Holes modeled for them - change iron to air.

" National Laboratory
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Impact of Tie Rods @7.7 KA (1)

EIC Q2pF 15mm cable, 2K - or=600 mm, NO tie rods 7.5kA, hole366.8mm 22/04/02 10:43 EIC Q2pF 15mm cable, 2K - or=600 mm, Original tie rods 7.5kA, hole366.8n2@/04/02 10:51

Without Tie Rods With Tie Rods

|Btot| (T) |Btot| (T)

3.899 3.680
= 3.693 3.486

3.488 3.292
1

3.283 3.099
-

3.078 2.905
=

2.873 2.712
==
= 2.668 2.518

2.462 2.324

2.257 2.131

2.052 1.937

1.847 ' 1.744

1.642 L 1.550
1

1.437 1.356
= 1.231 1.163
B -
- 1.026 0.969

0.821 0.776
= 0.616 0.582
|

0.411 0.389
=] 0.206 0.195
B '

0. 0.001
ROXIE 1.2 ROXIE 1.2

Tie Rods increase Saturation in pole region

Magnet Division =~ Ramesh Gupta Q2pF Cross-section for 2K Operation April 5, 2022 12
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Impact of Tie Rods @7.7kA (2)

EIC Q2pF 15mm cable, 2K - or=600 mm, NO tie rods 7.5kA, hole366.8mm 22/04/02 10:43 EIC Q2pF 15mm cable, 2K - or=600 mm, Original tie rods 7.5kA, hole366.8n2@/04/02 10:51
Field around X=366.8mm Field around X=366.8mm
0.01 [ 0.01
0.009 | 0.009 [—
B(T) 0.008 — B(T) 0.008 [
- u ]
“ Without Tie Rods -« With Tie Rods
0.006 |- 0.006 |
0.005 [ 0.005
0.004 |~ 0.004 [
0.003 0.003 [—
0.002 |— 0.002 |—
C IBJ C
C C IBI
0.001 [ —_ 0.001 [—
0_I|III|III|III|III|III|III|III|III|III|I o_|||||||||||||||||||||||||||||||||||||||
260 280 300 320 340 360 380 400 420 440 260 280 300 320 340 360 380 400 420 440
X(mm) X(mm)

Little Impact on field in the hole for electron beam

Magnet Division =~ Ramesh Gupta Q2pF Cross-section for 2K Operation April 5, 2022 13
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Impact of Tie Rods on Allowed Harmonics
Computed as a Function of Current

EIC Q2pF 15mm cable, 2K - or=600 mm, NO tie rods 1KA to 9KA 22/03/30 13:13

Allowed harmonics

EIC Q2pF 15mm cable, 2K - or=600 mm, original tie rods 1KA to 9KA

Allowed harmonics

22/04/02 13:29

- £ Without Tie Rods . With Tie Rods
b6, 10°b10, 10°b14 T b6, 10°b10, 10°b14

f Saturation-induced s

. bs - Very large i

o b g Note: Higher orders [l

2 [ multiplied by 10 T

| -:I-III|III|III|I-I-_I-_|_I_-I_I|III|III|III|III ‘I||||||||||||||||||||||||||||||||||

1000 2000 3000 4002”::::1” 6000 7000 8000 9000 " e

k? Brookhaven

National Laboratory

Magnet Division

Tie Rods further increase by
Ramesh Gupta

Q2pF Cross-section for 2K Operation

_little change in higher order

April 5, 2022
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Saturation-induced Allowed Harmonics in
Earlier 2 K Designs (Holger Witte 2020)

|Btot| (T)

.5
5
0.342
ROXIE 10 4

@ Brookhaven

National Laboratory

Magnet Division

Large gap
2019 petween the
coil and yoke I

Oy &

l..-’$

Ramesh Gupta

eRHIC Quad Q2pF

0.5

0

b6,10°bg 8,10

-1

-1.5

-2

-2.5

-3

-3.5

Q2pF Cross-section for 2K Operation

22/04/05 04:56

GRAPHNO: 1. 2. 3

Saturation-
iInduced by

was always

IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIIIEIIII|IIII|

significant /

Calculations
were done at
the maximum
design only

R A e e

7500 10000 12500 15000 17500 20000
CURRENT (A)

April 5, 2022 15



Measuring Impact of Cross-talk in Hole for e-beam with B,, Harmonics

EIC Q2pF 15mm cable, 2K - or=600 mm, NO tie rods 1KA to 9KA

2
x10

0.2

Bn (Mg 15

0.1

0.05

-0.05

-0.1

©

Harmonics Bn(Tesla) in the hole

22/03/30 13:13

Without Tie Rods

III|IIII
!

—_|_III|III|III|III|III|III|III|III|III

1000 2000 3000 4000 5000

Brookhaven

National Laboratory

Magnet Division

6000 7000 8000 9000
Current(A)

Ramesh Gupta

EIC Q2pF 15mm cable, 2K - or=600 mm, original tie rods 1KA to 9KA

Harmonics '°
@50 mm 0.125
radius in °""

r=75 mm hole o

(e-beam size?) oo

B1 shouldn’t
be an issue at
this level.
(most others:
103 or less)

0.025

0

-0.025

-0.05

-0.075

-2

(working with B, should be a good way of communicating with accelerator physicists)

22/04/03 12:59

Harmonics Bn(Tesla) in the hole

With Tie Rods

T T T T

Minor impact of Tie Rods

Q2pF Cross-section for 2K Operation

- — B2 B4
T
— """--..__\__L
TIII|III|III|III|III|III|III|III|III
1000 2000 3000 4000 5000 6000 7000 8000 9000
Current(A)
April 5, 2022
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Recap on the work presented so far on the Q2pF

 We have a very good solution for coil geometry - mechanically good geometry
with small field harmonics and some tunability. Also, enough space for collars.

* However, the impact of non-linear yoke saturation needs to be taken care of.

* There is a larger decrease in transfer function due to tie rods from 5.1 T/m/KA@ 1kA
»10 4.85 T/m/kKA @7.7 kA (without tie rods), and 4.69 T/m/kA (with tie rods).

 Saturation-induced by goes up from 13 units without tie rods to 16 units with tie rods.

* Moreover, there is still an issue with a large field in the hole for the electron beam.

* |s there a possibility to turn-around the situation, or look for another solution?

I @ Brookhaven
National Laboratory
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Holes for Tie Rods — Turning them to an opportunity

« Strategy: Large holes for tie rods clearly make a significant impact on iron saturation.
Let’s try to make use of those large holes as a tool of opportunity!

EIC Q2pF 15mm cable, 2K - or=600 mm, Original tie rods 7.5kA, hole366.8n2@/04/02 10:51 EIC Q2pF 15mm cable, 2K - or=600 mm, Original tie rods 7.5kA, hole366.8n2@/04/02 11:04

Mission: “Make Mike Anerella Happy” — don’t complain; give him twice of what he wants !

|Btot| (T) [Btot| (T)

3.680 3.754
= 3.486 ]

; 3.556
= 3.292 - 3.359
s P I
. 3.161

2.905 |

: 2.963
= 2.712

: = 2.766
== =
oo 2518 o 2568

2.324 2.371

2.131 2.173

1.937 1.976

1.744 1.778

1.550 — &
= 1.356 Py

j ~ 1383
= ==
o 118 o 188

0.969 0.988
= e =5

i 0.791
= A S|

: 0.593
| R 1

; 0.396
[ =
— R —

0.001 0.001
ROXIE 0.2 ROXIE 1.

Note: Field in yoke iron at the aperture — it has become higher all around (more uniform)

~
O
* National Laboratory
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Holes for Tie Rods — Turning them Iin to an opportunity

« Strategy: Large holes for tie rods clearly make a significant impact on iron saturation.
Let’s try to make use of those large holes as a tool of opportunity!

(MUEr-1)/(MUEr+1) (MUEr-1)/(MUEr+1)

0.999

0.999
— B isa8
= 2-2‘1‘: 0.841
— e 0610
0.783 o i
0.752 o35
0.721 Sy
0.690 ~d e
g::: - 0.652
0.621
H 0.597 B s
s o 0.558
05 0.526
mm %% 0.495
mm % 0.463
) g:‘:: 0.432
: 0.400
ROXIE 102

ROXIE 102

M Note: (u-1)/(n+1) in the yoke near I1.r. has now become more uniform

~y
L National Laboratory
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Tie Rods to Reduce Saturation-induced Harmonics

Allowed harmonics Allowed harmonics

Notice a change in scale

_ 1.5 — . - - .
- - Finer optimization not yet performed
20 — - o
b6, 10°b10, 10°b14 b6, 10°b1b, 107b14
B (MUEF-1)/(MUEr+1) :
©r - 05 |- i
- 0.937 - 0.904
— ] 0.906 | 0.873
i —§a - =
LIy 0o = 0.778
B e - o71s
10 — o721 - ossz
- ves - -
i L e 05— o oo
[ 0.566 0.495
- = n -
5 - s N -
H H 0.442 -1 — A H ROXIE 1.
- Original - N Optimized
. ROXIE -
— : 0 100 200 300 400 500 600
0 __ I 0 100 200 300 400 500 600 1 5 L — — — —.- I_:II - t: 4
E —  qerpot0. OB M N 10°b 10.
—_—— - '2 — - -H""‘-._\__ e —
doov b b b b b e P P g I e e e e e
1000 2000 3000 4000 5000 6000 7000 8000 9000 1000 2000 3000 4000 5000 6000 7000 8000 9000
Current (A) Current (A)

Optimized Iron: Major reduction in saturation induced allowed harmonics (order of magnitude)

k;‘ Brookhaven Field Gradient @7.7 kA goes down from 36.2 T/m to 35.7 T/m for 2X holes (controlled saturation)

National Laboratory

Magnet Division Ramesh Gupta Q2pF Cross-section for 2K Operation April 5, 2022 20




Tie Rods to Reduce Field in Hole for Electron beam

|Btot] (T)

3.680
3.486
3.292
3.099
2.905
2.712
2.518
2.324
2.131
1.937
1.744
1.550
1.356
1.163
0.969
0.776
0.582
0.389
0.195
0.001

ROXIE 1022

|Btot| (T)

Note: Reduction in the field in the hole for e-beam (less green)

J./04

3.556
3.359
3.161
2.963
2.766
2.568
2.371
2.173
1.976
1.778
1.581
1.383
1.186
0.988
0.791
0.593
0.396
0.198
0.001

ROXIE 1.

Original

0 100 200 300 400 500 600

+" National Laboratory

L? Brookhaven

Magnet Division

Ramesh Gupta

Q2pF Cross-section for 2K Operation

Optimized

0 100 200 300 400 500 600
Finer optimization not yet preformed

April 5, 2022
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Tie Rods to Reduce Field in Hole for Electron beam

0.01

0.009

B(T) 0.008
0.007
0.006
0.005
0.004
0.003
0.002
0.001

0

©

Field around X=366.8mm

Original

—_—

Magnet Division

260 280 300 320 340 360 380 400 420 440

X(mm)

Brookhaven

National Laboratory

Ramesh Gupta

0.01

0.009

B(T) 0.008

0.007

0.004

0.003

0.002

0.001

Q2pF Cross-section for 2K Operation

Field around X=366.8mm

Note: Significant reduction in the field inside the hole for e-beam

Also see a change in the shape.

Optimized

I

— Bl

260 280 300 320 340 360 380 400 420 440
X(mm)

Finer optimization not yet preformed
April 5, 2022 22



Field inside the e-beam Hole @50 mm radius

<10 -2 Field around X=366.8mm, r=50 mm Field around X=366.8mm, r=50 mm
025 [ x10 L
i Ll /> mT can be easily shielded
0225 |— . . _ .
o & Notice a change in scale NN with mu-metal or cryoperm
02 06 —
0175 |— . \/
i 0.55
015 — B
i 05 |—
0125 — -
01— 045 |—
0.075 | Bl -
- o 04
008 = Original - Optimized
_III|III|III|III|III|III|III|III|III|III 0_35_II|III|III|III|III|III|III|III|III|III
0 20 40 60 80 100 120 140 180 180 0 20 40 60 80 100 120 140 160 180
Angle (degrees) Angle (degrees)
L:.\ Brookhaven Finer optimization not yet preformed
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Tie Rods to Reduce Field in Hole for Electron beam

x10
0.15

0.125

Bn (T) 0.1
0.075

0.05

0.025

-0.025
-0.05

-0.075

Harmonics Bn(Tesla) in the hole <10
B (MUEr-1)/(MUEr+1) - - 0.7
- Notice a change in scale
- g
= Bn (T)
- 0.5
- EB= Harmonics
B k= 0.4
B @50 mm
I * (where isthe ,,
l 0 100 - 7
- S . e-beam?)
— B g5 BS 0.2
'_-:_':‘ff'__—___ T _-___B___Z_._____——- — __B' -4 :
- — , 0.1
— ~ B, shouldn't
B matter at this o
i \ field level.
— Original o
Do oo b v b b b b by Othean‘Sare
1000 2000 3000 4000 5000 6000 7000 8000 9000 <1O'4
Current(A)

-3

Harmonics Bn(Tesla) in the hole

(MUEr-1)/(MUEr+1)

Optimized -

TIII|III|III|III|III|III|III|III|III
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2000 3000 4000 5000

Current(A)

6000 7000 8000 9000

Optimized Iron: Major reduction in the field in the hole for e-beam
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Parametric IRON File for ROXIE
(can be used for any IR Quad)

2  HyperMesh; 41 —--LINES

i  —-—-COMMENTS 42  1nl = HyperLine (kp5, kp6, "Line");

4 - 43  1n2 = HyperLine (kp5, kp3,"Arc", kp2);

= 44 1n4 = HyperLine (kp6, kp4,"Arc", kpl);

6 -—VARIABLES 45 1na = HyperLine (kpa, kpc, "Line");

op1l= 3-44159265F 46 1nb = HyperLine (kpd, kpc, "&rc", rh);

i ir = 0.1%6; 47 1nc = HyperLine (kpa, kpd, "&rc", rh);

> T = U-O?i 45 1ne = HyperLine (kp4d, kpa, "Line");
10 xh = 0.3668; 4% 1nf = HyperLine (kpc, kp3, "Line");
‘L rh = 0'025; 50  1nrodl = HyperLine (kpyl, kpv2, "Circle");
L EZ i Eé?DS. 51 I1nrod2 = HyperLine (kpy3, kpyéd,"Circle");
e = 0'9514' . 52 1lnrod3 = HyperLine (kpy5, kpyé, "Circle");
15 xc = rc*Cos(te/180%pi); -, . e "
16 ye = ro*Sin(te/180%pi) . ;? 1nrod4 = HyperLine (kpy7,kpy8, "Circle");
17 —— Xc = 0.19306; -
15 —— yc = 0.19%306; .

3 ——AREAS

- __NODES 3 arl = HyperArea (lnd,lne,1lnc,lnb,1lnf,1n2,1nl,BHironl);
o kpl = [0,ir]; 3 arholel = Hyperhrea(lnb,lnc,lna,BH_air);
Z: kp2 = [Di,ori: 50 arRodl = HyperArea(lnrodl,BH air);
27 kp3 = [or,0]; if arRod2 = HyperArea(lnrod2,BH air);
24 kp4 = [ir,0]; - _
25 kp5 = [-or,0]; °2 arRod3 = HyperArea(lnrod3,BH_air);
26 kp6 = [-ir,0]; 54 arRod4 = Hyperkrea(lnrod4,BH air);
27 kpa = [xh-rh,0];
28 kpb = [xh,0]; 06 ——HOLES
29  kpc = [xh+rh,0]; o7  HyperHoleOf (arRodl,arl);

300 kpd = [xh,rh]: "8 HyperHoleCf (arRodZ2,arl);

31 kpyl = [zc,yc-ral; it

22 kpy2 = [xc,yctral: 70 HyperHoleOf (arRod3, arl) ;

33 kpy3 = [-Xc,vc-ral; 71 HyperHoleOf (arRod4,arl);

24 kpy4 = [-xc,yctral; 72 .

- . ] 73 Need to give parameters
36 yo = [yc,xc-ral; 4 —--MESH .
17 kpys = [yc,xc+ral; s mesn(inl,25);  Of only one tie rod hole.
35 kpy7 = [-yc,xc-ral; 76 Lmesh(ln4,50);

(

(

kpy8 = [-yc,xc+ral; 77 Lmesh(lne,10); Others are created for
78 mesh (lnrodl, 20) ;

k? Brookhaven . !

National Laboratory tmesh (Inredz, 20) quad Symmetry
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Choosing Yoke Outer Radius
Field on X-axis @I=8kA (gradient = 36.8 T/m)

Outer radius = 550 mm Outer radius = 600 mm Outer radius = 650 mm

EIC Q2pF 15mm cable, 2K - or=600 mm, Optimized tie rods kA, hole366.8r22104/04 08:31

Field along X-axis Field along X-axis
Field along X-axis €
i s
s | o S \ B(T) L ﬂ
B(T) C ;\ M i / - .
- I|l.l' | . L / | 4 _— Ifl."f |
f [ /| C [
/
/ / | B | |
|."l | ."I 3 — I,I'II
s L) s B/ =)
[ [ -/ \
iﬁ #.f x# |'q
| | r / | h\r"l, 2 — |lI.' | \\
2 - I,."I | | | 2 — / | | | { |P | o
|h|\m . IP.I\ I | Ny
I B ™ | cH T
1= ||| II||I| | || | 1 ||| I'|| | |\=x_ ||| ! || || )
" | | M | ) |
f | | ‘ | | | || 0 =] (I
=]}
0 e 0 I8l L | | | | | | |
| | | Ll | Lol 0 100 200 300 400 500 600 700
11 | | | | | | | || | | | | | | | L1l | L1 1
0 100 200 300 400 500 600 700 X(mm)
X{mm)

(&) Brookhaven Outer radius of 600 mm is chosen
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Holes for e-beam at two ends of the Q2pF
@366.28 mm from Q2pF center @423 mm from Q2pF center

A%

¢ A
iﬁﬂﬂﬁ
LA

f=

0 100 200 300 400 500 600 100 200 200 400 500 B0

- New locations are a bit further out (less challenging). We are covering a large range.
u. Brookhaven

* National Lahoratory
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Holes for e-beam at two ends of the Q2pF
@366.28 mm from Q2pF center @423 mm from Q2pF center

EIC Q2pF 15mm cable, 2K - or=600 mm, Optimized tie rods 8kA, hole366.82&04/04 08:31 EIC Q2pF 15mm cable, 2K - or=600 mm, Optimized tie rods 8kA, holed423m@2/04/04 09:18
2 2

x10 Field in hole with optimized tie rods x10 Field in hole with optimized tie rods
01 1 0.1
- \ ‘ i
0.09 — \\ /I 0.09 T
B(T) 0.08 [ / B(T) 0.08 [-
0.07 :— ~]/2 mT 0.07 [
006 | B can b e 0.06 -

0.05 |- - easl |y 0.05 —/\ /
s [ shielded L
v F with mu- :
’ - 0.03 —
b metal or i
) - 0.02 —
: cryoperm, :
0.01 — . 0.01 -
: If needed -
0 Cloa b b b b b b b b L
0 o b b b b b b b Lo by
260 280 300 320 340 360 380 400 420 440
360 380 400 420 440 460 4380 500 520 540

X(mm) X :|
mm
u»’\ Brookhaven

National Laboratory
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Holes for e-beam at two ends of the Q2pF field @r=50mm

@366.28 mm from Q2pF center @423 mm from Q2pF center

EIC Q2pF 15mm cable, 2K - or=600 mm, Optimized tie rods 8kA, hole366.82R04/04 08:31 EIC Q2pF 15mm cable, 2K - or=600 mm, Optimized tie rods 8kA, hole423m®@2/04/04 09:18
3 Field around X=366.8mm, r=50 mm Field around X=423mm, r=50 mm
x 10
075 [ x10° [
_ 0.65 |—
0.7 — -
B(T) - B(T) C
L 0.6 — -
0.65 |— B
— ~1 [ \
- / L MT -
0.6 . i 0.55 —
5 can be -
0ss [ easily 0s [
L E shielded :
C th 045 |—
045 | C B
- metal Oor 04 [~
04 |— L
- cryoper, -
- . 0.35 —
035 ol b b b b by b braa baag Ifneeded oo o bev s v b b b b b g g
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
Angle (degrees) Angle (degrees)
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Tie Rods to Reduce Field in Hole for Electron beam

Harmonics Bn(Tesla) in the hole 5

<10 -3 x10 Harmonics Bn(Tesla) in the hole
'37 . (MUEF-1)/(MUEr+1) DB __
- - -
B = osar = 0.;0':0=. 5%
Bn (T]‘ | | Ezgg Bn [T] L o,..::::..::o}.::,:‘:o AR /
0s |- [
B - : 04 —
- = i Harmonics -
0.4 |— - L
B e @50 mm -
— ROXIE 102 - 03 —
s [ (where is the I
: e - beam ?) : 0 100 200 300 400 500 600
B 0.2 — —
02 — L X=423 mm
01 — ) -
B, shouldn’t 1 T
- matter at this - B
o __-_-'-_ - u -u;.'iE_LE:_.;..B..alg'-::-_::_:'_'B:-‘i;:_::;:-—:_-——
- field level. TR AT
B ™~ TT—— B 2. ——
01 T i —
R ‘
TIII|III|III|III|III|III|III|III|III Otheansare 0.1 -I_|||||||||||||||||||||||||||||||||||
1000 2000 3000 4000 5000 6000 7000 8000 9000 <10'4 1000 2000 3000 4000 5000 G000 7000 8000 9000
Current(A) Current(A)

Optimized Iron: Major reduction in the field in the hole for e-beam
L;s Brookhaven Finer optimization not yet preformed
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Summary

A reasonably good coll cross-section optimized. It has small geometric harmonics,
good mechanically geometry, and has some tunability for adjusting harmonics.

The cross-section has the collar thickness as requested by the initial mechanical
analysis. A further increase can be accommodated, if needed.

Operating margin is ~70%. Can be reduced, if desired, with a single layer design
(higher current) or with a narrower cable which can also be used in B1pF & BlapF.

Relatively large holes for tie rods near the yoke inner radius included. They have a
large impact on saturation-induced harmonics. Location and number of those holes
are used in reducing the impact of non-linear iron saturation on field quality.

These holes are also used in reducing field in the hole for the electron beam.

The field in the hole has become so low (~ %2 mT) that either the solution can be
used as such (low B,’s) or can be further reduced with a mu-metal shield.

B,, (not b,,) harmonic method is suggested to communicate with accelerator
physicists so that they can examine the impact of these non-linearity on e-beam.

L? Brookhaven
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LHC Style Cable used in Quad & Dipole
(based on full keystone for Q2pF and B1ApF)

@ Cable Geometry

Mo | Hame | height. | wicth_i | width_o|  n=| transge., | degrd | Comment. |E
| 1|[EICLHCE | 15,1 1.516 | 1,984 28] 115 | G LHC IN KEYSTOE FOR EIC DIPOLE
| 1[EICLHCD | 15,1 1,79 2,01 28] 115 | 5 LHC IN KEVSTONE FOR EICIR QUAD[ Yo cione angle for cable width << coil readius
| 1|EICLHCOL | 15,1 1.786 | 2,014 28] 115 | 5 LHC CABLE KEYSTOR FOR EIC 4.2K
o EICzedz | 19,4 | 1,773 2.027| 36| 115 | 2 EIC 36 STRAND B4,2K Q2pF  Bl1ApF
| 3[EIC3815 | 19,4 1.773 ] 2,027 36| 115 3 EIC 36 STRAND @1.5K Cable height 15.1 15.1
| 4|EIC3e4zA | 19,4 1.785 | z,012] 36| 115 2 EIC 36 STRAND B4.2K 2 Lawers | Cable mid-thickness 1.9 1.9
LH 5 CABLEOL | 15,1 1.736 | Z,064| 28] 115 | 5 ME INMER LAYER.STROL Insul (one side) D o
& CABLECZ | 15,1 1.362 ] 1,598 36| 100 | 5 ME OUTER LAYER.STROL : :
[ 7[SINGLE | 0,94 | 0,94 | 0,94 1] 0 0 SINGLE STRAND Coili.r. 140 185
| o[GSILCAE | 9,74 | 1.061] 1.271] 30| 74| 0 G5I001 ¢RHICY CABLE
| 9 GSI00L | 9,73 1,111 1,321 30 74| 0 |GSI001 Following Wanderer
| 10 [2OMMCAELE | 20 | 1.736 | z,172| 37| 0 0 [20mm cable
|11 [2OMMCENGK | 20 | 13.8] 13,8 280 0 0 [7x20mm cabls, ro keustons Avg Rad 147.55  192.55
| 12 [2OMMCAEZ | 20 | 1,8] [ 37 0] 020 mm cable 2 dt 0.2190 0.1678
"] Cable Definition Width_i 1.790 1.816
width_o 2.010  1.984
Mo | Hame |Cable Geom, |Strand  |Filament | Insul | Trans | Quench Mat. ., T_o| Comment.
|1 |EICLHCEZK EICLHCE STREIC1I METII | ALLPOLYIL TRAMS1  |NOME | 2 LHC INMER FOR EIC IR QUAD B2k .
| 2 [EICLHCAZK EICLHCG STREIC1I MBETII  |ALLPOLYIL [TRAMS1  |NOME [ 2 [LHC INMER FOR EIC IR DIPOLE G Note: KeyStoneS are
| ZLHCIN4ZK [EICLHCO1  STREICL  MBTII  ALLPOLYIL [TRANS1  NONE [ 4,2 |LHC INMER FOR EIC &4,2K reduced for EIC
LHC YELLONIM |CABLEOL STROL METII  |ALLPOLYIL [TRANS1  |NOME | 1.9V6-1 DESIGN DIPOLE INMER
WWELLDNDU [CABLECZ 5TRO2 ALLPOLYOL [TRAMS1  NONE | 1.9[V6-1 DESIGN DIPOLE OUTER

k:} Brookhaven

National Laboratory

Magnet Division

Cables considered for EIC: “EICLHCB2K” and “EICLHCQ2K” (EICLHCB and EICLHCQ)
Similar to LHC inner: “YELLONIN” (CABLEO1)
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Impact on Non-allowed Harmonics in Q2pF

EIC Q2pF 15mm cable, 2K - or=600 mm, NO tie rods 1KA to 9KA 22/03/30 13:13 EIC Q2pF 15mm cable, 2K - or=600 mm, original tie rods 1KA to 9KA 22/04/02 13:29
Non-allowed harmonics Non-allowed harmonics
With [le Rod "~ [ With Tie Rod
0 e —
7N B
b1/10,b3,b4 i " ___ b1.‘10,g§£4,b_5 \
0.01 — ) B
B ' - b 5. —
i \ R ° L
002 \ a i
i b1 002 =
003 — -
004 — -0.04 —
005 |— A B
- — \\\ 006 |—
= \ = e
- ',I / . \/\ L b 3-//
|III|III|III|III|III|III|II|III|III TIII|III|III_T_I_II|III|III|III|III|III
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Small non-allowed harmonics (computational errors)
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