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High field magnet R&D
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« Examplesof Accelerator M agnet
R&D with HTS

« High Field Magnet Design Michael Lamm

With input from several people
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Interesting Magnets in Muon Colliders

One possible scenario... Very High Field Solenoids
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Why consider HTS? Thermal Margin..
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(4 (‘ ! Peter Lee’s master Jc plot - updated

—3—YBCO: Tape, ||ab-plane, SuperPower (Used
150005000 e e e I m———— in NHMFL tested Insert Coil 2007)

At 4.2 K Unless YBCO: Tape, ||c-axis, SuperPower (Used in
= NHMFL tested Insert Coil 2007)
EQLBCO B||c Otherwise Stated

e Bi-2212: NON-Ag Jc, 427 fil. round wire,
YBCO B||ab » X Ag/SC=3 (Hasegawa ASC-2000/MT17-2001)

e
100,000 P — —A— —Nb-Ti: Max @1.9 K for whole LHC NbTi
strand production (CERN, Boutboul)

i ND-Ti: ND-47w1t%Ti, 1.8 K, Lee, Naus and

1.9 KLHC Larbalestier UW-ASC'96

. @ Nb3Sn: Non-Cu Jc Internal Sn OI-ST RRP
Nb-Ti 1.3 mm, ASC'02/ICMC 03

e ND3SN: Bronze route int. stab. -VAC-HP,
non-{Cu+Ta) Jc, Thoener et al., Erice "96.

——@——Nb35n: 1.8 K Non-Cu Jc Internal Sn OI-ST
221 2 - RRP 1.3 mm, ASC'02/ICMC'03
1
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: —+—Nb3Al: ROHT+2 At.% Cu, 0.4m/s (lijima et al
1,000 +. round wire _| 2002)
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YBCO is in a clear class by itself — fully connected
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HTS Materials Used in Magnets

o Bl 2223 tape

— Has been available in long piece lengths from American
Superconductor

— Stainless steel reinforced to improve tensile strength
— Significant Angular dependence to Jc (field)

e BI 2212 Round wire

— Available in long piece length from OST
— No angular dependence

— Better Je than Bi2223

— Can be made into a Rutherford cable

— Wind and react technology....(problems with treatment)
Fermilab Lnd
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HTS Materials Used in Magnets |

¢ ZG Y BCO T ape Critical current properties of the 2G wire make it ideal for
— Excellent tensile

lower temperature, high field applications

Data (solid figures) taken on bridge sample.

grai n %ns- ti Vi ty Dashed red line is hypothetical curve.

— Significant I T —
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a.r]glJIar dependerlce Superconductor critical current density Conductt(r)‘r'c;itical cugr;ent density
. . ickness ~ m
\vl\vllth extgna‘! 'IFI e d. Data by Z. Chen at NHMFL / FSU (2007) g

— Used in 26T
solenoid insert

— R?Iativ_ely neW: e From Drew Hazelton Presentation at M T 20
Still being studied
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HTS Accelerator Magnet R&D inthe US

« HEP National Labsstudy HT S applicationsin
accelerator magnetsaspart of broader SC
magnet R& D Program (Nb3Sn mostly)

— BNL

— LBNL

— Fermilab

— Muons Inc has worked with FNAL and BNL severd
topics

— Alsowork at LANL studying HTS materials

e Studiesat the National High Magnetic Field Lab
on high field solenoids have applicability to
Muon Colliders
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LBNL HTS Program

 Emphasison Bi-2212 Wind and
React Technology

o With SWCC Showa Cable Systems
Co. Ltd.

e Build HTS subscaleracetrack coils
from BiI 2212 Rutherford cables.
R& D Issueswith Bi-2212 W& R

— Reaction cycle (precise temperature control +/- 2 degrees at >800K)
— Insulation to withstand extreme temperatures
— Bi “leakage” issues

e Status. 5 coils manufactured, 3 in progress

Fermilab JE
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Leakage occurred
@ Not at the leads

Subscale coil after HT f:Slil(C

P ) GROUP

Observed at NHMFL
aswell asHTS
vendor: problem not
well under stood

e But inside the package

e More severe at straight sextions
, e
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- Better Conflned //‘ \ ‘ 4 .‘::""""
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e | eakage is absent in HT optimizations and insulated “free” wires and cables

aaassssssssms L. AWRENCE BERKELEY NATIONAL LABORATORY IS
A. Godeke — MT20 — Philadelphia, PA, August 28, 2007 Development of Wind-and-React Bi-2212 Accelerator Magnet Technology
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BNL Program

* Design/built/test
prototype quadrupole
for RIA projects

 EXxpected very high
heat deposition (15
kW)

 Magnets built with
Bi2223 tape from
American
Super conductor, with

plansto build YBCO B 8
magnets | § Sl ] T
J € Completed 12 Cail
i, ,,,,‘;’?1'. 2 i magnEt
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NATIONAL LABORATORY

Superconducting

RIA HTS Mirror Model Test Results

(operation over a large temperature range)

Magnet Division

300

>{<.\. ,L\'\\ — v — Two Coils
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e | ——TwelveC 2, . _ .
5 200 | ] " Their experienceis
= well suited toward
8150 y HTS applications
= In high
g% radiation/ener gy
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50 - deposition
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Temperature (K)

A summary of the temperature dependence of the current in two, four, six and twelve coils in
the magnetic mirror model. In each case voltage first appears on the coil that is closest to the
| \{ﬁle tip. Magnetic field is approximately three times as great for six coils as it is for two coils.

( YL MT20, Philadelphia, USA, August 30, 2007

Warm Iron HTS Quad for FRIB Ramesh Gupta, BNL 16



FNAL Program

« Emphasison HT S cable/strand analysis

 Two Oxford Instrument Tedslatron, capable of
testingup to 1/ T solenoid field, from 1.9K to
70K

e Cabling machine

e Testsperformed on Bi 2212 round wire, Bi 2223
tapeand YBCO tape

« Dataused in 50 T solenoid paper studies

e Plansin FY08 towind small solenoidsfor
Tedlatron

Fermilab JC Topica Workshop on the Neutrino Factory and Muon Colliders 25 Oct 2007 12
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Conductor Testing at Fermilab
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Example of Measurements Performed

, 42K B | - 222_3 BSCC0-2223
oo LT e Beiboos
. . . L 2 - T A2T = 14KL1
X 3T 42K-L1
O £ f‘g = 18KL
; . § . 8T —A— 33K //
N o 1l-101 8 —A— 22K/l
% [ ; i — 12T —A— 14K /I
S G - AR e |a15T 42Kl

NI ST R T
VSVtiL(;cehfgr?eéf&rarlrrl]e(ilezver 2 Studies performed on Bi-2223 and
J dies YBCO tape (not shown) show

temperaturesand fields Strong angular dependence

E.Barzi, SCR&DLab  Alsp extensive temperature and field
sSupported by M uons | nc.. stud_ieson Bi 2212 wire Inc. effect of
PP Y cabling on Jc (not shown)
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2007 Test of 12 pancake SuperPower CC coil in
NHMFL 20cm bore, 20 MW, 19T background field

43 leN4—

—— New world record
~ for superconducting
.. magnet

M i 1

v 26.9T field,

—

-
-
-
-
-
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2G HF Insert Coil Showing Terminals, Overbanding and
Partial Support Structure. Flange OD is 127 mm. Hazelton et al. JuIy 2007

Slide 18/22 Larbalestier EUCAS Brussels, Plenary Talk Tuesday September 18, 2007



OST-NHMFL Bi-2212 2007 planned - 7T round

wire magnet operating in

collaborations drove background of 18T 20cm
to 25T in 2003 bore Florida Bitter
Springboard for all

superconducting 25-30T
user magnet

2003-25T (5T + 20T)

38 mm bore, 160 mm OD
Reacted before winding
Max stress 120 MPa

Juinging = 90 A/mm?
1997-18.2 T demonstrated
12Tin 17T Long running program in
13mm bore, 50 mm OD Justin Schwartz group,
One stack of double pancakes,| amplified now by Hellstrom,
max. stress 49 MPa Markiewicz and Larbalestier
Jwinging = 85 A/mm?




High Field Magnets Under Study

« Helical Solenoid for Helical Cooling Channel
— Seetalk by Rol Johnson

— Demonstration Magnet in FY 08
 0.5M diameter NbTi 6T on conductor

— Channel for Real HCC callsfor high field solenoid

e Design Studiesfor 50 T Solenoids

— Paper studies performed by Palmer/Kahn et al. and
Kashikhin/Zlobin et a

 Published at PacO7/MT20
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Helical Solenoid

The solenoid consists of a number of ring coils shifted in the transver se plane such that
the coil centersfollow the helical beam orbit. 1) NbTi 4-coil demo 2) MANX expt. 3)
multi stage HCC in Muon accelerator (probably HTSin final stage)

o Parameter Unit Value
o Inner bore diameter m 05
[— Helical Solenoid length m 3.2
Helix twist pitch m 16

- Radius of beam reference orbit m 0.255

| — Initial dipolefield, B, T 1.25
Dipolefield gradient, 0B /0z T/m -0.17

[ Initial quadrupole field, 9B /ar Tm | 088

H S S\ Quadrupolefield gradient, 92B /dr/oz Tie 0.07

| ssues: Initial field, B, T -3.86
° M eCh an | Cal SU ppor t Longifudi nd field gradient, a_B;az T/m 0.54
. . . ; NDbTi superconductor pesk field T 5.7
*Required field quality (construction toler ances) —— — "
° Cr YOSt at Operating stored energy MJ 4.4
*Powering and Quench Protection Coil section length long Z axis o 20
Superconducting cabl e length km 33

Fermilab E Topical Workshop on the Neutrino Factory and Muon Colliders 25 Oct 2007 18



Demonstration Magnet in FY 08

'\\))

 Goalsfor Demo magnet

— Validate Mechanical Outer bandage

Structure NS " j
— Develop Field quality =

measurement y S

i | Inner
— ISSgJucgé guench protection ¥ bobpin
<les Superconducting coils (one layer, hard
e Features bend wound)

— Useexisting SC cable from

SSC surplus inventory

L. 2

. . Parameter M odel M odel MANX
— Testin Vertical Magnet Test Nominal | Max
FaCI I Ity Peak superconductor field 33T 484T 57T
o Funding Current 96kA | 14kA | 9.6kA
_ M OSt Labor COStS through Number of turns/section 10 10 10
M uons I Nnc. S-I-TR Coail inner diameter 420 mm 420 mm 510 mm
. . . L orentz for ce/section, Fx 70kN 149 kN 160 kN
_ MaterIaISfrom Fermllab via L orentz for ce/section, Fy 12 kN 25 kN 60 kN
M CT F/A PC L orentz for ce/section, Fxy 71 KN 151 kN 171 kN
L orentz for cefsection, Fz 157 kN 337kN 299 kN
Fermilab * Topical Workshop on the Neutrino Factory and Muon Colliders 25 Oct 2007 19



High Field Solenoid

e Proposed for end of cooling channel for final emittances
« 30-50T DC, 30-50 mm aperture, 1 m length

 Goals. Highest practical field, accelerator field quality,
low manufacturing cost, low operating costs

e Superconducting for manageable power regs

— Existing very high field magnets are resistive or resistive/SC hybrids
= Megawatt Power, one-of-a-kind, expensive to build/operate

— Engineering current density (Je) of HTS materials measured up to
45T, have amild dependence on B... however..

— Building this solenoid is beyond present capabilities, although 25-
30T HTS solenoids are proposed, 25 T solenoid inserts
demonstrated

Fermilab Topical Workshop on the Neutrino Factory and Muon Colliders 25 Oct 2007 20

A
L. 2



High Field Solenoid Designs

 Two high field solenoid paper studies
related have been performed in thelast ~15
months.

— Parameters

« Hybrid magnet with NbTi, Nb3Sn and HTS
superconductor

o Utilize Bi-2223 tapes (stedl reinforced, long lengths and
reasonable Jc)

— Extrapolate Je to 45-50T using low field angular
dependence

— Bi-2212 field Je vs. Field
» Bi-2212 wireisaso possible, YBCO not considered
(vet)
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Design Study #1
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From PACO7 MOPAN118
Kahn/Palmer et al

%80 02 10 12 14 16 18 20
R[m]
lnner Ao v~ LITCe ~ Table 2: Parameters describing the magnet properties
NS Giaifieltsl Sel O
Parameter Whole HTS Nb;Sn
bend radius Magnet Magnet Magnet
: B,, Tesla 459 30.0 15.9
Bi 2223 inner coil, co-wound with TB-dl by S5 i
SStape Stored Energy, 182 57.7 124.6
. . . Mega-joule
SSthickness adjusted radial to Kl Torce ST i 3
compensate for hoop stress Mega-newtons
Total Radial Force, 532 375 157
Mega-newtons
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Design |ssues

Demonstrated feasibility of HT S/hybrid
approach

Mitigation of hoop stressthrough SStape
Need to intercept axial forces
Plan to study new YBCO conductor

Quench Protection | ssues explored:
Internal Heatersunlikely to work

Need sensitive quench detection circuitry,
probably on every layer of coil, with
separ ate extraction circuitsfor each layer

Fermilab # Topical Workshaop on the Neutrino Factory and Muon Colliders
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Fermilab based study

Consider two cases. Minimum Volume/Minimum Cost

TABLE | PARAMETERS OF THE SOLENOID MAGNETS.

Parameter Units

Minimization parameter

Cost Volume
Coil inner diameter mm 54
Clear bore diameter mm 45
Cold mass length m 1014
Cold mass outer diameter mm 796 698
Quench field with Bi-2223 at4.2 K T 50.35 50.77
Quench field with Bi-2212 at 4.2 K T 51.42 52.53
Integral B.dz at 50 T field T'm 54.40 54.73
Stored energy at 50 T field Ml 79.3 89.55
Total conductor volume m’ 0.348 0.223
Total conductor cost M N 2.64 3.24

Va. Kashikhin
et al...

-Sever al concentric coilsindependently supported
through SSinnertube/outer support structure

-Coil tension/compression limited to 150 M Pa

-Requires bonding/no gaps between inner/outer tubes
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Minimum Cost

Note: “Minimum Radius
eliminates NbTi portion.

1
1
f

HTS coils
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Structural Analysis (COMSOL Multiphysics Code)

-700

Min: -740.723 45 Min: -146.781

O Tesla 150 M Pa compression 50 Teda 150 M Pa tension
" Preload” Compressive force
transferred to mechanical
structure
Fermilab ==
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Conclusion

o Several interesting magnet will need to be
designed/built at a reasonable cost
— Need to start development of magnet list/specification
— All reasonable options should be considered

« Activeeffort on high field magnetsin National
labs

— Plansfor a“National HTS Conductor Program”
analogous to the existing Nb3Sn program

o Paper studies show feasibility of HT Sfor 50T
solenoids

— Need to consider 2G-YBCO. Need more data on angular
dependence with field and strain/stress characteristics
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