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• To change it substantially, we have to do things differently.

• Superconducting dipoles are the cost driver. “Cosine Theta Niobium Titanium
Magnet Technology” has been around for decades; the cost is unlikely to change
significantly. We need to explore alternate designs & manufacturing techniques.

• A unique window of opportunity to explore innovative magnet designs as VLHC
is ~15 years away. We are pursuing high field frontier. However, a number of
benefits of this approach may be applicable to the medium field option as well.

• While the superconducting dipole magnets (~1/4 of the machine cost) remain the
major thrust of cost reduction strategies, to alter overall VLHC cost significantly
we need to go beyond magnets. Examine all major sub-systems (components)
and see if they can be made cheaper or if some can be eliminated all together.
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&RPPRQ�&RLO�'HVLJQ

• Simple 2-d geometry with large
bend radius (no complex 3-d ends)

• Conductor friendly suitable for
brittle materials (Nb3Sn, HTS,
etc.) and React & Wind coils

• Compact (compared to single
aperture D20 magnet, half the
yoke mass for two apertures)

• Block design (for large Lorentz
forces at high fields)

• Efficient and methodical R&D
due to simple & modular design

• Minimum requirements on big
expensive tooling and labor

• Lower cost magnets expected
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BNL Drawing

Main Coils of the Common Coil Design
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&RPPRQ�&RLO�'HVLJQ�0DJQHW

Aperture #1

Aperture #2
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$�0RGXODU�'HVLJQ�IRU�D
/RZ�FRVW�0DJQHW�5	'�$SSURDFK

• Replace only a single coil module by one made
with different conductor, insulation, cable
(may have different width), React&Wind, etc.

• Reduce magnet aperture for higher test fields.
•  Study support structure, stress management.

Traditionally such changes required building a new
magnet - expensive, takes time, limits R&D.

BNL Drawing

Internal 
Support 
Module

Collar Module

Coil 
Modules

Insert
Coil

*This could be a Magnet R&D Factory*

:H�PXVW�OHDUQ�KRZ�WR�GR�PDJQHW�UHVHDUFK
FKHDSHU�WKDW�ZLOO�OHDG�WR�FKHDSHU�PDJQHWV�
7KLV�LV�WKH�WLPH�WR�XQGHUWDNH�DQ�LQQRYDWLYH
5	'�SURJUDP��2QFH�WKH�PDFKLQH�LV�IXQGHG�
ZH�DUH�XQOLNHO\�WR�WDNH�FKDQFHV��7KLV�GHVLJQ
SURYLGHV�D�ORZ�FRVW��V\VWHPDWLF�5	'�IDFLOLW\�

The left and right sides need not be identical.
Combined function magnets possible.

A potential for major cost savings ===>

$QRWKHU�FKDOOHQJH�
$�OLPLWHG�5	'�IXQGLQJ�
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$�&RPELQHG�)XQFWLRQ�0DJQHW�2SWLRQ
�(VWLPDWHG�FRVW�VDYLQJV�IRU�9/+&�

SSC Project Cost Distribution 
(Reference SSC Cost: 1990 US $7,837 million)

Contingency
12%

Magnet Systems
29%

R&D and Pre-
Operations

14%

Experimental 
Systems

11% Accelerator 
Systems

17%

Conventional 
Construction

16%

Project Mgmt. & 
Support

1%

Collider Ring Magnet Cost Distribution

Main Dipoles
82%

Main 
Quadrupoles

10%

Other Magnets
8%

SSC Main Quads: ~$200 million; VLHC: ~$400 million (x2 not 2.5)

Additional savings also from tunnel, interconnect, contingency, etc.

Estimated savings by eliminating main quads: ~$500 million (1990) 

SSC: 20+20 TeV; VLHC: 50+50 TeV

Another Major Sub-system: HEB
    2 TeV HEB Cost in SSC (derived): 

$700-800 million
    Estimated for 5 TeV (5-50 TeV vlhc): 

~$1,500 million
A possibility to save 70-80% of it follows.

(Table used to get rough estimates)

&RVW�VDYLQJV�LQ�HTXLYDOHQW���[[��"

AP Challenge:

Retaining benefits of Synchrotron Damping

(1990 Estimates in US$)

Cost Distribution of Major Systems
(Reference SSC Cost: 1990 US $7,837 million)

Other 
Accl. & 

Facilities
23.3% Main 

Collider
56.7%

HEB
9.3%

Experi- 
ments
10.7%

Total: 

$2,037 million

(Derived based on certain assumptions)
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)LHOG�4XDOLW\�LQ�&RPPRQ�&RLO�'HVLJQ

• Geometric harmonics
– an inherent up-down asymmetry both in the body and in the ends

• A proof of principle solution that overcomes this asymmetry.

=> A field quality comparable to cosine theta designs by using a similar
amount of conductor.

6KRXOG�UHPRYH�WKH�DJH�ROG�FRQYHQWLRQDO�ZLVGRP�WKDW�´EORFN
GHVLJQVµ�XVH�PRUH�FRQGXFWRU�WKDQ�WKH�´FRVLQH�WKHWD�PDJQHWVµ�


�:H�MXVW�KDYH�WR�RSWLPL]H�WKH�GHVLJQ�D�ELW�PRUH�FDUHIXOO\��


• Saturation induced harmonics

• Persistent current induced harmonics
- could be a serious problem in Nb3Sn magnets. 

• The proposed solution brings major savings as a bonus.
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)LHOG�4XDOLW\�2SWLPL]DWLRQ�LQ�WKH
&RPPRQ�&RLO�'HVLJQ��0DJQHW�%RG\�

A preliminary cross-section: geometric
harmonics < 0.2 parts in 104 at 10 mm.

Harmonics at 10 mm at 1.8 T in 10-4 units
(b2 is sextupole)
Typical accelerator requirements: ~ 10-4

N SKEW(an) NORMAL(bn)

1 -0.01 0.00
2 0.00 0.00
3 0.01 0.00
4 0.00 0.04
5 0.02 0.00
6 0.00 0.05
7 0.01 0.00
8 0.00 -0.17
9 0.00 0.00
10 0.00 -0.03
11 0.00 0.00
12 0.00 0.00
13 0.00 0.00
14 0.00 0.00

Computed Quench Field: 15 T
(4.2K and no cable degradation)
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A Proof of Principle Design
(still comparable or better than

similar cosine theta designs)

ROXIE for real optimizations
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)LHOG�4XDOLW\�2SWLPL]DWLRQ�LQ�WKH
&RPPRQ�&RLO�'HVLJQ��0DJQHW�(QGV�

By 10 mm above and below midplane on magnet axis
(original ends, no spacer, large up-down asymmetry)
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Above midplane 
(Integral=0.768 Tesla meter)

Below midplane 
(Integeral By.dl = 0.839 Tesla.meter)

By 10 mm above and below midplane on magnet axis
(ends optimized with one spacer to match integral)
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Up-down asymmetry gives large skew
harmonics if done nothing. Integrate By.dl
10 mm above and 10 mm below midplane.

Up-down asymmetry can be compensated with
end spacers. One spacer is used below to match
integral By.dl 10 mm above & below midplane.

Proof of principle that
it can be removed

An up-down asymmetry in
the ends with “no spacer”

Computer code ROXIE
(developed at CERN)
will be used to
efficiently optimize
accelerator quality
magnet design.

Young Post-doc
(Suitbert Ramberger).

A large Bz.dl in two ends
(~1 T.m in 15 T magnet).

• Is it a problem?

• Examine AP issues.

• Zero integral.

• Lead end of one magnet
+ Return of the next
magnet will make it
cancel in about ~1meter
(cell length ~200 meters).

• Small v X B.
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0DJQHWLF�'HVLJQ�RI����7�'LSROH
�WKH�PDJQHW�XQGHU�GHYHORSPHQW�

• 40 mm aperture, 2-in-1 common coil magnet design, 220 mm bore spacing

• Uses the high performance, the best available, Nb3Sn conductor

– Jsc(12T, 4.2K) ~2000 A/mm2, Cu/Sc Ratio = 0.7, 1.7

• 70 mm bend radius (in ends), one end spacer in outer coils to reduce peak field

• Iron insert & iron yoke in magnet body; no iron over ends to reduce peak field

• Three full (plus one partial) layers to give a computed 14.3 T field at 4.2 K

– assumes no degradation (either due to stress or in cabling)

– 13.7 T with Oxford cable (has less SC) and single power supply

• Uses unconventional cable grading
– graded in width (NOT in thickness) for better efficiency and flexibility

• Field quality
– not a field quality design yet, but some components of it may be used in a

field  quality magnet.
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0DJQHWLF�)LHOG�&DOFXODWLRQV

 The design is optimized for
obtaining maximum field and
not for field quality.

Computed Quench Performance:

14.3 T at 4.2 K (assuming no
cable degradation)

2-d Model with ROXIE

3-d Model

Peak field in the outer layer

TOSCA 3-d Calculations

Field and Field lines as
computed by OPERA 2-d
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3DUDPHWHU�/LVW�RI�WKH�+LJK�)LHOG�0DJQHW

C o i l  a p e r t u r e  ( m m ) 4 0

N u m b e r  o f  l a y e r s 3 +

C o m p u t e d  q u e n c h  f i e l d  a t  4 . 2  K  ( T )  ,  z e r o  d e g r a d a t i o n 1 4 . 3  ( 1 3 . 7  f o r  o x f o r d  w i r e )

P e a k  F i e l d s ,   i n n e r  &  o u t e r  l a y e r s  ( T ) 1 5 . 1  &  1 0 . 5

Q u e n c h  c u r r e n t ,   i n n e r  &  o u t e r  l a y e r s  ( k A ) 1 1 . 7

W i r e  N o n - C u  J s c  { 4 . 2  K  ,  1 2  T }   ( A / m m 2 ) 2 0 0 0

S t r a n d  d i a m e t e r  ( m m ) 0 . 8

N o .  o f  s t r a n d s ,  i n n e r  &  o u t e r  l a y e r s 4 0 ,  2 6

C a b l e  w i d t h ,  i n n e r  &  o u t e r  l a y e r  ( m m ) 1 7 . 4 ,  1 1 . 6

C u / N o n - C u  r a t i o ,  i n n e r  &  o u t e r 0 . 7 ,  1 . 7

N o .  o f  t u r n s  i n  m a g n e t  h a l f  ( t o t a l ) 5 + 5 0 + 4 9 + 4 9  ( 1 5 3 )

H e i g h t  o f  4  l a y e r s  ( m m ) 8 . 0 6 ,  8 0 . 5 9 ,  7 9 . 9 8 ,  7 9 . 9 8

B o r e  s p a c i n g  ( m m ) 2 2 0

M i n i m u m  c o i l  b e n d  r a d i u s  ( m m ) 7 0

Y o k e  o u t e r  r a d i u s  ( m m ) 3 0 0

C o i l  s t r a i g h t  s e c t i o n  l e n g t h  ( m m ) 5 0 0

Y o k e  l e n g t h  ( m m ) 4 0 0
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3HUVLVWHQW�&XUUHQW�LQGXFHG�+DUPRQLFV
�PD\�EH�D�SUREOHP�LQ�1E

�
6Q�PDJQHWV��LI�QRWKLQJ�LV�GRQH�

Nb3Sn superconductor, with the technology under use now, is expected to generate persistent current-
induced harmonics which are a factor of 10-100  worse than those measured in Nb-Ti magnets.

In addition, a snap-back problem is observed when the acceleration starts (ramp-up) after injection at
steady state (constant field).

Measured sextupole 

harmonic in Nb-Ti magnet

Measured sextupole 

harmonic in Nb3Sn magnet
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3HUVLVWHQW�&XUUHQW�LQGXFHG�+DUPRQLFV
7UDGLWLRQDO�VROXWLRQ��ZRUN�RQ�WKH�VXSHUFRQGXFWRU

Garber, Ghosh and Sampson (BNL)

Measured magnetization
Persistent current induced magnetization :

Problem in Nb3Sn Magnets because

(a) Jc is higher by several times

(b) Effective filament diameter is larger

by about an order of magnitude

Conductor solution:
Reduce effective filament diameter.

A challenge; in some cases it also reduces Jc.
Note: Iron dominated magnets

don’t have this problem.
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$�&RPPRQ�&RLO�0DJQHW�6\VWHP�IRU�9/+&
$OWHUQDWH�VROXWLRQ��ZRUN�RQ�WKH�PDJQHW�GHVLJQ

Inject here at low field and 

accelerate to medium field 

Transfer here at medium field 
and accelerate to high field

Iron dominated aperture
Good at low field (0.1-1.5T)

Conductor dominated aperture
Good at high field (1.5-15T)

Compact size

A 4-in-1 
magnet for 

a 2-in-1 
machine

Iron yoke

Superconductor
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Address AP issues. Compare notes with
the studies on the Low Field Option.
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7KH�3URSRVHG�6ROXWLRQ�WR�/DUJH�3HUVLVWHQW�&XUUHQW�3UREOHP
LQ�1E�6Q�0DJQHWV�WKDW��DV�D�%RQXV��(OLPLQDWHV�+(%

• In the proposed system, the High Energy
Booster (HEB) - the entire machine complex -
will not be needed. Significant saving in the
cost of construction and operation.

• Many consider that HEB, in some ways was
quite challenging machine: superconductor
(2.5 µ instead of 6 µ filaments), bipolar
magnets, etc.

This machine
would not have
been needed.

6DYLQJV�IRU�9/+&�PD\�EH�RYHU�RQH
ELOOLRQ�GROODUV�IRU�DQ�HTXLYDOHQW�+(%
ZLWK���7H9�GHVLJQ�HQHUJ\
�66&�������7H9��9/+&������7H9�

Funny that the side benefit is more
attractive than the original reason.
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&DVH�6WXGLHV�IRU�9/+&�DW�QHDU�)HUPLODE�6LWH
�RQO\�RQH�WXQQHO�ZLOO�EH�QHHGHG�RYHU�WKH�SUHVHQW�LQIUDVWUXFWXUH�

Fermilab machine chain as VLHC injector:

    Main Injector: 150 GeV (ejection energy)
    Tevatron: 150-800 GeV (20% margin)
All options have a dynamic range 10 or less for vlhc.

Option 1:

Low Field aperture: 0.8-5 TeV (0.24-1.5 T)

High Field aperture: 5-50 TeV (1.5-15 T)

Option 2:

Low Field aperture: 0.8-10 TeV (0.12-1.5 T)

High Field aperture: 10-100 TeV (1.5-15 T)

Option 3:

Low Field aperture: 0.8-12 TeV (0.1-1.5 T)

High Field aperture: 12-100 TeV (1.5-12.5 T)

Several other options are also possible.
Can raise the max. field in low field aperture,
 hence injection energy in high field aperture.

The proposed common coil magnet system

requires only one new complex for the center of

mass energy up to 200 TeV (option 2 and 3).
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A schematic of the VLHC low field option using 

FNAL infrastructure (E. Malamud, W. Foster et al.).
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&RPPRQ�&RLO�0DJQHW�6\VWHP�ZLWK�D�/DUJH�'\QDPLF�5DQJH
�3RVVLEOH�$GYDQWDJHV�

• Large Dynamic Range

~150 instead of usual 8-20.

May eliminate the need of the second
largest ring. Significant saving in the
cost of VLHC accelerator complex.

• Good Field Quality
(throughout)

  Low Field: Iron Dominated
   High Field: Conductor Dominated.

Good field quality from injection to
highest field with a single power supply.

•  Compact Magnet System
    As compared to single aperture D20,
   4 apertures in less than half the yoke.

•  Possible Reduction in
    High Field Aperture

         Beam is transferred, not injected
²�QR�ZDLW��QR�VQDS�EDFN�

          Minimum field seen by high field
aperture is ~1.5 T and not ~0.5 T.

The basic machine criteria are changed!
Can high field aperture be reduced?

     Reduction in high field aperture =>
    reduction in conductor & magnet cost.
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0DJQHW�$SHUWXUH��07�DQG�$3�,VVXHV

Main magnet aperture has an appreciable impact on the machine cost. The minimum
requirements are governed by the following two issues:

Magnet Technology Issues
The conventional cosine theta magnets are hard to build below certain aperture as the bend
radius and the end geometry would limit the magnet performance. In the common coil design,
the magnet aperture and magnet ends are completely de-coupled. The situation is even better
than that in the conventional block designs as not only that the ends are 2-d but the bend radius
is much larger, as it is determined by the spacing between the two apertures rather than the
aperture itself. This means that the magnet technology will not limit the dipole aperture.

 Accelerator Physics Issues
The proposed common coil system should have a favorable impact. The aperture is generally
decided by the injection conditions. In the proposed system, the beam is transferred (not
injected) in a single turn, on the fly, and the transfer takes place at a higher field. The magnets
continue to ramp-up during beam transfer and thus the “snap-back” problem is bypassed. There
is a significant difference at the injection from the conventional injection case. This and other
progress in the field (feed-back system, etc.) should encourage us to re-visit the aperture issue.



5DPHVK�*XSWD��Slide No. 20/23

&RVW�5HGXFWLRQ�6WUDWHJLHV�IRU�9/+&�+LJK�)LHOG�2SWLRQ 9/+&�$QQXDO�0HHWLQJ��-XQH������������

0RQWHUH\��&DOLIRUQLD

([SHULPHQWDO�,QYHVWLJDWLRQV�IRU�VXSSRUW
VWUXFWXUH�GHVLJQ�LQ�XOWLPDWH�PDJQHW

1. The magnet reached plateau performance right away (plateau
seems to be on the cable short sample, not wire short sample).

2. Didn’t degrade for a low horizontal pre-load (must for this design).

3. Didn’t degrade for a low vertical pre-load (highly desirable).

4. Didn’t degrade for a bigger hole (real magnets).

Support structure is expansive and the
cost grows rapidly in high field
magnets. The cost may be lowered
and the magnet may be made simpler
if we can prove that full pre-stress is
not essential. (LHC magnet
experiments).

RD-2 Quench History (RD-2-01: High preload run) 
(RD-2-02 and RD-2-03 are low horizontal and low vertical preload runs)
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Ramp Rate Studies
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Cable Short
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Ramp rate studies
RD-2-04

RD-2-04: bigger beam hole and coil re-assembly
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0RQWHUH\��&DOLIRUQLD

$�3RVVLEOH�/RZ�FRVW
0DJQHW�0DQXIDFWXULQJ�3URFHVV

• Reduce steps and bring more
automation in magnet manufacturing

• Current procedure : make cable from
Nb-Ti wires => insulate cable => wind
coils from cable => cure coils => make
collared coil assembly

• Possible procedure : Cabling to coil
module, all in one automated step -
insulate the cable as it comes out of
cabling machine and wind it directly
on to a bobbin (module)
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0RQWHUH\��&DOLIRUQLD

5HFDS�RQ�&RVW�6DYLQJ
3RVVLELOLWLHV�IRU�9/+&

A multi-pronged approach:

• Lower cost magnets expected from a simpler geometry.

• Possibilities of applying new construction techniques in reducing magnet manufacturing costs.

• Possibilities of reducing aperture due to more favorable injection scenario in the proposed
common coil magnet system design.

• Possibility of removing the high energy booster (the second largest machine) in the proposed
system.

• Possibility of removing main quadrupoles (the second most expansive magnet order) in the
proposed combined function magnet design.

1HHG�WR�H[DPLQH�WKH�YLDELOLW\�RI�WKHVH�SURSRVDOV�IXUWKHU��QHHG�WR�FRQWLQXH
WKH�SURFHVV�RI�H[SORULQJ�PRUH�QHZ�LGHDV�DQG�UH�H[DPLQH�ROG�RQHV��WKH\�PD\
EH�DWWUDFWLYH�QRZ�GXH�WR�DGYDQFHV�LQ�WHFKQRORJ\��HWF����QHHG�WR�NHHS�IRFXV
RQ�WKH�ELJJHU�SLFWXUH���
VLHC cost reduction may also come from other advances: cheaper tunneling,

development in superconductor technology, etc.
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&RQFOXVLRQV�DQG�6XPPDU\

VLHC based on the common coil magnet system
�ODUJH�VDYLQJV�DUH�XQOLNHO\�LI�ZH�FRQWLQXH�WKH�VDPH�ZD\�RI�GRLQJ�WKLQJV�

• A new magnet and system design
² 0D\�VLJQLILFDQWO\�UHGXFH�WKH�FRVW�RI�EXLOGLQJ�DQG�RSHUDWLQJ

PDFKLQH�ZLWK�VHYHUDO�WHFKQLFDO�DGYDQWDJHV�

• A systematic magnet R&D approach for encouraging

innovative designs and technologies
– Faster turn-around time; this is the time to explore.


