©)

US LHC Accelerator Research Program

bnl - fnal- lbnl - slac

Dipole for
LHC IR Upgrade

Ramesh Gupta
Superconducting Magnet Division
Brookhaven National Laboratory

Upton, NY 11973 USA

i LARP Collaboration Meeting
Napa, CA
October 19-21, 2004

MATIONAL LABORATORY




Overview of the Presentation

d Nb,;Sn Magnet R&D Goals for LARP
1 Open Midplane Dipole Design : An overview
d Summary of the Design Presented at LAPACO04 :

> A Proof of Principle Design

1 A Preliminary Design with Reduced Aperture and Reduced
Field Quality Requirements to Reduce the Magnet Cost

0 A New & More Attractive Lower Cost Configuration
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(@ Nb;Sn Magnet R&D Goals for LARP(1)

Since no high field Nb;Sn accelerator magnet of any significant length has
been built yet, our hopes and/or fears are yet to be tested.

In other words, no magnet design and/or technology has been
proven to work or has been proven that it can be ruled out.

Therefore, it will be wise to keep technology and design options open.

No one has any experience with challenges associated with long,
iIndustrial accelerator magnet construction. It is too early and potentially
too dangerous to restrict the development of the future technologies
based on the limited experience with short, lab-built magnets.

1 >Continue R&D on both "Wind & React” and "React & Wind" technology.

2 >Continue with both "cosine theta" and "racetrack coil” designs.
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Nb3;Sn Magnet R&D Goals for LARP (2)

Our guiding principle in working with machine physicists, specially at this
early stage of the game with no LHC operational experience, should be:

Provide options (not limit options).

> Need not rule out "Dipole first” yet!

Since this is a more challenging design, it is more important for
machine physicists to know whether such a magnet is possible or not?
And if yes, what is the cost to benefit ratio.

General Goal (inside or outside LARP):

O Develop high field magnet technology for future accelerators.
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Ge) Recent Magnet Test Result of DCCO16
oy A React & Wind Common Coil Dipole (1)

O The performance of our earlier 10-turn “React & Wind” common coil dipole magnet
has been limited to 12-13 kA (a result similar to “Wind & React” magnets).

O It is now widely accepted that these limitations were due to “conductor instability”
rather than any thing to do with a particular choice of “technology” or “construction”.

0 Recently a cable sample was reacted based with a new heat treatment (RRR ~40).

O Earlier Arup Ghosh has successfully tested a single strand (wire) to its short sample
based on a similar heat treatment.

0 However, the cable test with new heat treatment showed that the performance was
still erratic at ~15 kA and was independent of applied field.

0 A “React & Wind” magnet (DCC016) made with this cable reached ~17.9 kA (>8 T).
This is 80% of the wire short sample and ~90% (estimate) of the cable short sample.

0 The performance was still erratic (still instabilities?). All quenches over 17 kA were
at high ramp rate (200+ A/s). At 50 A/s most quenches were at ~15.4 KA.
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‘® Recent Magnet Test Result of DCCO16
W A React & Wind Common Coil Dipole (2)

» What do these results (and earlier results from Fermilab Common Coil
Program) are telling us about “React & Wind” technology?

0 A quench at any rate means that the conductor is not degraded/damaged.
Erratic performance is related to the conductor instability or the magnet mechanics.

O This proves that the “React & Wind” Technology is OK, at least to the level tested.

[ This means that given the major benefits of the “React & Wind” (scalable to long
magnets, significant use of existing magnet technology with small modifications,
insulation choices, no need to deal with differential thermal expansion of various
materials, etc.), the development of this technology must continue.

O Also recall that the BNL common coil design is intended to present a more sever
test of the bending strain. Once we know the limit of it in the magnet environment,
we must step back a little for building magnets that are designed for machine. For
example, to produce a proof-of-principle “React & Wind” magnet under LARP
magnet program, we need not be super aggressive.
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Some Special Considerations for LHC Upgrade
™ Dipole Design in "Dipole First Optics”

High luminosity (10°°) Interaction Regions (IR) present a hostile
environment for superconducting magnets by throwing ~9 kW of
power from each beam

 This raises two basic challenges :

— How to design a magnet that can survive these large heat
and radiation loads

— What is the cost of removing these large heat loads both
in terms of “new infrastructure” and “operating cost”
(some estimates show that the increase is a factor of two)
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(’ Open Midplane Design Takes Advantage of the Anisotropy
@ in Energy Distribution (highly peaked at midplane)

o Yoke (cold)

Lorentz Forces:
Vertical: down Support Structure,

Horizontal: out SS (cold)
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., Horizontal: out
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Particle Spray from IP

A large amount of particules coming from high o
luminosity IP deposit energy in a warm (or 80 K) Calculations from Mokhov

absorber, that is inside the cryostat. Heat is proving that the concept works
removed efficiently at higher temperature.
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(@ A True Open Midplane Design

By open midplane, we mean truly open midplane:

Particle spray from IP (mostly at midplane), pass
through an open region to an absorber sufficiently away
from the coil without hitting anything at or near
superconducting coils.

4 In earlier “open midplane designs”, although though
there was “no conductor” at the midplane, but there was
some “other structure” between the upper and lower
halves of the coil. Secondary showers from that other
structure deposited a large energy on the coils.

The energy deposited on the superconducting coils by
this secondary shower became a serious problem.
Therefore, the earlier open midplane designs were not
that attractive.
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‘® Impact of the Energy Deposition from the
<+  Secondary Particles in the Basic Design

An example of how crucial it is to incorporate the impact of the energy deposition
from the secondary radiation in the basic open midplane dipole design:

In an attempt to reduce the size of
collar, we put the absorber closer
to the center (upper figure). Even

o ® L e
7 - ‘ I - . . though it is was well out side the

coils near the midplane, Mokhov’s
calculations showed that the
secondary radiations from the pipe
(some travelling backward in
magnetic field) were enough to
increase energy deposition on the
coil above the acceptable limit.
We were forced to move the
absorber and cryo-pipe away.
This study is important to those
who wish to put some structure
between upper and lower coils.

Secondary showers are created from this mass. Some of
these showers go back to the cold structure and the coil

Secondary showers are created from this mass.
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How Simple Can The Design Be?

[ am always for a simple design. The design should be as
simple as possible as long as it does what it 1s intended to.

» Examples when things have to be relatively complicated:
| Compare the underground transportation in the tunnel
(e.g. English Channel) to the country side road.
| Compare the air travel of local flight to space flight.

 The basic requirements 1s that “energy deposition on s.c.
coils” and “operating and upgrade cost of LHC cryo-system”
should be small (acceptable) . Any complete design exercise
must meet these minimum requirements.
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Open Midplane Dipole Design
Challenges Due to Open Midplane

» Attractive vertical forces between upper and lower
coils are large in any high field magnet, but they
react against each other. Containing these forces in
a magnet with no structure between the upper and
lower coils appears to be a big challenge.

» The large gap at midplane appears to make good
field quality a challenging task.

» The ratio of peak field in the coil to the field at the
center of dipole appears to become large as the

B ' . midplane gap increases.
r 1 » Designs may require us to deal with magnets with

large aperture, large stored energy, large forces and

‘ J large inductance.

g With these challenges in place, don’t expect the optimum
design to necessarily look like what we are used to seeing.
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Open Midplane Dipole Design Strategies

o Yoke (cold)

|1
Lorentz Forces:
Vertical: down
Horizontal: out

Support Structure,
SS (cold)

" Lorentz Forces:
Vertical: up (small)
Y, Horizontal: out

260.0
X[mm]

Particle Spray from IP

A large amount of particules coming from high
luminosity IP deposit energy in a warm (or 80 K)
absorber, that is inside the cryostat. Heat is
removed efficiently at higher temperature.

* Particle spray from IP
go through the open
midplane and dump most
of their energy in a cryo-
insulated warm absorber.

* The lower coil block
has small upward force
and upper coil has large
downward force. The
large downward force is
taken out in a segmented
support structure.

* The lower coil block is
now brought closer to
midplane to produce a
good field quality design.

LARP Collaboration Meeting, Oct. 19-21, 2004
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o Design Parameters of 15 T
(@9 Open Mldplane Dipole

Nb,Sn wire and cable parameters: Manet parameter:
Jo,(12T 4.2K) 3000 Amm® | Quench Field ~15T
CuinCurlo s eech e
Strand diameter 0.7 mm Coil M dplanz Ga: 50
No. of strands in cable 34 Collar Outer Radius 400 mm
Cable width (bare) 12. 5 mm Yoke Outer Radius |1 meter
Cable thickness (bare)  {1.25mm Stored Energy 11 MJ/meter
Insulation Nomex Inductance* 0.16 (0.4) H/m
Cable width (insulated) |13 mm erading s el 1 RED magncte
Cable thickness (insulated) 1.45 mm The magnet itself is big and expensive. But these
Juu (@quench) ~ 1800 A e cte and aperating cost and Just no he

magnet cost, the net savings will be substantial.
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‘® Hand Optimized Design =>
.+ Fine-tuned by RACEZDOPT for Harmonic Minimization

The design is first navigated by hand for “Lorentz Forces”, “Support Structure”,
“Energy Deposition”, “Low Peak Field” and not too lousy “Field Quality”.

Then a few select cases are optimized for field harmonics with RACE2DOPT (local code).
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With several new criteria in optimization, and with
no prejudice on how ultimate geometry should look
like, we reached a vastly different looking solution.

: I ‘ : 1 L i
080 200 60.0 100.0 140.0 180.(

Component: BMOD

0.00442545 0.857062 1.70%¢ 3>Poes it look like simulating cosine theta any more?
I 4 @ |
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‘® Field Harmonics and Relative Field
™ Errors In An Optimized Design

Proof: Good field quality design can be obtained in such a challenging design:

o ° ° h ZfIRm"
(Beam @ x=+/- 36 mm at far end) .| Area where field error is <10-4 " s
. . . ) wwer ny: A mim®
(Max. radial beam size: 23 mm) 7 e
- - . Mass ko
Geometric Field Harmonics: -
Retmm) T Refimm) 40 mm is
erimm erimm .
N 36 23 of horizontal
1 10000 10000 coil spacing
2 0.00 0.00
FROBLEM DATA
3 0.62 0.25 gjésdtrahc elernents
4 0.00 0.00 yecitr i
5 0.47 0.08 C@é}
6 0.00 0.00 47385 elerments
7 0.31 0.02 134 rogons
8 0.00 0.00
9 -2.11 -0.06
10 0.00 0.00 000 50 100 150 200 250 300 350 400 450 5
::; ggg ggg Homogeneity of BMOD w.rt. value 1.570401535 at (0.0,0.0) X [l
. . -1.0E-04 0.0 1.0E-04 = ———————
13 0.06 0.00 VOPERA-2d
14 0.00 0.00 ) . ) )
15 20.05 0.00 Field errors should be minimized for actual beam trajectory & beam size.
16 0.00 0.00 It was sort of done when the design concept was being optimized by hand.
1; g'g; g'gg Optimization programs are being modified to include various scenarios.
19 0.00 0.00 Waiting for feed back from Beam Physicists on how best to optimize.
20 0.00 0.00 However, the design as such looks good and should be adequate.
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‘® Field Uniformity in An Optimized 15 T
w Open Midplane Dipole Design

Proof that good field quality can be obtained in such a wide open
midplane dipole design (~1/2 of vertical and ~1/3 of horizontal aperture):

e 2., =  The maximum horizontal
2 0E-05 cadw oo’ displacement of the

=» o  beam at the far end of IP
1.0E-05 -

is +/- 36 mm.

10805 - ~_______ The actual field errors in
e g these magnets will now
=i be determined by
s | SEET construction, persistent
%od 00 00 00 06 05 05 05 06 05 00 currents, etc.

Homogeneity of BMOD w.rt. value 1.57040153495193 at (0.0,0.0)

resemnted 2t LAPAGC June 04

04idun/2

VF OPERA2
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(@ Mechanical Analysis - Stress in SS Collar

Equ walent'(?\rmﬁﬂtseg] Sfeas :
WORKBENCH/

#Ted psi

Stresses 1n stainless steel iag

collar (external support -
structure) are well within -
the acceptable limit. j::
Next step 1s to examine o
internal stresses in coil o
blocks. Adjust/move oo

webs, 1f necessary.
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Conclusions from LAPACO4 Design Studies

* The challenging requirements of the design appear to have been met:

» A design that can accommodate a large gap between upper and lower
coils with no structure in between.

» A design with good field quality design despite a large midplane gap.

» Ongoing calculations and analysis indicate that the energy deposition
on the s.c. coils can be kept below quench limit and that the heat can be
removed at a higher temperature with a warm absorber within coldmass.

@ The design brings a significant new addition to magnet technology.

* However, in an attempt to satisfy all requirements, the magnet has become
larger. We still believe that it saves money in the sense of complete system
(including cryogenics), but to build one within the resources allocated is a
difficult proposition.

BRODHHAWEN
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2
‘@ Guidelines for A Lower Cost (Reduced Aperture) Magnet

The design presented at LAPACO04 satisfied most requirements, but it was too big.

It was a proof of principle design to show
that most severe requirements (field
quality, downward Lorentz forces) can be
met despite a large unsupported gap at the
midplane (~1/3 of horizontal aperture).

New design guidelines from
Mike Harrison
to reduce magnet cost:

@ Design Parameters of 15 T
ek Open Midplane Dipole
Rresented RMAPACRune}04

dB/B : ~103 to +/- 47 mm

Nb,Sn wire and cable parameters: Magnet parameters:
LTAX F00AMf |Quench Field ~15T
H
Q/NQ " Quench Current* 11.6 (7.7) kKA
relio 0% Hori tal S i 160 o
orizontal Spacing mm
Mdm 07rmm Coil Midplane Gap 50 mm
No of stradsincelde A Collar Outer Radius |400 mm
Gdewdh(lwe) 12 5mm Yoke Outer Radius 1 meter
Gﬁelhdms(bae) 15mMnm Stored Energy 11 MJ/meter
. Inductance* 0.16 (0.4) H/m
Insulation Noex a4

*Two values if current grading, rather than cable

wewdh(il‘ﬂlaﬁ." 13mn grading is used, in R&D magnets.
%ﬁmam 1-$nm The magnet itself is big and expensive. But these

magnet cost, the net savings will be substantial.
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N

) Coil Optimization with RACE2DOPT

To get the desired field quality (relative field errors ~10-3 at +/- 47 mm), we
attempted coils with horizontal aperture in the range of 120 mm to 130 mm.
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OPERA-2d Model of Reduced Aperture
> Open Midplane Dipole (Preliminary Design)

300.0
UNITS
Y [mm] 280.0 Length mm
Flux density T
260.0 Field strength A m
Potential YWh m?
Conductivit sm’
240.0 SSSrcugéi\gnyswty'A mm*
700.0 220.0 Eawer B
Energy J
Y [mm] 200.0 Mass kg
180.0
600.0 160.0
PROBLEM DATA
140.0 E\operaihcidipoleh2004%
oct0dN120xh.st
120.0 Linear elements
KY t
500.0 100.0 Vec%gpgg?ernyt\a\
Magnetic fields
80.0 Static solution
Scale factor = 1.0
60.0 ll I 16844 elements
| -
4000 40.0 I I I 16 regions
20,0 ] N
0'8.0 40.0 80.0 120.0 160.0 2000 240.0 280.0 320.0
300.0 X [mm]
VF OPERA-2d
Pre and Post-Processor
o o oo
200.0 Magnetic fields
Static solution
Scale factor = 1.0
16844 elements
8589 nodes
100.0 16 regions
aalll B
1
0.
8.0 100.0 200.0 3000 4000 500.0 600.0 700.0 800.0
X [mm]
Pre and Post-Processor
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Field Quality in the Reduced Aperture
Open Midplane Dipole (Preliminary Design)

300.0
UNITS UNITS
0.002 Length mm YImm] 280.0 Length s rmm
FlLpc density T Flux density T
Field strength - & m- 260.0 Field strength -4 '
0.0015 Potential Wh Potsrtial Wb m!
Conductivity Sm! 240.0 Conductivity S
Source density: A mm? gource density: A mm?
P W ower
0.001 Fé):\(/:eer N 220.0 Faorce N
Energy J Energy o
5.0E-04 Mass kg 200.0 Mass kg
180.0
0.0 ' 160.0
PROBLEM DATA, 140.0 PROBLEM DATA,
-5.0E-04 [~ E\aperalhcidipolet 20041 E hoperaihcidipole\20044
oct04v120xh st 120.0 oct04v120xh.st
Linear elements : Linear elements
-0.001 [~ XY 8 1 XY symmetry
Vectgrmprgtee%al 100.0 Vector potential
Magnetic fields Magnetic fields
-0.0015 Static solution 80.0 Static solution
) Scale factor = 1.0 Scale factor = 1.0
16844 elements 60.0 16844 elsments
8589 nodes 8588 nodes
-0.002 = 1 | L L ! | | | | 16 regions 40.0 16 regions
X coord 0.0 5.0 10,0 150 20.0 250 300 350 40.0 450 50.0 20.0
Y coord 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 )
Homogeneity of BMOD w.r.t. value 13.612971424047 at (0.0,0.0) 0'8.0 40.0 80.0 120.0 160.0 200.0 240.0 280.0 320.0
X [mm
Component: BMOD (mm]
0.0582365 7.218084 14.37793 NP
VF OPERA-2d V- OPERA-2d
Pre and Post-Processor 1 Pre and Post-Processor
80.0

PROBLEM DATA,
E \operatihcidipolet2004%
oct044120xh st
Linear elements
HY symmetry
Vector potential
Magnetic fields

Proof that the desired field quality 500
(relative field errors ~10-3 at +/-

40.0 Static solution
47 mm) can be obtained. With a
20.0 16 regions

little bit more optimization, we
ShOllld be able to get < 10'3 (OI’ 08B0 200 400 600 800 1000 120.0 1400 160.0

X [mm]
Component: BMOD

may be even 5.10_4)‘ 0.0582365 7.218084 14.37793 \FioPERAQd

Pre and Post-Processar
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" ) Overall Parameters of the Reduced Aperture
@ Open Midplane Dipole Preliminary Design

Outer Yoke Radius : 600 mm to 700 mm (old value 1 meter)

Horizontal Coil Spacing : 120 mm (old value 160 mm)

Vertical Coil Spacing : 30 mm (old value 50 mm)

Field errors: 2.10-3, projected to be 5.10* with more optimization at +/- 50 mm
(old value 5.107 at +/- 36 mm)

Quench Field: ~14.5 T (old value ~15 T)

* Conductor requirements: ~60% of previous design

The above magnet is much smaller than before.
However, it still has a significant size.

BRODHHAWEN
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(@ Comparing Magnet Size from the First Principle

N

The size of a dipole is always going to be significantly larger than a quadrupole.

* For the same peak field, the amount of flux in dipole is twice that of
quadrupole and hence it needs twice the yoke to contain fringe fields.

 The outward force in dipole is significantly more than dipole so it needs
bigger collars to contain Lorentz forces.

 Taking advantage of the open midplane design, we want to dump heat in a
relatively warmer structure (a cryo-insulated absorber within the collars).
This increases the size of the collar (and of the magnet). However, the
proportionate benefits of this increased size are not only well worth it, but
are even perhaps essential.

Still compare to 130 mm cosine theta dipole (yoke radius in Fermilab design 500
mm), the open midplane dipole presented here with a coil aperture of 120 mm is
not too large (radius ~650 mm). Rectangular yoke may further reduce the size.

BEBRODHHFAWEN
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(@ Coming In Next Few Slides

A proposal to build a significantly lower cost open
midplane dipole magnet that, while hopefully
satisfying, both technical and budgetary requirements,
also brings a variety in Nb3Sn magnet technology
development and keeps options open.
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A Lower Cost Open Midplane Dipole Proposal
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At present, the aperture of D1 1s
determined by the requirements at the
far end of IP.

* We propose dividing each D1 in two
dipoles DIA and D1B. We also
propose to develop only D1A under
LARP.

* D1 A will be shorter and will have
lower aperture.

* One can also consider raising field in
D1A and reducing in D1B. This will
balance Lorentz forces better between
D1A (higher field, lower aperture) and
D1B (lower field, larger aperture).

BRODHHAWEN
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(@ A Proposal to Build D1A Under LARP

A lower aperture, lower length, lower cost, open midplane racetrack coil dipole that
while developing and proving the basic technology, also gets used in LHC IR upgrade
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Consider increasing the field in the first D1 (D1A), and also consider using HTS there.
HTS has a potential to generate higher fields and can tolerate higher heat loads, as well.
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A Similar Layout Was Considered for VLHC

Beam optics reasons were different, but magnet design reasons were partly similar.

‘ BROOKHAVEN VLHC-2 IR Layout for
First Magnet DIA): | 5 perconducting Flat Beam Optics
Higher field, lower | MagnetDivision
aperture, taking 4mm Height 15mm Height
help of HTS. _ Q2A, Q2B
10mm Height 6007/m
Second Magnet (D1B): . DIA DIB
Lower field, larger 16T 12T
7.9m| |7.9m
aperture, based o, QlA QIB
entirely on Nb,Sn. | R 4007/m__ 6007/m
) _ 30m 2m 5.5m 3m 3m 3m
Given the time frame 12.1m  6m 12.4m| [12.4m
of LHC IR Upgrade,
we would consider
HTS. However. we * Optics and magnet requirements (field & aperture) depends crucially on the
. o minimum spacing in the first 2-in-1 IR Quadrupole (doublet optics)
n’t make the d paeme b
wo ,rna © the desigh * 23KW of beam power radiated from the IP makes this a natural for HTS.
contingent on that. - ‘ |
ide No. 11 Ramesh Gupta, BNL, @ SNOWMASS, 7/3/01
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Starting Point and some estimates on
D1A Parameters (to be iterated)

Design Goal: An open Midplane design with large horizontal and small vertical
aperture that includes a warm absorber inside the cold-mass to avoid a major
upgrade in CERN cryogenic facility and to remove ~9KW at an affordable cost.

DI1A (to be developed under LARP):

Horizontal Aperture : ~70 mm
Magnet Length : ~ 5 meter
Quench Field : 15+T

Y oke outer radius: ~400 mm
(or a rectangular yoke with smaller vertical size?)

D1B (NOT to be developed under LARP):

Horizontal Aperture : ~140 mm
Magnet Length : ~ 5 meter
Quench Field : ~13T

Y oke outer radius: ~600 mm

Note: D1B may have similar Lorentz forces as D1 A

LARP Collaboration Meeting, Oct. 19-21, 2004

A preliminary design presented at Port Jeff in 9/2003

NATIONAL LABORATORY

Improvement in Field Quality

Superconducting
Magnet Division

A reduction in midplane gap, straightens the field lines at ™~
midplane and improves the field quality. -
The actual field quality optimization will be done with the
coil optimization programs. But 104 relative error implies
that a magnetic design with low harmonics is possible. N
N

2 2 2 2 B
iE
H

Homogeneity of BIMOD w.r.t. value 13.0919578319419 at (0.0,0.0)

R. Gupta, BNL LARP Dipole R&D, LARP Collaboration Meeting, Port Jefferson, NY, September 17, 2003. Slide No. 12
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() SUMMARY

Given that there is NO experience in building large Nb,Sn magnets and given that
“React & Wind” Technology is relatively easier to scale in going from short to long
magnets and that it offers several other advantages in choices of material etc., “React
& Wind” Technology should be a part of LARP base program.

There is no technical reason to eliminate “React & Wind” for future high field Nb,;Sn
magnet R&D. It also makes the magnet development program a bit more broader.

A smaller aperture, lower cost open midplane dipole option is presented which is
intended to satisfy all significant requirements (budget and technical) and becomes a
part of D1 package. “Retaining Dipole First Option” keeps the overall LARP IR
upgrade options a bit more broader - both from magnet R&D and from beam optics
point of view.

BEBRODHHFAWEN
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