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Foreword

Enclosed is the report of the committee which met at Fermi National Accelerator
Laboratory on 16 March 2000 to review the design and test results of the Fermilab High
Gradient Quadrupole magnet for the Large Hadron Collider Insertion Regions. The
review committee consisted of Mike Anerella, BNL, Armaud Devred, CEA/Saclay
(Chairman), Daniel Leroy, CERN, Ranko Ostojic, CERN, Phil Pfund, Fermilab
(secretary), Bob Schermer, consultant, Tom Taylor, CERN, Pierre Védrine, CEA/Saclay,
and Akira Yamamoto, KEK. The review was called by Jim Strait, US LHC Accelerator
Project Manager, with the charge given in Appendix 1 and the agenda in Appendix 2. It
was meant to be a follow up to a review held on 18 and 19 March 1999 on the same topic
with pretty much the same review committee (see Report DAPNIA/STCM 99-02).

Prior to the review, the committee was provided through the World Wide Web
with a number of relevant documents, including a functional specification, several
conference papers summarizing the performance of the model magnets, and a few quench
plots. The one-day review was articulated around presentations by Jim Kerby, Fermilab
LHC Accelerator Project Manager, Fred Nobrega, Alexander Zlobin, IR Quadrupole
Level 3 Project Manager, and Mike Lamm. It included a short tour of the long magnet
production facility located in the Industrial Center Building, which enabled the review
committee to look at the first 5.5-m-long cured coil. Copies of all the presentations are
given in Appendices 3 to 9. Similarly to last year’s review, the discussions were very
open and the committee was very pleased with the cooperation of the FNAL team.
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Executive Summary

The committee is very pleased with the results of model magnets HGQOS through
HGQO9, which meet the specifications on quench performance (save for one, high-level
retraining quench of magnet model HGQO06), and which appear to exhibit good field
quality. The committee feels that a great deal has been learned from the magnet model
program and that it is now a suitable time to move to the next phase and start building
full-length prototypes.

Following up on last year’s review, the committee thinks that most major
technical issues have been properly dealt with and has only minor concerns to raise. It
nevertheless recommends pursuing in-depth analyses of the magnet model test results and
wishes to identify a few areas of potential problems when moving from short to long
magnets.
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. The design is ready to move on to the full-length prototype

The R&D program has completed the last of the nine planned 2-m-long magnet models.
The next phase of the program is to build and test the first of two planned prototypes.
The first prototype (Q2P1) has one MQXB cold mass and the second (Q2P2) has two
cold masses (one of them will be new and the other one will that of Q2P1) . The cold
masses are to be identical to the anticipated final design in length and cross section with
the exception of the inclusion of instrumentation.

The committee feels that a great deal has been learned in the last year about quench
performance, quench protection and field quality and that the magnet design has reached
a mature state. It agrees that it is now time to move on and to start the fabrication of the
full-length prototypes.

The committee strongly recommends that the two prototype cold masses be made as
similar to each other as possible. While the committee recognizes that unanticipated
outcomes may force changes in the design or fabrication, changes should not be planned
from the onset.

The committee was provided with a table showing the design features of the Q2P1 cold
mass compared with the preceding nine model magnets. The committee concluded that
some of the features were not yet fully specified and recommends this be done prior to
starting fabrication. As a first example, the parameters of the cure cycle were not clearly
presented. Fermilab needs to ensure that they are well defined. There was a consensus
among the committee members that FNAL should once again consult with BNL before
finalizing its decision. As a second example, it was unclear when and at what level hi-pot
tests were to be conducted. FNAL should consult with CERN and KEK regarding the
levels of such tests. As a third example, when going from short magnet models to long
prototypes, some components may have to be broken up into several parts. These
components have to be identified and their lengths have to be determined.

. Minimize design changes between the models and prototypes

The committee was presented with examples of design changes that were planned
between the last magnet model and Q2P1. One example is the cable insulation scheme
where, previously, the system for the inner cable consisted of one layer of polyimide
wrap with 58% overlap covered by one layer with 2 mm gaps. Some consideration is
being made to reduce the overlap to 50% and compensate for this by eliminating the 2
mm gap. The committee recommends against this in the absence of any overwhelming
need. Changes such as this, although they may be, potentially, improvements, should not
be introduced at this late juncture unless validated in advance of their incorporation in the
prototype.

fu
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. Long tooling will need to be thoroughly proofed.

Much of the long tooling will be used for the first time on the prototypes. The committee
understands that much work and careful planning has gone into the set-up and trial runs
of this tooling. However, the committee wishes to re-emphasize the importance of
thoughtfully checking out this equipment for its impact on the quality of the magnet. One
example is the curing press, where a temperature profile through the press can affect the
quality of the coil. This occurred in the model length curing press and needed to be
corrected. The importance of the full-length tooling to produce coils, collars, cold
masses, etc. of mechanical uniformity is recognized. The committee wishes to re-enforce
the importance of carefully considering these variables in the plans for proofing of the
full-length tooling.

. Cables made from different strands

It is the committee’s understanding that the present magnets use cables made from IGC
strands left over from SSC, but that an order has been placed to buy Alstom strands to
cover the remaining needs of magnet production.

The committee wishes to stress the importance of not underestimating the variability that
a second strand manufacturer can introduce. Even if the strands are made according to the
same specifications, the changes in raw material suppliers and in production processes
can lead to different mechanical behavior that affect axial coil spring-back after curing as
well as azimuthal coil sizes. Also, the SSC experience has shown that cables made from
bare, un-annealed strands coming from different manufacturers can end-up, especially
after a high-temperature cure, with different values and distributions of interstrand
resistances, leading to very different ramp-rate behavior.

To prevent any surprise when first using Alstom strands, the committee recommends
performing interstrand resistance measurements at BNL and winding short practice coils
as soon as such cable is available.

. Perceived weakness of the proposed mid-plane insulation scheme

The committee expresses concern about the proposed solution for the mid-plane
insulation of Q2P 1, in which there appears to be an unusually short creep distance
between adjacent quadrupole coils. In this coil region, the insulation between the coils
relies only on the dielectric strength of the turn-to-turn insulation (one dry polyimide
wrap of 25 pm, overlapped by 58%). This geometry, with flaps over the inner layer of the
inner coil, was chosen to alleviate problems expected during insertion of the beam tube in
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the magnet. The Committee suggests that the ground insulation scheme of the Q2P1
prototype in the coil mid-plane region be made fully compatible with the beam tube
insertion and further validated on test coils.

. Beam tube design and insulation

The beam tube was explicitly excluded from the scope of the review. For that reason,
there was no presentation of the beam tube design, insulation scheme, nor the technique
for its insertion and centering. There is evidence from the CERN LHC dipole magnet
program that the beam tube insulation may tear due to high pressure waves that occur
during magnet quenching in superfluid helium, subsequently causing insulation
breakdown and pollution of the cryogenic system. The committee recommends that the
beam tube insulation be carefully studied. A possible technique could be to cure the
insulation, made of several wraps of XCI-type polyimide tapes, similar to what has been
done in RHIC. These studies should be done in time for the Q2P1 prototype assembly.

The committee recommends that the beam tube design, including its insulation system,
and insertion and centering technique be included in some future review.

Thermal analysis of the heat transfer in the coil needs more work.

A two-dimensional, finite element, thermal model was presented during the review. The
principal conclusion was that the magnets would have sufficient thermal margin, in
conditions of high heat load corresponding to nominal LHC luminosity, even if the
cooling channels in the cable insulation are assumed to be closed. (In addition,
photomicrographs were shown that indicated that the cooling channels probably are, in
fact, closed.)

This is an important point, as it constitutes the only evidence that the magnets will
operate with the specified heat loads. The committee was not presented with enough
details to be able to assess the validity of the computation. The committee recommends
that the technical aspects of the computation be reviewed in detail. It also recommends
that the model be validated using the experimental data on AC effects in magnet model
HGQO8. Recent measurements of AC losses in the KEK low- quadrupole model for the
LHC might also be used to validate the model.

. Pursuit of mechanical data analysis

The committee was very pleased by the work that has been carried out to analyze the
mechanical data recorded during short magnet model production and cold test. Although
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the azimuthal coil sizes required to achieve suitable levels of pre-compression, and,
subsequently, proper conductor positioning for field quality, are somewhat larger than in
the original design, there seems to be good empirical understanding on how to adjust
them. Furthermore, the measured deflections of the collared-coil assemblies appear to be
well correlated with the expected azimuthal coil pre-compressions, which implies that the
collaring process is well in hand. However, the strain-gauge and capacitive-gauge data
are far less convincing and exhibit some erratic behavior, especially during cooldown.

Comparisons between measured values of room-temperature pre-compression and
computed values using local azimuthal coil sizes were not presented. The committee
recommends pursuing the analyses of the mechanical data to assess the reliability of
strain-gauge and capacitive-gauge measurements.

9. Quench start localization

The quench performance of magnet models HGQOS through HGQ09 meet the
specifications (save for one, high-level retraining quench of magnet model HGQO06). The
committee was provided with a summary table of quench start locations that shows that a
large number of quenches originated in the magnet body in the turn right below the inner-
coil wedge. Detailed analyses on the axial locations of these quenches along the magnet
body were not presented. The committee recommends further investigation of the
quench area, e.g. using cookies of the magnet cross-section or axial coil plots of quench
locations. This may lead to the discovery of problems external to, but in the location of,
the incriminated wedge.

10. Effects of interstrand coupling currents and snap-back of multipole
coefficients

Magnet coils wound from cables with low interstrand resistances can be the source of
large interstrand coupling currents while ramping, which produce distortions of the
multipole field coefficients. These interstrand coupling currents usually have short time
constants. They decay fairly quickly when the magnet ramp is stopped and regenerate as
soon as the magnet ramp is resumed. As a result, during a current cycle representative of
machine operation, the field distortions produced during magnet ramping are expected to
die out while remaining at the injection current, but they reappear almost instantaneously
when starting the ramp corresponding to the acceleration phase. The amplitude of the
change that the multipole field coefficients undergo upon starting the acceleration ramp at
the end of the injection phase is referred to as snap-back.

The snap-back of a magnet with large interstrand coupling currents is expected to be
larger than that of a magnet with small interstrand coupling currents. Among the various
short magnet models that have been tested, magnet HGQO8, which uses staybrite-coated
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strands, is known to have low interstrand resistances and large interstrand coupling
currents. It is, therefore, puzzling that the quoted snap-back value for the normal
dodecapole coefficient (bs) of this magnet does not appear to be significantly different
from that of other magnet models. In addition, HGQO8 exhibits, at injection, an
extremely large eddy-current component of the non-allowed normal sextupole coefficient
(b3), a fact that was not pointed out at the review. This indicates a large asymmetry in the
interstrand resistance, and might be a significant effect.

The committee is fully aware that this question may not be an issue for the series
production magnets, which, it is hoped, will use cables with higher interstrand
resistances. Nevertheless, the committee recommends that some further analyses be
carried out to determine if the data were correctly interpreted. It also recommends
collecting and reviewing the ramp rate sensitivity data from RHIC magnets and
comparing them with those of HGQ magnets. Finally, CERN and Fermilab must agree
on specifications for tolerable values for eddy current multipoles.

11. Origin of non-allowed normal sextupole coefficient (b3)

The summary table of multipole coefficients provided to the committee seems to indicate
a statistically significant non-zero mean value for the geometric component of b;. The
committee recommends that detailed analyses be carried out to determine the type of
symmetry violations that can produce such a non-allowed multipole coefficient in a
quadrupole magnet and if anything in either the magnet design or the assembly
procedures could lead to such symmetry violations.

Beyond the specific problem of b3, the committee recommends pursuing systematic
analyses of the geometric multipole coefficients in relation to mechanical data and
mechanical design.

12. Coordinate the Production Readiness Review with Q2P2

The next major review of the MQXB is a Production Readiness Review (PRR). In
general, a PRR is expected to occur after final proof-of-design is complete, i.e., after
prototypes are delivered and tested successfully. It is also expected to occur before final
production of the deliverables for the LHC. In the case of the MQXB, the PRR is being
scheduled to occur after assembly of Q2P2, but before cold testing. The stated reasoning
for this is that the assembly of the two cold masses which make up Q2P2 has not been
attempted before whereas the cold mass magnetic performance will have been verified in
the testing of Q2P1. The committee agrees with this approach but wishes to emphasize
the importance of making the cold test results of Q2P1 and the complete assembly results
of Q2P2 available to the PRR. Furthermore, if cold testing of Q2P1 leads to significant
redesign, then the PRR should be scheduled after completion of the cold testing of Q2P2.
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Appendices

1. Charge

2. Agenda

3. Introduction / Overview — presentation by J. Kerby

4. Prototype Magnet Design — presentation by F. Nobrega

5. Short Model Test Results, Mechanical — presentation by A. Zlobin
6. Quench Performance — presentation by M. Lamm

7. Short Model Test Results, Thermal — presentation by A. Zlobin

8. Quench Protection — presentation by M. Lamm

9. Short Model Test Results, Magnetic — presentation by A. Zlobin




Appendix 1

Engineering Design Review — Charge
Quadrupole Cold Mass - MQXB

Background :

The US LHC Accelerator Project is responsible for providing CERN with integrated inner triplet
magnet systems for the four interactions regions at points 1, 2, 5, and 8. Each inner tn'plet
consists of four quadrupole magnets, half of which (Q2a and Q2b) are designed and built by
Fermilab and half (Q1 and Q3) by KEK, correction coils provided by CERN, and absorbers to
protect the magnets from secondary particles from the p-p collisions at the IP. These elements
are assembed into three cryostats — Q1 plus correctors; Q2a, Q2b plus correctors; and Q3 plus
correctors — by Fermilab. The subject of this review is the design of the Fermilab inner triplet
quadrupole cold mass, end plate to end plate. The cryostat design, including the assembly of the
several magnetic elements into complete helium vessels ready to insert into the cryostat, will be
the subject of a separate review later this year.

The inner triplet quadrupole program includes:

e The design, construction and testing of a series of short (2 m) model magnets in order to
develop the design features required to meet the functional requirements.

e The design, construction and testing of two full-scale prototype magnets a prototype
cryostats.

® The design, construction and testing of 18 quadrupole magnets, including spares, and the
assembly of them and the KEK-provided quadrupoles, together with the CERN-provided
correction coils, into complete magnets in cryostats ready for installation in the LHC.
The model magnet program is, by the time of the review, expected to be complete, and the
prototype construction is about to start. The intent is that the two prototype quadrupole cold
masses are of the same design as will be used for the production series, with the exception of
additional instrumentation.

Planned Design Reviews:

An EDR is to be conducted when most of the R&D is complete and the engineering design has
been finalized. For a system to pass the EDR, it must be demonstrated that all of the technical
and engineering challenges have been adequately addressed.

This Engineering Design Review (EDR) covers the Q2a and Q2b cold masses. It follows a
Conceptual Design Review (CDR) that was held in October 1996 and an R&D review on 18-19
March 1999.

The EDR of the inner triplet cryostat, including the procedures for assembling several magnetic

elements into a complete liquid helium cold mass, will be conducted at a later date. One or more
Production Readiness Reviews (PRRs) will follow the EDRs and before final production begins.

P. A. Pfund Page 1-1 5 January 2000



Appendix 1

Engineering Design Review — Charge
Quadrupole Cold Mass - MQXB

Design Team:

The design is represented by:

Jim Kerby, FNAL Project Manager
Sasha Zlobin, FNAL

Mike Lamm, FNAL

Fred Nobrega, FNAL

Design Review Committee:

The design review committee members are as follows:

Arnaud Devred, Saclay, Chair ® Tom Taylor, CERN

Phil Pfund, FNAL, Secretary ® Mike Anerella, BNL
Pierre Vedrine, Saclay e Akira Yamamoto, KEK
Ranko Ostojic, CERN ® Bob Schermer, consultant

Scope of the Review:

The review will cover the design of the Fermilab LHC inner triplet quadrupole magnet, which is,
in principle, the same as the design to be used for the production magnet that will be installed in
LHC. The review will cover the quadrupole magnet itself, from end-plate to end plate and will
address the following items in particular:

Superconducting cable

Magnetic design

Cold mass mechanical design

Quench protection

Magnet bus

Cold bore tube

Cryogenic/cooling design

Instrumentation

Response of the designers to findings from the March 1999 R&D review.
Extent to which the results from the R&D program supports the critical design choices
Prototype program plan

P. A. Pfund Page 1-2 S January 2000




Appendix 1

Engineering Design Review — Charge
Quadrupole Cold Mass - MQXB

The design review committee has the usual freedom to investigate other areas of the design that
present a risk to the successful completion of the project, installation, and operation in the LHC.

The review committee is asked to evaluate the design presented and recommend whether or not it
is ready to be used in the construction of the prototype quadrupoles. The committee is asked also
to comment on the extent to which the presented design is adequate to meet the requirements for
installation and successful operation in the LHC.

Date of the Review Committee Meeting:

The review is scheduled for Thursday 16 March 2000 at Fermilab. It is anticipated to take one
day, but the following morning is explicitly left open for followup activities, if required.

Results of the Review:

Tk_xis review is a Level-3 project milestone, scheduled for completion 1 April 2000. The review
will be complete with the issuing of a report summarizing the technical designs reviewed,
committee recommendations, and action items. The forecast date for completion is 7 April 2000.

P. A. Pfund Page 1-3 5 January 2000



Appendix 1

Engineering Design Review — Charge
Quadrupole Cold Mass — MQXB

Schedule for the Review:

EDR Schedule - MQXB Cold Mass

18 Feb 2000 Contents of preview package selected by the FNAL Project Manager
and approved by the US LHC Project Manager.

22 Feb 2000 Preview package posted on FNAL web site. Reviewers will be
notified of the URL and given a list of material posted. Reviewers
will be given subsequent notification when additional documents are
posted or existing documents are modified.

6 Mar 2000 Reviewers provide preliminary comments to the Chairman. The
comments will ensure that issues of specific interest to the reviewers
will be adequately addressed during the review meeting. The
comiments are based on the material provided in the preview package
and on each reviewer’s previous knowledge of the project and
technology.

9 Mar 2000 Agenda revised by the chairman based on preliminary comments from
reviewers and discussions with the FNAL Project Manager.

16 Mar 2000 Design Review meeting conducted.
24 Mar 2000 Draft report of the review sent to reviewers by the Chairman.
31 Mar 2000 Reviewers return comments on the draft report to the Chairman.

7 Apr 2000 Final report of review approved by the US LHC Project Manager and
issued by the Chairman.

P. A. Pfund Page 1-4 5 January 2000




Thurs. 16 March
8:45 am

9:00 am
12:30 pm
1:30 pm
330 pm
5:00 pm
7:00 pm

Fri. 17 March
morning

P. A. Pfund

Appendix 1

Engineering Design Review — Charge
Quadrupole Cold Mass - MQXB -

Agenda for the Review Meeting

EDR Agenda - MQXB Cold Mass
16 March 2000
FNAL

Design Review Committee Planning Session
Presentation and Discussion of Design
Lunch

Presentation and Discussion of Design (cont.)
Design Review Committee Working Session

Design Review Wrap-up with Designers

Dinner

Tours, followup discussion if required.

Page 1-§

5 January 2000



Appendix 2

MOQXB Engineering Design Review ' March 16, 2000
Industrial Center Building, 2™ Floor East Conference Room

Agenda
8:45 AM  Committee Closed Session

9:00 AM  Overview J. Kerby
- Scope of Review
- Design Requirements
- Model Magnet Program Goals
- Baseline Design / Model Magnet Variants
- Outline of Talks

10:00 AM  Prototype Magnet Design F. Nobrega
- Strand / Cable
- Coils / Cure Cycle / Targets
- Collars / Prestress Target
- Yoke / Skin / End Plate

10:30 AM  American Coffee Break (short, awful, make up time)

11:00 AM  Model Program Results / Conclusions ~ A. Zlobin / M. Lamm
- Mechanical Studies (AZ)
- Quench Performance (ML)
- Thermal Margin (AZ)

12:30 PM  Lunch (provided)

1:30 PM Model Program Results / Conclusions ~ A. Zlobin / M. Lamm
- Quench Protection (ML)
- Field Quality (AZ)

2:30 PM  Prototype Plans / Status / Summary J. Kerby
3:30PM  Committee Working Session
5:00 PM  Committee Wrap Up with Designers

7:00 PM  No host dinner at Chez Leon
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Introduction / Overview

Jim Kerby
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brookhaven - fermilab - berkeley

Introduction / Overview
Jim Kerby

MQXB Engineering Design Review
16 March 2000

*LHC Inner Triplet Design

*MQXB Design Requirements
*HGQ Model Magnet Program Goals
*Baseline Design / Model Variants
*Outline of Upcoming Talks




US LHC ACCELERATOR PROJECT

brookhaven - fermilab - berkeley

Fermilab’s role in the US-LHC Accelerator Project

To provide project management for the 3 involved laboratories,
To provide support in areas of cryogenics, electrical systems, energy
deposition, and beam physics calculations
To design, build, test and deliver half the final focus quadrupoles
To design, build, test and deliver cryostats and final assembly for all
the final focus quadrupoles, including:

— U.S.- and Japanese-built quadrupoles

— CERN-provided correctors

- e F ,i,:. -

£
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brookhaven - fermilab - berkeley

The LHC Inner Triplet

In hardware, Fermilab is designing, developing, and producing
— The Q2a and Q2b cold masses (18 total)

— Cryostats for all the inner triplet magnets, including those made
at KEK (27 total)

— Integration and assembly of all components

TAS3 TAS2
DFBXiMCBXB MQSXA;EPM MCBXA ; MCBXn BPMh

IP1/5

- » Vacuum Vessel Breaks

DFBX MCBXB MQSXA; BPM MCBXA ; MCBXn BPM;
1

ToIP >

IP2/8

=% - FNAL 2 -KEK - CERN - LBNL -BNL
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brookhaven - fermilab - berkeley

The LHC Inner Triplet

Apart from providing the gradient to achieve final focus in LHC,
the inner triplet quadrupoles are subjected to very high energy
deposition in the high luminosity IPs, on the order of 180W
per side of an interaction point at IP1 or IP5. Providing
adequate coil and magnet cooling margin is critical to
maintaining quench performance under operating conditions.

The calculations of N. Mokhov (Feb 2000) for IP5 predict the
level of energy deposited for the current inner teipbet desiga,
resulting in the following output...

TAS Q1 TAS2 Q2A Q2B TAS3 Q3 DFBX D1
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brookhaven - fermilab - berkeley

The LHC Inner Triplet

With a little interpretation, the previous slide can be turned into
the following plot, which shows the azimuthally summed
deposition into the coils and the remainder of the magnet as a
function of length in the inner triplet at IP5.

The predictions result in HE R g s st b (15 . i
an operating boundary e

condition where at csa
nominal luminosity of
10**cm2s a peak load
of just over 8W/m needs
to be extracted from a
Q2, and the coils of Q2 2 i :
must be cooled such that P mm  am wm e em am s em
a peak deposition of
0.4mW/g to the inner
coil does not degrade 35mm
quench performance. A 33 5mm
series of absorbers is somm” LS
required inside the beam 23-5mm — BLes

tube to shield the coils, S
and reduces the peak -cold bore, all IPs

deposition by 30%.

&
)
g 3
j 65
4

gzza -absorbers, IP1/5 only
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brookhaven - fermilab - berkeley

MQXB Design Parameters
Operating Gradient (IP1/5) 205 T/m
Operating Gradient (IP2/8) 215T/m
Coil Inner Diameter 70mm
Magnetic Length 55m
Mechanical Length 55m+e
Harmonics consistent w/ AP studies

Cooling

Jim Kerby

sufficient for peak heat loads at IP1/5

MQXB Engineering Design Review 16 March 2000 6
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brookhaven - fermilab - berkeley

Scope of this Review

The review covers the MQXB Prototype Design, which includes
the cold mass up to and including the end plates and quadrant
lead splice block of the magnet.

Not included is the cryostat design, the design of end domes and
extension pieces outside the end plates, i.e. bus bar expansion
loops, the beam tube, interfaces to correctors and
instrumentation, and other components which will be inserted
or assembled at the final assembly stage except in manners
which they impact the cold mass design--like having enough
room in the bus bar slots for the bus bars.

Jim Kerby MQXB Engineering Design Review 16 March 2000 7
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brookhaven - fermilab - berkeley

MQXB Design Requirements

Quench Performance training goals for the first and second
thermal cycles of each magnet have been set to show that the
magnet will meet the operating quench performance
requirements, and show sufficient memory such that no
retraining is seen in LHC.

Sufficient Thermal Margin is required such that the quench
performance remains sufficient when installed at either of the
high luminosity interaction points.

it
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Thermad Cycle #1 4t
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h
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)
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brookhaven - fermilab - berkeley

MQXB Design Requirements

Harmonics targets have been generated based on the magnet
conceptual design and AP studies. A series of target
harmonics for the MQXB magnets has been created in
Reference Table 2.0. The goal is that the design be consistent
with that listed.

Jim Kerby

MQXB AP Reference Table 2.0 (collision)
n_ <b,> d(b,) s(b,) <a,> d(a,) s(a,)
Body
3 0 0.3 0.8 0 0.3 0.8
4 0 0.2 0.8 0 0.2 0.8
5 0 0.2 0.3 0 0.2 0.3
6 0 0.6 0.6 0 0.05 0.1
7 0 005 0.06 0 004 0.06
8 0 0.03 0.05 0 0.03 0.04
9 0 002 0.03 0 002 0.02
10 0 0.02 0.03 0 002 0.03
Lead end (magnetic length ~0.41m)
2 - - - 40 - -
6 2 2 0.8 0 0.5 0.2
10 -0.2 0.2 0.1 0 0.1 0.1
Return end (magnetic length ~0.33m)
6 0 1.2 I - - -
10 -0.25 0.25 0.1} - - -

MQXB Engineering Design Review 16 March 2000
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brookhaven - fermilab - berkeley

MQXB Design Requirements

. AP Mechanical Measurement and
All gnment Requirements| Tolerances Survey Accuracy
Re ference S /_ i ]
1 MX cold mass

Table v1.0 Not limiting , \
Straightness H and V aslongas |10 pmimeter Ih:lr:;:tlir:;ucal meas. N
Twist <>=0. Needs 1mrad/5 meter

. fufther study AN b i T /
1b) multilayer corrector field Moved to 2b
2a) Relative alignmen memt®lech. and stretch wire
magnets in composite Q2 with survey equip.
Q2a/Q2b transverse alignment 500 um 100 pm
h 1 d Q2a/Q2b relative roll 1 mrad (rms) 100 prad (rms)
The cold mass [qz.1020 relative pitch and yaw 100 urad Mechanical tests 130 prad
1- scheduled starting
alignment 2b) Relative alignment of in 2000
: corrector in a composite Q2 and
target is that ~ |grcernesoneeseiEad Should be able to do with
mech measurements

the average Corrector displacment 500 pm

thSt fOf a Corrector roll 5 mrad

COld mass 3) Placem?nt of composite Within limits,
coldmass into cryostat and correctable if

before relating magnetic axis to adjustments made

. external fiducial to cryostat jacks

Cryostattlng Q1 Displacement transverse 300 pm 180 um
Displacement longitudinal

be 0.2mrad/m [ =2 g
Sag ? ? ?

or less. Roll angle 200 prad (rms) 100 prad (rms)
Pitch/Yaw 130 prad
Q2 Displacement transverse 300 um 180 pm
Displacement longitudinal
Sag ? ? ?
Roll angle 100 prad (rms) 100 prad (rms)
Pitch/Yaw 130 wrad
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MQXB Design Requirements

Quench Protection-- the target temperature for the magnet after a
quench has been 400K or less, and electrical voltages to
ground of less than 1kV.

The electrical system limits have to be consistent with the LHC
quench protection system, the ‘mixed’ mode of assembly of
the inner triplets, and the LHC machine system of
specifications.

Jim Kerby MQXB Engineering Design Review 16 March 2000 11
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HGQ Model Magnet Program Goals

To demonstrate that the Fermilab quadupole meets the design
criteria just described.

When appropriate, to develop improved values for use by
accelerator physics colleagues in beam physics simulations

To develop initial production criteria such that reasonable ranges
exist as target limits in prototype fabrication (ie, coil size
range)

To develop travelers consistent with the fabrication of acceptable
magnets by production technicians

Jim Kerby MQXB Engineering Design Review 16 March 2000 12
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HGQ Model Magnet Program Goals

We believe the program achieved each of the goals.

Magnets HGQOS5 through HGQO09 show consistently good quench
performance.

Steady State harmonics are such that a revision of the AP
reference table has been published.

Transient harmonics in HGQO05 and HGQO09 are acceptable.
Cold mass straightness and twist are within the targets.
Quench Protection is adequate.

Production ranges on coil size, properties, and prestress have been
developed.

Travelers have been developed during the model program, and
will be extended during the prototype program.

Jim Kerby MQXB Engineering Design Review 16 March 2000 13




US LHC ACCELERATOR PROJECT

brookhaven - fermilab - berkeley

A Brief Preview of Model Program Results
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Model Program Results

Harmonics...have been understood from HGQO1. However, since
HGQO5 has the coil size been close enough to targets such that
uncorrected data can be compared directly with the error
tables.

A recent issue has been transient harmonics associated with low
and varying interstrand resistance. This was addressed in
HGQO09 with a modified cure cycle.

Comparison of b6 as a function of current in HGQO05 and HGQ09

-“ [ J STS——— & A 10 Af N ol % o
= Mbaanied (40 A5 - B
BE o Srrwlusior rragetiaglion el ?%
- < Eaharniiend ety e skl Y
E o0 o
- %
% 85
A
1.5 ._., -
zn | : #
o 2 4 & B 1w 12 :
Laartar tady
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Baseline Design / Model Magnet Variants

Design Short Sample ~250 T/m

Fe Yoke

8mm SS Skin

_ _ X & Weld Press
Bearing Strips ) \ e Alignment Notch
(pole surface only) el

SS Skin Alignment
Key

Tuning Shim Slots

Collar/Yoke Alignment
Key
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Baseline Design / Model Magnet Variants

Impregnated glass fibers
have been used as the end
part material in magnets
HGQO05-09.

A ‘5-block’ end design was
introduced with HGQO6.
The internal splice design
has been used since
HGQO3.

Coil ends are shimmed for
prestress consistent with
the body, tapering off
towards the end.
Mechanical support is
provided by G11 spacers
each quadrant, surrounded
by an aluminum end can.
End restraint is provided
through bullet gauges on
the coil ends, and tension
bolts to the end can.

Jim Kerby MQXB Engineering Design Review 16 March 2000 17
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Baseline Design / Model Magnet Variants

Strand Parameters*

Parameter Inner cable Outer cable
Strand diameter [mm] 0.808  0.648/0.651
Filament diameter [um] 6 6
Cu:SC ratio 1.3:1 1.8:1
RRR 70/100 70/100
Twist pitch [mm] 13 13
Twist direction left/right right
Ie(7T,4.2K) [A] 378 185

Strand Condition  bare, unannealed / stabrite, annealed

Cable Parameters

Parameter Inner cable Outer cable
Radial width [mm] 15.40 15.40
Minor edge [mm] 1.326/1.320 1.054/1.051
Major edge [mm] 1.587/1.610 1.238/1.241
Keystone angle [deg] 0.990/1.079  0.690/0.707
Mean thickness [mm] 1.456 1.146
Packing factor 0.89/0.91 0.91
Number of strands 37/38 46
Cable Lay right/left left

Jim Kerby MQXB Engineering Design Review 16 March 2000 18
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Baseline Design / Model Magnet Variants

Magnetic Design gives inner

coil of 14 turns, 1 wedge, and

outer coil of 16 turns, 1 wedge.

Cable 1s msulated in 2 wraps,

an ‘electrical’ layer of Kapton

HA, and a ‘mechanical’ layer

of Kapton LT. ZQIX is used

as adhesive on the outer

surface of the mechanical o !
Wrap_ 20 30 40 50 60 70

75 um kapton I

strip
heater
200 um
thick

Coil to Coil and Coil to Ground insulation is provided by
multiple layers of precreased Kapton sheets. Models have
been assembled with strip heaters over the outer coils and
between the inner and outer coils.

Jim Kerby MQXB Engineering Design Review 16 March 2000 19
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Baseline Design / Model Magnet Variants

The ‘5-block’ end design
splits the large inner coil
conductor block into 2
smaller groups, as compared
to the ‘4 block’ design.

All parts are G11CR.

XY plane cut in body YZ plane cut in end
“Grouped” ends are designed using BEND, minimizing the strain
of the cable as it circumvents the end part. Shelves are used to fill
voids created by the non-radial lay of the cable over the end.
Parts are machined on a 5-axis machine

Jim Kerby MQXB Engineering Design Review 16 March 2000 20
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Baseline Design / Model Magnet Variants

160 7

The target prestress is
such that even at full
excitation, we expect
the coils have ~15MPa
compressive load at the
pole.

Model magnets have
been made with
preloads ranging from Colang  Cooldown  Operaton
55 to 100 MPa

o
<>

[=2]
=

40

Coil Compression {(MPa)

Preload is provided by
standalone Nitronic 40 collars
in the body, and the aluminum
end cans over the ends. The
designs are matched for preload
and deflection.

Collar packs were introduced to
reduce longitudinal collar pole
deflection.

Bearing strips were deleted
with HGQOS.
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Baseline Design / Model Magnet Variants

~+— et
[ LE RE [

-

i tension bolt

End restraint is supplied through bullets, which load each
quadrant of coil ends, and tension bolts, which tie the end can
to the end plate.

Tests in HGQO05 and HGQO07 show quench performance is
insensitive to the restraint applied.

End plate thickness has

been reduced from 50mm
to 35mm in HGQO09.
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Baseline Design / Model Magnet Variants

Cold Mass alignment is
ultimately determined
by the TIG welding of
the SS skins and the SS
yoke/skin alignment
key.

The major factor in
achieving the

alignment twist target HGQ-08 Cold Mass Twist Measurements
. HGQO7 OT Was (after welding completed, on the granite table)
1M I 18
control of the relative oo
speeds of the weld . | |
heads in the automatic g .. ‘
press. F ’ |

R . é‘ 0.6 +—H— . - ,
This is the same press 2 N /\(\\/ AA L
to be used on the full Nz L v |
length magnets. ° / v |

0.3 Lo ‘
0 0.5 1 1.5 2 2.

Distance from LE, meter
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Baseline Design / Model Magnet Variants

A detailed list of changes through all model magnets was
provided on the web page, and there is another copy as an
attachment to this talk.

From HGQOS on, quench performance of the models improved
dramatically, and through HGQO09 all components of the
program were demonstrated.

Major factors in achieving the performance goals were:

* Matching the relative differential contraction of the coil ends
and end parts. Switching back to G11CR, in our case.

* Introducing a two step cure cycle, which raised the interstrand
resistance to acceptable levels.
And lessons for prototype production:

*  Winding the inner coil in the favorable direction. The coil
rejection rate for left lay inner cable was 25%. Once good
coils were made and accepted, there was no difference in
performance.

» Locally shimming the curing mold give noticeable
improvements in reducing the coil size variation along the
length.
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Baseline Design / Model Magnet Variants

Other changes which were introduced, but whose direct impact
was not seen:

« Matching the inner and outer coil properties.

* Restraint of the ends. Though no effect is seen on quench
performance, this ensures the leads are not loaded, and
provides a direct means of controlling length.

» Collar packs and end collets.

» Slightly lowering the prestress targets from 80MPa to 75MPa
on both the inner and outer coils. Magnets have been made
ranging from 55MPa to 100MPa with good results.

» Splitting the large inner coil conductor block into 2 smaller
blocks in the end region.

* Reducing the inner cable from 38 to 37 strands.
» Using collaring keys which bridge across collar packs
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Baseline Design / Model Magnet Variants

Finally, changes in the program that we don’t care to see again:

e Annealed and Stabrite coated cable. The annealing did reduce
longitudinal shrinkage of the coils after curing, but this was
not such a production issue from the start. The stabrite coated
cable was qualitatively less stable and more difficult to wind
(though the manufacturer comes into play here as well...).
And we still had a ways to go on the transient harmonics.

« ULTEM end parts. In this magnet, not a good thing.
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Overview of Upcoming Talks

Upon completion of HGQO9, the goals of the model magnet
program have been met. The emphasis now shifts to
production of the first long prototype, preparations for which
are now underway.

The structure of the remainder of the day focuses on details of the
magnet design, and the lessons from the model magnet
program which influenced the design. The upcoming agenda
and description:

Magnet Design (Fred)

‘Model Program Results / Conclusions
* Mechanical Studies (Sasha)
* Quench Performance (Mike)
* Thermal Studies (Sasha)
* Quench Protection (Mike)
 Field Quality (Sasha)

Prototype Plans / Status / Summary (me again)
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Prototype Magnet Design
Fred Nobrega

MQXB Engineering Design Review
16 March 2000

Cable
Coils
Collar-Coil Asscmbly

Cold Mass Final Asscmbly
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Cable Parameters

trivereathe T T
Keysione angle Parametey | Unit | value Tolcranee Value Tolerance
g Mid-thickness —
fumber of strands — |37 - 46 -
Minar Edge __J_MW yage eblewidih mm | 15.40 +0025 15.40 +0025
S— Minoredge mm | 1.320 1051
[ able Mid-thickness mm | 1465 +0.006 t.146 +0.006
Widh Major cdge mm | 1.610 1.241
eystonc angle hegree] 1.079 £0.05 0.707 +0.05
f ransposition length mm | 114 +5 10z E
L.ay direction w—  § Right . Left -
Minimum critical cument KA | 140 - 85 -
* Inner cable size changed 6, 8, 12 pm respectively  Minimum unit length m {180 - 200 -
 Keystone angle changed from 0.9771° Minimura coflapse tension [Kg | 50 50
* # of inner strands decreased to 37 Residual twist Degree] 0 - 90 0-9%
« Inner left lay cable was unstable with a coil Minimum bending rdivs jmm |7 i3

rejection raie of ~25% duc to popped strands
causing turn — tum shons.
> Bought billet w/ left twist strand.
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Cable Insulation

» Insulation design optimized over the course of the model magnet program.

» Tnner cable: 25 pm x 9.5mm Kapton w/ 58% overlap surrounded by 50 pm x 9.5mm
w/2mm gaps using QIX -> Kapton w/ a polyimide-epoxy adhesive.

«  Quter cable: 25 pm x 9.5mm Kapton w/ 48% overlap surrounded by 25 pm x 9.5mm
w/46% overlap using QIX -> Kapton w/ a polyimide-epoxy adhesive.

Fred Nobrega MQXB Engineering Desipn Review 16 March 2000 3
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Cable Insuiation Summary

Model Inner Outer Strand Wire/ inner Cable Outer Cable Adhe
L3 Cable Cable Surface Cable HT insulation Insulation sive
P OHGQOT 38, 46, Natural None/ Zpmx9.5mm, 5pmx 9.5mm, Epoxy
RightLay Lef Lay copper None 48% overlap: 48% overlap:
S0pmx4.75mm 2Spmx9.5mm
: 2mm gaps 48% overlap
- HGQ2 38, i 46, Natural ‘None/ UM x 95mm, 25pmx9.5mm, o
H Righttay : Leflay copper None 48% overlap: 48% overlap:
: H SOpmx 3 Srun g« S
H 2mmgeps butt fapypnd
;HGQO3 18, 46, Natural  ; Nonw/ 2Bpumx9.5mm, 25umx 9.5mm, Ql
H Right Lay Lef Lay copper  : Nene % orveakan: % :
Sopmx9.5mm SOpmx 9.5mm
" 2ain gaps ant lapped
1 HGQoa 38, 48, Natural None/ 25umx9.5mm, 35pmx9.5mm, Q
: RightLay | Lefitay | copper None S8y anvertign 48% overlap:
H 3 S0pmx9.5mm S0pmx 9. 5mm
¢ 2mun gaps butt tapped
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Cable Insulation Summary (continued)

Model Inner Outer Strandt Wire/ tnner Cable Outer Cable Adhe
# Cahle Cable Surface Cable HT Insulation Insulation ! osive
HGQOS 38, 46, Natural None/ Bpmx9Smm, Fpoay
RightLay Left Lay copper Neone 55% overlap:
SOpmx9Smm,
2 s 5
HGQO6 38, 46, Natural None/ 25umx9.5mun, 25umx9.5mim,
Lot L Lef Lay copper Nonc 55% overlap; 8% : &
50pmx9.5mm, 25umx9.5rmm,
2mmpaps 4% oaddap
HGQO? EEN 46, Natural Nenc/ Bpmx?.Smm, Bpmx9Smm,
Lefl Lay Left Lay copper None 5874 sverdup; 48% overlup; a
S0pmx9.Ssmom, 25pmx9.5mm.
N 2mm gaps M%bovedsp
37, 46, Nabrite 25pmx? Stran, 25pmx9.Smm,
HGQOB | oft Lay Left Lay 190C, 1 1% gy 48% overlap: X
Nene S0pmx9.Smm. pmx95mm,
Zmmpans 65 avarlay
1GQO9 3 46, { Natural None/ 25pm x9S, 25pmx9.5mm, QX
Loft Lay Left Lay None A% overlap; 48% overlap:
S0pmx9.Smm, 25pmx9.5mm,
2mmpa 46%
Fred Nobrega MQXB Engincering Design Review 16 March 2000 5
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Coils

»  Coil size & MOE progression in the
model magnet program

+ Coil size variation along the length
« Curing parameters
+ Coil end design

+ Prototype and MQXB coil size
parameters
* Prototype and MQXB coil lengths

MQXB Coil Cross Section

Fred Nobrega
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] Coil Size Progression

Colt Size.ym
Coll Size, ym

Average coil size measured at an azimuthal pressure of 83 MPa.

Kapton shim was added to coils to achieve the desired coil prestress after collaring & keying.

Dashed tines (orange) set coil target size based on previous magnet

Solid line (green) set shimmed coil size by strain gauges, MOE and by collar deflection measurements
HGQO8 used to determine upper limit of prestress range

« & e »

Frod Nobrega MQXB Engincering Design Review 16 March 2000 7
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Coil MOE Progression

« MOE measured between 65 & 95
MPA.

* The peak to peak variations within
coils is typically less than | GPa with
typical standard deviations of about
0.4 GPa.

Young's Modulus, GPa

« Based on the model magnet program
test results, target coil size and MOE
are set to 275 um and 9 GPA for both
the inner and outer coils.

Fred Nobregn MQX1 Enginezring Design Review 16 March 2000 8
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1 Coil Size Variation Along the Straight Section

Starting with HGQO7, Kapton shimming
was added along the length of the coil
before curing to reduce variation along the
straight section, This variation was as
much as 100 pm. Shims were placed
azimuthally in the mold cavity and
removed after curing. The plot shows the
typical shape of the coils along the length’
of the straight section using this system.

Note that the shimming system might be
different for prototype coils as we will be
using new tooling for coil winding and
curing. Practice coils will be made such

that a similar system for the long coils can
4 250 500 750 1000 1250 1500 be used.

Distance from Lead End, mm

Fred Nobrega MQXB Engincering Design Review 16 March 2000 9
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Coil Curing Parameters

The two step cycle used in HGQ09 combines the
parameters used in HGQO3 and HGQOS. The coils were
first cured at 190°C (for better adhesion) with low pressure
and then the temperature is reduced to 135°C
simultaneously increasing the curing pressure (for higher
coil MOE). This process gave coils with acceptable

interstrand resi: without significantly decreasing the
coil rigidity. [IGQO8 had the Towest interstrand resistance
due.to b ated d
Maoxlel Curing Curing pressurc
. S "

T35 LW

T Wigh™

S — L

Ui
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| Coil End Design

«  Ends optimized to minimize physical length,
peak field and integrated harmonics

« Internal Splice

¢ G-11CR end part material- structural and
radiation resistance

» 5 block end design for improved mechanical

support

Cured Lead £nd inner Coil

Curcd Lead End Outer Coil

Fred Nobrega MQX1 Engincering Design Review 16 March 2000 t
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Coil Size and Length Specifications
for Prototype and MQXB (523 I MG

Coil Size Specifications

Inner coil size: 275 um +/- 50um

= ToulCol Laph (89, lrm

Inner coil MOE: 9Gpa +/- 1GPa £ABH o fo: MORES
Outer coil size: 275um +/- 50um.
Outer coil MOE: 9Gpa +/~ | GPa -,«'t'm:a-a r«; (TRXH
hul e Srag oveat
Leat fnd Length - o Longthied - Fnd oo
2498 om {1509.47 Teah !
tmm ! 131%mm )

il Lengih 1891 Imm
w for MO
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Collar-Coil Ground Wrap Insulation

M sagore of bagson are §23 pea -;‘;kx\‘«,‘(iy\»sx\‘s:
5 um kaptonug ¢

nrp .r s
The figures show the coil insulation system
for the first long prototype. It is not identical
to any of the short models. 1t is closest to the
systems used for HGQOB and 11GQ09. The
differences between the prototype and 1GQO08/9
are:

s s - R ——— « The HGQO9 system is identical to this one,
except that the “flaps”, on the inner layer of the
inner coil, were not removed on HGQ09, and are

200um on the prototype,

st * On HGQOS, the flaps were removed, but the strip

heater, instead of being 200 pm thick, was only 125

ur thick, with a 75 um layer of Kapton between

T5um tapton the strip heater and the outer coils. It is identical in

7 um kton . - : all other respects.

Frod Nobicga MQXB Enginecring Design Review 16 March 2000 3
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Collar-Coil Ground Wrap Insulation (continued)

Three layers of Kapton, each 125um, cross each pole,
covering the inside surface of the coilar laminations. To
allow heat flow between the beam tube and the openings
between the collars, slots are provided in the Kapton.

Fred Nobregs MQXB Engincering Design Review 16 March 2000 14
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»

Collar-Coil, Quench Heaters

consists of 4 strip heaters packages as shown.

fsts of two heater strips covpring approximately 12 turns of two

* Each element is 25 pm thick x 15mm wide stafnless steel intermittently coated with a thin
(4uim) layer of copper on one side. The coated kreas are 210mm long, alternating with
105mm long areas of bare stainless steel.

.

» The stainiess steel length cor to one position pitch.

L

* The two strips will be connected in series at the return end of the magnet.
* The two elements are sandwiched between 100 pm layers of polyimide film and adhesive.

* Heater blies are being lied by CERN.

PP

Frod Nobrega MQXB Enginecring Design Review 16 March 2000 15
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Collar-Coil Assembly, Collar Packs

* The collars are stamped and provide a
repeatability from part to part of +/- 15
pm.

Large and small laminations are
alternated, with the small laminations
filling the gaps at the pole. The small
laminations strengthen the collar
structure longitudinally, and provide
continuous azimuthal support for the
coil.

The introduction of the small lamination
allowed the bearing strips, used on
earlier short models, to be eliminated.
Magnets HGQO08/9 were built without
bearing strips and performed well.

Fred Nobrega MQXB Enpinecring Design Review 16 March 2000 6
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Cold Mass Final Assembly, End Restraint

Lama Ene Retum Eng
]
ayl i{i

" i BIMBIRARERBMEBERBRIAREIR
ety
5

Alring  endcan yoke

Starting from magnet HGQ-05, the collared coil assembly was secured axially to the end plate using load
bolts. Calculations and experiments were conducted in order to verify that the end cans do not ship off the
ends of the coils during the axial loading of the collared coil assembly. The figure above shows the axial
loading mechanism used to load the collared coil assembly.

An aluminum ring is bolted to the aluminum end can at both the lead and non-lead ends. Load bolts are used
to axially tie the collared coil assembly to the end plate through the aluminum ring. Gaps between coil end-
saddles and pusher plate are filled with “green putty” to provide a uniform transfer of load to the coils from
the end bullets.

A force of 9.8 kN (2,200 Ibs.) is applied to each bullet at both the lead and non-lead end of the magnet.

Fred Nobrega MQXB Engincering Design Review 16 March 2000 2
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Cold Mass Final Assembly, Yoke Redesign

* Yoke redesigned:
- 50mm cooling holes

- Tuning shims replaced
with iron from yoke

Fred Nobrega MQXB Engincering Design Review 16 March 2000 2
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Cold Mass Final Assembly, End Plate

An end plate thickness of 50mm was selected for the initial baseline design based on the assumption that the
total fongitudinal force on the coils is transferred to the end plate. Bullet end load data from the model
magnets show about 20-25% of the axial Lorentz load reacting against the end plate. Strain gauges placed
on the skin of the cold mass indicate no additional load transfer to the skin from, for example, any possible
collar-yoke interference. Based on analysis and test results of HGQO09, a 35mm end plate will be used.

Fred Nobrega MQX8 Engincering Design Review 16 March 2000 i
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Four coil pairs (quadrants) are
connected in series. There are three
splices, with the remaining two inner
coil leads extending out of the end.
The quadrant splice and power lead
assembly is mounted on the outer
surface of the lead end plate. Cables
are routed to ensure four quadrants
are powered with proper polarity.
Assembly geometry is chosen to
maintain quadrupole symmetry to the
End view of quadrant splice and power lead ?;%a::z?:‘?; S:Zf;:':;eos‘:zi:; l:::i

assembly: are soldered together.
1. 2, 3, 4 - splice blocks;

5, 6, 7, 8 - intermediate blocks;
9 — support block cover;
10, 11 — screws.

Fred Nobrega MQXB Engincering Design Review 16 March 2000 ]
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Cold Mass Final Assembly, Copper Stabilizing Lead

Each coil lead has an extra length of specially
made “copper only” cable soldered to it. The extra
cable begins 25mm inside the end of the saddle and
extends to the end of the lead. The picture shows an
inner coil with the extra lead attached. The extra
copper acts as a quench "stabilizer" making the coil
more likely to recover from localized disturbances
which can result in a quench. 1f a quench does occur
in the stabilized lead cable, the lower cable resistance
and increased heat capacity will greatly reduce the
maximum peak coil temperature.

Fred Nobrega MQXB Engincering Design Review 16 March 2000 -]
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Cold Mass Final Assembly, Skin & Alignment Keys

The weld prep for the skin and alignment key went
through several iterations before the correct recipe for
welding was found. The width of the key was increased
from the original design width of {9mm to 26.5mm to
account for the large weld shrinkage. The skinisa
! helium vessel used to keep the yoke halves in contact at
i all times and since there is no collar-yoke interference the
5 50142 only load to the skin is due to weid shrinkage. The final
weld prep design is a modified J-groove with a 0.5mm
sharp comer at the bottom of the groove. The J-groove
weld prep in conjunction with the sharp corner forces the
arc weld to same location during the fusion pass.

Fred Nobrega MQXB Engincering Design Review 16 Murch 2000 %
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, Cold Mass Final Assembly, Cold Mass Twist

Cold mass twist ranged from

HGQ-09 Cold Mass Twist Measur it o e g dew 0.6 to 4.67 mRad/meter in

HGQO1-06. The

requirement calls for a twist

: of less than 0.2 mRad/meter .

02 After numerous studies and

/\ '\ upgrades to the weld press the
R primary culprit was

> \v "‘“\J \/ AV discovered to be the relative
h weld carriage speed to one

N another. One weld carriage

was moving faster than the

other causing a weld

shrinkage differential and

02 - locking in a twist, Once

discovered and corrected,

magnets HGQO8 & 09 had a

twist less than 0.1 mRad/m!

03

X
L1
v

Angle, milliradian

&

o (13 1 15 2 5
Distance from LE, meter

Fred Nobrega MQXB Engineering Design Review 16 March 2000 - ol
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Cold Mass Final Assembly, Prototype Mechanical Layout
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HGQ Short Model Test Results:
Mechanical Studies

Outlines
objectives
instrumentation
azimuthal prestress study
harmonics stability

* longitudinal support study
o skin strain measurements
s summary
MQXB Cold Mass Review A. Zlobin
16-17 March 2000 HGQ Short Mode! Test Results 1
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Objectives

In order to provide stability of ficld harmonics over the operational ficld range and reduce the
probability of spontancous quenches caused by conductor motion, the coil tums must be
mcchanically constrained by applying stress to the coil during magnet fabrication.

The azimuthal mechanical support and prestress of the HGQ coil is completely provided by the
stainless collars and Al end cans.

Thick steel end plates are used to restrict the longitudinal coil motion under Lorentz forces.

The prestress applied to the magnet coils at room temperature which will compensate the prestress
decrease resulting from collar spring back, coil creep, difference in the coil and collar thermal
contraction and Lorentz forces, was chosen based on results of finite element analysis.

Objectives:

- azimuthal coil prestress measurement at room and operation temperature
azimuthal prestress and harmonics change at aominal current

— longitudinal coil prestress control at room and operation temperature

- longitudinal Lorentz force measurement
skin strain

MQXB Cold Mass Review A. Zlobin
16-17 March 2000 HGQ Short Model Test Results 2
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Instrumentation

Instrumentation used for the mechanical studies includes:
o strain gauges (resistive and capacitative) installed in the magnet straight section
in order to measure azimuthal stress
e bullet gauges/load screws installed in the end plates to provide Tongitudinal
prestress and monitor longitudinal Lorentz force
= skin gauges to measure strain in the cold mass skin (helium vessel)

In addition to direct measurements of mechanical parameters, field harmonics
measurements taken over the operational cycle were also used to investigate and
quantify azimuthal and radial turn motion under the influence of Lorentz forces.

MQXB Cold Mass Review A.Zlobin
16-17 March 2000 HGQ Short Model Test Results 3
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Strain Gauges

Position and orientation of strain gauges on
the cold mass skin as used in magnets HGQ07-09

Collar pack asscmbly with inner beam gauge (L)
and capacitance gauge (R)

MOXB Cold Mass Review A. Zlobin
16-17 March 2000 11GQ Short Made] Test Results 4
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Azimuthal Prestress Summary

Model Azimuthal prestress @300K | Azimuthal prestress @1.9K
Number  Inner layer, | Outer layer, | Innerlayer,  Outer layer,
MPa MPa MPa MPa

Design 81 81 74 66
HGQO1 67 72 38 58
HGQO2 73 94 76 84
HGQO3 187 97 173 102
HGQO5 99 55 - 49
HGQO6 59C 61C/139B - 169B
HGQO7 65C 74C/58B - 45B
HGQO8 86C/94B 92C/96B 66B 105B
HGQO09 68C/48B 77C/58B 33B 42B

MQXB Cold Mass Review A. Zlobin

16-17 March 2000 1HGQ Short Model Test Results 5

Coil Stress tMPa)
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Effect of Azimuthal Lorentz Forces

s HGQOY Inner
GO Iner Average outer coil azimuthal stress for

— GO e magncts HGQO1, 05,07, and 09

0 === HGQUI Quter
—— 11GQOS Outer

MQXB Cold Mass Review
16-17 March 2000

e,
QE00 20640 4DE-07T AOE-0T ROE-M L0EWE 1XEWK [4EOK LEEGH LNE-OR 20K« e 11GQOP Oty
50
S 2
Cument” (Amps )
240
30

Averagc azimuthal stress for the inner coils N \

of magnets HGQO1, HGQO8, and HGQ09 o

60 — 11GQ07 Ouwer

Coil Stress 1MPa

0
QE-002.0F+07 40E-076.0E-07 A.0F-0710F 108 | 2E+08 1408 L6F/0R LAG-0X 2.0F-0H

Magnet Current] (Arryn )

A. Zlobin
HGQ Short Model Test Resules 6
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Azimuthal Lorentz Force Summary
Model | Azimuthal prestress @300 Azimuthal Lorentz force
Number | Innerlayer, | Outer layer, Inner layer, Outer layer,
MPa MPa MPa/kA? MPa/kA’
Design 81 81 -0.28 -0.20
HGQOI 67 72 -0.28 -0.13
HGQO02 73 94 -0.31 -0.15
HGQO03 187 97 -0.29 -0.13
HGQO05 99 .55 -0.24C -0.13
HGQO06 59C 61C/139B -0.41C -0.26B
HGQO7 65C 74C/58B -0.16C -0.11B
HGQO08 86C/94B 92C/96B -0.20C/-0.28B -0.16B
HGQO09 68C/48B 77C/58B | -0.26C/-0.16B -0.11B

MQXB Cold Mass Review A.Zlabin
16-1 7March 2000 HGQ Short Model Test Results 7
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Harmonics Stability in Operation Field Range

020 T 0.02
0251 —b6 T 0.0t
- —bl0 =
2 -0.30 1 T 000 2
s E
-0.35 ‘M + .0.01
_040 RIS SN 20 S TS NPV PSS I WS U O N O O O B O ' -002

5000 6000 7000 8000 9000 10000 11000 12000 13000

Current (A)

Avcrage value (up/down ramp) of b, and b, during a current ramp cycle for HGQ09

MOX1 Cold Mass Review A. Zlvbin
16-17 March 2000 HGQ Short Modgl Test Results 8
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Longitudinal Prestress Summary

Model Longitudinal end prestress Longitudinal end prestress
number @300K @1.9K
Leadend, Returnend, Lead end, Return end,
kN kN kN kN
Design >0 >0 >0 >0
HGQO1 0.8/14.3 0.8/22.4 0/0.9 0/3.2
HGQO02 15 114 0 0
HGQO3A 82 83 0 0
HGQOS 10.5 10.2 5.1 4.1
HGQO6 94 94 4.7/6.2 3.0/3.0
HGQO7 11+ 8 10.5 7.5%
HGQO8 8.4/8.5 9.0/9.3 10.7/11.3 8.0/9.0
HGQO09 11 9 115 75
MQXB Cold Mass Review A.Ziobin
16-17 March 2000 HGEQ Short Mode? Test Results 9
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End Lorentz Force Measurement

«
x — Lead nd - 15 Tew Cycle
=== Rosum et - Ist Test Cyele
z e Lead Eind - Ind Test Cycle
= e Resurm End -20d Test Cycle .
S = em ey Total coil end loads for HGQO5, HGQO06
2
5
5 and HGQO9
=
g
S ow 1
e Q05 < L vad Bod
% ~— 008 - Rewrn Ent
tas e HEHQRHR - 100k End
o v HGQO6 « Retuen Find

SOEOD 20E07 4.0E+076.0E-07 ROE-0Y 1.0£+08 £.2E10R £ 4K 10K L 6£10R | 808 1.0 08 2 0008 - Lewd End

o KN - i kv
Cnmcm} (Ampsz)
Total end force on HGQO1 during the first and
second test cycles.

Towl End Force (kN1
2

The RE end force was increased between test cycles.
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Currenf tAmps’y

MQXB Cold Mass Review
16-17 March 2000

A.Zlobin
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Longitudinal Lorentz Force
Model End plate Longitudinal Lorentz force
number thickness, Lead end, Return end,
mm kN/kA? KN/KA’
Design 50 0.36 0.36
HGQO1 50 0.09 0.09
HGQ02 50 0.08 0.07
HGQO3A 50 0.06 0.06
HGQO5 50 0.089 0.091
HGQO06 50 0.088 ) - 0.083
HGQO7 50 0.085 0.094
HGQO8 50 0.077/0.082 0.089/0.089
HGQ09 35 0.046 0.043
MQXB Cold Mass Review A, Zlobin
16-17 March 2000 HGQ Short Modet Test Results ]
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Skin Strain Measurements

Longitudinal shell strain sensitivity along the cold mass fcngth
KOE6T

e HGOOK T = FCA
o JKORTCE B HGOOS - Y

10507

. baE07 S HGOB6- UL e HKHOD6 - TEY
; SOEM
3 S.0E-07
& 4007 B Imml:;lewn
Z - HGQO9 - 45 degrers
g 30507 P 5.0E-07 4 ~d&~ HGQUR - 6 degroes.
3 . < ~pt= HGQOR . 45 deproes
OF7 3 4007 4 tee HGQUT - 0 degrees
B0 z ~@~ 11GQO7 - 45 dogroes
2 07 4
05100 'E,. 3.0E.07
o o 0 60 L 100 120 140 160 180 200 2 20507 4
Distanee from RE (cm) g
1.0E-07 ¥
OOF 00
0 W 20 W 40 S0 60 7 8¢ 9% 00 o
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MOQXB Cold Mass Review A. Zlobin
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Mechanical Performance Summary

The Fermilab HGQ mechanical design offers satisfactory coil mechanical support. The mechanical
design has been refined and improved through a combination of analytical, computational, and
cmpirical studics.

Radial coil support in magnet body is provided by the welded SS collar packs.

The range of coil prestresses that provides adequate coil precompression and restraint is rcasonably
large (80+20 MPa), allowing for a coil size deviation in production of +30 pm, without
degradation to quench performance and effect on harmonics stability.

End plates and Al end-cans, attached to the end plates, werc chosen to constrain the ends radially
and longitudinally. This fcature substantially reduced the longitudinal motion resulting from
thermal contraction, and allowed positive contact to the end plates to be maintained with much
lower initial room temperature end loads.

Since less than 25% of the calculated longitudinal Lorentz force has been measured by the bullet
gauges during opcration at the design gradient, the end plate thickness has been reduced from
50 mm to 35 mm. This is sufficient to adequately support the measured coil longitudinal loads
and reduccs the cold mass overall length.

MQX8 Cold Mass Review A.Zlobin
16+17 March 2000 HGQ Short Model Test Results i3
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Quench Performance

Michael Lamm
MQXB Engineering Design Review
16 March 2000

*Performance Goals
*Training History

*Ramp Rate Dependence
~Temperature Dependence
*Conclusion
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Training Goals for MQX Magnets

-Training at 1.9K to 230 T/m in a small number of quenches.
~10-20 Quenchces with cnergy cxtraction
....to reduce the cost of qualifying cold mass
-On second thermal cycle, should exceed 220 T/m on first quench
....Ho re-training quenches in the tunnel
-No degradation of quench performance on the 220 T/m level after full energy deposition
quenches
....5ince there is no energy extraction in the inner triplet
-Mild ramp rate dependence to quench current
ramp rate is low but could effect field harmonics

~

Michacl Laimm MQXB Enginecring Design Revicw 16 March 2000
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Overview of Quench Performance
14000 gy o -
x-‘l'f‘;r.”"' 31 . owfteh ’ PN
L) »
13000 - R R I ool B
4.5 Ok 230Tim e e A
12000 { BE e 18K K[ prvso
< IR N .?.’,'“ T ,."..‘1 SV SOOI
B 11000 awm 1307 LT [ hcaos D 208Tim
5 * * ., =
3 N il » HGQOZ -
5 10000 .::;e:"". & « woaos || o off 18K | 1.9k
] KX 0 * HGQ3A ||*
S 8000 it vvocss || -
80004 * * HGAos
I Test Gyclal «weaor || TestCyeent Test Cycle il
7000 1° & HGOOB
* HGQOS
6000 ' : . : . . v
0 1 2 36 40 50 60 70 80
Quench sequence
Michacl Lamm MQXH Engincering Design Review 16 March 2000 3
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Design Improvements Post HGQO03

- Useof G10/G11 as end part material (radiation hardness deemed acceptable)

- Cure of inncr coil at higher pressure, resulting in a higher inner layer clasticity modulus
and more uniform inncr/outer coil mechanical propertics

- A continuous body/cnd transition, including elimination of key extension

- Welded collar packs with pole filler pieces

- Aluminum end can assemblies over both ends

- Attachment of the cnd cans to the end plate, which ensures contact between the coil ends
and cnd plates as well as stretches the coil straight scction aficr cool-down

- New inncr cable (37 strand) and new cnd dcesign starting from HGQ06
Stabritc on HGQ08

Michacl Lamm MQXB Engincering Design Review 16 March 2000 4
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Quench Summary

Modet 191(4.5K), 191(1.9K), N(<205T/m)
Ao A
b HGOOL. | . 8776 10327 £
el AGO02., e 2121 PX]
b HGOU3 1051 10019, 7
L. 1GO03A, 1438 L1228 ]
I "Model Iql(4.5K), Igi(l N(<205 T/m) | N(<230
| Number A Idl TGl T
HGOOS 9553 10896 12447 1 1
eI GO0E, 2056, 12223 12044 2 -
HGOO7 10158 12101 12855 9 2
L HGOO08 - 11145 12039 ]
L...HGOQO9 12760 12688 9 3
Michael Lamm MOQX8 Engincering Design Review 16 March 2000 5
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10000

Quench Current, A
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Michael Lamm

11000

Quench Training of “Later” Magnets

ety

X

3 n""“-‘a. ory & So
R L g
230T/m

18K

>
o M
e

-
ot
:‘sﬁw
”

205T/im

1.9K
+HGQOS

= HGQOE
= HGQO7

»HGQOB

TestCycle Hl § Test Cycle itf

<+ HGQO3

40 50
Quench sequence

30 70

MQXB Enginecring Design Review 16 March 2000



http:Micru.el

o
i ;’; US LHC ACCELERATOR PROJECT
et brookhaven - fermilab - berkeley
Quench Location for Low Ramp Rate Quenches
HGQOS HGQO6 HGOQO7 HGQO08 HGQ09
pole | wedge | pole| wedge | pole | wedge | pole| wedge

Innerbody | 2 13 9 19 1 11
Inner end 2 1 5 0 5 5
Outerbody | 4 14 0 0 2 0
Outer end 0 16 0 0 0 0

General comments:

-Predominance of quenches in turns near inner wedge
(turn 11) corrclated to slow training

-No apparent benefit to training at 4.5 K

-Thermal cycle memory is good

-No correlation of prestress to quench performance

Michacl Lamm MQXB Engineering Design Review 16 March 2000 7
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Azimuthal Prestress Summary

Model  Azimuthal prestress @300K | Azimuthal prestress @1.9K
Number  Inner layer, | Outerlayer, | Innerlayer,  Outer layer,
MPa MPa MPa MPa
Design 81 81 74 66
HGQO!1 67 72 38 58
HGQO2 73 X 76 84
HGQO3 187 97 173 102
HGQO5 99 55 - 49
HGQO06 59C 61C/139B - 1698
HGQO7 65C 74C/58B - 45B
HGQO8 86C/94B 92C/96B 6B 105B
HGQO9 68C/48B 77C/58B 33B 42B

Michact Larom MQXB Engincering Design Review 16 March 2000 8
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L
Longitudinal Preload
14000 : wﬂ a g
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13000 s ,.;gd:m.g&;}; .......... o - H Sand
2 19K : third TC of
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Quench sequence
Michsel Lamm MQXB Engincecing Design Review 16 March 2000 9
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Full Energy Deposition with Spot Heater Induced Quench

. Quench training is
14000 It .
- . performed with
13000 « . extraction circuit to
12000 - minimize recovery as
i P .
. 2o . well as for redundant
11000 _ ’ 205T/m - magnet protection.
10000 Test Cycie | 19K 1.9K i )
: ¢ Verify that full energy
9000 1 * HGQOT : : ie3
: j deposition does not
8000 1 ;:s Test Cycie Il Test Cycle il degrade magnet quench
7000 | e performance
6000 -t -y
0 10 20 30 a0 50 60 70 80

Quench sequence
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Ramp Rate Dependence

Ramp rate dependence to quench ==>Eddy Current Coupling
Undesirablc even at low ramp ratcs due to cffects on field quality
Coupling reduced by (lack of} strand coating and cure cycle

Model laner coil curing Strand ACloss  1c(300 Ass),
Number Temperatur  Presswre,  coating  @100A/s A
e C MPa Jcyele
1GOOI 135 20 Mo . 10965
HGQO2 190 20 No 210 11335
HGQO3 195 20 No 234 11298
HGQOS 130 80 No 177 10519
HGQO6 190 80 No 1000 6433
HGQO? 190 80 No 589 4487
11GQUS 190 80 Stabrite 4538 3941
HGQO9 1901135 20180 No 12946
Michucl Lamm MOXB Engincering Design Review 16 March 2000 "
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Ramp Rate Sensitivity
15000
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4 o]
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b
S 9000 { "hews
=S X A
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A hgq0? x HGQ05, &
HGQO9 high
. x 8 X
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Ramp Rate [A/sec]
Michael Lawm MQXB Engincering Design Review 16 March 2000 12
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Temperature Dependence

15000 2 homt
B hgq2
03
14000 : @w\ Generic curve
- : hgq05 matches data (when
é‘ 13000 . hgqo'mo? l}ct.mechamcally
H hoqo8 limited)
£ Seriesd
3 12000 2 2 cenerie At 205 T/m thermal
margin in outer pole
11000 - % & 205T/m turn ~1.8K(higher in
a midplane)
x L3
1 0000 T ¥ T T T T
1.5 2 25 3 35 4 45 5
Temperature[K]
Michact Lamm MQXB Enginecring Design Review: 16 March 2000 13
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Quench Performance Summary

-Several changes were made to mechanical design after magnet HGQ03
-Subsequent magnets HGQO05-9 exhibited training performance ( i.e. peak gradient,

number of quenches to reach gradient, performance after thermal cycle) that meet the
LHC goals.

-Performance is insensitive to azimuthal prestress within our chosen range. Longitudinal
preloading is also not a significant factor
-Quench current appears to be mechanically limited (but well above operating gradient)

-From temperature dependence to quench current, there appears to be a temperature
margin for outer pole turn of 1.8K at 205 T/m. Midplane margin will be higher

-Ramp rate dependence to quench has been solved using the the two step cure cycle

Michadl Lamm MQX8 Eagineering Design Roview 16 March 2000 14
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HGQ Short Model Test Results:
Thermal Studies

Outlines
+ objectives
+ radiation heat deposition update
+ study of coil cooling conditions
« operation margin calculation
+ heat transfer inside magnet

MQXB Cold Mass Review A, Zlobin
16-17 March 2000 HGQ Short Model Test Results
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Thermal Analysis Summary (1998)

Coolin  Pmax Pin, Pout, Inner laver, Quter laver,
Cond. mW/ W/m W/m AT, K ATcATe | AT, K ATe:ATen
nominal 0.6 _ 0.087 0.028 0.12 20.0 14 2.64
poor 0.6 0.087 0.028 1.09 2.17 2.8 1.32

The magnet workability was deseribed in torm of an operational margin defined as follows:
operational margin=ATc:AT,, ,

where ATc=Tc-Tb - cable critical temperature margin,
AT, =T, Tb - turn temperature rise,
Teand T, - cable critical and operation temperatures,
Tb - Hell temperature.
ATc=2.4/3.7 K inner/outer layer midplane tums,

Nominal cooling conditi inter-turn cooling ch: ts in the magnet inner layer.

Poor cooling ditions: inter-turn ch: {s do not work (are closed).

Based on these data it was concluded that the developed maguoet design provides a sufficient
operational margin under expected LHC operational conditions.

MQX1 Cold Mass Review A. Ziobin
16-17 March 2000 HGQ Short Model Test Results
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Thermal Study Objectives

|

update of radiation heat deposition

coil cooling conditions

magnet operation margin

heat transfer in the magnet

MOXB Cold Mass Review A. Zicbin
16-17 March 2000 1#GQ Short Mode! Test Results 3
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Radiation Heat Deposition Study

SR IS veipes dunsnis boont fopned sIFSE wn, oprewitin

Pmax=0.4 mW/g (Q2b)

MOQXI Cold Mass Review A. Ziobia
16-17 March 2000 HEGQ Short Model Test Results 4
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W, Jouleleycle

Coil Cooling Condition Study

500 S00A - B500A - 6O0A (—A(:‘ losses in the tr@ngular cycle with current
amplitude change within 500-6500 A range vs
00 J— the current ramp rate,
2000 16000
to00f ©1.90K
o 12000 ¥ 21.95K
x
P e , 10000 . » A2.00K
1000 / - ®2.05K
M 8000 « B x 2.20K
s EES Iy
6000 F
o 50 100 150 200 25 300 350 x .
v 400 * x ¥ L4
dt, Als
2000
0
Quench current vs current ramp rate measured 0 5 100 150 200 250 306
at different helium temperature-- duidt, Als
MQXB Cold Mass Review A, Ziobin
16-17 March 2000 HGQ Short Model Test Results 5
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Turn Heating Power

1.2
el AU 055 (L)
é 1 4~ AC loss (outer)
g 0.8 & Radiation tinncr) « Distribution of AC Losses and radiation heat
3 06 == Radiation fauter) deposition in the 1IGQ coil (dl/dt=100 A/s)
% 0.
=
Boe
]
5 0.2 | Measured and calculated total AC loss power AC
o loss power in the HGQOB coil and AC loss power in
0 5 1 15 the midplane turns at different current ramp rates.
Turn number
dl/dt, [ Pmeas, Pealc, Ra, Ra, Pin1/Ptot Pinl,
Als Wim Wim | 10" Ohm*m___mcOhm Wim
50 S.82 58 146 001 0.0582
60 8.16 8.15 1.49 0.01 0.0816
0 1083 10.84 1.52 001 0.1083
.80 138 13.87 154 Q0] 01380
MQXB Cold Mass Review A. Zlobin
16-17 March 2000 11GQ Short Model Test Resuls 6
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Inner-layer Margin and Cooling Conditions
16000 Operational margin (OM) of the
14000 o inner-layer midplane turns could be
12000+ . \*\\I 206 defined as
100001 = \\5 -
; 8000 1 *1.90K Iox OM=ATCcAT,,=Pmax/Prad,
6000 ©1.95K :
wo{ 420 | * OM(meas)=0.18/0.087=2.07.
20001 x2.2K : OM(calc)=2.17 for the case of
) . L
0000 0050 0100 0.150 0200 0250 0.300 0.350 poor cooling conditions!
Pin1, Wim
MM:
Depend of the midplane turn quench current vs the heating power. . 1 li I
Pmax=0.18-0.19 W/m @ T=1.0-2.05K wper-layer cooling channels arg
closed!
MOXB Cold Mass Review A.Ziohin
16-17 March 2000 H1GQ Short Mode! Test Results 7
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Coil Temperature Calculation

Radial and azimuthal temperature
gradients are small in spite of
strong radial and azimuthal
dependences of radiation heat
deposition in the coil:

* Inner layer temperature changes
from maximum value of 2.134 K in
the midplane turn to 2.072 K in the
pole turn.

» Outer layer temperature changes
from 2.167 K in the midplane to
2.134 K in pole region.

tai Al

P ——. * Radial gradient in both layers less
Temperature distribution in the 11GQ coil at nominal than S K.
LHC radiation heat deposition.

MQXB Cold Mass Review A, Zlabin
16-17 March 2000 H(GQ Short Model Test Results 8
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a) b)

2.5 30 35 1.2
3.0 e
2.0 LR [ 25 e T el o
x 1"1—~w~—w-1/\\ 0 2 )“2,5 P8 out o
5 8 H €20
H L1522 § 0.6
810 e T s 815
g L10 2 § 04
2 —g dT, Hel 08 Eo
0.5 e P
-‘- 05 0.5 0.2
0.0 - gt} 0.0 0.0 — 0.0
[ 5 10 15 0 5 10 15 20
Turn number Tuarn number

Distribution of radiation heat deposition and temperature, and
temperature margin in the HGQ coil: a) inner fayer; b) outer layer.

MQXB Cold Mass Review A. Zlobin
16-17 March 2000 HGQ Short Model Test Resulis 9
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Operational Margin

18 «Operational margin for inner and outer
16 turns at nominal field gradient of 205 T/m.,
—&~ inner layer
% 14 4 ~—a— outer layer
5 12 1 « Inner layer margin is ~11 and
B 101 determined by the midplane
o
E g4 turns.
S 6l « Quter layer margin is ~7 and
8 determined by the pole turns.
g 4 y the po
) « Magnet operation margin is ~7
2 for nominal LHC luminosity
0 - . T
0 5 10 15 20
Turn number
MQXB Cold Mass Review A. Ziobin
16-17 March 2000 HGQ Short Modcet Test Results 10
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Heat Transfer Inside Magnet

T | Delta-T axially through the yoke holes in Q1 and
x ¢ Q2a versus hole size assuming four holes and the
uftimate heat foad.

1
10

«dT for §cn holes is less than 14 mK

8T (mk)

SN W s

R W R 1 [ I P W R Y
0.005 0.01 0.1 6.2
Open arce fraction

deita-T {mK)

T Delta-T through the collar pole tip region
versus fraction of pole tip area open for heat transport

AT 15SWim)=5 mK —0.04 open — 1.5 mm gaps (missing
collar lamination) every 38 mm in each quadrant,

MQXB Cold Mass Review A.Zlubin
16-17 March 2000 HGQ Short Model Test Results i
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Thermal Study Summary

¢ Rccent analysis shows that maximum heat depositions in Q2 coil at nominal LHC luminosity
could be reduced to 0.4 mW/g ( or 30% lcss than cxpected in 1998)

¢ Thermal study shows that coil cooling conditions corresponds to the case when channcls in the
mnner-layer insulation are closed and thus do not work. This was visually checked and
confirmed in mechanical model.

¢ Mcasurements show that the heat flux density from the coil (at coil surfacc) at nominal and
ultimatc fuminesitics is well below its critical valuc.

¢ For the heat deposition in the midplane inner-coil turns of 0.08 W/m gencrated by AC losscs the
mcasurced operation margin for inner layer is 2.07 that is in a good agrecment with calculated
valuc of 2.17. It practically docs not depend on helium temperature for T<2.05 K becausc it is
determined mainly by the thermal resistance of coil insulation.

¢ For the nominal LHC luminosity and updated heat depositions in the coil the magnet operation

imargin is determined by the outer layer and is ~7. This magnet design docs have enough margin
to work at the cxpected ultimate luminosity too.

MQXB Cold Mass Review A Ziohin
16-17 March 2600 HGQ Short Model Test Results n
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Quench Protection
Michael Lamm

MQXB Engineering Design Review
16 March 2000

«LHC Inner Triptet Electrical Design
Heater Optimization/Performance
«Hipot Specifications

*Buswork

*Conclusions
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Power Schematic of Inner Triplet

| ___JPN...USA__.USA___IPN..__.

-Connections inside “blue dashed box” are made with superconducting bus bars,
connections made through DFBX connected to magnet “3”.

- “ USA” Q2 consists of two 5.5m magnets connected in series
-Use of diodes or similar device across USA magnet effectively decouples
USA/KEK magnet protection

Michael Lamm MQXB Engincering Design Review 16 March 2000 2
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Quench Protection Parameters

1) CERN quench protection System

2) Bus bar and magnet on same circuit. Detection level 300-500 mV

3) 10 ms of integration time for the inductance-subtracted voltage signals.
4) Magnet protection redundancy.

5) Heater Power Supplies: 7 mF capacitance and 900 V voltage.

6) Heater Circuits RC~100mS, Peak Power >20 W/cm?2

Michael Lamm MQXB Engineering Desiga Review 16 March 2000
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Strip Heater are the Primary Means of Quench Protection

HY

Heater Parameters Magnet Protection Requirements:

-Heater Location

-Heater Insulation Peak Temperature <400K
-Heater Width Peak Voltage to Ground <1000 V

-Resistance Distribution

Michact Lamm MQXB Engincering Design Review 16 March 2000
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Protection Heaters for HGQ Model Program
e From: HGQQ! with Inter layer,
On e VA stainless heaters
neon laes Stainlews sce] 15, wide )
T T To:  HGQO5-9 with Outer layer
sl i) distributed resistance
113 o irecrvate. XS
Tooe, S N WA 1S
Tiact 127 enm wide seith copper Seom 1 r .
{loing 810 e exched eas 3 e
1938 rons iervats 250 i Gy
lGoor T M WA SR E :
T ’ L 1 —'l
- I
TogoR e :: — :::M {witscqpper i) WP‘I‘:"‘I::’W
LS TP ye————
£20 wren exched wreae o 340 iy
intervils. 290uAt
Hognhe e one. NIA
O 13 ew il with cupper pinsing
HI2 rvew clcted weead o8 204 mar
et ] Prototype Heater
HGQO08-9 made by CERN
Michac! Lamm MQXH Fngincering Design Review 16 March 2000 5
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Test Program
-Vertical Magnet Test Facility

Vertical Dewar, 1.7K-4.5 K Helium
18kA 40 V Supply
Heater Power Supply 450 V 19 mF adjustable

-Heater: Adjust RC time constant and power to simulate LHC conditions
i.e. 5.5 m long magnet and CERN heater power supply
Note: Larger SS fraction means larger coil area coverage
Smaller SS fraction means smaller RC and higher peak density

-Spot Heaters Location
Pole turn inner coil
Pole turn outer coil
Midplane outer coil

Michacl Lamm MQXB Engincering Design Review 16 March 2000 6
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Michact Lamm

Minimum Voltage Across Heater to Initiate Quench

250

200

Vimin(Voits)
g B

8

(4] T
0 02 04 0.6 08 1

i
Scaled to 5.5 M long magnet, Heaters effective at injection currents

with acceptable power supply voltage

MQXB Engincering Design Review 16 March 2000 7
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Heater time Delay
Trends of tfn:

0.20
0.18
0.16
0.14

_.0.12

£0.10

" 0.08
0.06
0.04
0.02

= HGQ08 20 W2

e S5 150 i it €0 Wiem ™1

e HOQOY SO WoR~2

A HSO0T vary peak powse b 10 Wiom3 to 39WAn"2

1) Decreases with excitation current

2) Converges to 20-30 mS at
excitation current

3) Wider strips, smaller tfn
4) Higher power density, smaller tfn

0.00

Michacl Lamm

02 04 08 0.8 1
Ne

MQX8 Engincering Design Review 16 March 2000 8
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Quench Integral
e ! : ' 200
A R

: u B -
g 150 A g ® @ g150
£ . . = 3 P
& §wa
£ H]
g g Inner vs.Outer és.o L}
@ Heaters

L R e — 00

MG bR g SRS o068 nibie o 02 04
Curventl {5

Outer heaters just as effective as inner
Quench detection times significant part of quench integral
Power more important than longitudinal resistance distribution

Michact Lamm MOQXB Engineering Design Review 16 March 2000
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MITTS vs. Temperature

g

Peak Temperature (K)
»n
(=3
o

g

5.0 100 150 200
Quench Integral (MIIT's)

Michacl Lamm MQXB Enginecring Design Review 16 March 2000
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Peak Temperature
350
x Most
o 300 -
é - pessimistic
% quench location tested
s e with spot heater.
é 150 w00
§ 100 -
E 50 %m
0 )
2 4 6 8 10 12 14 %
Current (kA) ’i 20
Spot heater quenches in 3 ™0
pole turn § 100
50
o —
20 40 60 80 100 120
Current (KA}
Michacl Lamm MQXB Engincering Design Review 16 March 2000 i
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Voltage to Ground
120 = Voltage to ground will be low,
Opposite hester circat
5 At ot it less than 200 Volts for full
- Susinkos Steol Oy Hoiar scale magnets
S 80
&
3 For series connection of two
>
3 / 5.5M magnets, voltage to
& 40 P ground should be less than
M" 600 V (with x2 variation in
et resistance growth)
0
2000 5000 8000 11000 14000
Current (A)

Michael Lamem MQX8 Engincering Design Review 16 March 2000 2
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Magnet Exceeds Hipot Requirements

CERN Hipot requirements

-Unit should be able to withstand Umax*2 + 500 v
-Cold test at 1.2 Umax

-De-rating of room temperature tests by 0.2 Umax

Estimated Umax Required Cold Test Actual Cold Test
Coil to ground: <600 V 720V 1000 V
Heater to ground: 450V 540V 1000V

Measured room temperature Hipot (dry air)

Coil to Ground >5000 V Turn to turn >1000 V
Heater to Ground >5000 V Coil to heater >4500 V
Tumn to wedge >2000 V
Michael Lanm MQXB Engincering Design Review 16 March 2000 13
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Bus Bar Studies
Bus Bar Goals

1. maximum stability against quenching during normal operation;
1. minimum temperature rise in the bus-bar after a quench (Tpeak< 300 K);
11 maximum quench propagation velocity to accelerate detection of quench;

Bus bar samples consist of US HGQ Inner cable in parallel with

a) 1 US HGQ inner cable

b) 2 US HGQ inner cables

c) 1 copper cable same cross section as HGQ inner cable
d) 2 copper cables same cross section as HGQ inner cable

Cable soldered along length

Michacl Lamm MOQXB Engincering Design Review 16 March 2000 4
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Nomex
Protectio

Kapton
Insulatio

Keviar —""
Wrap

Michacl Lamm

Bus Test in HQG Magnet

MAGNET

MQXB Engincering Dosign Review 16 March 2000 15
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Quench Velocity and Peak Temperature

“f e { Cu i3 30 ,
1 4
 pm2cuam e 1 SUPBTCONGUCING StELNTEY .7!_/_.. 250
0.9} 41 Sesa S calcutation - sdibatic moded
0.8 42 Scatan - g
0.7 b G -
5:,‘ 06 frb o g . L
Y oos simuiation now §1%
0.4 — W e " KA /
n= « 100 4— -1z
02 SR .
M 504 experiment - 5 kA |
o 1
5 6 8 8 10 1 17 0 !
o) ° 50 100 150 200
Quonch infegral {(MA'c)
Michact Lamm MQXB Engincering Design Review 16 March 2000 6
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Extrapolation to Higher Detection Thresholds

ZNBTUCU Stabfizers 11 kA

//d

e 80
e e
oo m
pe 80
at
" " //hh‘
.

]

w0 -+-5CeCU
A.5Ce2CU
20 300 mV M-SC+SC

58 thl‘esh()id ~#-5C*28C

Voltage (Voits)
H

3
Tomperaturs {K)

.
3

- 8 o
“Brw  mee  iowes  wmam  smmee  sEem smme | %o 2000 4006 6000 8000 10000 12000 14000
Quanch Intagral (Amp*2 second) Current {A)

o2

1 v Ml
=1, 00, (Mlltsg V¥ Logp (1) == 4210 —— [ o (MtHts)i(Mits)
Agy ldg
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Conclusions

Heaters

-Heaters adequately protection magnet from excessive peak temperatures and peak
voltage to ground

-Outer layer heaters are just as effective as interlayer heater. Outer layer heaters
chosen for ease of installation

-Reducing insulation doesn’t seem to have much effect (or small compared to other
variables

-Increasing peak power is more important than longitudinal resistance: use HGQ08
style heater

Hi pot
-Magnet exceeds requirements
Bus Work
-Parameterize temperature and velocity
-Single layer stabilizer is adequate. Opt for 1 layer of copper

Michael Lamm MQXB Engineering Design Review 16 March 2000 18
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HGQ Short Model Test Results:
Magnetic Measurements

Outlines
e objectives
o transfer function
* magnetic length
o field angle
¢ body field quality
* end field quality
& summary

MQXB Cold Mass Review A, Zlobin
16-17 March 2000 HGQ Short Model Test Results i
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Magnetic Measurements Objectives

~ magnet transfer function measurement, G/I

— mmagnetic length measurement

—~ magnet twist control

— field harmonics measurement in the magnet body
— field harmonics measurement in the end regions
— reproducibility of magnetic field parameters

MQXB Cold Mass Review A. Zlobin
16-17 March 2000 HGQ Short Model Test Resulis 2
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Definitions of Field Parameters

The coordinate system for magnetic measurement is defined with the z-axis at the center of the magnet

A,

aperture and pointing from return to lead end with the origin at the boundary between return end and straight
section. The x-axis is horizontal and pointing right, and the y-axis, vertical and pointing up to the observer
who faces the magnet lead end.

gnet transfer functi gnetic length and magnet twist were determined ding the following defi

Transfer function: G/I=B,**% /R /1, A,=0,

where B, and A, are the “normal” and “skew" quadrupole field strength in magnet body at the reference radivs,
Ry is reference radius and 1 is current in the coil.

Magnetic length: L __‘slnld)le’”".
Magnet twist: A®,/Az in the magnet body,

where @, is the quadrupole phase relative to an angular encoder (arbitrary zero) and 2 is the longitudinal coordinate.
Field harmonics:

. =l
B,(x,7)+iB,(x,y) =107 B, (b + ia,,)[ "g 4 ]

na=f ef

where B (x.y}and B {x.y) arc the transverse field componcnts, B, is the quadrupole ficld strength, b, and g, are the “normal™
and “'skew™ harmonic cocfficients (b=10'} at a reference radius R, of 17 mm.

MQXB Cold Mass Review A.Zlobin
16-17 March 2000 HGQ Short Model Test Results 3
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Magnetic Measurement System

Magnetic measurements were performed using a vertical drive, rotating coil system.
Probes used have a tangential winding for measurement of higher order
harmonics as well as specific dipole and quadrupole windings for measurement
of the lowest order components of the field. These windings also allow for
bucking the large dipole and quadrupole components in the main coil signal.
Most measurements presented were made with a coil of 40.6 mm nominal
diameter and length 82 cm. A short probe with 25 mm nominal diameter and 4.3
cm length was used for longitudinal scans of the magnet ends.

Coil winding voltages were read using HP3458 DVMs. An additional DVM was
used to monitor magnet current. DVMs were triggered simultaneously by an
angular encoder on the probe shaft, synchronizing measurements of field and

current. Feed down of the quadrupole signal to the dipole was used to center the
probe in the magnet.

MQXE Cold Mass Review A. Zlobin
16-17 March 2000 HGQ Short Model Test Results 4
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Transfer Function
G/l, Tim/kA

HGQO3 HGQO5 HGQO6 HGQO7 HGQOS |HGQO9

HGQO! HGQO2

18231 18221 | 18.229 18.270
18011 1023 1 18007 18051

18.101 18.076 18.075

17,

+G/1 at low current is 18.35
T/m/kA

* iron saturation cffect reduces the
transfer function by 2% at nominal

current
« good reproducibility from
magnet to magnet at all current
levels
« good reproducibility in different
thermal cycles
0 2500 5000 7500 10000 12500 15000
Current (A)
MQXB Cold Mass Review A. Ziobin
16-17 March 2000 HGQ Short Model Test Results 5
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Magnetic Length

Model | Probe I(kA) T=300 K T=19K Lm/Lg

Lmag(m) Lgeom(m)| Lmag(m) Lgeom (m)
HGQO5 | SSW  0.01 1.78610.003  1.866 0.9571
0.01 1.781%0.001 1851 0.9622
HGQO09 | long 12 1.77910.003  1.847 0.9632
6 1.77510.003  1.847 0.9610
short 6 1.77610.001  1.847 0.9616

« thermal contraction included
* Lmag smaller than Lgeom by ~4%
« effect of longitudinal Lorentz force is small

MQX13 Cold Mass Review A. Ziobin
16-17 March 2000 H1GQ Short Mode] Test Results &
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Field Angle
Model  Mechanical | Magnetic
0.006 number  twist, mrad/m | twist, mrad/m
4 HGQO! 47 8
= 0.004 HGQO2 06
S 0.002 - HGQO3 1.0
e HGQUS 09
g 0.000 - . HGQ06 10 <i
HGQOT 02
3 0.0027 HGQU o1
&
-0.004 HGQO9 0.1
-0.006 T T T T
-0.500 0.000 0.500 1.000 1.500 2.000
z (m) Twist reduction below the goal of
0.2mrad/m was achieved in HGQO7
Ficld angle measurements in HGQO! and subsequent magnets.
MQX8 Cold Mass Review A. Ziobin
16-17 March 2000 HGQ Short Model Test Results 7
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Field Harmonics

» Iron saturation and Lorentz

+ ReeaRUraE {10 s

- « hamEured (48 Asy force effects on by at high
P K s Contuctor magnetization fcalc) currents are small

- Stuetiier Lero nitg foraes doale)

b, (180 17 nat

Cuirent Ay

MQXB Cold Mass Review A_Ziobin
16-17 March 2000 11GQ Short Model Test Results

*Coil magnetization effect on
bg at low currents is in a good
agreement with calculations
based on SSC strand
parameters

*There is no noticeable effect
of coil magnetization, iron
saturation and Lorentz force
onb,
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Eddy Current Effects
Model Coil curing cycle Ic(300A/s), Abe(40 Al%? @6kA,
# Temperature, C  Pressure A 10
HGQO! 135 low 10965 0.02
HGO02 190 low 11335 021
HGO03 195 low 11298 0.16
HGQO5 130 low 10519 0.12
HGQO06 190 high 6433 -1.04
HGQO7 190 high 4487 -0.55
HGOO08 190 high 3941 -0.72
HGO09 190/135 low/high 12946 0.13
At (s) HGQ Average | St.dev.
[1]] 02 03 05 0% Q7 08 09
b6 O |-1.1]-09 -06]-1.7 -5 -1.5 -13 -1.2 -12 0.4
Abs 900 |<01] 09 07| 04 0.6 02 0.2 03 04 0.3
A 17731<01{ 10 07 ] 04 0.7 02 0.3 0.3 04 03

MQXH Cold Mass Review
16-17 March 2000

A. Zlobin
HGQ Short Mode! Test Results
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Field Harmonics at 6 kA (Rref=17 mm).

HGQOI | HGQO2 HGQO3 HGQOS | HGQO6 HGQOT HGQOS | HGQDY
b3 036 | 070 104 072 | 025 0.8 06l 0.71
a3 027 | 055 030 042 | 027 041 001 | 035
b4 026 | 018 014 000 | 009 001 012 | -0.05
a4 200 | 053 032 019 | 031 050 044 | 031
bS 029 | 009 034 004 | 011 -004 -001 | 008
as 002 | 047 026 005 | 007 024 012 | 014
b6 391 | -154 -102 030 | -005 -045 -006 | 028
a6 -002 | 003 007 003 | 005 010 003 | 004
b7 008 | 001 006 001 | 003 002 -00l | 006
a7 005 | 000 003 001 | 000 008 000 | 002
b8 006 | 001 000 000 | 000 000 000 | -0.01
a8 002 | 002 603 000 | 000 o001 06t | 001
b9 004 | 000 000 000 | 000 -00! 000 | 000
a9 001 | 001 001 000 | 000  00f 001 0.00
b10  -010 | -0.10 -0.04 00! | 000 -002 -D.0t | -00l
alo 002 | 000 001 000 | 000 000 000 | 000

MQXB Cold Mass Review
16-17 March 2000

A Ziobin
HGQ Shert Model Test Results
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As-built Harmonics

Field LHGQ

harmonics 01 02 03 05 06 07 08 ®
Mocale 424 286 139 0O -

bé, meas. 381 -1.54  -1.02 030 | 005 | 045 006 -0.28
bo.cale.. 04 000 004 201, = = = =

bio, meas.  0.10 -0.10 -0.04 0.01 000 | 002 -0.01 -0.01

a4, calc. 1.27 094 0.00 0.00 - - -
Ladpeas. 200 053 032 n1ig 03§ 080 044.. 031

a8, cale. 0.02 000 0.00 0.00 - - - -

At meas 002 002 fifie] 000 000

Colt Siox. urm

-10n

MQXB Cold Mass Review A. Zlobin
16-17 March 2000 HGQ Short Model Test Results ]
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Comparison With IRQ Error Table

HGQOI-03 | HGQOS5-09 HGQO1-09 Error table

bn, Corrected Measured Corrected v.2.0

an  Mecan| RMS |Mecan | RMS Mcan RMS [Systematic Uncertainty RMS
b3 023)088[049]1026 035 055 0.0 030 Q.80
al 0170430121028 0.11 033 0.0 0.30 0.80
b4 0.190.06|-0.01]0.08 0.08 0.13 0.0 0.20 0.80
a4 021 10581-0151037 -006 048 0.9 020 0.80
b5 -0.18/0.24 |-0.0210.07 -0.10 0.16 0.0 0.20 0.30
a3 004 10.221-006]0.15 000 0.17 0.0 020 030
b6 0.6710.56 |-0.2310.17 0.17 0.59 0.0 0.60 0.60
a6 0.03]0.04(-0.03)0.05 -0.02 0.06 0.0 0.05 0.10
b7 _-0.051004 0011003 -002 004 8.0 0.05 0.06
a? -0.03{003[0.02[003 000 0.04 0.0 0.04 0.06
b8 002100310001001 001 002 0.0 003 0.05
a8 0.02]002000]001 00l 001 0.0 0.03 0.04
b9 0.01 |0.02|0.00(0.00 0.00 0.02 0.0 0.02 0.03
a9 000001 0005001 000 00! 0.0 002 002
L10 0.01 |003]000]003 G000 002 0.0 0.02 0.03
al0 ©0.00002}{000]000 000 00! 0.0 0.02 0.03

MQXB Cold Mass Review A Zlobin

16-17 March 2000 HGQ Short Model Test Resuits 12




peggemis vemrend cosoempins (Tl

R US LHC ACCELERATOR PROJECT

KA
| :'

:*;“'

brookhaven - fermilab - berkeley

End Field Measurement

LT g LT ¥
Tk g
40 S
4
EREL] R E
~ ot i - v
* "1 il L 1% 1 T A 8 i q - naE et o
. - £}
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Lead End Harmonics

Field HGQ
harmonics 01 | 02 | 03 05 06 | o7 | o8 | 09
bs, calc. 3.1 5.5 54 54 35
be, meas. 29| 42| 38 80 31| 31l 31 30
bie, calc. -0.3 -0.3 -0.4 -0.4 -0.1
big, meas. 03| -02] 04 02 01| -01] -00] 0.1
_ag, calc. 0.5 04| -0.1 -0.1 -0.7
a6, meas. 01| 02| 03 06 04| 03] -04] 04
ajo, calc, -0.1 0.0 0.0 0.0 0.0
alo, meas. ot| ool 00 00 ool ool o0l 00
Field Lead end (Lm=0.41 m) _Return end (Lm=0.33 m)
harmonic mean uncertanty sigma mean uncertanty sigma
be 2.0 20 0.75 0.0 1.0 0.75
b -0.2 0.2 0.1 -0.2 0.2 0.1
as 0.0 0.5 0.15 - - -
aio 0.0 0.1 0.1 - - -
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Field Quality Summary

Magnetic measurements for all magnets are in a good agreement with
calculations.

Magnetic measurements show that required field quality (systematic values
and RMS spread) in the magnet body can be achieved within specified
uncertainty.

To simplify magnet design magnetic shims have been eliminated.
Large eddy current effect observed in some magnets was minimized by using
special coil curing cycle

End field guality is well understood. Systematic field errors in the magnet
ends have been reduced with a new end design.

Based on the data presented in field error tables a field quality specification
for magnet production will be formulated
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