
REPORT OF THE REVIEW COMMITTEE 
ON THE FERMILAB HGQ R&D PROGRAM 

(FNAL, 16 March 2000) 

A. Devred (chairman), M. Anerella, R. Ostojic, 
P. Pfund, R. Schermer, T. Taylor, P. Vedrine 

Departement d'Astrophysique, de Physique des Particules, de Physique Nucleaire et de I'lnstrumentation Associee 


CEA/Saclay F -91191 Gif-sur-Yvette Cedex 


CED 

CEA/SACLAY 

DSM 

-! 

I a 
'*" 
-' 

j- ­
(j 
i 

() 

CJ 
I 

~ 

~ 
Vl 
\ 

<;t 
-
~ 
a.. 
<;t 

n 
IJ 


SERVICE TECHNIQUE DE CRYOGENIE 

I 

ET DE MAGNETISME 

FERMI~~B 
JUN 29 2000 

LIBRARY 


DAPNIAlSTCM-00-04 May 2000 



MQXB EDR Report 

16 March 2000 

-1­



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, Arnaud Devred, CEAlSaclay 
(Chairman), Daniel Leroy, CERN, Ranko Ostojic, CERN, Phil Pfund, Fermilab 
(secretary), Bob Schermer, consultant, Tom Taylor, CERN, Pierre Vedrine, CEAlSaclay, 
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 DAPNIAlSTCM 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 perfonnance of the model magnets, and a few quench 
plots. The one-day review was articulated around presentations by Jim Kerby, Fennilab 
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-Iong 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 HGQ05 through 
HGQ09, which meet the specifications on quench performance (save for one, high-level 
retraining quench of magnet model HGQ06), 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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1. 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-Iong magnet models. 
The next phase of the program is to build and test the first of two planned prototypes. 
The first prototype (Q2Pl) 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 Q2P 1 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. F ermilab 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. 


2. Minimize design changes between the models and prototypes 

The committee was presented with examples ofdesign changes that were planned 
between the last magnet model and Q2P 1. One example is the cable insulation scheme it 

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. 
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3. 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. ofmechanical 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. 

4. 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 ofmagnet 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. 

5. 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 J.lm, 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 Q2P 1 
prototype in the coil mid-plane region b~ made fully compatible with the beam tube 
insertion and further validated on test coils. 

6. 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 ofXCI-type polyimide tapes, similar to what has been 
done in RHIC. These studies should be done in time for the Q2P 1 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. 

7. 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 ofhigh heat load corresponding to nominal LHC luminosity, even if the 
cooling chatmels 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 
HGQ08. Recent measurements of AC losses in the KEK low-J3 quadrupole model for the 
LHC might also be used to validate the model. 

8. 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 Inagnet model production and cold test. Although 
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the azimuthal coil sizes required to achieve suitable levels ofpre-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 ofmagnet models HGQ05 through HGQ09 meet the 
specifications (save for one, high-level retraining quench ofmagnet model HGQ06). The 
committee was provided with a summary table ofquench start locations that shows that a 
large number ofquenches 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 ofproblems external to, but in the location of, 
the incriminated wedge. 

10. Effects of interstrand coupling currents and snap-back of multipo/e 
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 H GQ08, 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 nonnal 
dodecapole coefficient (b6) of this magnet does not appear to be significantly different 
from that of other magnet models. In addition, HGQ08 exhibits, at injection, an 
extremely large eddy-current component of the non-allowed nonnal 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 ofHGQ magnets. Finally, CERN and Fennilab must agree 
on specifications for tolerable values for eddy current multipoles. 

11. Origin ofnon-allowed normal sextupo/e coefficient (b3J 

The summary table of multi pole coefficients provided to the committee seems to indicate 
a statistically significant non-zero mean value for the geometric component ofb3• The 
committee recommends that detailed analyses be carried out to detennine 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 ofb3, 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 Q2P 1. The committee agrees with this approach but wishes to emphasize 
the importance ofmaking the cold test results of Q2P 1 and the complete assembly results 
of Q2P2 available to the PRR. Furthermore, if cold testing of Q2P 1 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 Perfonnance - presentation by M. Lamm 

7. Short Model Test Results, Thennal- presentation by A. Zlobin 

8. Quench Protection - presentation by M. Lamm 

9. Short Model Test Results, Magnetic - presentation by A. Zlobin 
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Appendix 1 

Engineering Design Review - Charge 
Quadrupole Cold Mass - MQXB 

BackgrOlmd: 

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. E~ch inner tri~let 
consists of four quadrupole magnets, half of which (Q2a and Q2b) are desIgned and bUIlt by 
Fermilab and half (Q 1 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 - Q 1 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: 

• 	 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. 

• 	 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 
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Engineering Design Review - Charge 

Quadrupole Cold Mass ­

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 

• Phil Pfund, FNAL, Secretary 

• Pierre Vedrine, Saclay 

• Ranko Ostojic, CERN 

Scope of the Review: 

MQXB 


• Tom Taylor, CERN 

• Mike Anerella, BNL 

• Akira Yamamoto, KEK 

• Bob Schermer, consultant 

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 5 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: 

This 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 recoIIllI!endations, and action items. The forecast date for completion is 7 April 2000. 

P. A. Pfund Page 1-3 5 January 2000 
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Engineering Design Review Charge 

Quadrupole Cold Mass MQXB 


Schedule for the Review: 

18 Feb 2000 

22 Feb 2000 

6 Mar 2000 

9 Mar 2000 

16 Mar 2000 

24 Mar 2000 

31 Mar 2000 

7 Apr 2000 

P. A. Pfund 

EDR Schedule - MQXB Cold Mass 

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

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 docUlllents are 
posted or existing documents are modified. 

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 
comments are based on the material provided in the preview package 
and on each reviewer's previous knowledge of the project and 
technology . 

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

Design Review meeting conducted. 

Draft report of the review sent to reviewers by the Chairman. 

Reviewers return comments on the draft report to the Chairman. 

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

Page 1-4 5 January 2000 



Thurs. 16 March 
8:45 am 

9:00 am 

12:30 pm 

1:30pm 

3:30pm 

5:00pm 

7:00pm 

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. 
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Appendix 2 

MQXB Engineering Design Review March J6. 2000 
Industlial Center Building, 2nd 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 I Model Magnet Variants 
- Outline of Talks 

10:00 AM 	 Prototype Magnet Design F. Nobrega 
- Strand I Cable 
- Coils I Cure Cycle I Targets 
- Collars I Prestress Target 
- Yoke I Skin I 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 / Sumnlary J. Kerby 

3:30 PM 	 Committee Working Session 

5:00 PM 	 Committee Wrap Up with Designers 

7:00 PM 	 No host dinner at Chez Leon 
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Jim Kerby 




US LHC ACCELERATOR PROJECT 


brookhaven - fermi lab - 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 - fermi lab - berkeley 

Fermilab's role in the US-LHC Accelerator Project 

• 	 To provide project nlanagement 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 
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US LHC ACCELERATOR PROJECT 

brookhaven - fermi lab - 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 
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US LHC ACCELERATOR PROJECT 

brookhaven - fermi lab - 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 IPl or IP5. Providing 
adequate coil and magnet cooling margin is critical to 
maintaining quench performance under operating conditions. 

The calculations ofN. Mokhov (Feb 2000) for IP5 predict the 
level of energy deposited for the current i:rmetOIripi.ttt design, 
resulting in the following output. .. 
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US LHC ACCELERATOR PROJECT 


brookhaven - fermiZab - 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 
an operating boundary 
condition where at 
nominal luminosity of 
10-34cm-2s-' a peak load 
ofjust over 8W/m needs 
to be extracted from a 
Q2, and the coils of Q2 
must be cooled such that 
a peak deposition of 
O.4mW/g to the inner 
coil does not degrade 
quench performance. A 
series of absorbers is 
required inside the beam 
tube to shield the coils, 
and reduces the peak 
deposition by 30%. 

35L BEJEJ B 
33.5mm-;:= ~J"""'J 

30mm 
23.5mm _ 

_ -cold bore, all IPs 

IZ2ZlI -absorbers, IP 115 only 
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US LHC ACCELERATOR PROJECT 

brookhaven - fermi lab - berkeley 

MQXB Design Parameters 


Operating Gradient (IP1/5) 205 Tim 
Operating Gradient (IP2/8) 215 Tim 
Coil Inner Diameter 70mm 
Magnetic Length 5.5 m 
Mechanical Length 5.5m + E 

Harmonics consistent wi AP studies 
Cooling sufficient for peak heat loads at IPl/5 

Jim Kerby MQXB Engineering Design Review 16 March 2000 6 



US LHC ACCELERATOR PROJECT 

brookhaven - fermi lab - berkeley 

Scope of this Review 

The review cov~rs 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 



US LHC ACCELERATOR PROJECT 

brookhaven - fermi lab - berkeley 

MQXB Design Requirements 

Quench Performance training goals for the first and second 
thennal 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 ofthe 
high luminosity interaction points. 

Z50 -r' ................".....".............................."."."............"........................................................_..........................................................."......................................................................................"...........".._.........."............ . 

2:10 I--~---~---. 

n5+---------------~------------------~ 

220 

175 ....................... .. 
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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. 

MQXB AP Reference Table 2.0 (collision) 
n <bn> d(bn) s(bn) <an> dean) sean) 

Body 
3 
4 
5 
6 
7 
8 
9 

10 

0 0.3 0.8 
0 0.2 0.8 
0 0.2 0.3 
0 0.6 0.6 
0 0.05 0.06 
0 0.03 0.05 
0 0.02 0.03 
0 0.02 0.03 

0 0.3 
0 0.2 
0 0.2 
0 0.05 
0 0.04 
0 0.03 
0 0.02 
0 0.02 

0.8 
0.8 
0.3 
0.1 

0.06 
0.04 
0.02 
0.03 

Lead end (magnetic length -0.41m) 
2 
6 

10 

- - -

2 2 0.8 
-0.2 0.2 0.1 

40 -
0 0.5 
0 0.1 

-
0.2 
0.1 

Return end (magnetic length -0.33m) 
6 

10 
0 1.2 1 

-0.25 0.25 0.1 
- -
- -

-
-
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MQXB Design Requirements 

Alignment 
Reference 
Table vl.O 

The cold mass 
alignment 
target is that 
the average 
twist for a 
cold mass 
before 
cryostatting 
be O.2mradlm 
or less. 

Jim Kerby 

AP Mechanical 
Requirements Tolerances 

Mechanical tests 

Measurement and 
Survey Accuracy 

I-------'-----=-----j--'-'-'---'-'------lscheduled starting 1--_.1....-____----1 

in 2000 

Within limits, 
correctable if 

MQXB Engineering Design Review 16 March 2000 

Should be able to do with 
mech measurements 
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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 IkV. 

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 HGQ05 through HGQ09 show consistently good quench 
performance. 

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

Transient harmonics in HGQ05 and HGQ09 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 progranl, and 
will be extended during the prototype program. 

Jim Kerby MQXB Engineering Design Review 16 March 2000 13 
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A Brief Preview of Model Program Results 


14000 .. 

13000 

8000 

7000 

230Thn 
1;9K 

1.9K 

TestCydalil 

6000+-----~--~~--~----~--~~----~----1-----~--~ 

o 20 30 60 10 eo 
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Model Program Results 

Harmonics...have been understood from HGQO 1. However, since 
HGQ05 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 
HGQ09 with a modified cure cycle. 

Comparison of b6 as a function of current in HGQ05 and HGQ09 

r~-~-':-.-~-~~.-.....,-'--.-,--......,...---.--,.w~_! 
,(I ........ .... ....•.• •• !Ulm~:lI;lB'~MlI 1:1 {t, A,l:1!i~ 
 1 

,t:;' '" lll.fi1lf1lJ:!fli.tfOO I:~,t} Al!ii~ 

ef .,.,.. ! ., I

f u.,"1 filII'. .' . ~ . :.= Iiii' 1 
lj:"" .. :.:,~:::::,~~~~~~~~ ~! ~ I~ ~),b ~.... i 1I .. I 

1 ri ~ 1.1 l! ,,:' ~..d" .. ~! 
iii'

I:lJ.!i 

IJi .,. 

t •. I ··lI1 ~·-·ij,--"";;m;-··-·····_------~···---···m;··-·-··:~~··-'·'-;~·....---' 20 a 
.. ~ Bl Hl '12 !~§tIi;! 

't.~,iirto$1n~ J;itA~ 

HGQ05 HGQ09 
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Baseline Design / Model Magnet Variants 

Design Short Sample --250 Tim 

Fe Yoke 

8mm SS Skin 

.,'''-'''.-/ 
".'.\. "" 

\,\\ 
\ \ 
\ \ 

'\'\ 
\\
'I l 

1 \ 

184.4~\: \. 416mm
T~u,li"'" OD 

OD I iii 
···· .... ···"..·,,·--:1 i

} ! 
! 

/
/ 

i" i 
'. I 

/ 
//~;~

.' /.\-- ~/'T\ Weld Press
Alignment Notch 

SS Skin Alignment 
Key 

CollarNoke Alignment 
Key 
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Nitronic 40 Collars 

Bearing Strips 
(pole surface only) 

Tuning Shim Slots 
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Baseline Design / Model Magnet Variants 

Impregnated glass fibers 
have been used as the end 
part material in magnets 
HGQ05-09. 
A '5-block' end design was 
introduced with HGQ06. 
The internal splice design 
has been used since 
HGQ03. 
Coil ends are shimmed for 
prestress consistent with 
the body, tapering off 
towards the end. 
Mechanical support is 
provided by G 11 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 2UOO 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 [Ilm] 6 6 

Cu:SC ratio 1.3: I 1.8: I 

RRR 70/100 701100 

Twist pitch [mm] 13 13 

Twist direction left/right right 

Ic(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] 1.32611.320 1.054/1.051 

Major edge [mm] 1.587/1.610 1.23811.241 

Keystone angle [deg] 0.99011.079 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 is insulated 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 

20 30 40 50 60 70wrap. 

strip 
heater 
200um 
thick 

strip 
heater 
200um 
thick 

75 um kapton 

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. 
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Baseline Design / Model Magnet Variants 

The '5-block' end design 
splits the large inner coil 
conductor block into 2 

j-"'''''.''''.,....... ''''.. ''''... "'''''''''''''''''''' 
J-......­............"..---............ ~r::., 

.CI """"",,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,-1 

smaller groups, as compared 
to the '4 block' design. 
All parts are G 11CR. 

XY plane cut in body YZ plane cut in end 

I
L....--- ...., -.-......--....­...., .........._......_.........-........... -_..._... _.................... , 

"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 
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Baseline Design / Model Magnet Variants 

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 
55 to 100 MPa 

100 

80 
r0­

e o.. 

c: 60 
0 
'iii 
III 
~ 
a.. 
E 40 
0 
0 
'0 
o 20 

0 

Collaring Cooldown Operation 

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 HGQ08. 
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Baseline Design / Model Magnet Variants 


LE 

+-­ bullet 
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 HGQ05 and HGQ07 show quench performance is 
insensitive to the restraint applied. 

End plate thickness has 
been reduced from 50mm 
to 35mm in HGQ09. 
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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 

(after welding completed, on the granite table) 

in HGQ07 on was 
control of the relative 1.5 

speeds of the weld 
heads in the automatic 
press. 
This is the same press 
to be used on the full 
length magnets. 

0.5 1.5 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 HGQ05 on, quench performance of the models in1proved 
dramatically, and through HGQ09 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 G 11 CR, 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 lOOMPa 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 progranl that we don't care to see again: 

• 	 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. 

• 	 UL TEM end parts. In this magnet, not a good thing. 
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Overview of Upcoming Talks 

Upon completion ofHGQ09, 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 Progranl 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 1000 

Cable 

Coils 

Collar-Coil Assembly 

Cold Mass Final Assembly 

t-;~', 
US mc ACCELERATOR PROJECT (~~~~~,

~...IfI_.r brookhaven -Lttlrmilab - berkel~l/ 

Cable Parameters 

kCYlltoneangic PlIIlImCtI:t_ Unit 

\ 
~F!.Iid4hid"'''' 

rrumbcr of SIr.II1ds -
ablcwidlh mm.-.~ I -{ = ]]biorEdg

< Itiootedge rom 
able Mid-thickness mm 

WodIh ----' Itajoredge rom '-= 
OClIr'e(,cysImC8Ilgle 

mm'tlIn""""ilio" length 
~ydircC1ion i-­
~inimumcriticalctJlTCnt KA 

• Inner cable size changed 6, 8, 12 JIm respeclively tvlinimum unit length m 
Kg• Keystone angle changed from 0.9771" ~jnirnum collapse tension 

• If of inner strands decreased 10 37 ~duallwiSl Ikjert:'t 

• Inner left lay cable was unstable with a coil Minimum bcndina tlIdius mm 
rejection rate of -25% due 10 popped strands 
causing !Urn - tum shorts. 
~ Bought billcI w/lefl twist strand. 

V.I"" Tilleran«' 

37 
ISAO ±o.o2S 

1.320 
1.465 ±0.006 

1.610 

1.079 ±0.O5 
114 ±5 

Right 
14.0 

180 
SO 

0-90 

1 

Value Tolcr.o.nce 

46 
15.40 ±0.025 

L051 
U46 ±0.006 

1.241 

0.101 ±O.05 
102 ±5 

Left 
8.S 

200 
SO 
0-90 

IS 
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Cable Insulation 

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

Inner cable: 25}Ull x 9.5mm Kapton wI 58% overlap surrounded by 50}Ull x 9.5mm 
w/2mm gaps using QIX -7 Kapton wI a polyimide~epoxy adhesive. 

Outer cable: 25 /lm x 9.5mm Kapton wI 48% ov:erlap surrounded by 25 /lm x 9.5mm 
w/46% overlap using QIX -7 Kapton wI a polyimide-epoxy adhesive. 

MQXIJ Enginc<ring Design Review 16 March 2000 
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Cable Insulation Summary 

Model Inner OUICr Stmnd Wire! Im:rCabic OuINCabie Adh.,. 
# Cable Cable Surface CableHT Insulation Insulalion sive 

IIGQOI 38. 46. Naruml NOIlcJ Epoxy 
Right lay Left lay copper None 

IIGQ02 38. 46. Natural None! QI 
Rigbtlay Leftl..,y ''UWCr None 

!!GQ03 38. 46. Satur.d NoncJ QI 
Rigb'Lay LeftL"y copper NonC' 

11GQ04 38, 46. Naruml None! QI 
Right Lay Left lay copper Nonc 
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Cable Insulation Summary (continued) 

Fred :-lobrell" MQxa Enginc.:ring Design Review 16 Mon:h 2000 

MQXB Coil Cross Section 

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 
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Coil Size Progression 

;. 200 

! 110 

== I; 

400 

llO 

Joo 

llO 

100 

10 

·100 

• 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 lines (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 
• HGQ08 used to determine upper limit of prestress range 

Fred Nob",!!" MQxa Engineering Design Revi<'w 16 Mareh 2000 
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Coil MOE Progression 

• MOE measured between 65 & 95 
MPA. 

• The peak to peak variations within 
coils is typically less than I GPa with 
typical standard deviations of about 
OAGPa. 

• Based on the model magnet program 
test results, target coil size and MOE 
are set to 275 11m and 9 GPA for both 
the inner and outer coils. 

MQXU Engineering Ilcsi!!" Review 16 Mareh 1000 
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Coil Size Variation Along the Straight Section 

Starting with HGQO?, Kapton shimming 
was added along the length of the coil 

325 
before curing to reduce variation along the 
straight section. This variation was as 

300 	 much as 100 J.lm. Shims were placed 
azimuthally in the mold cavity and 
removed after curing. The plot shows the 

275 e typical shape of the coils along the length' 
::I. 

of the straight section using this system . 
~ 250 

Note that the shimming system might be 
225 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 

.; 

250 500 750 fOOO 1250 1500 be used. 

Fred Nobrega MQxa Enginc<:ring Design Review 16 March 2000 

Distance trom Lead End, mm 

A 

Coil Curing Parameters 

The two step cycle used in HGQ09 combines the 
parameters used in HGQ03 and IIGQ05. The coils were 
first cured at 190°C (for better adhesion) with low pressure 
and then the temperature is reduced to 135 OC 
simultaneously increasing the curing pressure (for higher 
coil MOE). This process gave coils with acceptable 
interstrand resistance without significantly decreasing the 
coil had the lowest interstrand resistance 

Time 
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Coil End Design 

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

Internal Splice 

0-11 CR end part material- structural and 
radiation resistance 

5 block end design for improved mechanical 
support 

Fred Nobl'Cg;l MQXIl Enpeering Design RCYiew 16 March 2000 II 

Cured Lead End Outer Coil 
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Coil Size and Length Specifications 
for Prototype and MQXB 

Coil Size Specifications 

Inner coil size: 275 urn +/- 50um 
Inner coil MOE: 90pa +/- IOPa 

Outer coil size: 275um +/- 50um. 

Outer co.il~gE.:~~p~::,:(:.lg~~ 

: ....... "....."..... "-",,.... T... ICoiL'Ilph'R'Il.Imn 
;"M.1 pl!n fll:' MrJ,\A: 
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Fn:d Nobrega 

Col1ar-Coil Ground Wrap Insulation 

The figures show the coil insulation system 
for the first long prototype. It is not identical 
to any of the short models. It is closest to the 
systems used for IiGOOS and IfGQ09. The 
differences between the prototype and IIGQ08/9 
are: 

• The HGQ09 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 
on the prototype . 

• On HGQ08, the flaps were removed, but the strip 
heater, instead of being 200 jlm thick, was only 125 
/lID thick, with a 75 11m layer of Kaplon between 
the strip heater and the outer coils. It is identical in 
all other respects. 

MQXB Enginc:aing Design Review 16 Man:h 2000 
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Collar-Coil Ground Wrap Insulation (continued) 

Three layers of Kapton. each I 251Jm. cross each pole, 
covering the inside surface of the collar laminations. To 
allow heat flow between the beam tube and the openings 
between the collars. slots are provided in the Kapton. 

MQXB F.I1!lillCC1'ing Design Rov;cw 16 Man:h 2000 
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Collar-Coil, Quench Heaters 

• Each element is 2S x 15mm wide sta 

s as shown. 


ring approximately 12 turns of two 


less steel intermittently coated with a thin 
(4!lJll) layer ofcopper on one side. The coated as are 210mm long, alternating with 
I05mm long areas of bare stainless steel. 

• The stainless steel length corresponds to one transposition pitch. 

• The two strips will be connected in series at the return end of the magnet. 
• The two elements are sandwiched between 100 !lJlllayers ofpoly imide film and adhesive. 

• Heater assemblies are being supplied by CERN. 

fred Nobrega MQxa F.ngineering Desil!ll R<:Yicw 16 Man:h 2000 IS 
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Collar-Coil Assembly, Collar Packs 

The collars are stamped and provide a 
repeatability from part to part of +1- 15 
J.U1l. 

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 ofthe small lamination 
allowed the bearing strips, used on 
earlier short models, to be eliminated. 
Magnets HGQ08/9 were built without 
bearing strips and performed well. 

Fred Nobrega MQXlI Engineering Ucsign Review 16 Man:h 2000 16 
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Cold Mass Final Assembly, End Restraint 

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 slip 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 MQxa Engin<:cring Design Review 16 Mardl 2000 

US LBC ACCELERATOR PROJECT 
brookhaven ­ 'fIrmilaIJ ­

Cold Mass Final Assembly, Yoke Redesign 

MQxa Enginc1:ring Design Review 16 March 2000 

berkele 

• Yoke redesigned: 

50mm cooling holes 

- Tuning shims replaced 
with iron from yoke 

fred Nobrcp 
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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 longitudinal 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 ofHGQ09, a 35mm end plate will be used. 

Fred Nobrega MQXB Engi"",,"ng Design Review 16 Man:b 2000 23 

Mass Final Assembly, Quadrant Splice 

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 
greatest extent possible. Only the last 

End view ofquadrant splice and power lead 120 mm of the cables are straight and 
assembly: are soldered together. 

I, 2, 3, 4 - splice blocks; 


5, 6, 7, 8 - intermediate blocks; 


9 - support block cover; 


10, II screws. 


itMQXB Engineering Design Review 16 Marcil 2000 24 
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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 2Smm inside the end of the saddle and 
extends to the end ofthe 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. If 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 Nobn:gu MQxa Engineering Design R<:vicw 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 19mm to 26.Smm to 
account for the large weld shrinkage. The skin is a 
helium vessel used to keep the yoke halves in contact at 
all times and since there is no collar-yoke interference the 
only load to the skin is due to weld shrinkage. The final 
weld prep design is a modified J-groove with a O.Smm 
sharp comer at the bonom 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 Nubrega MQxa r-nginCl:ring !Jcsign Review 16 Murch 2000 26 
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Mass Final Assembly, Cold Mass Twist 

I Cold mass twist ranged from 
HGQ..f)9 Cold Mass Twist Measurements , ....WsI-.utitg dIM", 0.6 to 4.67 mRadlmeter in 

-lilear(WsI.........,;ng_1 

0.3 

0.2 

:; O.t 

~ 
§ 0 
E 

.i....i .oJ 

.ol 

.Q.l 

t 

" 

j\ r.. \ 
I I 1\ 

/ - \..-- r--J, V 

0 05 , 1.5 2 2.5 

Distance ttollllE, meIer 

magnets HGQO 1-06. The 
requirement calls for a twist 
of less than 0.2 mRadlmeter . 
After numerous studies and 
upgrades to the weld press the 
primary culprit was 
discovered to be the relative 
weld carriage speed to one 
another. One weld carriage 
was moving faster than the 
other causing a weld 
shrinkage differential and 
locking in a twist. Once 
discovered and corrected, 
magnets IIGQ08 & 09 had a 
twist less than 0.1 mRadlm! 

Fred Nobre"" MQXIliingilll:<:ring \kiii"" Review 16 Marc:b 2000 
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HGQ Short Model Test Results: 
Mechanical Studies 

Outlines 

• objectives 

• instrumentation 
• azimuthal prestress study 
• hannonics stability 

• longitudinal support study 
• skin strain measurements 

• summary 

MQXIl Cold Mass Review A.Zlobin 
16-17 Mareh 2000 IIGQ Short ModelTcs! Results 
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Objectives 

In order to provide stability of field hannonics over the operational field range and reduce the 
probability of spontaneous quenches caused by conductor motion, the coil turns must be 
mechanically 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 thennal 
contraction and Lorentz forces, was chosen based on results of finite element analysis. 

Objectives: 
azimuthal coil prestress measurement at room and operation lemperature 

azimuthal prestress and harmonics change at nominal current 
longitudinal coil prestress control at room and operation temperature 
longitudinal Lorentz fm"ce measurement 
skin strain 

MQXIl Cold Mass Revi,-... A.Zlobin 

16-17 Marcb 2000 IlGQ Short Mudd Tesl Results 
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Instrumentation 

Instrumentation used for the mechanical studies includes: 

• strain gauges (resistive and capacitative) installed in the magnet straight section 
in order to measure azimuthal stress 

• bullet gaugeslload screws installed in the end plates to provide longitudinal 
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 us~d to investigate and 

quantify azimuthal and radial tum motion under the influence of Lorentz forces. 


MQXB Cold Mass Review A.Zlobin 

16·17 March 2000 IIOQ Shan Model T cst Results 
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Strain Gauges 

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

.. 
Collar pack asscmbly with inner beam gauge (L) 


and capacitance gauge (R) 


MQXU Cold Mass Review A.Zlobin 

16-11 March 2000 IIGQ Short Model Test Results 
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Azimuthal Prestress Summary 

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

MPa MPa MPa MPa 
Design 81 81 74 66 
HG I 
H 2 

67 
73 

72 
94 

38 
76 

58 
84 

HGQ03 187 97 173 102 
HGQ05 99 55 49 
HG 59C 6IC/139B 169B 
H 7 
HGQ08 

65C 
86C/94B 

74C/58B 
92C/96B 66B 

45B 
105B 

HGQ09 68C/48B 77C/58B 33B 42B 

MQXB Cold Mass Review A.Zlobin 
16-17 March 2000 IIGQ Shan Model Test Results 
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Effect of Azimuthal Lorentz Forces 

A verage outer coi I azimuthal stress for 
magnets HGQO 1,05,07, and 09 

-1I(iQO'''''''' 
_'KiQOl""'" 
-IIGQlJru... 

OOE-fIO 20Ftm oI,OE-o7 1I,{"I:-07 MOf·m 1.0000'fll 12EtfII I~F.'OM (f,F..UM I.MF.'OM 2f1!-:.m 

A verage azimuthal stress for the inner eoils 

of magnets HGQO I, HGQ08, and HGQ09 


u.OE·OO~.O~'07~OF.·076,nf.·07 R.OE"071.(1fi'0II 12r:~OR IJf.OR 1.6F.·(JR 1.Rr::·ox .2.0r-:'OM 

fM2p1c1 CWTl..'IIli (fvrV.~J 

MQXB Cold Mass Review A.Zlobin 
16-17March 2000 IIGQ Shon Model Test Results 
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Azimuthal Lorentz Force Summary 

Model Azimuthal prestress (a)300 Azimuthal Lorentz force 
Number 

Design 

Inner layer, 
MPa 
81 

Outer layer, 
MPa 

81 

Inner layer, 
MPalkA2 

-0.28 

Outer layer, 
MPalkA2 

-0.20 
HGQOI 
HGQ02 

67 
73 

72 
94 

-0.28 
-0.31 

-0.13 
-0.15 

HGQ03 
HGQ05 
HGQ06 
HGQ07 
HG008 

187 
99 

59C 
65C 

86C/94B 

97 
55 

6lC/139B 
74C/58B 
92C/96B 

-0.29 
-0.24C 
-O.4IC 
-O.l6C 

-0.20C/-0.28B 

-0.13 
-0.13 

-0.26B 
-O.lIB 
-O.l6B 

HGQ09 68C/48B 77CI58B -0.26C/-0.16B -O.lIB 

MQXB Cold Mass Re,iew A.Zlobin 
16-17 March 2000 BOO Short Model Test Resuhs 
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Harmonics Stability in Operation Field Range 

-0.20 .".-----------------... 0.02 

-b6-0.25 0.01 
-blO 

-;;;­ -~-~--- "'­

~ -0.30 rr------ - ------------, 
-0.35 'V A "A -v ''''' v ,... -0.01 

-0.40 -0.02 

5000 6000 7000 8000 9000 10000 11000 \2000 0000 

Current (1\) 

Average value (up/down ramp) ofb6 and blO during a current ramp cycle for HGQ09 

MQX~ Cold Mass Review A,lol.bin 
16-17 March 2000 IlGQ Shot1 Model Tcst ResullS 
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Longitudinal Prestress Summary 

Model Longitudinal end prestress Longitudinal end prestress 
number @300K @1.9K 

Lead end, Retumend. Lead end. Return end, 
kN kN kN kN 


Design >0 >0 >0 >0 

HGQOI 0.8/14.3 0.8/22.4 0/0.9 0/3.2 

HGQ02 7.5 11.4 0 0 


HGQ03A 8.2 8.3 0 0 
HGQ05 10.5 10.2 5.1 4.1 
HGQ06 9.4 9.4 4.7/6.2 3.0/3.0 
HGQ07 11* 
HGQ08 8.4/8.5 
HGQ09 II 

MQxa Cold Mass Review 
16·17 March 2000 

8* 10.5 7.5* 
9.0/9.3 10.7/11.3 8.0/9.0 

9 11.5 7.5 

I\.Zlobin 
IlGQ Short Modo! Test RemUs 

US LaC ACCELERATOR PROJECT 
brookhaven - 'I1nn/1tJb - berkele 

End Lorentz Force Measurement 
~r-------------------------~ 

-1...t£ad·I~T",Cl"" 

--- Rt'olmr:.nlI-lstTtliIC\dt 

<· ..··I.QlJI:nd-lA1ITestCytk 
--- R(,lumEnd·2ndT~Cyck Total coil end loads for HGQOS, HGQ06 

andHGQ09lJ 

Total end force on HGQ01 during the first and 

second test cycles. 


The RE end force was increased between test cycles. 

MQXB Cold Mass Review I\.Zlobin 

16·1 7 Mareh 2000 llGQ Short Modol Test Results 
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Longitudinal Lorentz Force 

Model 
number 

Design 

HGQOt 

HGQ02 


HGQ03A 

HGQ05 

HGQ06 

HGQ07 

HGQ08 

HGQ09 


End plate 
thickness, 

mm 
50 
50 
50 
50 
50 
50 
50 
50 
35 

Longitudinal Lorentz force 
Lead end, Return end, 
kN/kA2 kNlkA2 

0.36 	 0.36 
0.09 	 0.09 
0.08 	 0.07 
0.06 	 0.06 
0.089 0.091 
0.088 0.083 
0.085 0.094­

0.077/0.082 0.08910.089 
0.046 0.043 

MQXB Cold Mass Review A.Zlobin 
16·17 March 2000 1100 Short Model Test Results II 
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Skin Strain Measurements 

Longitudinal shell strain sensitivity along the cold mass length 
~OE·jl7 ,..---------------, 


.... H<i\m·l(1 ...... !l<1,IOM

J.OE-OJ 
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i l.OE-OJ 
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~4nE.(iJ 

~ l.OE-OJ 	 _ 5.0E·OJ 
Jl 
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1<'j l.OE·OJ 
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IOE·OJ 
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-Ir HGQ08 •0 dqpta'"*" HGQOIl· 4Sdogreo:s 

~ 

o 	 III 20 30 40 $0 foO JO 80 90 100 110 

[)j,tllltt from Non-lead End leml 

MQXB ('old M.ss Review A.Zlobin 
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Mechanical Perfonnance Summary 

The Fennilab HGQ mechanical design offers satisfactory coil mechanical support. The mechanical 
design has been refined and improved through a combination of analytical, computational, and 
empirical studies. 

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 reasonably 

large (80±20 MPa), allowing for a coil size deviation in production of ±30 J.Un. without 
degradation to quench pcrfonnance and effect on hannonics stability. 

End plates and AI end~cans, attached to the end plates, were chosen to constrain the ends radially 
and longitudinally. This fcature substantially reduced the longitudinal motion resulting from 
thennal 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 operation at the design gradient. the end plate thickness has been reduced from 
50 rom to 35 mm. This is sufficient to adequately support the measured coil longitudinal loads 
and reduces the cold mass overall length. 

MQXU Cold Mass Review A.Zlobin 

16-17 Man:h2000 IIGQ Short Model Tcst Rcsuhs 
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Quench Perfonnance 
Michael Lamm 

MQXB Engineering Design Review 
/6 March 2000 

-Performance Goals 

-Training lIistory 

-Ramp Rate Dependence 

-Temperature Dependence 

'Conclusion 
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Training Goals for MQX Magnets 

-Training at 1.9K to 230 Tim in a small number of quenches. 

-10-20 Quenches with energy extraction 

.... to reduce the cost ofqua#fying cold mass 

-On second thennal cycle, should exceed 220 Tim on first quench 

....no re-training quenches in tlte tunnel 

-No degradation of quench perfonnance on the 220 Tim level after full energy deposition 
quenches 

.... since there is no energy extraction ill the inner triplet 

-Mild ramp rate dependence to quench current 

..... ramp rate is low but could t;fJectfield harmonics 

Michael lamm MQXB Engineering Oes~ Review 16 March 2000 
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Overview of Quench Performance 

14000 ~......,... o· ..-. I........ ....,......... .' . 

_~(~__..__~,:_ ~~1.,a '. Ia........
13000 

4.SK ..... 230Tlm ; •• ~ 

12000 
 I ••• 1,SK 4.SK -;-"~!f" ~. 220T1m'-! 

#.1.1 t '0 .t.·.,_~J i« 

.............. -·i.-:~"';~~~-::~~-......... ;,... _· .. -to'" 265Tim-
i
t


l11000 

......0· 


.~.l,.• •"" . HGQ02 ••' !
~ 10000 £........ • ... . HGQ03 • 1.SK 1.9K , 
-	 ,:••0 I' 

(] 
~ sooo 	 -;.:..... • HGQ3A 

~ t~ I 

8000 • • HGQ06 .,!,I

Test Cycle I • HGQ07 Tes/Cyclell Test Cycle III : 

7000 " 	 , HGQ06 


.. HGQ09 


6000~--~---r---,~==r=~~---r--~----~~ 
o 	 10 20 30 40 50 60 70 80 


Quench sequence 


Michael Lamm MQxa Engi"'-""'lIg Ocsign Review 16 March 2000 
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Design Improvements Post HGQ03 

- Use of 0 I 0/0 II as end part material (radiation hardness deemed acceptable) 
- Cure of inner coil at higher pressure, resulting in a higher inner layer elasticity modulus 

and more unifonn inner/outer coil mechanical propertics 
- A continuous bodylcnd transition, including elimination ofkcy extension 

- Welded collar packs with pole fillcr pieces 
- Aluminum end can assemblies over both ends 
- Attachment of the end cans to the end plate, which ensures contact between the coil ends 

and end plates as well as stretches the coil straight section aftcr cool-down 

- New inncr cable (37 strand) and new end design starting from HOQ06 

Stabritc on HOQ08 

Michael Lrunm MQXI1I-:nginCl.'ling.l)csign Review 16 Man;h 2000 
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Quench Summary 

Model 
Nu 

Iql(4.5K). Iql(J.9K). N(<205T/m) 

IU S' 76 J( 127 II 
He 7' r.s 91)1 2: 
He 7151 119 7 

lIe 7,38 t28 I 

Michael Lamm MQxa F.ngincmng Design R<'View 16 March 2000 
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Quench Training of"Later" Magnets 

14000 

13000 
4.5K 

12000 « , ~ 
~ ~ 

220T/m
- ... ___ .... _____ .. A ___ • ___ ........ ___ .. __ ..... __ .. __ .. __ __ ..... _ .. ___ 


~ 11000 ..__IIV :: 

~ 10000 ~..: 
u ., 
ii
& 9000 • 

8000 
Test Cycle I 

7000 

205T/m 

1.9K 
.. HGQ05 


- HGQ06 


-HGQ07 


.<,HGQ08 
 Test Cycle II 

4HGQ09 

.. '« __ ... __ .. .. __~ ""~_ 

1.9K 

Test Cycle III 

oooo~--~----~--__----~----~--~--__~__~__~ 
o 	 10 20 30 40 50 60 70 80 

Quench sequence 

Micru.el Lamm 

http:Micru.el
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Quench Location for Low Ramp Rate Quenches 

HJOO5 HGOO6 HGOO7 HGoog HGOO9 
Dole wedl!e Dole wed2e DOle wedl1e note wed2e Dole wedj1;e 

Inner body 2 13 9 19 1 11 4 10 3 7 
Inner end 2 1 5 0 5 5 I 0 t 0 
Outer body 4 14 0 0 2 0 1 8 1 2 
Outer end 0 16 0 0 0 0 0 0 0 1 

General comments: 

~No apparent benefit to training at 4.5 K 

~Thermal cycle memory is good 

-No correlation of prestress to quench pcrfonnance 

Michael Lamm MQxa Engim:cnng Dcsil'" Review 16 March 2000 
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Azimuthal Prestress Summary 

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

:MFa :MFa :MFa MPa 
Design 81 81 74 66 
HGQ>1 67 72 38 58 
H 73 94 76 84 
HGQ>3 187 97 173 102 
H 5 99 55 49 
H 59C 61C1139B 169B 

HGQ>7 65C 74C158B 458 
H 86C194B 92C196B 66B 105B 
HGQ09 68C148B 77C/58B 33B 42B 

Michael Lam.. MQxa r.ll!:im:cring Il<sil'" Review 16 March 2000 
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Longitudinal Preload 

14000 

13000 

12000 « 
J 

~ 11000 

~ 10000 
u; 
6 9000 

8000 

7000 

6000 

...............-...,,-_._....._-,._. .......- ....._--...-..........._.,....,.-..­
: ~ 

1-~-...- ..­

4.5K ." 230T/m 
I 1.9K

: 
~~ ...........................-................................. ...... .... ......--.. 


205T/m
:~ 

P ........ 
..... ; • HGOO6 

~ "HGOO7 

Test Cycle I 

•.. 

rP dI'" 

•..-.-.."". 
t ..... rP -_............­. 

220T/m 
~ 

... 

1.9K 1.9K 

Test Cycle II Test Cycle III 

HGQOS,HGQ06, 
HGQ08-9and 
thirdTCof 
HGQ07: 
longitudinal 
preload 

HGQ07 TC 1&2: 
no preload 

0 10 20 30 40 50 60 70 80 

Quench sequence 

Michoell.amm MQXB !'.nginccring Ocsign Review 16 Man:h 2000 9 

Full Energy Deposition with Spot Heater Induced Quench 

Quench training is 
14000 performed with 
13000 extraction circuit to 

minimize recovery as 
12000 

« well as for redundant . ·m· 
]l 11000 205T/m magnet protection. 
t: 

Test Cycle I 1.9K 1.9K~ 10000 

Verify that full energy ~ 
"HGQ07a 9000 deposition does not 
·HG006l:]
pH degrade magnet quench 8000 

TeslCycle II TeslCycle III 
performance

7000 

6000 +----..---.,--......,----.--'-....----.---l,-.--.--......; 

10 20 30 40 50 60 70 80 


Quench sequence 


Michacll.amm MQXB Engineering Design Review 16 Man:h 2000 10 
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Ramp Rate Dependence 

Ramp rate dependence to quench =>Eddy Current Coupling 

Undesirable even at low ramp rates due to effects on field quality 

Coupling reduced by (lack of) strand coating and cure cycle 

Model Inner coil curing Strand AC loss le(300 Als).
Number Tcm~tur Pressure. coaling @IOOAls A 

c, C Ml'a J/cyclc 
IIQQ!!I 135 r-b 10965~!! 
HGQ02 190 20 r-b 210 11335 
IIGQ03 195 20 r-b 234 11298 
IlGQ05 130 80 r-b 177 10519 
HGQ06 190 80 r-b 1000 6433 
HGQ07 190 80 r-b 589 4487 
IIGQ08 190 80 Stabritc 4538 3941 
HGQ09 1901135 20180 r-b 12946 

Michael Lamm MQxa F~ Oesign Review 16 Man::h 2000 
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Ramp Rate Sensitivity 

15000 ..,...----------------, 
ForHGQ06-8t Iii • i i • high ramp rate 
quenches occur 

13000 J: GI 

-~----------------- ------------- -- ----- -------- -­
in "inner ~ 11000 X .. x 205T/m ~ 

Ohgq01 midplane"
C II hgq05e 9000 ... 

Xhgq06:::J ForHGQOl,o 7000 
.t.hgq07 x HGQ05,& 

HGQ09highXhgq085000 ramp rate 
• hgq09 quenches occur 

3000+-------.--------r-------.--~ near in-outer 
o 100 200 300 rampspUce 

Ramp Rate [A/sec] 

Michael Lamm MQxa Engineering L>csi!Jl1 Review 16 Ma.ciI 2000 12 
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Temperature Dependence 

15000~-----------------------~--~-O-1--' 

D ~02 
A ~0314000 Generic curve I) hgq03A 
11: ~05 matches data (when 
• hgq06 not mechanicaUy ~ 13000 .. ~07 c limited)II ~08 

~ ... Series9 At 205 TIm thermal-genericB 12000 
margin in outer pole 
turn - J.SK(higher in f' 205T/m11000 o midplane) 

10000+---~----r---,-----~----~-"'-*r-.--, 

1.5 	 2 2.5 3 3.5 4 4.5 5 


Temperature[K] 
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Quench Performance Summary 

-Several changes were made to mechanical design after magnet HGQ03 

-Subsequent magnets HGQ05-9 exhibited training performance ( i.e. peak gradient, 
number ofquenches to reach gradient, performance after thermal cycle) that meet the 
LHe goals. 

-Performance is insensitive to azimuthal prestress within our chosen range. Longitudinal 
pre loading 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 TIm. Midplane margin will be higher 

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

Micha<.'1 Lanun MQXU Engineering Dcsill" Review 16 March 2000 14 
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HQG Short Model Test Results: Thermal Studies 


A. Zlobin 
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HGQ Short Model Test Results: 
Thermal Studies 

Outlines 

objectives 

radiation heat deposition update 

study ofcoil cooling conditions 

operation margin calculation 

heat transfer inside magnet 

MQxa Cold MIISS Review A.Zlobin 
16-17 March 2000 IIGQ Sholt Model Tcst Results 

Coolin 
Condo 

nominal 
poor 

Pmax 
mWI 

0.6 
0.6 
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Thermal Analysis Summary (1998) 
Pin, 

W/m 

0.087 
0.087 

Pout, ~____~In~n~e~r~la~l~~e~r~____r-____O~u~te~r~la~i~~e~r~__~ 
W/m dTcbl. K dTc:dTcbl dTcbl. K dTc:dTcbl 
0.028 0.12 20.0 1.4 2.64 
0.028 t.09 2.17 2.8 1.32 

The magnet workability was described in tenn ofan operational margin defined as follows: 
operational margin=L\Tc:ATtbl ' 

where ~Tc=Tc-Th cable critical temperature margin, 

~Tehl =T,hiTb ­ turn temperature rise, 

Tc and Telll - cable critical and operation temperatures, 

Tb lIell temperature. 

~Tc=2.4/3. 7 K inner/outer layer midplane turns, 

Nominal cooling conditions: inter-nlm cooling channels in the magnet inner layer. 

Poor cooling conditions: inter-tum channels do nol work (are closed). 

Based 011 these data it was concluded that the developed magnet design provides a sufficient 
operational margin under expected IJHC operational conditions. 

MQXIl Cold Mass RC\';L"W A.Zlobin 
16-17 Man:h1000 IIGQ Short Model Test Resul", 
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Thermal Study Objectives 

update ofradiation heat deposition 

coil cooling conditions 

magnet operation margin 

- heat transfer in the magnet 

MQXH enid Mass Review A.Zlobin 
16-1 7 March 2000 IiGQ Short Model Tesl Resulls 
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Radiation Heat Deposition Study 

Pmax=O.4 mW Ig (Q2b) 

MQXll eold Mass Review A.Zlobin 
16-17 March 2000 IIGQ Short Moocl Tesl Rcsuilli 
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Coil Cooling Condition Study 

50 100 150 200 250 300 350 

HGOO;IA 

16000 

14000 

12000 

10000 

« 
E 8000 

6000 

4000 
dUd!, Ala 

2000 

~AC losses in the triangular cycle with current 
amplitude change within 500-6500 A range vs 
the current ramp rate. 

•• .1.90K 

.,1.95K 

A.2.00K•~ .2.051< 

,,2.201<& ... 

" . I .. " t t 

Quench current vs current ramp rate measured 
at different helium temperature~ 

50 100 150 

dlld•• Ala 

200 250 300 
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Turn Heating Power 
1.2 -r----------------, 

MQXU Cold Mass Review 
16·17 Man:h 2000 

Turn number 

-.It- Af' lem (innet! 

20 

A.Zlobin 

~ Distribution of AC Losses and radiation heat 
deposition in the I10Q coil (dl/dt=100 Ns) 

J, Measured and calculated total AC loss power AC 
loss power in the 110008 coil and AC loss power in 
the midplane turns at different current ramp rates. 

IIGQ Short Model Test Results 
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Inner-layer Margin and Cooling Conditions 

16000 

14000 •12000 

10000 
C 

8000E 
6000 

4000 

2000 

0 

Operational margin (OM) of the 
inner-layer midplane turns could be 
defined as 

OM::l\Tc:l\ Tcbl=PmaxlPrad, 

OM(meas )=0.18/0.087=2.07. 

OM( calc )=2.17 for the case of 

poor cooling conditions! 
0.000 	 0.050 0.100 1).150 0.200 0.250 0.300 0.350 


Pin1,Wlm 


MM: 
Dependance of the midplane turn quench current vs the heating power. inner-layer cooling channels are PmalFO.18-0.19 W/m @ T=I.90-2.0SK 

closed! 
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Temperature distribution in the IIGQ coil at nominal 

LI Ie radiation heat deposition. 


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 tum to 2.072 K in the 
pole tum. 

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

• Radial gradient in both layers less 
thanS K. 

MQXIl Cold Mass Review A,Zlobin 
16-17 Man:h 2000 1100Short Model Tcst Results 

http:PmalFO.18-0.19
http:0.18/0.087=2.07
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Distribution of radiation heat deposition and temperature. and 
temperature margin in the BOO coil: a) inner layer; b) outer layer. 
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Operational Margin 

18 f-Operational margin for inner and outer 
turns at nominal field gradient of20S Tim.16 

I- outer layer 14 ~ 
I ­ • Inner layer margin is -11 and" 12 
t:: determined by the midplane 
~ 10 
«I turns.E 8 
t:: 

0 
 • Outer layer margin is -7 and 

6 
determined by the pole turns. ~ 

CD 
Q. 4 

• Magnet operation margin is -7 
2 

0 
for nominal LHC luminosity 

0 
0 5 15 20 
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Heat Transfer Inside Magnet 

9 

0.1 0,2 
Open area fraction 

i Delta-T through the collar pole tip region 

versus fraction of pole tip area open for heat transport 


-dT(@15Wim)=5 mK ~O,04 open ~ 1.5 mm gaps !missing 

12rT~~----~~~~~~n---~ 	 J. Delta-T axially through the yoke holes in Q 1 and 
Q2a versus hole size assuming four holes and theII q It .. 'I' 'I '" 4­

10 4 S 6 8 lOIS 20 Wlm ultimate heat load. 

• dT tl:.r :; em holc~ is less than 14 mK 

collar lamination) evcry 38 mm in each quadrant. 4.5 5.5 6.5 7,5 

Ycka HcIa Cia (em) 

MQXIJ Cold Mass Rc,icw I\,Zlobin 
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Thennal Study Summary 
Recent analysis shows that maximum hcat depositions in Q2 coil at nominal LHC luminosity 
could be reduced to 0.4 mW/g ( or 30% less than expected in 1998) 
Thermal study shows that coil cooling conditions corresponds to the case when channels in the 
inner-layer insulation arc closed and thus do not work. This was visually checked and 
confirmed in mechanical model. 

Measurements show that the hcat flux density from the coil (at coil surface) at nominal and 
ultimate luminosities is well below its critical value. 

For the heat deposition in the midplane inner-coil turns of0.08 W/m generated by AC losses the 
measured operation margin for inner layer is 2.07 that is in a good agreement with calculated 
value of2.17.lt practically docs not depend on helium temperature forT<2.05 K because it is 
dctennincd mainly by the thennal resistance ofcoil insulation. 
For thcnominal LHC luminosity and updated hcat depositions in the coil the magnet operation 
margin is determined by the outer layer and is -7. This magnet design does have enough margin 
to work at the expected ultimate luminosity too. 

MQxa Cold Mass Re"iew 
16·17 Ma",h2000 

II.Zlnbin 
IIGQ Short Modell cst Results 12 
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Quench Protection 
Michael Lamm 

MQXB Engineering Design Review 
J6 March 2000 

-UIC Inner Triplet Electrical Design 

-Heater Optimization/Performance 

-I Iipot Specifications 

-Buswork 

-Conclusions 

t:~,~ 

(t.:~).), 

I 
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I I 

:____ JEN____USA __UB.A. ___ lPN____ J 

-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 

USNKEK magnet protection 

Michael Lam", MQX Il f.ngineering Design Review 16 Marcil 2000 
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Quench Protection Parameters 

I) CERN quench protection System 

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

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/cm2 

Michael Lamm MQxa Engineering Design Review 16 Mardi 2000 
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Strip Heater are the Primary Means of Quench Protection 

Heater Parameters Magnet Protection Requirements: 

-Heater Location 

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

-Resistance Distribution 

Michael Lamm MQxa Engineering Design Review 16 March 2000 
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HGQ08-9 made by CERN 

Protection Heaters for HGQ Model Program 

From: HGQO 1 with Inter layer, 
stainless heaters 

To: HGQOS-9 with Outer layer 
distributed resistance 

.... 

-limn 

Prototype Heater 

Michacl Lamm MQxa Engi""'-'ling Design Review 16 Man:h 2000 
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Test Program 
-Vertical Magnet Test Facility 

Vertical Dewar, 1.7K-4.S K Helium 

18kA 40 V Supply 

Heater Power Supply 4S0 V 19 mF adjustable 

-Heater: Adjust RC time constant and power to simulate LHC conditions 

i.e. 5.S 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 tum inner coil 

Pole tum outer coil 

Midplane outer coil 

Michael Lamm MQxa rJlginccring Design Review 16 March 2000 
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Minimum Voltage Across Heater to Initiate Quench 

250,....--------------... 

200 

i'150 

! 
.E 
~100 

50 

O~--~----------~----~--~ 
o 	 0,2 0.4 0.6 0,6 

Ilk: 

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

with acceptable power supply voltage 
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Heater time Delay 

Trends oftfu: 


0,20 

0,18 

0.16 

0,14 

_o,12 
III 

70,10 
j:: 

0.08 

0,06 

0.04 

0,02 

0,00.f----..._---_--........-----..-----i 

0.2 0.4 0.6 O.S 

I/le 

Michael Lanun MQXH I:nginccrin~ Dcsign Review 16 March 2000 

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 
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Quench Integral 
20.0 

...& Go ...i> 
:T. 

'0 " 
a 

I 
iI:I

iiI\' ~15.0 " 1 
t I 

:lli 1. .. 
oi 'O. HGQ09 45 W1cmE~E3 I 

c: 
!l IInner vs.Outer a 5.0 ..

I Beaters 

0.0.j---.......---.--_--..----i
iII.~ ~_·········tit.im ~o@ 'ilt.W o 02 0.4 0.6 0.8 

IIIcCUn'1!!l'lM{~ 

Outer heaters just as effective as inner 

Quench detection times significant part ofquench integral 

Power more important than longitudinal resistance distribution 

Michael Lamm MQXB Engineering Ocsign Review 16 March 2000 
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MITTS vs. Temperature 
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I!! 
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Quench Integral (MilT's) 
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Peak Temperature 

Most 

pessimistic 

quench location tested 

with spot heater . 

-rr_~~=7~~~~=~~~~------------~ 

O+---~--~~--__--~----r---~ 
2 10 12 14 

Current (kA) 

Spot heater quenches in 

pole turn 
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Voltage to Ground 

120 Voltage to ground will be low, 
less than 200 Volts for full 
scale magnets 

For series connection of two 
S.SM magnets, voltage to 
ground should be less than 
600 V (with x2 variation in 
resistance growth) 

-.--------------------, 

..t1.AdI__ d!cuI,.... OPllOsi'.hestet_ / 

5000 8000 11000 14000 

Current (A) 

• 
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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 nov 1000 V 

Heater to ground: 450 V 540 V 1000 V 

Measured room temperature Hipot (dry air) 

Coil to Ground >5000 V Tum to tum >1000 V 

Heater to Ground >5000 V Coil to heater >4500 V 

Tum to wedge >2000 V 

Michael LalI1ffi MQxa Engineering Ocsign Review 16 Mardi 2000 
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Bus Bar Studies 

Bus Bar Goals 

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

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

a) I US HGQ inner cable 

b) 2 US HGQ inner cables 

c) I copper cable same cross section as HGQ inner cable 

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


Cable soldered along length 

Michael urmn MQXII Engioccring Design RL"Vicw 16 March 2000 
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Bus Test in HQG Magnet 

Nomel 
Proteaio 

Kapton 
Insulatlo 

+ 
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Extrapolation to Higher Detection Thresholds 
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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 I layer of copper 

Micbacl Lamm MQXB Engineering Design RevielV 16 March 2000 18 
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HQG Short Model Test Results: Magnetic Measurements 


A. Zlobin 
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HGQ Short Model Test Results: 
Magnetic Measurements 

Outlines 

• objectives 

• transfer function 

• magnetic length 

• field angle 

• body field quality 

• end field quality 

• summary 

MQxa Cold Mass Review A.Zlobin 
16-1 7 Man:h2000 HGQ ShO<1 Model T"", Results 
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Magnetic Measurements Objectives 

- magnet transfer function measurement, Gil 


- magnetic 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 JIGQ ShoTt Model T cs. Reschs 
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Definitions of Field Parameters 

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

Magnet transfer function, magnetic length and magnet twist were determined according the following definitions: 

Transfer function: GII=~bo.y11\.11, Az=O, 
where BI- and Al are the "nonnal" and "skew" quadrupole field strength in magnet body allhe reference radius. 

R..r is reference radius and I is currenl in the coil. 

Magnetic length: L ...01=J01dlfB1bo.y. 

Magnet twist: A4l/AZ in the magnet body. 
where 4>, is the quadrupole phase relative to an angular encoder (arbitrary :rero) and z is the longitudinal coordinate. 

Field harmonics: -' . _~ - . x+ iy 
B,.(x,y)+iB.(x,y)=10 B~L(b.+ta#) --.. 

••1 (R,., J 
where B,(.~.J')and Blx.y) are the transverse field components, 8! is the quadrupole field strength, bnand a. are the "nonnal" 

and "skew" harmonic coefficients (b!=1 0") at a reference radius R",ofl7 mm. 

MQxa Cold M.... Review A.Zlobin 

16·17 March 2000 tlGQ Short Model Teo. Rosul.. 


US LaC ACCELERATOR PROJECT 
brookhaven -'ermiltdJ ­ berkelell 

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 of40.6 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. 

MQXB {'old Mass Review 
16·17 March 2000 

A.Zlobin 
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Transfer Function 
Current. Gil, TfmlkA 


A HGQOI HGQ02 HGQ03 HGQ05 HGQ06 HGQ07 HGQ08 HGQ09 


• Gil at low currcnt is 18.35 
T/mIkA 
• iron saturation effect 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 

o 	 2500 5000 7500 10000 12500 15000 


Current (A) 
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Magnetic Length 

Model Probe I (kA) T=300K T=1.9 K 
Lmag(m) Lgeom(m) Lmag(m) 

HGQ05 SSW 0.01 1.786±O.003 1.866 
0.01 1.781±o.OOI 1.851 

HGQ09 long 12 1.779:1:0.003 
6 1.775±o.OO3 

short 6 1.776±o.OOI 

• thermal contraction inc1uded 

• Lmag smaller than Lgeom by -4% 

• effect of longitudinal Lorentz force is small 

MQXll Cold Mass Review 
16·11 MarcblOOO 

A.Zlobin 
IIGQShonModelTcst Resolfs 

Lgeom(m) 

1.847 
1.847 
1.847 

LmlLg 

0.9571 
0.9622 
0.9632 
0.9610 
0.9616 
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Field Angle 

0.006 -----------------, 

0.004 
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~ 0.002 .. 
~ 0.000 
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~ -0.002 
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-0.004 
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z(m) 

Field angle measurements in HGQOI 
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Model 
number 
HGQOJ 

~ 
HGQ03 
HGQ05 
HGQ06 
HGQ)7 
HGQ08 
HGQOO 

Mechanical 
twist.mradIm 

4.7 
0.6 
1.0 
0.9 
1.0 
0.2 
0.1 
0.1 

Magnetic 
twist. mradlm 

8 

<I 

Twist reduction below the goal of 
O.2rnradlm was achieved in HGQ07 
and subsequent magnets. 
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- Iron saturation and Lorentz 
force effects on b6 at high 
currents are sman 

-Coil magnetization effect on 
b6 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 
on blO 
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Eddy Current Effects • 
Model Coil curing cycle lc(300Als), 8

A 
10965 
11335 

b6(40 Alsj @6kA, 
10 
0.02 
0.21 

# 
HGQOI 
HOOO2 

Tempemture, U C 
135 
190 

Pressure 
low 
low 

HGOO3 195 low 11298 0.16 
HGQ05 
HGQ06 
HGQ07 
HGOO8 

130 
190 
190 
190 

low 
high 
high 
hhlh 

10519 
6433 
4487 
3941 

0.12 
-1.04 
-0.55 
-0.72 

HG009 190/135 low/hi2h 12946 0.13 

L\t (8) HGQ Average St.dev. 
01 02 03 05 06 07 08 09 

b; 0 -1.1 -0.9 -0.6 -1.7 -1.5 -1.5 -1.3 -1.2 -1.2 0.4 
L\b; 900 <0.1 0.9 0.7 0.4 0.6 0.2 0.2 03 0.4 0.3 
A~ 1773 " " 0.7 0.4 0.7 0.2 0.3 0.3 0.4 0.3 

MQXB ('old Mass Review A.Zlobin 
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Field Harmonics at 6 kA (Rref-=17 rrun). 
HGQOI HGQ02 HGQ03 HGQ05 HGQ06 HGQ07 HGQOS HGQ09 

b3 0.36 -0.70 1.04 0.72 0.25 O.IS 0.61 0.71 
a3 
b4 

0.27 
0.26 

0.55 
O.IS 

-0.30 
0.14 

0.12 
0.00 

-0.27 
0.Q9 

0.41 
0.01 

-0.01 
-0.12 

0.35 
-0,05 

a4 2.00 0.53 0.32 0.19 -OJI -0.50 -0.44 0.31 
b5 ·0.29 0.09 ·0.34 ·0.04 -0.11 -0.04 -0.01 0.08 

as 0.02 -0.17 0.26 0.05 -0.07 -0.24 0.12 -0.14 
b6 -3.91 -1.54 ·1.02 ·0.30 -0.05 -0.45 -0.06 -0.28 

a6 
b7 

-0.02 
-0.08 

0.03 
-0.01 

0.07 
-0.06 

-0.03 
0.01 

-0.05 
-0.03 

-0.10 
0.02 

-0.03 
-0.0\ 

0.04 
0.06 

a7 -0.05 0.00 -0.03 0.01 000 0.08 0.00 0.02 
bS 0.06 0.01 0.00 0,00 0.00 0.00 0.00 -0.01 
a8 0.02 0.02 0.03 0.00 0.00 0.01 -0.01 0.01 
b9 0.04 0.00 0.00 0.00 0.00 -0.01 0.00 0.00 
a9 

blO 
0.01 
-0.10 

-0.01 
-0.10 

0.01 
-0.04 

0.00 
0.01 

0.00 
0.00 

0.01 
·0.02 

0.01 
-0.01 

0.00 
-0.01 

aID 0.02 0.00 -0.01 0.00 0.00 0.00 0.00 0.00 

" 
MQXLl Cold Mass Review A.Zlobin 
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As-built Hannonics 
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Comparison With IRQ Error Table 
IIGQOI-03 HGQO$-09 IIGQOI-09 I:::rror table 

bn, Corrected Measured Corrected v.2.0 
Systematic Uncertainty RMSan Mean RMS Mean RMS Mean RMS 

b3 0.23 0.88 0.49 0.26 0.35 0.55 0.0 0.30 0.80 
0.0 0.30 0.80a3 0.17 0.43 0.12 0.28 0.11 0.33 

0.06 -0.01 0.0 0.20 0.80b4 0.19 0.08 0.08 0.13 
a4 0.21 0.0 020 O.RO0.58 -0.15 0.37 -0.06 0.48 
b5 -0.18 0.24 -0.02 0.07 -0.10 0.16 0.0 0.20 0.30 
a5 0.04 0.22 -0.06 0.15 0.00 0.17 0.0 0.20 0.30 

0.56 0.17 0.17 0.59 0.0 0.60 0.60b6 0.67 -0.23 
0.0 0.05 0.100.04 -0.03 0.05 -0.02 0.06a6 0.03 

b7 -0.05 0.04 0.01 0.03 -0.02 0.04 0.0 00<; OOn 

0.02 0.03 0.00 0.04 0.0 0.04 0.06a7 -0.03 0.03 
b8 0.02 0.03 0.00 0.01 0.01 0.02 0.0 0.03 0.05 

0.0 0.03 0.04a8 0.02 0.02 0.00 0.01 0.01 0.01 
0.02 0.0 0.02 0.G3b9 0.01 0.00 0.00 0.00 0.02 

a9 0.00 0.01 0.01 0.00 0.01 0.0 001 OO?0.00 
0.03blO 0.01 0.00 0.01 0.00 0.02 0.0 0.02 0.03 

alO 0.00 0.02 0.00 0.00 0.00 0.01 0.0 0.02 0.D3 

MQXa Cold Mass Re\'iew A.Zlobin 
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End Field Measurement 

MQXB Cold Mass Review A.Zlobin 
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Field 
harmonics 
b6, calc. 
b6, meas. 
blO, calc. 
bin, meas. 
an. calc. 
a6 meas. 
alO, calc. 
alo meas. 

Field 
harmonic 

b6 
bLO 
at> 
alO 

MQxa Cold Mass Review 
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Lead End Hannonics 
HGQ 

01 02 03 05 06 I 07 I 08 I 09 
3.1 5.5 5.4 5.4 3.5 
2.9 4.2 3.8 8.0 3.1 I 3.1 I 3.1 I 3.0 

-0.3 -0.3 -0.4 -0.4 -0.1 
-0.3 -0.2 -0.4 -0.2 -0.1 I -0.1 I -0.0 I -0.1 
0.5 0.4 -0.1 -0.1 -0.7 
0.1 0.2 -0.3 -0.6 -0.41 -0.31 -0.41 -0.4 

-0.1 0.0 0.0 0.0 1°·0 
-0.1 0.0 0.0 0.0 0.0 I 0.0 0.0 I 0.0 

Lead end (Lm=OAl m) Return endlLm=O.33 mj 
mean uncertanty sigma mean uncertanty sigma 
2.0 2.0 0.75 0.0 1.0 0.75 
-0.2 0.2 0.1 -0.2 0.2 0.1 
0.0 0.5 0.15 
0.0 0.1 0.1 - -

A.Zlobin 
IIGQ Short ModelleS! Results 14 
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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 quality is well understood. Systematic fieJd 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 fonnulated 
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