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MAGNET LENGTH WORKSHOP 

A. Sunmary 

A meeting was held at the COG on October 7 and 8, 1985, to discuss magnet 

length and to recommend a length for the planned Conceptual Design Report (COR) 

as well as for magnet R&D. This report 1s a sunmary of the findings. 

Included is the letter from C. Taylor, COG, convening the meeting, the 

proposed agenda, a sunmary of the results, and an appendix containing informa

tion presented at the meeting. 

The discussion mainly centered around 4, 5, and 6 dipoles per (100 m) half-

cell. The magnetic lengths are approximately 16.6 m per dipole (the ROS 

length as well as that of the first R&D magnet now under construction), 20.75 

m for four dipoles per half-cell, and 13.8 m for six dipoles per half-cell. 

Cost estimates are contained in Section B. Variations from the 16.6 m 

(5 per half-cell) case are approximately 

13.83 m 20.75 m 

Magnet Costs +38.3 -38.5 

Tunnel Length +3.7 -3.7 

Transportation -3.6 +20.1* 

Total Magnet Cost +38.4 -22.1 

The apparent cost advantage of the longer units could be partially offset 

if the aperture can be adjusted to take advantage of a more uniform average 

magnetic field that could be realized by sorting. This sorting can be more 

effective with 20% more (shorter) magnets in the machine. 

* Above about 60 ft .• over highway transportation costs increase sharply 
because of required escorts, permits. etc. 



The aperture variation could be ±1.5 mm for the longer/shorter magnets 

corresponding to a magnet cost of about t22 MS. Taking this into account 

the cost differences become 

Length effects (for a 
fixed aperture) 

1.5 mm aperture effect 

Total cost change 

13.83 

+38.4 

-22.0 

+16.0 

20.75 

-22.1 

+22.0 

-0.1 

There are other non-quantified disadvantages of longer vs. shorter magnets. 

These include more sagitta (harder to survey in bore). more difficult to mea

sure field, more axial thermal contraction. and more pressure rise during 

quench. It was generally believed that these differences would be represented 

by a small cost advantage for each shorter magnet that would be offset, at 

least in part. by the larger number of shorter magnets. 

Because of greater stored energy in the longer magnets, quench protection 

is more difficult. However, based on recent quench propagation measurements 

at BNL in a 4.5 m design 0 dipole model, it was concluded that the 16.6 m mag

net can probably be adequately protected by passive diodes (active quench pro

tection can be equally effective for the longer and shorter magnets). 

The group concensus was that magnet length should remain at approximately 

16.6 m for the CDR and for the R&D program. It was questioned whether cost 

reduction permitted by sorting of shorter magnets would be realized because of 

possible constraints on the sorting freedom. (Limon, Wanderer) 

One member (Fisk) favored shorter magnets and, suggested further study to 

refine costs and to quantify their advantages. 
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B. Discussion 

1. Costs 

During the most recent dipole magnet detail cost estimates (August 1985, 

COG Cost Estimating Task Force Cost Comparisons Report; SSC-SR-1012), the 

assumptions used for the "Style OIl estimate assumed a dipole slot length of 

11.5 m consisting of a 16.6 m long dipole magnet and a 0.9 m long inter

connection space (actually the same values as were used earlier for the "Style 

A" estimate in the May 1984 RDS). Five dipoles were assumed per each 100meter 

half-cell (with the remaining 12.5 m length reserved for the spool piece and 

quadrupole also required for each half cell). For such a 16.6 meter "Style 0" 

dipole operating at a central field level of 6.4 T, approximately 1860 magnets 

would be required for a 20 TeV SSC. 

If we wish to investigate the cost effects arising from varying the length 

of the dipole magnets from the 16.6 m length examined, we must not only con

sider the direct dipole tooling and production fabrication cost, but such other 

elements as transportation issues, installation costs, beam dynamics and mag

net aperture implications etc. To examine the overall cost effect, we will 

try to make an allowance or adjustment in as many of these areas as we can 

address. 

To examine two specific cases, we first imagine specific designs where we 

consider four and also six dipole magnets per nominal 100 meter half-cell, 

instead of the five dipole model cited above as the reference. If we wish to 

keep the same number of half-cells, and the total bending strength of the 

machine remains fixed, the length of each dipole must be approximately 13.83 m 

for 6 per half-cell, (Ref. 16.6 m for 5), and 20.15 m for 4 per half-cell. 

Also the overall quantity required varies from 9432 each at 13.83 m long 

(t20%), (Ref. 7860 at 16.6 m long), to 6288 at 20.15 m long (-20%). 
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One indirect factor that must be treated is the effect of the magnet "ends" 

and interconnection spaces on the overall ring circumference. As the dipole 

length varies, the requirement for an "interconnection box" with each dipole 

remains and means that an additional 0.9 m space must be allowed in the ring 

circumference (and in the tunnel length) for each additional/fewer magnet 

required. For 9432 dipoles per ring, 1572 additional end boxes (78& each ring) 

must be included, and the total circumference grows by 78& x 0.9 m = 707 m 

(0.707 km more tunnel); for &288 dipoles the tunnel is 0.707 km shorter. 

To examine the total cost effect, the following items are considered and 

summarized below: 

A. Technical Components (Magnets): 
Dipoles and Interconnection Boxes 
Tooling (production rate varies, tooling qty. adjusted) 
Installation (total qty. of elements varies) 
EDI (approximately 10% used overall for magnet systems) 
Contingency (approximately 19% used overall) 

B. Conventional Construction (Tunnel): 
Additional Tunnel Length 
AE/CM (approximately 16% used overall) 
Contingency (approximately 25% used overall) 

C. Other Considerations: 
Transportation cost variations to the site 
Transportation "within" the site 
Warehouse/Staging fewer/greater longer/shorter magnets 

D. Beam Dynamics: 
Lattice vs. linear Aperture 

4 



A. TECHNICAL COMPONENTS 

Dipole Magnets and Interconnections 

The cost estimate variations were extended from the detail WBS cost data 

base that was used by the COG Cost Estimating Task Force for the Cost Compari

sons Report for the 16.6 m "Sty1e 0" magnet. Carl Goodzeit (BNL) has examined 

the length effects by careful scaling of individual materials quantities and 

particular labor task elements from the reference case and has examined a wide 

range of cases. The model can be simplified to describe an "ends" cost and a 

"per meter 1ength" cost for the "Sty1e 0" variations over the regions of 

interest. The reduced form shows a $12.180 cost for the ends (including the 

0.9 m end box interconnection materials) and an overall cost of $4,321 per 

meter for the length of the magnet. The details are expressed below: 

13.83m 16.6m 20.75m 
"End" Cost. $ 12,180 12.180 12.180 
"Length" Cost. $ 59,760 71,730 89.660 
Total Cost Per Dipole. $ 71,940 83.910* 101.840 
Number dipoles required, 9432 7860 6288 
Total Dipole Cost. K$ 678.538 659,533 640.370 

Cost increase/decrease. K$ +19.005 -19,163 

* Goodzeit's total for 16.6 m is $83,910 in this model; the actual cost used 
in the COG Cost Comparisons Report was $86,190-the difference due the way we 
accounted for materials usage variations. 

Tooling Cost Effects 

In the cost comparison report. the overall tooling cost for the 16.6 m 

"Style 0" magnets was $41,497K. This represented the full production rate 

tooling required to meet the overall construction schedule. If the quantity 

of magnets required increases or decreases by +/- 20%. it is assumed that the 

first order effect can be accounted for in adjusting the number of work sta

tions and the appropriate tooling quantities accordingly. While the actual 
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cost of each tool is also cost sensitive to the +/- 20% length variation, it 

is imagined that the total cost 1s not constant, but 1s in fact more dominated 

by the quantity effect than the length effect, but maybe only of the order of 

5-15% depending on the tool. An assumption of an overall average of 10% might 

not be too bad a first order guess: 

13.83m 16.6m 20.15m 
Quantity/length % +20%/-20% ef -20%/+20% 
Assumed Tooling Factor +10% 0 -10% 
Resulting Tooling Cost, K$ 45,641 41,491 31,341 
Cost increase/decrease, K$ +4,150 -4,150 

Installation 

In the cost comparison report, the installation cost was approximately 

$40,833K for the 1860 dipoles. For this study, it is assumed that the total 

installation cost varies directly with the quantity; with a small offsetting 

unit cost effect realized due to the length variations (longer magnets must 

also be more difficult to handle, transport around the tunnel, set in place, 

etc.). If we estimate the direct quantity scaling effect (+/-20%), and assume 

that there is some "length offsetting" cost effect, I tabulate the following 

by assuming the net cost increment is +/-15%: 

13.83m 16.6m 20.15m 

Quantity +15% ref -15% 
Installation Cost, K$ 46,958 40,833 34,708 

increase/decrease, K$ +6,125 -6,125 

EDI and Contingency Costs for Technical Components 
The model assumed for the cost comparison report projects an overall cost 

for engineering, design, and inspection for magnet system elements of 10% 
(based on construction cost), and an overall contingency of 19% (based on con
struction cost plus EDI cost). These costs are included in the totals tabu
lated below. 

6 



Total Costs for Technical Components 
The table below summarizes the discussions for the technical components 

above: 
13.83m 16.6m 20.75m 

Dipole magnets (+) 19005 Ref ( -) 19163 
Tooling 4140 4150 
Installation 6125 6125 

SUbtotal 29270 29438 
EOI (@10%) 2927 2944 

subtotal 32197 32382 
Contingency (@19%) 6117 6153 

Total ( +) 38314 ( -) 38535 
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B. CONVENTIONAL CONSTRUCTION: 

Tunnel Construction Costs 

The overall tunnel cost for the median site conditions and as used in the 

cost comparisons report result in an effective overall "complete tunnel" cost 

of $11U2/ft or an overall $3,6l5/meter. For a circumference variation of ~/-

0.707km, the cost increment would be +/- $2,556K. If the overall assessment 

for AE/CM and Contingency is applied as well, the net conventional construction 

cost effect would be: 

Tunnel Length variation 

increase/decrease, K$ 

AE/CM (@16%) 

subtotal 

Contingency (25%) 

Total Conventional 

C. OTHER CONSIDERATIONS 

Transportation To The SSC Site 

l3.83m 

+.707km 

(+) 2556 

409 

2965 

741 

( +) 3706 

l6.6m 20.75m 

Ref -.707km 

( -) 2556 

409 

2965 

741 

( -) 3706 

Although the cost of transporting an "unknown length" thing from an 

"unknown manufacturer" to an "unknown site" may seem to be a pretty approximate 

guess, we can take advantage of the following material that has been cited 

from the BNL data examined to consider shipments for the 16.6 m single-phase 

subassemblies from BNL to FNAL in FY86 and also from some inquiries made to 

C&H Shipping for various study scenarios. 

The BNL-FNAL plan assumes shipping 3 each single phase units per load, the 

cost estimate shows $1700/magnet if 45 ft (13.7m) and $1900/magnet if 57 ft 

(17.4m) . 
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The C&H Transportation estimates assume shipping two magnets per load 

(weight limit), and for the following combinations (costs are per load, not 

per magnet): 

For a 46 ft length, CA(lA} to NY: $3102; NC to CA(Sac}: $5356; VT to TX: $2100. 

For a 56 ft length, 

For a 66 ft length, 

4088; 

10268; 

6258; 

14959; 

3511. 

8474. 

Apparently there is a step increase above 65 feet (C&H Transportation 

quotes the above prices for a 65-92 foot length with weight up to 50,0001bs). 

Apparently these loads require separate escort vehicles, etc. If we take an 

overall average; we might consider the "reasonableness" of the following: 

13.83m 16.6m 20.75m 
Cost per load, (46 ft) $3720 (56 ft}$4620 (66 ft}$11230 
Cost per magnet $1860 2310 5615 
Number reqd. 9432 7860 6288 

Total Transport Cost, K$ 17543 18157 35307 
Cost difference, K$ (-) 614 --- ( +) 17150 

These appear to be documented costs for the cases and conditions cited 

above. Apparently there is a large premium for loads 60-65 feet and longer 

due to special escorts and requirements. For the cost comparison tally, we 

will use the differences as they appear above, but recognize that they are 

probably pretty "soft" numbers. More importantly, perhaps, is the actual 

availability of specialized transporter trailers for the very long lengths. 

Obviously, the longer and more specialized the load, the more constrained will 

be the transport possibilities, and perhaps the purchase cost of a fleet of 

special transporters must be included for the longest loads, whereas perhaps 

enough "shorter" or more standard trailers would already be in place and read

ily available for "normal length" loads. These costs might not be reflected 

in the transportation costs above. 
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Transportation Around the Site 

Considerable movement of the magnets around the site will be required; 

special transporters, handling devices, and equipment will be required. It is 

anticipated that "existing" networks of light duty roads will cross the site; 

but it is also imagined that considerable upgrading will be required to be 

able to use the roads 1n transporting very long loads. Probably shoulders will 

be widened, sharp bends and corners will be "eased", crossings will be 

improved, w1res and power lines relocated, etc. Although a cost can't be 

assigned to these unknowns, the general rule that longer loads will cost more 

and not less is undoubtedly true. Tim Tooh1g has estimated that perhaps 15M$ 

of roadway upgrading will be required "within" the site; perhaps the differen

tial costs of longer/shorter magnets w1ll impact this total by as much as 

+/-20% (say +/-3M$). (Such upgrading m1ght be included in the site require-

ments). 

'I Roadway upg rad 1 ng" , 
Cost difference, K$ 

13.83 m 
$12000 

(-) 3000 

Insertion of Magnets Into The Tunnel 

16.6 m 
$15000 

20.75 m 
$18000 

(+) 3000 

In order to install longer magnets, either the access shaft is of a larger 

slot dimension, or a larger diameter, or if it is imagined that the magnets 

are lowered vertically at some steep angle down a shaft at least additional 

room will be required at the top and bottom of the shaft for picking-up and 

setting-down the magnets. Tim Toohig has estimated that perhaps +/-2M$ will 

. be required for insertion of the magnets into the tunnel. 

Cost difference, K$ 
13.83 m 

(-) 2000 

10 

16.6 m 

111 

20.75 m 
(+) 2000 



Warehouses. Storage. Handling. etc. 

The requirements for warehousing, storage, sorting/selection, handling, 

etc. will all be affected by the length and quantity of elements that are 

handled. In this case, the overall penalty would appear to be dominated by 

the quantity factor, not by the length factor; once again, all of these fac

tors are difficult to assess from a cost perspective. Perhaps we could again 

imagine a +/-2M$ allowance to cover some of these items, unless a more specific 

figure can be identified. 

Cost difference, K$ 

Magnet Measurements. Tests, Etc. 

13.83 m 
(+) 2000 

16.6 m 
11? 

20.75 m 
(-) 2000 

The difficulties for magnetic and cryogenic measurements (as a function of 

length) are also difficult to identify. All of the long magnets are difficult 

to measure! Perhaps there is a step function at the transition point where 

one would consider a "straight ll magnet vs. where one would require a several 

mrn sagitta in the magnet. This might be considered for magnets approximately 

11 or 12 m long; probably all of the magnets above 12 meters long would be 

IIslightly curved". Again there is a tradeoff between the added difficulty of 

each long magnet balancing against a fewer number of units. At this point, we 

see these factors balancing, and no gain/penalty is imagined. 

D. 8EAM DYNAMICS EFFECTS 

Lattice and Linear Aperture Considerations 

From a beam dynamics consideration and from a "linear aperture" benefit, 

it appears that there is an effective aperture gain that shorter magnets pro

vide. The tradeoffs between lattice and cell length are given in the SSC 

Aperture Estimate for Cost Comparisons Report (SSC-SR-1013). Alex Chao's 
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assessment is that for a 13.83 m dipole magnet instead of a 16.6 m element, 

the effective linear aperture required decreases by approximately 1.5 mm. 

This implies that there might be a cost savings in the dipoles if this aper

ture effect was transferred into a design and fabrication result. The impli

cation is that each mm of dipole aperture costs approximately 14.7M$ (SSC-SR-

1012) would indicate that we could imagine +/-22M$ to be the tlbeam dynamics 

effect" of a dipole length change. This appears to be one of the largest cost 

factors that we have considered in the list above, but it is difficult to 

assess whether it should be treated in quite the same way. Nevertheless it 

would appear: 

Aperture variation 
Cost difference. K$ 

13.83 m 
- 1.5 mm 

(-) 22000 

12 

16.6 m 20.75 m 
+ 1.5 mm 

(+) 22000 



SUMMARY 13.83 m 16.6 m 20.75 m 

A. Technical Components (Magnets): 
Dipoles and Interconnection Boxes 19005 -19163 
Tooling 4150 -4150 
Installation 6125 -6125 
EDI 2927 -2944 
Contingency 6117 -6153 
Subtotal: +38314 -38535 

B. Conventional Construction (Tunnel): 
Additional Tunnel Length 2556 -2556 
AE/CM 409 -409 
Contingency 741 -741 
Subtotal: +3706 -3706 

C. Other Considerations: 
Transportation to the site -614 17150 
Transportation "within" the site -3000 3000 
Warehouse/Staging 2000 --2000 

Insertion into Tunnel -2000 2000 

Measurements/Tests 
Subtotal: -3614 20150 

D. Beam Dynamics Effects: 
Aperture Effect -22000 22000 

TOTAL (FY84K$): +16406 Ref -91 
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The surprising compensation of all the +1- effects on the 20.75 m length 

would lead us to the conclusion that the 16.6 m length is probably the most 

cost effective for us to use now. However, it should be emphasized (and we 

should remember part of the discussion above) that the accuracy of some of the 

largest factors (transportation and aperture effects, for example) are pretty 

soft-most of the uncertainties, implications, and assumptions discussed above 

fall in these areas of large cost effects; small variations might significantly 

change the apparent outcome! 

2. Quench Protection 

Recent measurements on BNL 4.5 m model, SLN 012, (reported by Wanderer) 

verified that quench velocity accelerates as the quench propagates. Heater

induced quenches at 5 kA (near the "worst case") showed that Vaxial ~9 mlsec 

initially and increases to -16.5 mlsec in 40 inches. 

Turn-to-turn propagation increases to about 5-10 ms/turn after about 40 ms. 

Gary Cottingham has tentatively concluded that, based on these velocities, 

a 2-diode passive scheme will limit temperature to a safe value (BNL-SSC-TN-35, 

10-7-85) . 

Karl Koepke estimated that by increasing the quench velocities he used in 

a previous calculation (SSC-SR-1006), he would predict .... 10 times greater 

normal volume in a given time interval (he previously used v .... 5 mls and 

Atturn_turn~43 ms). A tentative conclusion would be that Tmax~600 K 

for a single diode and ~400 K for two diodes (in rough agreement with Cotting

ham); he would also conclude (tentatively) that passive protection is possible 

for the 16.6 m magnet and that 2 diodes may be needed. 

William Hassenzahl previously used a QUENCH program in which quench 

velocity is not an independent variable but is calculated from physical 
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parameters; velocities are v ~ 12 m/s and Atturn-turn ~10 ms and Tmax 

~BOO K for 11 m magnets. (His calculation method provides for quench 

acceleration). He estimates that if more optimistic assumptions (such as 

t ~5 ms) are used, he would agree with G. Cottingham's recent turn-turn 
predictions. 

Gustavo lopez had estimated a time delay for quench propagation across a 

wedge of 250 ms, which would lead to excessive temperatures in the magnet. It 

was generally believed that At d would be much shorter and this should we ge 
be measured in a model (will probably be done at lBl). 

P. limon estimated a maximum radiation level within about 12 cm radius of 

the beam, of 2.7 rads/hr based on scattering from residual gas. Details are 

given in Appendix 4e. 

3. Beam optics consideration CA. Chao) 

There are three effects of magnet length on beam optics. 

1. The effective random errors are proportional to ,(fmagnet if the 

correlation length of errors is ~£magnet (not conclusively 

verified, but some measurements indicate that this assumption is 

correct). Also, sorting might be more effective for shorter magnets 

(difficult to quantify). 

If we accept the random errors assumed in SSC-SR-1013 (Aug. 9, 1985) then 

1.894 
l -0.757 dc £mag-0.38 

Alinear(mm) = (5.5 ± 1.3) (100 m) (4 cm) (17 m ) 

The effect of variation in effective random field quality due to varia-

tions in £ on linear aperture (Al . ), magnet bore diameter (dc)' mag lnear 
or half-cell length (l) can be determined as follows: 
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For L = 100 m and dc = 4 cm, 

i -0.38 

A (mm) = (5.5 _+ 1.3)(17m:
g

) linear 
we have 

imag(m) Alinear(mm) 

25 4.8 

20 5.2 

17 5.5 

14 5.9 

12 6.3 

10 6.7 

i.e., we gain about 7% more operation room by reducing length from 16.6 m to 

13.8 m. 

For Alinear fixed, and L = 100 m, 

/J 0.20 
,t max 

dc(cm) = 4.0 ( 17) 

dc can be reduced by 1.5 mm if tis reduced to 14 m. The reduction in cost 

would be 22 M$ (14.7M$/mm). 

Similarly, for fixed Alinear' and dc = 4 cm, 

£ -0. 50 
L = 100(17) , 

and reducing £ to 14 m would allow L to increase by 10%; this could also 

result in a similar cost advantage. 
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2. End field effects - have been so far ignored. (See HERA 82/05 o. Hochman, 

for systematic end fields. HERA has 4 spacers in end; b2 (body)~O, 

b2 (end) ~ 0, b4 (body) + b4 (end)~O. We have no information 

about random end field errors. 

3. Survey location may be more accurate for shorter magnets and cells (not 

quantified). 
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C. Conclusions 

1. Length of FY86 R&D magnets should not be changed (would delay program, 

cost money, no real advantage, will probably be changed later in any case for 

pre-production units). 

2. Length for COR should be about 16.6 m +0.75 (except slight adjustment 

is required to fit properly into lattice). 

3. There appears to be enough space in the present end-interconnection 

design (75 cm between magnetic ends) to accommodate multiple diodes and pos

sibly an additional buss, if needed. 

4. We need to extend cost study to 4 dipole half-cell and further refine 

cost trade-offs (done-included in Section A). 

5. Experimental data needed: 

a. Quench Behavior 

(1) Measurement of velocity in the outer coil. 

(2) Verification of turn-to-turn quench propagation delay across 

wedges. 

(3) Effect of splices and end turns. 

b. Diode R&D 

(1) How many diodes are practical? 

(2) Diode, performance reliability, radiation effects. 

6. Computations Needed 

a. Prediction of delay across wedges. 

b. Effect of copper to superconductor ratio on quench velocity. 

c. More investigation of "worst case" scenarios. 
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Appendix 1 

LIST OF ATTENDEES 

P. Wanderer BNl 

J. Carson. N. Engler. E. Fisk. and K. Koepke FNAl 

C. Taylor. K. Mirk. and W. Hassenzahl lBl 

J. Zeigler. and G. lopez TAC 

T. Elioff. P. limon. and M. McAshan. COG 
J. Sanford. M. Tigner and R. Yourd 
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September 30, 1985 

Dear 

Superconducting Super Collider 
Universities Research Association 

c/o Lawrence Berkeley Laboratory, University of California 
One Cyclotron Road, Mail Stop 90-4040 

Berkeley, California 94720 
(415) 486-4772 - FTS 451-4772 

APPENDIX 2 

As we discussed recently, a meeting will be held at the COG on October 
7 & 8 to discuss magnet length and to select a length for the upcoming 
Conceptual Design Report as well as for the magnet R&D activities. 

About 18 months ago 16.6 meters magnetic length and 17.5 meters overall 
length were selected for Design A of the RDS. Now we are preparing to build 
"full length" model magnets for performance evaluation and for assembly into a 
Half Cell Test at Fermilab. Also, we will soon prepare a new preliminary 
design for the Conceptual Design Report. Thus a re-examination is timely. 

Since the RDS a great deal of new information has been obtained on magnet 
performance and a closer examination has been made of magnet interconnection 
layouts. Also, more extensive computations of Quench behavior have been done, 
the transportation costs of long heavy objects have been investigated, and 
detailed fabrication cost studies have been made. 

Ingredients of this re-examination of magnet length include: 

Quench protection - What can computations tell us? How complete is our 
data? 

Transportation costs - What are costs for 17.5 m? What are costs for 
longer or shorter lengths? 

Fabrication costs - What are total cost vs. various dipole length. 

We will start at 9:00 a.m. in the Cockpit - 4th floor, Building 90, LBL. 
Reports will be presented on Monday, a Rapportour review on Tuesday morning 
followed by discussion and formulation of a strategy to proceed. We hope to 
finish by 12:00 on Tuesday 

A tentative agenda is attached. 

Sincerely, 

Clyde Taylor 

Enclosures 

CT:lvc:1198S 

21 





Magnet Length Workshop 
October 7 and 8, 1985 

SSC-COG, LBL 
Tentative Agenda 

Monday. October 7. 1985 

9:00-9:30 

9:30-10:30 

10:30-11 :00 

11 : 00-12: 30 

1:30-2:30 

2:30-3:00 

3:00-4:00 

4:00-5:00 

Introduction and discussion of agenda 

Computation results - maximum quench 
temperature vs. magnet length 

Review of 4.5m model data 

Fabrication cost vs. length 

Transportation costs 

Magnet interconnection design 

status of "full length" dipole model 
program - magnet cryostat 

Lattice considerations - cell length 

Tuesday, October 8, 1985 

8:30-9:00 

9:00-12:00 

1797S 

Summary of previous day 

Discussion and outline of conc1usion~ 
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High Energy Facilities 

Accelerator Development Branch 

BROOKHAVEN NATIONAL LABORATORY 

Associated Universities, Inc. 

Upton, New York 11973 

SSC Technical Note No. 35 
(SSC-ii-47) 

APPENDIX 4a 

QUENCH PERFORMANCE OF THE 16.6 m SSC MAGNET COMPUTED FROM MEASURED DATA 

J. G. Cottingham 

October 7, 1985 
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If the quench developed resistance as a function of time is known, then 
all of the 'electrical properties of the quench event can be computed 'includ
ing the integral I 2dt and the internal I X R voltage product. vario)s 
models have been used to help st~dy magnet quenching events. K. Koepke 1 , 
A. Stevens, William Hassenzahl ), and myself have studied models based on 
quench velocities measured on sample pieces of cable by William Sampson, BNL. 
These models can be adjusted to fit the observed I 2dt integral, but the time 
function of the quench resistance is never reproduced well. The shape of the 
measured resistance-time function has suggested that the quench front is 
being accelerated and this has led to various speculations. Analytical work 
by R. Shutt 3) and D. Hagedorn4) based on solutions of the diffusion equa
tions have shown acceleration of the quench front, particularly the quench 
front in the second and later turns tend to accelerate and approach the 
quench front traveling in the first turn. 

The possibility that this type of acceleration of the quench front might 
occur, led the BNL team to heavily instrument magnet SLN-Q12, one of the 4.5 
em 4.5 m SSC magnets, and examine the motion of the quench front in the first 
and subsequent quenching turns. Detail results of this experiment will be 
reported by A. Prodell in another note but typical results are shown in' 
Figure 1. The vertical axis of Figure 1 is distance in inches and the hori
zontal axis displays time. To my surprise there are three important observa
t ions that. can be made by studying this figure. 

1. Indeed, the quench in the second and third turn accelerates and 
tends to catch up with the quench front in the first turn qualita
tively confirming the diffusion equation analysis by Shutt and 
Hagedorn. 

2. The quench front in the first quenching turn also accelerates and 
the change in velocity is sizable. The initial velocity at 5000 
amps is 8.8 m/sec. and after it travels 40 inches it has acceler
ated to a velocity of 16.5 m/sec. Clearly, heat is being trans
ported ahead of the quench front possibly by thermal conduction or 
by extrusion of "hot" gas from the quenching zone. 

3. The motion of the quench zone azimuthally is also accelerated. 
It took 26 m sec to induce a quench in the second turn, an addi
tional 9 m sec to reach the third turn but in another 7 1/2 m sec 
the quench front reached the fifth turn. (The fourth turn was not 
instrumented. ) 

These accelerations of the quench front motion go a long way in explain
ing the pessimestic results given by the models which did not contain this 
action. It is not, at present clear how to quantify these acceleration terms 
and further·'study is required. 
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However, the quench resistance-time function can be extrapolated from 
measured data. The resistance developed in each magnet half is measured by 
measur~ng the current and voltage associated with that half and solving for 
the resistance using the equation 

E - L 3£ + 1R 

The results are shown in Figure 2. The da~a out to 0.24 sec. can be 
approximated by three line segments on the semilog plane. Beyond that time 
the resistance curve falls from the straight line because the current in the 
magnets are falling. The full length (16.6 m) sse magnet will have more 
inductance than the 4.5 m model under test and as a result the current will 
decay more slowly. If the current did not decay, then the resistance-time 
function would continue to follow the last line segment of the approximation. 
To estimate the decay in the resistance-time function for the full length sse 
magnet the rate of change of resistance with time is examined. For constant 
current the resistance is given by 

R - e (At+B) 

where A and B are constants determined by data fit and t is time. 

For varying current this derivative function is modified by a form 
factor F. Figure 3 is a plot of this modifying factor versus time. The dots 
represent the data and the line an approximation. 

Also shown is the ratio of current to starting current and lines propor
tional to the square and 2.5 power of this ratio. The line that approximates 
the correction factor runs parallel to the line that represents the 2.5 power 
of the current ratio. Thus the time derivative of resistance can be approxi
mated by, 

dR ( I )2.5 A_(At+B) 
at - ---yo .tOe 

where I - current, 10 - starting current. 
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From this derivative the resistance-time function can be generated by 
numerical integration and the current commutation process can be computed for 
various assumed circuit configurations. 

I have chosen to analyze three conditions, 

1. The sse magnet passively protected by a single diode and 
the quench is confined to one magnet half. 

2. The sse magnet is protected by a "double diode" system and 
the quench is also confined to only one magnet half. This 
case makes the best use of the "double diode" action. 

3. The sse magnet is protected by a "double diode" system and 
there exists two identical quenches one in each half of the 
magnet. This type of quench receives no help from the 
"double diode" system but the total resistance has been 
doubled. 

The analysis was performed for five starting currents and the results 
are shown in Figure 4. For each starting current the experimental data was 
plotted and the A and B constants were determined for each line segment. The' 
full length sse magnet inductance was assumed to be 0.0546 henries and the 
half magnet self-inductance to be 0.017 henries. 

Because of the quench propagation acceleration the current was commu
tated out of the magnet quickly even in the single diode case. The peak I 2dt 
integral reaches only 11.3 x 106A2sec a long way from the "burnout" point 
for the inner cable, 15.27 x 106A2 sec .S' All of the measurements were made on 
the inner coil since this was the coil that was instrumented with the neces
sary potential taps. In eBA magnets quenches were slower in the outer coil 
than in the inner but with the graded conductor used in the sse magnets, this 
speed difference should be reduced and the quench properties made similar. 
If this is true, these results may also represent the quench characteristics 
of the out er coil. Certainly, this is the best approximat ion yet. The 
"burnout" point in the outer coil conductor is lower, 12.16 x 106A2sec .5) 
This leaves little margin for error and unit variation, if the single diode 
passive protection system is used. The action of the "double diode" protec
tion system falls between the two other cases analyzed and at worst gives 
another 1.3 x 106A2sec • of margin often more. 

When a quench occurs at a current near the short sample value the quench 
front travels very fast. Under these conditions the current is commutated 
out of the magnet rapidly and the "hot spot" temperature is low, but this 
process develops high internal I x R products. Figure 5 shows these poten
tials as a function of time and starting current. A peak potential of 4350 
volts was 'reached and approximately half of this potential (2175 volts) can 
appear on the mid-tap. The potential to ground is this potential plus any 
system voltage this is driving this magnet off ground. 
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The "double diode" protection system does not develop such high internal 
I X R voltages. In case 3 with two symmetrical quench, no voltage appears on 
the terminals since the I X R potential is bucked in place by an opposing L 
di/dt term. In Case 2 where the quench is confined to only one magnet half a 
small I X R product is developed and that is shown in Figure 6. This voltage 
will appear across the other magnet half modified by the top to bottom mag
netic coupling coefficient, 0.588. The internal I X R peak is 1380 volts 
thus only 811 volts will appear on the magnet terminals to add to the system 
voltages. While this is small it is not. negligible and the insulation and 
helium pressures must be engineered to handle this additional terminal vol
tage. The single diode case creates very high voltages which produce insu
lating problems that have not been addressed and o.ay be difficult to solve 
even in 5 atmospheric helium. 

From these experimental results I believe that we can now expect to be 
able to passively protect the 16.6 meter SSC magnet and that we should 
actively engineer the necessary diodes and their assemblies into the magnet 
end configuration. I would recommend that the "double diode" protection 
system be adopted because of its extra burnout margin and reduced voltage 
characteristics. 

1) TM 1316-SSe20, SSC-N-12, K. Koepke, "A Simulation of Quenches in sse 
Magnets with Passive Quench Ptotection". 

2)LBL-l9004, SSC Mag. Note 29, G. Moritz, W. Hassenzahl, "Computer Studies 
of the Quench Behavior of an SSC Model-Dipole. 

3) Unpublished computer analysis, R. P. Shutt, BNL. 

4) Private communication P. Hagedorn, CERN 

5) sse Technical Note 27, G. Cottingham, "Passive Quench Protection for sse 
Magnet Design D. 
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APPENDIX 4b 

QUESTION: WHAT LIMIT DOES QUENCH TEMPERATURE PLACE ON 
MAGNET LENGTH? 

TEMPERATURE LIMITS: 

500 K 

800 K 

For quenches which are likely to occur, i. e., 

spontaneous high-field region quenches in the 
two-dimensional region of the coil, beam induced 
quenches, refrigeration induced quenches, etc. 

For quenches with low probability, i. e., 
low field spontaneous quenches, bad splices, etc. 
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Passive Protection - need to know: 

a. Quench velocities and turn-turn quench delays 
for the inner and outer coils. These need to be 
measured at several key locations in the magnet 
and for several magnets to have confidence in 
the results. 

b. What is the effect of coil spacers ·on quench 
propagation? Are there any thermally isolated 
cable sections in the magnet? 

c. What quench temperatures result from quenches 
that start in the coil ends? in splices? in the 
copper stabilized interconnection leads or buses 
outside the magnetic iron? 

d. How many diodes per coil are practical? What 
are the ramifications of an increase in magnet 
aperature? 
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COMPARISON OF ACTIVE VS. PASSIVE HARDWARE 

power leads unless cold bypass bus is used 
redundant heater power supplies in the tunnel 
heaters and their cold and warm connections 
redundant set of thyristors and their warm bypass leads 
fast and failsafe quench protection system 

PASSIVE: 

cold diodes 
quench protection system (refrigerator monitors are backup) 

RELIABILITY COMPARISON 

Active System - Tevatron is an existence proof. Failsafe 
design has prevented the loss of a single magnet due to 
protection system failure. Down-time has been due to 
replacement of pathologic magnets and electronic equipment. 

Passive System - Cold diodes are expected to fail in a 
shorted condition which (may?) requires the removal of a 
magnet. The reliability of cold diodes needs to be 
established with rigorous testing. 

RECOMMENDATION-------INSTALL HEATERS AND COLD DIODES IN THE 
INITIAL TEST MAGNETS UNTIL THE COLD DIODE RELIABILITY HAS 
BEEN ESTABLISHED 
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CALCULATION OF QUENCH TEMPERATURE DEPENDS ON THE TYPE OF 
QUENCH PROTECTION SYSTEM USED 

Heater Assisted - need to know: 

a. Length of bypass unit - more than one magnet in 
series - a half cell with heater connections at 
the quadrupole locations is desireable. 

b. Heater geometry - how many heaters per unit 
length of magnet, how many turns initially 
quenched by heater, what size heater power 
supply? 

c. Type of quench detection system - quench 
detection delay, heater quench delay 

An early version of TMAX was written to calculate the 
expected peak temperature with an arbitrary spot heater 
geometry. It indicated that there should be no difficulty 
in maintaining the peak quench temperature in arbitrarily 
long magnets below 500 k. 
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Fig.S Calculated maximum quench tempe~atures for the 6 T 
magnet with single diode ~~otection. The actual 
quench temperatures can be expected to be lower (See 
"Adjustments" of text). 
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10,S~.-------r------~------~------~------~------~~--~~~----4--------

q.~~------_+------~------~----~------_r--r_--~~--~--~--~------

i 
~1~~------~------r-------~----~~----~~--~~~----~~----~~----~ 

6.4t.------~------~----~~~----_r--~~~------~------~------~--~--~ 
\ 
\, 

\ I \; 
5 .'~" -----+-------i-------.....;.....-------r--I--I----O~----....:...------+------i-----~ 

3Ier------+-------+------+---~~~----~~----~~~----~------~---~ 

-0.5+-------+-------+-------+-------~------~------~------+_------~----~ 
~.e0e 0.051 0.134 ~.26'j1 0.334 0.401 0.468 0.534 

T r M E ( 5 E C ) 
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3 
1( 

'.:~ :.~J :-::0 .. 4 C· I ........ \.,\f . :"; .. :' 

'I' ~.~~ :.:: () " :::; (, {. j. J () 1:, _. 0 2 

JG=O. 2::.8001 E+OO 
T(J=::(). ~!620'/9B"OO 
'H;:::i,). 2bG 1 ?5:~+OO 
T f.l ~, () • :1 ',? (\ :~: iJ 'J E + 0 0 
'1''3::::0 _ 2'74426E+OO 

8 TU=O.278~88E+OO 
( .. ~ T C; ::= 0 • ~.~ 8 J '.: .... 7 B :F .. ~. () 0 

10 IG=O.J87001E+OO 
11 TG:O.387001E~OO 

12 TG=O.402038E+OO 
13 TG=O.402774E+OO 
14 TG~O.411220E+OO 

15 TG=O.420317E+OO 
15 ~~=O.43017?E+00 

17 10=O.470446E+OO 
18 ~G=O.485317~+OO 
1 : :·1 '.-; ~ ... : :::: () • ::j 0 1 B ':1 (~ :!::~ + 0 0 

22 TU=O.5G30G9E+OO 
23 IG=0.GG30Ggf~OO 

...:.: ... 

::~: '} 

r '~~ :::: (": " (:: B B 3 C' IS E + 0 0 

'J.'G""O. /'6"lOJ.6E+()O 
l' (i :: 0 • '7 B (;) ;; ~~, :,:; i~ + 0 0 
'.l' fi:: 0 • B 1 0:1 4 '~) 0 F .. :' () 0 

30 ~~:O.lOG4~~E~O] 

31 '1'G:O.I08~73E+Ol 

0Nl~ 0 NN2= 0 NN3= 0 LQ1~ 

0 .. ~5\.:)6~~4 
.) II ~5~)624 

THMPlmax= 1143.2 
TEMP2max= 78.0 

NM1::: 15.52 
NM2" 0.00 

PI m ;";;::"~C'. :,:,;/'/GE+CC 
R t} U C ,'J, J ,';: =': () • 0 ,:) 0 0 ;~;: + I) (> 

::: .. ' 

~; ::' .:~ :; :: i~ ~ t! :~: ~ :: b P CUI =: 6 :3 ~ 3 " 6 J 1::: GO 8 3 C U 2 =: ~5 5 ~j 0 • ':) J :: :. J. C',:: :: 
£02::::0" ()OOOE+OO 

J~ 19874 LRQI1: ~~.' "1- '~60E+OO RQll=O.l008E-Ol LRU2:1= 0 I~2=O. 

rlP~O.42~GE+OO VDLIlp=O.1036E+04 T2P=O.OOOOE+OO VOLTJp=O.OOOOE+00 ;3P= 
l'LH J:·~.:O .. ]' ~·.;.,3 1. E+O::l 
'.!.'LPc)::::(.). B~5:3(:·)r:+02 

L)J 1,1. '::"" 2~,;:,;(jE+02 
F' U .. ',r F: (', !" :";," :.,J P 

job terminated at 5-0CT-198~ 11:5'/:37.88 

Accounting inform~tion: 

H~ffered liD count: '71 Pea~, worklng sst si~e: 2048 
Direct I 0 count: .".Ii 

0::)0 Peak page file Slze: 8665 
Mownted volumes: 0 

;) OO:l.t:4G.:S:;: 
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\. I 

\t 

• I 

\1 
\1 

5.0~i---~----~-----~--~~~~~-+-----~----~----+----~ 

1.1 

-0,5~i-----~------+-------~----~-------+------~-----~---+---~ 
~.000 0.138 0.206 0.275 0.344 0.413 0.481 0.619 

T ! H ESE C 
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· (. '.~' :: ; .. i ::- .,:' ~ I .• ... ' ... 1.,,, .. 

./ 

~. ! 

10 
1 :;, 

, ,,,, 
.I. ,,:,: 

1,'1 
.J. ..... 

JU 

Tr:J:::O.25BOOIE+()() 
TCi::=O. 26:':~04~lE+OO 
T '3 .: 0 • 26 G 0 96 E + 0 0 
T fi :: 0 • :i '/:. 16 ~~ E + 0 0 
TCl==O.2,/4241E+OO 
TG="O" ;2'/833bE+OG 

Iei:: I). 2f..l6~:j84b+O() 

~lf3=O. :3BG584E·'()0 
TG:::0.3':)CJ879E+OO 
'T fl ''''0 • 400 182E+OO 
'\".'13"":0" 40'7.c:b3l-~+O() 
T !3 ::: 0 • .(1 :!. t:1 Y H ~.:.~ E·; .:,. 0 0 
T G ::.: f) Q 42 J 1 0 () E + () () 
'rf.:i=O.4::;44IBE+OO 

JO rO~~,,4SJ179E+OO 

.~': •• L 

.,ri 
.. ::,J.::' 
,.:, .... ' 
~.: .. . 

.. ,.:: 

21 

'l'i·:j.:;.(j. ~:50·./50(DE+()() 

l'G=C'" '524~4JE+()() 
TCj:::O. (: :;~4~:;'12E+O() 

TI3"'':')" :··'Ou .. 'il';)E+CO 
T r::;:: C· " ./ ~1 ::; ,18 ::S E + 0 0 

_~ 0 NN2= 0 NN3= 0 o 

TEMPlmax= 1308.7 NMl::: 16.14 Rlmax=O.714S£+OO 
C) t. \ .. ~ F:C.l ("{'fr' ..... ; .. ' :::. '.':. 0,". , '. ',' ••• , • f 

'. ,~.'.1 ::' ::::: ",::; ,)" P '.7 

~'1D.'~::-.-~~~~_.C~U!o;;lj.o=IIO!:: ~(;~3",'.:j-€6r':.~1s--.~~ 1:: IS 3 1 '? c::r(~ 2 :." 0 • 1 <:) 0 :5 E + iD C U 2 :: ~:; C c:. '/ " 'J 

jo:: 20460 ~"';L~-O+'·'~'~~oU;t: ~12 E + 0 0 IW 1 1 :: 0 • 1 204 E .. 0 1 1.. F< Q :,l2 ::: 
,.' 1 P := 0 .. 4 <1 ~:; a E·'· 0 0 VDLTlp:O.1262E+04 T2P=O.OOOOE+OO VDLT2o=O.OOOOE+OO 
T L, PI::: 0 " 1 7 1 :2 E + 0 ~:; 
or i. .. ji C)"=O. l048E+OJ 

;"::i.~TF:(1N ~;'.rlJI' 

s~RiNT!D~LETE GRAPH.DAT 
JGb G~APH (queue IXA7~ entry 1409) started on TXA7 
'i:EX IT 

LC)PE-:Z Job terminated at 5-0CI-1985 12:11:12.89 

Accountin} information: 
Buffered ilO count: 
Direct liD count: 
P.;::;I:.)e f.;:)ults: 

71 
87 

~:,l c} (:, 

Peak working set size: 2048 
Peak page file size: 8565 
Mounted volumes: 0 

r. ..•. 

Charged CPU time: o 00:11:::;8.87 Elapsed time: 0 00:13:33.15 
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;, r: N G J: H ( Ml := '/ • 0 
~2 O.102H+02 O.4~OH+Ol 0.930£+01 O"1972+0~ 0.186£+05 O.764E+0~ 0.847[-
12 O.129E+05 O.114E+05 -.31G£-02 0.20SE-OJ -.G85H+OO -.205E+0~ O.lu:.'(' 

~.~:.; .:.) 4 J (} .. .:t :~.i 0 E + 01 O:t.'i :.::j 0 !.: .-~ .. 01 0 n 9 ~~ G i:~; .. }. 0 ':' (: .. 1 <:) '? r: + ",>~:.i 0 .. j, E: r. r: .: .. (~, ;~... <>" ')' (:' 4 E ·t· (; 'L .)., ;:~ "1 ';" .':., 

~43 0.1~1E+04 O.lSlE+04 O.OOOE+OO 0.154£-01 0.000[-;0 0.000£+00 O.450E~G1 
., 
... 

"" .... 

'J ',' .:. ,-: .. 

·1 

'! ~ . .i' 

'X.' f.J ::: 0 • b ,::, (. :~ :L 8 1::-: ... 0 :2 
·."C:'."~:'::;O .. 2~)~;<::f') 1. r:+oo 
TCJ=i). 2(;~~~5'?'?E··~·OO 
TO:::O .. ~·.~b·?:·!~~)bE+OO 
TCJ::::O. ~;'./:':»4':)E+O() 
'.l:'.:;.:;)" '~;:/CC}'?]E+OO 

'.~': ; .~i :-.:: 0 II 4 ;::: !.: .. : ~ ::.:. C, I; + l) 1..) 

'I' ! ... ; :":: ;:~} .. ·~1 .:1 :~: :.~ 4 ,.::.1 1·; .{- 0 -:) 

'I' G ::: 0 II ;1 B !:i ;.~; 2 "1 E + () 0 
'.':' G ::., () " ~:; '/ ,) C· ,~ 4. E + 0 0 

. :. ! .i. I. : .) '" (:' 6 : .. ~ ~.~'., ::. E,,;, (. :. 

,") '7 

;' '.:'; ,": 0 " b '::: ':.:: _ ~.:) '1 E + 0 0 
'I' f3 :::: 0 .. <.:) ::.:~ 1 :. '; r:: 2 E··:·· 0 (. 
-~'i;i::::G" (.:'·,,5'3'11 OE+OO 
T i.":i :::: () u () ~3 ~.:; ~.:; ] <,:) E -+- () () 
,.~' C'! :":: (. 10 J f:.: i. ~:' '~~t '7 E:; + (:- :I. 
'r ! ':; ::' (> II :L ~.} :::", ": .:. '? E .-:-. (} :i . 

. ; :~. T ;.,,~ ::.: 0 " ::. :,.' ':',: '-: ~:; f) E + () 'J. 

·i' ..•. 
...... _, .i.-

Nf-·1::.:::::: 0 ;': .'~ _. (:. L:J 1::: 

f) .. "/ ~3 :3 1 3 
0.73313 

B1.66 

-T £ M f' 1 ~l ·3 :< :::: 
TJ:::MP2m::i;{'"" 375.1 

CUI= 5341.2 Jl= 5203 
'J" '.· .... :·"l,.' .. ,.,' 1.::02::::0" 39~j(:'E+O'l 

-
N!ll::~ 13.09 
Ni"i:J:::: 12.57 

o 

R1max=O.3357E~00 

R:Jmax=O.314~E+00 

L R ell 1:::: Ll '7 n i' T U 1 ::;: I) ·.i 0 E + 0 0 R U 1 1. :., ,> " (;, El 5 '7 E .- r, .") ", ,'; .) .~):. ! ; '7 1 ? 

'~'Lr'I::::O" 108l:lE+OJ 
:.' L'.:: J ::: f) " 23 '.:' 'J E + 0 :3 

.:.:' U H 'i' L'< i~! N 3 '.;.' U P 

T2P=O.GI02E+OO JOLI2p=O.GO?8E+03 

..... :'\ .L,\j'l' /Dt.::LE'i.'.'~: C;H'~iPH. Drl'.!.' 
]o~ GRAPH (oueue TXA7. entry 1411) started on TXA7 

LDr.lEZ JOD terminated at 5-0CI-198~ 12:42:4~.86 
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~':, 

\.j 

10 

II)' 

IE 
::. i:', 

TGc.::O. HOO:'.20E···O:.:: 
'Hi=O. 258001 E+OO 
TG':::O.262 i)43E+OO 
T[3:::0 u ~~6()O(:;6E+()() 

I'(jO"O.2'?016:2E+OO 
TG::O.2'74241E+OO 
T 13::." 0 • 2?8336E+OO 
'H]';:\). 2324~:;OE+OO 
TG::::O.2U'.:·):184E+O() 
'1.'[3';:0. J8G584E+OO 
'.tG=O.3()9?68E+OO 
1'13::::0.400146E+OO 
".::Ci"'C" 'lO'!::{03E+t)O 
'.L' C :::: () • 4 J ,~ H () 2 E+-O 0 
.L"I.J::::O. 422(~!,/'?E+()O 
TCl=O" ·'1:;::3(~)~16E+OO 
'T !".J :::: 0 II 116 ',:,:.' ':.:~ :) ~~{ E + 0 0 
T f':i :':: '::" " li '.>" I.:.:' !.":') :3 17 r: + 0 () 
'I' f.:i :::' (::, ., ··:1 () J :::' 1':; f::: t:: ·t· () () 

~:.' f.J :::: 0 " :~i 2 3 0 :3 0 E + 0 0 
TG:::O.623030E+OO 
TC'C" :;:'~j()~l40E+OO 

27 TG=0.740053E+OO 
38 IG~O,,771GOIE+OC 

29 :G=O.803599E+-OO 
TrJ::::O u 1. ()'.':';::;(;OE+O J 

3] ;G=O.108564E+Ol 
~NI= 0 NN2= 0 NN3= 0 LOl= 

() It BO'?O'? 
o It :30'?O'? 

IEMPlmax= 132G.G 
T 1·; M 1-' 2 m ·3 ;.~ :: ~iCJ'? ,,7 

·:::U'.! ..... ,:' L " H () 

o LlLl= 

NMl== 16.:n 
"1M::::::: :I.:,,, 03 

",; , 

o 

H 1 m ::~ ::.~ = 0 • 1 0 6 2 J.:: ..: .. () :I 
R2max=0.8G~2E+00 

CUI= 6356.2 JI= 6317 
EG2=O.130:3E+OB 

CU2= 6394.4 J2=154~ 
:::; U .l .:: \) II .1. J 4.~ ... 

:1= 26906 
.' : i"'c C' • 4 <1 ~.:. ')' E -I- I) () 

; L. :~~I;o () " 1 H U 1 E + (:: J 
';' L j:( U ;;: () • .:1 1. ::3 <;) E + () ::1 
':, Pl. ' ..... f) • 2 '/ 1 3 t: + 0 2 

~RINTjDLLEtE GHAPH.DAT 

T2p::::O.GBIOE+OO 

Jab GRAPH (queue TXA7, entry 1413) pending 
rEXIT 

LOPEZ job terminated at 5-0CT-1985 13:58:44,,76 

Accounting information: 
Buffered I/O count: 
Dire~t I/O count: 

'71 
91 

Peak working set size: 2048 
Peak page file size: 7884 

Charged :PU time: o 00:15:2:'5.[3'7 
jviolJrrted \lD 1 U!HE.\S: 

l~l::3I)'sE,;j tim~?: 
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'., :."'. ..: ',- I; .~ '.\. ::, ,:, ], f:'" () 4 0" () i) Co x:: ... I) 0 0" 1 ~:; 4 E··, 0 :: O.OOOE+OO 0.000£+00 O.150E~0~ 

c·· 
.. .' 

'/ 

::, :) 

I. :L 

I .oJ 
... ..~ 

i .o . 
• 1 , •..• 

." ... :.' 

T t~ :::' (i II ..q 0 0 0 6 (;: ,r:: .. ~ () 2 
J.':~;:::(;. a00120E-02 
TG::,cO. 2!:,jBOO J, E+OO 
TG oo O.2G2J.30E+OO 
';: 13 :~, ~:: • :3 G (; 2 B 4 E + 0 () 
TG::::<:. ::;!,'/046ElE+OO 
or C :: ':.' • :-; '7 4 6 8 -1 E + 0 0 
Ti.1::::0.27893St:+()() 
TG":O.28:3234E+00 
T:~;::.'C" 287578£+00 
Tf3::::0.3f:f7578E+OO 
TG::::O.404194E+O() 
TG'~O, 40'.586:5E+OO 

T (3 :., • 4 2 6 GOO E + 0 (' 
1'(;;::.:0.438467£+00 
'J'G::O.48B628E+OO 
Tri·::'). :i()7188E+OO 
TG=:O. ~)277:37E+O() 
T'I:I:;:':!" ~,i':!()33GE+O() 

T(;;:::<>" :.::i,/4949E+OO 
1';:i':(.'" 60J. 4~lOt+O() 
Tei"':)" /0 14:30E+00 
'J :·.·:i·:·'·:. :?'~:;2aC8E';+O() 

~b lG=0.79G831E+OO 
i'U:O.8~~8B91E+O() 

j] :G=0.8609~OE+OO 
'{".i:::O.8':)3010E+OO 
'T.' lj .... (1 " J 1 4 J 0 ]. E + I~) 1 

1.01:::: 

.... :;:; C: I' ~??DB3 

.,' o. >'? ::::~ J .::; 
1 E M P 1 ni .3 )< ::: 

-() n ,.) (', 
'~,' .... " ,: .• • ,J . ., 

'1 '.:" if D L ;" r: It: G 1;: ~~ f' H " D tl T 

PLm::l~":::O" 6B81E+OO 
.' ..... , ........ . 

" .".; '.~' ,':, .:::: .. ,. 1 ..•. 1 ,.,' NM~~::: 
1 

f.,.! ~J :2 ::;: 0 " 2 ~~) '/ 8 E-+-O ~:.~ C t.,! .: ::;. c) ::~: '::" n 

[:; U ~l PHI' au E' U E.' T;'-: f.i '? t~ n t r 't' 1418) s t.'3 r t!=~ don T X f"-l? 

i. r' '7 job t2~minated at 6-0CT-198~ 10:56:33.56 

_countin~ Inform.3tion: 
'fered 110 count: 
., c' c'-,i . ./ U ;.' U U n t : 

i ':::' -f :',j 

'/ .L 
n'J ,.,' ... 

Peak working set size: 512 
Peak 9.3ge file size: 7884 
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Appendix 4d 

RADIATION DUE TO BEAM GAS SCATTERING 

From the photodesorption experiment at the NSlS we can arrive at a lower 

limit of the beam lifetime of 300 hours. This limit is due to nuclear scat-

tering from residual gas (mostly hydrogen), and might be as much as a factor 

of five longer than 200 hours, i.e., 1500 hrs. 

The total stored energy in the beam is 400 MJ. 
TIT 

Hence, 250 MJ(l/e 0) 

is lost in 300 hours, evenly distributed around~90 km. 

If we assume that this is uniformly distributed in an annulus of 10 cm width, 

(4 cm 1.0, 24 cm 0.0.) of average density 8g/cm3 

dw dM = (9.4 J/mehr) = 9.4 x 105 ergs 
cmehr 

1 

~: = 2.7 x 10
2 :~~~ = 2.7 rads/hr 

1 

This is a combination of ionizing radiation and neutrons. Boiloff neutrons 

are ~l MeV. 
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APPENDIX 5a 
04-0CT-85 MAGNET LENGTH AND CONVENTIONAL FACILITIES 

Assembly and Storage Buildings 
Works Buildings 

The Heavy Works Buildings in the RDS are based on a 60 
foot bay between. column center lines for the working space. 
The clear space IS about 58 feet, if everything is kept off 
the columns. The large Works Buildings are 280 feet long and 
the smaller ones are 218 feet long. To accommodate fixturing 
for the magnets and room for getting at both sides it would be 
necessary to widen the bays of order 201. or install the 
fixturing at an angle and increase the length of the buildings 
accordingly. Spanning a 72-foot bay and Rroviding a crane with 
that width would be expensive, so the latter solution is 
preferable. Either solution results in an incremental cost of 
order $.25M/bldg., $1.5M for the six buildings carried in the 
RDS. 

Warehousing 
Like the Works Buildings the Warehouses are based on 60-

foot bays. Since magnets will be stacked and sorted in the 
Warehouses it might be restrictive to be unable to swing them 
around. The width of the b~ys would probably be increased as 
for the Works Buildings. There are two bays per warehouse and 
the length is twice that of the Heavy Works Buildings. The 
cost per square foot should be about half that of the Works 
Buildings, so the cost penalty should be about approximately 
$2M total for the two Warehouses. 

Transportation 
The road specification in the Siting Parameters Document is 

HS-20-44, where 44 is the maximum length of truck to be 
accommodated. This maximum length is from front axle to rear axle 
of a semitraiier combination. The distance from the front axle to 
tt1e "fifth wheel" is specified to be 14'0". "Fifth wheel" to rear 
axle is variable up to maximum of 30 feet. 

Transportation of magnets must be looked at under two 
aspects. The first is the transportation of major components like 
cryostats and magnet cores, or of completed magnets from 
manufacturing facilities to some location on the site, presumably 
the campus. Presumably this takes place over major highways (or 
by railroad). The second aspect is the transportation of 
completed magnets from the campus to the places of insertion into 
the ring, presumably the 12 major service locations. As at CERN 
access to these locations distributed around the 60-mile 
circumference will be via local roads. This latter requirement 
lasts for the life of the project, whenever magnets need to be 
replaced, put into a spares depot, etc. 

To Site 
Vehicles 

There are state-by-state length restrictions on 
vehicles. Overall vehicle lengths, length of box, length 
between "fifth wheel" and a>:le, and length of tractor are 
all separately specified. A basic document is "SUMMARY OF 
SIZE AND WEIGHT LIMITS" May,1985 prepared by the Dept. of 
State Laws of the American Trucking Association~, Inc. This 
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04-0CT-85 MAGNET LENGTH AND CONVENTIONAL FACILITIES 

gives the state requir~ments for Designated Highways. In 
addition the states issue detailed sheets giving the 
restrictions by various highway classes within their 
juri~diction. Along with this they issue detailed maps of 
the highway systems by classes in the state. Most states 
restrict Semitrailer lengths to 48 feet with another large 
grouping at 53 feet. Texas and Wyoming allow 57 feet and 60 
feet respectively. With permits and restrictions longer 
loads may be allowed. 

For a limited number of moves the special air ride, 
flatbed, stretch trailers to ship the components and 
magnets probably exist. For a large n~mber of moves like 
8000 magnets, and long components like cryostats it will 
probably be necessary to buy the fleet of trucks to meet 
our schedule. These costs should be counted in with the 
magnet costs. Assuming 3 magnets/truck and 300 truck 
days/truck/year and distributing production uniformly over 
three years, this implies of order 12 trucks, or Sl.2M at 
SlOOK/truck. 

Permits 
Permits may be issued for a price and within limits 

for vehicles exceeding the legal limits. Off the Interstate 
and State systems these are subject to local jurisdictions, 
e.g. the Sheriff in St. Charles impounded the helium gas 
storage tanks for Fermilab. BNL has investigated shipping 
cores to Fermilab. Permits are listed at $200 per shipment 
with 3 magnets per load. 

Road Restrictions 
Prospective routes for shipping large objects must be 

surveyed for restrictions of width and particularly for 
long objects for radii of curves. Passage over local roads 
is subject to local laws and regulations. 

On Site 
Handling Devices 

Appropriate length and strength strongbacks must be 
provided for handling the magnets. 

Vehicles 
The same comments apply here as for transportation to 

the site. Magnets delivered to some location like the 
campus must be transported from the assembly area to the 
drop locations around the Collider Ring, up to 30 miles. 
This is an activity that will continue for the life of the 
Laboratory as magnets are replaced, refurbished, etc. Since 
the bulk of this work will be in parallel to the delivery 
of magnets and components to the site, another fleet of 
special air ride vehicles will be required to be purchased 
for this work and the cost added to the magnet costs. 
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Permits 
As at CERN transportation around the "site" will be 

over existing public roads probably rural farm roads. These 
will be subject to local jurisdiction and require local 
permits. A customary way for habitual-use permitsto be 
issued is to require that the permittee upgrade the roads 
in question and maintain them for the life of the permit. 
This is the type of arrangement that CERN made with the 
surrounding villages in connection with LEP. For 100km of 
road at $25/sq.m. this would amount to approximately $15M 
for the upgrade. The annual maintenance costs would come 
out of the Laboratory operating budgei. 

Road Restrictions 
See under "Permits" above. In some places curves 

would have to be widened, utility lines moved, etc. to 
allow passage of overlength vehicles. Some allowance has 
been made for this by assuming that 100km of roads would 
have to be upgraded. 

Insertion into Tunnel 
Magnets may be inserted into the tunnel by lowering them in 

a horizontal orientation, or by tilting them using some kind of 
tilting fi>:ture. 

Horizontal 
Shafts for any significant depth are circular for 

engineering reasons, e.g. the 50-foot shafts for the Austin 
tunnels. The excavated diameter must allow for a liner and 
ground supports. For a 57.5-foot magnet the excavated shaft 
diameter will be of order 65 feet to allow some clearance. For 
a 40-foot magnet it will be of order 48 feet. This implies a 
cost of $2. 1M/100ft vs. $1.lM/I00ft at an excavation cost of 
$170/c.y., ignoring additional differentials for extra 
perimeter length for lining, supports, etc. For 12 shafts, 
assuming a shaft at each of the major service locations 
(refrigerator/power supply locations), this amounts to an 
additional cost of order $12M for the longer magnets, assuming 
horizontal insertion. 

Tilted 
In all likelihood, assuming shafts of order 30 feet at 

the major service locations for installation of major 
cryogenic components, the magnet installation would make use 
of those shafts by securing the cold mass using shipping 
restraints, so the discussion above is probably irrelevant. 

Shipping Restraints 
Given the relatively delicate nature of the thermal 

supports in the magnets, and considering the G-forces 
involved in handling, shipping restraints of some sort will 
almost certainly be provided for the cold mass. Tilting the 
magnets for insertion into the ring will involve no, or 
small addition to these restraints. The differential cost 
between handling a 60-degree tilt and handling a 48-degree 
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tilt has to be negligible. 

Handling in Tunnel 
Bypasses around IR's 

Bypasses at tunnel level are required around the IR pits 
for maintenance, search and secure, and for routing bus, 
controls, etc. The takeoff angle, and hence the length of 
this tunnel section is a function of magnet length. Allowance 
must be made for the magnet mover to negotiate the turn. 

Handling devices 
Stong backs, magnet movers, etc. ar~ a function of the 

length of the magnet. If a C-type magnet stand is not used, 
then the complication of getting the magnet off the mover and 
into position is also a function of the length. 

Storage areas 
A ready-magnet storage location will be provided at 

various locations around the ring, probably at the major 
service areas. The size of the storage facility will be a 
function of the magnet length as for the Heavy Works 
Buildings. For storage at depth at a deep site (Ohio, 
Illinois, Colorado,--) this will -be a steeper function of 
length. 
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MAGNET TRANSpnRTATION 

MAX MAGNET tlAX ACTUAL PREMIUM PREllI UM SHIPPING TOTAL COST PEk ~ITRA INTER-
LENGTH LENGTH WEIGHT WEIGIIT WE IGIH LENGTH COST COST FULL CELL ONNECTIUNS 
FEET FT II1TRS POUtmS POUNDS COST COST DOLLARS DOLLARS DOLLARS ER CELL 

53 45000 44660.8 0 200 1660 1060 6201.604 - -
53 45000 35600.4 0 0 1660 1660 7019.903 -0 0 0 
53 45000 40550.4 0 0 lb60 1660 1,219.761 

0 0 0 
53 45000 41989.2 0 0 1660 1660 6086.254 

0 0 0 
53 45000 407B8 0 0 1660 1660 60B5.776 

0 0 0 

I have laHed tlith Bob lIannel in TB9 regarding shipping of the lIagnets. 
lie has just cOlllpleted the arrangellents to ship 6.O-fJ!.Q.,t ·bore tubvs fro. Wisconsin. 
There is no proble. receiving over the road overlength permits to acco'lodate lengths 
like this. We would anticipate using an air ride, flatbed, strech trailor to tranship 
the Magnets to F"AI. The above table-shows the cost for various length Magnets. 
For the shorter Magnets one lust lake that .any lore interconnects, which is costly. 
In addition,one lust also pay the penalty for the 1055 of lagnetic field. 
Consequently the amount of lagnets Mould increasp. at a larger percentage 
than what one would assu.e by just scaling the lengths. 
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Dr. Clyde Taylor 
University of California 
Lawrence Berkeley Laboratory 
One Cyclotron Road 
Berkeley, CA 94720 

Dear Clyde: 

Upton, Long Island, New York 11973 

(516) 282 
FTS 666 7687 

October 15, 1985 

In the process of writing a memo summarizing the Magnet Length Workshop 
for people here at BNL I changed my mind about the conclusion of the 
discussions. I now feel that the magnet length at this stage of SSC design is 
not at a "broad minimum" with respect to cost but that it would be 
significantly more expensive to shorten it to 13.8 m. 

This conclusion follows from realizing that the possible $22 M savings 
which came out of Alex C-hao' s analysis will never be realized. Thus the added 
cost of six magnets per 100 m half-cell is $38 M (Goodzeit and Yourd) less 
$10 M (Toohig), or $28 M, nearly twice the threshold of $lS'M defined by Peter 
Limon as "significant." 

The reason that the coil diameter would not be changed even if the length 
were reduced is that the magnets will certainly be sorted before they are 
installed. This was pointed out by Peter Limon. (Whether the coil diameter 
would be reduced to take into account the advantages of sorting is a separate 
issue.) If the magnets are sorted according to their sextupole term, the 
higher order harmonics will be statistically distributed but there will be a 
much weaker dependence of diameter on length than for the sextupole which Alex 
considered. If our plans for correcting the quadrupole are only partly 
successful, there will be no excess linear aperture anyway. 

The magnet was probably at a broad minimum of cost versus length a year 
and a half ago when it was in the design stage. Given that we have tested five 
4 cm magnets, that the quadrupole correction is not yet confirmed 
experimentally, and that we are in a hurry, there are also many practical 
reasons why we should not change the diameter. 

note' 

Rill Hassenzahl is in general agreement with these conclusions, 
incorporates several of his comments on this isslll'. 

Sincerely, 
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