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:mjj New approaches are required to continue the dramatic rise in collider 
:1mi energies as represented by the well-known Livingston plot. The old idea 
i~llli of low-cost low-field iron dominated superconducting magnets in a small 
mm diameter pipe may become feasible in the next decade with dramatic 
;ml~ recent advances in technology. These include advanced tunneling 
'l~m technologies for small diameter, non human accessible tunnels, high Tc 
:!j1j! superconductors which operate at liquid nitrogen temperatures, advances 
'lm~ in robotics and remote manipulation, accurate remote guidance systems 
mi\ for tunnel survey (e.g. inertial guidance), digitally multiplexed . 
llll! electronics, and techniques for the achievement of high luminosities in 
llm proton-antiproton and proton-proton colliders. 

illlil A leading concept for the low-field magnet is a long "double-C" iron 
~11m structure driven by a superconducting transmission line. A prototype is 
:illl! under developement at Fermilab. 

\1!111 In this symposium the design concept and the potential strong tie-in with · 
:~m~ industrial developments will be discussed 
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The Pipetron Concept 

Two major components: 

A very large experimental hall on the Fermilab site 

A non-human accessible tunnel 
roughly circular, deep underground 
as few shafts as possible 

This concept of building an accelerator in a sewer pipe 
was clearly presented by 

Fermilab's Founding Director, R. R. Wilson 
at a conference in Snowmass, Colorado in 1982. 



,l\''~:!~~r::~:~1!::~~,~:~:~1'i:~~~::~;~":~~~~~;'''~~ri~~~~~m;:~'1l~m1f~!W 
:!Ill! built on a national basis or as an international effort, to be 
mil! affordable, innovations in construction must be made. The 
il!ll! design of a superferric magnet ring buried in a pipe in the 
11l!ll ground is explored here to see what reductions in cost 
ilil!I might result." 

1 ..... superferric magnets (an old idea) have the advantage of l 
i!ll!I simplicity, of being more sparing in the use of i 

mm superconductor, less sensitive to the position of the : 
111111 superconductor, easier to construct, and perhaps more 
illl!l reliable to use." 

I . R. Wilsoii, Snowmass 1982 
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Proceedings Of The 1982 DPF Summer Study 
On Elementary Particle Physics And Future 

Facilities 
June 28--JulY 16. 1932 
Sno\\·mass. "c olorado 

Editors 
Rene Donaldson • Richard Gustafson • Frank Paige 

Organiz~d by the Division of Particles and Fields 
of the American Physical Society 

Sponsored jointly by the l"nited States Department of Energy 
and the ~ational Science Foundation 



The necessary technologies did not exist at 
that time but have emerged since then and 
are developing rapidly. 

• advanced tunneling technologies 

microtunneling 

horizontal directional drilling 

• high temperature superconductors running at 
liquid nitrogen or liquid hydrogen temperatures 

• accurate remote systems for tunnel survey: 
inertial .guidance; laser interferometers 

• digitally multiplexed high speed electronics for 
control and monitoring 

• robotics for remote repair of pipes 



New Low-Cost Approaches to 
High Energy Colliders at Fermilab 

What is required to "recapture" the Energy 
Frontier? 

Necessary conditions for the next large 
accelerator project 

• be different than existing accelerator projects, 
not just a "brute force" extrapolation of an 
existing lower energy machine 

• be relatively low cost --
the important measure is 

$1TeV 

• real benefits to society 

-
Circular machines are in series. Each machine is the 
injector into the next higher energy ring. The conclusion 
is to site the machine at an existing laboratory, and not 
throw away what is a 3-4 billion dollar investment. 
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by 
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Characteristics of an Ultimate Hadron Collider 
with similar discovery potential 

Pipetron Ultimate ELN 
Center of mass energy 200TeV 1 PeV 
Circumference (km) 1160 1015 
Bdipole (T) 2 13.5 
Beam energy (Te V) 100 500 
Beam current (mA) 500 2 
Number of bunches 2x105 23000 
Mains power (MW) 54 220 
( Psync ) (W /m) 2 10 
Interaction regions (IR) 2 2 
Interactions/crossing/cm 13 <1 
Hadronic debris/side (kW) 170 10 
Limiting technologies IR survival Management 
Tune shift per IR 0.007 0.008 
B* (m) 1.5 2 
Stored energy (GJ) 193 4.4 
Luminosity (cm-2 s-1) ~lo3s 1033 



Characteristics of an high field and low field options 

Pipetron ELN 
Center of mass energy 200TeV 200TeV 
Circumference (km) 1160 274 
Bctipole (T) 2 13.5 
Beam energy (TeV) 100 100 
Beam current (mA) 500 230 
Number of bunches 2x 105 46000 
Mains power (MW) 82 120@ 60° 

( Psync ) (W/m) 2 20 
Interaction regions (IR) 2 2 
Interactions/crossing/cm 13 12 
Hadronic debris/side (kW) 170 120 
Limiting technologies IR survival IR survival 
Tune shift per IR 0.007 0.01 
B* (m) 1.5 1.0 
Stored energy (GJ) 193 22 
Luminosity (cm-2 s-1) ~1035 ~1035 



A B c D E F G 
2 Ring charcteristics Interaction points 
3 * Max Enerav (TeV) 100 * Number off Ps 2 
4 * B dioole - max (T) 2 * Crossina anale (mr) 0.2 
5 * Divole fraction 0.9 * L .. - Jona ranae (m) 200 
6 To - rev time (s) 3.88E-03 I* - (m) 82.2 
7 Circum (km) 1163.55 Beta* (m) 1.50 
8 Beta max (km) 27.0 
9 Beam characteristics 2.-IP lum) 3.8 

10 * Enerav (TeV) 100 22.-01 (cm) - flag 0.50 
11 * Norm emit@E(n mm-mrad) 1.00 .llnu-HO /IP 7.1E-03 
12 * Bunch space buckets 8 Llnu-LR 2.9E-04 
13 oamma 1.1 E+05 .llnu-tot 0.015 
14 Bunch space (m) 6.00 Llt crossing (ns) 20.0 
15 Number of bunches 1.9E+05 95% Lum. region (cm) 22.1 
16 * NBunch (nC) < O for invut 0.0 Interact I crossing 274.8 
17 Bunch population 6.0E+10 T-lum/t-damp-perp 3.5 
18 Current (A) 0.50 Lumin. half-life {hr) 81.8 
19 Luminosity/ IP 9.9E+34 
20 lniection I Eneraetics 
21 * lniection Enerav (TeV) 10 Instabilities 
22 Fill time (hr) 4.0 * R-vive (cm) 2.5 
23 Stored Enerav (GJ) 193.12 * Oceratina temo f°K) 200 
24 D(E,01) MGy/yr 6.5 * Injection temv (°K) 20 
25 Hadrons in 01 (W/ka) 0.7 Resistive wall -turns 0 
26 Debris (kW Per side) 172.9 RW at injection - turns 1 
27 uwave Zin @ ini (ohms) 21.4 
28 Svnchrotron radiation 
29 * Max PfW/m) on walls 2 Vacuum 
30 Uo (GeV/turn) 4.7E-03 * Oo. oressure fnTorr) 2 
31 E- Dampina time (s) 8.3E+04 * Desorb coeff. 0.001 
32 Power (W) 2.3E+06 E-crit (eV) 2.1E+03 
33 Power densitv (W/m) 2.0 N-gamma (s-1 m-1) 1.9E+16 
34 Rea. oumoina <Us/m) 192.8 
35 Parasitic heatina 
36 Resitive wall (kW/beam) 2736.2 RF svstems/lonaitudinal 
37 RF-HOMs (kW/beam) 7.9 * rf -Freauencv f Mhz) 400 
38 P to Comoressors (MW) 82.2 * V-elnN-ssc 8 
39 Harmonic number 465421 
40 Lattice 2.-z (cm) 7.9 
41 ·<Beta> (m) 491.9 Synch. tune 3.20E-03 
42 Dispersion (m) 1.5 Mom. compaction 6.1E-06 
43 N cavities/rina 27 
44 Rev 20. 11.92; ,L's = Gaussian widths P-max to klystron (MW) 100.6 



A Possible Scenario 

Fermilab's Tevatron is the injector into a 
proton-proton collider 

Build a 12 TeV/beam Collider 

Vigorous ten year R&D program to solve 
the many challenges 

magnet 
tunneling 
fabrication 
installation etc. 

Circumference= 136 km 

Depth depends on regional geology · 
--part on-site would be - 20 meters underground 

Begin construction in 2005 or 2006 
use for physics 
serves as injector to the next ring 

Define a path to 100 TeV/beam 

Circumference = 111 O km 

100 m underground --

regional geology may require it to· be a 
''terrain follower" i.e. it is not in a plane 

Begin construction 2015 

This is 5 x the energy of the SSC project 



New approaches are 
required to continue the 
dramatic rise in collider 
energies as represented by 
the Livingston plot 

Necessary conditions for the next large 
accelerator project 

• looks very different than existing projects, i.e. not 
just a brute force extrapolation to something 
bigger 

• relatively low cost 

• real benefits to society 

Schedule of Meetings 
Low cost High Energy Hadron CoJlider at 

Fermilab 
· Wednesdays 9:30 - 10:30 

TSS Hdqtrs Conference Room (unless otherwise noted) 

web page: http://www-ap.fnal.gov/PIPE/ 



The construction challenge 

Fermilab has joined the 
North American Society for Trench/ess 
Technology 

We will explore partnerships with 
industry to work on innovative ways for 

• longer distances between shafts 

• "umbrella" machines 

• remote cutter changing 

• remote liner installation 

• muck removal strategies 

•guidance 

• terrain following 

The operations challenge 

• Learn a new way of working 

•Increased emphasis on reliability 



Gaining public support is part of the 
challenge 

• explore shared use of the tunnel 
for infrastructure 

• technology can have real 
benefits to society 

• developing such capabilities will 
open new markets 



Parameters and Layout 
of a 

Low Field 
Large Hadron Collider 

by 
Steve Holmes 

Fermilab 



PARAMETERS AND LAYOUT OF A LOW 
FIELD LARGE HADRON COLLIDER 

Outline 

S.D. Holmes 
(W. Chou, D. Neuffer) 

Fermi National Accelerator Lab 

May 1996 

1. Performance Goals and Choices 

2. Parameters 

3. Issues 

S. Holmes, Indianapolis APS Meeting, Page 1 



PERFORMANCE GOALS 

Energy 
The next large hadron collider will be the Large Hadron 
Collider at CERN. 

• E=14 TeV (center-of-mass) 
• L=1034 cm-2sec-1 

It is unclear what the energy scale of a hadron collider beyond 
LHC would have to be. However, history would lead us to 
expect that the-next step should be a factor of -5 or greater. 

- Hadron collider rule of thumb: Energyx2 = LuminosityxlO 

Luminosity 
One would expect that a luminosity similar to LHC would have 
to be obtained. 

- Probably rules out p -p collider 

Cost 
It is pretty clear that the world, not to mention a single nation, 
cannot afford to spend double-digits x $109 on a new facility. 

Goal: E = 30-50 TeV/beam 
L = lx1034 cm-2sec-1 
$ < $100M/TeV 

S. Holmes, Indianapolis APS Meeting, Page 2 



APPROACHES 

The luminosity formula can be rewritten in a variety of ways to 
indicate limitations arising from different operational regimes: 

1. p -p with a limited supply of antiprotons 

2. Dependence on magnetic field and circumference 

3. p-p with limited linear radiated power density 

p2 
Loe----• 

I.Bf E2BeN 

The particular set of parameters looked at here are based on a 
low magnetic field. 

S. Holmes, Indianapolis APS Meeting, Page 3 



PARAMETERS 

Luminosity Parameters Pbar-P P-P 

Protons/bunch 2.50E+11 2.50E+1C 
Anti protons/bun ch 1.82E+Oll 2.50E+1 C 
Total antiprotons 1.00E+13 
Proton emittance (95%, norm) 15.0C 15.0C pimm-mr 
Antiproton emittance (95%, norm) 15.0C 15.0C pimm-mr 
Longitudinal emittance (95%) 2.0C 30.0C eV-sec 
Beta@ IP 0.2E 0.2E m 
Energy 100.0(J 100.0(l TeV 
Injection Energy 2.5C 2.5( TeV 
Arc Dipole Field 2.31! 2.3E Tesla 
Bend Radius 140.H 140.16 km 
Circumference 931.4i 931.47 km 
Rev. Frequency 321.8E 321.85 Hz 
Bunches 55000.0C 55000.00 
Bunch Spacing 16.9..:l 16.94 m 
Bunch Frequency 17.7( 17.70 MHz 
RF Frequency 177.02 177.02 MHz 
Harmonic Number 550000.00 550000.00 
RF Voltage (Coasting) 10.0C 10.00 MV 
Synchronous Phase 33. 74 33. 74 degrees 
Phase Slip Factor (eta) -2.58E-06 -2.58E-06 
Bucket area 39.03 39.03 eV-sec 
Bunch length (rms) 0.19 0. 7:3 nsec 
Momentum Spread (rms) 5.66E-06 2.19E-OS 
Average Current 0.71 0.07 Amps 
Peak Current 85.1( 2.2( Amps 
lmpedence Threshold (microwave) 6.10E-04 3.55E-01 Ohms 
Machine Impedance (Zin) 2.0C 2.0( Ohms 
Microwave Risetime (@10 GHz) 4.H 13.11 sec 
Bunch Length (rms) 0.0€ 0.2~ m 
Form Factor (Hourglass) 0.9E o.n 
Crossing Half-angle 0.01 0.01 mr 
Form Factor 0.7S 0.3~ 

Beam size at IP 2.42 2.4~ microns 
Typical Luminosity 8.43E+3:1 3.77E+3~ cm-2sec-1 

Integrated Luminosity 169.9E 760.5~ pb-1/week 
Bunch Spacing 56.4!l 56.45 nsec 
Interactions/crossing 7 .14 31.9i 
Inelastic Cross Section 150.0C 150.0C mbarns 

S. Holmes, Indianapolis APS Meeting, Page 4 



Synchrotron Radiation/Beam-beam Pbar-P P-P 
Energy Loss/turn 5.5E 5.5E MeV 
Synchrotron Radiation Power 3970.54 397.0E kW/beam 
Linear Power Density (single beam) 4.?i 0.4E W/meter 
Damping Time (Longitudinal) 15.8( 15.8C hours 
Antiproton tune shift (Head-on, 2 crossings) o.o:;: o.oc 
Helix separation (sigma) 25.0C NA 
Long Range tune spread (anti proton, 0.0~ NA 
2.Ssiama) 

Lattice 
Cell Half·Length 300.0C m 
Phase advance/cell 60.01 degrees 
Gradient Focussing (B'/B) 2.71 1 /m 
Gradient Magnet Length 290.0C m 
Beta Max 965.54 m 
Beta Min 368.04 m 
Arc length 911.00 km 
IR length (each, assume 2) 10.24 km 
Phase advance/IA 2.00 2pi 
Number of cells 1518.3S 
Phase advance (arc) 506.2S 2pi 
Tune 508.22 
Bending/half-cell 0.12 degrees 
Bending Length/half cell 290.00 m 
Bend radius 140.16 km 
Bend Field 2.3S Tesla 
Dispersion Max 3.01 m 
Dispersion Min 1.8( m 
GammaT 622.41 

Beam Size in arcs (rms, injection energy) 0.9E mm 
Beam Size in arcs (rms, full energy) 0.H mm 

S. Holmes, Indianapolis APS Meeting, Page 5 



Injection Sequence LEl IEI Rl...1-C 
Circumference 6 15 931 km 
Peak Field 4.40 2.40 2.4 Tesla 
Peak energy 1 2 100 TeV 
Ramp Rate (up) 0.25 0.25 0.001 Tesla/sec 
Ramp Rate (down) 0.25 0.25 

Cycles to Fill 2.50 62.10 
Fill time 0.07 1.63 121.30 minutes 
Acceleration time 0.29 0.16 39.67 minutes 
(Deceleration) time 0.29 0.16 
Cycle time/ring 0.65 1.95 160.96 minutes 

Accelerating Voltage 1.35E+OO 8.46E+OO 1.30E+02 MV/turn 

S. Holmes, Indianapolis APS Meeting, Page 6 



ISSUES 

Proton-antiproton is probably not viable 
- Np too high (required high to make luminosity) 
- Magnet aperture too big (required to accommodate 

separated orbits) 
- No cost advantage if coaxial magnet 

Beam stability 
- The natural momentum spread is way too low to provide 

microwave stability. Need to increase the momentum 
spread. 

- Resistive wall rise time is< 1 turn for aluminum beampipe 

Alignment stability/ifound motion 
- The synchrotron frequency in this mac~e is <lHz. 
- The betatron frequency is < 300 Hz. 
- Strong susceptibility to low frequency motion of any kind. 

Luminosity packagini 
- The parameter list shows 32 interactions/crossing for 

3.7x1033 cm-2sec-I (86 interactions/crossing at lx1Q34) 
- Since the p-p collider is not operating in a beam-beam 

limited mode, most limitations are relaxed by decreasing 
the number of bunches while keeping N2B fixed. 
->Interactions/crossing cc l/B 

Machine protection/abort 
- Stored energy/beam = 22 GJ for p-p parameters 

220 GJ for p -p 

Injector Complex 
- Fill times = hours 

-> dominated by lowest energy superconducting injector 
- Correct dynamic range for each stage 

S. Holmes, Indianapolis APS Meeting, Page 7 
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and 
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Low Cost Hadron Colliders at 
FNAL 

Old Ideas and New Technology 
for the Next Generation of Hadron Machines 

G. William Foster 

• Historical Perspective 
• A lOx Cheaper Magnet 
•Advanced Tunneling Technology 
• Prototype & Designs in Progress 



Tevatron ~ Hera ~ SSC~ LHC 
Represents an Evolutionary DEAD END 
For Sunerconducting Magnet Technology 

1. Cos-0 Dipoles will never be lOx cheaper. 

Superconductor alone is "'30% of Magnet costs. 

Costs rising nonlinearly with I B I . 
High-field magnets are economic disasters even it they work. 

2. Synchrotron Radiation is Fatal for 108 TeV Cos0 Magnet. 

LHC-like dipole would never work at 100 TeV. 

Vacuum problem (H2 desorbtion) is also fatal. 

4 



THE NEXT HADRON COLLIDER 

Already Technically Feasible (unlike other machines) 

Therefore, it will eventually be built. 

Must be ~tOx lower cost (per unit energy) 

Must be built at existing lab (to avoid throwing away $3-4B. 

The goal of the CheaperCollider R&D Effort is to demonstrate a 
factor of 10 reduction in (Magnet+ ·Tunnel) costs for the next 
2eneration of Hadron Colliders to be built at FNAL. 



The Solution to these Problems is Known 

And was clearly presented in Snowmass 1982 by R. R. Wilson. 

One needs a simplified, lower field, iron dominated SC magnet. 

To capitalize on the cost advantage of low field magnets one must 
take advantage of recent developments in robotic tunneling 
technologies to bring down the tunnel costs. 
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G.W .. Foster 11/15/95 
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Beam Pipe - Aluminum 
extrusion, warm bore. 

Distributed NEG 
Vacuum Pump 

Alternating Gradient 
Pole Tips from High 
Saturation Alloy. 
(Continuous bonding, 
no Quadrupoles. 

Flux Return - Precision EKbuded 
Low-Carbon Steel (-20m lengths) 

Insulating Vacuum with Atuminir.cd Mylar Superinsulation 

Commercial High-Tc 
Superconducting 
Transmission Line 
-500m Lengths 

High Tc; Superconducting Cable - Helical Wrap on Cryopipe. No Magnetic Forces on Conductor. 

"--- Invar Cryogenic Pipe - no thennal contraction on cool-down. Pennits long lengths between splices. 
Liquid Nitrogen Cryotluid - simple, inexpensive cryogenic system and low operating costs. 



DOUBLE-C GRADIENT MAGNET FIELD MAP 

'-Extruded 
Iron Flux 
Return Shell 

• Single tum magnet with twin apertures for P-P. 
• Warm Iron, warm bore driven by a superconducting 

transmission line at center of magnet. 
• No Forces on conductor due to symmetry ofdesign. 
• The conductor sees --1 Tesla, the beams see 2 Tesla. 



Comparison of "Double-C" Transmission Line 
Magnet with LHC Cos-Theta Dipole 

COST DRIVERS LHC XLC Cost Ratio 
Superconductor tonnes/TeV 150 7 2lx Less Superconductor I TeV 
Mass tonnes/TeV 5, 101 471 1 lx less magnet mass I TeV 
Complexity parts/magnet -110 .... 11 lOx fewer parts In cross section 
Vacuum welds/TeV 2308 -25 1 OOx fewer welds / TeV 
Crye Wall Power watts/1-M 60 0.75 80x lower operating cost (LN2) 
Tunnel Volume m**3/TeV 33,750 2,500 14x less earth moved/ TeV 
S1•R•O fMU6\ k ,,, •• ,, '·' S01 leis 11-rt.l r •• ..,, /TeV 

MAGNET CONFIGURATION LHC XLC 
<B> Tesla 6.7 2.2 1 /3x average bend fleld 
Magnet Configuration 2-ln-l 2-ln-1 Same 2-in-1 Configuration 
Good-field Aperture l.3cm 1 x l.5cm Similar Good-fleld Aperture 

round rectangular 

.... there realty ts a factor -10 available from a shn,pler magnet,.,.., 



G.W.Foster 12/12/95 

Transmission Line Magnet 

Goal: 1 Ox lower magnet cost per Te V than conventional SC Magnets 

2 Tesla Iron-Dominated Magnet 
• Warm-Iron I Warm Bore I 2-in-1 Design 
• 1 Ox less superconductor/Ge V than Cose Dipole 
• IOOx less stored Energy/GeV than Cose Dipole 

Continuous "Transmission-Line" Ciyostat 
• Long distances (-1 km) between Cryogenic Junctions 
• Parallels Industrial Development of High-Tc SC Power Transmission Lines 

No Magnetic Forces on Conductor 
• Transmission-line conductor is at force null in "Double-C" design 
• Easy Cold Mass support 
• Small heat leak -25 mW /m 

Aluminwn Extrusion/ NEG Pumped Vagu1m System 
• Aluminum extrusions inexpensive in long lengths 
• Standard solution for Electron Machines 
• Vacuum system less demanding since no synchrotron desorbtion 

"C-Mama" Advantar 
• Field can be mapped prior to beam pipe installation 
• Beam pipe can be repaired/replaced without touching cryogenics 
• Access to magnet pole tips for shimming/trimming/survey 
• Access to vacuum system for BPM's, pumps, etc. 

Alternating Gradient Pole Tips 
• No Quadrupoles to interrupt Transmission-Line Cryostat 
• No Interruption of Bend Field - Filling Factor -100% 
• Use high-saturation alloy Pole Tips to permit B>2T 

Small Cold Mass -1.6 kG/m 
• Fast Cool-Down 
• Simple Cold-Mass Support ("spiders") like Liquid He transfer line 
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THE ARGUMENT FOR LOW-FIELD MAGNETS 

If your goal is lOx lower cost per Tesla-Meter. 

1) you can forget conventional Cos-Theta Dipoles 
- the conductor cost alone is -30% of magnet cost 

2) you can forget high-field magnets 
- the conductor cost (per Tesla-meter) increases rapidly with B 

(diverges as you approach the short-sample limit ... ) 
- the structural material needed to collar the coil goes as BA3 

3) you better seriously consider iron-dominated magnets 
- iron contributes a factor of 2-5 for a SC magnet of-2-3T 
- the SC can see significantly less field than the gap 

(higher current density-->less conductor] 

Field Map of 2.2T warm-iron Superferric magnet with I cm x2cm bore. 
Shown actual size, this is a I -tum magnet driven by two 20kA high-
temperature superconductor transmission lines in separate cryostats. 



Table 1. Aa:deratm' Dipole Coil COIJIPlln 
lnaerCoils Outer Coils 

Jt w Fe s1' J w Fe B 
1 !: 0.78 1.21 2.66 0.78 1.30 1.78 Te~ 369 

~ 1.0 1.22 3.53 355 1.0 1.34 2.45 
253 1.21 1.2 2.84 389 1.17 1.4 3.9 

LHC4 266 1.7 1.1 3.86 492 1.7 1.25 6.31 

J Coil average current density (A/sqmm) 
w Coil radial width (cm) 
Fe Effective current density increase due to iron 
B Cenral field due to one coil (1) 

to more closely approximate the ideal cos(m0) distribution and/or by adjusting 
the coil shell angles. 

The central magnetic field obtained from a single current shell of the 
type depicted in Figure 1 is equal to 

2 R2 
Bo = 'i" µo J w ( 1 + ii!j.e) sine < 1) 

where µo is the permeability of free space, J is the current density (averaged 
over the whole coil including the stabilizing copper, insulation, spacers and 
voids), w is the radial width of the coil,·R is the average radius of the coil, RFe 
is the inner radius of the magnetic iron, and 8 is the coil shell angle. This 
equation is strictly valid only for coils with uniform current density but good 
agreement, a few percent, is obtained when applied to actual coils with coil 
spacers. Note that except for the presence of magnetic iron, that the 
achievable bore field is proportional to the product of the average current 
density and the radial coil width. The coil radius is a free parameter. Its 
choice is a compromise between competing requirements; increasing the 
radius improves the obtainable field accuracy while decreasing the radius 
reduces the magnet cost and coil stress. 

The average current density, coil width, iron field enhancement 
factor and bore field have been compiled in Table 1 for the inner and outer 
coils of several operating or proposed accelerator magnets. The current 
density at 5 T and 4.2 Kin the NbTi of superconducting strands has 
almost doubled since the design of the Tevatron dipole, but the average 
current density in the inner coils of recent high field designs has go2 
down relative to the current density of the Tevatron. The increase in fie!d m 
post Tevatron magnets has been achieved by increasing the coil wid$; the 
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Figure 2. Critical current density: for commercially available NbTi superconductor ~ 
the LHC dipole magnet load line. 



Double-C Magnet w/return in Pipe Cycle = 840 



ContribuHons to Pipeatron Stored Energy 

4. Tunnel 
10% 

3. Return Coil 
9% 

2. DriveCoil 
13% 

3 

0 

Page2 

4 

Magnet Gaps 
68% 
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IT'S THE APERTURE, STUPID! 
Most magnet costs go as (aperture )"2 
What drives the aperture requirements? 

-resistive wall instabilities (can electronically feed back) 
-alignment ( => automate) 
-dynamic aperture (field quality) 

hnportant Difference between Iron magnets and Cose SC magnets: 
-The good-field aperture starts l-2cm away from coils in 

conventional SC magnet (conductor placement errors) 
- The good-field aperture goes right up to the pole tip in an 

Iron-dominated Magnet 
=> The iron-dominated magnet gets increasingly attractive 

for smaller bore sizes 
Demonstration of a 1 cm x 2cm aperture superferric magnet ring in the 

Tevatron tunnel will lay this issue to rest 
-This is the most cost-effective piece ofR&D in all of 

accelerator physics for the next few years. 
- There is enough leftover SSC cable for a 15 Te V machine 

A 21 ,,,, c1111a1111rCollit111r™ 
• Uses less superconductor th.an the Tevatron 
• Has 1 Ox less stored energy than the Tevatron 
• Uses less iron than the Main Injector 
• Moves lOx less earth than the Main Injector 



VACUUM SYSTEM 

Alumim.m Extrusion Beam Chamber 
• Continuous in 250m Lengths 
• Periodically Anchored to Iron to Control Thennal Effects 
• Distributed Non-Evaporable Getter (NEG) Pump 
• High-Conductance Side Chamber for Pump Down 

Half-Cell Module Every 250m 
• X-Y Beam Position Monitor (BPM) 

(located at Beta-Max in each 1/2 cell) 
• Ion Pumps Every 250m for noble gasses 
• Roughing port Every 250M for Pump-down 
• NEG strip power feedthrus 
• Half-Cell module is continuation of beam pipe extrusion 

(pennanently welded vacuum system within magnet) 

Magnet Ends 
• Quick Disconnect at end of each magnet for Robotics 
• "Manual" Gate Valve at end of each magnet 
• Magnet can be Transported & Reconnected Under V acuwn 

TRANSM~ON LINE MAGNET LAYOUT 

lOOOm Magnet Assembly 

~ 2SOm balt-<:ell 

r----------Al te ma ting-G mdicnl 
2-in-l Magnets 
FDFD Lattice 

60° Phase Advance I 

Instrumc.mon and 
Corrector Modules 

(every Ill cell) 

Support& 
Alignment 
every Sm 

... each magnet assembly is responsible for 200 GeV Ecw 



INSTRUMENTATION SUBSYSTEM 
ON lKM MAGNET ASSEMBLY 

~ 

!Ring-Wide AC Power I 
~ 

.._ 

"" !Rina-Wide Communications Network I r 

~ 

~ 

IRiog-Wid~ ~l~t st CQnU32l I 
.... 

~ ~ 

"" .... 

" / ~~ "' ~ Pluggable Disconnect 
\ ~ One per magnet Assy. ,----------------- --- ---- -------------, lOOOm Magnet Assy. 

MAQNET HUB MQD~E 
- Netwodc Lil* 
- DC Power Sun>lies 
- Cryo.Queoch Monitoring 

Magnet Local Power/Comm. Bus 

... .. ,. ' . 
J l2 CEI.I, MOW lI .E Jtl CEI.I, Jl2 CEJ.I, Jl2 rRTJ, 

- BPM Readout & Storage MODill.E MOOTll.E ,MODTII,E 
- Ion Pump HV Supply 
- BLM Cable Readout 
- Corrector St~r Control ... 4 Modules Spaced 250m apart ... 

-------------------------------------
MAQNEI ~LECTRONI~ MUST B~; 
• Rad-Hard 
• Redundant (Fault-Tolerant) 
• Multiplexed to Reduce Cabling 
• Hermetically Sealed 
• Modular and Pluggable for Robotic Replacement 



Electrical SeKmentation .2f RinK Power 

40kmMagnet 
String with 
Current Return 

lservivce Building handles +/-40 km 

Example of 32x32 TeV machine electrically segmented into 8 sections and four 
Service Buildings. Each building serves all power supply and quench protection 
functions for 80km of tunnel and magnets~ The segmentation of the cryogenic 
system is identical. 



MAGNET POWER SUPPLY AND 
QUENCH PROTECTION SUBSYSTEMS 

• Ring is Electrically Divided into 40km (4 TeV) sections 
• Each Section Contains 40 magnets 
• Peak Drive Current = 50kA 
• Total Inductance = 80 mH ( = 2 mH I Ilan magnet) 
• Stored Energy 100 MJ ( = 2.5 MJ I magnet) 
• Ramp Time = 1000 secs ( = 17 mins) 
• Ramp Voltage= 4V ( = 50 kA * 80mH I 1000 sec) 
• Peak Ramp Power= 200kW ( = 50 kA * 4V ) 
• DumpResistorR DUMP= o.osn 
• Dump Time Col:Na:lt L/R DUMP= 1 second 
• Peak Voltage to Ground During Dump= +1 kV 
• Conductor Quench Current Capability= 1250 :MI 2T 

50kA 
+/-4V 

Magnet#l 
Hem 2mH 

SUPPLY .......,.r- •....-!l~>----~-i 

Dump Resistor 
o.osn 
IOOMJ 

40Magncts 
80 mH total 

Magnet #40 ~~ 
~---~~ 



MAGNET 

32 x 32 TeV PIPEATRON 
INDIANAPOLIS PARAMETERS 

Magnet Type 
Iron/Vacuum 

B max 
Focusing 

Electrical Configuration 
Drive Conductor 
Current Return 

Magnet Gap 
Good-Field Aperture 

Cryo Cold Pipe OD 
Cryo Pipe OD 

Flux Return ID 
Flux Return Max Dimensions 

Magnet Length 

TUNNEL 

Iron Length 
Supports 

Arc Circumference 
Pipe Diameter 

Lining 
RING SEGMENTATION 

2-io-1 uDol.Jbie-C" TrallSl11ission Line Magnet 
Warm Iron/ Warm Bore 
2.0 Tesla 
Combined Function Pole Tips - no Quadrupoles 
Single Tum Magnet 
Superconducting Transmission Line 
in Cryopipe Above Magnet 
1.Scm (vert) x 3cm (horiz) 
1.3cm (vert) x 2cm (horiz) (at injection) 
3cm 
5.9cm 
Gem 
1 Scm x 1 Scm (6"x6") 
1km 

. 25m extruded segments 
Sm Spacing, 3-axis adjustment 

320km 
120crn (48•) 
1 I 4 • Steet Pipe with alkaline grout in annular space 

Surface Penetrations 80km Spacing (one per 8 TeV beam Energy) 
Cryogenic & Electrical Loops +/-40km from Service Building 

SUPERCONDUCTOR (liquid He Option) 
Conductor 6mm**2 Nb-Ti 
Peak Field 0.8T at Conductor 

Temperature 4.3K - 4.8K 
Current Density 1 OkA/mm**2 

Stabilizer -1.Scm**2 Copper to Carry Quench Current 
ELECTRICAL 

Drive Current 
Stored Energy 

Inductance 
QUENCH PROTECTION 

Method 
Segmentation 

Dump Resistor 

60kA 
3.6 kJ/m ( including current return and stray) 
2.0 uH/m (80 mH total inductance per 40km loop) 

Dump Resistor at Surface Penetrations 
40km loops per Dump Resistor 
1.25 sec Time Constant 
120 MJ Energy Dump per Resistor 
+/-2kV to ground during dump Dump Voltage 

LATTICE (32 !eV, 
Cell Type 

1 /2 Cell Length 
Phase Advance/Cell 

Beta Min, Max 
Dispersion Max 

B'(T/m) 

Neuffer option 2E) 
FD Combined Function 
150m 
60 degrees (machine tune= 167) 
184m, 483m 
2.28m 
7.05 T/m (B varies +/-5% across magnet gap) 

Page 1 
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Demonstration I Test Facility 

Goals: 

• Demonstrate "Transmission-Line Magnet" Concept Using Helium Conductor 
• Test Bed for field quality demonstration and pole tip development 
• Compatible with eventual upgrade to High-Tc conductor 

Proposed Test Setup: 

• Single 60kA current loop 
• 2T field in two 1.5 cm magnet gaps 
• Current loop driven as shorted single tum secondary winding on transformer. 

- This procedure avoids high current cryogenic leads. 

Test Magnet 

60 kA Current Loop 

Current Transformer 
(modified "C magnet" 
from Accelerator Div.) 

to-2kA 
powersuwt' 
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"Ooubte-C" 
Test Magnet 

Superconducting 
Secondary Coil 

ra ormer ron Yoke 
(Modified H-magnet) 

G.W.Foster ~ 

Fig. 3 -Transformer constructed using modified ff-magnet. The starting point is a Im 
"sweeper'' magnet which was built from accwnulator dipole laminations. The magnet is re-
gapped from 2" to 6" by ading 4" of material to the left side leg, and the center gap is plugged 
with iron to complete the magnetic circuit. The right side leg is left open to avoid saturating 
the iron in the center gap. The concept works well, with the only drawback being a small 
amount (-10%) more stored energy due to the the B-field in the right side gap. The cryostat 
for the secondary winding must be moved approximately 3cm left of center to place it in the 
"null force" position. 



HTS 
Transmission Cable 

STEEL PIPC: 

GAS OR OIL I 200 pe1 

SS 

OIL-IMPREGNATED PPP DIELECTRIC 

CB @ SS BIRDER 
. CORRUOATED SS TUBE 

SUPER IRSULATIOR ~ ~ ............ 
CORRUOATED SS TUBE ~ 

BTSC TAPES 
SS 

PIPE COATING 
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HIGH Tc SUPERCONDUCTING CABLE 

This is a key technology not available to the SSC or LHC. 
Commercially available conductor 

for use in LN2 Cooled Transmission lines 
getting better all the time 
ultimate limit (single crystal YBCO] is - le7 A/cm"2 @77K 
Ferric magnet with I cm gap needs -20kA on each side. 

Projected cost of Los Alamos conductor is $5/kA-Meter @77K 
this is $200/meter for 2.5T, lcm vertical gap iron magnet 

Liquid Nitrogen Cryogenic System is much cheaper than Helium 
... and much much cheaper than superfluid He 
(liquid Hydrogen is also a possibility: no ES&H for robots) 

High Carnot Efficiency (1/5 instead of l/200th) 
Lower Operating Costs 
Evades Problems with Synchrotron Heat Loading at 30+ Te V 

Quenches due to conductor motion not a problem 
(materials have some heat capacity at 77 K) 

Argues for warm-bore, warm-iron magnet design. 

Successful superferric magnets based on liquid He cryogenics have been 
made. The magnet design issues can be addressed using cryostats with 
existing 4.3°K conductors while the 77°K conductor development proceeds in 
parallel. 

EXTRUDED STEEL MAGNET YOKES 
Now possible to get solid steel extrusions 

good tolerances 
long lengths 
$0.40/lb. 
extrusion must fit inside 6" diameter hole ... no problem. 

No need for laminations for machine with 5-20 minute ramp 
avoids handling costs of laminations 
self-supporting steel structure 
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Construction of a new interstate pipeline proceeds In Kansas while MidCon Corp. plans for expansion in the Chicago area. 

Natural gas pipelines meet in Chicago 
Like many companies, MidCon Corp. is using Chicago as a 
hub for its expanding network of natural gas pipelines . 

............................................................................... 

~······~··~~ .~.,~j=;£=: 

Chicago's location, industry 
deregulation spur pipelines 

By David Young 
TRIBUNE STAFF WRITER 

Chicago, which over the 
years has been a center of 
the nation's shipping, rail-
road and airline systems, 
before the end of the century 
may become a key junction 
for a developing national grid 
of natural gas pipelines. 

The additional lines could 
mean more plentiful supplies 
and cheaper gas prices for 
local utilities-and consum-
ers. 

Spurred by deregulation, 
two partnerships and one of 
the nation's biggest pipeline 

build three separate trans-
mission lines to Chicago 
from gas fields in the United 
States and Canada. 

The pipeline operator, 
Lombard-based MidCon 
Corp., is also planni.ng a 

ang mg to tap m o 
•aMim•a~rilfle~that has big poten-
tial for growth. 

Industry officials claim the 
lines would benefit cumers 
because Chicago would be 
awash in low-priced gas from 
the West and Canada that 
now sells for about half the 
price of gas being pumped 
from Gulf Coast fields. 
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BorPak 1200 
Specifications: 
DIAMETER 
CUTTERS 
CUTTERHEAD RPM 

MAXIMUM THRUST 
DRILLING TORQUE 

BORING STROKE 
POWER FOR ROTATION 
POWER. HYDRAULIC 

1.2m (3.94 ft.) 
Carbide disc cutters 
14 @ 60 Hz. 12 @ 50 Hz 
Variable with VF-option 
2300 kN (516.000 lbs.) 
86,400 Nm (63.500 lb.-ft.) @ 50 Hz 
72,000 Nm (53,000 lb.-ft.) @ 60Hz 
0.5 m (1.64 ft.) 
104 kW (140 HP) 
30 kW (40 HP) 

Jblaalbpco The Robbins Company 
A company in the Atlas Copco Group 

9851 1902 01 

I I-

22445 76th Avenue South, Kent, WA 98032 U.S.A. Telephone: (206) 872-0500 Telex: 4740083 Fax (206) 872-0199 
Printed in U.S.A. S&GOT 103Zl9 3194 5000 





M eeting tight deadlines is as important ! ;: How do our smaller diameter TBMs perfonn 
in small projects as in big ones. That's I • in the field? 

whv Lovat builds every small diameter TB.M with ~ ; Our 2.9 m diameter ME 116 SE, for example. 
the same reliability and perfonnance features I : recently e:<cavated and lined 418 mereis of tunnel 
found in our larger TBMs. ! • in a single five-day week. 

Our cuttinghead design and hydraulic drive ! : ~'Pica! of Lovat durability, our 2.6 m diameter 
system deli>-er rapid. uninterrupted advance :I • ~I I 02 is still perfonning reliably after 26,500 
through changing ground conditions - from meters tunnelled. seven breakthroughs, and six 

From I. ; lo 9. 5 meters. LOl.'O/ selS /he stantiard wet sand to mixed-face. The cuttinghead is reconditionings. rrilh 1111ique perJi!rma11ce tmd ndiabi/iJyj'ealures. -
:tniculated for precise steering control. For fast ~eed more proof? 
shaft-to-shaft turnaround. our small TB:\ts are desi~ned in three easy-to- Consider that Lovat small diameter TB~ts have amassed over l. 5 
transport sections. \\-ith h~raulics and electrics fullv contained. million feet under the tou!dtest of tunnelling conditions in six continents 

And no matter what your tunnel lining method. Lovat offers unique around the globe. 
~ystems to sped lining installation - from tumkev pipe1ack.ing systems So while the mega pro1ects with our large TB:\ ls may capture the 
to innovati\-e systems for rib & lagging. and concrete segments. limelight our smaller machines continue to quietly set the pace. 

Circle 69 on reader service card. 
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A lOOTeV 
Synchrotron/ Collider Based on 

the Nuclotron-type 
Cryomagnetic System 

by 
A.Baldin and A. Kovalenko 

Laboratory of High Energies 
JINR, Dubna 



A.BALDIN, A.KOVALENKO 

Laboratory of High Energies, JINR, DUBNA 

HOW A 100-TeV 

SYNCHROTRON/COLLIDER 

BASED ON THE NUCLOTRON- TYPE 

CRYOMAGNETIC SYSTEM WOULD LOOK 
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• N UC LOT R 0 N: S'f.sTEMS t OP!RATION 
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Figure 1. General view of the LHE accelerators and central liquefier station 1 - 10 GeV 
Synchrophasotron, 2 - Nuclotron, 3 - vessels for gaseous helium storage, 4 - gas bags, 5 -
compressors, 6 - refrigerators/liquefiers, 7 - liquid helium tank. 
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MAIN PARAMETERS 
of the ACCELERATOR'S RING 

1. Maximum design energy 
· o/particles .•.•..•. 6 Ge Vin 

2. Perimeter ........••..••.....••.••.•• 251.5 m 
3. -Maximum magnetic field. •..... 2.0 T 
4. Stored energy ..•.......•...••...• 2.35 MJ 
5. Temperature ...•.......••..••......•.. 4.5 K 
6. Total static heat leak ..•...... 1.75 kW 
7. Maximum dynamic heat 

releases at 0.5 Hz ....... 2.9 kW 
8. Repetition freq11e11cy •••... up to 1 Hz 
9. Total ''cold'' mass ....•.....•..... 80 tons 
JO. Cool down· time •.......•........••.. 80 h 
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MAIN CHARACTERISTICS 
of the MAGNETS 

DIPOLE QUADRUPOLE 

1. Number of magnets .............. 96 ..... ............. 64 
2. Mass ................................ 500 ......... ...... 200 (kg) 
3. Aperture ....................... 11 Ox55 .......... 120x63 (mm) 
4. Physical length ............... 1462 .......... ...... 450 (mm) 
5. Number of turns 

in the winding ...... 2x8 ................ 4x5 
6. Length of SC cable 

in the windii'l.g ........ 62 .................. 24 (m) 
7. Stored energy ................... 19. 8 ................. 6. 9 (kl) 
8. Dynamic. heat 

releases at f=0.5 Hz ....... 21 ................... 12 (W) 
9. Dynamic heat. 

releases at f=l. 0 Hz ....... 53 ................... 30 (W) 
10. Static heat flow ................ 6. 6 .................. 5. 2 (W) 
11. Induction at a nominal . 

current of 6 kA .... 1.98 (T) 
12. Gradient at a nominal 

current of 5.6 kA ........................... 33.4 (T/m) 
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Figu;-a 4. General scheme of the Nuclotron cryogenics. 1 - vacuum shell; 2 - heat shield; 3 - supply 
header; 4 - return header; 5 - dipole magnet; 6 - quadrupole magnet; 7 - subcooler; 8 - separator; 9 
- refrigerator; 10 - gas bag; 11- storage vessel; 12, 14, 15, 17 - compressors; 13, 16 - purifiers. 



FIRST IRON-SHAPED FILED SC-DIPOLES 
for SPIN . 

I.SHELAEV 
JINR P8-11700 

DUBNA,1978 

SC - COIL 

PARAMETERS 

PEAK.FIELD, T 2.5 
CRITICAL CURRENT, A 2600 
STORED ENERGY, kJ/m 10.0 

IRON: 
· CROSS SECTION, mm 130xl40 
-WINDOW, mm 67x55 
·WEIGHT, t/m 0,091 

WINDING: 
·NUMBER OP TIJRNS 48 
- INDUCTANCE, mH/m 3.5 
• SC/CU RATIO in WIRE 1.56 
·SC WIRE LENGHT, m/m 1620 
·AVERAGED CURRENT 

DENSITY, k.Alcm2 37,8 

& 

f 
\ 

NUCLOTRON 
A.SMIRNOV 
JINR PS-12786 
DUBNA,1979 

-· 

2.37 
7380 
12.5 

180xl50 
9lx 55 
0,167 

16 
0,45 
1.39 
1512 

12,4 
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FIRST IRON-S 
for SPIN • 

I. SHEI.AEV 
JINR P8-11700 

DUBNA,1978 

LAMitJA TED I~ON . ---·-· . ., 
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SC - COIL ' • 
' • 
• 

! 
i 

'• 

METERS 

P FIELD,. T 
CRITICAi. CU T, A 
STORED ENERGY, kJ/m 

IRON: 
· CROSS SECTION, 111111 

• WINDOW, llllTI 

- WEIGHT, t/m 

WINDING: • 

-NU:MBEROP s 
- INDUCTANCE, mH/m 
- SC/CU RATIO in 
- SC WIRE LENGHT, m/m 
-AVERAGEDC T 

DENSITY, k.A/·cm2 
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2.5 
2600 
10.0 

130xl40 
67x55 
0,091 

48 
3.5 

1.56 
1620 

37,8 
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SC-DIPOLES 
NUCLOTRON 
A.SMIRNOV 
JINR PS-12786 
DUBNA,1979 
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12.5 
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• WE CONSIDER Low·-cosT LOW-FIEL)> 
IRC,N J)CMINATEJ) 
Sl!Pf RCCINblJCTI N r.. 
MINIATlJRE MAf.!NET.S 

AS THE ONLY FEASI 6LE CONCEPT · 
FOR SUPER~IS-H ENeR&Y ACCELE~ATtJ-
0~ TME NEXT GENERATION 
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Cryogenics Baseline Parameters 
Peter 0. Mazur 

Fermilab 
May 3, 1996 

In the low cost hadron collider presently envisaged, 
the cryogenic system must: 

• Maintain the 60kA magnet drive conductor in a 
superconducting state during operation; 

• Maintain the 60kA return current bus in a 
superconducting state during operation; 

• Cool the power leads which carry the current from 
the superconductor to the room temperature bus; 

• Provide for cool down, warm up, and quench 
recovery. 

Key parameters have been identified and the basic 
layout of the cryogenic system proposed. The 
cryogenic system required must be compact to be 
consistent with a small tunnel. 

We will consider the general scheme for helium 
refrigeration of NbTi superconductors, then briefly 
discuss the improvements that might be possible if 
high Tc superconductors were to be available. 
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The machine can be segmented to provide two 
cryogenic loops fed from each of four tunnel access 
points. The tunnel length of each loop is 40 km, for 
a machine circumference of 320 km. 
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'l>" Each of the eight cryo loops works as shown below. 
~$•V~ . 
l• ai>'· 
"· J le c..IJ a, r~t ~,.,. 

f('l i1._111e't ,..ec..ool~r ,,,. iy 11e r: ,.~co./~~ l'")aJ.,t't" 
'"~" ~ 3 ,,,, '"~" ~ l /f!J '" 0 (),., The mass flow requirement for each cryo loop is fixed 

by the heat leak and the latent heat, about 18j/g. 
Assume a heat leak (for now) of 0.2w/m for a total 
of 8000w per loop. The required mass flow is 450g/s. 

The split of helium flow between the small magnet 
drive conductor and the larger main helium supply 
line determines the distance between recoolers and 
hence the maximum length of a magnet "module". 
Flow is limited by the diameter (2.lcm) of the drive 
conductor pipe to about 40g/s. 

A heat leak of 50w/km will warm the helium by 
.31K/km, so a distance of order one km is 
reasonable. The conductor temperature is therefore 
4.3K at the start of each magnet module and 4.6K 
at the end. (However, we need to provide enough 
reserve in the conductor for a failed recooler, so an 
operating temperature of at least 4.9K should be 
allowed for.) 



The tunnel will contain three lines for the 
cryogenic system: the drive conductor line in the 
magnet, the main transfer line, and a warm gas 
return line which consists of a pipe of about lOcm 
diameter. The warm gas return line is used for 
cooldown and quench recovery. 
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In the examples shown, the pressure drop in the 
liquid lines is about 200kPa, and in the cold gas 
return line about 20kPa. That was the basis for the 
selection of these line sizes (using formulas worked 
out by M. McAshan.) The line diameters seem 
reasonable from a cost and construction viewpoint, 
and the refrigerators, at 18kW each, are about the 
optimum size for the economies of scale. 

Heat Leak Estimates 

For the magnet drive conductor the insulation area 
is about .135m2/m. For a heat leak through the 
multilayer insulation (MLI) system of 0.3w/m2, a 
heat leak of 0.04W/m through the MLI plus 
O.lW/m through the supports is within reach. 

For the main cryo transfer line the insulation area 
is 0.68m2/m, but more space is available for 
greater insulation thickness, so a lower heat flux of 
0.2w/m2 through the MLI is assumed and this 
gives a heat load of 0.14W/m plus O.OlW through 
the supports for a total of .15W/m. Our assumption 
of 0.2W/m is within reach. 

(MLI heat flux values in these ranges have been 
published by several authors. The challenge will be 

to achieve this on the large scale required.) 



Summary: 
Cryogenic Parameters for the Helium Case 

Cryoloops: Eight, fed from four refrigerators of 
about lSkW each through four tunnel access 
penetrations. 

Heat load: 0.2W/m 

Drive conductor supply: 40g/s, 400kPa, 4.3K 

Total supply per loop: 450g/s, 400kPa, 4.3K 

Cryogenic equipment in tunnel: 
Drive conductor 2.lcm i.d. flow passage 

5.9cm o.d. vacuum jacket 
Main transfer line 7cm i.d. supply line, 

containing current return 
bus; concentric with 19.6cm 
i.d. cold gas return line; 
26cm o.d. vacuum jacket. 

Warm gas return line, approx. lOcm i.d. 
Recooler module every kilometer 
Conductor temperature : 4.3-4.9K with one 

recooler out 
Helium inventory in tunnel: 2.4 x 106 liters 



Some Remaining Challenges 

• The cryogenic connections and remote assembly. 

• Thermal expansion of the cold components. 

• Electrical insulation of the magnet drive 
conductor. 

• Controls and instrumentation: We require a 
minimum number of devices (valves, sensors, 
etc.) to reduce cost and complexity, and we 
require the ability to operate with failures. 
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The Hydrogen Option 

If high Tc superconductors become available with 
suitable properties at acceptable costs, it may be 
possible to use hydrogen refrigeration. The 
hydrogen refrigerator is likely to be smaller, less 
expensive, and to have lower operating costs than 
the helium refrigerator. However, hydrogen has a 
latent heat of 450j/g, 22 times that of helium.· 
Consequently, the flow rates required for the same 
heat leak are smaller and the pipe sizes required 
in the main transfer line in the tunnel are 
considerably smaller resulting in substantial cost 
reductions. (A liquid nitrogen temperature 
superconductor would be even better.) 

Liquid line radius, cm 
Gas line radius, cm 

Helium cold gas line 

Helium 

3.44 
8.53 

Hydrogen 

1.12 
3.67 

Hydrogen cold gas line 
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Superconductor choices for 
new accelerator magnets 

David Larbalestier* 
Applied Superconductivity Center 
University of Wisconsin - Madison 

*L TS collaborators: Alex Gurevich, Robert Heussner, 
Erik Kadyrov, Peter Lee, Michael Naus, Alex Squitieri 

**HTS collaborators: Wire Development Group 
(ASC, ANL, LANL, ORNL, UW-ASC) 
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Superconductor Choices 

e Low Temperature Superconductors (L TS) 
» Niobium Titanium 

- Conventionally processed material 
-Artificial Pinning Center composites (APC) 

» Niobium Tin (Nb3Sn) 
e High Temperature Superconductors (HTS) 

» Bi-Sr-Ca-Cu-0 (BSCC0-2212 and -2223) 
» Y-Ba-Ca-Cu-0 (Y-123) 

APS Spring Meeting, April 1996 Symposium on Low Cost Hadron Colliders Larbalestier 2 



L TS Issues and Characteristics 

•Nb-Ti and Nb3Sn conductors are 
available now 
» APC still experimental 
» strong recent development of Nb3Sn for ITER 

e Outstanding issues to be understood: 
» what really optimizes flux pinning? 
» how does the proximity effect control Hc2? 
» APC materials can have better properties and can 

answer these questions 

APS Spring Meeting, April 1996 Symposium on Low Cost Hadron Colliders Larbalestier 3 



L TS conductors 

Typical SSC Nb-47wt. 0/oTi 
strand (OST manufacture). 

Typical reacted ITER Nb3Sn 
strand (IGC manufacture). 

APS Spring Meeting, April 1996 Symposium on Low Cost Hadron Colliders Larbalestier 4 



~ 
Imm 

60µm 

6µm 

600nm 

20nm 

Recent Nb-Ti APC results 

• • ... • • • • • • 

Nb-Ti 

pinning center 

20000 r---.......---~ ......... --.---...-...--
4.2K 

15000 

5000 5 T 

o.__....__.___._..._....__...__._..._ __ _, 
0 20 40 60 80 100 

dP (nm) 

Jc vs. dp for applied fields from 1 to 7T for Nb-47wt. %Ti 
(APC with 24 vol.%Nb of pins), showing new world record 

for round strand (Heussner et al. UW 1996) 
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Summary: LTS conductors 

e Conventional Nb-Ti is effectively optimized 
» some new, very high field optimization needed for 

LHC quadrupoles 
» APC wires show much higher Jc at lower H and 

are not yet optimized 

e Focus of Nb3Sn development is.on: 
» trade off of Jc and hysteresis loss 
» transverse strain tolerance 

e APC strategies would be very good for Nb3Sn 

APS Spring Meeting, April 1996 Symposium on Low Cost Hadron Colliders Larbalestier 6 



HTS Issues and 
Characteristics 

e Multifilamentary BSCCO conductors are 
available now 

» BSCC0-2223 from American Superconductor 
Corp. and IGC 

» BSCC0-2212 from IGC and OST 

e Prototype biaxially aligned YBCO 
monofilament tape conductors exist: 
» Ion Beam Assisted Deposition (IBAD) at LANL 
» Rolling Assisted Biaxially Textured substrate 

(RABITS) at ORNL 
APS Spring Meeting, April 1996 Symposium on Low Cost Hadron Colliders Larbalestier 7 



Pipatron magnet scheme 
111111111-C" TwitJ 1111 
111Dllllil8itln lilllMllRll 

Jnllll.lt~ Vam.Dll with. Ahmilum! Mylu SupninslalAtion 
'\_ Hich Tc S..,emnb:tincClb)t • Btlkal Wrap on Cryopipt.b llap1do 14''1Ut "" OmA1w 

"-- Jayu Ciyopnic Pip. n ro tMmW ~md:nd.;;,a Oii ~. P.rrnib '°"' 1nctlu ht-u. 1plirM 
Lit1'4lHhopnC~ - ,_,lt, iMx,.iuM ~p.Ut ,,. .... ml lawop1nliqeo1tt. 

Commercial High· Tc Superconducting Transmission Line 
-S!IOm Lengths 

• Single turn magnet with twin apertures for P-P. 
• Warm Iron, wann bore driven by a superconducting 

transmission line at center of magnet. 
• No Forces on con.ductor due to symmetry of design. 
• The conductor sees -1 Tesla, the beams see 2 Tesla. 

From G. W. Foster: http://waldo.fnal.gov/PIPE/foster.html 

APS Spring Meeting, April 1996 Symposium on Low Cost Hadron Colliders Larbalestier 8 



Conductors for the Pipatron 

e Pipatron conductor is single turn 50kA 
• 1 cm wide I BAD LAN L tape has le (77K, 

OT) of about 200 A 
» 250 conductors wrapped around 1" dia. pipe 

(Foster et al.) would give transposed 50 kA cable 
» field is in the plane of the tape and of order 0.5 T 
» this is suitable for L TS Nb-Ti and HTS BSCCO 

conductors. YBCO would be good when 
available. 

APS Spring Meeting, April 1996 Symposium on Low Cost Hadron Colliders Larbalestier 9 



Very high field conductors 

e BSCC0-2212 and -2223 at less than 
20K offer enormous capability 
» high and rather field independent Jc 
» Jc anisotropy is low at low temperature 

e Problems to be addressed for cosine e 
magnets: 
» crushing strength of Ag sheath is poor 
» cabling technology needs to be developed 

APS Spring Meeting, April 1996 Symposium on Low Cost Hadron Colliders Larbalestier 1 O 



BSCC0-2223 power 
transmission line conductor 

APS Spring Meeting, April 1996 

Machine stranding of ASC 
HTS tape into a multilayer 
conductor at Pirelli Cable 
Corporation under EPRl/DOE 
contract. ..-----------. 

Images 
Courtesy of 
American 
Supercon(f uctor 
CORPORATION 

' ' 

85 Filament Bi-2223 
composite (-0.2x2.5mm) 
with 77K self field Jc of 
440A/mm2 

Symposium on Low Cost Hadron Colliders Larbalestier 11 



Jc in HTS conductors 

e Current flow in conductors is percolative 
» Jc is determined by connectivity and grain 

alignment and strongly dependent on processing 
» YBCO potentially much better than BSCCO 

e Jc is higher for H parallel to the Cu02 planes 
» Anisotropy of Jc is lower at lower T 

e HTS conductors are more dissipative than 
L TS (flux creep, barriers etc.) 
» Criterion for Jc·more important for HTS than L TS 

APS Spring Meeting, April 1996 Symposium on Low Cost Hadron Colliders Larbalestier 12 



Jc comparisons: LTS and HTS 
Critical Current Density, 
A/rnrn2 

100000 

1000 

--------- -------

Nb-Tl: 200nm multilayer Nb-Ti/Nb(21/6) - Mccambridge et 
al. (Yale) (-0 degrees) 

--c:r-Nb-TI: Nb-Ti/Nb(20/5) 200nm multilayer '95 (-5 degrees), 
Mccambridge et al. (Yale) 

--c:r-Nb-TI: Nb-Ti/Nb(19/5) 200nm multilayer '95 (-0 degrees) ---.-----1 N. Rizzo et al. LTSC'96 (Yale) 
- --• - ·Nb-Tl: 1000nm multilayer, 10nm Cu:30nm Nb-47wt.%Ti, 

Kadyrov et al. (UW-ASC) 
• Nb-Tl: APC strand Nb-47wt. %Ti with 24vol. %Nb pins 

(24nm nominal diam.) -Heussner et al. (UW-ASC) 
-X-Nb-Ti: Aligned ribbbons, Bii ribbons, Cooley et al. (UW-

ASC) 
· · · -0- - ··Nb-Ti: Best Heat Treated UW Mono-Filament. (Li and 

Larbales tier, '87) 
--·•···-Nb-Tl: Example of Best htdustrial Scale Heat Treated 

Composites -1990 (compilation) 
• Nb3Sn: Strand Example I, High le design htternal Sn 

(TWC - Jablonski et al.) [Non-Cu Jc] 
--•--Nb3Sn: Strand Example II, Low hysteresis loss design 

htternal Sn (IGC- Gregory et al.) [Non-Cu Jc] 
1---YBCO: /Ni/YSZ -1micron thick microbridge, Hiie 4K, Foltyn 

et al. (LANL) '96 
-----YBCO: /Nl/YSZ-1mlcron thick microbridge, HI lab 75K, 

Foltyn et al. (LANL) '96 
··-----·YBCO: /Ni/YSZ -1micron thick mlcrobridge, Hiie 75K, 

Foltyn et al. (LANL) '96 
• Bl-2212: paste 4.2K Hasegawa et al. (Showa) IWS'95, 

Blltape 
• Bl-2212: stack 4.2K Hasegawa et al. (Showa) IWS'95, 

Blltape 
.... ,t. .... 81-2212: 19 fllamenttape Blltape face - Okada etal 

(Hitachi) '95 
- -6- -Bl-2212: Round multifilament strand - 4.2K (IGC) 

Motowldlo et al. ISTECIMRS '95 
• Bi-2223: multi 4.2K Hasegawa et al. (Showa) IWS '95, 

Blltape 
- .. -¢- • .. Bi-2223: Rolled 85 Filament Tape (AmSC) B II, S euntjens 

et al. 
100 -+--.--..--....---.--+--.----.,----.--+---.---.-....--.--+--....---.-....--.--+--....---.--...-1·· .. •·-· ·Bl-2223: Rolled 85 Fiiament Tape (AmSC) BI_, Seuntjens 

et al. 

0 5 10 15 20 25 Applied Field, T 
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Current percolates in HTS 
conductors 

250 

-

200- 200 
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100 100 

50 

0 50 100 0 50 100 
X(microns) X (microns) 

Magneto optical imaging shows this directly (Pashitski et al. 
Applied Phys. Letts. and Physica C 1995 (UW)) 
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Summary 

e L TS conductors well known to HEP 
community 
» improved Nb3Sn conductors 
» APC Nb-Ti 

e HTS conductors of BSCC0-2223 available 
today in km lengths 
» Jc values tend to be lower than in L TS but are 

improving fast 
» second generation YBCO tape conductor may 

offer strong promise 

APS Spring Meeting, April 1996 Symposium on Low Cost Hadron Colliders Larbalestier 15 
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GEOLOGY OF THE 
FERMILAB REGION 

David L. Gross 
Illinois State Geological Survey 

When you 
seek geological advice, 

start with your 
State Geological Survey 

• Drilling is done every day by 
the petroleum industry to depths 
of many thousands of feet 

• Oil wells are often drilled in 
regions of complex geology 

• Tunneling is done every day 

• Tunneling is most economical 
if the geological conditions are 
well documented and uniform 



The State of Illinois offered to 
provide the tunnel for the SSC-
a promise of not just dollars, but 
of the installed tunnel! 

Horizontal drilling is done every day 
by the petroleum industry, but not yet 
to the horizontal distances under 
consideration for the more ambitious 
versions of a large hadron coll ider 

• The geology in the Fermilab region 
is exceptionally well documented 

• The Silurian dolomite under Chicago 
and the Ordovician dolomite under 
Fermilab are superb hosts for tunnels 
or drill holes 



SITE CONDITIONS AT FERMILAB 

Well Understood, Predictable Rock and 
Tunneling Conditions 

Relatively Homogenous Rock Mass 

Seismically Stable 

Vibration Free Environment 

No Settlement Problems 

LOCAL TUNNELING EXPERIENCE 

72 Miles of Tunneling Experience in Chicago, 
UsingTBMs 

266 Shafts Constructed for TARP 

Tunnels Constructed Under Estimated Cost 
and Ahead of Schedule 



Block diagram of the geology in the Fennilab region. Note that glacial drift is present over most 
of the area .. The bedrock, when viewed in a north-south direction is approximately horizontal. 
The bedrock, when viewed in an east-west direction, is dipping to the east meaning that each layer 
of rock is found at progressively greater depths further to the east. 





An east-west cross section showing the placement of a tunnel or horizontal drill hole in the 
dolomite of the Galena-Platteville Groups. 



Circular, or "lampshade" cross section of the geologic materials west of Fermilab. For a ring of 
approximately 160 km circumference, most or all of the tunnel or horizontal drill hole could be 
placed in the dolomite. 



O .100 mi 

0 

-SOo-' Elevation (ft) of the top 
of Trenton Ls. or equivalents · 

!'/'.Ji~~:~~i~fr:::v~:i!f of Trenton· 
by Mesozoic and younger strata 
in Mississippi Embayment · 

Figure 3 Regional geologic setting. 

Map of the regional extent of dolomite that could serve as an excellent host for a tunnel or 
horizontal drill hole in the Ferimlab region. 



A cross section illustrating the full thickness of sedimentary rocks over the north (right) to south 
(left) length of Illinois. Note that the geology of southern Illinois is much more complex than is 
the geology of northern Illinois. 



A portion of the cross section illustrating the full thickness of sedimentary rocks. Fermilab is 
located between 41and42 degrees north. The rocks above the St. Peter Sandstone are preferred 
for a tunnel or horizontal drill hole. 



In a glaciated region, groundwater is typically present in the glacial drift and in the uppermost few 
meters of bedrock. 



In the region west of Fermilab, individual wells are generally drilled to the base of the glacial drift 
or a short distance into the bedrock. 



In the bedrock beneath Fennilab, the rate of movement of groundwater varies by three orders of 
magnitude. The dolomite of the Galena-Platteville does not yield much water, whereas the 
sandstone is a high quality aquifer. Therefore, the dolomite is more attractive as a potential host 
for a tunnel or horizontal drill hole for an accelerator project. 



Photograph of a tunnel about 10 m in diameter that was drilled by a Tunnel Boring Machine in 
dolomite under the city of Milwaukee. This is an unlined tunnel. There is no concrete visible in 
this photpgraph. 



Photograph of a tunnel drilled by a Tunnel Boring Machine in dolomite under the city of Chicago. 
This is an unlined tunnel. There is no concrete visible in this photograph. 



Microtunneling and 
Horizontal Drilling 

by 
Tom Iseley 

North American Society 
for Trenchless Technology 



Our nations underground utility infra-
structure is a valuable asset and a critical 
element in our global economic 
competitiveness. Practical solutions must 
be found to expand and rehabilitate that 
asset. Environmental concerns, combined 
with community relations, safety and the 
cost of utility services have created a 
demand for new ways to expand and 
rehabilitate underground utility services. 



''Industry more than ever considers 
water infrastructure one of the 
most important considerations 
when deciding where to locate. The 
cost and availability of clean water 
and adequate sewage treatment 
directly impact the bottom line for 
most American industries.'' 

Rep. Sherwood Boelhert CR-NY) 
Ranking Republican 
House Water Resources & 

Environment Subcommittee 
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Figure 1: Trenchless Excavation Construction (TEC) Classification Systems 
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Slurry Type Microtunneling Machine Layout Detail 
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Figure 5: Typical·Directional Drilling and Pullback Procedure 
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Figure 3: Track Type Auger Boring Machine 



Trenchless On-line 
Replacement HethD:ls 

Pipe Displacement Methods Pipeline Removal Methods 

Pipe Bursting · Pipe Splitting Pipe Excavation Pipeline Extraction 

I I 
Conventional Tunneling Pipejacking ~ Microtunneli.ng 



Trenchless Technology 

Installation Methods Rehabilitation Methods 

CIPP Sliulining In-line Defonned & foint Source 
Re~lacemenl Reshaoed Km!iI 

Inverted In Plact Contin1101u 
- Jnsltu(onn - HDPE Pfpt Dlsplacement Fold & Formed Gro111#ng 
- KM lnliner - PIM - Nu-Pipe 
- lnpipe Segmental - XPANDIT - U-Liner Mechanical 
- Paltem - Hobas 
- Phoenix - Carlon Pipe Removal Drawdown 

- Duratron - lseki - Dowell 
Winched In Place - Spirolite - Soltau 

' 
Schlumberger 

- Eco-Liner • Herrenknecht 
- Compozilex Spiral Wo11nd 
- Expand• Pipe - Danby 

- Rib-Loe 
Spray-On lining 
- Reline America 
- Gunite 
- Strong 

Figure 2: Rehabilitation Methods Classification 
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.. 
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Sliplining With 
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• Beam Pipe 
Almninwn Exttusion 

Dislributed NEG 
Vacuum Pump 

Commercial High-Tc 
Superconducting 
rrransmission Line 
.... ,()()m Lengths 

G.W.Fos1er J l/9/95 - _ ... 

Alternating Gradient 
Pole Tips (from high 
sMUntion alloy) 

Flux Return • Precision Excrucled 
Low-Carbon Steel (-20m lmalhs) 

lnsulatiq Vacuum with Alminized Mylar Superinsulalion 

Hiah Tc Superdonducting Cable • (Helical Wrap on Cryopipe) 

lnvar Pipe for Liquid Nitrogen Cryofluid (no thermal contraction) 



Magnet System Parameters 

Type of superconductor, operating temperature and cable 
geometry are not specified as improvements in 
superconducting conductors may make presently available 
conductors obsolete. The following generic quench 
protection analysis assumes: 

Cable 

• Superconductor current density >6000 A mm-2 
• Cable copper area = 1 cm2 

Magnet 

• Peak dipole field = 2 T 
• Peak magnet current = 60 kA 
• Circuit inductance/m = 2µH/m 

R.i.n.g 

(1.5/3 cm vert/hor gap) 
(magnet + return bus) 

• Peak proton energy/ring = 100 TeV 
• Magnet ring circumference=1047 km (100°/o packing) 

Quench Liniits: 

• Peak temperature = 500 K 
• Peak voltage to ground = 2 kV 



Quench Temperature and MllTs 
Diffusion equation states conservation of energy per unit 
volume of cable as: 

Adiabatic approximation neglects heat conduction and 
simplifies equation: 

fT: ~~ 
I•~ 

,. : t/l., ~ 
~ 

For a superconducting cable, the integral on right must be 
performed for each constituent of the cable including 
insulation and- cryogen. 
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Generic Quench Protection Circuit 

Superconducting magnets are distributed along forward 
and return bus with evenly spaced power supplies and 
switched series resistors to minimize voltage to ground. 
SCRs or cold diodes locally shunt groups of magnets to 
allow fast current bypass around magnets that h~ve 
quenched. 
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Dump Parameters 
for 1/24 of 100 Tev Ring 

as cryogenic system requires 12 penetrations for 
reasonable pipe size and cryogenic inventory. 

,0 kif 
:t 4 l/ 

r. s. 

---f '---' 
Voltage to ground: 

IVl=Ll/T V = 4 kV ( +l- 2 kV to ground) 
L = 87 mH 
I = 60 kA 
T = 1.3 sec E-

MllTs = 12T/2=2340 = 1500 A2 

A = 1.25 cm2 ~ 
' = 2.54 cm . ( c~pper pipe dia.) 
w = .156 cm 

Estimated quench voltage 
(@ 60 kA, 5- K, 45 ms) = 1.5 V 

Expansion coeficient (5- 300 K) = . 0 O 3 
Need periodic expansion joints 



Design Concepts 
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by 
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HIGH ENERGY HADRON COLUDER 
ATFERMILAB 

• WE. CAN BUILD A HIGH ENERGY HADRON COLLIDER NOW 
USING TODAY'S TECHNOLOGY. 

• BUT 

• WE. WANT TO BUILD THIS MACHINE IN SUCH A WAY THAT 
IT'S TECHNOLOGY GAINS CAN BE IMMEDIATELY AND 
DIRECTLY USED BY INDUSTRY 

• WE. WANT TO BUILD THIS MACHINE FOR A MUCH LOWER 
COST PER TEV THAN IT WOULD COST USING TODAY'S 
TECHNOLOGY. 



ENGINEERING CHALLENGES 

• SMALL DIAMETER TUNNELS , GOING FOR LONG DISTANCES 

BETWEEN DROPS. (> 15KM) 

• CONSTRUCTING TUNNELS IN THE EARTH TO A TOLERANCE 

OF+/- 5 CM. 

• TUNNELS DUG USING ROBOTICS. 

• ALL COMPONENTS OF THE ACCELERATOR, EXCEPT THE 

COLLISION HALLS AND DROP SHAFTS, INSTALLED USING 

ROBOTICS. 

• DEVELOP FABRICATION METHODS TO PRODUCE LONG 

MAGNETS ( 1 KM IN LENGTH) TO THE TOLERANCES THAT 

ARE NEEDED. 
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Tube Vacuum in a Warm Bore 
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Outline 

• Synchrotron radiation 

• Beam tube gas density requirements 

• Photo and thermal desorption 

• Beam tube pressure 

• Ion desorption 

• Multipactoring 

• Cold tube vs warm tube 

• Summary 



Accelerator parameters assumed for synchrotron 
radiation and vacuum calculations 

(Taken mostly from Neuffer memo) 

E = 100 TeV 

8:2T 

C = 1000 km 

NB= 2.5x104 bunches 

Np = 4x1010 p/bunch 

<~> = 500 m 

en = 1 o-6 m-rad 

rw = 2 cm beam tube radius 



Synchrotron radiation 

• Radiated photon intensity 

• Critical energy 

• Radiated power 

• Energy loss/turn 

t(photons/m/ sec)= 6.54x1o10 l(mA)y 
· · p(km) 

. 3 
Ec(eV) = 2.96x10-10 _'Y..;..__ 

p(km) 

4 
P (WI m) = 9.6x1o-19 'Y l(mA) 

27tp p2(km) 

• Radiation damping time 



Numerical estimates of synchrotron radiation 

200 Tev·pp 
coll id er 

t(photons/m/sec) 2x1015 
Ec(keV) 2 
P/2np(W/m) 0.21 
P(kW) 221 
~E/turn(MeV) 4. 7 

20.7 hrs 

LHC 

9.6x1016 
.046 
0.22 
3.7 
.067 
26 hrs 

PEPll-HER 

7.0x1018 
9.8 
3,400 
3,500 
3.6 
18.4 ms 

• Photon intensity in the 200 TeV pp collider is relatively weak 
compared to contemporary proton and electron rings - however 
there is a competition between 

Low photon intensity 
Low PSD gas load vs 
Slow cleanup 

High photon intensity 
High initial PSD gas load 
Fast cleanup 

Detailed calculations are needed to establish pumping feasibility 

• Radiation damping only weakly affects 200 TeV pp collider 
beam dynamics, low emittance injectors and emittance 
preservation are needed 



Bounds on beam tube gas pressure 
• Physics operation 

(1) beam gas particle loss, nuclear scattering 

1 
= r n1·ap1·c 

'tbg j 

(2) emittance growth, multiple Coulomb scattering 

_1 __ c~( 15 J2 
:E 1 

'teg e cp(MeV) j Xo j 
• Conditioning 

(3) cryo plant capacity - e.g. 0.1 W/m scattered beam power 

(4) quench limit - e.g. 1 W/m scattered beam power 

dP 
dz = lb Eb~ njO'pj 

J 



Numerical bounds on beam tube gas pressure 
• Physics operation 

(1) beam gas particle loss lifetime = 100 hrs 

(2) emittance growth time = 50 hrs 

• Conditioning 

(3) cryo plant capacity - 0.1 W/m scattered beam power (what if) 

(4) quench limit - 1 W/m scattered beam power (what if) 

(1) (2) (3) (4) 
gas XOj P· P· P· 

A 

apj P· 
gm/cm2 J J J J mb nTorr nTorr nTorr nTorr 

H2 120 63.3 23 89 54 540 
CH4 648 46.7 4.3 8.2 10 100 
H20 690 36.3 4.1 * 5.7 9.3 93, 
co 1014 37.7 2.8 3.8 6.4 64 
co2 1584 36.4 1.8 2.3 4.1 41 
*requires mild baking 



Beam tube pressure 

• Assume Al is the beam tube material 

• µ > 300 cm2/gm for Ee = 2.2 keV, Pb shielding not necessary 

• Photodesorption coefficients 'llj modeled after DCI LEP 
experimental data, Al beam tube, Ee = 2.9 keV. 
(Mathewson et al, AIP Conf. Proc.,236,313(1990)) 

11 = 111, r < r 1 

= no ' r > r1 

(~r 
•Thermal outgassing rates taken from LEP data, Al chamber, 
24 hr, 1500C in situ bake.(Mathewson et al, CERN Vac Tech 
Note 95-22) 

• Distributed pumping speeds Sj assumed which are reasonable 
based on LEP(NEG+LIP) and PEPll(DIP) experience 



Thermal outgassing rate$ and pumping speeds 

• LEP Al chamber, baked in situ 24 hrs 1sooc 
(Mathewson et al, CERN Vac Tech Note 95-22) 

• Pumping speeds assumed for vacuum estimates 
(based on LEP(NEG) and PEPll(DIP) results) 

gas • s Q 
Torr-l/sec-cm2 l/sec-m 

H2 5x10·13 200 

CH4 5x10·15 20(DIP) 
1(NEG+LIP) 

H20 < 1x10-1s -
co 1 x1 o-14 100 

co2 1 x1 o-14 80 



Beam tube pressure versus integrated photon flux, NEG+LIP appro~ch 

24 Apr. 1996 
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Beam tube pressure versus integrated photon flux, DIP approach 

25 Apr. 1996 
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Projected "cleanup" of photodesorption coefficients in a 
200 TeV proton collider 

25 Apr. 1996 
1E-01 

1E-02 

1E-03 

1E-04 

1E-05 

1 E-06 

1E-07 

1E-08 .___._ __ ............... ...___.__._ ................. ~_.__.... ................ u.-_...._._ .................. 

1 E+19 1E+20 1E+21 

Photons/m 

1E+22 1E+23 

• 
• 
• 
.. 

• The decrease in photon intensity in a large proton ring compared to 
contemporary electron storage rings is compensated by a slower 
cleanup rate, so similar linear pumping speeds (-1 DD Torr-Lisee) are 
required for eHample in the PEP 11 HER and in a 2DD TeU proton 
collider. 

• Iota I des orbed gas loads are small compared to DIP or NEG 
capacities. Rt r = 1023 photons/m ... 5 op yrs, 0' = 1. 76, 6H19-3, 0.27 
and 0.42 Torr-1/m for H2, CH4, CO and C02 respectiuely. 

H2 

CH4 

co 

C°'2 



There appear to be very large margins for ion 
desorption. stability 

• Diagonal elements 

• Ion impact energy< 60 eV for H~, < 20 eV for CO+, desorption 
coefficients taken at 100 e V. 

species 1'1i(mj ,mj)*I eSj I Opi(mj) 
Amps 

Amps 

H~,H2 .01 725 

cH4,cH4 
? 13 (0.6) • 

co+,co 1.0 73 

CO~,C02 
? 37 • 

co+,cH4 . 007 • 



Ion energy versus radial position at the head of successive proton bunches 

29 Apr. 1996 
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Beam induced multipactoring 

• Condition for instability: 

resonance 

+ 

. secondary electron yield 

T 4nm 
( )

2 
lavg* - =--

rw Zoe 

= 1.9x1o-13 Amp-sec2 /m2 

.. ~ 

+++ 



Likelihood of beam induced multipactoring is low 

• Typical 200 TeV pp parameters are far above resonance 

lavg = .05 A 

T = 140 nsec ( T.)2 -12 2 2 => lavg* rw =2.3x10 Amp-sec /m 

rw = 2 cm 

• Energy kick to an electron at the wall, L\E = 34 eV, is only 
marginally above o = 1 for Al. 

• Drift time of - 1 eV secondary e's across the beam tube is short 
compared to T =140 nsec between bunches 

• Much more new information will be available upon completion of 
the PEPll LEA and LHC. 



Hi B cos(0) cold bore and lo B superferric warm 
bore collider vacuum systems are different in 
almost every detail but likely to be cost neutral · 

• Cold bore with T < 3K provides an ideal pump for all desorbed 
gases and if equipped with cryosorber for the H2 isotherm up to T 
-15 K 

• However a cold bore requires a liner (warm but not at room 
temp.) or equivalent to prevent recycling of weakly bound 
physisorbed gases by synchrotron radiation and to absorb the 
synchrotron radiation power with reasonable Carnot efficiency 

• The LEP(warm bore, NEG+LIP) and LHC(2K cold bore, 4-20K 
liner) beam tube vacuum systems have nearly equal cost 



Summary 

• Either DIP or NEG + LIP vacuum systems look technically 
feasible for the 200 TeV superferric warm bore pp collider 

• Beam tube conditioning times to achieve vacuum limited 
luminosity lifetime> 100 hrs and scattered beam power 
<.0.1 W/m globally and 1 W/m locally are reasonably short 

(the precise limits on scattered beam power allowed by the sc 
transmission line need investigation) 

• There appear to be large safety margins for ion desorption 
stability and beam induced multipactoring 
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COST EFFECTIVE BEAM PIPE 
REQUIREMENTS: · 

1) Extremely low cost. 
2) Extremely high reliability. 
3) Simple operation. 
4) Reduce risk. 
5).Remote handling robots to replace 

magnets and beam pipe _inside the 
tunnel. 
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BENEFITS OF ALUMINUM 

1) Extrusion with complicated profile is possible. 

2) An outgassing rate of approximately 10·13 Torr/Is cm2 can be 
achieve utilizing chemical cleaning process procedure 

at 70°C, 1 hour mild baking during activation for NEG strip 
of 350°C. 

3) Aluminum has very high durability to melt-down failure 
since the energy loss, dE/dx is proportional to material density, 
and atomic number squared of material z2

• · 

Thus, localized high heat flux for aluminum is more than 
several magnitu9es higher copper, titanium or stainless steel. 

4) Have low residual radioactivity. 



Principle of Chemical Baking 

. 2AX + H20 -~ ... A20+ HX t 
Water Decomposing Reagent 

COF2 + H20 
· Carbonyl Fluoride 

DCP + H20 
2,2-Dichloro Propane 

_.....,. {CHa)C= 0 t + HCI t 
Acetone 



1 o-10 

·~-., .. 

Pressure 

Pressure( Ref.) 
Pressure(DCP) 

103 . 

Time (min) 



.Ur\l\W-

Photon beam lines 

TRISTAN accumulation ring 

po''~'o"' 

Al photon beam line 

localized high heat flux: 

no melt-down of bellows 

no fine leak of the flanges 



ENERGY LOSS FOR HIGH ENERGY BEAMS 2 
PROPORTIONAL TO MATERIAL DENSITY AND ATOMIC NUMBER 

Material p z ~ z2 ratio k 

Be 1.8 4 29.4 1 152 

~Al 2.7 13 456 15.5 203 

Ti 4.5 22 217& 74 17 

Cu &.9 29 74&4 254 .403 

-sus &.O 16 

Fe 7.8 26 5272 179 &3 

Cr 7.2 24 4147 141 73 

Ni &.8 28 6&99 234 62 



How TO REDUCE COST WITH HIGH 
RELIABILITY 
To increase reliability and reduce risk, a simplified beam pipe is 
proposed. 

Cost savings come.from a reduction in number of components and 
less labor cost. 

Vacuum leakage of an ordinary beam pipe is normally caused by 
flanges and bellows which also decrease the reliability of the 
system. 

To eliminate leakage and reduce cost, it is proposed that a simple 
·extruded aluminum alloy beam pipe of 500 m long be constructed 
without flanges and bellows. 

In Japan, the super-express train, SHINKANSEN is all welded without 
gaps between rails. The rail has been designed to accommodate inner 
expansion and compression stress during temperature rise and fall. 
This situation closely represent the condition of the 
collider. 



----::4ll~--N--1o __ m_et-er ____ ::411~···_··_· ___ - -------

-~-------N---10--.m-et-er __ ~NN1t---TE_-V~A~~~~~-·N_,_T_R_1s_T_AN_ 

WNi 

WELDED 



NO-BELLOW DESIGN 

~rmal expansion of the beam pipe of 500 m long is about 0.5 m 
.for temperature rise of 50°C. 

Unit tensile stress against extruded aluminum alloy beam pipe 
s_upp.orted and fixed in-steel magnet yokes in room temperature is 
·pfoportional to thermal expansion coefficient, modulus elasticity, and 
· t~mperature difference. 

For example, temperature difference of 50°C, then, ce.mpression inner 
.stress is 7 kg/mm2

• 

1.lli..e e.0lllil!p(essed force for 500 m lon.g beam p1tpe is aibourt 1,300 kg. 
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VACUUM BEAM PIPE 
_Extruded aluminum alloy beam pipe with elliptical aperture 
wi~th pumping channel used in beam pipe of 50,Q m. 

The clad structure of 9·9.99% pure aluminum on inner surface 
and high resistive aluminum alloy 7N01-TS as the core can 
be made low resistive wall and low eddy current effect for 
magnet quench problem. 

The thickness of the elliptical pipe is 1.5 mm . 

. ,, .... 





Cross section for Al-clad beam tube 

Inside: 99. 99% pure aluminum 

- \oo )J.1/#\ 
Outside: 7N01 high strength and hiSii. 

resistivity ·aluminum alloy 



CLEAN EXTRUSION 

The EX extrusion process extrude a 500 m. lo.n.g pipe filled 
with dry oxygen and nitrogen to produce a clean native 
o~_ide inner surface wall. 

After extrusion, the pipe will be coiled in a 4 m in diameter 
for storage and transport. 

Prior to assembly, the coiled pipe will be stretched out to 
check straightness wiit!bo.~t deformation of beam pipe 
using dry oxygen ancl mtro:gen mixture fill. 

·Degreasing is not nec.es~:ary. 



2 
<=:J \ 

1 

6 

. ___ ""' :<;eh:e.w.a.t1c:aiflgra'm of the s:pecial ext"rusion process: (1) Al pipe, (2) vacuum tight 
~v.d~ (~)J ~f{gpJ1l.fl1:1a.1.oxyger(nii-iture, (4) po·rt hole die, (5) gas tank . 

. , ·~ ·.!"' . • 



AUTOMATIC WELDING 
·using automatic welding, the beam pip.e with elliptical 
.IJ!p.erture with pumping channel are us.ed in .len..g~b of 500 m. 

Automatic welding equipment for the elliptical pipe was 
developed with small size, light weight and easy to handle by 
a r~mote controlled robot to ensure unif arm penetration. 

This equipment is desig:ned to move a TIG welding torch 
along the elliptical cross section of the beam pipe 
along a guiding orb~ts. 

-Guide orbit of the a:m.itre:ma~ic welder can be separated, and can 
be mounted on fil~e.~t: ~lh,~amn pipe. 



·I<1EY RECOMMENDATIONS 

it)· C.o.nstruct: Co-extrusion beam pipe 
Inside: 99 .99% high purity Al 

Outside: 7NO 1-TS high strength & 
high resistive Al 

I~ow o:u.tgas:sing 
Low re$istive wall 
Low eddy current effect 
during quench magnet 

No-melt-down/low residual radioactivity 

2) No-flange 

· 3) No-high temperature bakfurug: 71QC mild warm-up Chemical process 
~emoving water adsorption 

No-thermal Dlllllartiir&n 
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Outline of Topics 
to Work on at Snowmass 

by 
Ernest Malamud 

Fermilab 



Snowmass "pipetron" study 
-- a partial list --

• HIGH ENERGY PHYSICS 
• Detector Parameters 
• ACCELERATOR PHYSICS 

o parameters 
o beam transfers and injection scenarios 
o instabilities and feedback systems 

• PROJECT DETAILS 
o magnets 

c main magnets 
c correctors 
c alignment and support 
c high Tc and APC materials 

o cryogenics 
c He, H2, N2 system parameters 
c spider design and heat leak 

o quench protection and magnet power supply 
c quench propagation velocity 
c power supply and dump design 

o vacuum 
o tunneling 

c tunnel cost optimization: muck removal, cutter changing, 
liners 

c guidance 
c power distribution system 

o installation and repair 
c magnet installation 
c remote vacuum welder, superconductor splicer 
c reliability analysis 
c scenarios for recovery from failure 

o radiation and environment 
c particle fluxes around the ring 
c particle fluxes in the on-site hall; detector backgrounds 
c ground water activation 
c interaction of the beam with components, including one pulse 

accidents 
c beam loss handling 

o instrumentation, monitoring, controls 
c system design 
c radiation resistance of fiber optics 

• COMPARISON WITH IDGH FIELD APPROACH 
• GAINING PUBLIC SUPPORT 


