
Chapter 8.  Vacuum

Terry Anderson and Evan Malone

8.1. Design Overview

The Proton Driver Ring Vacuum System is a 711-m continuous vacuum chamber composed of magnets, short sections of tubing, bellows, ion pumps, valves, and instrumentation.  The system is divided into twenty (20) sectors, eighteen (18) ring sectors and two (2) transfer lines.  The complete Proton Driver Ring layout is shown in Figure 8.1 and a detailed layout of typical sectors is shown in Figure 8.2.  Table 8.1 shows the primary system design parameters used as the basis for this description.  

Table 8.1. Vacuum System Design Parameters

Average Pressure Range
10-7 to 5 × 10-8 Torr

Total System Length
711 m

Vacuum Sector Lengths
69.3 m, 41.7 m, 36.7 m, and 29 m.

Vacuum Aperture
5" × 9" 

Primary Pump Type
Ion Pump, 800 l/s.

Roughing Pump Type
Turbo Molecular (500 l/s), w/10 CFM Dry Backing Pump.

Sector Pump-down Time
12 hr to rough; 72 hr bake-out to high vacuum.

Vacuum Gauging
Pirani, Ion Gauge and Ion Pump read-back.

Beam Tube Material
Straight Sections and Magnets without eddy current heating:  Stainless Steel

Magnets with eddy current heating:  Titanium.

Vacuum Interface Type
Flanged w/bellows.

Special Considerations
Dipoles and Quadrupoles will be of a vacuum canned design (core and coils will be in the vacuum space).

Bake-out System
Magnet vacuum chambers will have low temperature (<150 C) bake-out capability.

     The primary vacuum system operating parameter for the Proton Driver is the base pressure, 10-7 Torr.  In typical accelerator vacuum systems this is relatively easy to obtain.  Most systems are limited by the aperture conductance and the specific out-gassing rate of the chamber walls.  In typical systems at 10-7 Torr these limitations are easily overcome by reasonable spacing of relatively small pumps.  Pump down times are generally on the order of several hours to one day and are for the most part determined by the time it takes for the specific out-gassing rate to reach 10-10 to 10-11 Torr-l/s-cm2.  These rates are the lower limits of metals with many monolayers of water molecules adsorbed on the surface and only improve over a long time or by baking the system.  Although the Proton Driver is not limited by conductance issues it is limited by the amount of pumping available and the specific out-gassing rate due to the extremely large amount of surface area in the canned magnets and the high out-gassing of the coil assemblies.  In order for the Proton Driver to reach 10-7 Torr it is necessary for the out-gassing rates of the magnet laminations and the coil assemblies not to exceed 5 × 10-13 and 10-9 Torr-l/s-cm2 respectively.  This can only be achieved by fabricating all components that make up the vacuum system using ultra-high vacuum (UHV) practices and incorporating in a (relatively) low temperature bake-out system.
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Figure 8.1. Proton Driver Ring Vacuum Sector
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Figure 8.2. Proton Driver Vacuum Sector Layout

8.2. System Components

The vacuum system components for the Proton Driver are, with the exception of the magnets and bellows, fairly standard high to ultra high vacuum components.  The magnets are discussed in Section 8.3 below and the bellows are similar to those used in the Fermilab Recycler.  The concept is a round, stainless steel, formed bellow and tube section with the basic aperture cross-section.  The tube sections extend into the bellow space and a thin (0.005-inch) metallic foil is allowed to slide over the two tube ends to provide rf shielding.  The basic vacuum interface is shown in Figure 8.3.

     The interface design uses EVAC style ISO NW 250 flanges with chain style clamps.  This reduces the amount of space needed between magnet ends, as opposed to Conflat style flanges, and also reduces the exposure time during maintenance operations, thereby contributing to radiation ALARA compliance.  Straight sections will be made of stainless steel tubing with a cross-section conforming to the basic aperture.  Each end of the straight section will have a bellows and flange.  The current design has no vacuum ports or components on the vacuum chamber in the straight sections.  All ports and components are on the magnets.
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Figure 8.3. Proton Driver Quad/Dipole Interface with Bellows

     The remaining basic permanently installed components are: 800 l/s ion pumps, 6 inch roughing valves, Pirani gauges, ion gauges, 10 inch rf shielded sector valves, and the control and read-back systems for each component.  The basic vacuum sector configurations are shown in Figure 8.2.  Portable turbo molecular roughing carts will attach to the roughing valves for pump down.  Other components and systems used in the vacuum system are temperature sensors and controllers for magnet bake-out, a compressed air system for sector valve operation, and stands for valves, chambers, and ion pumps.  

8.3.  Magnet Vacuum

The proposed magnet design for the Proton Driver is a canned magnet with coils and core contained within the vacuum shell.  With this type of design the dominant gas load for the vacuum system comes from the core and the coils, the core due to the large surface area of the laminations and the coil due to the higher out-gassing rate of the insulating material.  The design is based on the out-gassing rates shown in Table 8.2.

Table 8.2.  Outgassing rates


Out Gassing Rate (Torr-l/s-cm2)

Skin
5 × 10-13

Laminations
5 × 10-13

Coil
1 × 10-9

     The surface areas for the largest of the Proton Driver magnets are shown in Table 8.3 along with the calculated pressure at the pump, assuming multiple 800 l/s ion pumps for each magnet.  The magnet also contains a beam tube, but the gas load contribution from the tube is negligible.  A discussion of the beam tube is in Section 8.4 below.

Table 8.3. Vacuum Design Numbers for Proton Driver Magnets

Magnet
 
Surface Area (cm2)
 
Total Gas Load     (Torr-l/s)
Pump Speed (l/s)
Pump Pressure (Torr)

 
Skin 
Laminations
Coil
 
 
 

5.25 m Dipole
2.77 × 105
2.80 × 108
1.71 × 105
3.11 × 10–4
3200
9.71 × 10–8

3.93 m Dipole
2.07 × 105
2.10 × 108
1.28 × 105
2.33 × 10–4
3200
7.28 × 10–8

1.72 m Quad
9.73 × 104
1.05 × 108
6.29 × 104
1.15 × 10–4
1600
7.21 × 10–8

1.70 m Quad
9.62 × 104
1.04 × 108
6.22 × 104
1.14 × 10–4
1600
7.14 × 10–8

1.32 m Quad
7.47 × 104
8.06 × 107
4.83 × 104
8.86 × 10–5
1600
5.54 × 10–8

1.06 m Quad
6.00 × 104
6.47 × 107
3.88 × 104
7.12 × 10–5
1600
4.45 × 10–8

     To achieve the out-gassing rates in Tables 8.2 and 8.3 the magnet assembly needs to be constructed using UHV practices.  Steel components will need to be hydrogen degassed prior to assembly and special care taken to insure that all materials in the assembly are free of contaminants such as oils and greases.  All materials must be capable of surviving repeated low temperature (150( C) bakes.

     From a vacuum standpoint, the coil pack will be especially challenging.  The conductor that will be used is a square copper stranded conductor.  The strands are wrapped around a stainless steel cooling tube for the LCW cooling water.  In order to minimize the gas load due to this assembly, the coil pack will need to be vacuum impregnated with a low out-gassing epoxy type material (preferably polyimide) and then wrapped with a polyimide film.  The film must have a near 100% bond to the coil pack to prevent local delaminating that would create unacceptable virtual leaks.  The basic concept is to create a low out-gassing surface that atmospheric gasses will not penetrate to any great degree when the system is let up to atmospheric pressure.  Some R&D work still remains to be done with respect to the coil pack design, but the general consensus is that an out-gassing rate of 10-9 Torr-l/s-cm2 is achievable.  With considerably more R&D work it is conceivable that the outgassing rate could be reduced by an additional order of magnitude, thereby giving a factor of two decrease in operating pressure.

8.4. Beam Tubes

Besides providing an unobstructed path for the beam, the beam pipe must also control the resistive wall impedance (shielding).  Typically, a simple stainless steel pipe serves both purposes, but for the Proton Driver a traditional approach is problematic. The large transverse emittance of the beam requires a large chamber aperture, and therefore large expensive magnets to provide required magnetic field properties over such a large area.  Thick chamber walls would be required to support the pressure differential, but such walls would increase the magnet size and cost by consuming aperture.  The 15 Hz cycling of the machine would drive immense eddy currents in a metallic chamber inside of the dipole magnets, wasting power and necessitating cooling and field correction.  Nevertheless some metal is required to provide adequate shielding.  The design chosen attempts to circumvent many of these constraints by segregating the functions of the beam pipe into physically distinct components.  The eddy currents are minimized and the aperture maximized by moving the "vacuum skin" to the outside of the magnets. Only the amount of metal required for shielding need be placed inside.

     Two methods of shielding the beam are under consideration.  The preferred method nearly eliminates eddy currents by dividing the metal shield into parallel, longitudinal conductors capacitively coupled at one end to the next section of beam tube, and in electrical contact at the other end with the previous section of beam tube.  This is shown in Figure 8.4. The shield thus acts as a high pass filter.  The capacitors act as short circuits for the high frequency beam image currents, but present an open circuit to the 15 Hz eddy currents, confining them to within individual stripes.  Because the currents circulate only within a stripe, magnetic fields of neighboring stripes largely cancel each other and Lorentz forces act only within stripes, not between them.  This shielding concept was pioneered at the Rutherford Laboratory ISIS spallation source, and has been highly successful [1].  The proposed implementation of this concept for the Proton Driver was conceived of by Bruno Zotter of CERN [2].
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Figure 8.4. Corner Section of Canned Dipole (Striped Shield)

     In the Zotter shield, closely spaced copper strips, ~ 0.1 mm thick and 4 mm wide, would be attached to a thin (~ 1 mm) insulating substrate (e.g. Kapton) of rectangular cross section.  This would surround the beam supported by adhesive bonds to the magnet pole tips.  The cross section of the shield and substrate would need to be contoured to accommodate the reduced diagonal dimensions available within the quadrupoles and sextupoles.  There are, however, concerns about the transverse wall impedance that may result from this type of shield. Previous laboratory measurements [3] indicate strips have much larger transverse impedance than that of a uniform metallic coating. Possible resonances that may result from the gaps between strips are also concerns. [11] Currently there is no consensus of theoretical analysis on this type of shield.  Technical measures, such as adding circumferential strips insulated from the longitudinal strips [4], may be able to resolve some of these concerns, but further investigation is warranted.

     A second shield concept has been examined as an alternative to the Zotter design.  A tube of rectangular cross-section, roughly 23 cm × 13 cm, made of an electrically resistive metal alloy, ~ 0.13 mm thick, surrounds the beam inside the magnets.  The tube is perforated to permit evacuation of its interior and the perforations are randomly located to prevent electromagnetic resonances.  This is shown in Figure 8.5.  
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Figure 8.5.  Corner section of Canned Dipole (Perforated Tubular Shield)

     As in the first concept, the cross-section would need to be contoured within the quadrupoles and sextupoles to accommodate the reduced dimension. The associated resistive wall impedance has not been definitively determined and  warrants further investigation.  This design must cope with significant eddy currents and their consequences (Lorentz forces, resistive heating, and magnetic field distortions).  Due to the thinness of the shield material a means of supporting it against the 15 Hz Lorentz forces without significantly impeding heat transfer will need to be developed.  Simulations have shown that 1.2 kW/m or more of eddy current heat can be radiatively transferred to the dipole magnet core without thermal damage to the shield, the core, or the conductor insulation (Figure. 8.6).  
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Figure 8.6.  FEM of Radiative Heat Transfer from Tubular Shield to Dipole Core 

The resulting non-uniform thermal expansion of the magnet core (Figure 8.7) results in substantially less pole face distortion than the 0.13 mm "maximum deviation from planarity" criterion employed during the conceptual design [5].

[image: image7.jpg]displacement, meters

Yertical

Pole Fice Deviition from Planzrity
Heit losd from 0.13mm thick shisld

~s.13E-04

~s.158-04

~s.16E-04

~s.178-04

~s.1eE-04

~s.198-04
-1.60E-01

-1.00-01
Distince from Pols Fice Ceatsr,

-5.008-02
meters

0.00E+00





Figure 8.7. Plot of Vertical Component of Dipole Pole Face Thermal Displacement

     A passive scheme for compensating the sextupole magnetic field resulting from the eddy currents has been investigated [6, 7] and seems very promising.  Despite the additional complexity of the compensation system, and the significant eddy current heating, this shielding design is considered to be a practical alternative to the Zotter shield.

     It is useful to compare the consequences of the two proposed shield designs. Let Ibeam,RMS be the RMS beam current, ( the beam angular circulation frequency, B(t) the dipole magnetic field, and B'(t) its time derivative.  Using these variables, one can calculate Ieddy, the induced eddy current, FLor/l, the total Lorentz force per unit length, Peddy/l, the total eddy current resistive dissipation per unit length, Pimage/l, the RMS beam image current resistive dissipation per unit length, and ds, the longitudinal "shielding condition" shield thickness. 

     The formulae for each design are given in Table 8.4.  Using the operating parameters from Table 8.5, results for specific implementations of these two shield designs are given in Table 8.6.  It is assumed that for shields in quadrupoles and sextupoles the eddy currents and their consequences would be reduced by at least one order of magnitude; thus the emphasis is on the dipole design.

Table 8.4. Shield Design Equations

RECTANGULAR TUBE

width: 2a, meters

height: 2b, meters

thickness: d, meters

shortest distance shield to pole: h, meters

mag permeability: ( = (r(0, Henry per m

electrical resistivity: (, Ohm-meters
LONGITUDINAL STRIPES

stripe width: 2w, meters

stripe thickness: d, meters

hor stripes (top + bottom surfaces): NH
vertical stripes (left + right surfaces): NV
shortest distance shield to pole: h, meters

mag permeability: ( = (r(0, Henry per m

electrical resistivity: (, Ohm-meters

Ieddy(t) = B'(t) a d (a + 2b)/
Amps
Ieddy(t) = B'(t) d w2/2
Amps, inside one horizontal stripe


Ieddy(t) = B'(t) w d2 /2 

Amps, inside one vertical stripe

FLor/l = B(t)Ieddy(t) 

= B(t)B'(t) a d (a+2b)/
N/m
FLor/l = B(t)Ieddy(t)

N/m,  acting only within a stripe

Peddy/l = 4B'(t)2 a2 d (a/3+b)/
Watts/m
Peddy/l = 2B'(t)2 wd (NH w2 + NV d2)/3
Watts/m.

Pimage/l ( (Ibeam,RMS)2 /2d/(2a + 2b)

Watts/m
Pimage/l ( (Ibeam,RMS)2 /2wd/(NH + NV)
Watts/m

ds » /wh
m
ds » /wh
m

Table 8.5.  Relevant Proton Driver operating parameters


Phase 1, Stage 1
Phase 1, Stage 2

( (at injection)
1.88 × 106 radian/s
1.88 × 106 radian/s

B'(t)RMS
35 T/s
47 T/s

Max(B(t)B'(t)) 
34 T2/s
61 T2/s

Ibeam,RMS
2.69 A
7.12 A

Table 8.6.  Shield Design Results


RECTANGULAR TUBE

(Inconel alloy 718)

2a = 0.2286 meters

2b = 0.127 meters

d = 1.27 × 10-4 meters

h = 1 × 10-3 meters

(  = 1.002 (0 Henry per m

( = 121 × 10-8 Ohm-meters 
LONGITUDINAL STRIPES

(Oxygen Free Copper)

2w = 4 × 10-3meters

d = 1 × 10-4 meters

NH = 100 (2 sheets of 50)

NV = 54 (2 sheets of 27)

h = 1 × 10-3 meters

(  = 1.000 (0 Henry per meter

( = 1.71 × 10-8 Ohm-meters 


Stage 1
Stage 2
Stage 1
Stage 2

RMS(Ieddy)

101 A
136 A
1.64 A (in one horizontal stripe)
2.20 A (in 1 one horizontal stripe)




40.9 mA (in one vertical stripe)
55.0 mA (in one vertical stripe)

MAX(FLor/l) 1
98.4 N/m
177 N/m
1.59 N/m (in one horizontal stripe)
2.85 N/m (in one horizontal stripe)




39.8 mN/m (in one vertical stripe)
71.3 mN/m (in one vertical stripe)

RMS(Peddy/l)
683 W/m
1230 W/m
30.6 W/m
55.1 W/m

RMS(Pimage/l)
96.9 mW/m
679 mW/m
1.00 mW/m
7.04 mW/m

d/ds
(longitudinal, at injection)
0.25
13.8

     In the course of the conceptual design of the Proton Driver, several additional vacuum chamber designs were considered.  Each of the designs involved some significant drawback that made it inferior, at this stage, to the design selected.  A brief description of these designs and the decisive issues associated with them follows.  More detailed technical descriptions of the R&D work on those designs will be available in Fermilab technical notes.

     The first design investigated was a metallic vacuum chamber 22.86 cm × 12.7 cm (9 in × 5 in) elliptical cross section, made of 1.27 mm (50 mils) thick Inconel alloy 718 (Figure. 8.8).  The significant distortion of the chamber wall under vacuum required that the tube be initially formed to a less eccentric cross-section than desired for the final chamber.  The chamber would need to be built inside of the dipole magnets.  Despite being constructed of thin, highly electrically resistive alloy, this chamber would experience eddy currents of 1370 A inside the dipole magnets. This would result in very large and difficult to correct sextupole (and higher order) fields, and nearly 8500 W/m of eddy current heating.  The design therefore would require the passive sextupole compensation system mentioned above, as well as an active cooling system.  Significant effort was expended on development and processing of thermally conducting, electrically insulating epoxy materials to increase thermal contact between the cooling pipes and the chamber, and promising results were obtained.  However, the longevity of these materials in service, as well as the significant quantity of power wasted, the large sextupole fields, and the difficulty of building and maintaining the system make it undesirable.
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Figure 8.8.  Water-cooled Vacuum Chamber Design

     A second design investigated was an extrapolation of a vacuum chamber design used in the DESY III accelerator [8].  The particular implementation studied involved a metallic vacuum chamber of 22.86 cm × 12.7 cm (9 in × 5 in) elliptical cross section, made of 0.127 mm (5 mils) thick Inconel alloy 718.  Reinforcing ribs of 1 mm thick alloy 718 were brazed to the outside, 75 ribs per meter of tube, to support it against atmospheric pressure. In practice, obtaining a high enough braze quality without distorting such flimsy material proved exceedingly difficult (Figure 8.9).  In addition, though the eddy currents and their effects are reduced by a factor of ten from the first design described, they are still quite large. Sextupole compensation would be required, the chamber and adjacent materials inside of the dipole magnets would reach high temperatures (300( C) without active cooling, and any significant deviation of the supporting ribs from parallelism with the magnetic fields would result in catastrophic eddy currents, probably destroying the chamber.  For these reasons, this design was rejected.
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Figure 8.9.  Photograph of Unsuccessful Prototype of Rib-Reinforced Vacuum Chamber

     A third design is based on metal foil lined, fiber-reinforced epoxy chambers built for the CERN SPS interaction region during the mid-1980's [9].  Such chambers are conceptually similar to chambers of ceramic, with an insulating external structure surrounding/supporting a metallic shield of some sort.  In particular, to manufacture the composite vacuum chamber, a metal tool form of the desired cross-section would be wrapped with the desired shield material, for instance a continuous Titanium alloy foil, or longitudinal copper stripes on a Kapton polymer backing. A ceramic fiber impregnated with a bismaleimide resin would then be wound over the tool and the shield material to build up the desired thickness.  The resin is cured and metal flanges would be bonded to the ends. Composite chambers can be nearly as strong and stiff as ceramic, but are less brittle, and so can be made slightly thinner.  Composite chambers also can be manufactured in single units of 6 m or more in length, can be curved, and are significantly cheaper per unit.  However, the durability of epoxy composite materials in accelerator service conditions of thermal and mechanical cycling, radiation, and high humidity, and the vacuum out-gassing and gas permeability of such materials need further investigation. Fermilab lacks the equipment to manufacture high-performance, filament wound composite materials, and the high cost of outsourcing the work (> K$ 100) prevented further investigation of the design at this time.  Composite chambers are considered to be very promising and worthy of further R&D.

8.5.  Vacuum Performance

As stated earlier, the primary vacuum system operating parameter for the Proton Driver is the 10-7 Torr base pressure.  Because of the need to have as low as possible out-gassing rates, this can only be achieved after a low temperature bake-out for at least seventy-two (72) hours.  The vacuum sectors have been made sufficiently short to minimize the number of turbo carts and to create manageable sections for bake-out operations.  The longest sector is the 69.3 m straight section containing seven (7) quadrupoles.  The most difficult sector to pump down is the 36.7 m arc sector that contains five (5) quadrupoles and four (4) dipoles.  The performance curves for the straight section and the arc sector are shown in Figures 8.10 and 8.11, respectively.

     In both charts the top curve (black) is the sector pressure profile during rough down at the end of the bake-out.  The middle curve (purple) is the sector pressure profile after starting the ion pumps on the quads that the turbo carts are attached to.  The bottom curve (orange) is the sector pressure profile after all ion pumps have been started and the system has cooled down to ambient conditions.  In both cases the final average steady state pressure is less than 10-7 Torr.  In the arc sector, at the center of the dipoles, the pressure does peak at 1.24 × 10-7 Torr but the average is still less than 10-7 Torr.
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Figure 8.10. Straight Section Vacuum Performance
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Figure 8.11. Arc Section Vacuum Performance

8.6.  R&D Efforts

The main remaining vacuum issue is the outgassing rate of the coil assembly.  It is believed that we can obtain a rate of 10-9 Torr-l/s-cm2, but this needs to be verified experimentally.  With further R&D to improve this rate it should be possible to realize a factor of two (2) or better decrease in the ultimate pressure, putting the vacuum level comfortably in the mid to low 10-8 Torr range.   

     The highest priority for research and development related to the magnet beam tubes for the Proton Driver is to establish a solid and experimentally verified understanding of the minimum beam shielding requirements for tolerable resistive wall impedance.  If discontinuous shield designs (capacitively coupled stripes) provide sufficient shielding, then eddy-currents and all of their consequences are practically eliminated. Magnetic field distortion compensation becomes unnecessary.  Power dissipation is minimal, and thus heat transfer, material temperature limits, and thermal stresses are of little concern and Lorentz forces are small.  If a continuous shield is required, then awareness and use of the minimum shield thickness permits the minimization of eddy-currents and their consequences.

     During the conceptual design of the Proton Driver, vacuum chambers made of fiber-reinforced epoxy with a continuous metal foil lining were investigated [10].  This design was extrapolated from composite chambers designed for the CERN SPS interaction region, which had significantly different design constraints [9].  The lining is intended to reduce the permeation of gases through the composite material and to provide shielding for the beam.  There is consensus that this design is worthy of further investigation and prototyping, as it could provide a very thin chamber with significant cost and manufacturing advantages.  There is the potential for a significant break through for the Proton Driver.  Successful implementation of this design would significantly reduce the pumping and cost requirements of the vacuum system.  In addition the magnet costs would be reduced due to elimination of the canned magnet design.  

     The following is a list of R&D activities that should be undertaken to address the issues and opportunities discussed above.

     For verification of coil out-gassing rates:

1) Out-gassing tests on various coil coatings and configurations.

     For understanding of the minimum shielding requirement:

1)
Additional theoretical investigation of the minimum beam-shielding requirement and of the longitudinal and transverse resistive wall impedance of discontinuous (striped) shielding.

2)
Laboratory and accelerator tests of resistive wall impedances of thin, metallic tubular and striped shield designs.

     For evaluation of fiber-reinforced epoxy composite vacuum chambers:

1)
Tests of vacuum out-gassing and permeability of gasses through candidate materials.

2)
Evaluation of processes/coatings/linings to enhance vacuum properties if necessary.

3)
Tests of thermal and mechanical properties of candidate materials.

4)
Tests of effects of radiation exposure on vacuum and mechanical properties of candidate materials (service lifetime).

5)
Small scale prototyping and testing of tubes with various interface (flange) and shielding (Kapton with copper stripes, Ti alloy foil liner, etc.) designs.

6)
Prototyping and in-accelerator testing of best designs to establish manufacturing process and validate design.

     Assuming that the minimum shielding requirement is well understood, and that the two shielding methods described for the proposed "canned magnet" vacuum system are still feasible in light of that understanding, practical implementations of these two designs will depend upon engineering solutions to several outstanding problems.  The following is the R&D effort that will need to be conducted based on the outcome of the beam shielding assessment.

     For the perforated, thin-wall tubular shield in "canned magnet" vacuum system:

1)
Development of manufacturing process to produce randomly perforated thin-wall tubing.

2)
Development of mechanical support structure to reinforce thin-wall shield against Lorentz forces without impeding heat flow from shield to surroundings.

3)
Prototyping of eddy-current magnetic field passive compensation system.

4)
In-magnet tests (comparable dB/dt to Proton Driver) to validate shield and eddy-current magnetic field compensation system designs.

     For the striped shield in "canned magnet" vacuum system:

1)
Evaluation of mechanical, vacuum and radiation properties of candidate substrate materials for metallic stripe shield designs.

2)
Evaluation of mechanical, vacuum, and radiation properties of adhesive or other stripe-to-substrate bonding methods and substrate-to-magnet pole bonding methods.

3)
Design and testing of capacitive interconnection of stripes to intermagnet vacuum chamber.
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� Note: eddy currents and Lorentz forces for the striped shield are confined to the interior of each stripe. There are essentially no inter-stripe forces, and magnetic fields generated by eddy currents in one stripe are essentially cancelled by fields from neighboring stripes.
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Cost Estimate

												Proton Driver Ring Vacuum Cost Estimate

		Item		Units		Quantity Needed		Quantity Ordered		Spares		Cost /Item (FY00$)		Spares Value (FY00$)		Total Cost (FY00$)		Comments

		Vacuum Sector Totals:

		M&S		sector		1		1		0				$39,552		$369,323		materials, contractors, services, techs, etc

		EDI&A		sector		1		1		0				$0		$4,800		engineering, drafting

		Sector Sub-Total		sector		1		1		0				$39,552		$374,123

		Uncertainty Factor		% / sector		0.2		0.2		0		$374,123		$0		$74,825		Factor to compensate for estimators uncertainty (NOT RELATED TO PROJECT CONTINGENCY). Intended to account for scope uncertainty, specialty items in straight sections and beam lines, vacuum contributions to instrumentation, BPM's, detectors, RF, Lambertson

		Project Total:		total		20		20		0		$448,947		$791,034		$8,978,942		18 sectors for the ring and 2 sectors for transfer lines.

		Main Injector / Recycler / Proton Driver Comparisons:				Total Cost (K$)		Total Length (m)		Cost / meter ($/m)		EDI&A (%)		M&S (%)		Installation (%)

		MI				$6,428.3		8047		$798.84		15.20		84.80		14.60		Assumes MI, Recycler, and all beamlines

		Recycler				$1,972.0		3219		$612.61		5.40		94.60		28.50		Assumes only Recycler

		Proton Driver				$8,978.9		711		$12,628.61		6.07		93.93		1.54		Total = M&S + EDI&A

												Proton Driver Ring Vacuum Sector Cost Details

		Item		Units		Quantity Needed		Quantity Ordered		Spares		Cost /Item (FY00$)		Spares Value (FY00$)		Total Cost (FY00$)		Comments

		Proton Driver Ring Vacuum Sector

		Elliptical Beam Tubes for Drift Areas		m		21		25		4		$50		$200		$1,250		WAG

		Elliptical Beam Tubes for Magnets		m		0		0		0		$50		$0		$0		Part of magnet costs

		Fittings:

		beam tube port		ea		0		0		0		$100		$0		$0		All ports are on magnets, and part of magnet costs

		Spool Pieces:

										0				$0		$0

		Bellows:

		elliptical w/RF shielding		ea		12		15		3		$1,000		$3,000		$15,000		WAG

		Gauges:

		Pirani gauges		ea		3		3.3		0.3		$147		$44		$485		MI

		ion gauges		ea		3		3.3		0.3		$275		$83		$908		MI

		Ion Pumps:

		800 l/s		ea		21.33		24		2.67		$6,750		$18,023		$162,000		Vendor Quote

		TSP's		ea		0		0		0		$350		$0		$0		N/A

		Rough Pumps:

		10 CFM scroll pump		ea		0.67		0.67		0.00		$4,500		$0		$3,015		book

		500 l/s turbo pump		ea		0.67		0.67		0.00		$12,000		$0		$8,040		book

		Valves:

		6" roughing valve		ea		3		3.3		0.3		$1,730		$519		$5,709		book

		let-up valves		ea		1		1		0		$184		$0		$184		book

		z/n beam valve		ea		1		1.1		0.1		$25,000		$2,500		$27,500		book

		Flanges:

		NW63 ISO  blank		ea		0		0		0		$50		$0		$0		book

		4-1/2" OD CF		ea		0		0		0		$45		$0		$0		book

		8" OD CF		ea		6		8		2		$300		$600		$2,400		book

		12" OD CF rotatable		ea		2		2.2		0.2		$400		$80		$880		book

		NW250 blank		ea		17		19		2		$500		$1,000		$9,500		book

		Flange Gaskets:

		NW250 ISO		ea		17		30		13		$100		$1,300		$3,000		book

		4-1/2" CF		ea		0		0		0		$2		$0		$0		book

		8" OD CF		ea		33		50		17		$5		$82		$240		book

		12" OD CF		ea		2		4		2		$28		$56		$112		book

		Flange Camps:

		chain clamp NW250		ea		24		30		6		$431		$2,586		$12,930		book

		Nut & Bolt Sets:

		4-1/2" CF		set		0		0		0		$11		$0		$0		book

		8" OD CF		set		33		36		3		$35		$105		$1,260		book

		12" OD CF		set		2		2.2		0.2		$55		$11		$121		book

		Cooling System		m		0		0		0		$1,000		$0		$0		Part of magnet and LCW costs

		Air System		ea		0.06		0.06		0		$100,000		$0		$6,000		WAG

		Stands:

		Standard Beam Tube Stands		ea		3		3		0		$50		$0		$150		WAG

		Pumping Station Stands		ea		3		3.1		0.1		$150		$15		$465		WAG

		Beam Valve Stands		ea		1		1.1		0.1		$200		$20		$220		WAG

		Ion Pump Stands		ea		4		5		1		$100		$100		$500		WAG

		Shop Equipment and Supplies:

		leak detectors		ea		0.222		0.222		0		$19,000		$0		$4,218		MI

		large ultrasonic cleaner		ea		0.00		0.00		0		$120,000		$0		$0		WAG, large cleaner for beam tubes

		small ultrasonic cleaner		ea		0.11		0.11		0		$20,000		$0		$2,200		MI,one for small SS parts, one for small AL parts

		tools		ea		0.06		0.06		0		$50,000		$0		$3,000		WAG, power tools, hand tools, tool boxes, etc

		cleaning supplies		ea		0.05		0.05		0		$100,000		$0		$5,000		WAG, chem. wipes, DI water, cleaning solution, alcohol, etc

		misc.		ea		0.05		0.05		0		$50,000		$0		$2,500		WAG, work benches, cabnets, shelves, etc

		Electronics:

		beam valve controllers		ea		1		1.1		0.1		$300		$30		$330		MI

		800 l/s IP power supplies		ea		11		13		2		$4,650		$9,300		$60,450		MI

		TSP power supplies		ea		0		0		0		$400		$0		$0		WAG

		500 l/s turbo controller		ea		0.67		0.67		0		$3,000		$0		$2,010		book

		ion gauge controllers		ea		3		3		0		$600		$0		$1,800		MI

		Pirani controllers		ea		3		3		0		$300		$0		$900		MI

		temperature controllers		ea		10		10		0		$1,000		$0		$10,000		WAG

		Cables:

		ion pump		ft		23100		23100		0		$0.08		$0		$1,848		1100 ft / pump, RG58-red

		ion gauge		ft		3300		900		-2400		$0.08		-$192		$72		1100 ft / gauge, RG58-red

		Pirani gauge		ft		3300		4000		700		$0.13		$91		$520		1100 ft / gauge, 6 conductor #22ga  stock # 1170-0600

		valve		ft		1100		1100		0		$0.16		$0		$176		1100 ft / valve, 3 Pair # 22ga

		temperature sensor		ft		11000		11000		0		$0.16		$0		$1,760		WAG 1100 ft / magnet

		Labor:

		EDI&A:

		Engineering		hr		40		40		0		$65		$0		$2,600		WAG, EDI&A

		Drafting		hr		20		20		0		$45		$0		$900		WAG, EDI&A

		Pre-Installation Fabrication:

		Engineering		hr		10		10		0		$65		$0		$650		WAG, EDI&A

		Technician		hr		40		40		0		$45		$0		$1,800		WAG, cleaning, assembly, leak checking, inspection, etc

		Welder		hr		40		40		0		$65		$0		$2,600		WAG, pre-fab

		Installation:

		Technician		hr		70		70		0		$45		$0		$3,150		one vacuum tech 3 hrs. / magnet, two vacuum techs 40 hrs. / sector for leak checking

		Contractor		hr		0		0		0		$65		$0		$0

		Engineering Supervision		hr		10		10		0		$65		$0		$650		one engineer 1 hr / vacuum interface, EDI&A

		Electrician		hr		48		48		0		$65		$0		$3,120		2 electricians 3 days/ sector
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Outgassing Rates

		Material =		AL 6063				S.S. 304				Laminations				Kapton				Epoxy

		Treatment =		Inert Extruded / Degreased / Cleaned				Mill Finish / Degreased / Cleaned				Mill Finish / Degreased / Cleaned				Mill Finish / Degreased / Cleaned				Mill Finish / Degreased / Cleaned

		Qu =		1.00E-13		torr-l/s-cm2		1.00E-12		torr-l/s-cm2		1.00E-12		torr-l/s-cm2		1.00E-12		torr-l/s-cm2		1.00E-12		torr-l/s-cm2

		Qo =		7.73E-07		torr-l/s-cm2		5.27E-07		torr-l/s-cm2		5.27E-07		torr-l/s-cm2		5.27E-07		torr-l/s-cm2		5.27E-07		torr-l/s-cm2

		n =		1.12				1.14				1.14				1.14				1.14

				Qt = Qo/tn

		Time		Qtal		Qtss		Qtlm		Qtka		Qtep

		(days)		(torr-l/s-cm2)		(torr-l/s-cm2)		(torr-l/s-cm2)		(torr-l/s-cm2)		(torr-l/s-cm2)

		0		7.73E-07		5.27E-07

		0.5		4.87E-10		2.91E-10

		1		2.24E-10		1.32E-10

		1.5		1.42E-10		8.33E-11

		2		1.03E-10		6.00E-11

		2.5		8.04E-11		4.65E-11

		3		6.55E-11		3.78E-11

		3.5		5.51E-11		3.17E-11

		4		4.75E-11		2.72E-11

		4.5		4.16E-11		2.38E-11

		5		3.70E-11		2.11E-11

		5.5		3.32E-11		1.89E-11

		6		3.01E-11		1.71E-11

		6.5		2.76E-11		1.57E-11

		7		2.54E-11		1.44E-11

		7.5		2.35E-11		1.33E-11

		8		2.18E-11		1.24E-11

		8.5		2.04E-11		1.15E-11

		9		1.91E-11		1.08E-11

		9.5		1.80E-11		1.02E-11

		10		1.70E-11		9.58E-12

		10.5		1.61E-11		9.06E-12

		11		1.53E-11		8.59E-12

		11.5		1.45E-11		8.17E-12

		12		1.39E-11		7.78E-12

		12.5		1.33E-11		7.43E-12

		13		1.27E-11		7.10E-12

		13.5		1.22E-11		6.80E-12

		14		1.17E-11		6.53E-12

		14.5		1.12E-11		6.27E-12

		15		1.08E-11		6.03E-12

		15.5		1.04E-11		5.81E-12

		16		1.01E-11		5.61E-12

		16.5		9.71E-12		5.41E-12

		17		9.39E-12		5.23E-12

		17.5		9.09E-12		5.06E-12

		18		8.81E-12		4.90E-12

		18.5		8.54E-12		4.75E-12												Outgassing Rate After 100 Days

		19		8.29E-12		4.61E-12										AL =		1.29E-12		torr-l/s-cm2

		19.5		8.05E-12		4.47E-12										S.S. =		6.94E-13		torr-l/s-cm2

		20		7.83E-12		4.35E-12

		Data from JVST A, Vol. 11 No. 5, Sep/Oct 19993, "Correlation of outgassing of stainless steel and aluminum with various surface treatments"
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Outgassing Rates
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Canned Magnet Vacuum

		Magnet				Outgssing Rates (torr-l/s-cm2)						Surface Area (cm2)				Total Gas Load     (torr-l/s)		Pump Speed (l/s)		Pressure (torr)

				Skin		Laminations		Coil		Skin		Laminations		Coil

		5.25 m Dipole		5.00E-13		5.00E-13		1.00E-09		2.77E+05		2.80E+08		1.71E+05		3.11E-04		3200		9.71E-08

		3.93 m Dipole		5.00E-13		5.00E-13		1.00E-09		2.07E+05		2.10E+08		1.28E+05		2.33E-04		3200		7.28E-08

		1.72 m Quad		5.00E-13		5.00E-13		1.00E-09		9.73E+04		1.05E+08		6.29E+04		1.15E-04		1600		7.21E-08

		1.70 m Quad		5.00E-13		5.00E-13		1.00E-09		9.62E+04		1.04E+08		6.22E+04		1.14E-04		1600		7.14E-08

		1.32 m Quad		5.00E-13		5.00E-13		1.00E-09		7.47E+04		8.06E+07		4.83E+04		8.86E-05		1600		5.54E-08

		1.06 m Quad		5.00E-13		5.00E-13		1.00E-09		6.00E+04		6.47E+07		3.88E+04		7.12E-05		1600		4.45E-08
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Roughing Manifold Conductance

		

		Port Conductance:				For H2O @ 20 C				1/Cmp = 1/Cml + 1/Ca

				Aperture Conductance (Ca) =		ka A		Where:		ka =		0.147				from table 2.3 pg 87 in "Foundations of Vacuum Science and Technology", J.M. Lafferty

				=		2675.955		l/s		A =		18241.000				mm2

				Duct Conductance (Cml) =		Ca a		Where:		a =		0.571				a = ac/(1+ac), Transmission probability for circular duct ac = 4d/3l

				=		1529.117		l/s

				Total Conductance (1 Cmp) =		973.074		l/s

		Roughing Valve Conductance:				For H2O @ 20 C

				Aperture Conductance (Ca) =		ka A		Where:		ka =		0.147				from table 2.3 pg 87 in "Foundations of Vacuum Science and Technology", J.M. Lafferty

				=		2681.427		l/s		A =		18241.000				mm2

				Manifold Transmission Probability (am) =		0.360				am =		0.360				Transmission probability right angle fitting

				Manifold Conductance (Cmm) =		Ca a		l/s

				=		965.314		l/s

		Total Conductance Between Pump and Tube:				For H2O @ 20 C				1/CmT = 1/Cmm + 1/Cmp

				CmT =		484.589		l/s
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Conductance Calcs for H2O

		

																						Ultimate Pressure at Pump (Po) =		qd BLp/Sn

																						=		1.36E-09		torr

																						Pressure Between Pumps (PL) =		Po + qd BLp/4Cml

																						=		1.99E-09		torr

																		Where:		qd =		1.00E-11		torr-l/s-cm2

																				B =		56.2		cm

																				Lp =		800		cm

																				Sn =		330.287		l/s

																				Cml =		178.762		l/s

		Port Conductance:				For H2O @ 20 C				1/Cm = 1/Cml + 1/Ca

				Aperture Conductance (Ca) =		ka A		Where:		ka =		0.147				from table 2.3 pg 87 in "Foundations of Vacuum Science and Technology", J.M. Lafferty

				=		2675.955		l/s		A =		18241.000				mm2

				Duct Conductance (Cml) =		Ca a		Where:		a =		0.571				a = ac/(1+ac), Transmission probability for circular duct ac = 4d/3l

				=		1529.117		l/s

				Total Conductance (1 Cm) =		973.074		l/s

		Tube Conductance:				For H2O @ 20 C				Cml = Ca ae

				Aperture Conductance (Ca) =		ka A		Where:		ka =		0.147				from table 2.3 pg 87 in "Foundations of Vacuum Science and Technology", J.M. Lafferty

				=		3239.576		l/s		A =		22083.000				mm2

				Duct Conductance (Cml) =		Ca ae		Where:		ae =		0.055				ae = Transmission probability for an elliptical duct ae = .856 (a/l)ln((4b/a + 3a/4b),

				=		178.762		l/s								a = 127 mm, b = 228.6 mm, l = 4000 mm

		Effective Pump Speed at Port:				For H2O @ 20 C				1/Sn = 1/Sp + 1/Cml

				Sn =		1/(1/Sp + 1/Cml)		Where:		Sp =		500				l/s

				=		330.287		l/s		Cml =		973.074				l/s
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Conductance Calcs for Air

		

																						Ultimate Pressure at Pump (Po) =		qd BLp/Sn

																						=		1.49E-10		torr

																						Pressure Between Pumps (PL) =		Po + qd BLp/4Cml

																						=		2.28E-10		torr

																		Where:		qd =		1.00E-12		torr-l/s-cm2

																				B =		56.2		cm

																				Lp =		800		cm

																				Sn =		302.650		l/s

																				Cml =		140.865		l/s

		Port Conductance:				For Air @ 20 C				1/Cm = 1/Cml + 1/Ca

				Aperture Conductance (Ca) =		ka A		Where:		ka =		0.116				from table 2.3 pg 87 in "Foundations of Vacuum Science and Technology", J.M. Lafferty

				=		2108.660		l/s		A =		18241.000				mm2

				Duct Conductance (Cml) =		Ca a		Where:		a =		0.571				a = ac/(1+ac), Transmission probability for circular duct ac = 4d/3l

				=		1204.948		l/s

				Total Conductance (1 Cm) =		766.785		l/s

		Tube Conductance:				For Air @ 20 C				Cml = Ca ae

				Aperture Conductance (Ca) =		ka A		Where:		ka =		0.116				from table 2.3 pg 87 in "Foundations of Vacuum Science and Technology", J.M. Lafferty

				=		2552.795		l/s		A =		22083.000				mm2

				Duct Conductance (Cml) =		Ca ae		Where:		ae =		0.055				ae = Transmission probability for an elliptical duct ae = .856 (a/l)ln((4b/a + 3a/4b),

				=		140.865		l/s								a = 127 mm, b = 228.6 mm, l = 4000 mm

		Effective Pump Speed at Port:				For Air @ 20 C				1/Sn = 1/Sp + 1/Cml

				Sn =		1/(1/Sp + 1/Cml)		Where:		Sp =		500				l/s

				=		302.650		l/s		Cml =		766.785				l/s
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Conductance Calcs for H2

		

																						Ultimate Pressure at Pump (Po) =		qd BLp/Sn

																						=		1.24E-07		torr

																						Pressure Between Pumps (PL) =		Po + qd BLp/4Cml

																						=		2.70E-07		torr

																		Where:		qd =		6.94E-09		torr-l/s-cm2

																				B =		56.2		cm

																				Lp =		800		cm

																				Sn =		627.429		l/s

																				Cml =		534.335		l/s

		Port Conductance:				For H2 @ 20 C				1/Cm = 1/Cml + 1/Ca

				Aperture Conductance (Ca) =		ka A		Where:		ka =		0.439				from table 2.3 pg 87 in "Foundations of Vacuum Science and Technology", J.M. Lafferty

				=		7998.679		l/s		A =		18241.000				mm2

				Duct Conductance (Cml) =		Ca a		Where:		a =		0.571				a = ac/(1+ac), Transmission probability for circular duct ac = 4d/3l

				=		4570.673		l/s

				Total Conductance (1 Cm) =		2908.610		l/s

		Tube Conductance:				For H2 @ 20 C				Cml = Ca ae

				Aperture Conductance (Ca) =		ka A		Where:		ka =		0.439				from table 2.3 pg 87 in "Foundations of Vacuum Science and Technology", J.M. Lafferty

				=		9683.396		l/s		A =		22083.000				mm2

				Duct Conductance (Cml) =		Ca ae		Where:		ae =		0.055				ae = Transmission probability for an elliptical duct ae = .856 (a/l)ln((4b/a + 3a/4b),

				=		534.335		l/s								a = 127 mm, b = 228.6 mm, l = 4000 mm

		Effective Pump Speed at Port:				For H2 @ 20 C				1/Sn = 1/Sp + 1/Cml

				Sn =		1/(1/Sp + 1/Cml)		Where:		Sp =		800				l/s

				=		627.429		l/s		Cml =		2908.610				l/s
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Canned Pump Down

		

				Pump Speed =		500		l/s

				Specific Conductance =		1.43E+05		l-cm/s

		Magnet Location		Distance From Pump (cm)		Gas Load After Bake (torr-l/s)		Gas Load Before Bake (torr-l/s)		Conductance (l/s)		Effective Pump Speed (l/s)		Pressure After Bake (torr)		Pressure Before Bake (torr)

								69 Meter Straight Sector

		1		0		2.85E-04		2.85E-02		4.85E+02		2.46E+02		1.16E-06		1.16E-04

		2		800		1.42E-04		1.42E-02		1.79E+02		1.32E+02		1.95E-06		1.95E-04

		3		1600		7.12E-05		7.12E-03		1.79E+02		7.58E+01		2.35E-06		2.35E-04

								24 Meter Bend Sector

		1		0		1.08E-03		1.08E-01		4.85E+02		2.46E+02		4.40E-06		4.40E-04

		2		700		2.31E-04		2.31E-02		1.44E+02		1.12E+02		6.00E-06		6.00E-04

		3		1100		1.15E-04		1.15E-02		1.03E+02		8.51E+01		7.13E-06		7.13E-04

								42 Meter Bend Sector

		1		0		9.47E-04		9.47E-02		4.85E+02		2.46E+02		3.85E-06		3.85E-04

		2		700		2.31E-04		2.31E-02		1.44E+02		1.12E+02		5.45E-06		5.45E-04

		3		1100		1.15E-04		1.15E-02		1.03E+02		8.51E+01		6.58E-06		6.58E-04

								37 Meter Bend Sector

		1		0		9.10E-04		9.10E-02		4.85E+02		2.46E+02		3.70E-06		3.70E-04

		2		700		1.15E-04		1.15E-02		1.44E+02		1.12E+02		4.50E-06		4.50E-04

				Starting Presurr (P0) =		1.00E-04		torr

		Time (hr)		Pressure at Pump (torr)		Pressure at Mag1 (torr)		Pressure at Mag2 (torr)

		0		1.00E-04		1.00E-04		1.00E-04

		1		2.31E-06		3.03E-06		3.29E-06

		2		1.74E-06		2.49E-06		2.82E-06

		3		1.54E-06		2.31E-06		2.66E-06

		4		1.45E-06		2.22E-06		2.59E-06

		5		1.39E-06		2.17E-06		2.54E-06

		6		1.35E-06		2.13E-06		2.51E-06

		7		1.32E-06		2.11E-06		2.49E-06

		8		1.30E-06		2.09E-06		2.47E-06

		9		1.29E-06		2.07E-06		2.46E-06

		10		1.27E-06		2.06E-06		2.45E-06

		11		1.26E-06		2.05E-06		2.44E-06

		12		1.25E-06		2.04E-06		2.43E-06

		13		1.25E-06		2.04E-06		2.42E-06

		14		1.24E-06		2.03E-06		2.42E-06

		15		1.23E-06		2.03E-06		2.41E-06

		16		1.23E-06		2.02E-06		2.41E-06

		17		1.23E-06		2.02E-06		2.41E-06

		18		1.22E-06		2.01E-06		2.40E-06

		19		1.22E-06		2.01E-06		2.40E-06

		20		1.21E-06		2.01E-06		2.40E-06

		21		1.21E-06		2.00E-06		2.40E-06

		22		1.21E-06		2.00E-06		2.39E-06

		23		1.21E-06		2.00E-06		2.39E-06

		24		1.21E-06		2.00E-06		2.39E-06

		25		1.20E-06		2.00E-06		2.39E-06

		26		1.20E-06		1.99E-06		2.39E-06

		27		1.20E-06		1.99E-06		2.39E-06

		28		1.20E-06		1.99E-06		2.39E-06

		29		1.20E-06		1.99E-06		2.38E-06

		30		1.20E-06		1.99E-06		2.38E-06

		31		1.19E-06		1.99E-06		2.38E-06

		32		1.19E-06		1.99E-06		2.38E-06

		33		1.19E-06		1.99E-06		2.38E-06

		34		1.19E-06		1.99E-06		2.38E-06

		35		1.19E-06		1.98E-06		2.38E-06

		36		1.19E-06		1.98E-06		2.38E-06

		37		1.19E-06		1.98E-06		2.38E-06

		38		1.19E-06		1.98E-06		2.38E-06

		39		1.19E-06		1.98E-06		2.38E-06

		40		1.19E-06		1.98E-06		2.38E-06

		41		1.19E-06		1.98E-06		2.37E-06

		42		1.18E-06		1.98E-06		2.37E-06

		43		1.18E-06		1.98E-06		2.37E-06

		44		1.18E-06		1.98E-06		2.37E-06

		45		1.18E-06		1.98E-06		2.37E-06

		46		1.18E-06		1.98E-06		2.37E-06

		47		1.18E-06		1.98E-06		2.37E-06

		48		1.18E-06		1.98E-06		2.37E-06

		49		1.18E-06		1.98E-06		2.37E-06

		50		1.18E-06		1.97E-06		2.37E-06

		51		1.18E-06		1.97E-06		2.37E-06

		52		1.18E-06		1.97E-06		2.37E-06
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Canned Pump Down
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Pump Down

		

		Distance (m)		0		8.07		12.595		17.12		21.585		26.05		30.455		34.86		38.915		42.97		47.43		51.89		56.42		60.95		68.51

		Gas Load (torr-l/s)				7.12E-05				7.12E-05				7.12E-05				7.12E-05				7.12E-05				7.12E-05				7.12E-05

		Conductance (l/s)		2.65E+02				2.36E+02				2.39E+02				2.43E+02				2.64E+02				2.40E+02				2.36E+02				2.83E+02

		Port Conductance (l/s)				2.91E+03				2.91E+03				2.91E+03				2.91E+03				2.91E+03				2.91E+03				2.91E+03

		Roughing Pump Speed (l/s)												5.00E+02								5.00E+02

		Ion Pump Speed (l/s)				8.00E+02				8.00E+02				8.00E+02				8.00E+02				8.00E+02				8.00E+02				8.00E+02

		Roughing Pressure (torr)		1.48E-06		1.48E-06		1.33E-06		1.18E-06		8.81E-07		5.84E-07		6.57E-07		7.31E-07		6.57E-07		5.84E-07		8.81E-07		1.18E-06		1.33E-06		1.48E-06		1.48E-06

		Ion Pump Starting Pressure (torr)		1.05E-06		1.04E-06		8.94E-07		7.43E-07		4.46E-07		1.48E-07		2.22E-07		2.95E-07		2.22E-07		1.48E-07		4.45E-07		7.42E-07		8.93E-07		1.04E-06		1.04E-06

		Ion Pump Final Pressure (torr)		5.76E-08		5.67E-08		5.73E-08		5.67E-08		5.72E-08		5.67E-08		5.72E-08		5.67E-08		5.72E-08		5.67E-08		5.72E-08		5.67E-08		5.73E-08		5.67E-08		5.75E-08

		Distance (m)		0		2.32		6.51		10.5		14.49		18.35		22.21		26.21		30.2		34.39		36.6

		Gas Load (torr-l/s)				1.15E-04		3.11E-04		8.86E-05		3.11E-04		7.12E-05		3.11E-04		8.86E-05		3.11E-04		1.15E-04

		Conductance (l/s)		9.21E+02		5.10E+02		5.36E+02		5.36E+02		5.54E+02		5.54E+02		5.34E+02		5.36E+02		5.10E+02		9.67E+02

		Port Conductance (l/s)				2.91E+03		2.91E+03		2.91E+03		2.91E+03		2.91E+03		2.91E+03		2.91E+03		2.91E+03		2.91E+03

		Roughing Pump Speed (l/s)				5.00E+02				5.00E+02				5.00E+02				5.00E+02

		Ion Pump Speed (l/s)				8.00E+02		8.00E+02		8.00E+02		8.00E+02		8.00E+02		8.00E+02		8.00E+02		8.00E+02		8.00E+02

		Roughing Pressure (torr)		6.35E-07		6.34E-07		1.23E-06		9.36E-07		1.23E-06		8.95E-07		1.86E-06		1.57E-06		2.37E-06		2.59E-06		2.59E-06

		Ion Pump Starting Pressure (torr)		1.61E-07		1.61E-07		2.69E-07		2.38E-07		5.28E-07		2.27E-07		5.08E-07		3.99E-07		1.19E-06		1.42E-06		1.42E-06

		Ion Pump Final Pressure (torr)		9.21E-08		9.19E-08		1.24E-07		7.06E-08		1.24E-07		5.67E-08		1.24E-07		7.06E-08		1.24E-07		9.19E-08		9.19E-08
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Pump Down
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Pressure Profile
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Thermal Analysis

		

								Distance from Pump (cm)		Pressure (torr) @ t = 1/2 Day		Pressure (torr) @ t = 1 Day		Pressure (torr) @ t = 2 Days		Pressure (torr) @ t = 20 Days

		Out Gassing Rate (qd)				torr-l/s-cm2				2.91E-10		1.32E-10		6.00E-11		4.35E-12

		Ultimate Pressure (Pu)				torr		0		3.19E-07		1.45E-07		6.58E-08		4.76E-09

								300		4.74E-07		2.15E-07		9.76E-08		7.07E-09

		Pump Speed (Sp)		500.00		l/s		600		6.08E-07		2.76E-07		1.25E-07		9.07E-09

		Effective Pump Speed (Sn)		246.09		l/s		900		7.21E-07		3.27E-07		1.49E-07		1.08E-08

		System Volume (V)		1.06E+05		l		1200		8.14E-07		3.69E-07		1.68E-07		1.21E-08

		Manifold Conductance (CmT)		484.589		l/s		1500		8.86E-07		4.02E-07		1.82E-07		1.32E-08

		Tube Conductance (Cmt)		29.794		l/s		1800		9.38E-07		4.26E-07		1.93E-07		1.40E-08

		Tube Perimeter (B)		56.2		cm		2100		9.69E-07		4.40E-07		1.99E-07		1.44E-08

		Tube Length (L)		2.40E+03		cm		2400		9.79E-07		4.44E-07		2.02E-07		1.46E-08

		NOTE: Calculations assume best conditions with no conductance loss and H2O as the gas.  Assumes clean/degreased tubing.

		Equations Used from Roth:		Eq. #

		Pressure Profile (P)		3.284		qd B {(x/C)-[(x2)/(2C L)]}

		Ultimate Pressure (Pu)		3.281		qd B Lp/Sp

		Pressure Drop (dP)		3.285		qd B L/(2C)
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Thermal Analysis
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								Distance from Pump (cm)		Pressure (torr)		Pressure (torr)		Pressure (torr)		Pressure (torr)

		Out Gassing Rate (qd)				torr-l/s-cm2				1.00E-10		1.00E-11		1.00E-12		1.00E-13

		Ultimate Pressure (Pu)				torr		0		3.15E-08		3.15E-09		3.15E-10		3.15E-11

								50		3.20E-08		3.20E-09		3.20E-10		3.20E-11

		Pump Speed (Sp)		150.00		l/s		100		3.24E-08		3.24E-09		3.24E-10		3.24E-11

		Effective Pump Speed (Sn)		142.64		l/s		150		3.28E-08		3.28E-09		3.28E-10		3.28E-11

		System Volume (V)		1.77E+04		l		200		3.31E-08		3.31E-09		3.31E-10		3.31E-11

		Port Conductance (Cmp)		2.91E+03		l/s		250		3.33E-08		3.33E-09		3.33E-10		3.33E-11

		Tube Conductance (Cmt)		534.34		l/s		300		3.35E-08		3.35E-09		3.35E-10		3.35E-11

		Tube Perimeter (B)		56.2		cm		350		3.36E-08		3.36E-09		3.36E-10		3.36E-11

		Tube Length (L)		4.00E+02		cm		400		3.36E-08		3.36E-09		3.36E-10		3.36E-11

		NOTE: Calculations assume best conditions with no conductance loss and H2 as the gas.  Assumes clean/degreased tubing.

		Equations Used from Roth:		Eq. #

		Pressure Profile (P)		3.284		qd B {(x/C)-[(x2)/(2C L)]}

		Ultimate Pressure (Pu)		3.281		qd B Lp/Sp

		Pressure Drop (dP)		3.285		qd B L/(2C)
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		Thermal Growth of Proton Driver Ring Beam Tube:

				dL = a L dT =		0.318		in		Where:		a =		7.31E-06		in/in-F

												L =		5.1128		m		201		in

												dT =		120		C		216		F

		Thermal Stress if Beam Tube Ends Are Fixed:

				Sc = E dL/L =		45789.84		psi		Where:		E =		2.90E+07		psi

												dL =		0.318		in

												L =		201		in

		Note:		This assumes a constant cross-section.

				If cross-section decreases at welds the compressive force will remain constant but Sc will rise.

		Mechanical Properties of Inconel 718:

								Coefficient of Thermal Expantion (a) =		7.31E-06		in/in-F		for temp. between 70 and 200 F

										7.53E-06		in/in-F		for temp. between 70 and 400 F

								Modulas of Elasticity (E) =		2.90E+07		psi

								Tensile Stringth (St) =		141000		psi		annealed

										205750		psi		Heat Treated

								Yield Stringth (Sy) =		73000		psi		annealed

										174500		psi		Heat Treated
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Cost Estimate

												Proton Driver Ring Vacuum Cost Estimate

		Item		Units		Quantity Needed		Quantity Ordered		Spares		Cost /Item (FY00$)		Spares Value (FY00$)		Total Cost (FY00$)		Comments

		Vacuum Sector Totals:

		M&S		sector		1		1		0				$39,552		$369,323		materials, contractors, services, techs, etc

		EDI&A		sector		1		1		0				$0		$4,800		engineering, drafting

		Sector Sub-Total		sector		1		1		0				$39,552		$374,123

		Uncertainty Factor		% / sector		0.2		0.2		0		$374,123		$0		$74,825		Factor to compensate for estimators uncertainty (NOT RELATED TO PROJECT CONTINGENCY). Intended to account for scope uncertainty, specialty items in straight sections and beam lines, vacuum contributions to instrumentation, BPM's, detectors, RF, Lambertson

		Project Total:		total		20		20		0		$448,947		$791,034		$8,978,942		18 sectors for the ring and 2 sectors for transfer lines.

		Main Injector / Recycler / Proton Driver Comparisons:				Total Cost (K$)		Total Length (m)		Cost / meter ($/m)		EDI&A (%)		M&S (%)		Installation (%)

		MI				$6,428.3		8047		$798.84		15.20		84.80		14.60		Assumes MI, Recycler, and all beamlines

		Recycler				$1,972.0		3219		$612.61		5.40		94.60		28.50		Assumes only Recycler

		Proton Driver				$8,978.9		711		$12,628.61		6.07		93.93		1.54		Total = M&S + EDI&A

												Proton Driver Ring Vacuum Sector Cost Details

		Item		Units		Quantity Needed		Quantity Ordered		Spares		Cost /Item (FY00$)		Spares Value (FY00$)		Total Cost (FY00$)		Comments

		Proton Driver Ring Vacuum Sector

		Elliptical Beam Tubes for Drift Areas		m		21		25		4		$50		$200		$1,250		WAG

		Elliptical Beam Tubes for Magnets		m		0		0		0		$50		$0		$0		Part of magnet costs

		Fittings:

		beam tube port		ea		0		0		0		$100		$0		$0		All ports are on magnets, and part of magnet costs

		Spool Pieces:

										0				$0		$0

		Bellows:

		elliptical w/RF shielding		ea		12		15		3		$1,000		$3,000		$15,000		WAG

		Gauges:

		Pirani gauges		ea		3		3.3		0.3		$147		$44		$485		MI

		ion gauges		ea		3		3.3		0.3		$275		$83		$908		MI

		Ion Pumps:

		800 l/s		ea		21.33		24		2.67		$6,750		$18,023		$162,000		Vendor Quote

		TSP's		ea		0		0		0		$350		$0		$0		N/A

		Rough Pumps:

		10 CFM scroll pump		ea		0.67		0.67		0.00		$4,500		$0		$3,015		book

		500 l/s turbo pump		ea		0.67		0.67		0.00		$12,000		$0		$8,040		book

		Valves:

		6" roughing valve		ea		3		3.3		0.3		$1,730		$519		$5,709		book

		let-up valves		ea		1		1		0		$184		$0		$184		book

		z/n beam valve		ea		1		1.1		0.1		$25,000		$2,500		$27,500		book

		Flanges:

		NW63 ISO  blank		ea		0		0		0		$50		$0		$0		book

		4-1/2" OD CF		ea		0		0		0		$45		$0		$0		book

		8" OD CF		ea		6		8		2		$300		$600		$2,400		book

		12" OD CF rotatable		ea		2		2.2		0.2		$400		$80		$880		book

		NW250 blank		ea		17		19		2		$500		$1,000		$9,500		book

		Flange Gaskets:

		NW250 ISO		ea		17		30		13		$100		$1,300		$3,000		book

		4-1/2" CF		ea		0		0		0		$2		$0		$0		book

		8" OD CF		ea		33		50		17		$5		$82		$240		book

		12" OD CF		ea		2		4		2		$28		$56		$112		book

		Flange Camps:

		chain clamp NW250		ea		24		30		6		$431		$2,586		$12,930		book

		Nut & Bolt Sets:

		4-1/2" CF		set		0		0		0		$11		$0		$0		book

		8" OD CF		set		33		36		3		$35		$105		$1,260		book

		12" OD CF		set		2		2.2		0.2		$55		$11		$121		book

		Cooling System		m		0		0		0		$1,000		$0		$0		Part of magnet and LCW costs

		Air System		ea		0.06		0.06		0		$100,000		$0		$6,000		WAG

		Stands:

		Standard Beam Tube Stands		ea		3		3		0		$50		$0		$150		WAG

		Pumping Station Stands		ea		3		3.1		0.1		$150		$15		$465		WAG

		Beam Valve Stands		ea		1		1.1		0.1		$200		$20		$220		WAG

		Ion Pump Stands		ea		4		5		1		$100		$100		$500		WAG

		Shop Equipment and Supplies:

		leak detectors		ea		0.222		0.222		0		$19,000		$0		$4,218		MI

		large ultrasonic cleaner		ea		0.00		0.00		0		$120,000		$0		$0		WAG, large cleaner for beam tubes

		small ultrasonic cleaner		ea		0.11		0.11		0		$20,000		$0		$2,200		MI,one for small SS parts, one for small AL parts

		tools		ea		0.06		0.06		0		$50,000		$0		$3,000		WAG, power tools, hand tools, tool boxes, etc

		cleaning supplies		ea		0.05		0.05		0		$100,000		$0		$5,000		WAG, chem. wipes, DI water, cleaning solution, alcohol, etc

		misc.		ea		0.05		0.05		0		$50,000		$0		$2,500		WAG, work benches, cabnets, shelves, etc

		Electronics:

		beam valve controllers		ea		1		1.1		0.1		$300		$30		$330		MI

		800 l/s IP power supplies		ea		11		13		2		$4,650		$9,300		$60,450		MI

		TSP power supplies		ea		0		0		0		$400		$0		$0		WAG

		500 l/s turbo controller		ea		0.67		0.67		0		$3,000		$0		$2,010		book

		ion gauge controllers		ea		3		3		0		$600		$0		$1,800		MI

		Pirani controllers		ea		3		3		0		$300		$0		$900		MI

		temperature controllers		ea		10		10		0		$1,000		$0		$10,000		WAG

		Cables:

		ion pump		ft		23100		23100		0		$0.08		$0		$1,848		1100 ft / pump, RG58-red

		ion gauge		ft		3300		900		-2400		$0.08		-$192		$72		1100 ft / gauge, RG58-red

		Pirani gauge		ft		3300		4000		700		$0.13		$91		$520		1100 ft / gauge, 6 conductor #22ga  stock # 1170-0600

		valve		ft		1100		1100		0		$0.16		$0		$176		1100 ft / valve, 3 Pair # 22ga

		temperature sensor		ft		11000		11000		0		$0.16		$0		$1,760		WAG 1100 ft / magnet

		Labor:

		EDI&A:

		Engineering		hr		40		40		0		$65		$0		$2,600		WAG, EDI&A

		Drafting		hr		20		20		0		$45		$0		$900		WAG, EDI&A

		Pre-Installation Fabrication:

		Engineering		hr		10		10		0		$65		$0		$650		WAG, EDI&A

		Technician		hr		40		40		0		$45		$0		$1,800		WAG, cleaning, assembly, leak checking, inspection, etc

		Welder		hr		40		40		0		$65		$0		$2,600		WAG, pre-fab

		Installation:

		Technician		hr		70		70		0		$45		$0		$3,150		one vacuum tech 3 hrs. / magnet, two vacuum techs 40 hrs. / sector for leak checking

		Contractor		hr		0		0		0		$65		$0		$0

		Engineering Supervision		hr		10		10		0		$65		$0		$650		one engineer 1 hr / vacuum interface, EDI&A

		Electrician		hr		48		48		0		$65		$0		$3,120		2 electricians 3 days/ sector
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Outgassing Rates

		Material =		AL 6063				S.S. 304				Laminations				Kapton				Epoxy

		Treatment =		Inert Extruded / Degreased / Cleaned				Mill Finish / Degreased / Cleaned				Mill Finish / Degreased / Cleaned				Mill Finish / Degreased / Cleaned				Mill Finish / Degreased / Cleaned

		Qu =		1.00E-13		torr-l/s-cm2		1.00E-12		torr-l/s-cm2		1.00E-12		torr-l/s-cm2		1.00E-12		torr-l/s-cm2		1.00E-12		torr-l/s-cm2

		Qo =		7.73E-07		torr-l/s-cm2		5.27E-07		torr-l/s-cm2		5.27E-07		torr-l/s-cm2		5.27E-07		torr-l/s-cm2		5.27E-07		torr-l/s-cm2

		n =		1.12				1.14				1.14				1.14				1.14

				Qt = Qo/tn

		Time		Qtal		Qtss		Qtlm		Qtka		Qtep

		(days)		(torr-l/s-cm2)		(torr-l/s-cm2)		(torr-l/s-cm2)		(torr-l/s-cm2)		(torr-l/s-cm2)

		0		7.73E-07		5.27E-07

		0.5		4.87E-10		2.91E-10

		1		2.24E-10		1.32E-10

		1.5		1.42E-10		8.33E-11

		2		1.03E-10		6.00E-11

		2.5		8.04E-11		4.65E-11

		3		6.55E-11		3.78E-11

		3.5		5.51E-11		3.17E-11

		4		4.75E-11		2.72E-11

		4.5		4.16E-11		2.38E-11

		5		3.70E-11		2.11E-11

		5.5		3.32E-11		1.89E-11

		6		3.01E-11		1.71E-11

		6.5		2.76E-11		1.57E-11

		7		2.54E-11		1.44E-11

		7.5		2.35E-11		1.33E-11

		8		2.18E-11		1.24E-11

		8.5		2.04E-11		1.15E-11

		9		1.91E-11		1.08E-11

		9.5		1.80E-11		1.02E-11

		10		1.70E-11		9.58E-12

		10.5		1.61E-11		9.06E-12

		11		1.53E-11		8.59E-12

		11.5		1.45E-11		8.17E-12

		12		1.39E-11		7.78E-12

		12.5		1.33E-11		7.43E-12

		13		1.27E-11		7.10E-12

		13.5		1.22E-11		6.80E-12

		14		1.17E-11		6.53E-12

		14.5		1.12E-11		6.27E-12

		15		1.08E-11		6.03E-12

		15.5		1.04E-11		5.81E-12

		16		1.01E-11		5.61E-12

		16.5		9.71E-12		5.41E-12

		17		9.39E-12		5.23E-12

		17.5		9.09E-12		5.06E-12

		18		8.81E-12		4.90E-12

		18.5		8.54E-12		4.75E-12												Outgassing Rate After 100 Days

		19		8.29E-12		4.61E-12										AL =		1.29E-12		torr-l/s-cm2

		19.5		8.05E-12		4.47E-12										S.S. =		6.94E-13		torr-l/s-cm2

		20		7.83E-12		4.35E-12

		Data from JVST A, Vol. 11 No. 5, Sep/Oct 19993, "Correlation of outgassing of stainless steel and aluminum with various surface treatments"
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Outgassing Rates
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Canned Magnet Vacuum

		Magnet				Outgssing Rates (torr-l/s-cm2)						Surface Area (cm2)				Total Gas Load     (torr-l/s)		Pump Speed (l/s)		Pressure (torr)

				Skin		Laminations		Coil		Skin		Laminations		Coil

		5.25 m Dipole		5.00E-13		5.00E-13		1.00E-09		2.77E+05		2.80E+08		1.71E+05		3.11E-04		3200		9.71E-08

		3.93 m Dipole		5.00E-13		5.00E-13		1.00E-09		2.07E+05		2.10E+08		1.28E+05		2.33E-04		3200		7.28E-08

		1.72 m Quad		5.00E-13		5.00E-13		1.00E-09		9.73E+04		1.05E+08		6.29E+04		1.15E-04		1600		7.21E-08

		1.70 m Quad		5.00E-13		5.00E-13		1.00E-09		9.62E+04		1.04E+08		6.22E+04		1.14E-04		1600		7.14E-08

		1.32 m Quad		5.00E-13		5.00E-13		1.00E-09		7.47E+04		8.06E+07		4.83E+04		8.86E-05		1600		5.54E-08

		1.06 m Quad		5.00E-13		5.00E-13		1.00E-09		6.00E+04		6.47E+07		3.88E+04		7.12E-05		1600		4.45E-08
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Roughing Manifold Conductance

		

		Port Conductance:				For H2O @ 20 C				1/Cmp = 1/Cml + 1/Ca

				Aperture Conductance (Ca) =		ka A		Where:		ka =		0.147				from table 2.3 pg 87 in "Foundations of Vacuum Science and Technology", J.M. Lafferty

				=		2675.955		l/s		A =		18241.000				mm2

				Duct Conductance (Cml) =		Ca a		Where:		a =		0.571				a = ac/(1+ac), Transmission probability for circular duct ac = 4d/3l

				=		1529.117		l/s

				Total Conductance (1 Cmp) =		973.074		l/s

		Roughing Valve Conductance:				For H2O @ 20 C

				Aperture Conductance (Ca) =		ka A		Where:		ka =		0.147				from table 2.3 pg 87 in "Foundations of Vacuum Science and Technology", J.M. Lafferty

				=		2681.427		l/s		A =		18241.000				mm2

				Manifold Transmission Probability (am) =		0.360				am =		0.360				Transmission probability right angle fitting

				Manifold Conductance (Cmm) =		Ca a		l/s

				=		965.314		l/s

		Total Conductance Between Pump and Tube:				For H2O @ 20 C				1/CmT = 1/Cmm + 1/Cmp

				CmT =		484.589		l/s
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Conductance Calcs for H2O

		

																						Ultimate Pressure at Pump (Po) =		qd BLp/Sn

																						=		1.36E-09		torr

																						Pressure Between Pumps (PL) =		Po + qd BLp/4Cml

																						=		1.99E-09		torr

																		Where:		qd =		1.00E-11		torr-l/s-cm2

																				B =		56.2		cm

																				Lp =		800		cm

																				Sn =		330.287		l/s

																				Cml =		178.762		l/s

		Port Conductance:				For H2O @ 20 C				1/Cm = 1/Cml + 1/Ca

				Aperture Conductance (Ca) =		ka A		Where:		ka =		0.147				from table 2.3 pg 87 in "Foundations of Vacuum Science and Technology", J.M. Lafferty

				=		2675.955		l/s		A =		18241.000				mm2

				Duct Conductance (Cml) =		Ca a		Where:		a =		0.571				a = ac/(1+ac), Transmission probability for circular duct ac = 4d/3l

				=		1529.117		l/s

				Total Conductance (1 Cm) =		973.074		l/s

		Tube Conductance:				For H2O @ 20 C				Cml = Ca ae

				Aperture Conductance (Ca) =		ka A		Where:		ka =		0.147				from table 2.3 pg 87 in "Foundations of Vacuum Science and Technology", J.M. Lafferty

				=		3239.576		l/s		A =		22083.000				mm2

				Duct Conductance (Cml) =		Ca ae		Where:		ae =		0.055				ae = Transmission probability for an elliptical duct ae = .856 (a/l)ln((4b/a + 3a/4b),

				=		178.762		l/s								a = 127 mm, b = 228.6 mm, l = 4000 mm

		Effective Pump Speed at Port:				For H2O @ 20 C				1/Sn = 1/Sp + 1/Cml

				Sn =		1/(1/Sp + 1/Cml)		Where:		Sp =		500				l/s

				=		330.287		l/s		Cml =		973.074				l/s
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Conductance Calcs for Air

		

																						Ultimate Pressure at Pump (Po) =		qd BLp/Sn

																						=		1.49E-10		torr

																						Pressure Between Pumps (PL) =		Po + qd BLp/4Cml

																						=		2.28E-10		torr

																		Where:		qd =		1.00E-12		torr-l/s-cm2

																				B =		56.2		cm

																				Lp =		800		cm

																				Sn =		302.650		l/s

																				Cml =		140.865		l/s

		Port Conductance:				For Air @ 20 C				1/Cm = 1/Cml + 1/Ca

				Aperture Conductance (Ca) =		ka A		Where:		ka =		0.116				from table 2.3 pg 87 in "Foundations of Vacuum Science and Technology", J.M. Lafferty

				=		2108.660		l/s		A =		18241.000				mm2

				Duct Conductance (Cml) =		Ca a		Where:		a =		0.571				a = ac/(1+ac), Transmission probability for circular duct ac = 4d/3l

				=		1204.948		l/s

				Total Conductance (1 Cm) =		766.785		l/s

		Tube Conductance:				For Air @ 20 C				Cml = Ca ae

				Aperture Conductance (Ca) =		ka A		Where:		ka =		0.116				from table 2.3 pg 87 in "Foundations of Vacuum Science and Technology", J.M. Lafferty

				=		2552.795		l/s		A =		22083.000				mm2

				Duct Conductance (Cml) =		Ca ae		Where:		ae =		0.055				ae = Transmission probability for an elliptical duct ae = .856 (a/l)ln((4b/a + 3a/4b),

				=		140.865		l/s								a = 127 mm, b = 228.6 mm, l = 4000 mm

		Effective Pump Speed at Port:				For Air @ 20 C				1/Sn = 1/Sp + 1/Cml

				Sn =		1/(1/Sp + 1/Cml)		Where:		Sp =		500				l/s

				=		302.650		l/s		Cml =		766.785				l/s
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Conductance Calcs for H2

		

																						Ultimate Pressure at Pump (Po) =		qd BLp/Sn

																						=		1.24E-07		torr

																						Pressure Between Pumps (PL) =		Po + qd BLp/4Cml

																						=		2.70E-07		torr

																		Where:		qd =		6.94E-09		torr-l/s-cm2

																				B =		56.2		cm

																				Lp =		800		cm

																				Sn =		627.429		l/s

																				Cml =		534.335		l/s

		Port Conductance:				For H2 @ 20 C				1/Cm = 1/Cml + 1/Ca

				Aperture Conductance (Ca) =		ka A		Where:		ka =		0.439				from table 2.3 pg 87 in "Foundations of Vacuum Science and Technology", J.M. Lafferty

				=		7998.679		l/s		A =		18241.000				mm2

				Duct Conductance (Cml) =		Ca a		Where:		a =		0.571				a = ac/(1+ac), Transmission probability for circular duct ac = 4d/3l

				=		4570.673		l/s

				Total Conductance (1 Cm) =		2908.610		l/s

		Tube Conductance:				For H2 @ 20 C				Cml = Ca ae

				Aperture Conductance (Ca) =		ka A		Where:		ka =		0.439				from table 2.3 pg 87 in "Foundations of Vacuum Science and Technology", J.M. Lafferty

				=		9683.396		l/s		A =		22083.000				mm2

				Duct Conductance (Cml) =		Ca ae		Where:		ae =		0.055				ae = Transmission probability for an elliptical duct ae = .856 (a/l)ln((4b/a + 3a/4b),

				=		534.335		l/s								a = 127 mm, b = 228.6 mm, l = 4000 mm

		Effective Pump Speed at Port:				For H2 @ 20 C				1/Sn = 1/Sp + 1/Cml

				Sn =		1/(1/Sp + 1/Cml)		Where:		Sp =		800				l/s

				=		627.429		l/s		Cml =		2908.610				l/s
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Canned Pump Down

		

				Pump Speed =		500		l/s

				Specific Conductance =		1.43E+05		l-cm/s

		Magnet Location		Distance From Pump (cm)		Gas Load After Bake (torr-l/s)		Gas Load Before Bake (torr-l/s)		Conductance (l/s)		Effective Pump Speed (l/s)		Pressure After Bake (torr)		Pressure Before Bake (torr)

								69 Meter Straight Sector

		1		0		2.85E-04		2.85E-02		4.85E+02		2.46E+02		1.16E-06		1.16E-04

		2		800		1.42E-04		1.42E-02		1.79E+02		1.32E+02		1.95E-06		1.95E-04

		3		1600		7.12E-05		7.12E-03		1.79E+02		7.58E+01		2.35E-06		2.35E-04

								24 Meter Bend Sector

		1		0		1.08E-03		1.08E-01		4.85E+02		2.46E+02		4.40E-06		4.40E-04

		2		700		2.31E-04		2.31E-02		1.44E+02		1.12E+02		6.00E-06		6.00E-04

		3		1100		1.15E-04		1.15E-02		1.03E+02		8.51E+01		7.13E-06		7.13E-04

								42 Meter Bend Sector

		1		0		9.47E-04		9.47E-02		4.85E+02		2.46E+02		3.85E-06		3.85E-04

		2		700		2.31E-04		2.31E-02		1.44E+02		1.12E+02		5.45E-06		5.45E-04

		3		1100		1.15E-04		1.15E-02		1.03E+02		8.51E+01		6.58E-06		6.58E-04

								37 Meter Bend Sector

		1		0		9.10E-04		9.10E-02		4.85E+02		2.46E+02		3.70E-06		3.70E-04

		2		700		1.15E-04		1.15E-02		1.44E+02		1.12E+02		4.50E-06		4.50E-04

				Starting Presurr (P0) =		1.00E-04		torr

		Time (hr)		Pressure at Pump (torr)		Pressure at Mag1 (torr)		Pressure at Mag2 (torr)

		0		1.00E-04		1.00E-04		1.00E-04

		1		2.31E-06		3.03E-06		3.29E-06

		2		1.74E-06		2.49E-06		2.82E-06

		3		1.54E-06		2.31E-06		2.66E-06

		4		1.45E-06		2.22E-06		2.59E-06

		5		1.39E-06		2.17E-06		2.54E-06

		6		1.35E-06		2.13E-06		2.51E-06

		7		1.32E-06		2.11E-06		2.49E-06

		8		1.30E-06		2.09E-06		2.47E-06

		9		1.29E-06		2.07E-06		2.46E-06

		10		1.27E-06		2.06E-06		2.45E-06

		11		1.26E-06		2.05E-06		2.44E-06

		12		1.25E-06		2.04E-06		2.43E-06

		13		1.25E-06		2.04E-06		2.42E-06

		14		1.24E-06		2.03E-06		2.42E-06

		15		1.23E-06		2.03E-06		2.41E-06

		16		1.23E-06		2.02E-06		2.41E-06

		17		1.23E-06		2.02E-06		2.41E-06

		18		1.22E-06		2.01E-06		2.40E-06

		19		1.22E-06		2.01E-06		2.40E-06

		20		1.21E-06		2.01E-06		2.40E-06

		21		1.21E-06		2.00E-06		2.40E-06

		22		1.21E-06		2.00E-06		2.39E-06

		23		1.21E-06		2.00E-06		2.39E-06

		24		1.21E-06		2.00E-06		2.39E-06

		25		1.20E-06		2.00E-06		2.39E-06

		26		1.20E-06		1.99E-06		2.39E-06

		27		1.20E-06		1.99E-06		2.39E-06

		28		1.20E-06		1.99E-06		2.39E-06

		29		1.20E-06		1.99E-06		2.38E-06

		30		1.20E-06		1.99E-06		2.38E-06

		31		1.19E-06		1.99E-06		2.38E-06

		32		1.19E-06		1.99E-06		2.38E-06

		33		1.19E-06		1.99E-06		2.38E-06

		34		1.19E-06		1.99E-06		2.38E-06

		35		1.19E-06		1.98E-06		2.38E-06

		36		1.19E-06		1.98E-06		2.38E-06

		37		1.19E-06		1.98E-06		2.38E-06

		38		1.19E-06		1.98E-06		2.38E-06

		39		1.19E-06		1.98E-06		2.38E-06

		40		1.19E-06		1.98E-06		2.38E-06

		41		1.19E-06		1.98E-06		2.37E-06

		42		1.18E-06		1.98E-06		2.37E-06

		43		1.18E-06		1.98E-06		2.37E-06

		44		1.18E-06		1.98E-06		2.37E-06

		45		1.18E-06		1.98E-06		2.37E-06

		46		1.18E-06		1.98E-06		2.37E-06

		47		1.18E-06		1.98E-06		2.37E-06

		48		1.18E-06		1.98E-06		2.37E-06

		49		1.18E-06		1.98E-06		2.37E-06

		50		1.18E-06		1.97E-06		2.37E-06

		51		1.18E-06		1.97E-06		2.37E-06

		52		1.18E-06		1.97E-06		2.37E-06
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Canned Pump Down
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Canned Profile
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Pump Down

		

		Distance (m)		0		8.07		12.595		17.12		21.585		26.05		30.455		34.86		38.915		42.97		47.43		51.89		56.42		60.95		68.51

		Gas Load (torr-l/s)				7.12E-05				7.12E-05				7.12E-05				7.12E-05				7.12E-05				7.12E-05				7.12E-05

		Conductance (l/s)		2.65E+02				2.36E+02				2.39E+02				2.43E+02				2.64E+02				2.40E+02				2.36E+02				2.83E+02

		Port Conductance (l/s)				2.91E+03				2.91E+03				2.91E+03				2.91E+03				2.91E+03				2.91E+03				2.91E+03

		Roughing Pump Speed (l/s)												5.00E+02								5.00E+02

		Ion Pump Speed (l/s)				8.00E+02				8.00E+02				8.00E+02				8.00E+02				8.00E+02				8.00E+02				8.00E+02

		Roughing Pressure (torr)		1.48E-06		1.48E-06		1.33E-06		1.18E-06		8.81E-07		5.84E-07		6.57E-07		7.31E-07		6.57E-07		5.84E-07		8.81E-07		1.18E-06		1.33E-06		1.48E-06		1.48E-06

		Ion Pump Starting Pressure (torr)		1.05E-06		1.04E-06		8.94E-07		7.43E-07		4.46E-07		1.48E-07		2.22E-07		2.95E-07		2.22E-07		1.48E-07		4.45E-07		7.42E-07		8.93E-07		1.04E-06		1.04E-06

		Ion Pump Final Pressure (torr)		5.76E-08		5.67E-08		5.73E-08		5.67E-08		5.72E-08		5.67E-08		5.72E-08		5.67E-08		5.72E-08		5.67E-08		5.72E-08		5.67E-08		5.73E-08		5.67E-08		5.75E-08

		Distance (m)		0		2.32		6.51		10.5		14.49		18.35		22.21		26.21		30.2		34.39		36.6

		Gas Load (torr-l/s)				1.15E-04		3.11E-04		8.86E-05		3.11E-04		7.12E-05		3.11E-04		8.86E-05		3.11E-04		1.15E-04

		Conductance (l/s)		9.21E+02		5.10E+02		5.36E+02		5.36E+02		5.54E+02		5.54E+02		5.34E+02		5.36E+02		5.10E+02		9.67E+02

		Port Conductance (l/s)				2.91E+03		2.91E+03		2.91E+03		2.91E+03		2.91E+03		2.91E+03		2.91E+03		2.91E+03		2.91E+03

		Roughing Pump Speed (l/s)				5.00E+02				5.00E+02				5.00E+02				5.00E+02

		Ion Pump Speed (l/s)				8.00E+02		8.00E+02		8.00E+02		8.00E+02		8.00E+02		8.00E+02		8.00E+02		8.00E+02		8.00E+02

		Roughing Pressure (torr)		6.35E-07		6.34E-07		1.23E-06		9.36E-07		1.23E-06		8.95E-07		1.86E-06		1.57E-06		2.37E-06		2.59E-06		2.59E-06

		Ion Pump Starting Pressure (torr)		1.61E-07		1.61E-07		2.69E-07		2.38E-07		5.28E-07		2.27E-07		5.08E-07		3.99E-07		1.19E-06		1.42E-06		1.42E-06

		Ion Pump Final Pressure (torr)		9.21E-08		9.19E-08		1.24E-07		7.06E-08		1.24E-07		5.67E-08		1.24E-07		7.06E-08		1.24E-07		9.19E-08		9.19E-08
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Pump Down
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Pressure Profile
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Thermal Analysis

		

								Distance from Pump (cm)		Pressure (torr) @ t = 1/2 Day		Pressure (torr) @ t = 1 Day		Pressure (torr) @ t = 2 Days		Pressure (torr) @ t = 20 Days

		Out Gassing Rate (qd)				torr-l/s-cm2				2.91E-10		1.32E-10		6.00E-11		4.35E-12

		Ultimate Pressure (Pu)				torr		0		3.19E-07		1.45E-07		6.58E-08		4.76E-09

								300		4.74E-07		2.15E-07		9.76E-08		7.07E-09

		Pump Speed (Sp)		500.00		l/s		600		6.08E-07		2.76E-07		1.25E-07		9.07E-09

		Effective Pump Speed (Sn)		246.09		l/s		900		7.21E-07		3.27E-07		1.49E-07		1.08E-08

		System Volume (V)		1.06E+05		l		1200		8.14E-07		3.69E-07		1.68E-07		1.21E-08

		Manifold Conductance (CmT)		484.589		l/s		1500		8.86E-07		4.02E-07		1.82E-07		1.32E-08

		Tube Conductance (Cmt)		29.794		l/s		1800		9.38E-07		4.26E-07		1.93E-07		1.40E-08

		Tube Perimeter (B)		56.2		cm		2100		9.69E-07		4.40E-07		1.99E-07		1.44E-08

		Tube Length (L)		2.40E+03		cm		2400		9.79E-07		4.44E-07		2.02E-07		1.46E-08

		NOTE: Calculations assume best conditions with no conductance loss and H2O as the gas.  Assumes clean/degreased tubing.

		Equations Used from Roth:		Eq. #

		Pressure Profile (P)		3.284		qd B {(x/C)-[(x2)/(2C L)]}

		Ultimate Pressure (Pu)		3.281		qd B Lp/Sp

		Pressure Drop (dP)		3.285		qd B L/(2C)
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Thermal Analysis
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								Distance from Pump (cm)		Pressure (torr)		Pressure (torr)		Pressure (torr)		Pressure (torr)

		Out Gassing Rate (qd)				torr-l/s-cm2				1.00E-10		1.00E-11		1.00E-12		1.00E-13

		Ultimate Pressure (Pu)				torr		0		3.15E-08		3.15E-09		3.15E-10		3.15E-11

								50		3.20E-08		3.20E-09		3.20E-10		3.20E-11

		Pump Speed (Sp)		150.00		l/s		100		3.24E-08		3.24E-09		3.24E-10		3.24E-11

		Effective Pump Speed (Sn)		142.64		l/s		150		3.28E-08		3.28E-09		3.28E-10		3.28E-11

		System Volume (V)		1.77E+04		l		200		3.31E-08		3.31E-09		3.31E-10		3.31E-11

		Port Conductance (Cmp)		2.91E+03		l/s		250		3.33E-08		3.33E-09		3.33E-10		3.33E-11

		Tube Conductance (Cmt)		534.34		l/s		300		3.35E-08		3.35E-09		3.35E-10		3.35E-11

		Tube Perimeter (B)		56.2		cm		350		3.36E-08		3.36E-09		3.36E-10		3.36E-11

		Tube Length (L)		4.00E+02		cm		400		3.36E-08		3.36E-09		3.36E-10		3.36E-11

		NOTE: Calculations assume best conditions with no conductance loss and H2 as the gas.  Assumes clean/degreased tubing.

		Equations Used from Roth:		Eq. #

		Pressure Profile (P)		3.284		qd B {(x/C)-[(x2)/(2C L)]}

		Ultimate Pressure (Pu)		3.281		qd B Lp/Sp

		Pressure Drop (dP)		3.285		qd B L/(2C)
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		Thermal Growth of Proton Driver Ring Beam Tube:

				dL = a L dT =		0.318		in		Where:		a =		7.31E-06		in/in-F

												L =		5.1128		m		201		in

												dT =		120		C		216		F

		Thermal Stress if Beam Tube Ends Are Fixed:

				Sc = E dL/L =		45789.84		psi		Where:		E =		2.90E+07		psi

												dL =		0.318		in

												L =		201		in

		Note:		This assumes a constant cross-section.

				If cross-section decreases at welds the compressive force will remain constant but Sc will rise.

		Mechanical Properties of Inconel 718:

								Coefficient of Thermal Expantion (a) =		7.31E-06		in/in-F		for temp. between 70 and 200 F

										7.53E-06		in/in-F		for temp. between 70 and 400 F

								Modulas of Elasticity (E) =		2.90E+07		psi

								Tensile Stringth (St) =		141000		psi		annealed

										205750		psi		Heat Treated

								Yield Stringth (Sy) =		73000		psi		annealed

										174500		psi		Heat Treated
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