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Abstract

Fermilab has started the design work of a high intensity proton source called the proton driver. It would provide a 4 MW proton beam to the target for muon production. Traditionally eddy currents in synchrotrons have been avoided until now by using costly and thick ceramic vacuum chambers. This paper discusses the testing of a new vacuum chamber designed for the proton driver. 

Introduction

Since about 1996, a Muon Collider Collaboration has been formed within the high 
energy physics community to study the feasibility of the future collider using muon 

beams. Recently, this collaboration has turned its attention to relatively cheaper and 

easier muon storage ring called the neutrino factory. Either a collider or a storage ring, it 

requires muon beams whose intensity is several orders of magnitude higher than that in 

any existing muon source. In order to produce such intense muon beams, a high intensity 

proton source, called the proton driver is needed.


The proton driver is a high intensity rapid cycling proton synchrotron. Its primary 

function is to deliver intense short proton bunches to the target for muon production. 

These muons will be captured, phase rotated, cooled, accelerated and finally, injected into 

either a storage ring neutrino experiment (a (-factory) or a collider for (( collision.  In 

this sense, the proton driver is the front end of a muon facility.


There are two primary requirements of the proton driver:

1. High beam power: Pbeam = 4MW

This requirement is similar to other high intensity proton machines that are presently 

under design e.g. the SNS, ESS, and JHF.

The beam energy is the product of three parameters: proton energy Ep, number of protons 

per cycle Np and the repetition rate (rep rate) frep: 

Pbeam = frep x Np x Ep

· The rep rate is chosen to be 15 Hz. There are two reasons:

· Muons decay quickly. So the collider needs to get re-fill quickly. The lifetime of a 2 

TeV muon is about 40 ms. The rep rate should be comparable to the muon decay rate.

· Fermilab is experienced in operating 15 Hz linac and booster.

Given the beam power and rep rate, the product Np x Ep is determined. At this time, 

we have chosen 16 GeV and 1 x 1014 protons per pulse (ppp) for Ep and Np respectively.

2. Short bunch length at exit: (b = 1-2 ns. 

This requirement is unique to the proton driver. It brings up a interesting and

challenging beam physics issues. 

The bunch length is related to longitudinal emittance (L and momentum spread (p by: 

(b ( (L / (p

· In order to get short bunch length, it is essential to have:

· small longitudinal emittance

· large momentum acceptance (in both rf and lattice)

· bunch compression at the end of the cycle

Here at Fermilab, apart from opening up new areas of study on high intensity proton 

beams, the proton driver will also replace the Booster. This is because the present booster 

· has problems some of which are:

· Limited intensity

Run II, NuMI: 5 x 1012 ppp at 0.7 Hz

· MiniBooNE: 5 x 1012 ppp at 7.5 Hz

· Inadequate shielding

· The pulsed magnets, rf, power supply cannot work at 15 Hz. Only main magnets are for 15 Hz.

· Aperture limit

· Aging problem

· Components activation problem

· It will be impossible to even improve some of the components of the present 

booster for reuse. For example the Main Magnets: the aperture is too small, it has 

field quality problems, low peak field (0.8T), no beam pipe, not enough energy (8 

GeV) and the combined function magnets limit the feasibility in lattice design. 

The Vacuum Chamber

Normally, the magnet vacuum chambers in synchrotrons are made of ceramic 

elements to avoid eddy currents induced by the alternating magnetic field. These currents 

can perturb the applied magnetic field and heat up the vacuum chamber. Both effects can 

be decreased to an acceptable level by reducing the repetition frequency, and the 

thickness of the metallic chamber, and by using a high resistivity material. However, it is 

then a problem to make such a chamber sufficiently rigid against the atmospheric 

pressure, since its thickness would be of the order of a few tenth of a millimeter only. The 

linear heat losses (N) of the eddy currents along the chamber are inversely proportional to 

the resistivity (k) of the chamber material and proportional to the square of the time 

derivative of the magnetic field (dB/dt) to the chamber thickness (d) and the third power 

of the chamber dimension (a) perpendicular to the magnetic field.

N ~ (dB/dt)2.d.a3 / k

· 
Three new designs have been proposed for the proton driver:

· Fiber Reinforced Epoxy Composite

· Very Thin Rib Reinforced Tube

· Water-cooled Tube

Design Constraints

All the proposed designs for the proton driver are made with a thin Inconel pipe. 

Compared to stainless steel, Inconel has high strength and high electric resistivity. Its 

eddy current is 4 times smaller than that in stainless steel. Compared to the ceramic pipe, 

Inconel reduces the vertical magnet aperture by 1.5 to 2 inches. The main concerns about 

an Inconel pipe are:

· Large deflection under vacuum: (y = -1(, (x = 0.7(
· Eddy current heating: ~ 3 kW/m

· Eddy current induced error field

Apart from these concerns there are constraints that we have to carefully consider in our 

design:  

Mechanical Stability
SF>2


Fermilab requires a Safety Factor of 2 on vacuum vessels.

Environmental Temperature Tenv < 250 C

G10 insulation on magnet conductor degrades above 250 C. Without forced 

cooling, the confined space inside a magnet core is sensitive to heat load. 

Vacuum Quality
QL+ QO < 10-11 Torr l /s cm2

Need to achieve < 10-8 Torr in ring with limited space for pumps. QL is leak rate. QO 

is outgassing rate.

Wall Thickness, d


Dipole magnet cost is very sensitive to vertical dimension of good field region; 

thinner tube wastes less space.

Cross-section 23cm W X 13cm H

3ns bunches of 1013 protons have large transverse emittance

Material Magnetization 
( < 1.01 (o

Use only low permeability materials, and minimize volume of material in field to

 minimize magnetic field distortion.

Eddy-Currents

Maximize (, minimize d

15 Hz cycling of 1.5T dipole fields generates large magnetic flux through tube 

material, generating eddy-currents and associated magnetic dipole fields which scale as   

d/(. 
Beam Shielding/Impedance dshield > (2/r ~ 12 (m 



For an electrically conducting layer surrounding the beam of at least (2/r, 

satisfactory shielding of the beam from the environment, and dshield is thickness of the 

conducting shield. ( is the skin depth. R is the characteristic radius of the chamber cross 

section- the semi-minor axis, b, in the case of an elliptical cross-section. 

 (2 = 2 ( / (( (), where ( is roughly the revolution angular frequency, 2.7 x 106 rad/s  

Power Dissipation, Ptot  Minimize Ptot = Peddy + Pimage

For an elliptical tube with given major and minor axes, and a given RMS rate of 

change of magnetic field, the eddy power scales d/(. The image current dissipation scales 

as Irms2 where Irms is the beam current.

· Fiber Reinforced Epoxy Composite

This is made of Inconel foil and epoxy impregnated Silicon Carbide filament that 

is wound on a tubular form, and autoclave cured.  It permits very thin shielding thus 

reducing eddy currents. Simulations show operating temperatures near the upper service 

temperature range for even the best epoxies. Testing is required to determine material 

properties at temperature, and long term durability in high temperature, radiation 

environment. In CERN studies, fiber reinforced epoxies suffer little degradation after 

more than 109 Rad. Filament winding technique permits rapid fabrication of 6m or longer 

segment in one piece, and ability to align reinforcement with primary stress. Vacuum 

quality may be insufficient. The composite is less stiff but stronger that ceramic.

Very Thin Rib Reinforced Tube      

This is made of a 0.13 mm thick Inconel tube with 1mm thick Inconel rib brazed 

to the outside, approximately 50 ribs per meter. The very thin tube wall limits eddy 

currents. Simulations show the design to be extremely temperature limited. Forced 

cooling is necessary. By adjusting the rib spacing, the mechanical strength of the design 

is adjustable. The brazing of such thin parts may be problematic. The tube material is 

very fragile. 

Water-cooled Tube


Simulations give reasonable temperatures. Simulations, analysis and testing have 

demonstrated the mechanical stability of the 1.27 mm Inconel tube, even without the 

epoxy. Because of the significant deflection of the tube, the design must be assembled 

under a preload, and this preload must be maintained to prevent detachment of the epoxy 

from the tube. 8.5 kW/m of eddy power dissipation results in 5MW dissipated in the 

entire ring- a significant operational cost. 

Testing the Water-cooled Tube


A prototype of the tube with the aluminum nitride filled epoxy and cooling tubes 

was made to test the durability of the epoxy bond. After a cure cycle at 150 C for about 2 

hours 15 minutes the epoxy detached from the Inconel surface. The prompted us to try a 

new matrix of Inconel surface preparations and cure cycles.

3 Surface Preparations

· S1 = Sandblast, wash with Micro 90, rinse with distilled water

· S2 = Fine emery cloth, wash with Micro 90, rinse with distilled water

· S3 = Red Scotchbrite, wash with Micro 90, rinse with distilled water

3 Cure Cycles

· C1 = 48 hours at Room Temperature, Into 150 C preheated oven for 2 hours 

15 min, Remove to air immediately.

· C2 = 48 hours at Room Temperature, Into 150 C preheated oven for 2 hours 

15 min, Cool at 50 C for 1 hour, to 100 C, then remove to air.

· C3 = 30 minutes at 150 F, 2 hours at 300 F

We then tested the bonding of these surfaces by pulling the epoxy. The results 

showed that the sandblasted surfaces produced better epoxy bonding. However, it became 

evident that a stronger bond was need so we tried another epoxy (1001/BF3-400 in MEK) 

as an interlayer between the masterbond and the Inconel surface. The idea is to dissolve 

the epoxy and hardener in solvent, paint it on the part, evaporate the solvent, then pot 

with masterbond and cure them together. The first step will be to examine whether the 

paint will flow a lot during the masterbond cure cycle. Presumably, the masterbond is 

much denser because of the aluminum nitride filler. But the resin of the masterbond may 

well be of similar density to the 1001 paint. To test this we make small samples in 

vertical orientation, apply enough 1001 paint that the microscope examination will reveal 

if flow has occurred. We dye with Alazarean green to enhance visibility.


Pull tests after the cure cycle show that the 1001 paint helps the masterbond form 

a better bond with the Inconel surface. At the time of writing this report the best results 

have been with the 1001 paint as an interlayer between the masterbond and the Inconel 

surface.
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