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Introduction

· What is a Proton Driver?

Proton Driver = High beam power + Short bunch length

· What is the Fermilab Proton Driver?

Beam power = 1 MW

Bunch length = 1 ns (rms)
· Why do we need it? 

The present Booster is a bottleneck in the Fermilab accelerator complex.

· Present Linac can deliver 3 x 1013 particles per cycle at 15 Hz.

· But the Booster can only take 5 x 1012.

· The downstream machine, the Main Injector, with some modest upgrades, can take 4 times more protons from the Booster than it does now. 
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Scope of the Proton Driver  Design  (Phase I)
1. A new 16 GeV rapid cycling synchrotron (the Proton Driver) in a new enclosure.

2. A new 400 MeV beam transport line in a new enclosure.

3. A new 12/16 GeV beam transport line, of which about one third is in a new enclosure; another two thirds is in the existing 8 GeV enclosure.

4. A modest improvement of the negative ion source and the low energy part of the existing 400 MeV Linac.

Stages of the Phase I Design

· Stage 1:
12 GeV, 53 MHz rf, 0.9 MW, 15 Hz.

· Stage 2:
16 GeV, 7.5 MHz rf, 1.2 MW, 15 Hz.

Pbeam = E ( N ( frep 
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Parameters of Present, Stage 1 and Stage 2

Parameters
Present
Stage 1

(MI)
Stage 2

(MI + (-fact)

Linac (operating at 15 Hz)





Kinetic energy (MeV)
400
400
400


Peak current (mA)
40
60
60


Pulse length (μs)
25
90
90


H- per pulse
6.3 ( 1012
3.4 ( 1013
3.4 ( 1013


Average beam current (μA)
15
81
81


Beam power (kW)
6
32
32

Booster (operating at 15 Hz)





Extraction kinetic energy (GeV)
8
12
16


Protons per bunch
6 ( 1010
2.4 ( 1011
1.7 ( 1012


Number of bunches
84
126
18


Total number of protons
5 ( 1012
3 ( 1013
3 ( 1013


Normalized transverse emittance (mm-mrad)
15π
60π
60π


Longitudinal emittance (eV-s)
0.1
0.1
0.4


RF frequency (MHz)
53
53
7.5


Extracted bunch length σt (ns)
0.2
1
1


Average beam current (μA)
12
72
72


Target beam power (MW)
0.1
0.9
1.2

Note: Although originally designed for 15 Hz operation, the present Booster has never run at 15 Hz in continuous mode. In the past it used to run at 2.5 Hz. In the near future it will run at 7.5 Hz for the MiniBooNE experiment.   

Present Booster:


Now



1-2 ( 1016 
protons/hour


MiniBooNE era

1.0 ( 1017 
protons/hour


NuMI era


1.5 ( 1017 
protons/hour

Proton Driver:


1.6 ( 1018 
protons/hour

Parameters of Present, Phase I and Phase II 

Parameters
Present
Phase I

(MI, (-Fact)
Phase II

((-Coll)

Linac (operating at 15 Hz)





Kinetic energy (MeV)
400
400
1000


Peak current (mA)
40
60
80


Pulse length (μs)
25
90
200


H- per pulse
6.3 ( 1012
3.4 ( 1013
1 ( 1014


Average beam current (μA)
15
81
240


Beam power (kW)
6
32
240

Pre-Booster (operating at 15 Hz)





Extraction kinetic energy (GeV)


3


Protons per bunch


2,5 ( 1013


Number of bunches


4


Total number of protons


1 ( 1014


Normalized transverse emittance (mm-mrad)


200 π


Longitudinal emittance (eV-s)


2


RF frequency (MHz)


7.5


Average beam current (μA)


240


Target beam power (MW)


720

Booster (operating at 15 Hz)





Extraction kinetic energy (GeV)
8
16
16


Protons per bunch
6 ( 1010
1.7 ( 1012
2.5 ( 1013


Number of bunches
84
18
4


Total number of protons
5 ( 1012
3 ( 1013
1 ( 1014


Normalized transverse emittance (mm-mrad)
15 π
60 π
200 π


Longitudinal emittance (eV-s)
0.1
0.4
2


RF frequency (MHz)
53
7.5
7.5


Extracted bunch length σt (ns)
0.2
1
1


Average beam current (μA)
12
72
240


Target beam power (MW)
0.1
1.2
4

 Parameters of the 16 GeV Synchrotron


Circumference (m)




711.3
 
Super-periodicity




3


Number of straight sections



3


Length of each arc (m)



173.2


Length of each straight section (m)


63.9


Injection kinetic energy (MeV)


400


Extraction kinetic energy (GeV)


16 (12 in Stage 1)


Injection dipole field (T)



0.08464


Peak dipole field (T)




1.5 (1.1445 in Stage 1)


Bending radius (m)




37.6


Maximum quad gradient (T/m)


8.7494 (6.6758 in Stage 1)


Number of dipoles




36 (long)









12 (short)


Number of quads in the arcs



72


Number of quads in the straight sections

24


Max (x, (y (m)




35, 38


Min (x, (y (m)





1.3, 2.0


Max Dx in the arcs (m)



3.0


Min Dx  in the arcs (m)



-3.0


Dispersion in the straight sections


0

Transition (t 





-j 28

Horizontal, vertical tune (x , (y


12.428, 11.380


Natural chromaticity (x , (y 



-19.0, -18.7

Revolution time at injection, extraction ((s)

3.3, 2.4


Injection time ((s)




90

Injection turns





27


Laslett tune shift at injection



0.2


Normalized transverse emittance (mm-mrad)



Injection beam (95%)



3 (


Circulating beam (100%)


60 (

Longitudinal emittance (95%, eV-s)



Injection beam




0.14 (0.03 in Stage 1)



Circulating beam



0.4 (0.1 in Stage 1)


Extraction bunch length (t (rms, ns)


1


Momentum acceptance



(2.5%

Dynamic aperture




> 100 (
Comparison with Other High Intensity Proton Machines

Machine
Protons

Per

Cycle
Repetition

Rate

(Hz)
Protons

Per

Second
Beam

Energy

(GeV)
Beam

Power

(MW)

Existing:


RAL ISIS


BNL AGS


LANL PSR
2.5 × 1013

7 × 1013

2.5 × 1013
50

0.5

20
1.25 × 1015

3.5 × 1013

5 × 1014
0.8

24

0.8
0.16

0.13

0.064

Planned:


Fermilab MiniBooNE


Fermilab NuMI


Proton Driver Phase I


Proton Driver Phase II

ORNL SNS


Europe ESS


Japan JKJ
5 × 1012

3 × 1013

3 × 1013

1 × 1014

2 × 1014

2.34 × 1014

3.2 × 1014
7.5

0.5

15

15
60

50

0.3
3.8 × 1013

1.5 × 1013

4.5 × 1014

1.5 × 1015
1.2 × 1016

1.2 × 1016

1 × 1014
8

120

16

16

1

1.334

50
0.05

0.3

1.2

4

2

2.5

0.75
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Figure 2.3.  Proton Driver Site Plan
Operation Modes of the Proton Driver

Stage 1

1.
Main Injector 120 GeV fixed target experiments: (NuMI, KAMI, CKM, Meson, etc.)

The Main Injector will take four Proton Driver batches to fill its ring. Each batch gives 3 × 1013  protons. So the Main Injector will operate at 1.2 × 1014 protons per cycle, a factor of four higher than its present beam intensity (3 × 1013 protons per cycle). The cycle time of the Main Injector is 2 seconds. Therefore, it will take only 2/15 of the protons available from the Proton Driver. The other 13/15 can be used for other programs (see below).

2.
Proton Driver fixed target experiments:

Thirteen out of every fifteen Proton Driver cycles can be dedicated to these experiments. This gives an average proton flux of 3.9 × 1014  per second. The beam energy is 12 GeV. The beam power will be 0.75 MW. 

3.
Antiproton production:

The Main Injector will take one Proton Driver batch every 1.5 seconds. Each batch contains 2 × 1013 protons, which is four times more than the present Booster batch (5 × 1012). So the antiproton production rate would be increased by a factor of four, provided that the target, lithium lens, AP2 aperture and the cooling systems in the antiproton source would be upgraded accordingly. This mode of operation can be performed simultaneously with operation mode 1.

Stage 2

In addition to the above modes, the Proton Driver will serve a new customer:

4.
Neutrino factory:

This could take all the protons that the Proton Driver can provide. So there will be a competition between operation mode 2 and a neutrino factory. But let's worry about it later.

5.
Protons for Tevatron collider experiments:


This is not a new operation mode in Stage 2. But it is worth pointing out that the 7.5 MHz bunch structure will provide a 132 ns bunch spacing in Run IIb. The coalescing in the Main Injector could be eliminated.  

Technical Systems Overview

A number of state-of-the-art features are incorporated in the system design in order to achieve the performance specs.

· Lattice: FMC, no transition crossing, dispersion-free straights, large momentum acceptance, and large dynamic aperture. 

· Magnets: Large aperture, using stranded conductor coils.

· Power supplies: Dual harmonic (15 Hz + 30 Hz); using finite number of harmonics for tracking error correction.

· Vacuum: Large can outside magnets.

· RF: High gradient, wide-band Finemet cavities (Stage 2).

· Beam pipe: Metallic strips (or perforated liner).

· Injection: Transverse painting.

· Collimators: A sophisticated 2-stage system.

· H- source: High brightness Dudnikov-type-source.

· Linac front-end: RFQ + double-alpha system.

· RF chopper: Novel type (beam transformer).

· Inductive insert: New way for compensating space charge.

R&D Program

Category A - Useful for improving the existing machines

· High intensity high brightness H- source. 

· Booster 53 MHz rf cavity modification. 

· Finemet 7.5 MHz rf cavity. 

· Beam loading compensation system. 

· Inductive insert study in the present Booster. 

· Booster magnet ac field and impedance study. 

· Linac front-end improvement.

Category B - Critical to Proton Driver or Part of US-Japan Accord

· Material outgassing rate test. 

· Chopper. 

· High gradient, low frequency rf system for burst mode operation.

· Stranded conductor coil.

Category C - Necessary for the Proton Driver

· Prototyping of a large aperture dipole and quadrupole.

· Prototyping of a complete cell of the dual resonance power supply.

· Prototyping of a quadrupole tracking error correction system. 

· Vacuum chamber made of fiber-reinforced epoxy with a continuous metal foil lining. 

· Laser beam chopping. 

· Two VME bus cards, an 8-channel waveform generator and an 8-channel quick digitizer. 

· BPM with microchips.

· Fast rise- and fall-time kicker. 

· Active feedback systems. 

· TRIUMF rf cavity study.

· Long pulse test of the Linac klystron.

Lattice 

· Requirements

· Bmax  ≤ 1.5 Tesla, Gmax  ≤  8.9 T/m
· No transition crossing
(This excludes FODO lattice)
· Large momentum acceptance: Δ p/p =  ±2.5%
· Large dynamic aperture: > 100 π
· Dispersion free long straight sections
· Sufficient space for rf
· Suitable locations for a collimation system
· Candidates

· Doublet
· Racetrack with low-beta insertions
· FMC using 270o /135o FODO modules
· FMC using 270o /180o FODO modules
· FMC using 270o /270o DOFO modules
· FMC using 270o /270o FODO modules




Second Iteration 

· At the request of the Lab Director, a second iteration of the design is under way. The goal is to reduce the up front cost.

· The main parameter changes are: 

· Beam energy reduced from 16 GeV to 8 GeV.

· Circumference reduced from 711.3 m to 474.2 m.

· The penalty is in the beam power, which will be reduced from 0.9 MW to 0.4 MW. The beam intensity is reduced from 3 ( 1013 to 2 ( 1013 ppp.

· With 200 MeV linac energy upgrade (from the present 400 MeV to 600 MeV), the beam intensity can be brought back to 3 ( 1013 ppp, the beam power to 0.6 MW.

· The ultimate reach of beam power of an 8 GeV proton driver will be a factor of two lower than a 16 GeV one.

· There is also a feasibility study of using SNS-type superconducting rf cavities (805 MHz) for an energy upgrade of the present Linac.

Summary

· This is the first (but may not be the best) complete design of a proton driver based on a rapid cycling synchrotron. 

· There are a number of novel features in this design. They may find a wide range of applications in other machines, for example, in the existing Fermilab accelerator complex, in particular, in the Booster, for performance improvement.

· There is an R&D list. However, only a small portion of it is currently being carried out due to limited resources. We hope this committee will give endorsement to many other items on the list.

· Ready and waiting.







Figure 2.1.  Layout of the Proton Driver Accelerator Complex











Figure 2.2.  Layout of the Proton Driver Ring
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