A Staged Approach to a High Intensity Proton Source

Dave McGinnis
September 26, 2008

Introduction

Recently, multiple review committees have suggested that Fermilab re-examine the
design of Project X in relation to the design of ILC cryo-modules. Removing the constraint of
using low beam current ILC cryo-modules lessens the need for using the Recycler as an
accumulation ring.

The main advantage of a superconducting linac is beam flux while the main figure of
merit for a neutrino program is beam power. Beam power is the product of energy and flux.
Since synchrotrons can reach higher energies than linacs, a synchrotron can also be used to
produce large beam powers.

The optimum crossover point between using a high energy linac or a rapid cycling
synchrotron is not very well defined. Superconducting RF technology might be able to push this
point to the few GeV range. However, since superconducting RF technology is not as mature as
synchrotrons, a staged approach to building a high intensity proton source that consists of a
combination of a high energy linac plus a rapid cycling synchrotron should be considered. The
construction of a project in well defined stages in which at the end of every stage a substantial
increase in performance is obtained is very attractive in these times of tight budgets. This note
will examine such a staged approach to Project X.

Current Project X Design

The current concept of Project X is to insert an accumulation ring in between the
superconducting linac and the Main Injector. The accumulation ring provides two functions.
First, the ring accumulates multiple linac pulses while the Main Injector is ramping so that the
required amount of linac charge per pulse is reduced. Second, the linac can be used to provide
beam to other users while the Main Injector is ramping because the H- stripping foil is located in
the accumulation ring instead of the Main Injector.

Originally, Project X was proposed to be built with a staged approach. In the initial stage,
the energy of the linac is much less than the Main Injector injection energy and the accumulation
ring functions as a booster accelerator that accelerates beam from the final linac energy to the
Main Injector energy. In the second stage, as more linac cryo-modules become available, the
linac final energy is raised until the final linac energy matches the Main Injector injection
energy. At this point, the booster accelerator functions as an accumulation ring as in the final
Project X configuration.

Later, as a cost saving measure, it was proposed that the Recycler could function as the
accumulation ring. Since the Recycler is constructed from permanent magnets, the first stage
concept of a booster accelerator was no longer viable. While the cost of the final configuration of
Project X using the Recycler is less, the technical risk is significant. First, before Project X can
be of any use, the final energy of the linac must equal the Recycler energy of 8 GeV. This
requires about 40 cryo-modules in the linac which requires a large upfront cost. The production
of the cryo-modules has been problematic. In addition, the transport and stripping of H- ions at 8
GeV is about an order of magnitude higher in energy than has currently been achieved.



Final Stage

To understand how a staged approach would proceed, it would be clearer first to describe
the final stage and then describe how an initial stage would evolve. An 8 GeV linac using ILC
beam parameters (9mA beam current, 1 mS pulse length, 5 Hz repetition rate) could provide
enough beam to the Main Injector to produce 5.4 MW at 120 GeV. A beam power of 5.4 MW at
120 GeV requires a beam current over 5.7 Amperes circulating in the Main Injector. However,
the Main Injector goes through transition and the current Project X design limited the maximum
beam current circulating in the Main Injector to less than 2.5 Amperes which limits the Main
Injector beam power at 120 GeV to be less than 2.3 MW.

Another intensity bottleneck for the Main Injector is space charge tune-shift. The space
charge tune shift is given as:
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where 1, is the classical radius for a proton (1.53x10™®m), N is the number of particles, G is the
transverse form factor, B is the longitudinal bunching factor, and ¢, is the 95% normalized
transverse beam emittance. It was shown in the initial Project X report that a value of G=1 and
B=2 could be achieved using phase space painting techniques.

The main features of the space charge tune-shift is that it rapidly decreases with energy
and it is dependent on the total number of particles and independent of the circumference of the
accelerator. These features of the space charge tune-shift formula can be exploited by taking
multiple injections from a small rapid cycling booster into a large high energy ring. This was the
design strategy for increasing the intensity at the Brookhaven AGS complex. The bottleneck to
high intensity due to transition crossing and space charge tune-shift can be overcome by building
a new rapid cycling booster that injects into the Main Injector with the an energy above the Main
Injector transition energy (20.4 GeV).

For some head room, the injection energy should be higher than the Main Injector
transition energy. An energy of 22 GeV would give about 8% of head room. For a new Booster,
it should also be assumed that Main Injector style magnet technology would be used in the new
Booster. This places a constraint on the maximum strength of the magnetic field. The Main
Injector has a maximum energy of 120 GeV in the rapid cycling mode so if the same type of
magnets is used, the minimum circumference of the new booster would need to be at least 18%
of the Main Injector circumference. It will also be assumed that the 53 MHz RF frequency for
acceleration will be used (although this is not a rigid constraint). The harmonic number of the
Main Injector for 53 MHz RF is 588. The harmonic number has the following factors:
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From the harmonic number factors, the new Booster should have a circumference that is one
fourth of the Main Injector circumference.

The next issue is the injection energy of the new Booster. Too low of an injection energy
will result in space charge tune-shift problems in the new Booster. Another problem is the cycle
rate of the new Booster. With the proposed configuration, there is no accumulation ring so the
Main Injector has to wait at its injection energy for 4 Booster cycles while the new Booster fills
the Main Injector. If the cycle time is too long, then the total beam power delivered by the Main
Injector will decrease.



Again it should be assumed that the average ramp rate of the new Booster should not
exceed the average ramp rate of the Main Injector. The Main Injector can ramp from 8 GeV to
120 GeV and back to 8 GeV in 1.4 seconds. The new Booster cycle rate is given as:
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The Main Injector cycle time will be shortened because of its higher injection energy.
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The Main Injector 120GeV beam power is:
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where the factor of four is the number of Booster batches that fill the Main Injector and N is the
number of protons in a Booster batch. The number of particles in a Booster batch is given as:
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where I_is the linac beam current and 7. is the length of the linac beam pulse.

Parameter Value | Units
Linac Beam Current 20 mA
Linac Pulse Length 2.2 mS
Linac Energy 6 GeV
Booster Energy 22 GeV
Booster Cycle Rate 5.0 Hz
Booster Intensity 2.75 | x10™
Booster Tune Shift 0.10

Main Injector Tune Shift 0.04

Total Cycle Time 2.0 S
Available Linac Beam Power 1.3 MW
Available Booster Beam

Power 4.8 MW
120 GeV Beam Power 104 | MW
Linac-booster duty Factor 40 %

Table 1. Parameters for the final stage of a high intensity proton source.

Table 1 shows a set of parameters for the final stage in which the 120 GeV beam power
exceeds 10MW. The linac energy was chosen to be 6 GeV which gives a space charge tune shift



of 0.1 at injection into the Booster. The Linac-Booster duty factor is the percentage of the total
cycle time that is used for accelerating beam for the Main Injector. The rest of the remaining
time can be used to service other experimental programs.

Initial Stage

The final stage of the high intensity proton source which includes a 6 GeV
superconducting linac and a 22 GeV Booster ring would be a fairly costly project. The final stage
also has a fair amount of technical risk such as the construction of many superconducting RF
cryo-modules, high linac beam currents, high energy H- stripping, and extremely high beam
power.

In the initial stage, technical risk would be exchanged for the extra cost of civil construction.
For example the linac energy in the initial stage would be 2 GeV which is much lower than the
final stage, but the linac tunnel would be built for the final stage linac energy of 6 GeV. The
linac energy would be increased as more cryo-modules become available and are installed in the
tunnel.

Likewise, the extraction energy of the new Booster in the initial stage would be equal to the
current Main Injector injection energy of 8 GeV which is much lower than the final stage energy
of 22 GeV. Even in the initial stage, the new Booster tunnel circumference would be ¥ of the
Main Injector circumference. However, only one third of the magnets need to be installed for the
initial stage.

Parameter Value | Units
Linac Beam Current 9 mA
Linac Pulse Length 0.65 | mS
Linac Energy 2 GeV
Booster Energy 8 GeV
Booster Cycle Rate 13.3 | Hz
Booster Intensity 0.37 |x10*
Booster Tune Shift 0.08

Main Injector Tune Shift 0.03

Total Cycle Time 1.4 S
Available Linac Beam Power 0.2 MW
Available Booster Beam

Power 0.6 MW
120 GeV Beam Power 2.0 MW
Linac-booster duty Factor 21 %

Table 2. Parameters for the initial stage of a high intensity proton source

The only other major difference between the initial and final stages would be the use of the
Recycler as an accumulation ring in the initial stage. The main advantage of the Recycler as an
accumulation ring is to remove the time it takes to load the Main Injector at injection with
multiple Booster batches. This coalescing of multiple Booster batches would take place in the
Recycler while the Main Injector is busy ramping and then the Recycler would transfer to the
Main Injector in a single turn when the Main Injector is ready for injection. Since the Recycler



energy is fixed at 8 GeV by permanent magnets, the use of the Recycler ring as an accumulation
ring would only be used for the initial stage.(However, one could consider replacing the Recycler
magnets with electromagnets for the final stage. This would increase the 120 GeV Beam power
in the final stage to over 17MW!)

Table 2 shows an example set of parameters for the initial stage of a high intensity proton
source. The main difference between Table 1 and Table 2 is the reduction of Booster energy.
Thus, the intensity in the initial stage has to be much lower because of the large increase in space
charge tune shift at injection into the Booster. However, a 120 GeV Beam power of 2 MW is
obtainable. Since the energy swing of the new Booster is also much less in the initial stage, the
cycle time of the Booster is lower which results in less time required for filling the Main Injector.
The remaining time can be used to service other programs.

Summary

By building a rapid cycling booster between the linac and Main Injector, the technical
risk of Project X can be reduced or a substantial increase in performance is possible. Also, the
rapid cycling booster permits Project X to built in stages which is not possible in the current
configuration of Project X. Since superconducting RF technology is not as mature as
synchrotrons, a staged approach to building a high intensity proton source that consists of a
combination of a high energy linac plus a rapid cycling synchrotron should be considered. The
construction of a project in well defined stages in which at the end of every stage a substantial
increase in performance is obtained is very attractive in these times of tight budgets.



