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Abstract. Generation of TeV-scale electron beams using conventional RF technology appears expensive for building the next
generation of colliders. Proton-driven plasma-wakefield acceleration of electrons promises an alternative route to generate
TeV-scale electron beams using existing proton machines. PROTOPLASMA is the proposed R&D project at Fermilab that
plans to use a proton beam driven plasma-wakefield to accelerate electrons. The project is planned in stages with the project’s
path guided by simulations. First, a 60-120 GeV proton beam will be injected into 1-2 meters of plasma to observe self-
modulation instability in the proton beam. Next, an injected 5 MeV electron beam will be accelerated by the plasma. In this
paper, we report on the basic project plan and outline our staged approach. We report on first simulation results that show
self-modulation of a proton bunch and discuss beam optics requirements and other limits.
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INTRODUCTION

Next generation lepton colliders should reach TeV scale energy. Circular colliders are not feasible at these energies due
to synchrotron radiation losses. Hence, future collider designs are based on linear colliders. Currently, metallic cavities
can achieve a maximum accelerating gradient around 100MV/m. Thus, to reach TeV energy in a linear accelerator,
the length of the machine will be about tens of kilometers. Plasmas, a medium of ions and free electrons, can support
very large electric field and therefore could be used to accelerate particles to relativistic energies in a short distance.
Recently, both laser-driven and electron-driven plasma-wakefield acceleration were demonstrated. But, they have been
limited to distances of few meters [1][2]. To accelerate an electron bunch to TeV using these schemes, many stages
will have to be combined. Such multi-stage design may be challenging to implement. Proton-driven plasma-wakefield
acceleration promises to accelerate electrons to TeV in a single stage.

High energy protons are readily available from conventional accelerators and hence it is possible to accelerate
electron bunches in the wake of the proton bunch up to several TeV [3]. The maximum energy gain of electrons
accelerated in a single plasma wake is limited to roughly twice the energy of the particles in the driving bunch.
Given that protons can be accelerated to TeV energies in conventional accelerators, it should be possible to accelerate
electron bunches in the wake of a proton driving-bunch to energies up to the TeV regime in one pass through the
plasma.The goal of this project, named PROTOPLASMA, is to experimentally demonstrate proton-driven plasma-
wakefield acceleration using the proton beam from the Main Injector (120 GeV) to accelerate an electron beam (5
MeV) up to 1 GeV in 2 meters in the Tevatron beamline at Fermilab. In this paper, we summarize our first round of
design parameters and simulation for this experiment using the Tevatron beamline.

TECHNICAL REQUIREMENTS

In this section, we discuss the parameter set of the existing proton beam at Fermilab and show that acceleration of
electron beam could be possible with a proton-driven plasma-wakefield acceleration scheme. The key parameters
required to demonstrate proton beam driven plasma-wakefield acceleration are the proton beam energy, intensity,
bunch length, momentum spread and transverse proton beam size. We plan to inject the proton beam from the main
injector (120 GeV). The number of protons in the drive bunch is 10'!. The beam has a momentum spread of 10~*.
The normalized beam emittance is 20 7 mm-mrad while the bunch length can be varied between 1 ns - 500 ps. The
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beam will be focused to a spot size of 50 um. The proton beam will be injected into the Tevatron beam line at FO. The
Tevatron sector beam line will then be used to transport the beam up to BO and into the plasma cell that will generate
wakefields through self-modulation. At this stage, an electron beam (5 MeV) will be injected into the plasma cell at
the right phase to be accelerated by the wakefield. The proton beam will then be directed to the beam dump while the
spectrometer magnet will deflect the electron beam into an electron detector. Other diagnostics like OTR/CTR will also
be installed to give information about the spatial and temporal development of the proton bunch current profile during
the modulation process. A streak camera will be used to resolve structures < 1ps. A schematic of the experiments is
shown in Fig. 1
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FIGURE 1. Schematic of the PROTOPLASMA experiment. The first phase of the project is planned to observe the self-
modulation of the proton bunch. In the next phase, an electron beam will be injected for plasma-wakefield acceleration experiments.

Generating short proton bunches

While proton beams from the Main Injector has the required energy, the bunch length of proton beam is in 10s of
centimeters NOT millimeters. Most of the existing proton accelerators produce bunches that are around two orders of
magnitude longer than the plasma period that is required to drive a plasma wakefield. The main reason is the beam
current (bunch charge over the bunch length) is directly related to transverse instabilities and hence by using a long
bunch the beam current can stay below the threshold of those instabilities. Other reason is to minimize the energy
spread. This is done by rotating the longitudinal phase space, which invariably increases the bunch length.

One obvious way to obtain short bunches would be to compress the proton bunch. But, the RF power needed will be
prohibitive: the equilibrium bunch length in a proton storage ring scales inversely to the fourth root of the RF voltage.
To compress a bunch from tens of centimeters to sub-mm will required formidable RF power. In other words, though
current technology does allow one to generate or compress and obtain millimeter scale proton bunches, it is a very
expensive option.

A proton driver must be short to excite the plasma wake resonantly. Studies on the interaction between a long proton
bunch and plasma have shown that a strong density modulation occurs at the order of half the plasma wavelength,
which excites the plasma wake resonantly to accelerate the externally injected electrons through self-modulation[4].
For a plasma cell of density 10'3cm ™3, the plasma wavelength will be 1 mm, so a gradient of 1 GeV/m should be
possible with the Fermilab beam parameters. This is an upper-limit and does not include other effects that might limit
the acceleration gradient such as phase slippage.

Measuring the energy gain

In the initial phase of the experiment, there will be no electron beam and we plan to measure the gradient by
measuring the energy loss of the proton beam using a dispersive lattice. So, a key diagnostic in PROTOPLASMA
experiment is the spectrometer beamline that can resolve the energy loss of the proton beam after the plasma cell. The
requirement is to measure 1 GeV energy loss over 120 GeV. i.e. < 0.8% In this section, we describe the beamline
optics that will allow us to measure such low energy spread beam with enough resolution. The beamline from FO to
AQ is one of the sectors (FODO arcs) of the Tevatron and thus gives a good control over dispersion. In order to resolve

the energy spread 6 >> —Vnﬁ"g . In our case, the B, = 30 m and 1] = 4.4 and thus giving a resolution of ~ 0.2% - four
times smaller than the requirement. Thus, the Tevatron beamline is ideally suited to measure this energy loss.



There are also other added benefits of using the Tevatron beamline. The low-beta quads that were used in the
Tevatron for Collider Detector Facility (CDF) [5] will be powered thus giving us a precise control of the beam spot
size entering the plasma cell. Other issues that has to be worked out include radiation loss, seeding the plasma for
reliable self-modulation, plasma cell design and chromatic aberration effects on the low-beta quads.

LAYOUT OF THE PROTOPLASMA EXPERIMENT

The PROTOPLASMA experiment will be compatible with the proposed ORKA experiment and its components at the
CDF. The ORKA [6] will make a precise measurement of the branching ratio of (K™ — 7wt vV) decay. If the decay
occurs at the standard model rate, 200 events are expected per year of operation. The experiment will use the CDF
magnet with a new detector inside the solenoid and will study the decays of the stopped kaons. The primary beam will
be 95 GeV protons from the MI in a 20 us slow spill. The primary beamline will be for the most part be a reconstruction
of the A sector of the Fermilab Main Ring. The production target will be placed near the entrance to the collision hall.
The CDF central detector will be moved off-axis, and the secondary beamline will have a dog-leg configuration. To
achieve a 5 m offset between the beam axis and the detector axis, all of the CDF external muon components will be
dismantled, the central detector will be moved 3 m north (outside the ring), and the primary beamline will enter the
hall 2 m south of the Tevatron beam axis. In this configuration, there is sufficient space for the primary beam freely to
pass south of the CDF magnet for the PROTOPLASMA experiment. The drawing of the CDF hall is shown in Fig. 2
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FIGURE 2. The floor plan of the Collider Detector Facility (CDF) showing the layout of the PROTOPLASMA experiment. The
experiment will also be synergistic with the ORKA high energy experiment planned at CDF. A dogleg will inject the proton bunch
into the ORKA detector.

PARTICLE TRANSPORT USING SYNERGIA

Synergia 2.1 is a parallel code composed of several modules, such as linear/non-linear optics, space charge, and
impedance, etc [7] for particle beam simulation and transport. Using Synergia, we performed the multi-particle
beamline simulation of the self-modulated proton bunch after the plasma cell through the low-beta quads in the straight
section in the Tevatron beamline. Synergia 2.1 is also capable of optimizing the beamline optics in conjunction with
the nonlinear optimization library, NLopt. Three quadrupoles, which are at the downstream of the plasma cell, were
chosen to minimize the betatron functions on the screen. With the local derivative-free algorithm of the NLopt library,
we found the optimal strengths of quadrupoles. With the particles of either QuickPIC or OSIRIS results, Synergia 2.1
simulated the beam dynamics through the optimized beamline. The dispersion function and the betatron function are
shown in Fig. 3 respectively.
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FIGURE 3. The dispersion function (left) and the beta function (right) as a function of position along the Tevatron beamline. A
screen will be installed at the maximum dispersion position to observe the energy loss with the plasma cell on/off

PARTICLE SIMULATION USING OSIRIS AND QUICKPIC

Osiris [8] and QuickPIC [9] was used to simulate the self-modulation expected for the PROTOPLASMA parameters.
We also updated the codes to enable the beam initialization with Twiss parameters (which describes the transverse
phase space distribution of the beam). This is important for the simulation because the bunch length is comparable with
the beam *. The Fig. 4 shown below is the simulation result from Osiris with 2D cylindrical coordinates showing a
snapshot of the bunch charge density at the time when the beam center is propagating inside the plasma after a distance
of 62 cm. The proton beam already has a significant self modulation, resulting in the micro bunching in the middle and
rear part of the beam. The distance between each two micro bunches is equal to the plasma wavelength. Fig. 5 shows
the energy modulation on the proton beam at that time. The energy modulation also happens in the middle and rear
part of the beam. The maximum energy change at this time is around 200 MeV. Detailed description of the simulation

with the Fermilab parameters is discussed in [10].
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FIGURE 4. Snapshot of a self modulated proton beam at the time when the beam center propagating in the plasma for 62 cm.
The total beam particle number is N = 1 x 10'!; the initial beam focus spot size (rm.s. value) is 6, = 100 pm; the initial beam
length (r.m.s. value) is 0= 10 cm; the initial beam emittance is &, = 3.33 mm mrad; the beam is focused at 60 cm inside the plasma.
The initial plasma density is 1 x 10'® ¢m™3 . (The beam density is normalized to the initial plasma density.)
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FIGURE 5. The proton beam pl-x1 phase space distribution at the time when the beam center propagating in the plasma for 62
cm.

PLASMA CELL

A plasma cell will be commissioned with the necessary diagnostics and good control over plasma density. In order
to produce homogenous plasma and reduce cost and time in designing, we plan to use plasma sources similar to
the SLAC E-157 experiments as shown in Fig. 6. These plasma sources typically use pre-ionized Li vapor. A neural
Lithium vapor density up to 10'® cm-3 can be generated. The heat pipe oven provides a homogeneous metal vapor over
a well defined length. The vapor evaporates from the melted metal uniformly distributed by capillary action along a
wick lining the pipe interior. The hot Lithium vapor is confined by Helium gas window. Further options on the plasma
cell design are currently under research.
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FIGURE 6. A schematic of the plasma cell used in the SLAC experiment. The Helium gas is used as window to confine the Li
vapor to the central part of the oven. Li vapor density can vary from 10'* to 10'® cm—3 by heating the Li.

SUMMARY

In this work, we have described the planned proton-driven wakefield acceleration at Fermilab named PROTO-
PLASMA. We have identifed the Tevatron beamline being ideally suited for this experiment because of the availability
of the spectrometer with adequate resolution and the superconducting low-beta quadrupoles for spot size control. Ex-
tensive particle simulations also predict the possibility of observing self-modulation at 120 GeV. The results of this
project may provide insight and may also lead to added option for the future design of lepton and muon colliders.
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