
Table 1: Table of parameters for the simulation.

Parameter Symbol Value Units
Protons in Drive Bunch NP 1011

Proton energy EP 1 TeV
Initial Proton momentum spread σp/p 0.1

Initial Proton longitudinal spread σZ 100 µm
Initial Proton bunch angular spread σθ 0.03 mrad
Initial Proton bunch transverse size σX,Y 0.4 mm
Electrons injected in witness bunch Ne 1.5 · 1010

Energy of electrons in witness bunch Ee 10 GeV
free electron density np 6 · 1014 cm−3

Plasma wavelength λp 1.35 mm
Magnetic field gradient 1000 T/m

Magnet length 0.7 m

The proton beam transverse size and angular spread also needed optimization. As expected, the
plasma wave focuses and guides the tail of the bunch. However, the plasma field was too low to guide
the head of the bunch. Without additional focusing, the proton bunch head would diffract over a distance
of a few meters, whereas for TeV acceleration one needs hundreds meters of propagation. To overcome
the natural beam diffraction, we simulated a magnetic quadrupole guiding system as discussed above (see
also Fig. 1). The magnetic field gradient was taken to be 1 T/mm. Given the quadrupole strength and the
assumed proton beam emittance, we can calculate the required beam radius of σr = 0.43 mm=2 k−1

p ,
where kp = ωp/c. This driver radius is not matched with the plasma density. Thus, the tail of the
driver is subject to transverse betatron oscillations at the beginning of acceleration. Yet, after a few
betatron periods it reaches dynamic equilibrium and becomes matched, while its head is guided by the
quadrupoles.

The plasma wave generated by the proton driver is shown in Fig. 2. The rightmost region of high
electron density in frames b) and d) result from plasma electrons being “sucked in” by the proton bunch.
The electrons then continue to move across the beam axis and create a depletion region very similar to
the blow-out region seen in the case of the electron driver. The electron witness bunch is placed on the
left edge of the first bubble, where the longitudinal fields are strongest. The maximum accelerating field
of the wave is about 3 GeV/m as shown in Fig. 2e). The accelerating gradient in this region increases
as one approaches the left edge of the bubble, providing a stable regime of acceleration of the electron
bunch. The transverse electric fields in this region are also strong and act to focus the witness bunch.

To reach an energetically efficient regime of acceleration, we have to load the plasma wave with a
matched witness bunch. Thus, the maximum accelerating field of the loaded wave will be somewhat
lower. In our PIC simulations, we chose a witness electron bunch with 1.5 × 1010 particles and initial
energy of 10 GeV. The electric field and electron density from the loaded plasma wave are shown in
Fig. 2c)-d). The maximum accelerating field is about 1.7 GeV/m and is nearly constant over the witness
bunch.

The acceleration over hundreds of meters of plasma has been simulated using the quasi-static code
LCODE. Figure 3a)-d) shows snapshots of the particle phase space (energy versus distance from the
front of the proton bunch) at several distances along the channel. The proton bunch is initially distributed
around 1 TeV, while the electron bunch has a fixed energy of 10 GeV. Further down the channel, it is seen
that the tail of the proton bunch loses significant amounts of energy, while the electron bunch picks up
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