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What are the requirements for a particle physics collider?

Energy

✓ 15 GeV stages
✓ Up to 190 GeV
✓ High gradients have been established

Energy spread

✓ Recent results are on track
✓ Recent experiments demonstrates ΔE/E ≲ 0.01

Emittance preservation is an open question
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Electron acceleration in plasma

W. Lu et. al, Phys. Rev. ST-AB 10, 061301 (2007)

ing edge of the laser is more challenging. This can be
accomplished by plasma channels or to some degree by
self-guiding. As we argue later, for self-guiding to occur
P=Pc needs to increase as the plasma density decreases.
We can rewrite Eq. (6) in terms of the critical power for
relativistic self-focusing, Pc:
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On the other hand, if a plasma channel is used, P=Pc can be
kept as low as 1. As shown before, the channel depth
!nc=np needed is 4=$kpw0%2 ’ 1=a0. So as long as a0 *
2 is used, the normalized channel depth is small (less than
0:5). It is also worth noting here that, when a channel is
used, the channel parameters (width and depth) should be
chosen based on the matching condition for given laser
power and plasma density [Eqs. (1) and (2)] so that the
leading front of the laser is guided by the density channel
and the back of the laser is guided by the matched ion
channel.

The electrons which are accelerated can be either self-
injected as shown in our sample simulation [Fig. 1(b)] or
externally injected from some other source. For self-
injection, particles in the rear of the blowout region must
be able to catch up with the wake. The physical condition
for this to happen is twofold: first, the blowout radius
should be large enough so that, when the particles reach
the rear of the bubble, they move predominately in the
forward direction with speed close to the speed of light.
Second, at the rear portion of the ion channel, trajectory
crossing occurs leading to a narrow sheath with the highest
accelerating and focusing fields. Therefore, even though
electrons initially have a ! (energy) substantially below the
wake’s Lorentz factor !", they can easily achieve suffi-

cient energy as they are accelerated while they slowly drift
backwards (relatively to the pulse) in the sheath. In our
sample simulation, the effective !" of the wake is around
20 and the normalized blowout radius is around 4. The
initial energy ! of those trapped electrons is substantially
smaller than 20. For even lower plasma densities, we have
performed a number of simulations, where an electron
beam with ! exceeding 10 000 was used as the driver
instead of a laser and we observed self-injected electrons
in each case for a normalized blowout radius around 5.
This indicates that for laser wavelengths in the 0:8#m
range and plasma densities of interest, self-injection will
always happen when we keep the normalized blowout
radius around 4–5. This differs significantly from the claim
in Ref. [20] that

#####
a0
p

> !", or a0 > 400 for our sample
simulation, for self-trapping to occur.

In the regime presented here, the self-injected electron
bunches are highly localized in space with a half-width of
the first bunch of only & 10 fs, i.e. 1c=!p. Once a sufficient
number of electrons have been trapped the trapping process
terminates, as seen in Fig. 1(c). The first electron bunch
reaches an energy of 1.5 GeV and its energy spectrum is
presented in Fig. 3(c). The normalized emittances are
shown in Fig. 4. They may be estimated as the product of
the beam spot size, which roughly scales with 1= ######npp , with
the spread in the momentum perpendicular to the accel-
eration direction, which scales with the relativistic pon-
deromotive potential ( & a0). These simple considerations
show that as we move to lower densities in order to achieve
higher-energy particles the emittances of the self-injected
electrons will increase. This suggests that, for the electron
beam to be useful for high-energy physics or light source,
external injection may be more attractive. As an interesting
aside, simulations also reveal the trapping and acceleration

 

FIG. 4. (Color) The normalized emittance !"N"i ' $
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(where !pi is normalized as indicated by the figure

and the emittance is in units of !xi) and is the approximate area in phase space pixi. For the panels above which correspond to the first
bunch, this formula yields !"N"x ’ 35$ mm radand !"N"y ’ 29$ mm rad. An upper limit for the emittance can be found by
multiplying the typical divergences shown in the figure; this method leads to an overestimation which for this case is about 25%.
For the second bunch of accelerated electrons (not shown in this figure), the emittances are significantly lower: !"N"x ’ 10$ mm rad
and !"N"y ’ 11$ mm rad.
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of the wake can therefore be expressed as !" ’ !g ! !etch,
where !g is the linear group velocity of light in a very
underdense plasma !2

p " !2
0; therefore !" ’ c#1!

3!2
p=$2!2

0%&. The fact that the phase velocity of a wake
excited by an intense laser was less than even the linear
group velocity of a laser was first discussed in [31]. The
distance that the trapped electrons travel until they outrun
the wave (dephasing length) is

 Ld ’
c
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We find in numerous 1D, 2D, and 3D simulations that
the etching velocity and hence this dephasing estimate
works well for 2 & a0 & 2

!!!!
nc
n0

q
. The estimate for the upper

value of a0 is discussed later.
To illustrate the process of local pump depletion and its

relationship to photon deceleration [27], we plot the wave
number, kz$z%, of one component of the laser’s electric field
$Ex% after it has propagated through 0.18 cm of plasma for
three different laser intensities, a0 ' 1; 4; 10 in Fig. 2. For
the corresponding simulations in Figs. 2(a) and 2(b), a0 '
4 but the pulse length was 30 and 50 fs, respectively. For

 

FIG. 1. (Color) A sequence of 2-dimensional slices $x! z% reveals the evolution of the accelerating structure (electron density, blue)
and the laser pulse (orange). Each plot is a rectangular of size z ' 101:7 #m (longitudinal direction, z) and x ' 129:3 #m (transverse
direction, x). A broken white circle is superimposed on each plot to show the shape of the blown-out region. When the front of the laser
has propagated a distance (a) z ' 0:3 mm, the matched laser pulse has clearly excited a wakefield. Apart from some local modification
due to beam loading effects, as seen in (b) this wakefield remains robust even as the laser beam propagates though the plasma a
distance of 7.5 mm [as seen in (c) and (d)] or 5 Rayleigh lengths. After the laser beam has propagated 2 mm [as seen in (b)] into the
plasma, one can clearly see self-trapped electrons in the first accelerating bucket. The radial and longitudinal localization of the self-
trapped bunch is evident in part (c). After 7.5 mm the acceleration process terminates as the depleted laser pulse starts diffracting.
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≲ 1 μm

ϵN ≲ 10 μmnb/n0 ≲ 100

Typical e- acceleration modelling
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≲ 1 μm

ϵN ≲ 10 μmnb/n0 ≲ 100

Typical e- acceleration modelling

Energy [GeV] en [nm] sx/y [nm] nb/n0
15 10 21 1,20E+06
15 100 66 1,20E+05
190 10 11 4,27E+06
190 100 35 4,27E+05

Eaccel [GeV/m] 100
Density [cm-3] 1,00E+18
Q [nC] 0,833
Beam length [mm] 10
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Main goal: (essential steps to) collider design

Collider-relevant parameters are difficult to simulate 
Large scale disparity (cavity length/stage length, witness width/cavity radius)

Shake hands: ensembles of start-to-end accurate simulations
Next steps:
- Improve reduced models with additional physics
- Simulate 2 stages (e.g. 150 GeV - 190 GeV), starting reduced model & coupling
- Confirm with full-3D simulation

Start from the plasma stage

Full-physics 3D EM PIC simulation: Ion motion, 
collisions, radiation reaction, realistic parameters

Scale up in number of stages

Start from the collider design
Reduced model to simulate a section
Axisymmetric, quasi-static, reduced models

Scale up in accuracy/physics
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Main goal: (essential steps to) collider design

Resources:
-Community effort.
-(fraction of the) Work could be done with 3 post-docs for 3 years 
-Access to dedicated computing time


