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Abstract of the Dissertation

Ionization injection plasma wakefield acceleration

by

Yunfeng Xi

Doctor of Philosophy in Physics

University of California, Los Angeles, 2016

Professor James Rosenzweig, Chair

Plasma-based acceleration, either driven by laser (LWFA) or driven by electron beam

(PWFA) has the potential of accelerating electrons to GeV in a few centimeters. This

allows construction of table-top accelerator which can be applied to build light source such

as free electron laser (FEL) or high energy particle collider. The driver bunch loses energy

to plasma when driving a wake. The following witness bunch injected at correct phase will

be accelerated. Here we report a novel injection scheme, laser-ionization injection where

the witness bunch is formed by laser-ionizing higher-threshold gas such as He. Simulation

and numerical calculation is presented to evaluate the beam quality, the beam emittance

is estimated to be 10−8 mrad. Experimental key issues such as timing synchronization of

laser pulse and electron bunch and eliminate ”dark current” are taken care of before the

plasma acceleration experiment is carried out. Two beams are synchronized to 100-fs level

via plasma radiation observation and Electro-Optic Sampling (EOS). ”Dark current” is

reduced to trivial level by tuning plasma density and driver bunch configuration. We

observed 1 GeV gain of witness bunch with 5% energy spread.
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CHAPTER 1

Introduction

We have made remarkable achievements in particle physics area thanks to accelerator

technology development. Over the last decades, particle acceleration has been improved

by many orders of magnitude. Figure 1.1 plotted the trend of energy of particle beam

produced in laboratories. The plot, named ”Livingston plot”, was originally made by M.

Stanley Livingston in 1954. Since then, the plot has been updated based on accelerator

development. From the plot, the energy of accelerators has been growing exponentially

in time. Starting from the 1930s, the energy has increased by a factor of 10 every 7 years.

However, on each branch, the trend starts to bend and goes to a plateau eventually. This

is because for each technology, there is a limit for particle acceleration. People have been

developing new accelerator technologies to start new branches on the plot to boost up

the accelerating energy exponentially instead of simply scaling up given machine linearly.

While already standing on the frontier of 10 TeV, we are still pushing the high energy

boundary for two reasons: according to quantum mechanics, the higher energy the particle

possesses, the shorter the associated wavelength, thus to investigate finer structure, we

need to accelerate probe particle further. On the other hand, most of interesting particles

nowadays do not exist in nature and live only in extremely short span during particle

colliding process. Higher energy collision is required to create new heavier particles.

Besides the colliders, accelerator also serves as beam source to generate radiation source

such as Free-Electron Laser (FEL) [BPN84]. Linac Coherent Light Source (LCLS) at

SLAC National Laboratory has been a huge success and has wide application in biology

and chemistry imaging.

These motivations drive accelerator scientists to accelerate particles to higher and

higher energy. Echoing the radio-frequency (RF) structure developed decades ago, people

have to construct larger size accelerators. For example, the International Linear Collider

1



Figure 1.1: A Livingston plot showing accelerator energy versus time, updated to include

machines that came on line during the 1980s. The filled circles indicate new or upgraded

accelerators of each type.

(ILC) has been proposed as next generation linac. The design energy is 500 GeV initially

and followed by a upgrade to 1 TeV later with the accelerator length of 30-50 km. The

financial cost which is estimated as US$25 billion has been the major concern. The

physical size and financial budget limits the construction of accelerator that delivers

higher-energy particles.

To break the limit of financial cost and accelerator dimension, novel accelerator has

to be invented to exceed the current 100 MV/m gradient based on RF. A new branch on

”Livingston plot” has been established since 1970s known as wakefield accelerator. This

type of accelerator usually involves two bunches: driver bunch and witness bunch. The

driver bunch could be electron bunch. The energy of the driver bunch varies from 100

MeV to 10 GeV. It can also be a laser pulse with pulse duration of tens of femtosec-

onds, spot size of a few microns, normalized vector potential a0 of 3 or 4. The driver

beam travels through accelerating structure. Depending on whether the structure is gas

or dielectric material, it is called plasma wakefield or dielectric wakefield respectively.

2



Because of boundary condition, driver bunch deposits energy into the structure in the

form of wakefield and the following witness bunch absorbs energy from it. The gradi-

ent of wakefield accelerator is usually GeV/m or even 10s of GeV/m which is orders of

magnitude higher than traditional RF-based accelerator.

In this dissertation, we focus on plasma wakefield with electron bunch as the driver

and discuss the progress we have made both in simulation and experiment during last a

few years. In Chapter 1, the concept of wakefield-based accelerator has been introduced

with a brief review of accelerator history. In Chapter 2, theories and definitions will

be discussed for describing and measuring the characteristics of beam as beam evolves

in different situations. PIC simulation which is the most popular method in beam and

particle fields will be mentioned at the end. In Chapter 3, we will list different schemes of

plasma wakefield acceleration (PWFA) that have been proposed and tested so far. With

all these ways paved, we will introduce our ionization injection scheme PWFA in Chapter

4. The emittance of the witness beam will be estimated. While in Chapter 5, we will

report the experiment conducted in SLAC. A few experimental key steps such as timing

and beam diagnostics will be pointed out and spent more attention.

3



CHAPTER 2

Beam dynamics

The goal of our experiment is to produce ultra-low emittance and high brightness elec-

tron beam from plasma wakefield acceleration. Therefore, it is necessary to explain the

definition of emittance and brightness. In this chapter, we will introduce phase space

representation of beam first and then derive motion equations of beam including effects

of both external electromagnetic field and self-field. Following up that, we will introduce

beam emittance and brightness. At the end, we introduce the most popular simula-

tion scheme Particle-In-Cell (PIC) and discuss how equations of motion and Maxwell

equations are discretized.

2.1 Phase space

In 3D world, each particle has its own position (~x) and momentum (~p) in three directions

at each moment. ~x and ~p which have six degrees of freedom in total compose phase space.

Consider N particles in an ensemble, the distribution of particles in phase space can be

written as

F (~x, ~p) =
N∑
i=1

δ3(~x− ~xi)δ3(~p− ~pi) (2.1)

where delta function δ3(~x − ~xi)δ3(~p − ~pi) denotes the position of momentum of ith

particle in phase space. With the density function above, the total number of particles

in integral form is

N =

∫
f(~x, ~p)d3xd3p (2.2)

In a system where particle number is conservative, the continuity equation is

4



∂F

∂t
+∇~x · (~̇xF ) +∇~p · (~̇pF ) = 0 (2.3)

where ∇~x and ∇~p are divergence operator with respect to ~x and ~p. If we insert

Hamilton’s equations ∂H
∂p

= dx
dt

and ∂H
∂x

= −dp
dt

into continuity equation and realize that x

and p are independent variables, we obtain

∂F

∂t
+ ~̇x · ∇~xF + ~̇p · ∇~pF + (~̇x · ∇~x + ~̇p · ∇~p)F = 0 (2.4)

∂F

∂t
+ ~̇x · ∇~xF + ~̇p · ∇~pF +

3∑
j=1

(
∂2H

∂xj∂pj
− ∂2H

∂pj∂xj
)F = 0 (2.5)

dF

dt
=
∂F

∂t
+ ~̇x · ∇~xF + ~̇p · ∇~pF = 0 (2.6)

Equation 2.6 is called Klimontovich equation[Nic83]. This equation describes a beam

exactly. However, what we are interested in is the average properties of beam. Thus we

define the ensemble average of F (x, p, t) as f (x, p, t) and the residual is defined as δF

whose ensemble average 〈δF 〉 is 0. Usually N is very large so that effects associated with

δF such as short range collisions between beam particles can be neglected. Hence we

obtain

∂f

∂t
+ ~̇x · ∇~xf + ~̇p · ∇~pf = 0 (2.7)

which is called the Vlasov equation. It is often erroneously referred to Liouville’s

theorem. Though the finite volume in 6-dimensional phase space is independent of time,

the surface corresponding to the volume may change, we will see an example in a moment.

Also, the volume in a subspace of 6-dimensional phase space is not necessarily constant.

In some cases when each subspace is independent of other degrees of freedom and can be

decoupled from them, the subspace volumes can be constant.

One of the most common distributions is Gaussian distribution, the 2-dimensional

form (x, px) can be written as

fx(x, px) =
1

2πσxσpx
exp(− x2

2σ2
x

)exp(− p2
x

2σ2
px

) (2.8)
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Note that here we assume the restoring force is linear with x and independent of

px, thus x and px can be decoupled in the distribution above. σx is related to restoring

force, while σpx represents the average kinetic energy of ensemble which is also called

temperature.

Figure 2.1: Plot (a) is bi-Gaussian distribution of (x, px) in phase space. Plot (b) is

drifted bi-Gaussian distribution after restoring force is removed.

The bi-Gaussian distribution is shown in Figure 2.1 (a). As the beam oscillates, the

elliptical profile rotates clockwise. After the restoring force is removed, px becomes con-

stant while x = x0 + pxt/m. Now the elliptical profile is tilted and stretched which

indicates there is correlation between x and px. Liouville’s theorem tells us the areas of

the two ellipses are the same. This property that the area of an ellipse in phase space that

contains a given portion of the distribution remains constant if the restoring force is linear

is very important in beam physics. The area of the ellipse is related to emittance, so

equivalently, linear force does not change beam emittance. We will also prove this math-

ematically in next section. This is also an important characteristic of plasma wakefield

since the transverse wakefield is almost linear which would not increase beam emittance.

On the other hand, if the beam is not linear, the ellipse will be filamented. Though the

curve encloses the same area as before, the quality of distribution is spoiled.

2.2 Beam emittance

The last section is discussed in Hamiltonian form using canonical momentum and coor-

dinates. It is a rigorous analysis of classic motion of particles. However, in practice, we
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are not interested in the complete description of beam development. Instead, we want to

know transverse size and momentum spread as function of position along the accelerating

structure, not time. For convenience of this analysis, people invented a new coordinate

system which keeps track of position and momentum deviations from the design trajec-

tory named Curvilinear Coordinate System. Here ”design trajectory” means the perfect

path of particle traveling through accelerator without any focusing or beam manipulating

components. In beam physics, particles have much smaller transverse momentum than

longitudinal momentum which means paraxial approximation is valid (px, py � pz ≈ p,

p2 = p2
x + p2

y + p2
z). With this approximation, we can replace px with x′ ≡ dx/dz, because

dx

dz
=
dx/dt

dz/dt
=
vx
vz
≈ px

p
(2.9)

Now the phase space distribution fx(x, px) becomes fx(x, x
′). Note that we only

discussed x, but same transformation can be applied to y direction by default.

Another issue is about the definition of beam spread. As you might have noticed in

the bi-Gaussian distribution example above, the distribution has a theoretically infinite

edge which makes it difficult to define the beam size. Conventionally, beam emittance εx

is defined as the area of ellipse that contains 95% of particle as the green ellipsis shown

in Figure 2.1. 95% is somewhat arbitrary. One could equally use 90%.

Another method to characterize beam spread is using root-mean-square (RMS) de-

rived from second moment of distributions. This method was introduced by Lapostolle

and Sacherer [Lap71, Sac71]. They proposed the concept of equivalent beams. It states it

states that if the current (a measure of the space-charge force) and kinetic energy of two

distributions are the same, and the second moments of the distributions are the same,

then they will remain the same when subjected to the same external forces.

The second moments of distribution fx(x, x
′) are listed below:

〈x2〉 =

∫∫
x2fx(x, x

′)dxdx′

〈x′2〉 =

∫∫
x′2fx(x, x

′)dxdx′ (2.10)

〈xx′〉 =

∫∫
xx′fx(x, x

′)dxdx′

7



√
〈x2〉 is defined as spatial RMS σx. Similarly, σx′ ≡

√
〈x′2〉 and σxx′ ≡ 〈xx′〉. The

RMS emittance is defined analytically in terms of the second moments as

εx ≡
√
〈x2〉〈x′2〉 − 〈xx′〉2 (2.11)

Emittance is a quantitative measure of the beam quality. It represents the effective

trace space area of the beam. As the beam gains energy along propagation, x′ decreases

due to the factor of γ on denominator. As a result, the RMS emittance will decreases

while transverse remains the same. It is called adiabatic damping. To address this, we

define normalized emittance as

εx,n = βγεx (2.12)

where β = v/c, γ = 1/(1 − β2)1/2 is Lorentz factor, m is electron rest mass and c is

the speed of light.

Figure 2.2 shows the relation between area of RMS ellipse and RMS emittance in

trace space and geometric meaning of σx and σx′ . This ellipse can also be expressed as

RMS ellipse equation

σ2
x′x

2 − 2σxx′xx
′ + σ2

xx
′2 = ε2

x (2.13)

or

γ̂x2 + 2α̂xx′ + β̂x′
2

= ε2
x (2.14)

where α̂ = −xx′, β̂ = x2, γ̂ = 1+α̂2

β̂
are Courant-Snyder parameters.

2.3 Beam envelope equation

There is a formalism developed called envelope equation to allow us to perform a more

general analysis of behavior of beam slices. It can include linear effect such as space charge

effect, external focusing and accelerating forces and emittance in a straightforward way.

8



Figure 2.2: Properties of beam RMS ellipse

As a starting point, we derive the envelope equation in general. The differentiate of beam

RMS size can be written as

σ′x =
d

dz
(
√
〈x2〉) =

〈xx′〉
σx

(2.15)

σ′′x =
1

σ2
x

[σx
d〈xx′〉
dz

− 〈xx
′〉2

σx
] (2.16)

In equation above, d〈xx′〉/dz can be written as 〈x′2〉+ 〈xx′′〉 − γ′

γ
〈xx′〉. Thus

σ′′x =
1

σ2
x

[σx(〈x′2〉+ 〈xx′′〉 − γ′

γ
〈xx′〉)− 〈xx

′〉2

σx
] (2.17)

σ′′x +
γ′

γ
σ′x =

ε2
x

σ3
x

+
〈xx′′〉
σx

(2.18)

Note that Equation 2.17 is derived based on the assumption that (βγ)′ ≈ γ′. Also, εx

is geometric emmitance. The 〈xx′′〉 on RHS of Equation is the force term which includes

all of transverse force effects as mentioned above: space charge, linear focusing force etc.

If the force is linear external focusing force, it can be written as x′′ = −κ2
β(z)x. For

example, in quadrupole focusing case, κ2
β = eB′/p, so the force term for quadrupole

focusing is
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〈xx′′〉
σx

= −
κ2
β〈x2〉
σx

= −κ2
βσx (2.19)

It is more natural to write the equation in cylindrical coordinates if the beam profile

and external force have axial symmetry. Now x in equations above is replaced by r. The

definition of radial emittance as ε2
r = 〈r2〉〈r′2〉 − 〈rr′〉2 where r′ = pr/p.

For example, the focusing force in RF accelerating structures is axisymmetric. The

average form is

〈Fr〉 = −η
8

(eE0)2

γmc2
r (2.20)

where E0 is the peak accelerating field and η is a factor related to spatial harmonics

of the RF fields. We know with paraxial approximation pz � pr

dpr
dt

=
d(γmvr)

dt
= γm

d2r

dt2
= γmv2

z

d2r

dz2
≈ γmβ2c2γ′′ (2.21)

After we substitute Equation into Equation , we obtain

r′′ = −η
8

(
eE0

γmc2
)2r = −η

8
(
γ′

γ
)2r (2.22)

where γ′′ = eE0/mc
2 is named normalized energy gain. Therefore,

〈rr′′〉
σr

= −η
8

(
γ′

γ
)2σr (2.23)

Finally the radial envelope equation including focusing and acceleration terms can be

written as

σ′′r +
γ′

γ
σ′r +

η

8
(
γ′

γ
)2σr =

ε2
r

σ3
r

+
〈rr′′〉sc
σr

(2.24)

In this envelope equation, the second and third term on LHS are accelerating term

and focusing term respectively while on RHS, the first term is due to emittance and the

subscript ”sc” in second term represents ”space charge”.
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2.4 Beam brightness

Beam brightness was first defined by von Borries and Rhushka in 1939 [BR39] as B =

I/(AΩ) where I is beam current, A is beam transverse area and Ω is the divergence of the

beam. Since then, it has become a useful figure of merit to evaluate beam quality because

it summarizes many properties of an electron beam. There are different definitions of

beam brightness in accelerator and beam physics. For example, the 5D brightness is

defined as Equation 2.25. This is the relativistic analog of the microscope brightness.

B5D =
2I

εnxεny
∼ 2I

(βγ)2εxεy
(2.25)

where εx and εy are emittance in x and y direction respectively and subscript ”n”

denotes ”normalized”. Another definition is 6D brightness which is the true figure of

merit, but it is hard to measure in practice.

B6D =
N

εnxεnyσzσγ
(2.26)

where σz is the RMS bunch length and σγ is the RMS energy spread. This brightness

converses when the forces are linear.

Figure 2.3: Distribution of various electron sources in brightness and current

Figure 2.3 from C. Brau shows brightness and current of different electron sources

which spans many orders of magnitude. The RF photoinjectors of our interest are located
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around 10− 100A and 1011 − 1013A/m2 region.

An interesting side note is that there is quantum limit for beam brightness for the

reason that Pauli exclusion principle and Heisenberg uncertainty principle. According

to [M.B.Callaham,IEEEJ.quantumelectronics,24:1958,1988], the quantum limit for the

maximum beam brightness is

Bquantum =
2e

h3
(m0c)

3 =
2e

(λc)3
(2.27)

where h is Planck constant and λc is de Broglie wavelength. The order of magnitude of

Bquantum is 1025A/m2. In reality, the state-of-the-art electron sources is only 10−4Bquantum

or less which is not even close to this limit.

2.5 Motion of Charged Particles in Fields

The interaction of particles and fields is complicated because fields affect particles’ motion

and particles’ collective behavior updates fields distribution in return. For simplicity, we

start with single particle motion and limit the discussion to the external field. Even so,

calculating the motion of a charged particle can be quite hard.

dp

dt
=
d(γmv)

dt
= q(E + v ×B) (2.28)

dE

dt
=
d(γmc2)

dt
= v · F (2.29)

where m and q are particle’s mass and charge. Here the ”particle” is electron. v is

the velocity of particle. E and B are external electric and magnetic fields. γ is Lorentz

factor. F is external force due to fields. The physical interpretation of Equation and

Equation are rate of change of momentum and energy respectively.

A simple case is constant B and E = 0. We suppose the initial velocity of a particle

is v = (0, 0, v0) and B = (0, B0, 0). From Equation , we immediately know there is

not energy gain for particle and it will stay in circular motion in xz-plane. The force on

particle F is
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Fx = γm
dvx
dt

=
evzB0

c
(2.30)

Fy = 0 (2.31)

Fz = γm
dvz
dt

=
evxB0

c
(2.32)

Taking the time derivative of equations above and substitute Equations 2.30 into RHS

of new derivative equations, we obtain

d2vx
dt2

= −(
eB0

γmc
)2vx (2.33)

d2vz
dt2

= −(
eB0

γmc
)2vz (2.34)

The solution of this type of second-order derivative equation has sinusoidal form.

With the initial conditions we assumed, the solution of particle’s position is

x(t) = − v0

Ω0

cos(Ω0t) +
v0

Ω0

(2.35)

z(t) =
v0

Ω0

sin(Ω0t) (2.36)

where Ω0 ≡ eB0

γmc
is defined as cyclotron frequency.

To solve more general particle motion problem, let us review the example above in

curvilinear coordinate system that we introduced in early section. We choose the direction

of motion of particle to be the s direction. y direction is perpendicular to motion plane.

In new coordinate system, the infinitesimal step dsi can be written as

dr = dsxx̂+ dsyŷ + dsθŝ (2.37)

= dxx̂+ dyŷ + (x+R)dθŝ

= dxx̂+ dyŷ + (1 +
x

R
)dsŝ

where R = v0/Ω0 is radius of curvature. As time evolves the accelerator coordinate

system will rotate as ds/dt = v0. The time derivative of unit vectors are
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˙̂s =
dŝ

dt
=
dŝ

dθ

dθ

dt
= −x̂(

d

dt

s

R
) = −v0x̂

R
(2.38)

˙̂x =
v0ŝ

R
(2.39)

The position of one particular particle can be expressed as the difference between its

absolute position r and reference frame r0. With two equations above, we can now derive

the beam frame velocity

ṙ = ṙ0 + ẋx̂+ x ˙̂x+ ẏŷ + y ˙̂y + żŝ+ z ˙̂s (2.40)

= ṙ0 + ẋx̂+ x
v0

R
ŝ+ ẏŷ + żŝ− z v0

R
x̂

= (ẋ− z v0

R
)x̂+ ẏŷ + (1 +

x

R
+
ż

v0

)v0ŝ

The chain rule can be applied to derive the relation between time derivative and

position derivative. Note the distinction between (̇) and ()′.

ẋ =
dx

dt
=
dx

ds

ds

dt
= v0x

′ (2.41)

The last step of Equation 2.40 can be rewritten as

ṙ = (x′ − z

R
)v0x̂+ y′v0ŷ + (1 +

x

R
+ z′)v0ŝ (2.42)

If we take the time derivative of velocity equation, we can get acceleration equations

as follows:

v̇x
v2

0

= x′′ − 2z′

R
− z(

1

R
)′ − x

R2
− 1

R
v̇y
v2

0

= y′′ (2.43)

v̇z
v2

0

= z′′ − 2x′

R
− x(

1

R
)′ − z

R2

We rewrite Equation 2.5 in three components:
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v̇x =
q

γmc
(vyBz − vzBy)

v̇y =
q

γmc
(vxBz − vzBx) (2.44)

v̇z =
q

γmc
(vxBy − vyBx)

After we insert Equation 2.43 into Equation 2.44, acceleration equation can be written

after arrangements as follows

x′′ − 2z′

R
− z(

1

R
)′ − x

R2
− 1

R
=

q

γmcv0

(y′Bz − (1 +
x

R
+ z′)By)

y′′ = − q

γmcv0

((x′ − z

R
)Bz − (1 +

x

R
+ z′)Bx) (2.45)

z′′ +
2x′

R
+ x(

1

R
)′ − z

R2
=

q

γmcv0

((x′ − z

R
)By − y′Bx)

The equations above describe particle’s motion completely. However, they are not

practically useful when magnetic field is not uniform. Approximation should be made to

simplify these equations. Details of γ and B expansion are neglected here. After we drop

nonlinear terms, we obtain the linear equations of motion as follow

x′′ + (
1

R(s)2
+Kn(s))x = 0 (2.46)

y′′ −Kn(s)y = 0 (2.47)

where R(s) is dipole bending radius with dependence on s andKn = q
p

dBy

dx
is quadrupole

focusing strength. These equations are known as Mathieu-Hill equation. To write these

two equations in the same form, we also define Kx(s) ≡ 1/R(s)2 + Kn(s) and Ky(s) ≡

−Kn(s). The general form of equation tells us particle motion around the reference tra-

jectory is caused by dipole bending and quadrupole focusing. Their strength varies with

s in general. If Kn(s) and R(s) are constant or vary very slowly over s, the transverse

motion can be regarded as ”quasi-harmonic oscillation”. To simplify the discussion fur-

ther, we select a small piece of accelerator where K(s) can be approximated as constant.

We know that equation u′′ + Ku = 0 with initial conditions: u(0) = u0 and u′(0) = u0

has solution like Equation 2.48
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u(s) =


u0cos(

√
Ks) + u′0

1√
K
sin(
√
Ks), K > 0

u0cosh(
√
|K|s) + u′0

1√
|K|
sinh(

√
|K|s), K < 0

(2.48)

The solution above can also be written in matrix transformation from vector (u0, u
′
0)T

to (u, u′)T .

u

u′

 =

C(s) S(s)

C ′(s) S ′(s)

u0

u′0

 (2.49)

where

C(s) =


cos(
√
Ks), K > 0

cosh(
√
|K|s), K < 0

(2.50)

S(s) =


sin(
√
Ks), K > 0

sinh(
√
|K|s), K < 0

(2.51)

C’(s) and S’(s) are their derivatives respectively.

In a drift space, the momentum of particle is constant. We take the limit of K → 0

and assume the drifting distance is l, then the transform matrix becomes

Mdrift =

1 l

0 1

 (2.52)

Another case is transporting through a quadrupole without bending which indicates

limR→∞(Kn + 1
R2 ) = Kn. Therefore, the focusing and defocusing matrix are

MQF =

 cos(
√
Knl)

1√
Kn
sin(
√
Knl)

−
√
Knsin(

√
Knl) cos(

√
Knl)

 (2.53)

MQD =

 cosh(
√
|Kn|l) 1√

|Kn|
sinh(

√
|Kn|l)√

|Kn|sinh(
√
|Kn|l) cosh(

√
|Kn|l)

 (2.54)
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2.6 Particle-In-Cell simulation

In last sections, we have solved the motion equations for scenario where single particle

moves in simple electric and/or magnetic fields. However, this is often not the case in real

research.There are millions of particles in the system. And the fields are usually not uni-

formly distributed. Besides, there are interactions between particles in one cluster which

increases the computing complexity to O(N2). It takes a huge amount of computing

efforts, most of time it is impossible, to find the exact solution to each particle trajec-

tory. On the other hand, people have little interest in one particular particle’s position

and momentum information. Instead, they would like to study collective behavior and

dynamics of particles which leads to the possibility of reducing the computing complexity

significantly with appropriate approximation treatment.

Particle-in-cell (PIC) is one of the most powerful methods to simulate particles dy-

namics. The history of PIC can date back to late 1905s when Buneman [Bun59] and

Dawson [Daw62] published particle trajectory calculations. Note that in these papers,

the basic physics models were based on the assumption that space charge was neglected.

Charged particle trajectories were computed in specified fields in unbounded systems.

In spite of that, these works laid the foundation of plasma physics computation. After

that, the computational community realized particle-particle method was hard to scale

up as the number of particle N and devised particle-mesh methods that the space (only

1D in early time) is discretized as a mesh and Poisson Equation is solved numerically on

the mesh. At that time, this method was referred to as could-in-cell or particle-in-cell

depending on weighting schemes. Though it was 1D simulation, it included space charge

effect and achieved great success in solving plasma problems. The PIC scheme was real-

ized in code and published by Birdsall and Langdon [BL85] and Hockney and Eastwood

[HE81]. A lot of PIC theories were established in their works and have been adopted till

now such as finite time, space discretization and electromagnetic schemes for propagat-

ing waves. Nowadays, PIC scheme has been implemented in both commercial software

like Vorpal vended by Tech-X and open-source tool such as OSIRIS developed by Mori’s

group in UCLA and WARP by Lawrence Berkeley National Laboratory (LBNL).

In this framework, individual particles are traced in continuous phase space while
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moments of particle distribution are computed on mesh grids. It can represent general

distribution functions in phase space statistically. The equations that governs motion

of particles and interaction between particles and electromagnetic fields usually retains

the full nonlinear effects. Space charge and other collective effects can be included, thus

the self-consistency of coupling of charged particles and fields is preserved. As shown

in Figure 2.4, particles are defined in continuum space in both position and momentum

(or velocity). fields E and B are defined on grids in space. Time, representing the

evolution of motion of particles, is also treated as discrete quantity. Particles and fields

information is updated per time step ∆t initialized with initial conditions. Particles’

position and momentum are advanced with current fields distribution in terms of motion

equations. Then the boundary conditions are applied to determine wether particles should

be absorbed or emitted. After that, with new particle distribution (x, p), we can obtain

new source terms (ρ, J). Then by solving Maxwell equations, we advance fields E and

B. This is one flow cycle of PIC scheme.

Figure 2.4: Schematic plot of working iteration of PIC scheme.

We already know the Newton-Lorentz equations of motion Equation 2.5 and dx/dt =

v. In PIC scheme, it is discretized using the second order accurate center difference

scheme, also known as the ”leapfrog” scheme.
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ut+∆t/2 − ut−∆t/2

∆t
=

q

m
(Et +

ut+∆t/2 + ut−∆t/2

2γt
×Bt) (2.55)

xt+∆t − xt

∆t
=
ut+∆t/2

γt+∆t/2
(2.56)

where u = γv and γt = (γt−∆t/2 + γt+∆t/2)/2. To write the equations above into a

more explicit format, one common option is to use Boris pusher [Bor70].

u− = ut−∆t/2 +
q∆tEt

2m
(2.57)

u′ = u− + u− × tt (2.58)

u+ = u− + u′ × 2tt

1 + tt · tt
(2.59)

ut+∆t/2 = u+ +
q∆tEt

2m
(2.60)

where tt is defined as B̂tan( q∆t
2mγt

Bt).

Boris pusher has excellent long term accuracy. The reason is that it conserves phase

space volume. Since theory of relativity can be applied in any frame of reference, people

have been thinking simulating plasma physics problem in the frame which minimizes the

range of space and time scales [Vay07, MFL10]. However, because the equations are all

discretized as discussed above, they may not preserve some fundamental properties and

cause finite grid instability and numerical Cherenkov instability. The numerical noise

could result in unpredictable errors in simulation. In 2007, Jean-Luc Vay proposed a

novel Boris pusher to address this issue [Vay08].

For the field solver, it basically means solve finite-difference time-domain (FDTD)

discretization on a Yee mesh 2.5. The electric field components form the edges of the

cube and they are at integral multiples of the timestep, and the magnetic field components

form the normals to the faces of the cube and they are at t = (n+ 1/2)∆t, where n is an

integer. The initial conditions must satisfy ∇·B = 0 and ∇·D = ρ and then the electric

and magnetic fields are advanced in time using finite-differenced forms of Faraday’s law

and Ampere’s law.
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Figure 2.5: A Cartesian Yee cube used for FDTD to show how electric and magnetic field

vector components are distributed.

∂D

∂t
= ∇×H − J (2.61)

∂B

∂t
= −∇×E (2.62)

The original Ampere’ law and Faraday’s law can be written in finite difference form

as following:

δtDi = δjHk − δkHj (2.63)

δtBi = −δjEk + δkEj (2.64)

where i, j and k denote the indices of an orthogonal right-handed set of coordinates

and δt denotes the finite-difference operator with respect to the variable t. The explicit

format are written in Equations 2.66. As mentioned on Yee cube above, D, E and J

are defined at the midpoint of the segments connecting mesh nodes, while B and H are

defined on a mesh displaced by one half cell in each dimension.

Dt
i −Dt−∆t

i

∆t
=
H
t−∆t/2
k,xj+∆xj/2

−H t−∆t/2
k,xj−∆xj/2

∆xj
−
H
t−∆t/2
j,xk+∆xk/2

−H t−∆t/2
j,xk−∆xk/2

∆xk
− J t−∆t/2

i (2.65)

B
t+∆t/2
i −Bt−∆t/2

i

∆t
= −

Et
k,xj+∆xj/2

− Et
k,xj−∆xj/2

∆xj
+
Et
j,xk+∆xk/2

− Et
j,xk−∆xk/2

∆xk
(2.66)
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Although PIC has excellent performance and dominates in plasma simulation com-

munity, it is worth to point out that there are a few limitations in PIC scheme. A major

one is that the particle per cell count rates follow Poisson statistics. For Ne particles

per cell, the relative fluctuations are 1/
√
Ne. If Ne is limited by computing power, large

fluctuations can result in particle-wave collisions. Also, the dispersive relation can change

artificially. Since this is beyond the topics we cover, we will skip the detail.
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CHAPTER 3

Plasma-based wakefield acceleration overview

We start this section with introducing plasma wakefield acceleration (PWFA) along with

its sister scheme laser wakefield acceleration (LWFA). Basic theories and simulations

are presented. Especially, we demonstrate the derivation of the important theorem,

Panofsky-Wenzel theorem which draws connection between transverse wakefield and lon-

gitudinal wakefield. Next, we overview the history of wakefield simulations and exper-

iments brieftly. In the last section, we discuss the current injection schemes that have

been proposed and tested.

3.1 Plasma/laser wakefield acceleration

The basic concepts of plasma acceleration was originally conceived by Toshiki Tajima and

John M. Dawson of UCLA in 1979 [TD79]. Initially plasma is prepared in equilibrium.

If a strong electric or electromagnetic field is applied into plasma. As shown in Figure

3.1, the plasma electrons will be repelled away from center while background ions will

be stationary in the time scale of excitation consider the huge mass difference (at least a

factor of 1836). The temporary separation of electrons and ions creates a charge imbalance

in the perturbed region. The plasma electrons experience strong attractive force back to

center of the wake by positive plasma ion columns. This forms extremely high longitudinal

(accelerating) and transverse (focusing) electric field. The accelerating gradient in the

region between tail and middle of plasma column can be potentially used for electron

acceleration. Note that originally laser pulse was suggested in Tajima and Dawson’s

paper. But the idea of using electron bunch as driver was proposed shortly after that

[CDH85]. Beam-driven plasma wakefield acceleration is called PWFA while laser-driven

scheme is called LWFA. In next discussions, beam-driven and laser-driven scheme will

be mentioned both from time to time since they share a lot of commons though this
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dissertation is dedicated to the work on beam-driven scenario.

Figure 3.1: A schematic plot of plasma wakefield acceleration with driver bunch leading

in front (right) and witness bunch following behind in the bubble. Both longitudinal and

transversal wakefields are drawn in green. The figure source is here.

To compare the advantage of plasma acceleration to RF acceleration, we estimate

accelerating gradient of plasma wakefield by calculating the cold nonrelativistic plasma

wave breaking field E0 = cmeωp/e where ωp = (4πn0e
2/me)

1/2 is plasma frequency and

n0 is the ambient electron number density [Daw59]. c, me and e are speed of light in

vacuum, electron’s rest mass and charge respectively. More practically, the expression of

E0 is written as E0(V/m) ≈ 96
√
n0(cm−3). As we will discuss later, the plasma density of

our interest is n0 = 1017cm−3. In this case, wave-breaking field is estimated as 30 GV/m

which is about two orders of magnitude higher than the state-of-the-art RF gun. Another

advantage of plasma acceleration is that the plasma column length is approximately same

as plasma wavelength which can be evaluated as λp = 2πc/ωp = 2π/kp and practically

λp(µm) ≈ 3.3×1010/
√
n0(cm−3), thus we can tune the length by changing plasma density.

Plasma-based acceleration was discussed mostly in linear regime in early days. In

linear regime, both electrons and positrons can be accelerated in same structure as long as

they are injected into correct focusing and accelerating phase. The validity and usefulness

of linear-fluid theory has been discussed in [LHZ05] thoroughly. The optimum wake was

also found as kpσz = 21/2 for kpσr ≤ 1 given fixed beam parameters where kp is plasma

wave number, σz and σr is longitudinal and transverse size of the beam respectively. In

beam-driven case, the ratio of driver beam density and plasma density nb/np determines

if the regime is linear or blowout; Equivalently, the normalized vector potential of laser

a0 = eA/(mc2) is for laser-driven. When nb/np > 1 or a0 > 1, plasma wave goes to

blowout regime where δn/n0 ≈ 1 which indicates almost all electrons inside the regime

are blown out by the driver bunch. However, this condition is not absolutely necessary,
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linear regime or quasi-linear regime can transit into blowout-regime due to self-focusing.

We have known the wave breaking limit from simple estimation above. It would

be useful to explore properties of wakefields such as the relationship between trans-

verse components and longitudinal component and the dependencies of each of them.

Panofsky-Wenzel Theorem which was used to in scenario where a beam travels through

a structure and generate a wave excitation when there are longitudinal and transverse

momentum kicks. This theorem can be generalized to many structures such as RF deflec-

tors. This structure can also be plasma. Here, we start to derive the theorem for single

particle and then take a look at it in plasma acceleration example.

First, we write fields E and B in terms of the scalar and vector potential.

E = −∇φ− ∂A

∂t
(3.1)

B = ∇×A (3.2)

Assume the particle’s velocity direction is in ẑ, then

v ×B = v0ẑ × (∇×A) (3.3)

For vector a and b, we have

∇(a · b) = a× (∇× b) + b× (∇× a) + (a · ∇)b+ (b · ∇)a (3.4)

Therefore, Equation 3.3 can be written as

v0ẑ × (∇×A) = ∇(A · v0ẑ)−A× (∇× v0ẑ)− (A · ∇)v0ẑ − (v0ẑ · ∇)A (3.5)

The second and third term on the right hand side equal to zero. We arrive at

v0ẑ × (∇×A) = v0∇Az − v0
∂A

∂z
(3.6)

While the full derivative of A is

dA

dt
=
∂A

∂t
+ (v · ∇)A =

∂A

∂t
+ v0

∂A

∂z
(3.7)
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Since A has no explicit dependency on time t,

v0
dA

dz
=
dA

dt
(3.8)

Thus the Lorentz force can be written as

F = q(−∇φ+ v0∇Az − v0
dA

dz
) (3.9)

The total change of momentum p through structure can be expressed as

∆p = q

∫
(−dA

dz
+∇(Az −

φ

v0

))dz (3.10)

For an isolated structure, A = 0 because E and B vanish on the boundary.

∆p = ∇(q

∫
(Az −

φ

v0

)dz) ≡ ∇Ω (3.11)

Thus, we have ∇× (∆p) = 0, or equivalently

∇⊥(∆pz) =
∂(∆p⊥)

∂z
(3.12)

[LHZ06] derived the theorem for plasma wake excitation case. In the paper, the

pseudo potential is defined as Ψ̄ = Φ̄− Āz where Φ̄ is the electrostatic potential and Āz

is the component of the vector potential in the direction of propagation. The coordinate

system is chosen as (ξ = z − vφt, x, y, s = z) where vφ is the phase velocity of the wake.

The conclusion was Fz ≈ −∂ξΨ̄ and F⊥ ≈ −∇⊥Ψ̄. Thus the Panofsky-Wenzel theorem

can be written as

∇⊥Fz = ∂ξF⊥ (3.13)

It means the transverse variation of longitudinal component of wakefield equals to the

longitudinal variation of transverse components of wakefield.

3.2 A brief history of PWFA

In this section, we will follow the timeline of the PWFA topic. The milestones of both

theory and experiment but not exhaustively will be pointed out. As we mentioned above,
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the idea of beam-driven scheme was proposed by P. Chen et al. In this paper, 1D linear

regime simulations was shown to prove this could be promising candidate to achieve

GeV/m-level acceleration gradient. After a couple of years, 2D simulation results were

presented in [Kat86, SS87]. Issues such as dephasing of trapped particles and beam

loading were addressed. Then J. Rosenzweig et al explored nonlinear regime and reported

their theoretical studies of 1D plasma wave [Ros87, RBK91] . The nonlinear regime where

electrons were all repelled to side, only ions were left as background later was known as

”blowout regime”. The beam loading issue for the ”blowout regime” was developed in

[TLT08] and shown that with appropriate beam shape, high energy transformer ratio and

low energy spread can be achieved. Thanks to huge improvement of computing power,

nowadays 2D cylindrically symmetric code and 3D boosted frame code such as OSIRIS

and WARP are available so that we can model plasma problems more accurately.

Plasma wakefield acceleration were observed for the first time in experiment [RCC88].

The experiment was conducted in Argonne National Laboratory with 2 3 nC charge, 21

MeV, σr 2.4mm, σz 2.4mm electron driver bunch. The witness bunch following behind

was 15 MeV and the gradient reported was about 1 MeV/m. Later on, the followup

experiment was carried out to investigate accelerating and focusing properties of PWFA.

Gradient of 5 MeV/m was measured and transverse focusing effect was observed [RSC89].

As proof of concept, these experiments demonstrated PWFA on MeV-level. In 1990s,

experiment with 1 GeV energy gain was proposed [ACD98] and approved as E-157 ex-

periment [HAD00, OSD02] at Final Focus Test Beam facility (FFTB) in SLAC National

Accelerator Laboratory. The most famous one in FFTB was the tail of 42 GeV driver

bunch was accelerated over 80 GeV with accelerating gradient of 54 GeV/m and plasma

length of 80 cm [BCD07]. The energy was doubled in less than 1m long plasma which was

astonishing. Besides this success, there were other interesting topic tested on FFTB. For

example, the transverse properties of the blowout regime [CBD02], the X-ray radiation

from beam betatron motion of electrons [WCB02] and positrons [JAB06], oscillation of

witness beam due to initial offset injection known as ”hosing instability” [DBC06].
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3.3 Different injections

We already know there are PWFA and LWFA from last sections. There is another

dimension to categorize plasma-based acceleration which is injection. Injection of back-

ground plasma electrons into the plasma wave, trapping them in the wave, and form-

ing an electron bunch with compact six-dimensional phase space volume is a complex

process presenting difficult challenges. Schemes that yield control over such characteris-

tics, such as self-injection [MMN04, GTT04, FGP04, KBY11, KYB11, BPR12], density

step injection [BNP98, SBR01, GNP08, SBS10, GNL11], multiple laser pulse injection

[UKD96, EHL97, FRN06, DLR09], ionization-induced injection [CSM06, MTS10, CRA10,

PCR11, LXW11], and combinations of these have been proposed and developed to vary-

ing degrees in recent years. For applications such as driving an x-ray free electron laser

(XFEL), ultralow emittance and high current, with reproducibility and precise control-

lability over energy, are required. It has been shown recently that under certain cir-

cumstances the output from laser-plasma-accelerators may be already sufficient to yield

the minimum conditions needed for FEL radiation production [MMR12]. However, a

substantial increase in electron bunch quality is highly desirable for plasma-based accel-

erators, in order to increase the brightness of electron drivers for XFEL applications; this

increase in brightness enables a dramatic decrease of the FEL footprint by shortening the

FEL gain length, thus helping make a truly compact XFEL system [RAA08]. Further,

use of lower emittance beams allows shorter wavelengths to be accessed [OMR10]. In

next chapter, we will introduce a novel injection scheme: ionization injection.
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CHAPTER 4

Ionization injection scheme PWFA

Figure 4.1: PIC simulation snapshots of photoionization release, trapping, and accelera-

tion of electrons inside a bunch-driven, self-ionized plasma blowout. The copropagating

laser pulse starts to release electrons as it approaches its focus. These low-emittance

electrons are trapped at the back of the blowout and gain energy (red color bar). The

blue and white colors show the sum of the electric field, which is necessary to indicate

the bubble structure as well as the linearly polarized laser pulse electric field.

Recently, hybrid plasma accelerators [HKO10] have been described that promise to

enable dramatically increased electron bunch quality by employing an underdense pho-

tocathode plasma wakefield mechanism [HRX]the equivalent of a solid photocathode in

RF photoinjector guns [HBP94]. In particular, this hybrid injector scheme plasma ac-

celerator (also known as Trojan horse injection [HPR12]) may produce bunches with

normalized transverse emittance down to the ε ≈ 10−2 mm mrad level or less. The essen-
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tial ingredients of this novel concept are an intense, short pulse electron beam driver; a

synchronized, relatively low-energy laser pulse; and a gas/plasma combination consisting

of at least one low-ionization threshold (LIT) and another higher-ionization-threshold

(HIT) atomic component. The electron beam driver is required to drive the plasma

wakefield interaction into the blowout regime in the LIT medium. The synchronized

laser pulse then follows the driving electron beam and is focused into the blowout cav-

ity where it releases ultracold electrons via localized (within the laser Rayleigh length)

ionization of the HIT gas. In contrast to todays laser wakefield acceleration schemes,

where the terawatts-power-scale laser pulse sets up the plasma wave, here, the modest

intensity laser pulse is required only to release electrons into the electron beam-driven

plasma wakefield acceleration, in underdense photoionization action. The separation of

function between driving of very large-amplitude plasma waves and the ionization in-

jection between the electron beam and laser beam, respectively, gives a high degree of

tenability in this approach.

Figure 4.1 illustrates this underdense photocathode plasma wakefield acceleration pro-

cess based on particle-in-cell (PIC) simulations with VORPAL [NC04]. The electron

bunch driver sets up the LIT plasma wave, and the laser pulse sets free electrons around

its focus on an axis with ultralow emittance. These electrons are then caught and form

a tiny, ultrahigh quality bunch that is copropagating with the plasma wave at the end of

the blowout, thus profiting from maximized energy gain.

The dynamics of laser ionization-based electron injection in the recently introduced

plasma photocathode concept is analyzed analytically and with particle-in-cell simula-

tions. The influence of the initial few-cycle laser pulse that liberates electrons through

background gas ionization in a plasma wakefield accelerator on the final electron phase

space is described through the use of Ammosov-Deloine-Krainov theory as well as nonadi-

abatic Yudin-Ivanov (YI) ionization theory and subsequent downstream dynamics in the

combined laser and plasma wave fields. The photoelectrons are tracked by solving their

relativistic equations of motion. They experience the analytically described transient

laser field and the simulation-derived plasma wakefields. It is shown that the minimum

normalized emittance of fs-scale electron bunches released in mulit-GV/m-scale plasma

wakefields is of the order of 10−2 mm mrad. Such unprecedented values, combined with
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the dramatically increased controllability of electron bunch production, pave the way for

highly compact yet ultrahigh quality plasma-based electron accelerators and light source

applications.

In first section, we will discuss the mechanism of intense laser ionization and intro-

duce a new model that calculates the ionization rate and simulate initial distribution of

ionization electrons. Then we move on to study witness bunch behaviors with equations

of motion derived from Chapter 2 and initial conditions we obtained from first section.

Finally, we calculate emittance and brightness with solution of equations of motion after

cm-scale acceleration.

4.1 High-intensity laser ionization

Figure 4.2: a) Electron jumps from ground state to free state by absorbing multiple

photons. b) Atomic potential is deformed by intense laser field so that electron can

tunnel out.

Due to wave-particle duality of light, the ionization process can be interpreted in two

ways as shown in Fig. 4.2: Atoms absorb multiple photons and outmost layer electrons

are ejected.This process is called multiphoton ionization (MPI) [DK98, Pop04]. On the

other hand, ionization can also be seen as a quasi-static process in which strong laser

field suppresses the potential barrier of ions and increases the probability for bound
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electrons to tunnel through [NR66, AT66, AT67, A 67]. A more general quasi-static

theory was developed by Keldysh [Kel65] to describe multiphoton ionization in the low-

frequency limit, and was pursued by Faisal [Fai73] and Reiss [Rei80]. In his theory, the

assumption has been made that an electron only interacts with laser field, not with ions

after ionization. An important parameter Keldysh parameter γk was defined to measure

the contributions of two competing processes . For γk � 1, tunnel ionization dominates

over MPI, while γk � 1, ionization transit to MPI regime. It is interesting to note that

early evidence of quasi-static tunneling was found in 1974 by Bayfield and Koch [BK74]

in the microwave ionization of highly excited Rydberg atoms.

γk = (
IP

2UP

)1/2 (4.1)

where IP is ionization potential of atom. UP is electron ponderomotive energy, which

is the cycle-averaged quiver energy of a free electron in an electromagnetic field, defined

as

UP =
e2E2

0

4mω2
(4.2)

Or more practically,

UP [eV ] = 9.34× 10−20 × (λ[nm])2 × I[W/cm2] (4.3)

where m and e are the mass and charge of the electron. E0 is the electric field strength.

ω is the angular frequency of laser. λ is laser wavelength. I is laser intensity. It is worth

to point out that after plugging Eq.4.3 into Equation 4.1, we find γk is proportional to

λ
√
I which indicates high intensity, long wavelength end corresponds to tunnel ionization

and low intensity, short wavelength refers to MPI. It is consistent with physics intuition

that long wavelength laser behaves like wave while short wavelength laser is described

as photons. To show the dependence of γk on intensity and wavelength, γk is plotted

as function of intensity for various wavelength cases in Figure 4.3. For Ti:Sa laser (800

nm) in FACET, γk is below 1 over most of intensity range of interest which means tunnel

ionization overweights MPI.

31



Λ=800nm

Λ=400nm

Λ=266nm

Λ=200nm

0.2 0.5 1.0 2.0 5.0 10.0

0.2

0.5

1.0

2.0

5.0

10.0

IHTW�cm
2L

Γ

Figure 4.3: Dependence of γ on laser intensity I for λ=200nm, 266nm, 400nm, 800nm.

After introducing MPI and tunnel ionization, we focus on ionization rate in other

words how many atoms can be ionized given gas density and certain laser pulse. For a

long time, people have been using famous ADK formula to calculate the ionization rate

which was named after three pioneers (Ammosov M. V., Delone N. B. and Krainov V.

P.) [MK86]. In their theory, rates of laser ionization are averaged over the laser cycle and

defined as

Γ(t) = An∗,l∗Bl,|m|IP (
2(2IP )3/2

Ef(t)|cosφ(t)|
)2n∗−|m|−1 × exp(− 2(2IP )3/2

3Ef(t)|cosφ(t)|
) (4.4)

where the coefficient An∗,l∗ is related to radial part of wave function thus the effective

principal quantum number n∗ and the effective angular momentum l∗. The coefficient

Bl,|m| is from the angular part of the wave function and determined by actual angular

momentum l and its projection m to laser polarization vector. IP and E are ionization

potential and laser electric field amplitude as mentioned above. f(t) is temporal envelope

function. φ(t) is the phase term.

An∗,l∗ =
22n∗

n∗Γ(n∗ + l∗ + 1)Γ(n∗ − l∗)
,

Bl,|m| =
(2l + 1)(l + |m|)!
2|m||m|!(l − |m|)!

(4.5)
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where Γ(x) is the gamma function. By choosing appropriate f(t) and averaging over

half laser cycle, one can obtain tunnel ionization rate formula.

It has been widely used because of its simplicity and well performance in the limit

γk � 1. For example, it has been well-implemented into particle-in-cell simulation code

[DG03]. However, as ultrafast laser technology has developed rapidly. Averaging over

laser cycle starts to become invalid for few-cycle laser. In our ionization injection ex-

periment, injection laser is designed as tens of microns long which is close to few-cycle

laser. Also, if we select Helium as HIT gas, then the ionization potential is IP ≈ 24.6eV ,

and the corresponding ponderomotive energy UP = I/(4ω2) amounts to 60eV at a laser

intensity of I = 1015W/cm2 and a central wavelength of λ = 800µm. With Equation 4.1,

the Keldysh parameter can be calculated as γk ≈ 0.45 in our experiment scenario. The

intermediate Keldysh parameter γk ∼ 1 indicates that bother tunnel ionization and mul-

tiphoton ionization are relevant. In such a case, the photoelectron yield from ionization

is underestimated by ADK theory, especially with short wavelength laser pulses [GBL11],

the use of which may be advantageous for our experiment. To estimate the yield of elec-

trons released by laser more accurately, we need to find a more accurate model. G. L.

Yudin and M. Y. Ivanov derived new ionization rate including dependence of ionization

on the instantaneous phase of laser field [YI01].The expression of instantaneous rate is

Γ(t) ∼ exp(−E
2f 2(t)

ω3
Φ(γk(t), θ(t))) (4.6)

where γk(t) = γk/f(t) indicating now Keldysh parameter is time-dependent,

Φ(γk, θ) = (γ2
k + sin2 θ +

1

2
) ln c−

3
√

(b− a)

2
√

2
sin |θ| −

√
b+ a

2
√

2
γk,

a = 1 + γ2
k − sin2 θ,

b =
√
a2 + 4γ2

k sin2 θ,

c =

√
(

√
b+ a

2
+ γk)2 + (

√
b− a

2
+ sin |θ|)2.

(4.7)

Figure 4.4 shows a snapshot of the spatial ionization probability distribution when

the pulse is at focus. The ionization rate is a maximum at the center of the bi-Gaussian

laser pulse profile, since the probability decreases sharply with intensity. Note that the

ionization rate peaks every half-laser cycle, when the absolute value of the electric field
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Figure 4.4: Visualization of laser-triggered ionization photoelectron yield. The

color-coded elevation is the normalized ionization probability rate distribution inside

the laser pulse, while the laser pulse profile is shown at the base. The probability

distribution is also projected to show longitudinal and axial characteristics.

in the laser pulse and thus the atomic Coulomb potential barrier distortion reach local

maxima.

The ionization probability rate Γ having units of s−1m−3 from nonadiabatic theory

has, as a function of the laser field, an implicit spatial and temporal dependence [YI01].

The photoelectron yield is given as

Ne ≈ nHIT

(zw+zr)/c∑
(zw−zr)/c

T/2

∫
Γ(x, y, ξ, t) dV (4.8)

where Ne is the total electron number, nHIT is the electron density of the HIT medium,

and T is one complete laser cycle period. At each moment, the probability rate Γ is

integrated over the laser pulse volume. In our numerical analysis, the probability is

accumulated with a step size of T/2. As we are dealing with ionization near threshold,

the release process is confined to one Rayleigh length around focus.

For example, in order to produce a charge of Q ≈ 1 pC per laser shot, the probability

34



integral indicates that the laser intensity should be I ≈ 1.2× 1015 W/cm−2.

4.2 Bunch dynamics in ionization injection scheme

Next, the electrons released via laser ionization are numerically injected into a laser and

plasma field configuration, in which the laser fields are obtained from the prescription

given above, and the plasma fields derived from 2D particle-in-cell simulations using the

PIC code VORPAL. Due to relevance for the upcoming Facility for Advanced Acceler-

ator Experimental Tests(FACET) experiment E-210: Trojan Horse at SLAC, the driver

electron bunch parameters were chosen in the simulation to reflect FACET parameters:

the electron energy E ≈ 23 GeV, the bunch charge Q ≈ 1 nC, and the longitudinal and

transverse beam sizes are σz = 20µm and σr = 15µm, respectively. Thus, the maximum

FACET electron beam density is nb = Q/(2π)3/2eσr
2σz ≈ 8.8× 1016 cm−3.

While the optimum blowout condition kpσz '
√

2 would indicate a desirable LIT

plasma wavelength of nLIT = 1.4×1017 cm−3 (assuming complete LIT medium ionization),

such a high density would exceed the electron beam driver density and violate the blowout

condition nb � nLIT. Additionally, the sum of the laser pulse Rayleigh length and the

driver bunch length would exceed the plasma wavelength λLIT ≈ 89µm in the higher

plasma density case. This would imply that either the laser pulse front would interact

with the driver bunch, or the electrons released by the back of the laser pulse would not

be trapped in the first plasma wave bucket. To mitigate these effects, here a LIT plasma

density of nLIT ≈ 5× 1016 cm−3 is chosen, corresponding to λLIT ≈ 149µm.

Figure 4.5 (left) gives color plots of the longitudinal electric field Ez, the transverse

electric and magnetic field Er and Bφ, respectively, as obtained using VORPAL simula-

tions for the bunch-plasma interaction with the parameters discussed above. The driver

bunch (not shown) moves to the right in these figures, and the position of the laser

pulse (also not included of the VORPAL simulations, which are intended only to fur-

nish self-consistent plasma wakefields driven by the intense electron beam), is indicated

with the reddish ellipse. The right hand side of the figure shows lineouts of relevant

fields taken at the three different longitudinal positions in the excited blowout. It can

be seen that in the area of interest, the transverse wakefields have excellent linearity
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Figure 4.5: VORPAL simulation results of the plasma wakefields acting on the released

electrons. The left three figures (a), (c), (e) are color plots of the spatial distribution

and intensity of wakefields Eξ, Er, Bφ, respectively, while the right three figures (b), (d),

(f) are lineout plots of the fields at the indicated positions. While the corresponding

simulation did not include the laser pulse, the laser pulse position of the laser pulse

assumed in the numero-analytical analysis is indicated by the reddish ellipse.

and symmetry in the center of the blowout region: the electric radial component Er and

magnetic azimuthal component Bφ are proportional to r, thus providing for minimum
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emittance growth due to the wakefield itself. Additionally, the electric longitudinal com-

ponent Eξ is linear with ξ, where ξ = z − vpwt, which is optimum for management of

longitudinal oscillations, implying that the longitudinal emittance due to the wakefields

is minimized. The motion of the LIT electrons is governed by the rLorentz force relation

d(γmv)/dt = −e(E + v ×B) and energy equation dγ/dt = −ev ·E/mc2, where γ is the

relativistic Lorentz factor 1/
√

1− v2/c2. The time t is normalized to the inverse of the

laser frequency ω, and x, y, z are normalized to the inverse of the laser wave number k.

These choices in turn imply that the velocity β is normalized to c. Immediately after

being released from the HIT atoms, HIT electrons are exposed to both the laser fields

El and Bl and plasma wakefields Ew and Bw, where w and l denote wakefield and laser

field. Since the LIT plasma electron density is practically zero inside the blowout, and the

ions are quasistatic, there is no plasma response to the laser pulse (which is in diametral

contrast to laser wakefield acceleration secenarios). Therefore, the plasma and laser fields

can simply be superimposed. Then, when the laser pulse has passed, the electrons are

affected only by Ew and Bw. For simplicity, E and B are normalized to dimensionless

(vector potential amplitudes) a = eE/meωc and b = eB/meω, respectively. In summary,

the equations of motion equations are rewritten as γdβ/dt = Va + β × b where

V ≡


β2
x − 1 βxβy βxβz

βxβy β2
y − 1 βyβz

βxβz βyβz β2
z − 1


The laser pulse begins ionization of HIT (He) atoms within roughly a Rayleigh length

before it reaches the focal point and the entire ionization process may thus last 100’s of

femtoseconds, which leads to betatron phase mixing, and thus emittance growth, through

the difference in initiation of the betatron focusing oscillation. Figure 4.6 shows trajec-

tories of He electrons launched randomly in the path of the laser pulse with probability

proportional to the instantaneous, local ionization rate. The top plot shows the variation

of velocity in x (the laser polarization) direction, while the bottom plot shows that in y

direction. Each electron track initiates with an oscillation due to ponderomotive motion

within the laser pulse, which disappears after passage of the laser pulse. Simultaneously,

electrons also undergo relatively slow betatron oscillations because of restoring transverse
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Figure 4.6: Electron motion in x (polarization) and y direction are shown in plots at top

and bottom, respectively. The inset is a zoom-in of ponderomotive motion tracks. The

tracks are color-coded according to electron density from red (maximum) to magenta

(minimum).

wakefield, which is due almost entirely to ion-column focusing in the electron-rarefied re-

gion of the blowout. While the oscillatory part of the ponderomotive motion tends to

vanish as laser pulse passes, the laser leaves a remnant transverse ”kick”. This momentum

impulse may be estimated well by calculation of the initial canonical transverse momen-
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tum, which is proportional to the laser vector potential at the time and position of the

HIT electron release. In contrast, in the y direction, where this vector potential vanishes

due to the assumed laser polarization, the beam spread in transverse momentum at a

given position in z is only caused by betatron phase mixing. All electron betatron oscil-

lations have a unique starting position. This elimination of laser-induced momentum in

the y-direction gives the possibility of observing and quantifying phase mixing separately

from the direct laser-induced momentum due to the laser seen in x direction.

4.3 Emittance analysis

This ionization injection has been shown in simulations to yield beams with high current

(hundreds of amperes) and unprecedentedly low emittance; these are high brightness

beams with very strong promise as new-generation XFEL drivers. For an investigation

of the underlying physical mechanisms limiting the performance of this scheme it is

instructive to consider first the sources of emittance in conventional photo injectors, in

which electrons are liberated from photocathodes embedded in high field radio frequency

(RF) cavities. In traditional photoinjectors, there are three contributing factors to the

electron beam emittance: those from thermal-like effects, time dependent RF field effects,

and collective space charge forces [Kim89]. When photoinjector systems are optimized,

particularly at low charge, one is left with an emittance dominated by thermal effects.

This emittance is proportional to the beam RMS transverse size σx,y injected at the

cathode and also the thermal spread in transverse momenta. In a plasma photocathode,

an analogous effect to the thermal emittance contribution arises from the transverse

momentum obtained during the initial interaction with the ionizing laser pulse. One may

profitably view this mechanism as the dressing of the electrons at birth by the canonical

electromagnetic momentum associated with the laser. Similarly, there are subsequent

time-dependent field (both plasma and laser) and space charge effects to be considered

after establishing the minimum laser-induced emittance εl.

In Trojan horse plasma wakefield acceleration scenarios, the electrons are accelerated

in multi-GV/m fields, thus helping to mitigate space charge effects through extremely

quick transit of non-relativistic energies. These fields also enable production of few- or
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even sub-fs scale duration electron beams with non-negligible (pC-level) charge, thus

yield high current beams needed for application. Also, in direct relevance to the present

investigation the fields support formation of small electron bunch size σx,y, permitting

minimization of εx,y. All of these characteristics thus are affected by the ionization laser

parameters. It is thus critical to understand the parametric dependences of fundamental

processes involved in laser ionization, which occur in the environment of external plasma

fields. The multi-disciplinary investigation of these issues involves a detailed understand-

ing of a variety of physical effects arising from an impressive number of disparate fields:

plasma physics, (relativistic) beam physics, atomic physics, and optical science.

We are thus searching to determine the dependences of εlx,ly, which in contrast to

the minimum emittance in photocathode devices, typically has both strong thermal and

time-dependent characteristics. Indeed, laser ionization contributes to factors in the

emittance in two proportional ways: through the electron off-axis positions (x, y) and the

net momenta (px, py) obtained from the oscillating laser pulse field after release of the

electron from the atomic species. Ionization theory is used to provide information about

the initial conditions of electrons in phase space, using the analytical fields of the laser

near its focus. Subsequent electron trajectories are obtained by solving their equations

of motion under the applied forces, using analytical laser fields and simulation-derived

plasma fields.

The transverse normalized emittance is defined as εx = (〈x2〉N〈p2
x〉N−〈xpx〉

2
N)1/2/mec

and εy = (〈y2〉N〈p2
y〉N − 〈ypy〉

2
N)1/2/mec, where x, px and y, py are the transverse Carte-

sian off-axis positions and momenta, respectively, and 〈〉N denotes the average over all

generated photoelectrons at a given position in the nominal propagation direction z. To

evaluate the laser-induced momenta, we study the case in which the laser electric field

is linearly polarized in x direction. The momenta of electrons from tunneling are as-

sumed to be negligible[KSK92, Cor93], thus the momentum distribution arises purely

from electrons-laser interaction and macroscopic plasma fields.

As an initial approximation, one may posit that most of the ionization processes

occur when the oscillating laser electric field peaks, since the ionization rates decrease

dramatically as the electric field amplitude decreases. Further, ionization in vicinity of

the field maxima corresponds to the vicinity where the initial vector potential Aini = 0.
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This in turn implies that the canonical momentum in x (and thus the residual mo-

mentum left after laser passage) is minimized, as is the associated mean drift energy

Eini = e2〈A2
ini〉T/2m, where 〈〉T denotes taking average over one laser cycle. Here, the

laser pulse is linearly polarized in the x-direction for the sake of simplicity.

Since the electric field of the laser pulse oscillates only in the x-plane, there is no

initial canonical momentum contribution in y direction due to the laser pulse, and a non-

vanishing εy arises only from the spatial (z)-dependence of the ionization, an effect that

is not present in RF photo. This effect, which is accounted for in our calculations below,

yields εy � εx. These initial considerations support the possibility of generating ultralow

emittance beams.

In the following, the ionization of HIT atoms and characteristics of the photoelectrons

released in the blowout region are analyzed in detail theoretically. The spatial distribu-

tion of photoelectrons in the focus is discussed on the basis of non-adiabatic ionization

theory. Subsequently, the motion of the electrons in the combined laser field and acceler-

ating and focusing wakefield in the blowout regime is analyzed numerically. The motion

of photoelectrons is tracked and the development of aspects of the captured beam, in

particular its emittance, are predicted. Due to their superior short pulse capabilities,

Ti:Sapphire lasers are ideally suited to ionize HIT atoms for production of the captured

beam. In case of helium as HIT medium, which from an experimental view is an ap-

propriate choice since it is present as buffer gas in lithium ovens used for many existing,

successful PWFA experiments [BCD07] and is also an attractive HIT candidate in envi-

ronments where both LIT and HIT media are gaseous at ambient conditions [HPR12],

the minimum required intensity of the ionization laser is of the order of 1015 W/cm−2. A

focus size of w0 = 4µm is chosen as nominal, which corresponds to a Rayleigh length (and

thus roughly the longitudinal extent of the ionization region) of zr = πw2
0/λ ≈ 63µm.

The laser pulse duration τL may also have an effect on the bunch emittance, by spreading

the initial launch phases inside of the wave. Taking into account the availability and

parameters of typical short pulse Ti:Sapphire lasers, τL = 32 fs (FWHM) is considered

in all of our design examples, with the exception of a parametric study that explores the

effects of laser pulse length explicitly.
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The time-dependent electromagnetic laser field amplitude is written as

Ex = E0
w0

w(z)
exp(− r2

w(z)2
) exp(−

(t− z−zw
c

)2

2τ 2
)

cosφ, (4.9a)

Ez = 2E0
w0

w(z)

x

kw(z)2
exp(− r2

w(z)2
) exp(−

(t− z−zw
c

)2

2τ 2
)

(sinφ− z

zr
cosφ), (4.9b)

By = Ex/vph,l, (4.9c)

Bz = Ez/vph,l, (4.9d)

where zw denotes the focus position, w(z) = w0(1 + (z − zw)2/(zr)
2)1/2 is the width of

pulse at z, φ = kz − ωt + r2

w(z)2
z
zr
− ζ(z) is the phase, the laser phase velocity vph,l is

near c, and ζ(z) = arctan(z/zr) is the Guoy phase shift. To satisfy Maxwell’s equations

∇ · B = 0 and ∇ × E = 0, the axial field components are included, although for our

chosen laser parameters they are approximately two orders of magnitude smaller than

the transverse components.

Since electrons tunnel the potential barrier in less than the 50 attosecond [Buc07,

LWM14], on timescales small compared to a laser cycle τcyc ≈ 2.7 fs, each ionizing process

can be well-approximated as instantaneous, and a prompt ionization rate distribution

based on the laser intensity as it passes near the focus can be assumed. Further, since

the electron release should take place relatively close to the center of the blowout to

obtain suitable capture dynamics, both the transverse as well as the longitudinal electric

fields arising from plasma response are near zero, it can be assumed that the plasma

wakefield itself plays a negligible role during ionization.

4.4 Emittance and Brightness Results

To evaluate normalized transverse beam emittance statistically, we rewrite transverse

emittances as

εx ≈ γβ
√
〈x2〉〈x′2〉 − 〈xx′〉2

εy ≈ γβ
√
〈y2〉〈y′2〉 − 〈yy′〉2 (4.10)
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Figure 4.7: Laser pulse parametric study of emittance. The plot (a) displays the increase

of emittance with laser intensity both in x direction (dot) and in y direction (star).

ADK theory (blue) and YI model (red) are compared with results from VORPAL simu-

lation(black square). Note that εy is excluded due to 2D simulation. At a fixed intensity

of I = 1 PW/cm−2, the top and bottom plots on the right show effects of beam waist w0

and pulse duration FWHM on emittance, respectively.

where the ray angles x′ and y′ are defined as vx/vz and vy/vz, respectively. We inves-

tigate the emittance of the beam, which by convention requires use of the position and

momentum information of electrons at the same z position, as opposed to a constant

time t. After the injected beam bunch has completed its interaction with the laser pulse,

the beam emittance εx tends to be stable, as one expects given that the dominant force

is a linear ion-focusing transverse wakefield. Thus the only increase in emittance would

arise from weak chromatic effects due to the finite energy spread in the beam.

As can be seen in Figure 4.7(a), the resulting normalized emittance εx and εy are

of the order 10−2 ∼ 10−3 mm mrad. The emittance in the dimension orthogonal to the

laser polarization εy, is found to be, for the parameters we have chosen, about one order

of magnitude lower than εx, as it only has εmix component. Both quantities increase
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approximately linearly with laser intensity I in the parameter range of interest. To

explain this result, we emphasize that the beam emittance εx caused by the laser being

polarized in x-direction has two contributions: interaction with laser, and betatron phase

mixing which are denoted as εint, εmix, respectively. The contribution εint should scale

linearly with I because both x and px due to ponderomotive motion are proportional to

the electric field amplitude E0. The linearity of εmix is numerically obtained by calculating

〈x2〉 =
∫
x2Γ(x, y, ξ, t) dV dt/

∫
Γ(x, y, ξ, t) dV dt. In the numerical determination of the

emittance, both ADK theory and the YI model have been utilized to compare with 2D

simulation. We note that ADK theory has been adopted to deal with laser field ionization

in VORPAL framework. Also, space charge effects have been included in simulation even

though it is negligible in our scenario, as discussed below. A possible reason for the

lower emittance seen in simulation could be the linearization of the transverse wakefield

in modeling. In addition, the emittance predicted by the YI model is slightly higher than

that indicated by ADK theory, for the reason that the multiphoton ionization included

in YI model affects the distribution at the extrema of the laser fields more.

Similarily, we have analyzed the influence of laser waist w0 on beam emittance. The

emittance from laser interaction can be estimated as εint ∝ w0 while εmix is related to

w2
0 due to w2

0 factor in Rayleigh length definition. Therefore, beam emittances grow

quadratically with the laser pulse waist (Figure 4.7(b)). Additionally, as the laser waist

increases, the contribution to the emittance due to phase mixing starts to dominate.

Consequently, εx and εy tend to equalize for large waist size.

On the other hand, the laser pulse duration does not affect beam emittance as signif-

icantly as the laser intensity and waist (Figure 4.7(c)). Certainly, pulse duration plays

no direct role in εint. Also, the degree of phase mixing is determined by Rayleigh length

zr, given the situation where zr � cτL, not by pulse duration. This implies that for

experimental designs that the requirement for laser compression to very short pulses is

not critical.

When self-field effects due to space charge are included, as will be the subject of

future work, the emittance would be expected to exceed the laser-derived emittance

alone, particularly at higher bunch charge. It should be pointed out, however, that the

existence of very strong ion focusing implies that space-charge effects are secondary, as
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the distortions in the transverse momentum distribution due to space-charge forces are

negligible in amplitude compared to those due to the betatron oscillations arising from the

ion restoring force. One may, in the context of near-equilibrium transverse (axisymmetric)

beam propagation in the blowout regime, define the ratio of space-charge-to-emittance

effects in the transverse rms envelope equation as

R ' Iλp√
8πI0γ3/2εn

(4.11)

where I0 = ec/re ' 17 kA. This ratio at the exit of a standard photoinjector (γ ' 10),

in which notable space-charge induced emittance oscillations must be controlled by the

emittance compensation process [SR97], reaches the range 100-1000. For our case, in

contrast, R ' 0.13, indicating that the space-charge-induced emittance growth is of

secondary concern.

A further implication of the strong focusing and ultra-low emittance of the captured

beam in the plasma photocathode injector is that the beam density may be extremely

large. This space-charge density in turn may cause ion motion, and concomitant emit-

tance growth due to nonlinear ion-derived fields [RCS05]. Indeed, the captured beam

density exceeds that of the plasma even at γ = 10 by over two orders of magnitude.

Nevertheless, since the beam is very short compared to λp, and the mass of the LIT ions

exceeds that of the electrons by 1.4 × 103, the ion motion should be negligible. In our

example, even at high energy (γ = 104), the phase advance of the oscillating ions in the

beam’s potential well over the beam length kiLb ' 6× 10−2 is negligible.

The evolution and characteristics of the beam’s longitudinal phase space have also

been studied. Figure 4.8 shows the evolution of the beam’s longitudinal phase space

distribution, commencing from the completion of ionization. The observed clockwise

rotation of distribution is characteristic of pulse compression as the beam propagates.

Beam length Lb ' 2.5µm after significant compression, with pC-level charge, which gives

100 A-level peak current.

The beam brightness, B ≈ 2I/εxεy, can be estimated accounting for only the laser-

induced emittance, as is our emphasis in this paper. Given the longitudinal extent of the

beam from modeling and bunch charge yield obtained from Eq.4.8, a parametric study of

beam brightness is listed in Figure 4.9: Frame(a) mostly reflects the effect of charge yield
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Figure 4.8: Snapshots of beam longitudinal phase space at t = 415 fs, 500 fs, 1 ps, 5 ps.

The first figure corresponds to the moment when the ionization is completed.

since emittances are roughly equal from two models; The growth of emittance outweighs

the increase of charge yield in Figure 4.9(b); The variation of pulse duration(Figure

4.9(c)) does not change either the emittance or the charge yield. The brightness values

estimated here exceed that of the state-of-the-art Linac Coherent Light Source(LCLS)

photo injector beam [ADE08] by a wide margin, indicating that the beam is a promising

candidate for driving a compact FEL, with a gain length notably shorter than that

obtained with photoinjectors. In this regard, we note that the RMS slice energy spread

in our example is approximately σU ≈ 0.5 MeV and so for an XFEL with, for example

10 GeV energy, the dimensionless gain parameter should exceed the relative slice energy

spread, ρ > σU/U ' 5 × 10−4. Indeed, given current undulator technology, the beam

resulting from our analysis should enable an optimized XFEL system to reach this value

of ρ.
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Figure 4.9: The dependence of beam brightness on laser intensity, laser waist, pulse

duration are shown in (a), (b), (c) respectively.
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CHAPTER 5

Ionization injection PWFA at FACET

5.1 Experiments at FACET

The idea of plasma wakefield acceleration has been tested in SLAC National Laboratory

for a long time. Back in 2000s, experiments such as E-157, E-162, E-164 and E-167 at

the Final Focus Test Beam (FFTB) facility proved that tens of GeV electron beam can

be accelerated and focused through plasma [Cha03, MH09, Jos07]. One of remarkable

results is using 42 GeV drive electron beam to generate 85 cm long, 50 GeV/m accelerating

wakefields [BCD07]. Electrons at the tail of the drive bunch are observed to have double

energy gain.

After FFTB, a new facility, Facilities for Accelerator science and Experimental Test

beams (FACET) has been constructed. The main goal is to deliver high-energy, high-

peak-current, low-transverse-emittance electron/positron beams to the continuing devel-

opment of PWFA. With this beam condition, PWFA is expected to yield higher-energy-

gain output beam while preserving the low beam emittance. The design parameters of

the electron beam from FACET are listed in 5.1. As shown in Figure 5.1, FACET ex-

perimental area is located at Sector 20, upstream 2km of LINAC. Sector 20 beam line

consists of a chicane, which has four dipole magnets to compress the beam longitudinally

followed by an arrangement of quadrupole magnets to focus the beam to an interaction

point. A new beam dump is near the end of Sector 20 where exists the LCLS injector.

Besides the upgrading of e-beam, FACET also installed a 10 TW Ti:Sapphire laser

system starting from 2013. The main purpose of the laser is to pre-ionize the neutral

gas to create wider plasma column, especially for higher-ionizing-threshold gas such as

H2 compared to Lithium gas. Meanwhile, FACET laser plays different roles in many

experiments. For our experiment (E-210), a portion will be used as injection laser for
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beam energy 20.35 GeV

bunch charge 3 nC

shortest bunch length 30 µm

transverse dimensions at IP 30 µm × 30 µm

β-function 0.15 m × 2.0 m

Table 5.1: FACET electron beam design parameters

Figure 5.1: Layout of LINAC with FACET updates in red. The experimental area is at

Sector 20.

ionizing He and also as a probe to synchronize laser and electron beam. The whole

laser system consists of these major components: Verdi pump laser, Vitara Oscillator,

Evolution pump laser, Legend Elite regenerative amplifier, FCR-200 Flashlamp-Pumped

Nd:YAG laser and two saga 2 Flashlamp-Pumped Nd:YAG lasers. Starting from laser

room, laser travels across the gallery and is reflected down to tunnel for multiple uses.

The total transport line length is about 28 m. Then the laser goes through a compressor

box with compression range from 70 fs to 150 ps. The main laser parameters are shown

in the table 5.2.

5.2 Plasma source

Plasma source has been an important issue since FACET project was proposed. Before

2014, Lithium oven was installed and lithium was heated to create neutral gas. Due to
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wavelength 800 nm

pulse duration (shortest) 70 fs

pulse energy in tunnel 300 mJ

spot size 1 inch

Table 5.2: FACET laser parameters

its low ionizing threshold, FACET electron beam can ionize the gas easily with main

laser pre-ionization through an axicon. The idea of axicon was first proposed in [McL54].

In schematic 5.2, the depth of focus Lf can be calculated from geometry of the lens.

Lf = (R2−R1)((tanβ)−1−tanγ) where the exit angle β is arcsin(nasinγ)−γ. The radial

beam width of the focus is from zeroth order of Bessel function. RB = 2.4048/k0tanβ ≈

2.4048/k0β. However, the secondary ionization of Li+ ion background increases addi-

tional electrons trapping, thus spoiling the witness beam quality. Therefore, we replaced

Lithium oven with a sequence of cubes and filled the whole experiment area with higher-

ionizing-threshold H2 gas. With the old axicon setup, the width and length of plasma

column was reduced significantly.

Figure 5.2: Main laser goes through an axicon with a mask at center and is line-focused

in H2 to generate a plasma column.

To make full use of laser energy, holographic axilens was installed to achieve high

lateral resolution and long depth of focus simultaneously [DFH91]. As shown in Figure

5.3, the theoretical result from simulation agrees very well with preliminary experimental

result. Axilens can generate much wider plasma column where the maximum width is

about 250 mm while the axicon is only 90 mm under the same circumstance. Therefore,

the axilens can provide sufficiently wide plasma column for plasma wakefield experiment.
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Figure 5.3: Comparison of performance of axilens and axicon both in simulation and

testing experiment. Subplot a) and b) are simulation results of axilens and axicon re-

spectively. Subplot c) and d) are experiment profile of axilens and axicon.

5.3 Witness beam diagnostics

In our laser injection ionization scheme, our goal is to produce ultra-low (10−8 mrad)

emittance beam. As a proof-of-concept, we designed our experiment so that the bunch

charge is less than 100 pC. However, as mentioned above, the driver bunch charge is about

3 nC. It is challenging to detect such low charge beam against massive background. Adli

et al proposed a novel beam profile monitor to construct beam shape based on Cherenkov

radiation emitted from a charged particle beam in an air gap [AGC15]. The profile

monitor is a set of silicon wafers used to reflect Cherenkov light to CCD camera. From

the radiation, we can estimate beam size. The photon yield (pixel counting on camera)

tells us beam charge given the good linear relation between these two after we calibrate

camera. The calibration of charge is shown in Figure 5.4. When the design orbit energy

is set to far away from driver bunch energy 20.35 GeV, the beam is dispersed less which

can cause saturation when the charge is high. Thus to spread beam sufficiently, it is

better to set the orbit to FACET beam energy.

Combined with this beam profile monitor, we are able to measure charge and energy of
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Figure 5.4: Calibration between pixel counting and charge in different dipole design

bending orbits and different quadrupole focusing energy.

witness bunch with bending magnet and focusing quadrupoles. The imaging spectrometer

is composed of a quadrupole doublet and vertical bend magnet downstream of FACET IP

area. The quadrupoles are tuned to image the beam waist which is at the starting point

of plasma column to a phosphorescent (LANEX) which is located at 9.6 m downstream of

the dipole magnets. In Figure ??, quadrupole is configured to image at different energy

which allows us to calibrate position on camera to the beam energy.

Figure 5.6 shows the whole picture of E210 experiment setup. The major components

in plasma experiment area are one injection box (named ”picnic basket”) which hosts

axilens for line-focusing pre-ionizing laser, two compressors (closed one compresses main
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Figure 5.5: Snapshots of beam going through plasma on spectrometer when quadrupole

is set to focus at 6 GeV, 8 GeV and 10 GeV respectively. The lowest energy can be

observed on camera is 4.5 GeV marked in red solid line.

laser, the open air one compresses probe laser) and five 6-inch cubes at downstream of

”picnic basket”. After the laser is sent down to the tunnel, a small fraction is split

on the path mostly for probing in different experiments and also for injection laser in

our experiment. As we mentioned above, the laser goes through main compressor. The

grating is motorized so that we can obtain different pulse duration by tuning the grating

degree. After the compressor, there is an axilens to line-focus the laser followed by

a delay stage to tune position where the plasma starts. Rail far camera is a far field

camera for monitoring the laser alignment. The motorized 45◦ gold mirror reflects line-

focused laser into downstream cubes along the beam line. The setup is adjusted so that

plasma generation is optimized (plasma column width is maximized.) in cube 3 where

we plan to do the experiment.

For electron beam and laser pulse synchronization and timing jitter measurement, we

set up two Electro-Optic Sampling (EOS) systems as we will dive into details of EOS in

next section. One EOS is set up in ”picnic basket” while 90◦-injection happens in Cube 3

for the reason that line-focused laser generates optimal plasma there. However, the fact

that two locations are two meters away from each other makes it difficult to synchronize

probe and injection beam. To solve this problem, we split injection laser further and set

up another EOS in next cube downstream. Two EOS setups are called ”upstream EOS”
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and ”downstream EOS” respectively. That path length difference between injection laser

and downstream EOS probe beam is offset to a few picoseconds. Therefore, upstream

EOS is for recording timing jitter in realtime while downstream EOS is to help synchronize

injection laser and electron bunch.

The Ti:Sa laser pulse delivered down to tunnel is about 300 mJ in total, 90% portion

acting as ”main laser” is compressed to 50 fs and line-focused to ionize H2 gas. The

rest 10% serves as probes for multiple plasma experiments and also injection laser for

our experiement. The probe portion is distributed further as follows: 300 µJ is taken

for upstream EOS probing; The rest is sent down for our injection in Cube 3 (∼89%),

downstream EOS in Cube 4 (∼4%) and other experiments (∼10%).

As shown in Figure 5.6, the first EOS setup resides in ”picnic basket” where main

laser is line-focused with axilens and injected to pre-ionize H2. Two EO crystals (1 cm

× 1 cm × 100 µm GaP and 1 cm × 1 cm × 500 µm ZnTe) are mounted on a holder that

can slide horizontally. Both of them are (110) cut. Additionally, we mounted a 20 µm

thick YAG crystal to mark electron beam position on camera prior to EOS scan. The

sliding motor allows us to switch difference crystals and also control the distance from

crystal edge to electron beam line. The typical distance is 3-5 mm. Crystals are aligned

perpendicular to beam line and probe laser passes through the crystal with an angle

of 45◦ as mentioned above. Half-wave plate is aligned on laser path to adjust probe’s

polarization and polarizer and analyzer are cross-polarized to minimize extinction ratio.
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E210 experimental layout 
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Figure 5.6: Schematic layout of components in FACET experiment area. Only optics

that are related to E210 experiments are displayed.

5.4 Dark current

Originally, ”dark current” refers to trapping of electrons released on the metal surface

in tradition particle accelerator when pursuing higher acceleration gradients. In plasma

wakefield accelerator experiments, the gradients are tens of GeV/m. In this highly non-

linear regime, strong plasma wakes can create large electric field spikes or ”hot spots”

leading to further ionization and trapping of plasma species at unfavorable phases. The

uncontrolled self-injection of these electrons degrade the blowout regime quality and com-

promise the wakefields via beam loading. The theory has been studies based on single

particle model in [SES06]. The fraction of trapped plasma electrons were estimated and

trapping threshold were discussed. In experiment, collaboration of USC, UCLA and

SLAC observed the phenomenon and determined the trapping threshold at FFTB [E 05].
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A robust, steady acceleration process prefers constant longitudinal accelerating field

over the acceleration length. Especially for our laser-ionization injection scheme, dark

current also increases background noise and make it difficult to detect low-charge witness

bunch. To achieve high quality beam, we have to optimize electron driver bunch and

plasma conditions (i.e. gas density, mixing ratio of H2 and He) to minimize dark current

in our experiment and create a clean and robust blowout regime.

Two major hot spots are identified and shown in Figure 5.7. The first hot spot in a)

is located at the vertex of the bubble where re-attracted plasma electrons coalesce. The

fields in that area can be large enough to tunnel-ionize previously nonionized gas species

or the ion background, thus releasing additional electrons. If wakefield is strong enough,

these electrons could be trapped and form dark current; The second hot spot can be

generated by electric fields of the driver bunch because in blowout regime, bunch density

is larger than plasma density nb > np. Furthermore, the driver bunch can be subject to

plasma lensing and betatron oscillation along the propagation in plasma. These effects

can pinch the beam transversally and the increased electric field can ionize He near the

front of the plasma wave as in b).

Figure 5.7: Two snapshots of plasma blowout regime at t0 and t1 (t0 ¡ t1) to display

sources of huge electric field spikes or hot spots (blue shade) in PWFA. (a) Wakefields

locally maximize at the tail of blowout regime and can trap plasma electrons. (b) The

one concurrent with the driver bunch which is subject to plasma lensing and betatron

oscillations.

We consider three scenarios here: Self-field ionized plasma, partial laser pre-ionization

and complete laser pre-ionization. With VSim 3D particle-in-cell simulations, we mod-

eled the problem based on FACET beam and laser conditions. The electron bunch can
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be compressed down to tens of femtoseconds and current up to 30 kA. Laser can be

compressed to 70 fs. The plasma gas is the mixture of low ionization threshold (LIT) H2

and high ionization threshold (HIT) He with tunable mixing ratio.

Given FACET beam, self-field ionization of H2 only occurs at the proximity of the

bunch density peak. As seen in Figure 5.8 (a), a substantial part of the driver cannot

contribute to the plasma wake excitation because of partial plasma generation. The

ionization front depends on the ionization potential of the plasma media and the driver

beam emittance. The shift of the ionization front with respect to the driver bunch is

known as ”head erosion” [BR94, BCD10]. The reduction of the effective current has

further consequences: the effective bunch length σz,eff is shorter than the nominal bunch

length σz and the effective bunch profile has a sharp rising edge. Neither of them are

optimal setup for driving a stable plasma wake and the trapping performance is poor.

The released He electrons eventually slip out the accelerating phase and are lost in the

plasma background.

The partial laser pre-ionization technique was inspired from [AZV13] to mitigate head

erosion by generating a narrow plasma filament in front of the driver bunch by an auxiliary

laser pulse. The normal vector potential a0 and spot size w0 are chosen as 0.016 and 20µm

to avoid ionizing He. This create an extended plasma region in Figure 5.8 (b). However,

partial pre-ionization with such an auxiliary laser pulse does not reinforce the blowout,

but weakens it. The reason is that only on-axis H2 were pre-ionized by laser instead of

the whole blowout regime. The electrons expelled from axis are not properly re-attracted.

These ”shoot-away” electrons prevent a proper strong blowout to be formed, let alone

the trapping. Therefore, the pre-ionization needs to be extended to the whole blowout

regime. This can be done by increasing the spot size w0.

With larger spot size laser, we can pre-ionize H2 completely. The robust blowout

is formed in Figure 5.8 (c). The superposition of peak electric field and laser field is

about 120 GV/m according to the color bar which is sufficiently large to ionize He. The

large trapping potential and accelerating field results in massive amount of He electrons

trapped.

In principle, lower plasma density corresponds to less dark current, since the wakefield

roughly scales as
√
n0 [Lot04]. We tuned down the plasma density step by step and fields
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Figure 5.8: Three plasma generation cases: (a) self-field ionization (left), (b) partial pre-

ionization (middle), (c) complete pre-ionization (right). The top row of snapshots plots

the strength of longitudinal electric field while the bottom row shows the total electric

field. The longitudinal current profile of the driver bunch (green) is given with the green

line-out. The green dashed line in (a) indicates the effective current profile. The released

He electrons are shown in blue shadow.

and potential snapshots of two steps are illustrated in Figure 5.9 (a) and (b). The effective

trapping potential Φ = (Ψmax − Ψ)/((m0c
2/e)(1 − γ−1

ph )) for each scenario is calculated

and shown at the bottom of each panel. Here, Ψ is the electrostatic wake potential and

γph is the Lorentz factor associated with the wake phase velocity. The volume where the

potential exceeds the trapping threshold (Φ < −1) is indicated with the red solid line.

From Figure 5.9 (a) to (b), plasma density is reduced by a factor of 5. However, in both

cases, the driver beam hot spot releases He electrons in trapping region. To eliminate the

driver beam hot spot, the bunch density is reduced by increasing σz from 25 µm to 40

µm as in Figure 5.9 (c). Plasma lensing is still present, but electric field of driver bunch

is not strong enough to ionize He. Further lowering the plasma density to 5×1015cm−3 as

in Figure 5.9 (d) which shows a dark-current-free blowout regime. Therefore, simulations

demonstrate that decreasing plasma density and reducing driver bunch peak current can

mitigate dark current while maintaining high quality blowout regime.

Previous discussion have shown that longer plasma wavelength helps to mitigate the
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Figure 5.9: Simulation results of dark current reduction in laser injection PWFA. Snap-

shots in the top row show the electric field while those in the middle row show the

longitudinal wakefield and bottom row show the potential Φ. All snapshots are taken at

the onset of the laser release. The green shadow is the driver beam. The trapped He

electrons are color-code (red is high energy end, blue is low energy end). The red solid

ellipse is the estimated trapping region.

source of dark current. However this leads to significant technical challenge because the

elevated blowout sizes demand sufficiently wide pre-ionized plasma columns. To make full

use of FACET laser energy and expand the plasma column width, as we have discussed

in early section, optics such as axicon or axilens is used. Another way to eliminate dark

current is to reduce the driver bunch charge. In simulation, we found that when plasma

density is 1.1 × 1017cm−3 (plasma wavelength λp ≈ 100µm), this would be a typical

density for our experiment, after we reduced driver bunch charge down to 1.1 nC with a

notch collimator, the blowout regime is clean without dark current. In Figure 5.10, laser

was injected after driver bunch experienced plasma lensing and betatron oscillation. The

witness bunch already has been accelerated to 570 MeV. The witness bunch has been

produced and accelerated in a strictly dark current free environment. Here, dark current

is ruled out by the complete absence of He-ionizing electric field strengths outside the
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injector laser position in the blowout.

Figure 5.10: The top snapshot is plot of total electric field while the bottom one is only

longitudinal component. On-axis lineout of the field is overlaid on the snapshot in black

solid line.

As we mentioned earlier, we can reduce the dark current by either lowering the plasma

medium pressure/density or reducing the driver bunch charge. In experiment, we let

FACET e-beam travel through the plasma medium and observe the increase of charge

both on torroids and on spectrometer screen. We reduced driver bunch charge by inserting

a notch collimator so that it partially blocked the beam. In that way, we reduced the

bunch charge to 2 nC and 1.5 nC and observed significant charge decrease which is trapped
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charge or dark current as in Figure 5.11. To study the relation between plasma medium

density and trapped charge, we also tuned down the gas pressure and dark current went

down till trivial level.

Figure 5.11: The left plot shows the comparison of averaged dark current over different

gas densities in 3 nC driver (red) and 1.5 nC driver (blue) cases. The right plot shows

shots scattering of 1.5 nC, 2 nC, 3 nC three different cases.

5.5 Timing synchronization and jitter

To accelerate electrons in this laser ionization injection scheme successfully and obtain

ultra-low emittance witness beam, we should choose optimal plasma density and gas

mixing ratio (H2:He) based on FACET beam conditions. The trapping condition of

ionization injection has been simulated and proved in experiment both in beam-driven

scheme [ODK07] and in laser-driven scheme [PMM10]. Another factor is background

charge (called ”dark current”). According to last section, in excessively dense plasma

environment, ”dark current” trapped by driven bunch will be significant which impedes

the measurements of witness beam. There are also restrictions from practice, for example,

plasma column generated by main laser pre-ionization is less than 200 µm wide which

limits the transverse size of blowout regime. With all of these considerations, plasma

density is chosen on the order of 1017 cm−3 and the mixing ratio of H2 and He is 50:50.

This plasma density corresponds to 100 µm wavelength which roughly equals to blowout

regime longitudinal size. Therefore, if we want to guarantee that ionization laser is
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injected inside blowout regime, the laser has to be synchronized with driver bunch at 100

fs level.

Figure 5.12: Electron driver bunch (blue ellipse) drives wakes while propagating from left

to right. Synchronized laser pulse (red ellipse) is injected from side and focused on the

axis to ionize He gas and generate witness bunch (purple ellipse). The length of plasma

bubble is about 100 µm.

To locate relative time-of-arrival between laser pulse and electron bunch, we observe

the enhancement of plasma radiation. When the intense field of an electron bunch or a

laser pulse liberates electrons or even drives a wake in neutral gas, there are multiple mech-

anisms to generate radiations: collision-based absorption and emission, bremsstrahlung

radiation, etc. Both mechanisms will be explained in next paragraphs. The radiation

intensity increases as field intensity. FACET beam itself can ionize H2 gas partially. How-

ever, if laser pulse overlaps with the electron bunch, the ionization will be enhanced due

to the superposition of fields. The radiation enhancement captured by camera indicates

the moment t0.

Collision-induced absorption and emission refers to the inelastic collision process of

molecules in a gas. High-energy electrons and photons collide with gas molecules and

molecules absorb part of kinetic energy from particle and excite to higher-level energy

state. After a while, these plasma electrons fall back to low-level and emit radiation.

The most famous emission of H is H-alpha with a wavelength of 656.28 nm while for He,

the wavelength of strongest emissions are 447.148 nm and 501.567 nm. During plasma
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experiment, we inserted different color filters to select each emission individually.

Bremsstrahlung is a German word that means ”braking radiation”. It is electro-

magnetic radiation produced by the deceleration of a charged particle when deflected by

another charged particle, typically an electron by an atomic nucleus Figure 5.13. As a

high speed electron approaches an atom, it will be repelled by the electrons of the atom.

If the electron is slowed down, it will lose kinetic energy and convert that energy to radi-

ation due to conservation of energy. The spectrum of bremsstrahlung is continuous and

the shift of peak intensity corresponds to the amount of energy last by electron.

Figure 5.13: Sketch of bremsstrahlung radiation generated by a high-energy electron

deflected in the electric field of an atomic nucleus

As shown in Figure 5.14 (a), there is a sharp edge at t0 and (b), (c) and (d) are

example snapshots of plasma radiation from the scan shown in (a). Before t0, when

electron bunch arrives at the cross ahead of laser pulse as illustrated in Figure 5.14 (b),

on its right side (closer to laser pulse), ionization is enhanced while left side is not affected

obviously. The timing delay is tuned step by step so that laser tends to meet electron

beam at the cross. The laser pulse spot is enlightened by local maximum radiation due

to the superposition of laser field and electron bunch static field. In fact, after camera

calibration, the slope of laser spot trace is estimated as nearly speed of light which agrees

with the group velocity of laser pulse in low-density gas. In Figure 5.14 (c), laser pulse
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and electron bunch overlap at the cross. Laser pulse assists electron bunch in releasing

more electrons on the left of electron bunch path. Once the timing is delayed so that laser

bunch passes the cross first as in Figure 5.14 (d), all the gas molecules on the laser path

are pre-ionized partially. Electron bunch creates a significantly larger amount of plasma

radiations. Laser pre-ionization can last about 1 ns which is approximately the plasma

recovery time. Thus in about 1 ns after laser passes, plasma radiation will continue to be

enhanced. After t2(t0), the electron spot is traced out shown as horizontal dashed gray

line in Figure 5.14 (a), because the radiation is enhanced most due to maximum self-field

around electron bunch.

For comparison, we repeated the same scan in 8 Torr He gas as shown in Figure 5.15

(a). Since the ionization threshold of He is much higher than H2, the plasma radiation

is not as strong as previous as expected. Only the area around laser focus has constant

bright spot. At first when electron bunch arrives at the cross earlier which indicates

the e-beam ionizing the gas with little assistance of laser pulse, the self-field of electron

bunch can barely ionize gas and generate radiation Figure 5.15 (b). Once the timing

delay passes t0, the ionization due to self-field of electron bunch will be enhanced and we

can observe two bright spots on the screen Figure 5.15 (d). One is from laser intense field

at focus, the other is from the superposition of laser field and electron bunch self-field.

To locate t0 more accurately, a fine timing scan was carried out within ±1 ps window

around t0 with step size of 50 fs. Sigmoid function was applied to fit radiation intensity

data points as in Figure 5.16. The turning point in the middle corresponding to the

maximum slope is t0 of our interest. The fitting concludes that t0 is at 6.432 ps with

uncertainty σ of 50 fs.

The discussion above is based on the setup that laser focus is offset from the cross of

injection laser and driver bunch by 1 cm. To have the best idea of t0, we repeated the

timing scan in the actual ionization-injection experiment configuration with laser focus

overlapping with the cross. The example snapshots are listed in Figure 5.17 panel. First,

when H2 filter is inserted, it means only the radiation with wavelength around 600 nm

can go through. Similar to early discussion, the plasma radiation is less intense if e-

beam reaches the cross earlier. However, due to Hydrogen’s low ionization threshold and

focus-cross overlapping, the superposition of laser field and electron bunch field peaks
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Figure 5.14: (a) displays a timing scan snapshots set with scan range of 20 ps. The step

size is 1 ps. 20 shots are taken on each step. Snapshot (b), (c) and (d) are sampled from

(a) showing plasma radiation density distribution in pure H2 gas when t < t0, t = t0 and

t > t0 respectively. In each snapshot, the position of laser pulse is marked in red dot

when electron bunch (blue dot) is at the same position. Laser focus is indicated by gray

dashed curves corresponding to maximum radiation spot.

prominently at t0, thus ionizing more H2 molecules and creating more emission. When

the filter is switched to He filter, only emission from He atoms (around 400 nm) is allowed

to pass. The self-field of driver bunch alone is not intense enough to ionize He and laser

field can barely ionize He by itself. However, if laser pre-ionizes He partially, driver bunch

can follow up release much more electrons as shown in middle and bottom subplots.
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Figure 5.15: The plot is similar to Figure 5.14 except the scan is executed in pure He.

To target t0 accurately based on scanning dataset, we applied sigmoid fitting to find

”turning point” like before for He filter data. t0 is in [5.415, 5.475] fs range with 95%

confidence. For H2 filter, we select ”peak area” and locate the peak with Gaussian fit.

The peak is found between 5.227 fs and 5.381 fs with 95% confidence. Given the scanning

step is 100 fs, two results are in good agreement.
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Figure 5.16: Plot of signal intensity flipping region in 14 ps timing scan range (scattering

blue points). Coarse scan at two ends is 1 ps per step. Find scan in the middle is 50

fs per step. 20 shots are taken on each step for statistical uncertainty analysis which is

reflected in light blue shaded area. Sigmoid fitting is shown in red line.

With laser time-of-arrival relative to electron beam found, we have enough confidence

to inject laser pulse at appropriate timing. However, we would like to monitor the timing

synchronization and analyze timing jitter in real time when we carry out ionization injec-

tion PWFA experiment. Besides, it would be interesting to determine the timing jitter

between laser pulse and electron beam during the experiment. In order to achieve that,

we use a noninvasive technique, Electro-Optic Sampling (EOS). EOS is an optoelectronic

technique which takes advantage of Pockels effect (first described in 1906 by Friedrich

Pockels). When electron bunch passes by certain kinds of crystals, the strong electric

field exerted on crystal can be regarded as half-cycle THz pulse traveling through the

crystal. It will distort refraction index and thus causing birefringence. At that moment,

if a linearly polarized laser pulse travels through the crystal. The polarization will be

elliptical. We are able to observe ”the leak” through polarizer and analyzer. With this

method, we can synchronize laser pulse and electron bunch to 100 fs level without a super

fast photodetector.

Benefiting from development of ultrafast laser techniques, EOS has been adopted in
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Figure 5.17: The plasma emission snapshots of timing scan with H2 filter in (left column)

and with He filter in (right column). Three shots are sampled in each scan: e-beam arrives

at the cross 1 ps earlier than laser; e-beam and laser arrive at the cross simultaneously;

e-beam arrives at the cross 1 ps later than laser. Laser focus lined out by gray dashed

curve overlaps with the cross of laser and e-beam trajectories (gray dashed straight line).

the position of laser is marked as red ellipse with the moment when e-beam (green dot)

arrives at the cross as a reference.

many applications such as directly measuring the beam near-field and its longitudinal pro-

file [YMG00, BGJ07], characterizing beam generated radiation like coherent transition

radiation [TSF06] and mapping the wakefields trailing the beam [FMC01]. This tech-

nique also has application in Free Electron Laser (FEL) field [YMG01, ADR09]. [YMG01]

discussed the experiment of characterizing (both amplitude and phase) of freely propa-

gating pulsed electromagnetic radiation and for the quasi-static electric field of relativistic

electron bunches. [ADR09] reported the success of EOS in FLASH (free electron laser

in Hamburg). It determines the relative arrival time of the extended ultraviolet pulse of

FLASH and an amplified Ti:Sa femtosecond-laser pulse at the interaction region better

than 90 fs RMS. In UCLA, Scoby et al applied EOS time-of-arrival diagnostics in the dif-

ferent context of relativistic ultrafast electron diffraction (UED) where electrons are used
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Figure 5.18: Step plot of plasma radiation intensity over timing scan when H2 filter (blue)

and He filter (green) are inserted in turn. Uncertainty is shown in shadow. Sigmoid fitting

is applied to data points with He filter in in red solid line. The peak of H2 filter data is

found with Gaussian fit in orange solid line.

directly as probes of atomic structral rearrangements on ultrafast time scales [SMM10].

To have a deeper understanding of EOS mechanism, let us go back to review the

response of dielectric materials to electric field. In isotropic media, the relationship

between electric displacement field D and electric field E:
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D = ε0εE (5.1)

where ε0 is permittivity of free space and scalar ε is relative dielectric permittivity

independent of direction. While in anisotropic media such as a crystal, when D is not

parallel to the electric field, the permittivity is a symmetric tensor ε̂. In this case, Eq.5.1

is expressed as:


D1

D2

D3

 = ε0


ε1 0 0

0 ε2 0

0 0 ε3

 ·

E1

E2

E3

 (5.2)

The difference among εi(i = 1, 2, 3) results in birefringence. The inverse of ε̂−1 is

defined as impermeability tensor.

For crystals like ZnTe and GaP who have cubic crystal lattice, their εi are all indenti-

cal, which means impermeability tensor can be written as the product of scalar ε−1 and

unit matrix I.

η̂(E) = ε−1I + r ·E (5.3)

where r is EO tensor. Note that to include Pockels effect, linear order term r ·E is

added and higher order effect such as Kerr effect is neglected.

Usually EO crystals like GaP and ZnTe are cut in (110) plane as shown in Fig.. In this

plane, x, y, z-axis are [-1, 1, 0], [0, 0, 1] and [-1, -1, 0] respectively. To minimize confusion

and keep consistency, curve bracket is used to label a plane, while square bracket is for

vector. Without losing generality, let us assume there is an angle α between external

electric field E and x-axis ([-1, 1, 0]) as shown in Fig.5.19(b). If we decompose E into x,

y, z-axis, we obtain

E = E


− cosα/

√
2

cosα/
√

2

sinα

 (5.4)
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We already know the permittivity is same in three directions which means n0x =

n0y = n0z = n0. Again, due to cubic symmetry of crystal lattice, r41 = r52 = r63 = r.

According to this paper, the impermeability tensor now can be written as

η̂(E) =
1

n2
0


1 0 0

0 1 0

0 0 1

 + rE


0 sinα cosα/

√
2

sinα 0 − cosα/
√

2

cosα/
√

2 − cosα/
√

2 0

 (5.5)

The eigenvalues of η̂(E) matrix are

λ1,2 =
1

n2
0

− rE

2
(sinα±

√
1 + 3 cos2 α)

λ3 =
1

n2
0

+ rE sinα

(5.6)

The respective eigenvectors are

u1 =
1

2

√
1 +

sinα√
1 + 3 cos2 α


−1

1

2
√

2 cosα√
1+3 cos2 α+sinα



u2 =
1

2

√
1− sinα√

1 + 3 cos2 α


1

−1

2
√

2 cosα√
1+3 cos2 α−sinα



u3 =
1√
2


−1

−1

0



(5.7)

With ni = 1/
√
λi and assumption of rE � 1/n2

0, we obtain refractive indices in three

directions:

n1 = n0 +
n3

0rE

4
(sinα +

√
1 + 3 cos2 α)

n2 = n0 +
n3

0rE

4
(sinα +

√
1− 3 cos2 α)

n3 = n0 −
n3

0rE

2
sinα

(5.8)
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Figure 5.19: a) shows the cut plane (110) of EO crystal. b) Principal-axis transformation

in (110) plane. Two axes labeled n1 and n2 corresponds to u1 and u2. u3 is normal to

(110) plane. Electric field E has an angle α with x-axis ([-1,1,0]).

After we find refractive indices in three axes, we are able to calculate phase shift Γ

caused by birefringence.

Γ =
2π(n1 − n2)d

λ0

=
πn3

0d

λ0

rE
√

1 + 3 cos2 α (5.9)

where d is thickness of crystal, λ0 is wavelength of probe laser.

As an example, now let us calculate the phase shift in our experiment, according to our

layout, electric field from electron bunch is vertical which means α = 90◦. FACET laser

is 800 nm Ti:Sa laser. For this wavelength laser, the refractive index of GaP and ZnTe

is about 3.16 and 2.82 respectively. The thickness of crystal usually used in experiment

is 100µm. FACET ebeam is 20.35 GeV (γ ≈ 40000) and 3.2 nC. Given such large γ, the

electric field of ebeam is squeezed to a ”pancake” shape with a transverse opening angle

of 1/γ. The condition rd/γ � σz is satisfied since in our setup the distance from EO

crystal to ebeam rd is between 1 mm to 10 mm, thus the longitudinal profile of ebeam

is well represented by THz signal width which gives us chance to measure bunch length

with EOS. Both the transverse RMS σr and longitudinal RMS σz are about 30µm. Note

that σz = 30µm corresponds with frequency 5 THz pulse. The temporal profile of electric
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field of ebeam is

E(t) = E0exp(−
t2

2σ2
z

) (5.10)

where amplitude E0 is

E0 =
Q

(2π)3/2ε0rbσz
(5.11)

where Q is bunch charge. ε0 is permittivity of free space. rb is beam radius. Note

that the absence of Lorentz factor γ is due to canceling out of lengthening of σz when

we boost into beam frame and the factor 1/γ of electric field when we boost back to lab

frame. Following Eq.(24) in paper, the dependence of |r| on frequency f is plotted as

Fig.5.20. To avoid drastic change of r around 5 THz region, GaP is better than ZnTe for

30µm long bunch. However, the magnitude of EO coefficient of ZnTe is generally larger

than GaP (about eight time larger below 5 THz). Both kinds of crystals were tested in

our experiment.
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Figure 5.20: Absolute magnitude of EO coefficient r(ω) of GaP (red) and ZnTe (blue).
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At the end of this section, I would like to discuss the effect of crystal thickness on

EO signal. Due to the difference of THz signal phase velocity and probe laser optical

group velocity, in certain range, crystal thickness determines how long THz signal and

probe laser propagate in timing. Geometric response function is defined to quantitatively

measure the the velocity mismatch. In this [paper], G(ω) is derived assuming laser and

electron bunch co-propagate. Here we take the more general form by assuming the angle

between laser and electron beam line is θ.

G(ω) =
1

d

∫ d

0

exp(
iωz

vph(ω)
− iωz

vg cos θ
)e−αzdz (5.12)

where d is crystal thickness, vph(ω) = c/n(ω) where n(ω) is the real part of the

refractive index, vg is optical group velocity of laser pulse, α = ωκ(ω)/c is attenuation

coefficient where κ(ω) is the imaginary part of refractive index.
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Figure 5.21: Geometric response functions of GaP and ZnTe crystals. 0◦, 45◦, 135◦ are

angles between laser and electron beam line. Different thicknesses 50 µ m, 100 µm, 200

µm, 500 µm are color coded in blue, red, yellow and green respectively.

As shown in Fig.5.21, to obtain larger response function amplitude, co-propagating

scheme is preferred than counter-propagating. We should keep this in mind when we

design experiment layout. In given setup, thinner crystal outperforms thicker one. As

mentioned earlier, FACET beam equivalents to 5 THz signal. |G(ω)| is very sensitive

in that region which potentially makes signal observation more difficult. Practically, we
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converted THz frequency to corresponding bunch length based on the valid assumption

that electron bunch passing by crystal can be regarded as a half-cycle THz signal traveling

through crystal. 45◦ orientation is considered in this conversion. Also, FACET beam

bunch length range is marked in Figure 5.22.

Figure 5.22: Magnitude of geometric response function varies over electron bunch length

for different thickness of crystals (50 µm, 100 µm, 200 µm, 500 µm). Figure (a) is

GaP. Figure (b) is ZnTe. The pink rectangle marks operating bunch length range in our

experiment.

The scan window is width of crystal (1 cm) at 45◦ orientation which is about 20 ps.

We scanned the timing delay in that window at step size of 1 ps. To determine the

relative timing jitter between laser pulse and electron beam, we set the delay where the

EO signal is the most prominent and sampled about 1500 shots to evaluate timing jitter

statistically as in Figure 5.24. The timing jitter is contained in the jitter of horizontal

centroid of each EO signal. After Gaussian fit, we obtained the jitter as 190 fs. However,

this jitter also includes pointing jitter of both electron bunch and laser bunch. While jitter

of electron bunch is trivial, that of laser pulse is obtained as 50 fs from background DAQ

with electron beam off. Thus, the relative timing jitter is about
√
σ2
total − σ2

pointing ≈ 160

fs. LINAC phase ramp is a parameter to tune the compression of electron bunch, thus

adjust bunch length as required. Scanning this parameter could affect timing delay of

electron bunch. An X-band transverse deflecting cavity (TCAV) is installed at upstream

of experiment area to measure longitudinal profile of bunch. The operation of TCAV may

also influence bunch delay. Now we have an opportunity of study these effects thanks to
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EOS. Figure 5.25 shows the linear calibration between phase ramp and timing delay with

a slope of 1 ps/degree roughly. The effect of TCAV operation is trivial under observation

with EOS timing resolution.

533.258 ns 533.259 ns 

533.260 ns 533.261 ns 

Figure 5.23: Snapshots of EOS scan at step of 1ps. Signal moves from left to right as

timing delay increases.

LINAC phase ramp is a parameter to tune the compression of electron bunch, thus

adjust bunch length as required. Scanning this parameter could affect timing delay of

electron bunch. An X-band transverse deflecting cavity (TCAV) is installed at upstream

of experiment area to measure longitudinal profile of bunch. The operation of TCAV may

also influence bunch delay. Now we have an opportunity of study these effects thanks to

EOS. Figure 5.25 shows the linear calibration between phase ramp and timing delay with

a slope of 1 ps/degree roughly. The effect of TCAV operation is trivial under observation

with EOS timing resolution.

76



−800 −600 −400 −200 0 200 400 600 800
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

arrival timing jitter (fs)

re
la

tiv
e

 c
o

u
n

ts

σ ≈ 190 fs

0.5 mm0.5 mm

3
.5

 m
m

Figure 5.24: Histogram of centered and normalized jitter (blue). Gaussian fit is applied

in red solid line. The timing jitter uncertainty is about 190 fs. The inset image is EO

signal with dimension labeled.
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Figure 5.25: Phase ramp scans from 47◦ to 52◦ with TCAV on (+90◦ deflecting and -90◦

deflecting) and off as color-coded.
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5.6 Plasma acceleration experiment

After we reduced ”dark current” to a trivial level and found the relative time-of-arrival

between laser pulse and electron bunch, we are ready to do 90◦-injection. Figure 5.26

shows the trapped charge amount over timing scan around the time-of-arrival for different

laser energies. When the laser energy is tuned up to 5 mJ, the trapped charge increases

significantly compared to lower laser energy scans. This is due to they are in different

regimes: When the laser energy is high enough, laser pulse can ionize sufficient He and

H2 molecules, thus creating a plasma cloud on the path of driver bunch. This plasma

cloud can last about 1 ns (plasma recovery time) long. As long as the driver bunch

passes in this ns window, part of plasma electrons will be trapped by the wake driven

by driver bunch and form the witness bunch. This is called ”plasma torch”. In this

regime, the timing requirement is not that strict since the ”torch” can last about ns. We

observe the trapped charge without much effort on finding t0. However, the disadvantage

of this regime, as you might expect from self-injection scheme, is that the witness bunch

quality is not satisfying. As we lowered down the laser energy, it transits to a different

regime where injection laser can only release a small amount of electrons which is barely

enough for witness bunch, therefore it has to be injected into correct phase and trapped.

Under this circumstance (so called ”Trojan horse”), the timing synchronization needs to

be narrowed down to 100 fs level which we have achieved as shown in last section. The

timing requirement difference between two regimes are actually reflected in the Figure

5.26. The profile of trapped charge for 5 mJ laser appears to be a plateau as electrons

will still be trapped when the laser arrives earlier than driver bunch. But ”Trojan horse”

regime is very sensitive to the timing delay, thus the profiles only peak at the t0.

For the ”plasma torch” regime, the pressure of 50:50-mixed gas was set to 4 torr.

Dipole orbit energy was set to estimated witness beam energy 1 GeV. Quadrupoles were

imaging 19.85 GeV. Laser energy was 5 mJ. Two example shots are shown in Figure 5.27.

The beam energy in both shots is about 1 GeV with spread of 10%. The bunch charge

varies shot by shot. On average, it is about several tens of pC after calibration.

In ”Trojan horse” scheme, we also observed acceleration of trapped charge as in Figure

5.28. The beam energy and energy spread are about same as in ”plasma torch” regime.
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Figure 5.26: Plots of trapped charge as function of relative timing delay for different laser

energies (5 mJ, 1 mJ, 0.8 mJ, 0.5 mJ, 0 mJ) as color-coded.

The averaged amount of charge is about the same as well.

The importance of beam emittance has been emphasized in Chapter 2. In experiment,

measurement of emittance dependence on time in synchrotrons and storage rings allows

to understand and possibly mitigate emittance growth issue. On LINAC, the knowl-

edge of emittance at different locations provides guidance to tune beam optics such as

quadrupoles. That is the reason why people have designed different methods to mea-

sure it. The first method is called ”3-profile measurement” which is based on transverse

beam profile. From Chapter 2, we already know the relation between emittance ε and

twiss parameters α, β, γ. There are three unknowns given γβ = 1 + α2. Therefore, to

determine the emittance at one certain location along the beam line, one needs at least

three waist measurements with three different transfer matrices. Three different transfer

matrices can be obtained from either three different profile monitor locations or three

different quadrupole magnets settings. In drifting space, the beam waist can be written

as w2 = βε− 2Lαε+L2γε. With three sets of (w, L), we can solve the equation list and

obtain ε. In experiment, more sets of (w, L) are usually taken and the solution is found

with fitting (this is called ”butterfly” technique). Another way to measure emittance is

called ”Pepper-Pot” technique. If a bunch is projected to a screen, the information about
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Figure 5.27: Two example shots in ”plasma torch” regime. The Region of interest (ROI)

is selected so that the massive driver bunch background is out of window. The charge

density is color-coded as color bar in plot. Both images are projected to x-axis and

plotted out in blue solid line.

angular distribution is lost. However, if the beam is collimated into a bunch of ”beam-

lets” by small apertures and these beamlets can be detected on the following screen with

a certain distance. The total intensity of each beamlet as a function of the position of the

holes gives a transverse profile of the beam. The profiles of individual beamlets can be

used to determine the angular distribution of the beam. The precision of this technique

is limited by tradeoff between aperture size and the number of apertures. Smaller aper-
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Figure 5.28: Two example shots in ”trojan horse” regime similar to Figure 5.27

tures allow more precise determination of beamlets’ position, but if the apertures are too

small, they only sample a small fraction of the beam and the signal may be too weak to

be detected.

However, these two methods mentioned above are not suitable in our experiment given

the witness beam transverse dimension is very small and the bunch charge is only tens of

pC against massive driver bunch background. Also, the witness beam energy is not very

stable in our experiment. To evaluate the emittance as accurate as possible, we came up

with a new emittance measurement method based on our knowledge of beam transport
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line and spectrometer. The optics on beam line after witness bunch exits plasma are

drawn in Figure 5.29. Without consideration of plasma downramp length, we assume

the beta function of witness beam is about 1 mm based on operating plasma density.

With that, if we optimize beam initial divergence by fitting the simulated beam profile to

experiment result on spectrometer screen, we can obtain beam emittance from definition

of beam divergence 2
√
γε. The beam transport matrices include drifting space, focusing

in quadrupoles, scattering in (diamond and aluminum) windows and dispersion in the

dipole. Example shots are selected for demonstrating the analysis described above both

in ”plasma torch” and ”trojan horse” regimes. With this method, we found for most

of ”plasma torch” shots, the divergence is about 800 µrad. With the beta function of 1

mm, the emittance is about 10−6 mrad while for ”trojan horse” regime, the divergence is

about 200 µrad which gives 5× 10−8 mrad emittance.

Figure 5.29: Schematic of downstream beam optics for diagnosis
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Figure 5.30: The divergence analysis for one sample shot from ”plasma torch” regime.

The first plot shows ±σ boundary when the beam does not have emittance (blue), from

simulation (red) and the actual one based on the beam profile (black). The second plot

shows the charge distribution over energy spectrum. The third plot shows the transverse

beam size on energy spectrum. The fourth one gives the optimal divergence we found.
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Figure 5.31: This plot is similar to Figure 5.30 except it is in ”trojan horse” regime.
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CHAPTER 6

Conclusion and future

6.1 Conclusions

In this dissertation, we mostly reported the experiment results we have obtained on

FACET. As a proof-of-concept, the He electrons were trapped to be witness beam and

accelerated successfully. By tuning laser energy, two regimes (”plasma torch” and ”trojan

horse”) were created and tested. The beam obtained 1 GeV energy gain over several

centimeters long plasma in laser ionization injection scheme. The energy spread is less

than 10% and the emittance of beam is estimated between 10−6 mrad and 10−7 mrad.

Two major challenges: beam synchronization and dark current are discussed in detail.

Given the plasma blowout regime size (100 µm), we have to synchronize injection laser

and driver bunch to 100-fs level for injection. For 90◦ injection, we should find the relative

time-of-arrival between two beams first. We achieved hundred femtosecond accuracy by

scanning the timing delay and observing the intensity of plasma radiation generated by

intense field of two beams. To observe the synchronization in real time and evaluate

the relative timing jitter, we implemented non-invasive EOS system. After statistical

analysis, the timing jitter is about 160 fs.

FACET driver bunch is strong enough to drive a wake and trap plasma electrons

with main laser pre-ionization if the gas density (pressure) is too high. Thus we should

optimize the gas pressure to reduce the dark current to trivial level. We found 4 Torr

was an appropriate pressure that driver can drive a nice blowout regime inside without

trapping noticeable plasma electrons.
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6.2 FACET II

FACET has made tremendous progresses in many fields such as PWFA [CAA15, LAA14],

dielectric wakefield [OAB16], THz pulse generation [WFG13], etc over last runs. In the

light of phase one success, in 2016, the proposal of second phase, FACET-II, has been

approved and supported by DOE. FACET-II will be the new test facility to develop

advanced acceleration and coherent radiation techniques with high-energy electron and

positron beams. Based on FACET, FACET-II will be upgraded to improve capabilities

and breadth of the potential research. The design parameters for FACET-II are set for

PWFA experiments. As shown in Figure 6.1, FACET-II will be located between Sector-10

and Sector-20. First 1/3 of linac will be for LCLS-II and last 1/3 stays as LCLS-I. Since

only 1/3 of LINAC will be dedicated for FACET-II. The beam energy will be 10 GeV.

Both dimensions of electron and positron bunch will be 10 µm × 10 µm × 10 µm. Bunch

charge can be up to 6 nC. Thus, we can obtain over 10 kA peak current. The repetition

rate is up to 30 Hz.

Figure 6.1: Conceptual layout of FACET-II in the middle third of the SLAC linac,

downstream of LCLS-II and upstream of LCLS-I

Particularly, for our laser-ionization injection scheme PWFA, we measured that the

timing jitter between laser pulse and electron beam is about 160 fs mostly because of the

thermal cathode and the large compression factor of the electron bunch. In FACET-II, a

new photoinjector and high-power laser will be installed and the timing jitter is expected

to be less than 50 fs. With such excellent synchronization, the trapping point inside the

blowout regime will be controlled more precisely once we determine the optimal spot for

injection.

The high-density electron driver bunch in FACET-II also allows us to explore more
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scenarios. At FACET, self-field of driver bunch is barely strong enough to self-ionize alkali

metal vapor such as Rubidium or Lithium. This is reason why pre-ionization laser is set

up. The intense field of FACET-II driver bunch is about 100 GV/m which is sufficient to

ionize alkali metal vapor or even Hydrogen without any assistance of pre-ionization laser.

A high-power Joule-class (> 10 TW) Ti:Sa laser will be installed as well. This laser

will still provide pre-ionization of gas medium, but this would decouple the acceleration

process from the ability of the driver bunch to self-ionize the plasma medium. We can

pre-ionize media which are gaseous at ambient conditions in a simpler container such

as a glass vessel which is easy for laser injection and probing. In this case, it would be

possible to study the ionization injection scheme when the electron beam density is much

weaker than in the self-ionization case. The plasma length (acceleration length) can also

be extended so the witness bunch is able to be accelerated higher energy.

A multi-stage acceleration scheme was also proposed at FACET-II that witness bunch

energy is ramped up in several major radiofrequency-cavity-based stages. The first one

accelerates beam to 200-250 MeV, the second to 4 GeV and the final one to 7 GeV or

higher. Ionization injection scheme PWFA can be done after each of these stages. In

Figure 6.2, the setup with three stages are drawn. The possible application of witness

bunch coming out of the PWFA also shown afterwards. On first stage, the beam is

accelerated to 250 MeV which is moderate for driving a wake over a limited distance. A

LWFA can follow up and boost its energy to 1 GeV. Then the boosted bunch can be used

as our PWFA driver. On second stage, the beam energy is already above 1 GeV which

indicates it can be used for PWFA directly. On both stages, witness bunch could be used

to power an undulator to produce FEL. On final stage, driver bunch energy hits 10 GeV,

potentially the electron energy and flux of the driver beam and the witness beam may

already be too high for current undulator. However, Thompson scattering light source

can be built afterwards.
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Figure 6.2: A conceptual sketch of multi-stage acceleration scheme at FACET-II. Beam

is accelerated to 7 GeV or higher in three stages. On each stage, ionization-injection can

be applied to the output for various uses.
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F. Grüner. “Demonstration Scheme for a Laser-Plasma-Driven Free-Electron

Laser.” Phys. Rev. X, 2:031019, Sep 2012.

97



[MTS10] C. McGuffey, A. G. R. Thomas, W. Schumaker, T. Matsuoka, V. Chvykov,

F. J. Dollar, G. Kalintchenko, V. Yanovsky, A. Maksimchuk, K. Krushelnick,

V. Yu. Bychenkov, I. V. Glazyrin, and A. V. Karpeev. “Ionization Induced

Trapping in a Laser Wakefield Accelerator.” Phys. Rev. Lett., 104:025004, Jan

2010.

[NC04] Chet Nieter and John R. Cary. “VORPAL: a versatile plasma simulation code.”

Journal of Computational Physics, 196(2):448 – 473, 2004.

[Nic83] Dwight R. Nicholson. Introduction to Plasma Theory. John Wiley & Sons,

1983.

[NR66] A. I. Nikishov and V. I. Ritus. Sov. Phys. JETP, 23:162, 1966.

[OAB16] B. D. O’Shea, G. Andonian, S. K. Barber, K. L. Fitzmorris, S. Hakimi,

J. Harrison, P. D. Hoang, M. J. Hogan, B. Naranjo, O. B. Williams, V. Yaki-

menko, and J. B. Rosenzweig. “Observation of acceleration and deceleration in

gigaelectron-volt-per-metre gradient dielectric wakefield accelerators.” Nature

Communications, 7:12763 EP –, 09 2016.

[ODK07] E. Oz, S. Deng, T. Katsouleas, P. Muggli, C. D. Barnes, I. Blumenfeld, F. J.

Decker, P. Emma, M. J. Hogan, R. Ischebeck, R. H. Iverson, N. Kirby, P. Kre-

jcik, C. O’Connell, R. H. Siemann, D. Walz, D. Auerbach, C. E. Clayton,

C. Huang, D. K. Johnson, C. Joshi, W. Lu, K. A. Marsh, W. B. Mori, and

M. Zhou. “Ionization-Induced Electron Trapping in Ultrarelativistic Plasma

Wakes.” Phys. Rev. Lett., 98:084801, Feb 2007.

[OMR10] F. H. O’Shea, G. Marcus, J. B. Rosenzweig, M. Scheer, J. Bahrdt, R. Weingart-
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