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What is FACET-II?
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• Has been operated with the single bunch configuration since 2022 
• Started two-bunch configuration in May, 2024

one or two bunches 
generated directly from 
the photocathode

L0-4 four-stage acceleration, 10 GeV

three-stage compression down to <100 fs

2 nC, low emittance (10s µm), small energy spread (<1%)

• FACET-II is a national User Facility operated by SLAC and funded by DOE that provides a 
unique capability for developing advanced acceleration and coherent radiation generation 
techniques using a high-energy electron beam.
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E300 collaboration
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PIs: Chan Joshi (UCLA) and Mark Hogan (SLAC)
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Plasma wakefield acceleration (PWFA) and the E300 experiment
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• E300 aims at demonstrating a 
single stage 10 GeV PWFA 

• Energy doubling in <1 m 
• 10 GeV—>20 GeV 

• Narrow energy spread 
• <1% 

• Preserving emittance 
• a few µm 

• High efficiency 
• Driver to witness >40% 

• Driver to wake 80% 
• Wake to witness 50%

beam direction

drive bunch

trailing bunch
electron sheath

flattened Ez

Ez

plasma e-

ion cavity

two-bunch PWFA in the Blowout regime
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Highlights of the results
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• Ionization injection 
• multi-GeV, multi-color, potential µm-nm scale current modulation 

• Downramp injection 
• up to 26 GeV, ~1% energy spread, a few µm emittance, brightness booster

• Repetition 
• Meter-scale plasmas in hydrogen, needed for high rep rate future work have been formed 

• Efficiency 
• Pump depletion of the 10 GeV drive beam accomplished 
• Driver-to-wake energy transfer efficiency without beam-shaping has been measured 
• Introduced machine learning to optimize experimental outcomes faster 

• Matching 
• Preliminary data obtained on the matching of a single beam to the high density plasma wake 

• Two-bunch (2 GeV energy gain)

Single-stage 10 GeV PWFA

High-brightness beam generation
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Experimental setup
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• e- beam: 10 GeV, 1-1.6 nC, 50 cm beta function at the IP, ~50 µm emittance, 20-50 µm spot size, 
>20 µm bunch length (with >30 kA current spikes) 

• plasma: 
• beam or laser-ionized lithium vapor bounded by helium gas 
• beam or laser ionized continuous flow of H2/He gas isolated by differential pumping system 

• Main diagnostics: imaging spectrometer, x-ray intensity profile monitor and spectrometer, visible 
plasma light at various locations

switch between Li oven and bypass line
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Ionization and wake generation in a meter-scale hydrogen plasma, 
evidence of pump energy depletion, and energy transfer efficiency 

• Future colliders will need to operate at kHz or greater rep rates. 

• At 1 TeV (CM) beams will contain ~5 MW of average power. Assuming 50% efficiency 
this means 2.5 MW will be left behind in a thin plasma column. 

• This will rapidly heat the gas and create a time dependent density depression on axis. 

• The plasma medium will have to be created in a refreshed gas. H2 is the natural 
choice due to its low and simple ionization energy levels. 

• We first ionize H2 and excite a wake using the transverse field of the drive beam - 
need a peak current of 30 kA (for a 30 µm spot size).

why hydrogen?
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The FACET-II compressors can produce 100 kA peak current beams

8
C. Zhang et al, PPCF 66, 025013 (2024)

• Beam dynamics 
simulations showed large 
fluctuations in current 
profiles from small jitter in 
RF phase and amplitude. 

• The final compressed 
current profiles can be 
very different.

Meter-scale plasma generation 
(in 2.0 Torr Hydrogen)

Current profiles from beamline 
simulation (by C. Emma)



Zhang, Dissertation Proposal

0 5 10
X-ray yield [counts] #10

8

0

2

4

6

8

10

M
a

x
 e

n
e

rg
y
 l
o

s
s
 [

G
e

V
]

spectrometer limit

more pump 
depleted 
electrons

depletion 
starts

(a) (d)

40 60
x [mm]

2

4

6
8

10

E
n

e
rg

y
 [

G
e

V
]

(b)

50 100
shot number

2

4

6

8
10
14

E
n
e
rg

y
 [
G

e
V

]

0

0.5

1

1.5

2

2.5

3

3.5

4

d
Q

/d
E

 (
a
rb

. 
u
n
it
s
)

#10
5

50 100
shot number

2

4

6

8
10
14

E
n
e
rg

y
 [
G

e
V

]

0

0.5

1

1.5

2

2.5

3

3.5

4

d
Q

/d
E

 (
a
rb

. 
u
n
it
s
)

#10
5

50 100
shot number

2

4

6

8

10

12

E
n
e
rg

y
 [
G

e
V

]

0

0.5

1

1.5

2

2.5

3

3.5

4

d
Q

/d
E

 (
a
rb

. 
u
n
it
s
)

#10
7

50 100
shot number

2

4

6

8

10

12

E
n
e
rg

y
 [
G

e
V

]

0

0.5

1

1.5

2

2.5

3

3.5

4

d
Q

/d
E

 (
a
rb

. 
u
n
it
s
)

#10
7(b) (c)

Drive beam energy depletion in 1.5 Torr H2 gas (~5e16 cm-3)

9

• 1.5 nC driver. Spectrometer setting: lower dipole strength + imaging energy at 2 GeV 
• <2 GeV electrons recorded 
• In 73 out of 100 shots, the charge of <3 GeV electrons exceed 100 pC

single shot waterfall plot of 
energy spectra

linearized energy spectra 
(sorted)

self-ionized plasma 
10 GeV peak due 
to non-
participating 
charge (NPC)

C. Zhang et al, PPCF 66, 025013 (2024)
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Driver to wake energy transfer efficiency in meter-scale H2 plasma
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E300 first results 18
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Figure 8. Deposited energy and e↵ective beam-to-wake energy transfer e�ciency vs.
gas pressure. (a) Deposited energy. The blue and orange lines represent the lower and
upper bound of deposited energy calculated using the spectrometer data. Each data
point represents the average of 10 shots with largest deposited energy and the error
bars indicate the standard deviation. For datasets with pressure  0.3 Torr, the two
curves overlap since charge loss during beam transport after interaction did not happen.
For higher pressures, the unknown energy of the missing charge introduces separation
between the two estimates (lower and upper bound) where the actual deposited energy
falls in the grey shaded region. The green line depicts the results obtained from QPAD
simulations using the nominal current profile [see Fig. 2(a)]. (b) Beam-to-wake energy
transfer e�ciency. The red diamonds in (a) and (b) show the deposited energy and
e�ciency retrieved from the 2.17 Torr dataset shown in Fig. 6(b). Note that the raw
spectral data for 0.3, 1 and 1.5 Torr are not shown here.

deposited by the electrons that have lost up to 5GeV energy as before. The second513

part is the energy deposited by those electrons that lose more than 5 GeV energy and514

therefore do not appear on the spectrometer screen [“the missing charge” (MC)]. We515

can estimate the upper and lower bounds for the energy these electrons deposit. To do516

this, we attribute two extreme energies contained in the MC. For instance, if we assume517

• Spectrometer captures >5 GeV electrons 
• Max energy loss < 5 GeV, no missing charge, calculate deposited energy directly 
• Max energy loss > 5 GeV, with missing charge, estimate upper and lower bounds 

• Red point: using a dataset where 2-8 GeV signals are available 

• Achieved 60% beam-to-wake energy transfer 
efficiency (excluding non-participating charge)

C. Zhang et al, PPCF 66, 025013 (2024)

• goals: overall efficiency 40% 
• drive beam to wake: 80% 
• wake to witness: 50%
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Machine learning enabled PWFA optimization in 40-cm Li plasma
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Energy loss Energy transfer efficiency
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See Robert Ariniello’s talk in WG3 on Tue.
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• Many parameters can affect matching 

• beam emittance, beta 

• vacuum waist location 

• density upramp profile 

• actual density at the vacuum focus 

• …

First experiments on beam matching to a Li density upramp (ongoing work)
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Effects of beta and waist location on matching

13

spot size evolution for matched 
vs. unmatched beam

β* = 3.3 cm

β* = 10 cm

Li density s = 5 cm
s = 15 cm
s = 30 cm

spot size evolution for beams with 10 cm 
beta, focused at different waist locations
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more significant emittance growth 
for non-optimal waist locations
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The next step is to reduce beta to 
approach optimal matching
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First two-bunch operation!
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Preliminary results on two-bunch PWFA

17

See Doug Storey’s talk in WG3 on Tue.
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Beam quality of the accelerated witness bunch
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See Doug Storey’s talk in WG3 on Tue.
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Ionization injection and downramp injection

19

ionization injection downramp injection

vϕðz; tÞ ¼
vd

1 − ðdωp=dzÞω−1
p ðvdt − zÞ

ð1Þ

Thus a density gradient can be used to increase the phase
velocity (upramp) or decrease the phase velocity (down-
ramp). The concept of using variations of the plasma density
to trigger injection was proposed in gradual [22] and sudden
[23] density transitions from a high density plasma to a low
density plasma. These analyses were based on 1D arguments
and paid little attention to the beam quality. There have been
some recent results based on multidimensional simulations
[27–30], but not for the parameters needed to observe the
high quality beam generation described here.
In this article, we analyze the self-injection in density

downramps from wakes excited in the nonlinear blowout
regime using theory and 3D OSIRIS [31] simulations. We
find that unprecedented brightnesses are generated due to
the discovery that in the rear of the bubble the electrons
experience defocusing fields that reduce their transverse
momentum just as they are becoming trapped and which
vanish after they are trapped. This process also leads to
extremely low absolute slice energy spreads because of
the mapping between the initial position of the particle and
its location in the axial direction when it is trapped and
extremely low absolute projected energy spread due to the
combination of the injection and the following acceleration.
The processes behind the injection and the role of the

defocusing fields on the generation of ultra bright electron
beams are clearly illuminated by tracking particles of
interest. To isolate the physics we use a nonevolving
ultrarelativistic electron beam to produce the wake; how-
ever, when evolving beams or lasers are used similar results
are obtained. The phase velocity is controlled by the density
dependence of the blowout radius, so by adjusting the
magnitude of the plasma density gradient and the driver
intensity one can control the expansion rate of the blowout
radius so that electron trapping occurs.
The basic idea is illustrated in Fig. 1. In the simulations

used to generate Figs. 1–3, we use 512 × 512 × 320 cells in
the x, y and z directions respectively (a longer simulation
box with 416 cells in the z-direction is used when Λ ¼ 4).
The cell sizes are 1

32
c

ωp0
in each direction and 4-8 particles

per cell are used for the plasma electrons (the ions are kept
fixed). Here ωp0 is the plasma frequency corresponding to
the lower shelf density np0. When a high current electron
bunch propagates through plasma, a nonlinear plasma wave
structure can be excited if the bunch peak density nb
exceeds the plasma density np [32–34] and the peak
normalized charge per unit length, Λ≡ 4πre

R r≫σr
0 drrnb

exceeds unity, where σr is the spot size of the beam and re
is the classical electron radius. For Λ ≫ 1, the Coulomb
force of the drive electron bunch “blows out” the plasma
electrons which then form a thin sheath surrounding a
“bubble”-like region that contains only the “immobile”
ions. In the laser driver case, a similar bubble structure is

formed if the normalized vector potential a0 ≡ eA0

mc2 ≫ 1

where A0 is the peak vector potential of the laser [33–36].
The blowout or bubble regime has many beneficial proper-
ties for an accelerating structure; it has an ultrahigh
accelerating field Ez for electrons that is independent of
the radial position and it has a large focusing field that
is linear in r and independent of the phase of the
wake [33,34].
In the blowout regime, the edge of the ion column is

called the blowout radius, rbðξÞ (the radius is in cylindrical
coordinates for each value of ξ) where ξ≡ vdt − z ≈ ct − z.
The maximum value of rb is defined as rm which for a
particle beam driver is rm ≈ 2

ffiffiffiffi
Λ

p
c=ωp [33,34]. When

rm ≫ c=ωp then rbðξÞ nearly maps out a circle so the
wake resembles a spherical bubble. The wavelength of the
wake is therefore λwake ≈ 2rm ≈ 4

ffiffiffiffi
Λ

p
c=ωp. The nonlinear

frequency is ωNL ¼ πωp

2
ffiffiffi
Λ

p . Therefore, ωp can be replaced by
ωNL in the expression for the phase velocity. For the
velocity of the first density spike, we can replace ðvdt − zÞ
with λwake in Eq. (1) leading to vϕ ≈ vdð1 − 4

ffiffiffiffi
Λ

p cdω−1
p

dz Þ and

hence γϕðz; tÞ≡ ð1 − v2ϕ
c2Þ

−1
2 ≈ ð8

ffiffiffiffi
Λ

p cdω−1
p

dz Þ−
1
2. This formula

indicates that the phase velocity is insensitive to the exact
density profile of the ramp, thus linear profiles are used in
this paper for simplicity. Other profiles with similar density
scale-lengths (l≡ j np

dnp=dz
j) will also work.

To obtain vϕ from simulations, we track where Ez ¼ 0
because its location is well defined and assume it behaves
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FIG. 1. (a) Schematic of density downramp injection. The
plasma density decreases linearly from np;h at z ¼ 0 to np0
at z ¼ L. (b) The plasma wake produced by a short electron
bunch with Λ ¼ 1 before (left) and after (right) it propagates
through the density downramp. The black lines are the on-axis Ez
and the purple (blue) marker indicates the position where Ez ¼ 0
when the beam is before (after) the ramp. (c) Evolution of the
phase velocity γϕ;Ez¼0 from Eq. (1) (solid lines) and 3D PIC
simulations (dashed lines). The parameters are: γb ¼ 2500;
nb ¼ 16np0; σz ¼ 0.7 c

ωp0
, σr ¼ 0.25 c

ωp0
when Λ ¼ 1 and σr ¼

0.5 c
ωp0

when Λ ¼ 4.

X. L. XU et al. PHYS. REV. ACCEL. BEAMS 20, 111303 (2017)
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FIG. 1. (a) Schematic of density downramp injection. The
plasma density decreases linearly from np;h at z ¼ 0 to np0
at z ¼ L. (b) The plasma wake produced by a short electron
bunch with Λ ¼ 1 before (left) and after (right) it propagates
through the density downramp. The black lines are the on-axis Ez
and the purple (blue) marker indicates the position where Ez ¼ 0
when the beam is before (after) the ramp. (c) Evolution of the
phase velocity γϕ;Ez¼0 from Eq. (1) (solid lines) and 3D PIC
simulations (dashed lines). The parameters are: γb ¼ 2500;
nb ¼ 16np0; σz ¼ 0.7 c

ωp0
, σr ¼ 0.25 c

ωp0
when Λ ¼ 1 and σr ¼

0.5 c
ωp0

when Λ ¼ 4.

X. L. XU et al. PHYS. REV. ACCEL. BEAMS 20, 111303 (2017)

111303-2

np0

L

np driver

X. L. Xu et al, PRAB 20, 111303 (2017)A. Pak et al, PRL 104, 025003 (2010)

Both mechanisms have the potential of generating ultralow emittance (<1 µm), high brightness 
(>1019 A rad-2 m-2) electron bunches for near-term applications such as driving free electron lasers.
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Ionization injection of helium electrons in lithium plasma wake
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Over-compressed beam results in a double-horn current profile. As the second horn pinches, it can 
ionized the helium buffer gas at both ends of the lithium oven, leading to ionization injection.

Osiris-q3d simulation using the following e- beam parameters: 
• 54 cm beta, focused at the start of lithium density plateau 
• 45 µm emittance to have a 35 µm spot size (experimental) 
• Q = 860 pC, horn separation 46 µm

Lithium
Helium

Lithium plasma

drive bunchHelium electrons

each time the second current spike pinches, it triggers ionization injection of helium e- once
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Injected electrons with multiple energy peaks (simulation)
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longitudinal phase space of 
the injected beam

final energy spectrum of 
the injected beam

8.6 GeV

multi-GeV, almost equally spaced energy peaks
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Generation of multi-GeV, multi-color beams in experiment
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High brightness beam generation via downramp injection

downramp injection

vϕðz; tÞ ¼
vd

1 − ðdωp=dzÞω−1
p ðvdt − zÞ

ð1Þ

Thus a density gradient can be used to increase the phase
velocity (upramp) or decrease the phase velocity (down-
ramp). The concept of using variations of the plasma density
to trigger injection was proposed in gradual [22] and sudden
[23] density transitions from a high density plasma to a low
density plasma. These analyses were based on 1D arguments
and paid little attention to the beam quality. There have been
some recent results based on multidimensional simulations
[27–30], but not for the parameters needed to observe the
high quality beam generation described here.
In this article, we analyze the self-injection in density

downramps from wakes excited in the nonlinear blowout
regime using theory and 3D OSIRIS [31] simulations. We
find that unprecedented brightnesses are generated due to
the discovery that in the rear of the bubble the electrons
experience defocusing fields that reduce their transverse
momentum just as they are becoming trapped and which
vanish after they are trapped. This process also leads to
extremely low absolute slice energy spreads because of
the mapping between the initial position of the particle and
its location in the axial direction when it is trapped and
extremely low absolute projected energy spread due to the
combination of the injection and the following acceleration.
The processes behind the injection and the role of the

defocusing fields on the generation of ultra bright electron
beams are clearly illuminated by tracking particles of
interest. To isolate the physics we use a nonevolving
ultrarelativistic electron beam to produce the wake; how-
ever, when evolving beams or lasers are used similar results
are obtained. The phase velocity is controlled by the density
dependence of the blowout radius, so by adjusting the
magnitude of the plasma density gradient and the driver
intensity one can control the expansion rate of the blowout
radius so that electron trapping occurs.
The basic idea is illustrated in Fig. 1. In the simulations

used to generate Figs. 1–3, we use 512 × 512 × 320 cells in
the x, y and z directions respectively (a longer simulation
box with 416 cells in the z-direction is used when Λ ¼ 4).
The cell sizes are 1

32
c

ωp0
in each direction and 4-8 particles

per cell are used for the plasma electrons (the ions are kept
fixed). Here ωp0 is the plasma frequency corresponding to
the lower shelf density np0. When a high current electron
bunch propagates through plasma, a nonlinear plasma wave
structure can be excited if the bunch peak density nb
exceeds the plasma density np [32–34] and the peak
normalized charge per unit length, Λ≡ 4πre

R r≫σr
0 drrnb

exceeds unity, where σr is the spot size of the beam and re
is the classical electron radius. For Λ ≫ 1, the Coulomb
force of the drive electron bunch “blows out” the plasma
electrons which then form a thin sheath surrounding a
“bubble”-like region that contains only the “immobile”
ions. In the laser driver case, a similar bubble structure is

formed if the normalized vector potential a0 ≡ eA0

mc2 ≫ 1

where A0 is the peak vector potential of the laser [33–36].
The blowout or bubble regime has many beneficial proper-
ties for an accelerating structure; it has an ultrahigh
accelerating field Ez for electrons that is independent of
the radial position and it has a large focusing field that
is linear in r and independent of the phase of the
wake [33,34].
In the blowout regime, the edge of the ion column is

called the blowout radius, rbðξÞ (the radius is in cylindrical
coordinates for each value of ξ) where ξ≡ vdt − z ≈ ct − z.
The maximum value of rb is defined as rm which for a
particle beam driver is rm ≈ 2

ffiffiffiffi
Λ

p
c=ωp [33,34]. When

rm ≫ c=ωp then rbðξÞ nearly maps out a circle so the
wake resembles a spherical bubble. The wavelength of the
wake is therefore λwake ≈ 2rm ≈ 4

ffiffiffiffi
Λ

p
c=ωp. The nonlinear

frequency is ωNL ¼ πωp

2
ffiffiffi
Λ

p . Therefore, ωp can be replaced by
ωNL in the expression for the phase velocity. For the
velocity of the first density spike, we can replace ðvdt − zÞ
with λwake in Eq. (1) leading to vϕ ≈ vdð1 − 4

ffiffiffiffi
Λ

p cdω−1
p

dz Þ and

hence γϕðz; tÞ≡ ð1 − v2ϕ
c2Þ

−1
2 ≈ ð8

ffiffiffiffi
Λ

p cdω−1
p

dz Þ−
1
2. This formula

indicates that the phase velocity is insensitive to the exact
density profile of the ramp, thus linear profiles are used in
this paper for simplicity. Other profiles with similar density
scale-lengths (l≡ j np

dnp=dz
j) will also work.

To obtain vϕ from simulations, we track where Ez ¼ 0
because its location is well defined and assume it behaves
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FIG. 1. (a) Schematic of density downramp injection. The
plasma density decreases linearly from np;h at z ¼ 0 to np0
at z ¼ L. (b) The plasma wake produced by a short electron
bunch with Λ ¼ 1 before (left) and after (right) it propagates
through the density downramp. The black lines are the on-axis Ez
and the purple (blue) marker indicates the position where Ez ¼ 0
when the beam is before (after) the ramp. (c) Evolution of the
phase velocity γϕ;Ez¼0 from Eq. (1) (solid lines) and 3D PIC
simulations (dashed lines). The parameters are: γb ¼ 2500;
nb ¼ 16np0; σz ¼ 0.7 c

ωp0
, σr ¼ 0.25 c

ωp0
when Λ ¼ 1 and σr ¼

0.5 c
ωp0

when Λ ¼ 4.
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[23] density transitions from a high density plasma to a low
density plasma. These analyses were based on 1D arguments
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some recent results based on multidimensional simulations
[27–30], but not for the parameters needed to observe the
high quality beam generation described here.
In this article, we analyze the self-injection in density

downramps from wakes excited in the nonlinear blowout
regime using theory and 3D OSIRIS [31] simulations. We
find that unprecedented brightnesses are generated due to
the discovery that in the rear of the bubble the electrons
experience defocusing fields that reduce their transverse
momentum just as they are becoming trapped and which
vanish after they are trapped. This process also leads to
extremely low absolute slice energy spreads because of
the mapping between the initial position of the particle and
its location in the axial direction when it is trapped and
extremely low absolute projected energy spread due to the
combination of the injection and the following acceleration.
The processes behind the injection and the role of the

defocusing fields on the generation of ultra bright electron
beams are clearly illuminated by tracking particles of
interest. To isolate the physics we use a nonevolving
ultrarelativistic electron beam to produce the wake; how-
ever, when evolving beams or lasers are used similar results
are obtained. The phase velocity is controlled by the density
dependence of the blowout radius, so by adjusting the
magnitude of the plasma density gradient and the driver
intensity one can control the expansion rate of the blowout
radius so that electron trapping occurs.
The basic idea is illustrated in Fig. 1. In the simulations

used to generate Figs. 1–3, we use 512 × 512 × 320 cells in
the x, y and z directions respectively (a longer simulation
box with 416 cells in the z-direction is used when Λ ¼ 4).
The cell sizes are 1
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in each direction and 4-8 particles

per cell are used for the plasma electrons (the ions are kept
fixed). Here ωp0 is the plasma frequency corresponding to
the lower shelf density np0. When a high current electron
bunch propagates through plasma, a nonlinear plasma wave
structure can be excited if the bunch peak density nb
exceeds the plasma density np [32–34] and the peak
normalized charge per unit length, Λ≡ 4πre

R r≫σr
0 drrnb

exceeds unity, where σr is the spot size of the beam and re
is the classical electron radius. For Λ ≫ 1, the Coulomb
force of the drive electron bunch “blows out” the plasma
electrons which then form a thin sheath surrounding a
“bubble”-like region that contains only the “immobile”
ions. In the laser driver case, a similar bubble structure is

formed if the normalized vector potential a0 ≡ eA0

mc2 ≫ 1

where A0 is the peak vector potential of the laser [33–36].
The blowout or bubble regime has many beneficial proper-
ties for an accelerating structure; it has an ultrahigh
accelerating field Ez for electrons that is independent of
the radial position and it has a large focusing field that
is linear in r and independent of the phase of the
wake [33,34].
In the blowout regime, the edge of the ion column is

called the blowout radius, rbðξÞ (the radius is in cylindrical
coordinates for each value of ξ) where ξ≡ vdt − z ≈ ct − z.
The maximum value of rb is defined as rm which for a
particle beam driver is rm ≈ 2

ffiffiffiffi
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c=ωp [33,34]. When

rm ≫ c=ωp then rbðξÞ nearly maps out a circle so the
wake resembles a spherical bubble. The wavelength of the
wake is therefore λwake ≈ 2rm ≈ 4

ffiffiffiffi
Λ

p
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indicates that the phase velocity is insensitive to the exact
density profile of the ramp, thus linear profiles are used in
this paper for simplicity. Other profiles with similar density
scale-lengths (l≡ j np
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To obtain vϕ from simulations, we track where Ez ¼ 0
because its location is well defined and assume it behaves
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FIG. 1. (a) Schematic of density downramp injection. The
plasma density decreases linearly from np;h at z ¼ 0 to np0
at z ¼ L. (b) The plasma wake produced by a short electron
bunch with Λ ¼ 1 before (left) and after (right) it propagates
through the density downramp. The black lines are the on-axis Ez
and the purple (blue) marker indicates the position where Ez ¼ 0
when the beam is before (after) the ramp. (c) Evolution of the
phase velocity γϕ;Ez¼0 from Eq. (1) (solid lines) and 3D PIC
simulations (dashed lines). The parameters are: γb ¼ 2500;
nb ¼ 16np0; σz ¼ 0.7 c

ωp0
, σr ¼ 0.25 c

ωp0
when Λ ¼ 1 and σr ¼

0.5 c
ωp0

when Λ ¼ 4.
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An example dataset showing >20 GeV energy gain
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Sub 1% energy spread
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Injected bunch: 
Energy gain: 13 GeV FWHM spread 0.7%, 21 GeV 
Charge: 17.8 pC

shot 87
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Energy gain up to 26 GeV with ~1% energy spread

26
loaded Transformer Ratio (Egain/Eloss): 2.6 (w/o beam shaping)
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µm level normalized emittance measured using the butterfly technique
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PWFA as a beam brightness booster
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Collider, light source and many other applications require high brightness beams

Brightness: Bn =
2I
ϵ2

n

peak current [e.g. kA]

normalized emittance squared [µm2]

drive beam: 
~9 kA 
~40 µm 
~1013 A/rad2/m2 

10 GeV

I
ϵn
Bn

injected beam: 
~1 kA 
~1.8 µm 
~6x1014 A/rad2/m2 

60x brighter 
17 GeV

I
ϵn
Bn

LCLS: 
~3.5 kA 
~1.6 µm 
~3x1015 A/rad2/m2 

13.6 GeV (hard x-ray) 
<7 GeV (soft x-ray)

I
ϵn
Bn

SXFEL: 
~0.7 kA 
~1.5 µm 
~6x1014 A/rad2/m2 

1.5 GeV (upgrade)

I
ϵn
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Summary: highlights of the first results
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• Ionization injection 
• multi-GeV, multi-color, potential µm-nm scale current modulation 

• Downramp injection 
• up to 26 GeV, <1% energy spread, a few µm emittance, brightness booster

Single-stage 10 GeV PWFA

High-brightness beam generation

• Repetition 
• Meter-scale plasmas in hydrogen, needed for high rep rate future work have been formed 

• Efficiency 
• Pump depletion of the 10 GeV drive beam accomplished 
• Driver-to-wake energy transfer efficiency without beam-shaping has been measured 
• Introduced machine learning to optimize experimental outcomes faster 

• Matching 
• Preliminary data obtained on the matching of a single beam to the high density plasma wake 

• Two-bunch (2 GeV energy gain)


