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E304 experiment
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Internal generation of low-emittance, high-brightness bunches using density downramp

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)

111303-2

Ez field

Xinlu Xu et al., Phys. Rev. Accel. Beams (2017) 

IA ⇡ 17 kA

nph 
[cm-3]

np0 
[cm-3]

ramp 
[mm] I [kA] εn [nm] B 

[A/m2/rad2] E [MeV] σE/E Q [pC]

1.5x1018 1018 1.3 14 80 4E+18 620 0.15% 140

driver: Λ=4, σr=σz=εn=5.3 µm ⇤ = 2Ib/IAExample parameters:
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Science goals, definition of success and target time for each goal
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E304: generate low emittance beams using downramp trapping in PWFA

Demonstrate 
downramp trapping

• Significant energy loss of 
driver in a cm-scale high-
density (1018 cm-3) plasma

• Evidence of injection 
(charge excess)

• Trapped electron signal on 
spectrometer (E 0.5 GeV)≳

Ye
ar

 1

Systematic study of 
the injection

• Stable 1-multiple GeV 
beams, measure emittance

• Sharp ramp vs. gentle 
ramp (minimize energy 
spread by longitudinal 
phase space rotation)

• Laser- vs. beam-ionization 
(different emittance)

Ye
ar

 1
-2

Generate and measure 
ultralow emittance beams

• Measure ultralow 
emittance (<1 µm, e.g., 
using undulator radiation)

•
•
•
•

E > 1 GeV
δE/E < 1 %
εn ≲ 1 μm
I ≳ 5 kA

Ye
ar

 2
-3
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Experimental timeline
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• Experimental design (90%): Dec, 2022 for the first run

• Installation plan: Target assembly same as E305 but change nozzles. Ready to install in Nov.

• Ready for experimental safety review: Review docs submitted in 2020 

• Ready for commissioning: Anytime after installation (2022 Nov)

• Beam requirements: achieved beam parameters for E300 (10 GeV, 1.5 nC, σr,z   25 µm)

• First science: demonstrate injection and understand emittance dependence on the driver/
plasma parameters (2023)

• Beam requirements: E=10 GeV, σr~σz<10 µm, εn<40 µm, Q>1 nC (I>12 kA)

• 2nd phase of the program: generating ultralow emittance beams

• Prerequisites: E=10 GeV, σr 4 µm β~5-10 cm (same as E300), σz  10 µm, εn < 20 µm, Q>1 
nC (I>12 kA)

• Date: year 2 and 3 (2024-2025)

≲

≲ ≲
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Experimental layout
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Focusing quads Picnic basket
Li oven & bypass line

Spectrometer 
quads Dipole

Butterfly 
chamber

Dump 
table

vacuum waist (beta ~ 5 cm)TopView DTOTR1&2 LFOV CHER

EDC

EDC spec.XTCAV

CAD drawings made by Robert Ariniello, CU

Ionization laser

Same target assembly as E305 but 
different nozzles.

• E304 plasma source:
• 2-cm gas jets

• Sharp downramp (~10 c/
ωp) by shock front

• Gentle downramp (~100 c/
ωp) by structured nozzle

• Laser ionization & beam 
ionization

nozzle has been 
tested by E305

topview image



Zhang, Dissertation Proposal

Plasma source option #1
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• backing pressure 200 psi
• density scales linearly with backing pressure 

2-cm slit nozzle with blade (movable sharp ramp, blade not shown)
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Plasma source option #2
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A movable blade allows to change the position of the down ramp.
Pros: 1) null test by moving the blade out 2) injected bunch energy correlation with the down ramp location (in a 
limited range because we need E>1 GeV)
Cons: What if it stops moving in a high radiation environment?
An alternative: a nozzle with a built-in shock inducer backing pressure 200 psi
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Plasma source option #2
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backing pressure 200 psi

mm scale ramp
- imprint a positive energy chirp after injection
- longitudinal phase space rotation in acc. stage
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Diagnostics and observables
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SOLIDWORKS Educational Product. For Instructional Use Only.

• Shadowgraphy for 
wake structures

Driver Injected bunch
Charge upstream toroids;

energy spec. (LFOV);
downstream toroids;

Bunch 
length

XTCAV N/A

Energy 
spectrum

energy spec. (LFOV); energy spec. (LFOV 
or EDC);

Emittance butterfly technique 
(DTOTR)

butterfly technique;
undulator radiation;

• Diagnostics for e- bunches

• Diagnostics for wakes
• Topview for plasma emission 

(beam-to-wake efficiency)
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Fit: εn≈1.5 µm; Simulation: 
~1.7 µm (projected)
~0.5 µm (slice)

injected bunch
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E=1.92 GeV
σE/E =0.5%

The injected bunch is tracked 
from the IP to the dump table 
(DTOTR1 detector, σreso~4.5 µm)
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Potential future evolution of the experiment
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driver

injected bunch

Generate pre-bunched e- beams using modulated downramp 

Xinlu Xu et al., Nat. Comm. (2022) 

Key questions:
• produce modulated downramp
• measure bunched electrons

injected beam bunches at X-
ray wavelength (~10s nm)

bunching factor
100s GW XFEL in 1m
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Potential future evolution of the experiment
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Key elements:
• modulate downramp (e.g., ionization plasma grating)
• measure bunched electrons (e.g., using CTR)

Chaojie Zhang et al., PPCF (2021) 

measured self-scattered plasma light 
from an ionization plasma grating

λ ≈ 2 μm
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Desired facility upgrades
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• Ability to deliver and characterize round 
beams at IP (critical for generating beams 
with tens of nm emittance) (year 1 and 2)

• A short undulator after the picnic basket as 
a emittance diagnostic (year 2 and beyond)

• Downstream deflecting cavity for 
characterizing the longitudinal phase space 
of the injected bunch (year 3 and beyond, 
or use other novel methods)

Asymmetric driver 
leads to emittance 
increase

A sharp downramp is capable of generating 
bunches with large linear chirps.
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The items listed here do not affect the proposed E304 experimental plan;
But they will provide more controllability and diagnostics for future upgraded experiments;
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Collaborations
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C. Joshi, K. Marsh, W. B. Mori, Y. Wu, Z. Nie, H. Fujii

X. Xu, M. Hogan, V. Yakimenko, FACET-II staff

Sebastien Corde’s group

Mike Litos’ group
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Backup Slides.
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q3D simulation using the max-compressed driver
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The 1st bunch

The 2nd bunch

injected at the 
exiting down ramp

driver: σr=σz=3 µm, εn=3 µm, Λ=6, Q~1.3 nC (Q=0.4 nC for sharp downramp) The LPS at the plasma exit:
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Injected bunch is accelerated to ~2 GeV in ~1 cm
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injected bunch
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• Significant energy loss of the driver

• The energy spectrum of the injected 
bunch peaks at 1.92 GeV with 0.5% 
spread

• Injected charge: 697 pC

• Efficiency: 43%

E=1.92 GeV
σE/E =0.5%

E=6.81 GeV
σE/E =0.1%
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σE/E~0.2%

εn~0.5 µm

Projected εn=1.7 µm

β=0.3 cm
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Emittance diagnostic
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• The butterfly technique gives reasonable estimate of the emittance 
• The image is noisy due to the limited number of tracked particles (~0.1 M), a realistic bunch with 

~700 pC charge will have 4.4 B electrons.

image on the detector
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Re-imaged beam on DTOTR1 Normalized

Fit: εn≈1.5 µm

Simulation:
εn≈0.5 µm (slice)
εn≈1.7 µm (projected)

The injected bunch in the pre-ionized case is tracked from 
the IP to the dump table (DTOTR1 detector, σreso~4.5 µm)
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Laser- vs. beam-ionization
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Beam-ionized

Pre-ionized

• One important physics that need to be studied is the transverse slowing down of the sheath electrons.
• This can be addressed by comparing the results of pre-ionized vs. beam self-ionized plasma.
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Simulation with current available parameters

19

σr = 15 μm
σz = 10 μm
εn = 20 μm
Q = 2 nC
nb ≈ 3.5 × 1017 cm−3

Λ ≈ 2.8

Blowout regime requires:

1)

2)  or 

Therefore the plasma density should be in the range:

kpσz ≳ 0.2

nb ≳ np kpσr ≲ Λ

0.02 < kp[μm−1] < 0.11

56 < λp[μm] < 314

1.1 × 1016 < np[cm−3] < 3.5 × 1017
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Quasi-3D simulation, np=1017 cm-3

20

Plasma density profile:

σr = 15 μm
σz = 10 μm
Q = 2 nC
nb/np = 3.5
kpσr ≈ 0.9
kpσz ≈ 0.6
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at z=5.3 mm



Zhang, Dissertation Proposal

Energy and emittance
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Energy vs. acceleration length

0 1 2 3 4

z (cm)

0

200

400

600

800

1000

E
p

e
a

k
 (

M
e

V
)

1 2 3 4 5 6

z (mm)

1

1.5

2

2.5

3

3.5

4

n
 (

m
m

m
ra

d
)

1 2 3 4 5 6

z (mm)

0

0.5

1

1.5

2

 (
m

m
)

• ~0.6 GeV for the 2-cm nozzle
• possible to increase to ~1 GeV 

using higher density (requires 
smaller driver beam)or longer 
nozzles (e.g., 5-cm, designed)
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Required driver beam parameters are achievable using the max-
compression config.

23
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Single-bunch max 
compression config:

, 
, 

 (for 
)

Q = 0.6 ∼ 2 nC
εn ≲ 40 μm β ≳ 5 cm
σr ≈ 10 μm
σz > 0.25 ∼ 100 μm
nb ≈ 7.9 × 1017 cm−3

σz = 10 μm
Λ ≈ 2.8

Need a driver with <10 µm, <10 µmσr σz
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Energy spectrum down to ~1 GeV measured on the dump table

24Analysis done by Doug Storey

Dipole PDC EDC butterfly
dump table

• Energy down to ~1 GeV was measured using the LFOV monitor 
on the dump table;

• EDC allows measurement of lower energy electrons
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2) Single-Bunch Max-Compression Design Configuration

7FACET-II DOE Operations Review, June 14-15, 2022                 G. White           Accelerator Configurations and Upgrades

RF Gun (fs=10o)

L1

L0
DL10

L2 L3 S20 Exp. Region

BC11 BC14 BC20

E=125 MeVE=6 MeV E=335 MeV E=4.5 GeV E=10.0 GeV

f = -20.5 deg f = -39 deg f = 0 deg

Q = 0.6 – 2.0 nC
b* > 5 cm
sz > 0.25  - 100 µm
dE = 0.1 – 1.4 %
Ipk = 10 – 300 kA
gex = 5-40 mm-mrad

R56 = +7mm

R56 = -3.6mmR56 = -4.6mm

Future Laser Heater

Over-compress bunch in BC14 for high-energy-spread, high-peak current requirements in S20
[-ve z = HEAD OF BUNCH]

L2 f sets final compression  
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Measure ultralow emittance using undulator emission
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A short (2 m) undulator as a beam 
characterization tool (λu=3 cm, K=2.8, Nperiod=66)

E=1 GeV
I=5 kA
σr=10 µm
SASE

Genesis simulation
A short undulator as a potential diagnostic for ultralow emittance (year 3 and beyond)

• Driver beam radiates at different wavelength (E>7 
GeV, εn>5 µm, δE/E~1%)

0

0.5

1

P
(

) 
[a

.u
.]

16 17 18 19 20 21

 [nm]

0

0.5

1

P
(

) 
[a

.u
.]

δE/E=1%
εn=1 µm

δE/E=0.1%
εn=0.1 µm


