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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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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
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Hardware readiness
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Hardwares sent to SLAC 
•A new plate with additional tapped holes 
•a 0.5’’ stage for moving the blade 
•SST blade 
•2-cm nozzles
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Final energy spectrum 
• E: ~0.8 GeV (peak) 
• ~1.4 GeV (Max) 
• total charge ~500 pC 
• : ~0.4 µm 
• : <0.4%

εn
σE /E

density profile from fluid simulation (200psi, @4mm) Driver parameter:  
 
,  

, 

Q = 2.0 nC
σr = 15 μm σz = 10 μm
Λ = 2.8 nb ≈ 3.5 np

Quasi3D simulation using a simulated 2-cm nozzle density profile 
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Time structured electron beam (without laser heater)
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Start-to-end beamline simulation and PWFA experiments (2022 run) suggest time-
structured bunches 
• µm scale >50 kA current spike(s) + a longer but lower-current (<10 kA) structure 
• such bunches can self-ionize meter-scale H2 plasmas and excite nonlinear wakes
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E300 first results 16

beam current profile changes dramatically and is unknown in real-time data and we have

used one particular current profile- that shown in Fig. 2(a)- to simulate the energy gain

and loss results as a function of gas pressure any quantitative agreement is somewhat

fortuitous. The results are presented in Fig. 7.
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Figure 7. Energy loss and gain of the drive bunch: comparison with PIC simulations.
(a) Energy spectrum of an example shot from a 0.3 Torr dataset. Left panel: raw
image from the spectrometer. Right panel: x-integrated energy spectrum. (b) Another
example spectrum from a 1.5 Torr dataset with the spectrometer set to highlight the
accelerated charge. Simultaneous measurements of energy loss portion of the spectrum
were not taken. (c) Energy spectrum of the nominal drive bunch [see Fig. 2(a)] after
interaction with hydrogen gas at varying pressures from PIC simulations (blue lines)
and experiments (thick orange lines). The dashed black lines show the spectrometer
limit (electrons with energy below this limit were not captured) for these datasets (note
that the dipole setting for the 1.5 Torr case in the bottom row is di↵erent in order to
measure electrons that have gained energy). The imaging energy was set to 5 GeV for
the top three rows and 18 GeV for the bottom row in (c).

In Fig. 7(a), an example of raw energy spectrum of the decelerated bunch from

the 0.3 Torr dataset is displayed. The spectrum indicates a minimum energy of 6 GeV

(equivalent to a maximum energy loss of 4 GeV). At this low density, the nonlinear wake

wavelength is relatively long such that the entire bunch experiences only deceleration. In

contrast, Fig. 7(b) shows a spectrum from the 1.5 Torr dataset, where the spectrometer

imaging energy is set at 18 GeV. The smallest size appears to be at 16 GeV because

there is very little charge at 18 GeV [see the orange line in the bottom row of Fig. 7(c)].

Nevertheless, this result shows that some charge has indeed gained 8 GeV energy from

the wake. Figure 7(c) shows the linearized energy spectra for four representative shots

the nominal bunch reproduces 
experimental results 
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An alternative configuration: Gas-jet in Static fill (GiS)
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adjustable peak 
(e.g., >2e17 cm-3)

~4 m H2 between the Be windows

5-mm gas-jet (or 2-cm gas jet)

10 GeV drive beam

drive beam self-focuses 
(modeled using QPAD)

~3 m, up to 5 Torr static-fill for acceleration of 
injected bunch (6.5e16 cm-3) (modeled using QPAD)

mm scale downramp for injection 
(modeled using OSIRIS)

1 2 3 4

2-µm, >60 kA spike

few kA tail

self-focused driver

1 2 3
injected bunch

driver not 
shown

OSIRIS 3 QPAD

driverinjected 
bunch

4

depleted driver

accelerated 
bunch

QPAD QPAD

Existing e- beam 
NO laser needed
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Step I: QPAD simulation of self-focusing of the driver
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Beam ionization of H2 and self-focusing  
• 1.5 Torr static fill (ne~5e16 cm-3) 
• atomic hydrogen with 15.4 eV IP, ADK model 
• “nominal” driver
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Self-focused beam from the QPAD simulation
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spot size evolution

beam parameters evaluated here 
 30 —> 3 µm 

 increases by 100 times 
put gas jet here to inject electrons

σr :
nb

Self-focused driver 
density map @ 1m

Initial driver
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Low-density gas jet had been characterized using IPG
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We need a low-density (~1017 cm-3) gas jet to make a density bump in the static fill gas 

• Difficult to characterize using interferometer (or wavefront sensor) 
• We have developed a new method to measure density down to 1015 cm-3 

• It’s based on ionization induced plasma grating (IPG)

gas jet (top view)

C. Zhang et al. PPCF 63, 095011 (2021)
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Density profile from fluid simulations
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fluid simulation
used in OSIRIS

• 1.5 Torr static fill (ne0~5e16 cm-3) 

• 5-mm dia. round nozzle 

• Backing pressure 10 psi 

• Mach number ~5 

• Density downramp 

• Peak density @2 mm: 1.7e17 cm-3 

• Ramp length: 1 mm 

• Density ratio npeak/ne0 ~ 3.5 

• Density ratio is tunable by changing 
backing pressure

beam direction
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Step II: Downramp injection modeled using Osiris quasi-3D
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Injection process Bunch parameters@z=10 mm: 
• slice and normalized emittance: ~0.5 µm 
• peak current: ~1 kA, total charge 83 pC

Longitudinal phase space

Current profile
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Step III: Acceleration of the injected bunch modeled using QPAD
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already self-focused driver

injected bunch

• Import the downramp injected bunch into the 2nd QPAD simulation 
• Reload the self-focused driver

beam direction
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Final parameters of the electron bunch
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profile of the injected bunch

linear chirp 
2-5 GeV over 25 µm (1.7%/µm)

Slice beam parameters: 
• : ~0.7 µm, : ~0.2%, I: ~1 kAεn σE /E
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Distinguish the injected bunch from the decelerated driver electrons
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The injected bunch has a much smaller emittance (0.7 µm vs 20 µm of the driver) 
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Summary: E304 Gas-jet in Static fill (GiS) configuration
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• Setup: Ready to go 
• Outcome: multi-GeV high-

brightness e- bunch 
• : 0.7 µm, : 0.2%, I: ~1 kAεn σE /E
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Collaborations
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Thank you for your attention 

Questions?


