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Why Attoseconds AND X-rays
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Attosecond Pulses BEFORE FELs

M. Hentschel et al. Nature 414, 509–513 (2001).
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M. Hentschel et al. Nature 414, 509–513 (2001).

“ the subfemtosecond X-ray 
pulses currently available do 

not yet have sufficient fluence 
for X-ray-pump/X-ray-probe 

spectroscopy.”
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Why Attosecond X-ray FELs?
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HHG in gas

Non-Linear Interactions

J. Duris, S. Li et al. Nature Photonics 14.1 (2020): 30-36.

Cascading (~1 TW) 

P. Franz
Applied Physics



Attosecond Pump/Probe
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LCLS Attosecond Campaign



Why Plasma-Based Attosecond Pulses?
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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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BW ∝ 1
Lg

Δtmin ∝ Lg



Why Few-Cycle Pulses?
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Universal response to 
electron removal

More stable pump

Phys. Rev. Lett. 94, 033901

M. Grell et al. in preparation



PAX: Plasma-based Attosecond Pulse Generation
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C. Emma et al. APL Photonics 6 (7), 076107

See also X. Xu et al. Nat Commun 13, 3364 (2022)



Coherent Emission
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Sensitivity to Pointing Jitter
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LCLS stops 
working



Above the Carbon K-Edge
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Harmonic up-conversion of radiation-induced microbunching
Few-cycle soft X-ray pulses
(work in progress)



Proof of Principle Demonstration at FACET-II
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Use linac—generated beam for first demonstration.
Compress with dedicated chicane ( R56 = 100 um @ 10 GeV)
Detect dipole radiation from spectrometer bend.



Expected Performance with Linac-Generated Beam
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Expect few uJ-scale radiation below 100 nm from spectrometer bend



Plasma-Based FELs

21A. Maier et al. Phys. Rev. X 10, 031039 (2020)
Sören Jalas et al Phys. Rev. Lett. 126, 104801 (2021)

Wang, Wentao, et al. Nature 595.7868 (2021): 516-520

Pompili, R., et al. Nature 605.7911 (2022): 659-662.

https://link.aps.org/doi/10.1103/PhysRevLett.126.104801


The Problem with Plasma-Based High-Gain FELs
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Sub 1% energy jitter
< 10 um orbit jitter

P. Emma et al. "First lasing and operation of an ångstrom-
wavelength free-electron laser." nature photonics 4.9 (2010): 
641-647.



The Problem with Plasma-Based High-Gain FELs
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“Our great mistake is to try to exact from 
each person virtues which he does not 

possess, and to neglect the cultivation of 
those which he has.”

M. Yourcenar, Memoirs of Hadrian

Sub 1% energy jitter
< 10 um orbit jitter



Why PAX?
1) Tolerates what is bad about plasma accelerators 
(e.g. pointing stability) thanks to pre-bunching
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3) Does something that conventional technology 
CANNOT DO (new is better than better!)

4) Low barrier for success

WE DON’T HAVE TO REPLICATE 
CONVENTIONAL FELS!
THIS IS A NEW TOOL, LET’S 
DEVELOP NEW APPLICATIONS



Questions?
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