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FACET-II @ SLAC: km-long electron linac delivering 10GeV beams

FACET-II 
Accelerator

2

FACET-II Technical Design Report SLAC-R-1072 

10 GeV, 2nC, single/double bunch, 10µm, 30fs

New low emittance injector and bunch compressors 
Existing 10GeV linac and FACET experimental area
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FACET-II Experimental Area Overview
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FACET-II: A National User Facility with a Broad User Program 
Based on 10GeV Beams and Their Interaction with Lasers, Materials and Plasma 

4

Plasma wakefield acceleration 

Developing plasma accelerators as multi-
GeV/m accelerator technology aligned with 
HEP roadmaps

PWFA Applications 

Brightness booster, Attosecond X-ray 
pulses as near term (pre-collider) 
demonstration applications

Strong Field Quantum Electrodynamics 

Stable high-energy beams and multi-TW 
laser for precision probing of SFQED

High-field Physics 

Beam fields > 1V/Å enable unique 
studies in astrophysics, material 
science and beam physics

AIML & Beam Physics 

Harnessing new initiatives in AIML to diagnose 
and control beams with unprecedented 
intensities aligned with GARD ABP roadmaps

Combining extreme beams (>100kA) and plasma to make high-gradient energy and brightness booster…
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Figure 1. Experimental setup, drive-beam depletion, and self-injection in a metre-scale plasma 

wakefield. a, A 10 GeV electron drive bunch is focused by quadrupole magnets into a four-metre-long 

hydrogen-filled region confined by beryllium windows with sub-mm apertures. A two-centimetre-long 

supersonic gas jet with a movable blade creates a sharp density downramp. As the drive bunch approaches 

its vacuum waist, its electric field ionizes the hydrogen to form a plasma column (magenta cylinder) and 

excite a wake. The plasma prior to the gas jet acts as a plasma lens to further focus the drive bunch. Plasma 

electrons injected at the downramp are accelerated in the wake formed in the subsequent acceleration 

section. b, Energy spectrum showing drive beam depletion to ~1 GeV (at 5.3 Torr, 1.7×10¹⁷ cm⁻³, gas jet 

off), indicating significant energy transfer to the wake. The spectrometer is focused at 2 GeV. c, Energy-

dependent betatron oscillations of the drive bunch envelope (at 2.4 Torr, 7.8×10¹⁷ cm⁻³, gas jet off) enable 

determination of the effective plasma length12. d, A distinct injected bunch accelerated to 26 GeV with 0.7% 

r.m.s. energy spread appears only when the gas jet is activated (at 4 Torr, 1.3×10¹⁷ cm⁻³, gas jet on). For 

this shot, the spectrometer quadrupoles focus at 15 GeV. 

 

Our plasma wakefield transformer consists of a three-stage plasma source (Fig. 1a) 

that integrates drive bunch focusing, injection of the trailing bunch, and acceleration of 

the trailing bunch to beyond 20 GeV (Methods b). The drive bunch contains variable 

current spikes (15-100 kA) which induce ionization of hydrogen gas while a longer, lower 

current base produces the plasma wake30,31. 

The first stage comprises a 1.25-meter-long low-density hydrogen gas region 

upstream of the gas jet. A 10 GeV electron bunch (1.6 nC charge, 22.6±1.9 mm·mrad 
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…while also using these unique beams for a variety of User programs focused on:

6GeV energy boost in 40cm plasma!
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Outline for the remainder of the presentation
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Recent progress at FACET-II 

• Highlight #1: extreme currents, compression and brightnesses 

• Highlight #2: high-field, efficient and uniform acceleration in plasma 

• Highlight #3: extreme focusing of high-energy beams 

• Highlight #4: strong field QED and quantum radiation reaction
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Energy loss due to ionization of 
He gas at the IP

Current spike 
removed

Undulator

FACET-II highlight #1: extreme currents, compression and brightnesses
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‣ Generate 100-kA-scale currents with laser heater

100-kA fs current spike

Current spike

Extreme Beams See C. Emma Sep 23, 2025, 6:00 PM
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‣ Experimental demonstration of plasma chirping 𝒪(100 MeV μm−1)

Direct chirp calculation from selected shots 

14FACET-II PWFA Collaboration Meeting, July 2025                                          E338 Collaboration                                PAX Progress in FY25

Oven at 8 Torr, n
p
 = 6.7e16Oven at 4 Torr, n

p
 = 3.5e16 

Direct calculation of chirp from selected shots consistent with average chirp numbers

Rafi Hessami

Energy centroid obtained from Gaussian fit of CHER profile. RMS bunch length obtained from fit to 
XTCAV-on dataset. 

Chirped beam with energy 
spread induced by a 

 chirp96 MeV μm−1

Chirp calculation

12FACET-II PWFA Collaboration Meeting, July 2025                                          E338 Collaboration                                PAX Progress in FY25

Oven at 8 Torr, n
p
 = 6.7e16

Measured chirps of ~50-80 MeV/um. Uncertainty comes from fit to bunch separation and energy centroid

Energy centroid obtained from Gaussian fit of electron energies > 10.1 GeV. 
Different bunch separation ranges for the linear fit correspond to ~10-12.5 GeV energy where we want to operate E338.

Oven at 4 Torr, n
p
 = 3.5e16 

Waterfall plots with Li oven

10FACET-II PWFA Collaboration Meeting, July 2025                                          E338 Collaboration                                PAX Progress in FY25

Oven at 4 Torr, n
p
 = 3.5e16 

Both datasets taken with laser pre-ionization. 

Oven at 8 Torr, n
p
 = 6.7e16

Plasma Wavelength Plasma Wavelength

Higher plasma density gives same energy gain over smaller drive-witness separation

Mapping of plasma wakefield at 
6.7 × 1016 cm−3

Mapping reveals  
plasma chirp of 
80 MeV μm−1

PAX concept: a Plasma-driven Attosecond X-ray Source

FACET-II PWFA Collaboration Meeting, July 2025                                          E338 Collaboration                                PAX Progress in FY25 2

C. Emma et al., APL Photonics, 6, 076107 (2021)

Concept for scaling to shorter wavelengths R. Hessami et al., PRAB (2024)

Large chirp, small slice energy spread make PWFA beams ideal for post-compression & coherent emission
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FACET-II PWFA Collaboration Meeting, July 2025                                          E338 Collaboration                                PAX Progress in FY25 2

C. Emma et al., APL Photonics, 6, 076107 (2021)

Concept for scaling to shorter wavelengths R. Hessami et al., PRAB (2024)

Large chirp, small slice energy spread make PWFA beams ideal for post-compression & coherent emission

PAX concept: a Plasma-driven Attosecond X-ray Source

FACET-II PWFA Collaboration Meeting, July 2025                                          E338 Collaboration                                PAX Progress in FY25 2

C. Emma et al., APL Photonics, 6, 076107 (2021)

Concept for scaling to shorter wavelengths R. Hessami et al., PRAB (2024)

Large chirp, small slice energy spread make PWFA beams ideal for post-compression & coherent emission

FACET-II highlight #1: extreme currents, compression and brightnesses
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‣ Extreme compression to MA currents with plasma chirping (E-338, PI Emma/Marinelli)
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FACET-II highlight #1: extreme currents, compression and brightnesses
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‣ Density downramp injection in a plasma wakefield accelerator (E-304, PI C. Zhang)

Drive bunch

Accelerated bunch
a

cb

de f

PIC simulation

propagation direction

For a, d (counts normalized to max)

en 2.4 mm-mrad

Energy spectra of injected electrons

C. Zhang et al., “Plasma-Wakefield Accelerator Simultaneously 
Boosts Electron Beam Energy and Brightness” in review

Plasma acts as an energy and brightness transformer – creating new beams with higher energy and brightness
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Figure 1. Experimental setup, drive-beam depletion, and self-injection in a metre-scale plasma 

wakefield. a, A 10 GeV electron drive bunch is focused by quadrupole magnets into a four-metre-long 

hydrogen-filled region confined by beryllium windows with sub-mm apertures. A two-centimetre-long 

supersonic gas jet with a movable blade creates a sharp density downramp. As the drive bunch approaches 

its vacuum waist, its electric field ionizes the hydrogen to form a plasma column (magenta cylinder) and 

excite a wake. The plasma prior to the gas jet acts as a plasma lens to further focus the drive bunch. Plasma 

electrons injected at the downramp are accelerated in the wake formed in the subsequent acceleration 

section. b, Energy spectrum showing drive beam depletion to ~1 GeV (at 5.3 Torr, 1.7×10¹⁷ cm⁻³, gas jet 

off), indicating significant energy transfer to the wake. The spectrometer is focused at 2 GeV. c, Energy-

dependent betatron oscillations of the drive bunch envelope (at 2.4 Torr, 7.8×10¹⁷ cm⁻³, gas jet off) enable 

determination of the effective plasma length12. d, A distinct injected bunch accelerated to 26 GeV with 0.7% 

r.m.s. energy spread appears only when the gas jet is activated (at 4 Torr, 1.3×10¹⁷ cm⁻³, gas jet on). For 

this shot, the spectrometer quadrupoles focus at 15 GeV. 

 

Our plasma wakefield transformer consists of a three-stage plasma source (Fig. 1a) 

that integrates drive bunch focusing, injection of the trailing bunch, and acceleration of 

the trailing bunch to beyond 20 GeV (Methods b). The drive bunch contains variable 

current spikes (15-100 kA) which induce ionization of hydrogen gas while a longer, lower 

current base produces the plasma wake30,31. 

The first stage comprises a 1.25-meter-long low-density hydrogen gas region 

upstream of the gas jet. A 10 GeV electron bunch (1.6 nC charge, 22.6±1.9 mm·mrad 
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PAX concept: a Plasma-driven Attosecond X-ray Source

FACET-II PWFA Collaboration Meeting, July 2025                                          E338 Collaboration                                PAX Progress in FY25 2

C. Emma et al., APL Photonics, 6, 076107 (2021)

Concept for scaling to shorter wavelengths R. Hessami et al., PRAB (2024)

Large chirp, small slice energy spread make PWFA beams ideal for post-compression & coherent emission
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Large chirp, small slice energy spread make PWFA beams ideal for post-compression & coherent emission

PAX concept: a Plasma-driven Attosecond X-ray Source

FACET-II PWFA Collaboration Meeting, July 2025                                          E338 Collaboration                                PAX Progress in FY25 2

C. Emma et al., APL Photonics, 6, 076107 (2021)

Concept for scaling to shorter wavelengths R. Hessami et al., PRAB (2024)

Large chirp, small slice energy spread make PWFA beams ideal for post-compression & coherent emission

FACET-II highlight #1: extreme currents, compression and brightnesses
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Looking ahead: 

• Continued development of plasma injector 
concepts (DDR and Trojan Horse) 

• Chicane installation end 2025 

• Compression studies (kA to MA) in 2026 

• Make X-rays in 2027 

E-310 See E. Hartmann Sep 24, 2025, 7:00 PM
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Outline for the remainder of the presentation
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Recent progress at FACET-II 

• Highlight #1: extreme currents, compression and brightnesses 

• Highlight #2: high-field, efficient and uniform acceleration in plasma 

• Highlight #3: extreme focusing of high-energy beams 

• Highlight #4: strong field QED and quantum radiation reaction
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FACET-II highlight #2: efficient transfer from drive to plasma

11

‣ PWFA in laser-ionized H2 static fill (E-301, PI M. Litos)

FACET-II DOE Operations Review, February 11-12, 2025                 D. Storey           Technical Planning for Future Experiments 13

Evolution of the IP Area

e-beam

Main laser

Probe laser

Picnic basket Li oven + bypass

Compressor

Probeline optics

The IP area will continue to evolve to meet the needs of the next generation experiments

• As our PWFA experiments advance, we will look beyond the lithium oven plasma source to 
meet our future experimental needs

• Removal of the oven provides an opportunity to revaluate the IP area, enabling us to 
accommodate a greater number and diversity of experiments

• Discussions are underway with Users to define the future of this space:
• Large vacuum chamber
• Increased flexibility
• New plasma sources
• Improved optical access

• Upgrading this area is expected
on the 1-2 year time scale

Charge Question: 2a

η ≃ 42 %

‣ PWFA with Li oven plasma source (E-300, PI Joshi/Hogan)

 Single drive bunch 
started at 10 GeV 

 Decelerated down 
to ~3 GeV 

 37% of beam 
energy transferred 
to the H2 plasma at 

4.5 × 1016 cm−3η ≃ 37 %

 Single drive bunch 
started at 10 GeV 

 Decelerated down 
to ~3 GeV 

 42% of beam 
energy transferred 
to the Li plasma at 

4.3 × 1016 cm−3

See M. Litos Sep 24, 2025, 5:20 PM



September 22, 2025         M.J. Hogan  |  EAAC2025  |  Beam Driven Plasma Wakefield Acceleration Experiments at FACET-II

Developed a range of two-bunch (drive and witness) configurations with 
typically ~1nC drive, 200-400pC witness

12
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EOS BPM v2 Coming Soon! 
CU Boulder – RadiaBeam collaboration

EOS BPM See C. Hansel Sep 22, 2025, 5:20 PM

• Create two-bunches at the photocathode 
• Accelerate and compress from 10ps to 100fs 
• Use RF phasing and collimation to tailor profiles at IP

Longitudinal Phase 
Space Profiles from 

TCAV + 
Spectrometer
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Two-bunch configuration 
• Driver: ~1.2 nC, 6-8 kA 
• Witness: 150-250 pC incoming charge 
• Plasma: 40cm long lithium plasma, 4e16 cm-3 

Sorted by figure of merit:

	GeV 
  

  
 pC

Δ𝐸 = 3.8
𝜎𝐸 = 0.76 %
𝜂𝑡𝑜𝑡 = 6 %
𝑄𝑤 = 180

	GeV 
  

	
 pC 

Δ𝐸 = 6
𝜎𝐸 = 0.69 %
𝜂𝑡𝑜𝑡 = 3 %
𝑄𝑤 = 60

Ω =
( 𝜎𝐸𝑊

Δ𝐸𝑊 )
𝜂𝑡𝑜𝑡( Δ𝐸𝑊

10 GeV )
Focus at 14 GeV

‣ PWFA with Li oven plasma source (E-300, PI Joshi/Hogan)

FACET-II highlight #2: uniform acceleration in plasma

Uniform acceleration with field uniformity ~2%, up to 6 GeV energy gain in 40-cm-long Li plasma, 
and up to 5% total efficiency from initial drive energy to trailing bunch

E-300 See D. Storey Sep 24, 2025, 5:00 PM
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FACET-II highlight #2: advanced regimes and probing
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‣ Narrow laser-ionized H2 plasma for 
positron PWFA (E-333, PI Gessner/Litos)

S. Diederichs et al. 
PRAB 22, 081301 (2019)

‣ New regimes in narrow beam-ionized He 
plasma (E-340, PI Corde/Litos/Emma)

Example of beam ionized finite radius plasma

E-200 observations: 
• P u r e A r : e n e r g y - d o u b l i n g 

acceleration observed from 16 Torr 
• H e - A r : m i x t u r e a t 3 2 To r r : 

acceleration observed above 40% Ar 
• Pure He: never observed any 

acceleration despite full energy loss, 
tested up to 64 Torr

Nature Commun. 7, 11898 (2016)

Demonstration of a pure ion channel appropriate for light sources

Transition to wakeless regime first observed in FACET

Finite radius plasmas proposed for applications to 
ion channel laser and positron acceleration
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Outline for the remainder of the presentation
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Recent progress at FACET-II 

• Highlight #1: extreme currents, compression and brightnesses 

• Highlight #2: high-field, efficient and uniform acceleration in plasma 

• Highlight #3: extreme focusing of high-energy beams 

• Highlight #4: strong field QED and quantum radiation reaction
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FACET-II highlight #3: extreme focusing of high-energy beams
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‣ Principle of extreme focusing

‣ Focusing gradient for extreme focusing

focusing 
gradient (T/m) 100 101 104103102 105 106 107 108 109 1010

quadrupole magnets

active 
plasma 

lens plasma wakefields

multifoil
Extreme 
focusing

E-332 multifoil (PI Corde/Tamburini) E-308 thin plasma lens (PI M. Litos) 

Focusing effect! Strongly-enhanced focusing
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FACET-II highlight #3: extreme focusing of high-energy beams
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‣ Experimental evidence of extreme focusing with divergence increase

‣ Direct focusing observation

experimental 
evidence of 
multifoil 
focusing

: beam sizeσr
Vacuum

Multifoil

Multifoil after 
beam waist

z

divergence 
increase

Multifoil 
E-332

No chromatic correction
 µm 

 21 cm
𝜎∗~14
𝛽∗~

Vacuum

With thin 
plasma lens

Top view

e-beam

5mm ; 50 psi𝐷𝑒𝑥𝑖𝑡

Laser-ionized plasma lens 
E-308

Trailing bunch: 
divergence increase

Ionizing 
laser

Plasma 400-um-long 
along e-beam axis

x′ [pixel]

Evidence of 
waist shift and 
focused beam

Demonstration of a thin 
plasma lens with f = 19 cm

E-308 See M. Litos Sep 25, 2025, 5:20 PM
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Outline for the remainder of the presentation
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Recent progress at FACET-II 

• Highlight #1: extreme currents, compression and brightnesses 

• Highlight #2: high-field, efficient and uniform acceleration in plasma 

• Highlight #3: extreme focusing of high-energy beams 

• Highlight #4: strong field QED and quantum radiation reaction
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Compton edges red shift in laser field, and smear 
out when fully nonperturbative in a0

FACET-II highlight #4: strong field QED and quantum radiation reaction

19

• Electron beam parameters
• 10 GeV electrons  

 

• Bunch length: ~10 µm

γ ∼ 20000

‣ Colliding intense laser pulses with highly relativistic electron beam (E-320, PI S. Meuren)

‣ Fundamental QED at electric fields approaching the Schwinger critical field in the electron beam rest frame

• 10 TW Laser parameters
• Wavelength: 0.8 µm
• Spot size: ~2 µm (FWHM)
• Pulse duration: ~50 fs (FWHM)
• Energy on target: < 0.4 J

• : 0.4 – 4a0

laser pulse

electron beam

FACET-II Long Term Planning July 25, 2025: E-320                                                                            Sebastian Meuren                4

Goal 1: first measurement of the transition to nonperturbative scattering

Electron-photon (Compton) scattering
Klein & Nishina (1929)

Space-time volume: 

uncertainty principle 

Smallness of α ≈ 1/137 can be compensated by the laser 
photon density ρ ⇨ nonperturbative interaction 

Transition from perturbative to
nonperturbative interaction
 

Simulations: C. Nielsen (Aarhus)

Nikishov & Ritus, JETP 19, 1191 (1964); Brown & Kibble, Phys. Rev. 133, A705 (1964); etc.

FACET-II Long Term Planning July 25, 2025: E-320                                                                            Sebastian Meuren                7

Goal 2: first unambiguous observation of quantum radiation reaction

Fedotov et al.,Phys. Rep. 1010, 1-138 (2023) 
Gonoskov et al., RMP 94, 045001 (2022)
Di Piazza et al., RMP 84, 1177 (2012)

χ 0.1: quantum effects≳

induce significant recoil

χ=
E '

Ecr
≈ 0.6

ℰ

10GeV √
2 I

10
20
W /cm

2

a0 1: laser-electron interaction   ≳

becomes non-perturbative 

a0=
eE

ωLmc
≈ 0.6

λL

1 μm √
2 I

10
18
W /cm

2

Emission of multiple hard photons: quantum radiation reaction

Simulation: 
M. Tamburini

Interaction with ~ a0
3/χ ~ 100 laser photons 

classical vs. 
quantum

radiation reaction

Most precise tests of quantum 
radiation reaction

FACET-II Long Term Planning July 25, 2025: E-320                                                                            Sebastian Meuren                11

Goal 3: observing tunneling electron-positron production for the 1st time

Pair production
 

virtual pair is “ionized” by 
laser at QED critical field

E-144 (a
0

1)≲ : 

multi-photon regime ©
 W

ik
ip

e
d

ia

E-320 (a
0

1)≫ :

tunneling regime 

Qualitative changes between E-144 and E-320:
(analogous to strong-field ionization of atoms)

Vacuum polarization
 

photon transforms temporarily 
into an electron-positron pair

Length:            ƛ
C 

= ħ/(mc)

Energy:             = mcℰ 2

Critical field: eE
cr

 = mc2/ƛ
C 
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From multi-photon (E-144) to nonlinear/tunneling 
(E-320) Breit-Wheeler pair production
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Gonoskov et al., RMP 94, 045001 (2022)
Di Piazza et al., RMP 84, 1177 (2012)

χ 0.1: quantum effects≳

induce significant recoil

χ=
E '

Ecr
≈ 0.6

ℰ

10GeV √
2 I

10
20
W /cm

2

a0 1: laser-electron interaction   ≳

becomes non-perturbative 

a0=
eE

ωLmc
≈ 0.6

λL

1 μm √
2 I

10
18
W /cm

2

Emission of multiple hard photons: quantum radiation reaction

Simulation: 
M. Tamburini

Interaction with ~ a0
3/χ ~ 100 laser photons 

classical vs. 
quantum

radiation reaction
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Simulations

Simulation plots by R. Holtzapple, analysis plots by T. Smorodnikova, S. Rego,  R. Hessami and J. Wang

FACET-II highlight #4: strong field QED and quantum radiation reaction
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Improvements to laser, e-beam, diagnostics, real-time analysis…

Typical single shot spectrum Intensity dependent spectra

• High energy electrons in n=1 region dominated by tails of laser  
• Low energy exponential spectrum consistent with QRR

Hints of transition to non-perturbative regime (Spring 2025)

E-320 See A. Knetsch Sep 24, 2025, 5:00 PM
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FACET-II highlight #4: strong field QED and quantum radiation reaction
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FACET-II Long Term Planning July 25, 2025: E-320                                                                            Sebastian Meuren                5

High-impact result: edge shift due to ponderomotive mass dressing

Nikishov & Ritus, JETP 19, 1191 (1964); Brown & Kibble, Phys. Rev. 133, A705 (1964);              T. Smorodnikova, talk at PIF/EPS 2024 conferences        
      

Transition
from n=2 to n=3

In the standard model, mass originates
from interactions with the Higgs field
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Inside a laser field the electron mass increases, 
which shifts the position of the Compton edges

Analogous to the 
Higgs mechanism

‣ Experimental data with first observation of Compton edge shift with ponderomotive mass dressing

m⋆ = m(1 + a2
0 /2)1/2

effective mass in laser field

Laser field is varied with laser-ebeam timing, 
showing a clear edge shift when on time. 

Inside a laser field the electron mass increases, 
which shifts the positions of the Compton edge
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Spring 2025 data: we observed exponential spectra consistent with a0  4≳

● We observe a quasi-continuous, exponential electron spectrum: QRR

● Linear Compton edge: electrons that interact outside the laser focus 

Simulated electron spectra 

T. Smorodnikova / R. Holtzapple

Data with exponential fit 
(DRZ without artifacts)

FACET-II highlight #4: strong field QED and quantum radiation reaction
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‣ Most precise measurements of quantum radiation reaction to date

Low background electron spectrometer 

• Top: GOS (DRZ fine) scintillator, limited sensitivity, appropriate above 5 GeV 

• Bottom: GAGG crystal array, near single electron detection, well suited below 5 GeV

multi-step measurements

single-shot measurements

‣ Quasi-continuous, exponential scattered electron spectrum 

consistent with quantum radiation reaction with a0 ≳ 4
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Conclusion: many exciting recent results at FACET-II
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‣ Most precise measurements of quantum radiation 
reaction to date, evidence of ponderomotive mass 
dressing in laser field

‣ Energy and brightness 
transformer

‣ GeV-scale plasma 
acceleration with high 
field uniformity

‣ 100-kA spikes

‣ Extreme focusing
‣ Probing, wakeless and 

e+ regimes
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Many thanks

E-308 collaboration 
Shutang Meng, Erik Adli, Robert Ariniello, Gevy Cao, Sebastien Corde, Christopher 
Doss, Keegan Downham, Thamine Dalichaouch, Claudio Emma, Spencer Gessner, 
Claire Hansel, Mark Hogan, C. Joshi, Alexander Knetsch, Valentina Lee, Michael Litos, 
Nathan Majernik, Ken Marsh, Brendan O'Shea, Elena Ros, Doug Storey, Chaojie 
Zhang

E-304 collaboration

E-338

and E-301, E-333, E-340, E-326, 
E-327 collaborators
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