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Goal of E-320: probe strong-field quantum electrodynamics (SFQED)

QED vacuum breakdown:
strong-field ionization of virtual electron-positron pairs

© Derek Leinweber

« Missing energy: 2mc? ~ 1 MeV
 Life time: Ac/c=h/(mc?) ~10?% s

Schwinger field:  Ec = mc?/(eAc) ~ 10 V/im
Schwinger intensity: I = c&Ec? ~ 102 W/cm?
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How to reach the Schwinger field?

ultra-relativistic
electron bunch

geometry (in lab frame)

head-on direction

Artistic impression (generated with the assistance of OpenAl)

Critical intensity: lo = ceoE_%/2= 2.3 x 10*° W/cm?
LorentZ bOOSt Irest = Ilab 4Y2

feynmanlectures.caltech.edu

FACET-Il Long Term Planning July 10, 2026 Sebastian Meuren (for the E-320 collaboration) 4



Advantages of E-320: stable, 10 Hz, 10 GeV electron beam
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Matheron et al., arXiv:2412.19337 (2024)
~ 30 signal shots

Mirzaie et al., Nat. Photonics (2024) ~ 80 signal shots
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Los et al., Nat. Commun. 17, 1157 (2026)
~ 700 signal shots
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Advantages of E-320: FACET-II's stable, 10 Hz, 10 GeV electron beam

20260625

-0.24 = -_ T TTT A
-0.25
-0.26
1
\

_ / + 10 pm region
| A

!

o
>
R

1TEt 3i3eddd tristldelteran
Tttt pit-114 111

[
[
e
—d—
e
——
o
4
e

|
o
o
m

—o4
[
—elH
[
i
o
—fo—
-
o
He—
o—
|-o—
H———
-o—
|-o—i
[
o
e
—oi-
o

|
o
o
®

-0.10 }

18040 18060 18080 18100 18120 18140
data set number

* 7 hours of data taking > ~ 100k shots (50% signal, 50% background)
» Efficiency: 100k / (7 x 3.6k x 10) = 40% (down time: mainly for data saving)

The FACET-II LINAC was great (especially during the nights):

we are grateful to Jerry, Marcellus, Ryan, Zack,and
everyone else involved for making this possible
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06/25/2026 00:42 E320 E320_18042
edge scan no ND, laser energy 5 perc, quads 6.5 Gev, di

FACET DAQ 18042 for E320.

1000 shots per step and @ steps.

Simple DAQ

Path: /nas/nas-1120-pm0e/E320/2026/20260625/E320_18042

NAME MATCH|
SYAG 1995
[2 1999
CompFar 1996 |1000(988
PROBELINE2[1006(1060(980

E0s2 lo99 [1000[980
GAMMAL 1006(1600[980
[L8G_LFov_[1eee|1ee0(o8e

[E] 06/25/2026 07:42 E320 E320_18142
4 GeV pinch point, 8.5 GeV dipole, 70 perc laser energy

FACET DAQ 18142 for E320.

1660 shots per step and @ steps.

Simple DAQ

Path: /nas/nas-11i20-pm@6/E320/2026/20260625/E320_18142

INAME MAT CH|
C 1000(1

CompFar 1000(1
PROBELINE2|1000/1000({998
EOS2 1000(1000(998
GAMMA L 1000(1000(998
|LBGJ.FW 1000(1000(998
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Main objectives of E-320



From perturbative to non-linear QED: E-144

>
4 ﬁk’ 7y 7K élo‘S e
o n=1 multiple
A pt+k fﬂj E‘ 10° scatiring
k g k % SV ~ A% x )\ % E 0 frEtee L
/f'fﬁ Ap / Ap \ c E 104
Space-time volume: 3 .. fis
uncertainty principle © 02 RS
Linear Compton scattering \ - A
Compton (1923, Nobel prize 1927), 10 sy
Klein & Nishina (1929, theory) . s
10 IIIIIIIIIillllllllll|l|llll'lIIIIIIII“II!I"‘IIi
I 1 £ \2 0 5 10 15 20 25 30 35 40 45 50
P~ hw_o pdV = — ag = ( & ) - electron energy [GeV]
(& (0 mew . .
SLAC E-144 (simulation)
Smallness of a = 1/137 can be compensated by the photon
density of the laser p > harmonics in the spectrum , I 2Enw
8 =17x =2 [1+ cos(a)]

Non-linear Compton scattering position of the n™ Compton edge

SLAC E-144: Bula et al., PRL 76 (1996), Bamber et al., PRD 60 (1999)
Nikishov & Ritus, JETP 19, Brown & Kibble, Phys. Rev. 133, A705, 1191 (1964, theory)
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Mass dressing in the quantum

regime: E-320

LMA 2210° e-, 0., =40.0, agme,=2
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m
Nonlinear Thomson scattering (classical ED) 3
Meyerhofer, Knauer, McNaught, & Moore, JOSA (1996) N

Chen, Maksimchuk, & Umstadter, Nature 396 (1998)

1L I B L L L | |
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. E 2Elw
m*:m/1+a§/2 E =T1x *= o [1+ cos(a)]

Before E-320 laser-induced dressed mass has
only been observed in the classical regime

I T S O S
Dressed state | semiclassical picture in QFT
Volkov (1935), Furry (1951), Schwinger (1951), Glauber (1963),

Nikishov & Ritus (1964), Brown & Kibble (1964),
Baier, Katkov & Strakhovenko (1975)
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counts / E? (normalized, staggered)

Experimental edge-shift observation:

E-320 (2026)

Shift of the 2nd Compton edge

10' 4

100 4

10—1 -

1072 4

1%
2%
3%
4 %

9.0 8.5 8.0 7.5 7.0
energy [GeV]

6.5

counts/E?

102 A

10?

dataset: E320_18097
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e For each intensity setting 1000 shots (from 5000 recorded) were evaluated
« 15 shots with best temporal (~80/500) and spatial overlap (~15/80) plotted
« For the first time we see an edge shift as a function of intensity (and not just indirectly via time)
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Experimental edge-shift observation: E-320 (2026)

Shift of the 2nd Compton edge

. Edge shift /| Dressed electron mass
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* So far the analysis is very preliminary and requires proper calibration, etc.
* Nevertheless, we clearly see a mass shift of about 0.5 GeV (from ~ 7.2to ~ 7.7 GeV)
* We conclude that a, ~ 0.4-0.5 for 1% laser intensity, implying ao ~ max(ao) x sqrt(0.01) > max(ao) ~ 4-5
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From classical to quantum radiation

D-Gilll\lv\\\IIIII\\‘\IIII\\\1|1IIEIIIT‘YI\I|II\I|I

Exponential decay

Critical frequency w. ~ cy®/R

= 0'5{ above the critical | Gamma factor y = /(mc?)
® o4f frequency ]
2 -
g 03~ hwc"‘XE 3 E' éa 24
o ] = 0.6 20 2
£ ozf . Ecr 10 GeV 10" W/cm
; ~ exp(-w/w.) -
o1f from Jackson E Quantum parameter x = yB/B
(C/aSSIca/ Electrodynamlcs) 1 o -

0.0

w/We

Synchrotron spectrum
Schott (1912), Schwinger (1949)

* In classical electrodynamics photons are not quantized, therefore only the emitted power is meaningful
* Quantum mechanics: photon has energy hw (Einstein 1905) > we find the Schwinger field in classical ED
 Assoon as X = 0.1: single-photon emission recoil ~ 10% of the electron energy > quantum corrections
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From classical to quantum radiation

1 X107
1.0r Xe=0.1 Ye=1 Ye=10 |
> ; E ’ éo 2 I
0.8} | _E' o,
7 | . Ecr 10 G@V\/ 1020 W/sz

Quantum parameter

(v/xe) d°E/(dhwdt)

1073 10I‘2 011 1 1IO 100
fiw/(ymc?) E-320: a0 ~4.5 > x~0.5

Quantum-corrected synchrotron spectrum
Sokolov, Klepikov, & Ternov (1952, 1968), Schwinger (1954)

» Strong-field quantum electrodynamics predicts significant corrections already for x ~ 0.1-1
» This result is so well established theoretically that most physicists believe it has to be true
* Nevertheless, E-320 is providing the first unambiguous experimental tests of these calculations

Gonoskov et al. (2022), Blackburn (2020), Di Piazza et al. (2012)
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Observation of quantum synchrotron radiation

Quasi-continous, exponential spectra
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Multiple emissions: E-320 spectra are dominated by 1-3 emissions in the 9-6 GeV range
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Observation of quantum synchrotron radiation

Quasi-continous, exponential spectra
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* So far the analysis is very preliminary and requires proper calibration, etc.
* Nevertheless, we see a linear change of the decay exponent as a function of a,, as predicted by theory
* We see that max(ao) ~ 4-5 is compatible with simulations (more refined simulations are ongoing)
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Analysis of the focal spot

y [pm]

E320_17811: single-shot max a0 = 4.75296, z = 21.7 step E320_17914: single-shot max a0 = 3.97172, z = 22.1 step
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» So far the focal-spot optimization is still done by hand
* FY27 upgrade: finally install a wavefront sensor in the facet tunnel use ML & SDK for optimization
* Preliminary analysis of the focal spot supports that we reached a, ~ 4-5 during the 6-day run

Similar analysis also by Alex Knetsch & Sarah Grimm
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Major goal FY27: observation of tunneling electron-positron pair production

O ]

Vacuum polarization Pair production
photon transforms temporarily virtual pair is “ionized” once the
into an electron-positron pair QED critical field is reached

QED vacuum instability
Klein paradox (1929), Sauter (1931), Euler/Heisenberg (1936)
Schwinger (1951)

One of the oldest, unconfirmed predictions
of the standard model of particle physics

(E-144 can be explained using perturbation theory)
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Expected e * probability density per sampled photon [GeV~!]

—e— 39=8 —em 3p=5 —e— 3p=6 —o— 3g=7 —e— ag=8
OAP no-huie no-wrc Analytic Gaussian

Positron energy [GeV] Positron energy [GeV]
files are empty for these runs; this plot is a norma of nts.

Simulation: Robert Holtzappel (Cal Poly)

SFQED: an electron typically interacts
with ~ ag®/x ~ 100 laser photons:

E-320: clearly non-perturbative regime
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Major goal FY27: observation of tunneling electron-positron pair production

Normalized
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Tracking detector in the FACET-II tunnel

Inset: solid-target positrons (calibration)

Goal for FY27

Laser intensity

e+

Ba

Timed

Shots | Tracks Rate Error
background | 123739 15 1.21E-04| 3.13E-05
collisions 137388 21 1.53E-04 | 3.34E-05

Excellent background rejection demonstrated
(5e-5 feasible with Kalman filter)
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(current: ag~4.5) | /shot shots shots Positrons | - SIB
ap="5.0 0.01 50 % 10 % 6.1 14.3
ap=>5.5 0.05 50 % 10 % 30 71.6
ap=6.0 0.2 50 % 10 % 120 286.4

detector acceptance: 30 %, tracking efficiency: 10 %; assumption: 10h run
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Main improvements of E-320 in FY26



Re-aligned setup, replaced M2 & MO: major improvement w.r.t. May 2025

——

RVA . B

Old vs. new M2: mirror before OAP Old vs. new MO: MO/prism suffered from some kind of harassment

* M2 with a hole is significantly damaged by now (measured ~ 10 % losses)
* Prism was clipping periphery of the focal spot (laser is now centered on prism)
* Re-aligned Microscope objective and OAP

work was led by Sarah Grimm
FACET-Il Long Term Planning July 10, 2026 Sebastian Meuren (for the E-320 collaboration) 20



Laser wire: precise measurements of the e-beam spatial-temporal profile
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E320_18036, GAMMAL

motor position [mm]

July 24, 2026 23:30h
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July 25, 2026 6:00h

Analysis preliminary (likely better with LBG_LFOV instead of GAMMAL1)
We can measure the transverse beam profile with ~ 5 micron precision

These scans prove the stability of the e-beam during night shifts
By including timing/EOS cuts we likely will get the temporal profile as well

work was led by Junzhi Wang
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improvement from May 2025

major

Laser transport auto-alignment

CompFar Beam Pointing Angle over time (DAQ 13108)

Analysis: Sarah Grimm (Tu Darmstadt)

CompFar Beam Pointing Angle over time (DAQ 17975)
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Laser transport auto-alignment: major improvement w.r.t. May 2025

FACET-Il Long Term Planning July 10, 2026

Unhappy laser transport watchdog

Auto-aligner was re-written from scratch in python

Better image hot-spot filtering: reduced exposure time for B4 from 7.5 seconds to 0.3 seconds
Typical average over ~10 frames resulted in alignment movements every few seconds (if needed)
Day 2 of the beam time: lost M4 horizontal motor; adapted aligner to compensate for this

Sebastian Meuren (for the E-320 collaboration)
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Improvements of LBG_LFOV

(a bit of history)



Improved LBG _LFOV: Changes before the June 2026 beamtime

Improved light shielding & collection for LBG_LFOV

* May 2025 data had artifacts from 60 Hz light bulbs: further improved light shielding:
Installed metal screen in front of DRZ, improved overall wrapping

e Improved focusing on DRZ/GAGG crystal: better image quality
* Re-optimized camera position & improved light collection

work was led by Alex Knetsch
FACET-Il Long Term Planning July 10, 2026 Sebastian Meuren (for the E-320 collaboration) 25



Aug 2024: Be window induced very bad backgrouds

Goosed shots before Low-Background LFOV upgrade and with Be window in
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(pixel-by-pixel mean) (pixel-by-pixel standard deviation)

* Vertical stripe and other artifacts made the data analysis very difficult
* In addition, large shot-to-shot fluctuations (beam drifting on Be window)
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May 2025 data: not perfectly in focus & light pollution

signal shot (raw data) goosed shot (raw data)
0 E320_13195 (step 3, shot 24) 5 E320_ 13195 goosed background
4.00
250 e 250
500 50 500
750 0 750
325 €
=
1000 - S 1000
1250 2.75 g 1250
1500 558 1500
1750 2.25 1750
2000 S0 2000
750 1000 1250 1500 1750 2000 0 250 500 750 1000 1250 1500 1750 2000

“Goosing” is critical for background subtraction, especially for the GAGG

* Currently: 50% on / 50% off: LCLS saw systematic errors in this mode
* The closer we get to pseudo-random goosing the better

FACET-Il Long Term Planning July 10, 2026

4.00

3.75

3.50

3.25

3.00

2.75

2.50

2.25

2.00

Sebastian Meuren (for the E-320 collaboration)

log1p counts

27



June 2026 data: better light shielding/collection & DRZ/GAGG in focus

dataset: E320_18128, shot: 683
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Signal and background shots
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Main needs for FY27



Laser intensity: how to get to a, ~ 5-6 and beyond

We are open to everything that helps:

probe splitter to 90:10

laser room efficiency from 70% back to 85%

more energy to the tunnel (we should be far from damage threshold)
shorter pulses (Dazzler)

Better focal spot (WFS + SDK + algorithms/ML)

Re-alignment of the compressor (M. Litos, thank you)

Your suggestion here
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How to improve number of good shots: improve timing stabilization
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Todo FY27: replace PID with ML (reinforcement learning, etc.)
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Other improvements
(still on the list from 2025)



Gamma-ray spectrometer (UCLA)

Measure photon formation length
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FACET-Il Long Term Planning July 25, 2025: E-320

Gamma energy (GeV)

UCLA group

Compton (MeV) + gamma pair spectrometer (GeV)
B. Naranjo et al., IPAC2021 THPAB269, THPAB270 (2021)

GDC
EDC Butterfly Dump Table

High priority: LCFA breakdown (nature-scale publication)
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Diode [a.u.]

FACET DAQ: current up-time is only 50% (rest is used for data saving)
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Requires that we save data outside the standard DAQ
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data acquisition is currently non-BSA

Laser diode
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Diode delays measurements / keeps same values at times
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Thank you all for your support of E-320
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