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Challenge : probing SF and NP-QED

Danson et al, HPLSE, 2019

Can we probe QED in the strong-field and fully-non perturbative regimes ?




Challenge : probing SF and NP-QED

’)»») el] CileX Apollon

Europe

USA
Danson et al, HPLSE, 2019

Can we probe QED in the strong-field and fully-non perturbative regimes ?

 QED : most accurate predictions of modern physics in the perturbative regime




Challenge : probing SF and NP-QED

Danson et al, HPLSE, 2019

Can we probe QED in the strong-field and fully-non perturbative regimes ?

 QED : most accurate predictions of modern physics in the perturbative regime

* QED : almost terra incognita when particles interact in a strong background field E

¥ = EE » 1, E,~1018V /m (I,~102°W /cm?)




Challenge : probing SF and NP-QED

’)»») eli  eepte b e ) |

Europe Asia USA
Danson et al, HPLSE, 2019

Can we probe QED in the strong-field and fully-non perturbative regimes ?

 QED : most accurate predictions of modern physics in the perturbative regime

* QED : almost terra incognita when particles interact in a strong background field E

¥ = EE » 1, E,~1018V /m (I,~102°W /cm?)

- y > 1:theory developed but needs experimental validation

> ay?/3~1, (i.e., ¥y ~1600) : fully non-perturbative regime (no accepted theory)



Challenge : probing SF and NP-QED

’)»») eli  eepte b e ) |

Europe Asia USA
Danson et al, HPLSE, 2019

Can we probe QED in the strong-field and fully-non perturbative regimes ?

 QED : most accurate predictions of modern physics in the perturbative regime

* QED : almost terra incognita when particles interact in a strong background field E

¥ = EE » 1, E,~1018V /m (I,~102°W /cm?)

- y > 1:theory developed but needs experimental validation

> ay?/3~1, (i.e., ¥y ~1600) : fully non-perturbative regime (no accepted theory)

-

M;f Major limitation: hard with conventional laser technology (I < I) .
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Challenge : probing SF and NP-QED

Laser pulse, E

Planned experiments
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Our approach: reflection off curved relativistic mirro

— The Curved Relativistic Mirror (CRM) concept
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But how to actually implement this in the lab?



Relativistic plasma mirrors : a feasible implementation of a CRM
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Relativistic plasma mirrors : a feasible implementation of a CRM
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Relativistic plasma mirrors : a feasible implementation of a CRM C2a

What are the maximum intensities attainable at the focus of a
curved plasma mirror ?
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The WarpX PIC code

WarpX supports many advanced
features: some are unique
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Advanced Algorithms Pioneered by our Team
mesh refinement, Maxwell spectral solvers,
boosted frame, Galilean frame, ...

Multi-Physics Modules beyond standard PIC
ionization, Coulomb collisions, QED processes,
Maxwell's Eq. in matter, embedded boundaries
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The WarpX PIC code
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Relativistic plasma mirrors : a feasible implementation of a CRM C2a

What are the maximum intensities attainable at the focus of a
curved plasma mirror ?
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What intensity could we achieve with plasma mirrors ?

10 PW-class lasers

H.Vincenti and F. Quéré,

9
51079 1 PW-class lasers HPLSE, (2021)

100 TW-class

| Ppresent record
Corels (Korea)
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Plasma mirrors can achieve 103 to 10° intensitification factors !



What are the preliminary experimental data ?

Radiation pressure curvature
can focus Doppler harmonics

Dromey et al, Nat. Phys. (2009)
Vincenti et al, Nat. Comm. (2014)




What are the preliminary experimental data ?

Radiation pressure curvature /PM curvature indUCEd/ContrOIIEd\
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What are the preliminary experimental data ?

Radiation pressure curvature
can focus Doppler harmonics

Dromey et al, Nat. Phys. (2009)
Vincenti et al, Nat. Comm. (2014)

/PM curvature induced/controlled\
optically by adjusting the
density gradient

—

Vincenti et al,
Nat. Comm. (2014)

/
/ Spatio-temporal compression \

measured in the 100TW regime

e cccssemecsescsssmmeseseneed

Chopineau et al,
Nat. Phys. (2021)
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Il. Reaching SF and NP QED regimes with Plasma mirrors



How to reach SF and NP-QED with plasma mirror boosters ?  C22

L-shaped target

Silica

Focusing on a secondary

\ solid target /

SF-QED probing
Study of SF-QED pair plasmas
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How to reach SF and NP-QED with plasma mirror boosters ?  C22

Configuration 2
e- beam collision

L-shaped target

Silica

Focusing on a secondary

solid target Collision with a relativistic e-
beam

SF-QED probing SF- QED validation
Study of SF-QED pair plasmas NP-QED probing
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What y parameter-space could we reach with DBB?
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What y parameter-space could we reach with DBB?

_| Configu ré‘fiog 1-
= Radiation pressure focusing

0.100k o — ]
= F——, NEE - 0909090909090 e T+ NG ]
SULF N SEL

0.010 — | Gemini Gemini® Multi< PW Class

~ { ™

lllll/‘

Diocles’ @ ’ Diocles® | |

Y05~ |DRACO
%y~L

[ BNL-ATF | || ATLAS-MPQ AL
- I 1 1 Courtesy of B. King -
1 1 1 L 11 1 1 N 1 1 11 1 1 L I 1 1 11 1 1 1 [ 1 1 1 11 1 L 1 L 11 1 |

0.1 1 10 100 1000 10*
3 Fedotov et al, Physics Report (2022)

21



What y parameter-space could we reach with DBB?

Configuration 2 — with radiation pressure focusing
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What sighatures could we expect in experiments ?

/ SF-QED signatures \

Non-linear Compton Non-linear
Scattering Breit-Wheeler (NL-BW)
P, T 5 ‘_

-

Fedeli et al, PRL (2021)

/
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L-shaped target experiment at 500TW — Early 2025 (BELLA PW) C22

* Experiment planned at the BELLA PW laser facility
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L-shaped target experiment at 500TW — Early 2025 (BELLA PW) CR2

Angular y —spectrum
(WarpX simulation)




L-shaped target experiment at 500TW — Early 2025 (BELLA PW) CR2

Angular y —spectrum
(WarpX simulation)

Y — spectrometer
(16 cm? at 1m)
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L-shaped target experiment at 500TW — Early 2025 (BELLA PW) C22
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- Goal: Measurement of the number of photons vs Intensity of boosted beam

Clear Chi/Intensity correlations with N 2 « Intensity-meter »
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Collision experiment — 6 GeV e- beam with boosted 300TW laser
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Collision experiment — 6 GeV e- beam with boosted 300TW laser
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Collision experiment — 6 GeV e- beam with boosted 300TW laser

Energy distribution of photons
Laser 300TW, bunch e- 6GeV, 30°
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What signhatures could we expect ? — summary

/ \

Result #1 =
Boosted lasers can increase SF-QED signal by orders of magnitude
with existing lasers

Fedeli et al, PRL, (2021) Sainte-Marie et al, NJP, (2022) Zaim et al, PRL (2024)
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What signhatures could we expect ? — summary

/ \

Result #1 =
Boosted lasers can increase SF-QED signal by orders of magnitude
with existing lasers

Fedeli et al, PRL, (2021) Sainte-Marie et al, NJP, (2022) Zaim et al, PRL (2024)

Result #2 =
We can reach the onset of the fully NP regime
x>100 with a multi-GeV beam and 100TW boosted laser
x>1600 with a 10GeV beam and a PW boosted laser

Zaim et al, PRL (2024)

\_ /
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The path to the fully non-perturbative regime of QED

SF.-QED === 1St order theory .
Signal _ :
mmm EXperiments

SF-QED

Perturbative

. ina Fully

: NP-QED
I | L >
10 100 1000 X
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The path to the fully non-perturbative regime of QED

-> Measure evolution of signatures with respect to I, ,, (equivalently )

SF._QED === 1St order theory
Signal _ :
mmm EXperiments :
SF-QED
Perturbative
. in :  Fully
: : NP-QED
1 | | L )
1 10 100 1000 X

‘ Step 1 at low ¥ (low ly_,y): calibration of the curve achieved using
combination of theory and experimental data.
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The path to the fully non-perturbative regime of QED

-> How to achieve precision in the absolute calibration at low y ?

/‘ Direct measurements of Iy, (and associated y ) \

* Dynamical ptychography technique

* Energy-measurement in the X-UV using FEL techniques (DESY)

* Spatial phase characterization using Shack-Hartmann sensors (DESY)

 Temporal measurement using ThZ lasers

\_ /
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The path to the fully non-perturbative regime of QED

-> How to achieve precision in the absolute calibration at low y ?

/‘ Direct measurements of Iy, (and associated y ) \

* Dynamical ptychography technique
* Energy-measurement in the X-UV using FEL techniques (DESY)

* Spatial phase characterization using Shack-Hartmann sensors (DESY)

 Temporal measurement using ThZ lasers

Indirect measurement of I, /¥ using the ‘intensity-meter’ technique

* Measure of the variations of QED signal with lyy

* Assess the correlation QED signal with y /Iy using theory and
high-fidelity simulations (with characterized laser profile)

18



The path to the fully non-perturbative regime of QED

SF-QED

Signal | ™= leading order theory

mmm Experiments

SF-QED

e
-II'-I-IIII.-I‘-‘-IIIIII'I

Perturbative
3 ina 1-loop corrections Fully
: (ax*2/3) NP-QED
] I .
1 10 100 1000 X

‘ Step 2 at high y (high Iy \): experiments will help guide theoretical
developments

19



The path to the fully non-perturbative regime of QED

SF-QED

Signal | ™= leading order theory

mmm Experiments

é gunt®
PRED “ll“!““
: gn® E
= Perturbative se®’ :
3 ina 1-loop corrections . Fully
: (ax2/3) : NP-QED
| I I .
1 10 100 1000 X

=
x —range accessible (Kaldera 6GeV + 300 TW DBB)
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The path to the fully non-perturbative regime of QED

SF-QED

Signal | ™= leading order theory

mmm Experiments

SF-QED

a
-II'-I-IIII.-I‘-I-IIIIII'I

Perturbative
3 ina 1-loop corrections Fully
: (ax*2/3) NP-QED
| I .
1 10 100 1000 X

RS
x —range accessible (Kaldera 6GeV + 300 TW DBB)

- Deviations >10% on high-energy photons at y>50 17
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Looking ahead — Planned experiments with plasma mirrors
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Looking ahead — Planned experiments with plasma mirrors
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Looking ahead — Planned experiments with plasma mirrors

4 Collaborators
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QUESTIONS ?

THANK YOU
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