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Introduction

% > High-energy laser + mm-thick, high-Z metal —
I i 73 o COMPACT positron accelerator.
- S~ G
w\\e S0 o o > Useful for:
e Laboratory Astrophysics.

Detector Testing.

>
> Nuclear Medicine (Positron Imaging).
>
> Non-Destructive Material Testing.

Fig. 1: Artistic representation - Laser-driven positron source.




Introduction

» Laser-driven positron sources arise from a multi-stage

™.

E— %&'@ ‘ o o physical chain: laser—m'att'er 1merac.t10n — rel.at1v1suc
I R —C (e electrons — photon emission — pair production —
. © (e positron transport/acceleration
» The process is inherently multiscale, nonlinear, and
strongly coupled
Fig. 1: Artistic representation - Laser-driven positron source. » Small changes in early stages (e.g. preplasma)

strongly affect final positron yield
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Introduction

State-of-the-art: Existing modeling approaches

Analytical scaling laws and models

» Ponderomotive, Beg, and Pukhov scaling laws: relativistic electron temperature estimation

» Analytical positron production models: electron transport and bremsstrahlung emission

High-fidelity numerical approaches
» PIC simulations: electron acceleration, reflux, preplasma effects
» Monte Carlo models: electron transport and pair-production

» Hydrodynamic simulations: preplasma evolution

Current limitations

Existing approaches describe specific stages of the interaction, while coupled high-fidelity approaches are
computationally demanding. Currently, no framework simultaneously provides:

»> A complete end-to-end description of laser-driven pair-production

» The computational efficiency required for rapid parameter scans and optimization




Introduction

Novelty

A fast, coupled analytical-scaling-law model is developed for laser-driven pair-production.

The model integrates and couples the complete interaction chain:

Preplasma expansion
1

Superponderomotive electron generation

!

Electron attenuation and pair-production

!

Sheath-field acceleration

Capabilities:
» End-to-end prediction of positron production and acceleration

» Rapid exploration of laser and target parameters

» Fast optimization studies for next-generation positron sources




Methods

Prepulse

Fig. 2: Preplasma expansion.

From laser pedestal to plasma generation

Laser pedestal / prepulse
Lpreputse ~ 102 = 105 W/cm?
Hot electron generation (energy deposition)

2/3
Te,hot =17 [(1 - R)Iprepulse/lz] /

Material response: ablation pressure
Pablation = 8 (]preplasma,m )2/ }
ablation /ll”n

Partial ionization (coronal equilibrium)

2
ZPreplasma = g(ATe)l/3
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Methods

Prepulse

Fig. 2: Preplasma expansion.

Preplasma expansion sub-model

Shock-wave propagation (SESAME EOS)
Us = ¢50 + Sup

Rarefaction-wave velocity (MacQueen)

Cs,cold =f(CS,0, Up, ')’G)

Ion expansion velocity

Vi()n,cold = 26.\‘,(2()1(1 ln(wpi,preplasma t)

Cold preplasma scale length

At
Lcold = / Vion,cold(t) dt

1/‘Upi,prcplasma
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Methods

Ponderomotive effect

Laser—electron interaction

@%G:GD F=¢(E+vxB)

laser @ Relativistic regime

RyAeV2I
0= 2nm,c2+Jegc

Effective relativistic temperature

ay
Tepond = mecz(yr -1, y=y/1+ ?

3
@@

a > 1 = relativistic electron motion

Fig. 3: Ponderomotive effect.
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Methods

Ponderomotive effect

Limitation of pure ponderomotive scaling

Te,pond (cold-electron assumption)

oge
G)Islser @

Realistic relativistic scaling (includes preplasma)

=) Te front = 0.34(14%) 1027 233
(- ° (=) Electron transport (key quantities)
g © < 1- =
Vdrift = ——— %> Veroup ® C — 55  Pe = YVrMeVgroup
° @@ 4+ a(z) v:

Relativistic electron source

— 2
Ne front = e front Clmain T pegm>  Me~,front T
Fig. 3: Ponderomotive effect.
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Methods

laser

© f\m
S R o8
Q0

CH0

R o

Fig. 4: Electron attenuation and pair-production.
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Electron attenuation and pair-productio:

Electron broadening angle

faise (@) (Gaussian / cosine regimes)
Energy loss in matter

dTe,MeV total
dz =—-p Ps?o;ping(Te,MeV)

Electron transmission and reflux in foil
—d/d®™
Ne’,rear(d) = Ne’,fronte de 5

Radiation yield (bremsstrahlung)

e~ ,escape — CRNE’,rear

E, = YR(TeMmev) Te Mev




Methods

Electron attenuation and pair-productio:

Pair-production channels

@@ : @ e” —y—e +et (Bethe-Heitler)
HED

laser @ AV e” —2e” +e" (Trident)

°° @ Positron production and escape

e pdlength pd
+
@ bl Ne*,escape = CR]\]e',front ($) (Wg + WVTgth)
00 Qe A I 4 pd por
Positron yield
N,
PositronYield = — 2%
e~ ,escape

Fig. 4: Electron attenuation and pair-production.
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Methods

Sheath acceleration

Electric field at rear side (Mora)

2n,- rear Te,rear,J
Ettont =

exp( 1) €0 (1 + Tr%orm)
Ion front position (Mora)

Zfront = 22 BXP( 1) /ID,O
2
Fig. 5: Sheath acceleration. Ty I+ Thorm + 1

Normalized time

sae0
OO @®

.co8

Tnorm IN(Tnorm + /1 + Tr%orm)---

Wpi,rear

Thorm = Zex—p(l)T’ 0<7 < Taee
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Methods

Sheath acceleration

Total acceleration time

2
Tbeam + dtan /2
Tacc=\/z2 b2 +(m—/
main eXpanblOn

G%}% G@)@ Vdrift
\aser S @ Sheath expansion time
@I ! f X : X : ) 6
@@ Texpansion =
Wpi,rear

Positron kinetic energy
Fig. 5: Sheath acceleration.

Zfront
K+ = Ke+,0 ol e/ E(Z) dz

Zrear foil side
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Results and Discussion

dation strategy

» Sequentially coupled end-to-end model

» Progressive validation using intermediate
experimentally measurable observables

» Each validation stage validates the current
sub-model together with all preceding
sub-models

Experimental data from literature

Experimental
observable

Laser(s)

Validated sub-model(s)

Preplasma scale length

TITAN (0.7 ps)

Preplasma expansion

OMEGA EP

Relativistic electron TITAN (0.7 ps, 2 ps) Preplasma expansion
temperature TPW Ponderomotive effect
Preplasma expansion
Positron vield TITAN (0.7 ps) Ponderomotive effect

’ y TPW Pair production &
electron attenuation

Full model

. Preplasma expansion
Peak positron energy TITI?I;IVS ps) Ponderomotive effect

Pair production &
electron attenuation
Sheath acceleration




Results and Discussion

Preplasma expansion sub-model validation - Preplasma expansion sub-model validation -
TITAN (0.7 ps) OMEGA EP

Experimental observation Experimental observation
> 1.7 ns pedestal After correction for front-surface structures:

» Cold preplasma measured:
Prep Leolg = 1.3 pm
Leola =5 — 15 pum

Lhot = 14 ym

Model prediction o K

Model prediction
Lcold =14.8 Hm

e = 1.5 um

Excellent agreement © a
Lhot =133 Hm

Excellent agreement
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Results and Discussion

Preplasma expansion + Ponderomotive effect sub-models validation

Laser Irradiance Experimental Relativistic Predicted Relativistic

[W/ cm?] Electron Temperature [MeV] | Electron Temperature [MeV]

TITAN 2ps) | 6.3x10" 6.2 6.0
TITAN (0.7 ps) | 1.8x10% 11-14 13.5
TPW 2.5 x 107! 10-16 14.1

Highlight

The coupled preplasma expansion and ponderomotive effect sub-models accurately reproduce the experimentally
measured relativistic electron temperatures over the irradiance range of 101°-102! W/cm?.

The excellent agreement is attributed to the implementation of the Bayesian scaling law, which explicitly
incorporates the cold preplasma scale length.
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Results and Discussion

Preplasma + Ponderomotive + Electron

(a) TITAN-0.7[ps]: Positron Yield vs Foil Thickness

attenutation and Pair-production sub-models
validation

Validated observable: positron yield 10
» Good agreement with experimental data 3
» Valid for all Au foil thicknesses 6 = TITAN-0.7[ps] experiments
ECG model
» Slight underestimation at 3 mm (~ 4.5%) . % Analytic model
% -f- © Ourmodel
Comparison with literature models 2 ¥
» ECG: errors up to ~ 70% 0
0.5 1 15 2 25 3 35

» Analytic scaling: errors up to ~ 85% Foil Thickness [mm]

Fig. 6: Validation regarding positron yield for TITAN (0.7ps) laser.




Results and Discussion

Preplasma + Ponderomotive + Electron
attenuation and Pair-production sub-models
validation

(b) TPW: Positron Yield vs Foil Thickness

Validated observable: positron yield 0 .
*
» Excellent agreement with experiments 16 le

=TPW experiments

» Thin foils: slight underprediction (GEANT4 up to
~ 90%)

» Thick foils: GEANT4 overprediction (up to
~ 20%)

#GEANT4 model

I- ©Our model

2 3 4 5 6

o

Positron Yield [%]

-

.+ §

. 0
Key comparison 0

Foil Thickness [mm]
» Proposed model: best overall accuracy
Fig. 7: Validation regarding positron yield for TPW laser.




Results and Discussion

Complete, en

Validated observable: positron energy
Positron Peak Energy vs Foil Thickness

> Experimental datasets: TITAN (2 ps), TPW 0
» Validation includes the complete, end-to-end 25 %
model: 20 =TITAN-2[ps] experiments

Preplasma expansion

> =TPW experiments
> Ponderomotive effect

>

>

° % ° ECG model for TITAN-2[ps]
Pair production + electron attenuation 10 % % © Our model
Sheath acceleration

Positron Peak Energy [MeV]
o by

Key results ’ S
» Predictions lie within experimental ranges (all foil Foil Thickness [mn]
thicknesses)

Fig. 8: Validation regarding positron energy for TITAN (2 ps) and
» TITAN (2 ps): excellent agreement LT et

» ECG: up to ~ 80% underestimation
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Results and Discussion

Preplasma parametric study

Number of positrons enhancement factor

Laser No preplasma 15 ym 30 ym
TITAN (0.7 ps) x1 x1.3-10* x2.89-10*
TITAN (2 ps) x1 x4.85-10* x1.28-10°
OMEGA EP (1450 J) x1 x1.55-10° x3.14-10°
ORION (100 I) x1 x1.95-10° x4.27-103
ORION (500 I) x1 x77 x155
TPW (0.5 PW) x1 x42.3 x83.3

Controlled preplasma leads to strong enhancement of positron production, especially in sub-PW regimes.
Closer to PW regimes, setups that promote Breit-Wheeler pair-production would be more suitable.

HEP2026



Results and Discussion

Preplasma parametric study - Key limitation in experiments

Preplasma is not reliably controllable in current laser systems - Strong shot-to-shot variations in:
» prepulse intensity
» pulse duration

» delay timing

Preplasma parametric study - Controlled preplasma methodology

Motivated by the methodology of consecutive laser pulses (usually met in Inertial Confinement Fusion
experiments), a possible solution would be to use to two temporally separated, independently tunable lasers:

» Preconditioning laser: moderate-energy, 10'> — 10'> W/cm?, used to generate a controlled preplasma on the Au target

» Main laser: high-energy pulse, 10'® — 10! W/cm?, driving the main interaction

By adjusting irradiance, pulse duration, and inter-pulse delay, the preplasma properties can be precisely tailored
prior to the main interaction.




Conclusions

D ped model overview

A fast, end-to-end, coupled analytical-scaling-law model was developed for laser-driven electron—positron
pair-production in Au targets.

» Includes the complete interaction chain:

preplasma expansion

relativistic electron generation

electron attenuation and pair-production
sheath acceleration

vVVvVvyyv

» Validated with excellent agreement against experiments from major high-energy laser facilities

» None of the aforementioned sub-model can be neglected, otherwise significant errors are introduced.




Conclusions

Preplasma as an optimization parameter

Controlled preplasma formation enables substantial improvements in laser-driven positron sources:

» Two-pulse configuration: moderate-intensity pulse + high-intensity main pulse
» Controlled preplasma scale length enhances positron production

» Sub-PW systems:
N+ T~ 10* = 10°x

» Near-PW systems: limited improvement due to Bethe—Heitler saturation

Impact and future work
The model does not replace high-fidelity PIC and Monte Carlo simulations, but it complements them by enabling
rapid parameter-space exploration.
Future extensions:
» Other target materials and geometries

» Higher irradiance regimes: Breit~-Wheeler pair-production and quantum radiation effects

8-11 July 2



References

(1

(2]

(3]

Alexopoulou, V. E. (2025). Advanced modeling of short and ultrashort laser irradiation of metals in micro-nano down to
sub-atomic scale. PhD thesis, National Technical University of Athens.

Alexopoulou, V. E. (2025). Investigating laser-driven pair-production with a fast, end-to-end, analytical model. Preprint
in SSNR. http://dx.doi.org/10.2139/ssrn.6664663

Alexopoulou, V. E. (2025). Multivariate scaling of proton and ion energies, divergence, and charge states in Target
Normal Sheath Acceleration. Preprint in arXiv. https://doi.org/10.48550/arXiv.2512.21279

Alexopoulou, V. E. (2025). Multiphysics model for laser-driven particle acceleration [Source code]. Available in Code
Ocean. https://doi.org/10.24433/C0.9024370.v1

Chen, H., et al. (2009). Relativistic positron creation using ultraintense short pulse lasers. Phys. Rev. Lett., 102, 105001.

Liang, E., et al. (2015). High e+/e- ratio dense pair creation with 1021 W.cm-2 laser irradiating solid targets. Sci. Rep.,
5, 13968.

Jiang, S., et al. (2015). Enhancing positron production using front surface target structures. Appl. Phys. Lett., 118,
094101.



Thank You!

Our open-source code for this model is available in Code Ocean:
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