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A (lucky) electron might gain its 
rest-mass over half an optical cycle

NIF: 2 MJ / 4 ns = 500 TW

CPA laser: 15 J / 30 fs = 500 TW



CHIRPED PULSE AMPLIFICATION
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COMPACT PARTICLE ACCELERATORS

Nuclear Photonics is about taming relativistic light-matter interaction



OUTLINE
The Nuclear Photonics lab at TAU 

 

The interaction of relativistic light with wavelength-scale objects 

 

Undepleted direct laser acceleration 
   and neutron generation 
 

Tests of strong-field QED at LUXE 

 

High harmonic generation from Plasma Mirrors

Au foil

1.9 mJ, 

43 ps 300 mJ,

30 fs

4-90 
ns e- beam
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THE LASER SYSTEM

Spectra-Physics	
Synergy

Stretcher

Ekspla – APL2103	– Nd:YAG
20	ps pulses	@	532	nm;	synch	to	seed	

75	mW@	75	MHz	
(seed	for	ps YAG)

1	mJ

0.3	mJ
3 ns

iso

Oscillator	Seed	Module

475	mW@	75	MHz
(seed	for	800	nm	OPCPA)

SP-OPCPA	Module

20	mJ

BBO	
BBO	

Grating	Stretcher	Module Vacuum	Compressor	Module	

>500mJ,	10Hz,	<25	fs

2.5	cm	Ti:Sa
Ekspla NL	315	laser,	
2.5	J@	532	nm	
(split	into	2	beams)

Ti:sapphire	Power	Amplifier

800mJ,	10	Hz

Dazzler

50	mJ@	10	Hz

1	cm	Ti:Sa

Ekspla Nd:YAG
0.21	J	@	532	nm

Ti:Sapphire Booster	Amplifier	Module

Slicer

10	Hz
1	nJ

Laser	system	optical	layout
10 Hz / 500 mJ on-target / 25 fs 

Front-end is based on picosecond OPCPA   

Contrast <10-11 @70 ps

THIRD ORDER CROSS-CORELLATION MEASUREMENT 
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RESEARCH PROJECTS

Compressor

TC1 
Surface harmonics

TC2 
rep-rate solid targets

TC3 
XUV lensless imaging

Gas cell

Porat, E, et al. "Spectral detuning of relativistic surface harmonics." Physical Review Research 4.2 (2022): L022036.

Porat, E, et al. "Spiral phase plasma mirror." Journal of Optics 24.8 (2022): 085501.

Yehuda, H, et al. "Annular coherent wake emission." Optics Letters 46.18 (2021): 4674-4677.

Porat, E., et al. "Diffraction-limited coherent wake emission." Physical Review Research 3.3 (2021): L032059.
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UNDEPLETED DIRECT LASER ACCELERATION

Au foil

1.9 mJ, 

43 ps 300 mJ,

30 fs

4-90 
ns e- beam



ACCELERATING CHARGED PARTICLES USING LIGHT

The ponderomotive force

Single electron under the force of an EM plane wave

Add a slowly changing spatial 

envelope  to the plane wave⃗Ẽ

a0 ≡
eA0

mec2

γ0 ≡ 1 + a2
0 /2

kx =
a2

0

8γ0
sin2ϕ

ky = −
a0

γ0
sinϕ

Figure-8 motion in some 
moving frame of reference

no net energy coupling

⃗E ( ⃗r, t) = Re{ ⃗Ẽ ( ⃗r, t)e−iωt}

⃗r(t) = ⃗ro(t) + ⃗rs (t)

⟨ ⃗ro(t)⟩ = 0

⟨ ⃗r(t)⟩ = ⟨ ⃗rs (t)⟩ = ⃗rs (t)

⃗fp ≡ me
d
dt ⟨ ⃗v ⟩ = −

e2

2meω2
∇⟨ ⃗E 2( ⃗rs (t), t⟩

Focusing / defocusing beam:

acceleration / deceleration

Employ the plasma’s collective response, for example: laser wakefield acceleration

Use the ponderomotive force 
to excite plasma waves


Electrons are trapped and 
accelerated in the wake

State-of-art:


Energies as high as 8 GeV


Reasonable control over 
spectral features

Malka, V. (2012). Laser plasma accelerators. Physics of Plasmas, 19(5), 055501.

q

⃗A = A0cos(kx − ωt) ̂y

Separate the charge position to an oscillating and 
a slow component

γ>>1
− mec2 ∇ 1 + ⟨a2⟩

🙂

🙁

🙁

Only nanocolumb charge 

🙂
🙁

🫤



WANG ET. AL, POP 26, 083101 (2019) AREFIEV ET. AL, POP 23, 056704 (2016)

DIRECT LASER ACCELERATION (DLA)
The ponderomotive force of the leading part of the laser pulse  
expels electrons and forms a slowly evolving quasi-stationary ion channel 

The laser electric field transfers energy into transverse (betatron) oscillations 

This energy is redirected by the magnetic field of the laser into the longitudinal direction



DIRECT LASER ACCELERATION (DLA)
DLA has been observed in experiments for 25 years


These experiments used low-Z targets (plastic foils or gas jets)

Malka, G., et al., Physical Review Letters, 79 (11), 2053 (1997).

Malka, G., et al., Physical Review Letters, 78 (17), 3314 (1997).
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Shaw, J.L., et al., Sci Rep 11, 7498 (2021).
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Gunther, et al., (2022). Nature Communications 2022 13:1, 13 (1), 1–13.

DLA produce MeV-level, continuous electron spectrum


Reported conversion efficiency of laser energy to electrons of over 25%


An ideal method for generating a large number of photo-nuclear reactions

Texas Petawatt experiment 
low-Z target (CH) 
Pomerantz et al. (2014)

a) b)
Simulation  
high-Z target (Au)

Texas Petawatt experiment 
low-Z target (CH) 
Pomerantz et al. (2014)

a)b)
Simulation  
high-Z target (Au)
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Pukhov scaling prediction: Pukhov et al, PoP 6, 2847 (1999) 

Pomerantz I., et al., Physical Review Letters, 113 (18), 1–6 (2014).




DLA: A LOW-Z VS. HIGH-Z PLASMA TARGET
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We generated DLA electron beams from high-Z plasma targets (Au) 


For each plasma type, the plume’s density profile was optimized to yield a beam with a maximal electron temperature

DLA from Au plasma maintains Pukhov scaling, CH plasma does not. Why?



THE DLA SETUP AT TEL-AVIV U.

Main pulse: 100-500 mJ / 25 fs


Parametric scan of: 

Target thickness and composition


Pre-pulse energy


Pre- to main-pulse delay

For each shot we record: 

Electron spectrum


Plume’s density profile


NF image of light punching through the plasma

Itamar Cohen

Au foil

1.9 mJ, 

43 ps 300 mJ,

30 fs

4-90 
ns e- beam



SIMULATION

45 ns

60 ns

10 ns

90 ns

5 ns

30 ns

INPUT PLASMA PROFILES (FROM MEASUREMENT)

Using the EPOCH-2D code


Running on Lonestar6 
 (ranked world 13th supercomputer)


Measured plasma plume profiles serve as initial inputs


Field ionization is implemented in the code

Talia Meir



SIMULATION
Ion channel 
starts to form

Low-Z electrons 
are ionized 
prematurely, before 
the ion channel is 
formed

High-Z electrons 
are ionized later 
when the channel 
is already formed

   For low-z targets, the target is depleted from all of its ionization electrons too early, resulting in inefficient DLA



ELECTRON AND NEUTRON YIELDS
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>20% conversion efficiency from laser energy to E>0.5 MeV electrons


We used the electron beam to generate neutrons

1 cm thick 238U converter

3x105 neutrons per shot 
(assuming a 4π distribution)

       Highest performance  with a0 = 4.5,  800 nm thick Au targets, pre-pulse of 1.9 mJ at t= -60 ns

BUBBLES DOSIMETERS


