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OUTLINE

Motivation:

Approach to enhance performance of laser-based sources of MeV particles
and radiation for HED research

0 Generation of super-pondreromotive electrons at sub-ps and fs laser facilitates:
* Direct Laser Acceleration in NCD plasma

* Production of sub-mm long NCD plasma with foams

* Experiments on generation of high-current well-directed beams of super-ponderomotive electrons
* 3D PIC simulations for PHELIX-up-grade, PEAR and XSELS

O Application of foams for interdisciplinary research with lasers:
e Ultra bright betatron radiation

* Production of ultra-bright tens of MeV BS sources

O Summary

09.11.2022 HB-2022

andreev@ras.ru



NIF’s short pulse laser, the advanced radiographic capability (ARC)

Largest amount of available short pulse energy in the world (up to 4 k)
but is delivered at quasi-relativistic intensities (I, < =10 W/cm?)

NIF beampath =

Pulse Peak Intensity
(W/ecm?)

Energy/
beamlet (kJ) | Duration (ps)

ARC/NIF
Switch Mirror

1.0 30 0.3x1018
0.6 10 1x108
ARC beampath
0.25 1 2x10%8
Compressor
vessel

Wavelength (um) 1.053

Number of beams
40 x 80

Spot Size Radius (um?)

From: Development of a Self-Modulated Laser Wakefield Accelerator Platform with a 10 keV to 1 MeV Hyper Spectral Photon Source for HEDS. PI: C. Joshi
Samueli \E )
UCLA Electrical & Computer Engineering mhgﬁ

‘ Lawrence Livermore National Laboratory



There is the need for a high energy broadband x-ray source

for High-Energy Density Science

Modern approach to laser sources of relativistic electrons for high energy density research at Livermore

Compound Parabolic Concentrator (CPC) at the Advanced Radiographic Capability laser system at LLNL’s National Ignition Facility

X (pm)

(ARC)
4o :(F;I:;e E
t 0 | ] ARCSPO Ray trace of focusing in CPC cone
§ 10? — Sed Hin input 50 pm output
g : 100 pum
z . :
% o7 KT = 4.9 MeV L ‘ |
100 50 o ) SN . 20% total energy 5
Z (um) 10 -arvey N o . (50 um diameter) / - mm AG. MacPhee
HES s (b) A ~ " : : :
5 19 I 100 e e o ARC High Intensity campaign target
log, ;[Density] {cm™) Energy (keV) :
95% total energy
(a) Density maps from hydrodynamic simulations for cone (550 um diameter)

(upper) and at (lower) targets with contours corresponding

to nc, nc=4, and nc=10. White region shows the initial )

location of the cone wall. (b) Electron spectra from cone A. G. MacPhee et al, Optica Vol. 7,
. ) ! Issue 2, pp. 129-130 (2020)

flat, and flat with cone preplasma.

2020 NIF User Group Meeting



There is the need for a high energy broadband x-ray

source for High-Energy Density Science

Applications

MeV radiography: 0.2 MeV 1 MeV Necessary X/Gamma-ray spectrum
NIF’capslu!e_ radiography radiography -
* Double shell . : .i
capsule at NIF, £ I
1800 g/cm?, é" 5 1010 ¢ § | 2
10 pm radius =4 2 *'é‘—gf _____________ i E
R. Tipton, LLNL Fully © 108 § § | IH.Q'I ..............
. A*:r\;.; ,-;?\\\ ; " imploded "g $ § : I -E; | .....
* High-Z —— S 102 } B a | I > |
complex ==1 S R A
targets L"z':;:.i.:_-_l;’l/ . . | : :
Ben Ismail, et. al., Nucl. Instrum. Methods Phys. Res. A 629 382-6 | |
* Opacity in hot-dense plasmas __ _| Ly
102 103 104
* K-edge absorption spectroscopy of high-z materials Energy (keV)
‘ Lawrence Livermore National Laboratory UCLA Samueli INVYSE,

Electrical & Computer Engineering

Puatruas Muctear Secuny,




Relativistic electrons are used to created x-rays through Inverse
Compton Scattering and bremsstrahlung radiation

Electron X-ravs

Necessary X/Gamma-ray spectrum
j__ 1014
"

/= 1010

SRR

106

102

7'
Photon/keV/Sr

.....

high energy

high-energy photon

electron

102 103 104
Energy (keV)

Photan can gain full electron energy

Samueli
‘ Lawrence Livermore National Laboratory UCLA Electncal & Computer Engineerning MLM



Development of a Self-Modulated Laser Wakefield Accelerator Platform with a 10 keV
to 1 MeV Hyper Spectral Photon Source for HEDS  PI: C. Joshi, NIF

Tltan LLNL. OM EGA-EP,r LLE NIF — ARC, LLNL LMJ — PETAL, CEA

> 2015 2016 > 2017 > 2018 > 2019 > 2020 > 2021

Titan Titan Titan
SMLWFA electrons Compton scattering/Bremsstahlung Radiography
Betatron radiation
OMEGA-EP
MeV radiography: 0.2 MeV 1 MeV SMLWFA electrons
NlF._CﬂPS_'.J!e_ radiography radiography NIF - ARC
* Double shell ' ) SMLWFA electrons
capsule at NIF, £
1800 g/cm?, ¢
10 pm radius 2‘ .

R. Tinton. LLNL s



New Developments in Laser Wakefield Acceleration at the Laboratory for Laser

Energetics OMEGA EP
uR
SM-LWFA-based LPA

P— () !
Linearized data 50% charge in 0.1 rad [} **

L 53
335
.9 MeV

o MSIP after 37 um Al

-
=
(=]

Particlea/sriMeV

=
=

Electrons/mrad? (x105)

K] 50 ([EH L 50 o
Energy (MeW il

Results for a_= 6.6

- 18 -3 -
n.=8x10** cm=3, @, ,,,.= 6 mm

M5 gas jet (He)
=2to 10 mm P/P.=3-4

Charge 7001420 nC (1-200 MeV)
conversion efficiency (18 MeV) ~

L

nozzle

11% J. Shaw et al, Sci. Reports 2021
1054 nm, ~700 fs, y fi2 PAF’
10to 95 J, , apodized to
fi5 to /10

a;~1.3to 6.7



New Developments in Laser Wakefield Acceleration at the Laboratory for Laser
Energetics

uR <
LLE

Problems of reproducibility

* The nature of SMLWFA means that there is variation in the reproducibility of the electron beam quality.

* The divergence of the electron beams will be affected by the plasma density profile and uniformity, the
laser focal spot quality and size, the phase front of the laser, and the interaction between the laser and
the plasma, including the coupling of the laser into the plasma and the subsequent laser evolution
(modulation and self-focusing).

* For all but three of the 23 high-plasma-density (n_ > 1.9 x 10%° cm™3) shots in this experiment, the
produced electrons did not form a defined beam, and instead, the transverse charge profile was
distributed across the entire solid angle collected by the EPPS.

* For those three shots, all were produced in 10-mm nozzles, which suggests that having longer

plasmas, and therefore longer distances for laser evolution, may help maintain the
transverse beam profile.

* For the remainder of the 49 shots with charge = 50 nC, the shots were either single-peaked with higher
divergence or had multiple peaks.

10



Laser Acceleration of Electrons

At 102 W/cm? , E =0.6 PV/m, Extreme Light Road Map
itis SLAC (50GeV, 3km long) on 10 pm

The size of the Fermi PeV accelerator

. Vacuum Polarization [ZEST €2 ;
will only be one meter Ultra Relativistic Optics s ‘4
(accelerator will go around the globe, 0 =Haes 1Tey

based on conventional technology).

Relativistic Optics

Bound electrons

Focused Intensity (W / cm’)
=

- CPA
<«——mode locking

M /<— Q-switching

. VIO

urot 8-29/
1960 1970 1980 1990 2000 2010 2020 20
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Motivation...

108 |-

HNLC

maximum of accelerating gradient

In traditional accelerators (RF linac): Bl
&=
ERF =~ 10 = 100 MV/m g il El6s @
é Loa i
10% RAL @ @162
Exponential growth of “the Livingston LAy
curve” began tapering off around 1980 e
— i : . | LT-*‘:"—-. .

YEAR

Electric field of plasma wave (with phase velocity ~ ¢, A,=2ac/a@,):

/ A. I. Akhiezer and R. V. Polovin, “Theory of wave motion of an
~ 2 3 1/2 electron plasma,” Sov. Phys. JETP, vol. 3, pp. 696-705, 1956
E » [Vlm] ~ 1 0 af ( n = [C m ] ) J. M. Dawson, “Nonlinear electron oscillations in a cold

plasma,” Phys. Rev., vol. 133, pp. 383-387, 1959.
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Parameters and results of some experiments

a Short laser pulse b

Short electron beam pulse

for standard LWFA scheme | c5=4,/2 f e VA VYA

um) N, (cm3) AE (MeV) E,. (GV/m)

1.05 1015 5 0.7

1.05 2x1016 1.5 1.5

0.03 0.15 0.175 0.3 0.4 : . 1.0[GeV] 08 10%® 20
500

b) 0.8 2.5x101° 200 200

Long, intense
laser pulse —

+¥ H,gas 0V ‘
t
0.9 0.95 1 1.05 1.1 : ; odet _ Capitary Laser I' ‘i
[GeV] ) N, ( Vacuum I: :I Vacuum

[pC/GeV]
[\ 9]
U
o
-1

0 I I I

UK (RAL) 25 1019 0.8 1.05 Bellows Electrodes
France (CEA) 5 1010 0.3 1.05 Dipole magnet

USA (CUOS) 4.5 1018 0.4 1.05 "R

USA (NRL) 25 4x1018 0.4 1.05 4 12-bit CCD

cameara
Japan (KEK) 3 107 1.0 1.05 I ~
SCresns




Direct Laser Acceleration in long-scale NCD Plasmas

Sub-mm length of NCD plasma provides a long acceleration path

NCD plasma
E,
1 (Wyem?) o A. Pukhov et al., PoP 6, N7 (1999)
laser pulse electrons wp = (1 e )(JUL
| Uph
Fpond. X-rays

acceleration path

self-focusing: P >P=17 GW xn_/n, ~ 17 GW in NCD (high aspect ratio channel)

* ponderomotive force expels background plasma electrons from the laser channel

» quasi-static radial E-field is produced that has a focusing polarity for electrons

current of relativistic electrons generates a quasi-static B azimuthal that traps electrons in the plasma channel
electrons undergo transversal betatron oscillations and gain energy from laser field if coming in resonance.

09.11.2022 HB-2022 andreev@ras.ru 14



aNIdE

FULLY RELATIVISTIC 3D PIC-SIMULATIONS (VLPL)

Laser: 4.4x10'° W/cm? (a, = 5.67), 50 J

target: fully ionized CHO plasma 10%lcm3, x=500um

el I T e |
3 0,01 0,00 0,01 170 0.0 17,0
2b= 14um _g.. ok gl e :.%L* (a:l L ———— . T i {b]
= »pl_electron current density jx smemt e | Bz (las.)
2a=19 um 2 et - ,
. e (d)
20 pas Wi, e :
Nyl €t =250 pm T Bo quasi-static
ca. 60Jin the focal spot 0 i i At il 2 X, pm b
0,01 0,00 0,01 40 0.0 40

1E+12 ectron current density j normalized to n.ec in the plane z = 0 (a)
e=arctg(p,/p,) 6= 13215: = 0 (c); b, contains mainly a laser field strongly increased by the
TE+11 ':?.zﬁ_i;,sMeV cusing effect. Dimensionless magnetic field |b| = 1 corr. to 108 MG.
1E+10 reesT,=12.2 MeV _ )
N g a horizontal plane
1E+00 Current of super-
1E+08 ponderomotive super ponderomotive
e oo R R ) Rl e lectrons (E>12 MeV)
2 MA, charge 2 uC,
1E+06 L .
‘ Magnetic field in a plasma
1E+05c') 25 50 75 100 125 150 175 200 channel 200 MG
E, MeV

15




The number, charge and energy of accelerated electrons

which leaved the target with p, > 0 at ct = 550 mm

Energy range, MeV | Number of electrons Charge o;glectrons, Percent of laser energy
(0.5, =) 3.22 x 1013 5.15 40%
(3, ») 1.15 x 10%3 1.84 31%
(3,12) 9.09 x 1012 1.45 14.8%
(12, =) 2.38 x 1012 0.381 16.3%
(30, «) 4.85 x 101t 0.078 6.4%

O N Rosmej, N E Andreev, S Zaehter, N Zahn, P Christ, B Borm, T Radon, A Sokolov, L P Pugachev, D
Khaghani, F Horst, N G Borisenko, G Sklizkov, V G Pimenov. 2019 New J. Phys. 21 043044

16



Generation of NCD plasma in interaction of ns-laser pulse with polymer foam

foam ionization is triggered by well-defined ns-pulse with parameters adjusted to the foam density and thickness

CHO:2 mg/cc (2x10% at/cm?3) 3D aerogel structure

o T F Y
= i i

1/(W/cm?)

r 3

¥
AR

Main Pulse

19 —eps
10 2-3ns

& &

1014 1-3 ) ns pulse

10°

50-100 nm solid ( 0.1g/cc)+ ca. 1 um evacuated pore time
sub mm thick foam provides increased interaction path

> 500 pum thick NCD plasma “target” (Ne < 0.7 x 102t cm3) is created by a 103-10'* W/cm? ns pulse.

O. N. Rosmej et al, New J. Phys. 21(2019) 043044
O. N. Rosmej et al Plasma Phys. Control. Fusion 62 (2020) 115024

09.11.2022 HB-2022 andreev@ras.ru 17




PHELIX beam-time P176, 2019

PHELIX system:

Nd:glass A=1.053um, s-polarized
main pulse:

e 1=700% 250 fs

e 10 W/cm?(20J, d=15 um) 1-2x10 19 W/sz

150 cm focusing parabola

e 10**W/cm?(40J), d=3 um)
* nscontrast better than 1011

ns pulse: 1J, 1.5 ns, At=2-3 ns

Targets:

e 10 um thin Ti, Au-foils

e mm-thick Au convertor

* |ow density polymer foams
p=2 mg/cc (1.7 x 10%° at/cm?3) _

 combination foam+foil - i i , 3

Detailed measurements of the angular distribution of energy and the number of electrons

using an multilayer IP cylinder

09.11.2022 HB-2022 andreev@ras.ru



DLA in pre-ionized foam: raw electron spectra from PHELIX 20J, 101°W/cm?

Shot 40: 700 fs, 101° W/cm? Shot 42: 700 fs, 101° W/cm?
Target: Au foil 10 um (a) Target: Au foil 10 um+ 325 um 2 mg/cc TAC ()
0.4 PSL 0° to laser axis ' 4 PSL 0° to laser axis
E, MeV E, MeV
10 200 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90

directed electron beam

(d)

laser polarization direction

E >7.5MeV

E >3 MeV,
Brwum = 160 msr

8-10 PSL E>3 MeV .
E > 3 MeV
2cm

L

stacks of activation samples

09.11.2022 HB-2022 andreev@ras.ru



Energy and number of MeV-electrons inside the divergence cone

Shots 40, 41, 42

1E12+ ——Sh.40. Au10, +7°
I | Sh.40. Au10, 0°
\ | Sh40.Au10, -7°
—— Sh.41. CHO325, +7°
1E114) | Sh.41. CHO325, 0°
- i | Sh.41.CHO325, -7°
| —— Sh.42. CHO325+Au10, +7°
| Sh.42. CHO325+Au100, 0°
Sh.42. CHO325+Au10, -7°

]

1E10 4

dN/dE*dQ [MeV'sr

Thot=11.5-13.2
- MeV

MeV

wy LT

- 0 10 20 30 40 50 60 70 80 90
5 % current is in filaments E kin [MeV]

1E9 5 \ -
I“ Thor=1.7-2.3 / '.‘M:},WL "

M. Gyrdymov

09.11.2022 HB-2022 andreev@ras.ru



1

d?N/dEdQ [MeV'sr

3D PIC Simulations (VLPL) for PHELIX and Comparison with experiment

Measured angular dependent
energy distributions

1E12,
| 0° Ty = 12.0 MeV

15° T; = 8.0 MeV, T, = 11.0 MeV

1E11 - 45° T, = 0.9 MeV, T, = 2.9 MeV

1E10+4:

1E9 4

1E8 4

E [MeV]

measured for a shot onto the pre-ionized foam
layer at 2x10719 W cm”-2 laser intensity

Angular distribution
of electrons with E > 7 MeV

0 dN/dCY
6.0E+12

4.5E+12
D 0270 3.0E+12

1.6E+12

0.0

180

% 0 at FWHM ~ 10°
(experiment ~ 13°)

—

d*N/dEdQ [Mev'sr”

Modeled angular dependent

energy distributions

1E12
e =0
e 0=15°
1E11 0 =45°
1E10
.o
Al ol
| <
\ - L
ko \ T,=12.0 MeV ':_:!““ e
. © o cesch. e soee
T=28MeV ~
eBr———7—71 7T 7
0 10 20 30 40 50 60 70 80

E [MeV]

leave the simulation box att = 2.5 ps

0. N. Rosmej, M Gyrdymov, M M Giinther, N E Andreev, P Tavana, P Neumayer, S ZEahter, N Zahn, V S Popov, N G Borisenko, A Kantsyrev, A
Skobliakov, V Panyushkin, A Bogdanov, F Consoli, X F Shen, and A Pukhov. Plasma Phys. Control. Fusion 62 (2020) 115024
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ARC: 4 kJ, 108 - 10%° W/cm?

gold foil target coupled with a CPC

Electron temperature enhancement

" =
= 1 cone
S 10"
=3 4 cones ;’/”
= z
b —
.
&2 4010 Flat /”
c 10
E =
i
w
9
10 ﬂ llm |

0 10 20 80 40
Electron Energy (MeV)

PHELIX: 80 J (20 J), 10%° W/cm?
gold foil attached to a foam (NCD plasma)

i 102! W/cm?

—1E+10
5

a 101° W/cm?
> 1

o 1E+095 foam + 10 pm Au

=, 10" Wem?2

S 1E+08 + L

Z O-gm Ti * . 10umTi B
© 10 Wem2 ™ . 102" Wem?2 34

1E+07

0 10 20 30 40 50 60 70 80 90 100
E [MeV]

ARC at NIF versus PHELIX at GSI-FAIR
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3D PIC simulations for 200 J PHELIX up-grade

electron density in plasma channel, angular distribution of electrons
A=1 pm with E > 7.5 MeV
XY and XZ -planes
P 700 fs ' dN/IQ
n/i waist 25 um (FWHM) : ‘

5,560E+13

4,865E+13

200J) (FWHM)
pulse length 178. um

- 4,170E+13

SOOHHNINN
ORONCOORD

|- 3.475E+13

I 2,780E+13

I~ 2,085E+13

foam length 500 pum

- 1,390E+13

a,=7.44
7.587 x 1012 W/cm?

6,950E+12

0,000

400 500

1 o
E BFWHM - 68

filamentation and hosing of the laser pulse
and electron current

V. Popov, N. Andreev, JIHT, Moscow
3D VLPL A. Pukhov

Experiment, PHELIX 20 J:
5% of the current is in filaments



Limitations on Transport of accelerated electrons in vacuum

N cuper-pona IN NCD plasma grows with E;,; and /;,
compensated electron beam transport is limited

by the Alfven current: yx17.5 kA, with y= E/mc?

Charge of electrons with > 7.5 MeV (y=15) is limited by 260nC (1ps)

4.5e+12/ 0.7 pCin 2n 1.2e+12/0.2 uCin 2n
6.4e+13/ 10 pCin 2n 1.9e+13/3 uCin 2n
Only 3% propagates 10% propagates in
in’% 0=7° % 0=7°

3D PIC 200J: expected T, ,,~ 21 MeV,
simulated T, ..~ 16 MeV

1E14 ——200
——T, = 15.9 MeV
1E13 4 20 J
| ——T,=10.8 MeV
1E124
g 1E11
=
=1
1E10
1E9
1E8
1B +—————T7——T1 a iy

u N Ly
0O 20 40 60 80 100 120 140 160
E [MeV]

Solution: vacuum-less contact between NCD plasma and foil/convertor



FLUKA simulations of ultra-bright source of MeV-photons via

interaction of DLA electrons with Au-convertor

" 20 J PHELIX . 200 J PHELIX
10 - - - - ] 10"° ; i i - ;
—I—E{hv)=1 keV-1 MeV |] —f—E{hv)=1 keV-1 MeV |1
. FLUKA ——E(h)=1-7.5 MeV  |] . FLUKA —J—E(hv)=1-T.5 MeV  |]
2 E(hv)=7.5 -100 MeV 2 1015 E(hv)=7.5 -100 MeV| |
= = 3
310 3
= =
= ~ 109 8 1
= CE~ 10% =10
L L
S 1912 ; S
_Dcc_: CE~4.4% _E 1013
10" ' ' ' ; 10" : : ' ' ;
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Thickness [mm] Thickness [mm]

Number of bremsstrahlung photons for different aplications: E <1 MeV — radiography of HED matter;
E>1 MeV — e-e+ pair producton; E > 7.5 MeV (GDR) gamma-driven nuclear reactions, isotope production, neutrons



Increase of the laser intensity (5x102° W/cm?

— T T T T T T Erwrm= 56 J, 700fs, 5x102° W/cm?

GDR d=4 um; 350 pm NCD-plasma
2-4 x101° W/cm? 5x102° W/cm? ]|

1. More charge (up to 0.9 uC) can be transported
2. increase of the betatron o~y

3. higher energies of bremsstrahlung gammas

4. no winin the neutron production by GDR

0 25 50 75 100 125 150 175 200 _ o
MoV v-n reaction yield caused by electrons propagating in 1x1x1cm3 Au
&, Me

'S°tg’:fR(ma" Yield, 5x102° W/cm?, 60 J Yield, 2x10%° W/cm2, 20

196Au (14 MeV) 3,00E+09 1,10E+09

194Au (32 MeV) 4.62E+07 7,62E+06
192Au (50 MeV) 4.44E+06 5,80E+05

11/21/2022 GEANT4, A. Skobliakov, ITEP

Pugachev L P and Andreev N E
2019 J. Phys.: Conf. Ser. 1147 012080
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dN/dE [MeV™)

Direct Laser Acceleration by ultraintense fs laser pulses in NCD plasmas

at PEARL (for experiment at IAP, November 2022)

E, =7.5Jin Do = 4.12 pm, Ty = 60 fs, 1, = 1.2x102 W/em?, a, = 30

10" -
102 i 80 7000411 10" o )
kA Mormalized to laser energy (J)
103 = n=20n, 60 - samen 0"k
ExpDecay2 Fitofn=20n_

L s 9558011
4 n=10n, 40 I 5.955€

ExpDecay2 Fitofn=1.0n,

20 48838411 PEARL, n=20n_

PEARL,n=1.0n,

dN/dE / E,_ [MeV'J")]

1091 0 =4 0106=11 .
PHELIX, n,=065n_
It 20 10386411
10° 4 10" o
40 2DESE+11
) £
10" o s, e, 7 5
it i r 107 4 e
o &% &% €0 1 093E+11
10° 1 L T 1 T T e T 1 80 - . g Al @'!ﬁ&
0 20 40 60 80 100 120 140 160 180 200 220 o 10 y J : !

T T T T T T
0 20 40 G0 BO 100 120 140 160 180 200

E, MeV E, MeV

n.=1.0n,:T;=9MeV, T,=27 MeV angle distribution for E > 7 MeV Energy spectra of electrons per 1 J laser energy
n.=2.0n,:T,=6MeV, T,=17 MeV PEARL,Ne=2.0n, for PEARL and PHELIX

N.E. Andreev, V.S. Popov, O.N. Rosmej, A.A. Kuzmin, A.A. Shaykin, E.A. Khazanov, A.V. Kotov, N.G. Borisenko, M.V. Starodubtsev, A.A. Soloviev. Efficiency improvement of the
femtosecond laser source of superponderomotive electrons and X-ray radiation due to the use of near-critical density targets. Quantum Electronics 51 (11) 1019 — 1025 (2021)
https://doi.org/10.1070/QEL17648



dN/dE

Direct Laser Acceleration of electrons by ultraintense fs laser pulses

in NCD plasmas at XCELS

E, =150 J in Deyypy = 10 pm, Ty = 60 fs, 1, = 4.1x10%1 W/em?, a, = 55

1E14
1E13 dN/AE - PIC mozennposanmne
= = = 3x-TeMIepaTypHOe NpHOIHAKESHIE
1E12 45
AY

1E11 \
1E10
1E9 i
-
u:"“‘-‘?f\'x'»!- -

1E8

T T T T T '“r — '
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N. E. Andreey, I.R. Umarov, V. S. Popov, Quantum Electronics, in press (2022)
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in NCD plasmas at PEARL and XCELS

Direct Laser Acceleration of electrons by ultraintense fs laser pulses

PEARL: E, =7.5Jin Dpyp = 4.12 pm, Trwum = 60 s, 1o = 1.2x102 W/em?, a, = 30
XCELS: E, =150 J in Dgyypp = 10 pm, Teym = 60 fs, 1, = 4.1x10%1 W/cm?, a, = 55

Energy range of

PHELIX (17.5)) PEARL (7.5)) PEARL (7.5)) XCELS (150 J)
Parameters accelerated
electrons (MeV) n.,=0.65n n,=2.0n, n,=10n, n.=1.0n
E>3 1.96x101 3.4x101 3.5x101! 3.1x101
Number of E>7 0.72x10%1 1.7x101! 1.5x101! 1.4x101!
electrons per 1 E>30 0.62x1010 1.7x101° 1.7x10%0 2.5x1010
laser energy E>100 0 2.3x108 7.5x108 5.0x10°
E>300 0 0 0 6.5%x108
E>3 510 408 420 7340
E>7 187 203 180 3374
Full charge (nC) E>30 15 22 20 592
E>100 0 0.3 0.9 120
E>300 0 0 0 16
E>3 27% 57% 56% 68%
Conversion E>7 17% 44% 41% 56.5%
efficiency of laser E>30 3.6% 13% 13.5% 31%
energy E>100 0 0.43% 1.6% 15.6%
E>300 0 0 0 3.9%

PHELIX: 2.5x101° W/cm? (a, = 4.28), 17.5 J
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Relativistic electrons are used to created x-rays through Inverse
Compton Scattering and bremsstrahlung radiation

Electron X-ravs

Necessary X/Gamma-ray spectrum
j__ 1014
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.....

high energy

high-energy photon

electron

102 103 104
Energy (keV)

Photan can gain full electron energy

Samueli
‘ Lawrence Livermore National Laboratory UCLA Electncal & Computer Engineerning MLM



Applications:

Ultra-intense betatron radiation




Betatron Radiation: PHELIX: a,= 2.5, 20J, E_=5 keV , 7x10%! photons with E = 1-30 keV

PETAL 1 kJ , SM-LWFA (a,= 7.5, n,.= 1018 cm3, E.~ 1 GeV) 7x10 photons with E; = 10 keV,

Ferri et al, PHYS. REV. ACCELERATORS AND BEAMS 19, 101301 (2016)

* Broad spectrum, large photon number: o opening angles: 360 mrad (y, laser polarization)
* 6x10'! (1-10 keV), ~ 10! (10-30 keV) and 270 mrad (z) RMS (root mean square)
e source size: 3,5um - 4um (RMS)
PIC code VLPL, A. Pukhov o E.=5keV
5T o dN/do [sr!
0 (b) 90 N/ !31[3 |
12
=
cg \
é; " 8
S
< 180° N
S
g 4
0 > U )
0.1 1 10 100 1000

270°

Photon energy [keV]

Ultra-bright betatron radiation based on direct laser acceleration of electrons in plasma of near critical density

O. N. Rosmej, X. F. Shen, A. Pukhov, L. Antonelli, F. Barbato, M. Gyrdymov, M. M. Giinther, S. Zahter, V. S. Popov,
N. G. Borisenko, and N. E. Andreev , Matter Radiat. Extremes 6, 048401 (2021)



Betatron radiation (PHELIX): trajectories of DLA electrons in plasma channel

0 50 100 150 200 250 300 350

L.P. Pugachev, VLPL code A. Pykhov
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Measurements of the betatron radiation at PHELIX 2022

M. Gyrdymov, U-Frankfurt

electrons 10M
Spatial separation of " on 13- Betaron, Ross it method, +9°
e|eCtr0n prOton BS 1010 sh.12_Betatron, Ross-Filter method with correction, +9° ]
’ ’ - -
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e - S 107} e :
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Applications:

Ultra-bright sources of MeV BS and neutrons




Forward-looking insights in laser-generated ultra-intense gamma-ray and neutron sources

for nuclear applications and science

M. M. Giinther, O.N. Rosmej, P. Tavana, M. Gyrdymov, A, Skobliakov, A. Kantsyrev, S. Zahter, N.G. Borisenko, A. Pukhov, and N.E. Andreev.

Enhanced generation of
MeV electrons, protons,
gamma-rays and neutrons
at 10'° W/cm? intensity

by irradiation of low density
polymer aerogels.

09.11.2022
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Gamma-rays: Ultra-high conversion efficiency in GDR region = 7 MeV

Electrons propagate in high Z converter and generate BS with 10’s of MeV photon energy

10%2/sr photons with E > 7.5 MeV, T =10 -13 MeV

Chrom
!ndlum

Tantal I8

Nuclear activation-based diagnostics: Record-breaking conv. eff. into BS > 7.5 MeV
takes use of resonances in y,n reactions Giant Dipole Resonance

in different materials. The yields of the
produced isotopes are used to evaluate
BS spectrum.

PHELIX, 101° W/cm? : 1.7¢0.4% (GDR)
VULCAN at 102° W/cm?: 0.2 % (GDR)
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10'° W/cm? with foam vs. 102! W/cm?foil: two times higher effective temperature and 10 times higher photon number (Ey > 7 MeV)
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PIC (DLA electrons in NCD plasma) and GEANT4 (gamma-rays) modeling in GDR

— comparison with experiment
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Generation of MeV- bremsstrahlung radiation at different laser facilitates

LASER, .
e-source convertor gammas conversion
target
VULCAN,
10 W/cm? pondertomotiv 100 E > 10 MeV 20mJ) 0.2%
Pb e Pb, 3mm Emean”™ 13 MeV >10 MeV
[Norreys, PoP E.=1-13 MeV nuclear activation (GDR)
1999]
8-25 MeV
T,. =5.3 MeV,
NOVA ponderomtive + 2x1011/MeV/sr
LLNL 0.18%
20 5 super- >25 MeV
3x102°W/cm ) Au, 1mm > 10 MeV
ponderomotive Tys = 9.5 MeV,
Au L 9 (GDR)
[Stoyer, RSI 2001] tail with 10°/MeV/sr
! E< 100 MeV div. angle= 105°
nuclear activation
PHELIX DLA > 7o Mey .
~ 101°W/cm? super-ponder 2x10 1.7£0.4%
' Au, Imm Tps ~ 10-12 MeV >10 MeV
CHO-foam Thot ~ 14 MeV div. angle= 40° (GDR)
[NatComm_2022] | E.< 100 MeV - angle=

nuclear activation
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Gamma-bremsstralung XCELS (PIC+GEANT4, QE _2022)
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New level of interdisciplinary research with sub-kJ, sub-PW lasers

Application of foams provides a strong boost of the parameters of laser driven
sources of particles and radiation

Universal character of foam targets:
No high laser contrast, no ultra-high laser intensity, no pointing stability,
no changes in the experimental set-up are required.

Plasma Physics, HED-research:

foam and foam stacked with thin foil:

e Ultra-intense betatron and THz radiation,

e Well-directed beams of super-ponderomotive electrons
* Protons: enhanced TNSA

Nuclear Physics:

foam stacked with thick high Z convertor or thin foil:

* High yield (y,n) and (p,n) reactions in GDR region (Isotope production)

e High fluence/ flux MeV gamma sources and gamma /proton-driven neutron
sources with record breaking conversation efficiency

Biophysics:
» Ultra-high dose-rate (20-50 TGy/s) of ionizing radiation for investigation of the

FLASH-effect

HB-2022 andreev@ras.ru
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