Margaret Island Symposium 20223 on Particles and Plasmas

Theoreticalf advances in the
NAPLIFE

Ensana
Margaret _.
Island Therma-
.__Hotel, \
» Margaret
b Island, 0 0
,,~1007 Budapest

,_ 5 NAPLI'F-E Collaboratlon
* Uruv of Berggn Norway

» "‘Budapest Md“ne?) 20’23




NAPLIFE Collaboration — Participants - ELKH, National Res. Lab.

Laszlo P. Csernai, Tamas S. Bird, Norbert Krod, Peter J. Lévai, Mark Aladi,
Roman Holomb, Miklés Kedves, Archana Kumari, Istvan Papp, Péter
Petrik, Béla Raczkevi, Istvan Rigd, Miklos Veres, Anett Szeledi, Agnes
Nagyné Szokol; Gabor Galbacs, Balazs Banhelyi, Maria Csete, Attila
Czirjak, Olivér Antal Fekete, Péter Foldi, Emese Toéth, Andras Szenes, David
Vass; Attila Bonyar, Nour Jalal Abdulameer, Judit Kaman, Alexandra Borok;
Zsolt Fogarassy, Kolos Molnar, Roman Holomb, Peter Dombi, Melinda
Szaldki, Laura Juhasz; Horst Stoecker, Leonid Satarov, Johann Rafelski,
Anton Motornenko; Larissa Bravina, Evgeny E. Zabrodin; Igor N.
Mishustin, Daniel D. Strottman, Csaba Toth, Shereen Zangana, Konstantin
Zhukovsky (~> 40)

Csernai, L.P. [NAPLIFE]



Rayleigh-Taylor
Instability
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[Clark et al., Phys. Plasmas,
22, 022703 (2015).]

022703-10 Clark et al.
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after launch of
ignitor shock

as burn begins

NIF — RT instability

| x NIF-spec outer 2 x NIF-spec outer 3 x NIF-spec inner The target IS
. surface roughness surface roughness compresse d to
density
~ 700 g/cm3.
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But, although an
ablator layer is
used, only ~
10%-of the
target is ignited.
Elsewhere
the surface
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How can we prevent it
ldea - #1
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[ L. P. Csernai, Zh.
Eksp. Teor. Fiz. 92,
379-386 (1987) &
Sov. Phys. JETP 65,
216-220 (1987) |
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Fusion reaction:
D+ T => n(14.1 MeV) + 4He (3.5 MeV)

Constant absorptivity,
Spherical irradiation
Ignition temperature = T1 =

Simultaneous, volume ignition up to
0.5R (i.e. 12% of the volume).

g
2
%45 5.2 24 2.6 0.8 10
r (R) gain = 60 gain = 76
[ L.P. Csernai & D.D. Strottman, AR =20 (0) S (0) A 4
. x (Um x (Mm
Laser and Particle Beams 33, 279 (2015).] 9
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How can we realize it
Idea - #2

Csernai, L.P. [NAPLIFE]
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Abstract

Inertial Confinement Fusion is a promising option to provide massive, clean, and affordable
energy for mankind in the future. The present status of research and development is hindered
by hydrodynamical instabilities occurring at the intense compression of the target fuel by
energetic laser beams. A recent patent combines advances in two fields: Detonations in rela-
tivistic fluid dynamics (RFD) and radiative energy deposition by plasmonic nano-shells. The
initial compression of the target pellet can be decreased, not to reach the Rayleigh-Taylor or
other instabilities, and rapid volume ignition can be achieved by a final and more energetic
laser pulse, which can be as short as the penetration time of the light across the pellet. The
reflectivity of the target can be made negligible as in the present direct drive and indirect
drive experiments, and the absorptivity can be increased by one or two orders of magnitude
by plasmonic nano-shells embedded in the target fuel. Thus, higher ignition temperature and
radiation dominated dynamics can be achieved with the limited initial compression. Here, we
propose that a short final light pulse can heat the target so that most of the interior will reach
the ignition temperature simultaneously based on the results of RFD. This makes the devel-
opment of any kind of instability impossible, which would prevent complete ignition of the
target.
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Golden Nano-Shells — Resonant Light Absorption
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L.P. Csernai, N. Kroo, |. Papp [ Patent # P1700278/3 ]
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How can we realize it
simpler and with less
expense

Csernai, L.P. [NAPLIFE]
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Thick coin like flat target & Two beams only

Thickness of

the target is: /1 .

h depends on

pulse energy,
ignition energy,
target mass, ...

[ Csernai et al.,
(NAPLIFE
Collaboration) Phys. of
Wave Phenomena, 28
(3), 187-199 (2020). ]

X

Figure 1: (color online) The target still should be compact
to minimize the surface effects. The irradiation is performed
along the r—axis from both sides towards the target. The laser
beam should be uniform hitting the whole face of the comn
shaped target.

Csernai, L.P. [NAPLIFE] 15



However,
- no simultaneous ignition, and
- N0 hano-antennas up to now !

Csernai, L.P. [NAPLIFE]
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Deposited
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The deposited energy from laser irradiation from
one side only. The absorption is constant, this
leads to an exponentially decreasing energy
deposition, and only a negligibly small energy
reaches the opposite end of the target.

Csernai, L.P. [NAPLIFE]

Without nano
antennas
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Deposited

0.0072  With nano
0.0064 antennas

1.5 ¢ { 0.0056
¥ { 0.0048
<10 | 0.0040
+ | 0.0032 :I'he absorptivity is
0.5 0.0024 increased towards
' the center, due to the
0.0016 implanted nano
0.0 antennas.

-1.0 -0.5 0.0 0.5 1.0
x(h/2)

The deposited energy from laser irradiation from one side
only. The absorption is modified by nano antennas so that
the absorptivity is increasing towards the middle, so that the
deposited energy is constant up to the middle. Then the
absorptivity is decreasing, but hardly any energy is left in
the irradiation front. Thus again only a negligibly small

energy reaches the opposite end of the target.
Csernai, L.P. [NAPLIFE] 18



Deposited
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Figure 2: (color online) Deposited energy per unit time in the
space-time across the depth, h, of the fiat target. The time is
measured in units of (h/c), where ¢ is the speed of light in
the material of the target. The irradiation lasts for a period of
At = h/c the time needed to cross the target. The irradiated
energy during this time period is (Q from one side, so it is 2Q)
from both sides together.

The color code indicates the deposited energy per unit time
and unit cross section (a.u.). The deposited length is Az =
cAt. Note! The absorptivity in this case ax # const. For

With nano
antennas

Irradiation from both sides.

Ignition energy is: Q,/m

e.g. for DT target: Q./m =27 kl/g
=> if we have O =10017J, then
we can have a target mass:

mpr =Q/0; g=3.703 mg.

Then with m,, and p,, given
we get the DT-target’s volume,
Vorp @and  hp, = 2.67 mm .

more details please see Appendix B. Csernai, L.P. [NAPLIFE] 19



Integrated

20p o0 With nano
1.75 antennas
11.50
11.25
11.00
{0.75 Ignition is reached at
0.50 contour line Q = 1.
0.25
0.0 [ Csernai et al., (NAPLIFE
-1.0 -0.5 x(OH?Z) 0.5 1.0 Collaboration) Phys. of

Wave Phenomena, 28 (3),

Figure 3: (color online) Integrated energy up to a given time in 187-199 (2020). ]

the space-time across the depth, h, of the flat target. The color

code indicates the temperature, 7', reached in a given space- Simultaneous
time point, in units of the critical temperature, (7..). The con- . oy .

tour line T' = 1, indicates the critical temperature, 7. where IgnItIOn in the
the phase transition or the ignition in the target is reached. This whole ta rget
contour line is almost at a constant time, indicating simultane-

ous whole volume transition or ignition. The irradiated energy, volume =
Q is chosen so that, 1Q irradiation will achieve the critical Short Pulse:

e Csernai, L.P. [NAPLIFE] ELI - ALPS 20



Validation tests at lower energies
idea #2 increased absorption via
nano-antennas

Csernai, L.P. [NAPLIFE]
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Wigner RCP, Budapest

I

Ti:Sa Hidra Laser: 30mJ, 10Hz, 40fs [P. Racz et al., Wigner RCP]
Csernai, L.P. [NAPLIFE]
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Target Modeling and Manufacturing

=> Attila Bonyar's talk

Csernai, L.P. [NAPLIFE]
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Transmission
Electron-
microscopy
photos of
795X25 nm
gold nano-rod
antennas
[Judit Kaman,
A. Bonyar et al.
(NAPLIFE

Collab.)., Gold

nanorods ...,
10th ICNFP
2021, Kolymbari]
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TEM Photo of
~uniformly
implanted
nanorod
antennas in
UDMA target
polymer. The
density is
9-20 / pm3
[Judit Kaman, A.
Bonyar et al.
(NAPLIFE Collab.).,
Gold nanorods ...,
10th ICNFP

2021, Kolymbari,
Crete, Greece, 30

August 2021.]




Nano-particle absorption

The target absorptivity is increased via core-shell type plasmonic nano-shells.
Calculations via solving the Maxwell equations, and evaluating the ohmic heating
were performed using the COMSOL simulation package.
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1 ps laser pulse length, A =800 nm, one-sided & two-sided irradiation tested,

85-100 % absorption in the target length 4.
Nano-antenna shapes, layer configurations, layer distribution varied & analyzed.

[M. Csete, et al., U. Szeged, HU https://doi.org/10.1007/s11468-021-0157 1-x

] Csernai, L.P. [NAPLIFE] 26



Layered target with variable light absorption

optimized - Gauss N=72

e T -t ECEEE sCEEEL
A B E P G
30 @)
= 2%
: S 10,
Representative uniform = |
number density distributions of (d) 70 0 ;
oriented nanorods, ina 1 X 1 X 21 F G
um3 supercell of UDMA polymer §0.4—_ | Javerage
target, with random location $0.3- B sclected
distribution. £0.2]
Plasmonics (2022) 17:775-787 =01
https://doi.org/10.1007/511468-021-01571-x %50 i | I
Comparative Study on the Uniform Energy Deposition Achievable A B C D E F G

via Optimized Plasmonic Nanoresonator Distributions

Maria Csete'® . Andras Szenes' - Emese Toth' - David Vass' - Olivér Fekete' - Balazs Banhelyi? - Istvan Papp>? -
Tamas Bir6® - Laszlé P. Csernai®*® - Norbert Kro6>®

[ M. Csete, A. Szenes, E. Toth, D. Vass, O. Fekete, B. Banhelyi, T. S. Biro, L. P. Csernai, N. Kroo:
,Comparative study on the uniform enerqgy deposition achievable

via optimized plasmonic nanoresonator distributions®,
Plasmonics (2022), 17: 775-787; https://doi.org/10.1007/s11468-021-01571-x. ]

Csernai, L.P. [NAPLIFE] 27



Validation tests at lower energies
idea #1 Simultaneous (time-like)
transition (ignition)
> 4
Two opposing beams

Csernai, L.P. [NAPLIFE]
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Validation tests — Target manufacturing

Two basic principles are tested on non-fusion material targets at low energies

* Implanted with nano-antennas =  Amplified absorption \/
« Multilayer targets = Simultaneous Ignition (in progress)

b f 3 | ;

w Target ubSlioRing Y. / [M. Csete,
ilF |  A.Bonyar,
| l. Papp,
P. Racz,
et al]

In preparation

29



Multilayered fuel target

Csernai, L.P. [NAPLIFE]
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Laser Wake Field Collider

d Pre-compression/acceleration, before ignition
lon (e.g. p) Energy E, = 50 MeV (or more)

Initial beam densities assumed: ny =y ny = 2:-10-%/cm3and 2-10-?"/cm3
~ nliquid-H , = NF /1000 (/wo precompression!)

Target density after interpenetration: n, 2 2 n

30.0 fs 60.1 fs 90.1 fs 120.1fs 150.1 fs 180.0fs 1e_12

1.718
1.432
1.146
0.859
0.573
0.286
0.000

0 25 50 25 50 25 50 25 50 25 50 25 50
um um um um um um

The ionization of the H atoms at ignition in a Laser Wake Field (LWF)
wave due to the irradiation from both the +/- x directions

[ Papp, I., et al., NAPLIFE, Phys. Lett. A 396, 12724 (2021). ]
Csernai, L.P. [NAPLIFE]



Validation tests =

Laser Induced Fusion
with Nanoantennas

Csernai, L.P. [NAPLIFE]
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(N.K.*)

Deuterium production ( PRELIMINARY !)
— | —— UDMA+AU_Average_5mJ_delay 0.8us | 1100 - | ——UDMA_Average_5mJ_delay 0.8us |
1050 -
1000 4
700 5]
= = 900
5 650 S 850
£ D H § H
= 1 2 750
E 600 | g 700
= | = 50
550 600
| 550 - )
65!5,_8 ' 65|6,0 ' 65|6,2 ' 65t|3,4 ' 65|6;6 ' 65;5.-8 i 65;3.0 | 65%.2 | 65t|3.4 | 6516;6
Wavelength (nm) Wavelength (nm)
5-12% D + 88-95% H 100% H
~ 10" D / pulse (10HZz) Balmer-Ql line

Two step process (average of 20 shots):
p+e*> n+ v\ electron capture (-1.24 MeV)

n+p = d+ Y\ neutron capture (+2.22 MeV)
Electron capture may happen spontaneously in heavy nuclei,

here laser light and resonant nanorods act similarly, high € density

UDMA (470: H38, C23, 08, N2)
33
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Deuterium production w (N.K.%)

ith 795nm 40fs Ti:Sa laser 10'%-10"” W/cm? intensity

UDMA-TEGDMA target 20-100 um thick, \w & \wo Au nanorods 25x85nm.
= 5 mJ pulse -> crater of 4.55-1.07-10"* pm3 \w &wo Au ~ 15/ um3

= From the crater the emitted matter was analysed by Raman spectr &
Laser Induced Breakdown Spectroscopy (LIBS).

Csernai, L.P. [NAPLIFE] 34
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(2022)

(%?. Cornell University

d I‘<1V > physics > arXiv:2210.00619

Physics > Plasma Physics

[Submitted on 2 Oct 2022]

Raman spectroscopic characterization of crater walls formed upon single-shot high
energy femtosecond laser irradiation of dimethacrylate polymer doped with plasmonic
gold nanorods

y . s s B ’ - ' i 3 : N Ly 23 "l
Istvan Rigd’, Judit Kaman', Agnes Nagyné S=zokol’, Attila Bonvar’, Melinda Szaloki’, Alexandra Borok'”,
: ) , , , . R ’ . , , 5 , ,
Shereen Zangana’, Péter Rdcz', Mdrk Aladi’, Miklés Akos Kedves', Gabor Galbdcs’, Laszlé P.
Csernai”®’, Tamas S. Biré’, Norbert Kroo™®, Mikios Veres', NAPLIFE Collaboration
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lyp, @rb. units
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® UDMA-AuU2 -0.182 m/m% Au
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»
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Pulse energy, mJ

With Nanorods (Au2)
at 25 mJ laser pulse

~4 times increased D

production, compared
to 1 mJd pulse
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Resilience of Nanorod Antenna with COMSOL FEM computations with the

Box Particle Energy
Box Field E W/O nanorod same model parameters

35

Box Field E W nanorod [M.Csete et al.]
30 - g “
T \
25 - :
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=) 12, 2Nl 3 |
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W5 os Al 2
oo Deerd3 -
| o o ol
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0O 20 40 60 80 100 120 140 |
5 - |
|
\ 2}‘eff/3
0 1 y T T T T T T T — T 7\‘eff/3
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time (fs)

Good qualitative agreement between FEM and EPOCH/PIC methods
Quantitative difference:
the hydrodynamic model of the electron plasma (FEM) predicts a
sharper resonance than the kinetic model (EPOCH/PIC)

Csernai, L.P. [NAPLIFE] 41
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Figure 1: (color online) Cross section of the 25 nm (diameter) x 85 nm nanorod
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Theoretical analyzis of
Crater & Deuterium production
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With nanorods V grows non-
linearly. Increasing energy
deposition. Several types of targets
are considered: Aul and Au2 with
implanted nano-rod antennas, and
Au0 without implantation. The mass
concentrations of implanted particles
in UDMA are 0.126% and 0.182% for
targets Aul and Au2, respectively.

With nanorods, Au2, deposited
energy into the crater increases non-
linearly (!7?)

Origin of this extra energy (?)
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CRATER

In the case of the reaction (5), substituting
E, =20 MeV, E4 = 5.92 MeV (this value follows from
Eq. (9)), and using Eqgs. (34), (35), one gets the estimate

D d »

This value 1s still below experimental ratios for the Au2
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Theoretical studies in progress =>

Idea #3

We pursue kinetic model (EPOCH) studies in the same Calculational
Box, where the nano-rod antenna is surrounded be hydrogen target.

W assume that the hydrogen is relatively dense and ionized, in order to
study what effect will have the nano-rod antennas on the surrounding
protons.

Csernai, L.P. [NAPLIFE]
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BUT

Laser wake field acceleration mechanism =>

Proton

amplitudes
& speeds

are

e(t) & p(t)

smaller
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> IDEA # 3: New fusion mechanism

Traditionally (NIF) after ignition, DT burning is spreading by alpha particle
self heating. This turns out to be slower than expansion after extreme
compression and extreme pressure.

HINT:

Here after simultaneous (time-like) ignition attraction of large number of
electrons collectively accelerate protons, which can induce nuclear
reaction (e.g. transmutation).

We try to verify this mechanism and evaluate if the rate that can be achieved
this way is sufficient for massive energy production

Csernai, L.P. [NAPLIFE] 52



Thanks for your attention

Csernai, L.P. [NAPLIFE]

53



Csernai, L.P. [NAPLIFE]

o4



