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High Density. Regime of LWFA




Theory of wakefield : scaling laws
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LWFA: Conventional Underdense vs
Near Critical Density
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Intensity scan to a, < 1 regime
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Density scan: Near Critical Density (in low intensity)

Barraza, Tajima, Strickland, Roa (Photonics, 2022)
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Figure 3. Energy distributions, maximum kinetic energies, and laser to total particle energy effi-

ciency with respect to plasma density for BWA simulations after 1 ps using gaussian lasers with
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New Materials and Laser in High Density
LWFA




Carbon nanotubes on a substrate:
- toward Carbon Nanoforest (instead of plasma w/vacuum)




Laser Wakefield Acceleration near critical density

Near critical density ~ n,= 10%! /cc Excitation of electron acceleration possible with / ~ 101*W / cm3

Coupling gets stronger near n,= 10%! /cc
<overlap of plasma waves with different v,

< curved laser w (k), varied v,

gaseous plasma -2 solid nanotube

NO vacuum necessary!

Dispersion Relation: FFT(Log,,E)

* High Harmonic Generation

» Short Wavelength and Low Phase Velocity Electrostatic Waves allow for more efficient
particle acceleration
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Simulated cases of High Density L\WFA
with fiber laser (I ~ 1014 W/cm? )

Electron Acceleration vs a, and

Pulse Width at low Intensities
I=4x101 W/cm?
— PW =3 ps
Pump Intensity | Pulse Width | Time for keV Lo) t=10ps
2 : @ 3 )
(W/cm (ps) energies (ps) 2 . : o= 0,005
4x10 3 NA o 107+ I=17x10"W/cm?
7 x 1013 2 3 E f PW=2ps
— -2 ] ol t=3ps
1.4 x 101 1 3 S 1072 |
=] 1 ay = 0.007
 Electron Energy has is not strongly I 10_3; 1=10"W/cm?
correlated to intensity = f PW=1ps
. . 10 -4 _: t=3 pPs
* Instead electron energy is more a function 3
of total laser energy deposited onto target 5 1051
« For simulation of a,=0.004 and 3 ps £ ey p 5
pulsewidth, strong plasma waves were still & 10 10® 10° 10° 10-° 10" 10

developing after 10 ps simulation time. Energy (eV)

—
= — 28 U c University of
e California, Irvine




Target Foil Simulations in time:
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Four-Wave Raman Cascade Excite Low Phase Velocity

~ 10 W/cm?, n, = 0.9 n.p4;
Lasers: FFT(log1o(E3)) Plasmon: FFT(log0(E%))
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Free-Space Laser vs. Fiber Laser

oo ‘]”
-

CPA laser A= S Sy
(invented by Strickland / Mourou) 8 3

Fiber laser
(currently we collaborate with
Donna’s fiber laser lab)
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Fiber laser technology

Application Average Power | Pulse Width Peak Power Spatial Mode Focused Intensity

Metal cutting (heat) 1to 100 kW Continous same as average MM 10’ W/cm2 (Cw)
Semiconductor Processing 10 to 1000 W 1to 100 ns MW (10° W) MM/SM 10°W/cm” (peak)

Glass cutting (cold ablation) >10W <0.5ps Hundreds of MW SM 10° W/cm’ (peak)

Portable LWFA (>10 keV »

eletrons) (> 1to10W <1ps > GW (10° W) SM >10"W/cm? (peak) &<

MM: multi-mode (spatial) SM: single mode
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Multimode
pump input

hollow fiber laser

Under the collaboration with
Dr. Donna Strickland on going

(Dr. W. J. Sha)

CAN fiber lasers
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Micrometric. LWFA and
its Application to'Endoscopic Therapy




Conventional electron accelerator (and X-ray)
fOr Thera py < 5-10m (next room) =

Electron energies by accelerator: 6-20MeV

- X-rays

(UE‘!J eA)

LWFA could provide high dose “FLASH” therapy

Furthermore, much tinier with fiber

L.,~1cm/10MeV > 10 micron / 10keV
A N

Body penetration Cancer cell size




Current radiotherapy applications (from skin, vagina, uterine, breast,

etc.)

(5)1aea Vaginal Cylinder Treatment planning

Example: VagCyl.@30mm,VL=10cm TL=35cm, 2.5 mm step-size

DosePoints  Dwells
2.5mm step-size Active Dwell
ApexDP [%] Pos tme(s]
Omm Smm 1 1420
35449 10132 2 1460
3 1492
Lateral DP [%] 4 1491
Omm Smm 5 1495
143,98 9266 6 1455
161,30 101,82 7 14N
168,74 105,76 8 148
166,88 104,04 9 1562
147,87 94,40 10 1619
1 1706
12 1768
13 1808

TRAK=0.23 coy@tm  $202,58

| Vaginal Length: ~9 cm

Inactive ® ® Active source pos.
» » Lat. dose points on applicator surface : 158% +11% Apex surface : 355%

@ @ Lat. dose points in 5 mm tissue depth : 100% +6% Apex5mm :101%

Coourmesy of Oiarel Besger , Md s Uriwarsty o
e

- Much smaller, endoscopic in ours (Prof. D. Roa)



In situ / endoscopic fiber delivery of electron
radiotherapy of cancer (Roa et al, 2022)

< 10 micron -
Lens
!/\\
-l } Nano-material Electron Target
\/ target ocam
Fiber Compressed
Optic Laser Pulse
Channel

Fiber laser drives in situ nanotube target
in front of cancer cells

- Compactification, accurate (no collateral damage), and cheap
(vacuum can be avoided)



Cost estimate comparison with Brachy therapies

\Z

$100K - $300K $700K - $900K $700K - $900K
I B
None ~$10K every 4-6 months ~130K every 60 months

Downtime due to Source None 1-2 days 1-2 days

Replacement

(Prof. D. Roa, preliminary estimate)



Vector nanomedicine with high-Z metal
to target cancer cells for electron radiotherapy

High-Z attached to the vector:
stop electrons

Nanoparticle vector:
delivered to cancer cell

Nanomolecular vector medicine (after Prof. F. Tamanoi, 2022)



Recent Simulations and
a Proof-of-principle Experiment




Proof-of-principle experiment of High Density regime LWFA

Experiment at KPSI, Japan (Sept-Oct., 2022) (Mori et al.)
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Py/mc

Simulation: density dependence

Under Dense
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Density Profile in the mm cavity : the channel
with near critical density path
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P,/mc

Nne, = 0.9 n ¢ (simulation of KPS| expt)
ap,=04,1,, =40 fs

Time: 6.00e-13 s

2.5 :
1020_E

1019_;

Particle Count

1018

1017_;

el . . . _5 10-1 10° 10! 102 103 104 10°
MM

—-0.5

(Roughly agreeing with the observed electron energies at KPS| up to 100keV)

(E. Barraza)




Conclusions
LWFA acceleration to near the critical density
Coupling strongest near the critical density
Short pulse = longer pulsed, beat wave
Micrometer acceleration, to~10keV electrons
Fiber laser possible: intensity ~ 104 W[cm2
At the tip of endoscope "

Inside of the patient, look and shoot ’
no need for vacuum (e.g. carbon nanotube)
proof-of-principle experiment




