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Table of contents
1. Background
          Fusion reactor: the goal is getting closer     (see my lecture notes of PHY249 
“Physics of Fusion reactors”  (April-June, 2024):      
                                      https://faculty.sites.uci.edu/tajima/teaching/

          Now we need to consider: walls
2. Challenges of first wall
          Fusion makes plasma hot à radiation such as X-rays (EM waves)
          Fusion could make neutrons à neutrons are hard 
                [we wish to avoid fuels that produce a lot of neutrons (s.a. DT  à  pB11)]
3. Our choice of wall materials
         low Z materials ß high Z materials absorb radiation and melt away

  carbon in particular CNT, graphene
4. LWFA with CNT
5. LWFA with fiber laser
6. LWFA applied to endoscope (LWFA without vacuum)

https://faculty.sites.uci.edu/tajima/teaching/
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Philosophy of Prof. Rostoker

   “End in Mind”
From the purpose (end) we strategize

         Even if DT fusion is easiest, DT reaction à neutrons

         p + B11   à 3 alphas (no neutrons)
                       à mainly EM radiations



        Fast path to fusion reactors：Rostoker’s philosophy
１. Fusion driven by accelerator beams

[←instead of superhigh temperature heating of plasma]
           If beam employed, it can be OK even for fuel that need 30times more temperatures for aneutronic 
fuel (pB11)    How can beams accelerated high energy ions?

２.  Beam ring stable FRC, feedback AI controlled. Ring of beams : stable and controllable

３.   Most fusion power in X-rays directly converted into electricity,
                                                                 only ~0.1% in neutrons
４.   Superconductors: outermost layer (after small amount neutrons stopped)   

FRC concept



Norman Rostoker’s legacy and realization: 
FRC fusion plasma research machine called 

“Norman”

ß at the 4th floor lobby of 
UCI Physics Department



First Experiment of p11B Fusion (2022)

Beams accelerated protons high energies
• Large number of pulses (~1000) averaged 

together for pulse shape discrimination

• Gives energy resolution of detector,             𝜎 = 0.43 
MeV



• Statistics (as of 04/13/2023):

• 17,000 views

• 99th percentile for online attention in all journals 
tracked by Altmetric 

• 38 news articles (including Science, Phys Org, 
Physics World) in multiple languages

Results Published in Nature Communications



Characteristics of aneutronic fusion reactor
→ energy transfer by photons
direct energy conversion of photons

Charged particles: confined by strong magnetic field
Neutrals: need to stop around the first wall
Neutrons: shielded by a layer of water
Photons: It is necessary to transport to the energy 

converter with high transmittance with 
minimizing damage to the first wall.

He0: Go through, thus little chance for brittling

He 0

Materials	 Neutron	damage	
[dpa/yr]	

Neutron	ac7va7on	
[Bq/cm3]	 Corrosion	 Physical	

proper7es	

Stainless	Steel	304	 1	 2.0124	1011	 53	µm/yr		 Hardness	=140	kg/mm2	

Mel;ng	point=1400	C	

Inconel	601	 0.9	 5.2081	1010	 >	34	µm/yr		 77	kg/mm2		
1400	C	

Hastelloy-N	 1.2	
	 1.6824	1011	 8	µm/yr		

Corr.	aHacks	Cr		
60	kg/mm2		
1320	C	

Carbon	composites	
	

0.12	
Maintained	structural	
integrity	up	to	32	dpa	

	

1.1959	109	 Extremely	low	–	nm/yr?		 2600	kg/mm2		
2700	C	

Graphite	(reactor	grade	
graphite)	

0.0013	 1.6358	103	 No	aNack	by	salt	
2.5	years	of	opera;on	

Low	<	40	kg/mm2		
3600	C	

Diamond	
Very	low	(for	detectors)	
No	data	for	wall,	but	
should	be	even	beHer!	

Only	fast	neutrons,	in	
reac;on		

n+12C->alpha+9Be	
Extremely	chemical	inert	 see		diamond	slide		

Dimond	:chemical	stability,	low	neutron	ac7va7on	and	low	neutron	damage:		Graphite	:	many	good	proper7es	

Relative 
resilience of 

carbon 
materials

T. Tajima and T. Massard, Bio-inspired materials for the energy challenge of the Century, https://hal.science/hal-04213307

Severity of 
radiation on 

metals

Concept/steps:
1. Xe (or other noble) gas cell irradiation
2. Auger electron emissions
3. Energy extraction of Auger electron
4. Electricity conversion system (e.g. diode system)
5. Carbon negative reactor (w/ proper first wall material)

Example/options of first-
wall material

https://hal.science/hal-04213307


Fusion reactor needs CNT, graphene
                    for wall and energy conversion                                            
                   
                            CNT by Nawah



Increasing interests
 such as in Optics &Photonics News

        (p. 28, Jan, 2025)   à 

Our Visions on
   CNT x Photons

e.g. 1  CNT 
                photons
        directly converted
      à electric current

e.g.2  CNT 
       à electron accelerator
                 by laser
             (LWFA @ ~ ncr  )



Laser Wakefield (LWFA):  photon-driven force in plasma

Multiple of waves at vph ＜cNo wave breaks and wake peaks at vph ≈c

← relativity
       regularizes
(relativistic coherence)

Wake phase velocity vph  >> water movement speed                Tsunami phase velocity vph becomes ~0,  
     maintains coherent and smooth structure causes easier trapping and acceleration of more #

Tajima-Dawson field E = mωpc /e  (~ GeV/cm) 

Strong beam (of laser / particles) drives plasma waves to saturation amplitude:  E = mωvph /e 

vs

a0 ~ 10 >> 1 (relativistic wave) 
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Exploration of Transition to a0  < 1 regime
and near-critical density ne ~ ncr

à
à

à

ne ~ ncr

vgr (group velocity of photon) = vph (phase velocity of  plasma wave)
                                                     << c
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LWFA electron radiotherapy Flash (VHEE) : Realized
                                                        [based on the usual LWFA] 

(2021)



Simulation study:  low intensity laser near critical density
                                     

Barraza, Tajima, Strickland, Roa (Photonics, 2022)
à



First Experimental Realization of
LWFA in nonrelativistic regime in microcavity (2024)

I~ 1016 W/cm^2

(most efficient acceleration by LWFA happens near critical density)



CNT: compact accelerators (for the future)
Fiber delivery for LWFA at tip of endoscope

Roa, Kuo, Moyses, Taborek, Tajima, Mourou, and Tamanoi, Photonics 
9,403(2022)           https://doi.org/10.3390/photonics9060403

Flexible	
Light	Pipe

Pick CNT diameter 
→ Critical density 1021/cm3 
    (1 μm laser) 
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Fiber Laser



Free-Space Laser vs. Fiber Laser

Page 17

CPA laser
(LWFA stimulated CPA)

Fiber lasers
(See Dr. W. Sha’s talk on Aug. 5, 2024)

(CAN fiber laser;
       Prof. Chanteloup, Aug. 5, 2024)



Cost estimate comparison with Brachy therapies

LWFA – HDR Iridium-192–HDR Cobalt-60–HDR 

Purchase Estimate $100K - $300K $700K - $900K $700K - $900K

Room Shielding None $200K - $500K $200K - $500K

Source Replacement None ~$10K every 4-6 months ~130K every 60 months

Downtime due to Source 
Replacement

None 1-2 days 1-2 days

(Prof. D. Roa, preliminary estimate, 2022)
à



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

Nanomolecular vector medicine used for Auger electrons (after Prof. F. Tamanoi, Tajima, et al., 2022)

High-Z attached to the vector:
       stop electrons
Nanoparticle vector:
       delivered to cancer cell
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70th Birthday

1. Laser wakefield: robust structure and strong compact acceleration

2. LWFA found in Universe and applied to FEL, Fusion, FLASH Therapy, etc.

3. Near critical density (e.g. nanotube material) à  low phase velocity LWFA

4. Micron-scale low energy electrons (> 10keV, < MeV),  with fiber laser    
         
5.   Endoscopic (through fiber) delivery of electrons for radiotherapy                      
                                                                  ß replacing Brachy therapy

Summary of the second part



World Scientific
World Scientific
www.worldscientific.com
11742 hc

ISBN 978-981-121-712-8

Recent advancements in generation of intense 
X-ray laser ultrashort pulses open opportunities 
for particle acceleration in solid-state plasmas. 
Wakefield acceleration in crystals or carbon 
nanotubes shows promise of unmatched ultra-high 
accelerating gradients and possibility to shape the 
future of high energy physics colliders. This book 
summarizes the discussions of the “Workshop on 
Beam Acceleration in Crystals and Nanostructures” 
(Fermilab, June 24–25 , 2019), presents next steps in 
theory and modeling and outlines major physics and 
technology challenges toward proof-of-principle 
demonstration experiments.

BEAM ACCELERATION 
IN CRYSTALS AND 
NANOSTRUCTURES 

Edited by

Swapan Chattopadhyay • Gérard Mourou
Vladimir D. Shiltsev • Toshiki Tajima

BEAM
 ACCELERATION IN 

CRYSTALS AND NANOSTRUCTURES 
Chattopadhyay •  M

ourou 
Shiltsev • Tajim

a

Book published (2020)

Thank you very much!
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Thank you


