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ACN (Application of Crystals and Nanotubes for acceleration or bending) 2020

CNT Accelerator - Path Toward TeV/m 
Acceleration: Dynamics of Plasmon-
Assisted Acceleration in CNTs

Young-Min Shin

10:20 AM, March 10 2020
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Content

1. Introduction
- Background/Crystal Acceleration – TeV/m Gradient

2. CNTs – How Does it Benefit Accelerations in a Dense Plasma Medium  
3. Conceptual Rationales

- Beam-Driven Acceleration
- Laser-Driven Acceleration

4. Prior Efforts to Prove the Concept (POC-Test)
- Test Facilities
- Experimental Layouts
- Sample Preparation
- Outcomes and Challenges

5. Takeaway and Outlook
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Size Does Matter! – Too Expensive and Too Big!

27 km, 6.5 TeV (13 

TeV total, 2015), $4.4B6.86 km up to 1 TeV: 

$ 120 – 150 M

Tevatron/Fermilab
LHC/CERN

ILC (0.5 TeV, $15 B)

FCC

100 TeV (80 – 100 km, $ ?? B)  

ILC

Livingstone Plot

- Practical Limit of Accelerator
Technology at the Energy Frontier:
 Significant increase of construction
and operation costs (Cost increase per
GeV CM by an order of magnitude for
last 40 Years): Strong Demand for New
Technology

CLIC

CLIC (3 TeV, $ 15 – 20 B)  
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Prospective Colliders for Future HEP Research

Ref.: V. Shiltsev, arXiv:1907.01545 

Circular Colliders (Due to 

Synchrotron Radiation)

e+e-: < 0.25 TeV

(Higgs Factor)

proton-proton: < 100 TeV

Linear Colliders (Due to 

beam-strahlung)

e+e-: < 3 TeV (IP) and 10 

TeV (focusing channel)

m+m- or pp Colliders 

within 10 km foot print

Only Option: Dense 

Plasma Acceleration
> 30 GeV/m
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 Gas-Phase Plasma

Plasma Wakefield Acceleration 
(T. Tajima, J. Dawson 1979)

Channeling Accelerating in “Crystals”??

1020 – 1023 cm-3
 1 ~ 30 TeV/m

Nuclear 

Lattices

• Ultra-High Gradient (TeV/m scale?) (Final Energy =
Gradient X Distance)

• Strong Focusing
• Beam Control (Bending, Collimation)
• “Inexpensive” Method:  Cost Effective,  Less #

of Stages for Re-focusing/Re-Phasing Single Stage

Plasma Acceleration in Solids?

BELLA (LBNL): 8 GeV over 20 cm

FACET (SLAC): 9 GeV over 1.3 m

AWAKE (CERN): 2 GeV over 10 m

Opportunity 

for Multi-TeV

Colliders

Drawbacks
a) Low Photon-Beam Power-Conversion Efficiency

b) Positron Accelerations

c) Staging Efficiency

d) Beam Emittance Control

e) Energy Spread (30 % for 10 TeV, 80% for 30 TeV)

Plasma Acceleration in Solids??
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np = 1022 cm-3

Beam-Driven Acceleration Laser-Driven (X-Ray) Acceleration

- T. Tajima, et. al., UCI- Y. M. Shin, et. al., NIU, Fermilab

Acceleration in Dense Plasma (Solid-Level)

ncr  ph
-2  Eph

2
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Acceleration in Solids (XRD Acceleration)

- XRD Acceleration Using Bormann 
Anomalous Transmission (BAT)

- Simulation Validation (BAT)

- T. Tajima, M. Cavenago, 
PRL 59, 1440
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Challenges on Acceleration in Solids

Challenges (V. Lebedev @ Fermilab)

Crystal Channels

Reduce Multiple-Scattering 

 Focusing (Channel) ~ 2  defocusing 

(Plasma Wave)

However,
Limited Focusing Area (Bubble Regime)

 Only Central Channels for Focusing 

(Wakefield Defocusing > Channel-Focusing)

Too Low Acceptance of the Channel: 4 orders 

of magnitude smaller than gas-plasma with the 

same electron density

(e.g. Single Channel: ~ 5 pm for 10 GeV 

Muons)

• For Positive Particles

a. Focusing around Crystal Plane/Axis  Greatly 

Increases Multiple Scattering 

b. Acceleration to high energy requires focusing in 

both “Transverse planes”  Axial Channeling must 

be used

• For Negative Particles

Electric field on distance 

between two crystal planes

Electric field with a Plasma  Wave in 

a Bubble Regime (Over 4 Planes)

Defocusing 

Strength

Defocusing 

Strength

a. Channeling may avoid nuclei-scattering, but still electron-scattering 

is present in the channel.

b. Acceleration Condition in Crystal-Channel, 

Channel Acceptance  Emittance Growth

(              ) (                )

Eacc/E0  10 (for m+) 

 Acceleration at the 

maximum possible 

rate is desirable

Bigger Size of Channel Structure
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Acceleration Condition vs. Channel Size

Fig. 2.  (a) Effective plasma density, (b) acceleration gradient, (c) dissociation 

time scale, and (d) dephasing length versus channel size (carbon-based).
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Nanostructures: Path Toward TeV/m Acceleration

Å ~ nm (> TeV/m)

Woodpile

Dielectric

CNT

Graphene

cm ~ meter (MeV/m)

mm ~ millimeter 
(MeV/m – GeV/m)

nm ~ mm
(GeV/m – TeV/m)

PBG

MM

Plasma

CNT-Accelerator
Stepping-Stone Toward 

Crystal-Accelerator 

(TeV/m) 
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Beam-Driven (Self-Driven) Acceleration Laser-Driven Acceleration

X. Zhang, D. Farinella, Y. M. Shin, P. Taborek, and T. 
Tajima, PRST-AB (2015)

Y. M. Shin, APL (2014)

Y. M. Shin, D. A. Still, V. Shiltsev, Phys. Plasmas 20, 
123106 (2013)

Acceleration in Nanotubes

w. Arrayed Holes

w/o Arrayed 

Holes (Uniform)
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Plasmon (Plasma-Osc.) Accelerations in CNTs

Ref.
Nature Photonics, 2015
Appl. Phys. Lett. 106, 182905 (2015)
RSC Advances Issue 42, 2016, Issue in Progress
Synthetic Metals Volume 103, Issues 1–3, June 
1999, 2555 – 2558
Optics Express 21, 022053
PRL 115, 173601 (2015) 
Physics Letters 87, 173102 (2005)
Nature Photonics 7, 550–554 (2013)

(Photo-Excited) Plasmons in a CNT (Luttinger-liquid: 1D Fermi-Liquid)

Phase-Matched Plasmon Acceleration (~ Plasma Acceleration in Linear Regime) in CNTs 

221  pg c 

Phase-Velocity Matching Condition
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Plasmon-Phasing Condition in CNTs 

𝜅 = 𝑘𝑟 + 𝑖𝑘𝑖

Dispersion/Absorption Relations (CNT-Bundle)

𝑘𝑟 𝜔 =
𝜔

𝑐

𝜀𝐿 −
𝜔′

𝑝
2

𝜔2 − Τ𝜔𝑝
2 2

𝜀𝐿 −
𝜔′

𝑝
2

𝜔2 − 𝜔𝑝
2

𝜀𝐿 − Τ𝜔′
𝑝
2 𝜔2 − 𝜔𝑝

2 𝑐𝑜𝑠2 𝜃 +
𝜔2

𝜔2 − Τ𝜔𝑝
2 2

𝑠𝑖𝑛2 𝜃

𝑘𝑖 𝜔

=
𝜔3𝜈𝜔′

𝑝
2

2𝑐2 𝜔2 − 𝜔𝑝
2 2

𝑘𝑟

𝜀𝐿 −
𝜔′

𝑝
2

𝜔2 − Τ𝜔𝑝
2 2

+ 𝜀𝐿 −
𝜔′

𝑝
2

𝜔2 − 𝜔𝑝
2

𝜔2 − 𝜔𝑝
2 2

𝜔2 − Τ𝜔𝑝
2 2

2

𝜀𝐿 −
𝜔′

𝑝
2

𝜔2 − 𝜔𝑝
2 𝑐𝑜𝑠2 𝜃 +

𝜔2 − 𝜔𝑝
2

𝜔2 − Τ𝜔𝑝
2 2

𝑠𝑖𝑛2 𝜃
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𝜀𝐿 −
𝜔′

𝑝
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𝜔2 − Τ𝜔𝑝
2 2

𝜀𝐿 −
𝜔′

𝑝
2

𝜔2 − 𝜔𝑝
2 + 𝑐𝑜𝑠2 𝜃 +

𝜔2 − 𝜔𝑝
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𝜔2 − Τ𝜔𝑝
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𝜔2 − 𝜔𝑝
2

𝜔2 − Τ𝜔𝑝
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𝑠𝑖𝑛2 𝜃
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CNT-Acceleration Parameters (e.g. Laser-Driven)

𝐸𝐿 = 𝐴0𝑒
− Τ𝑟2 4𝑟𝑠

2
𝑒−𝑖 𝜔𝑡−𝑘𝑧

b) Laser-Excited Electron Density in

CNT-Walls

𝑛𝑒 = 𝑍𝑛0 1 + 𝑎0𝑒
−
𝑟2

2𝑟𝑠
2

−2

𝑒𝑖 𝜅𝑧−𝜔𝑙𝑎𝑠𝑒𝑟𝑡

where 𝑎0 =
𝑒𝐴0 𝑐𝑜𝑠 𝜃 ⋅ 𝑠

𝑚 𝜔𝑙𝑎𝑠𝑒𝑟
2 − Τ𝜔𝑝

2 2 𝑟𝑐

𝑊𝑧 =
𝑍𝑛0𝑒

2𝜀0
𝑎0𝑟𝑐𝑒

−
𝑟2

2𝑟𝑠
2 1 − 𝑒−𝑘𝑖𝑧

𝑘𝑖
𝑠𝑖𝑛 𝜃𝐶𝑁𝑇

a) Laser-Driver (Gaussian)

c) Energy gain of Accelerated Ions

(a) Normalized electron plasma density and (b) electric field amplitudes (Ex: red, Ez: blue) 

versus distance (z) graphs.

Acceleration field (<Ez>max) versus distance (z) graphs with respect to (a)

incident angle (in) and energy gain (Wz) versus incident angle (in) over

CNT-implanted target (z = 100 µm) with respect to laser power (Plaser)
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Fermilab FAST Injector Beamline

Prior Efforts on POC Experiment (Case-1)

: Test Facility 
Parameter Nom. Value Unit

Energy 50 MeV

Bunch Charge (Q)  3.2 nC

Bunch Length  300 mm

Trans. Emittance 2.11Q0.69 mm-mrad

Long. Emittance 30.05Q0.84 mm-mrad

Peak Current 3 kA

Beamline Parameters
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Ref: Y. M. Shin, A. H. Lumpkin, and R. M. Thurman-Keup, NIMB (2015)

• Direct Energy-Shift Measurement

Prior Efforts on POC Experiment (Case-1)

: Test Scheme
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Prior Efforts on POC Experiment (Case-1)

: Modeling Analysis of Energy Gain
a) Beam Simulation of Fast Injector Beamline (50 MeV) b) Chicane-Model with a Slit-Mask

c) Gain Analysis (Effective Plasma Models with Imported Bunch Profile)

A. w/o a Target B. with a Target
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Prior Efforts on POC Experiment (Case-1)

: Test-Setup (Incomplete)

Slit-Mask
Planned, but 

not installed

X110 X115 X124
H

V

H

V

H

V

X110

X115

X124
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Ref: Zhiyuan Zhu, Dezhang Zhu, Rongrong Lu, Zijian Xu, Wei Zhang, Huihao Xia, “The experimental progress in studying of channeling of charged particles along

nanostructure”, International Conference on Charged and Neutral Particles Channeling Phenomena, Proc. of SPIE Vol. 5974 (SPIE, Bellingham, WA, 2005)

Prior Efforts on POC Experiment (Case-1)

: Sample Preparation

Current intensity distributions as a function of incident angle of 2MeV 4He+ beam for (L) CNT and 

(R) AAO (inset: CNTs grown by CVD in AAO) (Courtesy of Zhiyuan Zhu [1])

AAO-CNT Target

Unfortunately, this sample never

had a chance to be installed/tested

since Fermilab did not fully

approve a beamtime and

installation resources for the

experiment.
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Prior Efforts on POC Experiment (Case-2)

: Test Scheme
Time-Resolved 

Electron Diffraction 

Conceptual drawing of

laser-pumped crystal on the

diffraction imaging process

(Elaser < Photoionization

Threshold)

Plasmon Excitation

Crystal/CNT
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Prior Efforts on POC Experiment (Case-2)

: Test Scheme
Pump (Laser) – Probe (Electron) Diffraction Imaging
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Energy-Dependent Diffraction Plots 

(Analytic Solution)
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Prior Efforts on POC Experiment (Case-2)

: Test Facility

ALCOL @ NIU

The RF-gun was set

up and running, but

the laser system was

not fully installed and

engaged in the

experiment. NIU

decided to

recommission the lab

for other purposes

before starting the

experiment.
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Any Better Places for POC Experiment?

Parameter FAST CLEAR CLARA LCLS FACET ASTA FLASH ELI-NP

Energy [MeV] 50 - 300 60 - 220 250 3500 –
16500

20000 3.68 0.35 -
1250

80 – 720 

Bunch Charge (Q) 
[nC]

 3.2 0.01 - 05 0.25 0.125 1.6 –
3.2 

60fC - 0.025 –
0.4

Bunch Length 
[mm]

 300 100 - 1200 - 550 30 -500 102 [fs] - -

Emittance [mm-
mrad]

1.6 – 3.4 3 - 20 < 1 0.37 – 0.45 - 0.018 1.4 -

Peak Current [kA] 3 0.125 –
1.5

1 - 3 - - 1 – 2.5 -

(uncorr.) Energy 
Spread

 1 % < 0.2 % 0.01 –
0.06

0.1 - 0.066 0.04 –
143

0.04 –
0.1
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Takeaway and Outlook

1. Future Energy Frontier HEP Needs a Ground-Breaking Idea
CNT Accelerator: Stepping Stone Toward Crystal Acceleration ( TeV/m)
- Conceptually Sound and Feasible, but
- Not Experimentally Demonstrated Yet
 1st Effort to Implement the POC-Test in Fermilab Ended Up Being Unsuccessful
 HEP Community Still Conservative, Not Ready for Paradigm Change
 OTOH, Continuously Explore Practical Ways To Overcome Technical Challenges

2. Where Do We Go from Here?
- Search for a Facility and Supports to Continuously Voyage on the POC-Test    
 Vision: Detect a Clue of Acceleration (Energy-Gain) in a Solid Target (CNT)
 Coherent, Multilateral, and Multidisciplinary Collaboration?
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Backup Slides
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Any Better Places for POC Experiment?

The Beam Line (CLEAR @ CERN)
The CLEAR facility is hosted by the CLEX 

experimental area at CERN - building 2010. The 

CLEAR Beam Line is built on the basis 

of CALIFES, previously used at CTF3 as Probe 

Beam injector for testing the CLIC Two Beam 

Acceleration concept.

On the spectrometer at the end of the CALIFES 

injector is placed the VESPER (see its official web 

page): a test stand for irradiation studies.

The layout of the linear accelerator and VESPER 

is as follows:

https://maps.cern.ch/mapsearch/mapcernlite.htm?no=2010
http://accelconf.web.cern.ch/AccelConf/LINAC2014/papers/mopp030.pdf
http://clic-study.web.cern.ch/content/ctf3-0
http://clic-study.web.cern.ch/
http://vesper.web.cern.ch/
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Any Better Places for POC Experiment?

CLARA @ Daresbury
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Any Better Places for POC Experiment?

LCLS @ SLAC
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Any Better Places for POC Experiment?

FACET @ SLAC
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Any Better Places for POC Experiment?

ASTA @ SLAC
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Any Better Places for POC Experiment?

FLASH @ DESY
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Any Better Places for POC Experiment?

ELI-NP @ Romania

Figure 1: ELI-NP Gamma Beam System (GBS) layout: a SPARC-

like S-band high brightness injector [2] followed by two C-band

RF linacs (low and high energy) that trough the relative transfer

lines provide the electron beam to the Low and High Energy

Interaction Points (LE IP and HE IP) respectively [1].
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CNT-Acceleration (e.g. X-Ray Diffraction)

R = 3.6 A

R = 18 A

Crystal (Silicon) CNT
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Thin Film Compression (TFC) 

into a Single-Cycled Laser Pulse

I=1023 W/cm2

a0 =103

X-ray laser pulse = 1zs

Zeptosecond laser pulses

(N. Naumova, I. Sokolov, G. 

Mourou) 

Relativistic Compression 

Naumova, et al. 

(2004)  Proton energies with varying σ/a0 (the normalized 

thickness σ divided by the normalized vector potential a0

ELI-NP (Laser-Driven Acceleration)

CNT-Acceleration (e.g. X-Ray Diffraction)
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Prior Efforts on POC Experiment (Case-2)

: Test Scheme
Time-Resolved Electron Diffraction 

Temporal energy profile of prospective diffraction patterns of photo-excited crystal phases (t1: condensed matter, t2: hollow

atom solid, t3: warm dense matter, t4: plasma)


