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Motivation 

§  Conventional RF accelerator technology limited to ~ 100 MV/m 

§  In principle, density of gaseous plasma is limited to below ~ 1024 m-3, which 
corresponds to wakefields up to ~ 100 GV/m 

§  An alternative to pursue larger plasma density is to use solid state based 
plasma, such as metallic crystals or CNT 

§  Density of conduction electrons in solids:  1024 m-3 < ne < 1030 m-3 

§  In recent years, CNT structures have attracted new attention as an 
alternative way to generate ultra-high acceleration gradients > 100 GV/m  
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Context 

§  Earlier work 
–  X-ray LWFA in crystals 
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An ultimate linac structure is realized by an appropriate crystal lattice (superlattice) that serves as a
"soft" irised waveguide for x rays. High-energy (=40 keV) x rays are injected into the crystal at the
Bragg angle to cause Bormann anomalous transmission, yielding slow-wave accelerating fields. Particles
(e.g. , muons) are channeled along the crystal axis.

PACS numbers: 52.75.Di, 41.80.—y, 61.80.Mk

An approach to the attainment of ever higher energies
by extrapolating the linac to higher accelerating fields,
higher frequencies, and finer structures is prompted by
several considerations, including the luminosity require-
ment which demands the radius of the colliding-beam
spot be proportionately small at high energies: ao

't hc(fA') 'I Pe, where f, Ã, P, and e are the
duty cycle, total number of events, beam power, and
beam energy, respectively. This approach, however, en-
counters a physical barrier when the photon energy be-
comes of the order htu=hco~=mc a =30 eV (a=the
fine-structure constant), corresponding to wavelength
(scale length) ) =500 A: The metallic wall begins to ab-
sorb the photon strongly, where co~ is the plasma fre-
quency corresponding to the crystal electron density. In
addition, since the wall becomes not perfectly conducting
for hey ~ mc e, the longitudinal component of fields
becomes small and the photon goes almost straight into
the wall (a soft-wall regime). As the photon energy Aco
much exceeds mc a and becomes ~ mc a, however, the
metal now ceases to be opaque. The mean free path of
the photon is given by Bethe-Bloch theory as I; =(3/2 tr)
xaa a 'n '(hco/Z, trR) I, where aa is the Bohr ra-
dius, n the electron density, Z, fI the eAective charge of
the lattice ion, and 8' the Rydberg energy.
In the present concept the photon energy is taken at

the hard x-ray range of Ace=me a and the linac struc-
ture is replaced by a crystal structure, e.g. , silicon or
GaAs-AlAs. (A similar bold endeavor was apparently
undertaken by Hofstadter already in 1968. ') Here the
crystal axis provides the channel through which accel-
erated particles propagate with minimum scattering
(channeling ) and the x rays are transmitted via the
Bormann effect (anomalous transmission ' ) when the x
rays (wavelength k) are injected in the xz plane with a
polarization in their plane into a crystal at the Bragg an-
gle Og,

X/2b =sinOa,

to/(k, +k, ) =c, (2)

where co and k, are the light frequency and longitudinal
wave number.
The energy loss of moving particles in matter is due to

ionization, bremsstrahlung, and nuclear collisions. We
can show that a channeled high-energy particle moving
fast in the z direction oscillates in the xy plane according
to the Hamiltonian

H = (p +py ) + V(x,y ),1 (3)
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FIG. l. Bormann anomalous transmission. When the x rays
are injected at the Bragg angle, the Bormann eAect takes
place. Particle beams are injected along the crystal axis.

where b is the transverse lattice constant and later a the
longitudinal lattice constant (a=b) (see Fig. 1). The
row of lattice ions (perhaps with inner-shell electrons)
constitutes the "waveguide" wall for x rays, while they
also act as periodic irises to generate slow waves. A su-
perlattice such as Ge,Sit,S, (in which the relative
concentration c ranges from 0 to 1 over 100 A or longer
in the longitudinal z direction) brings in an additional
freedom in the crystal structure and provides a small
Brillouin wave number k, =2tr/s with s being the period-
icity length. We demand that the x-ray light in the crys-
tal channel walls becomes a slow wave and satisfies the
high-energy acceleration condition
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•  Accelerating fields ~1-100 TV/m 
 
•  Channelled particles confined to the rows of atoms by electric fields of the order of 10 -100 GV/m 
 
•  Crystals excited by TW or PW fs lasers  
 
•  Crystal have been used in accelerators as collimators and bending elements 
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Context 

§  Earlier work 
–  Wakefield acceleration in porous nanomaterials 
 
–  Advantages of CNT w.r.t. natural crystals: 

•  Higher acceptance: CNT channel size ~(1-100) nm; 
channel size for Si crystal ~ Å 

•  Lower dechanneliing rate 
•  Lower stopping power 
•  Significantly higher thermal and mechanical 

robustness: suitable for channeling acceleration of  
MW  beams 

•  Great degree of dimensional flexibility 
 

–  Wakefield drivers: 
•  Beam  
•  High power laser 

&&&Wakefield&accelera3on&in&porous&nanomaterials&

Carbon%nanotube%with%
ParEcle%beam%/%X\ray%pulse%

Porous%nanomaterial%

CollaboraEon%(2015)%with%Fermilab%/%NIU%
%%%%%%%%%%%%%%%%%%%%Y.%Shin%et%al.%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

Porous alumina 

CNT array 
Michael De Volder et al., 
Uni. of Cambridge 
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State-of-the-art 
§  Earlier experimental proposals  

beam-driven plasma simulator combined with the beamline
simulations. For the simulations, the ASTA 50 MeV beamline from
the chicane (BC1) to the imaging station (X124) was modeled with
CST and Elegant (Fig. 3(a)). The two beam profiles of the bunches
with and without the modulation (modulation wavelength = kmb),
which is generated by the slit-mask in the bunch compressor
(BC1), are monitored at the goniometer position. The beam profiles
are then manually imported to the effective CNT model [32]. A
typical simulation result (Fig. 3(b)) showed that a 1 nC bunch
(uncorrelated energy spread = ! 0.01–0.015%, kmb = 100 lm) is
self-accelerated with a net energy gain (!0.2%) on the tail
(witness) and an energy loss (!0.6%) on the head (drive) along
the 100 lm long channel with the nominal beam parameters.
Our preliminary assessment with the full beamline model predicts
that the ASTA 50 MeV beam can produce !1–2% of maximum net
gain with 3.2 nC bunch charge and 100 lm transverse beam size
(circular beam, Fig. 3(c)), corresponding to 5–10 GV/m gradient.

For the simulations, the bunch charge density is about a thousand
times smaller than (weak beam-plasma coupling condition).
However, detecting the amount of energy gain by the proposed
experiment will support feasibility of TeV/m acceleration in CNT
channels.

Generally, density modulations enhance energy efficiencies or
power gains of coherent light sources or beam-driven accelerators.
A beam, if longitudinally modulated, is more strongly coupled with
accelerating or undulating structures at a resonance condition with
the fundamental or higher order modes. Pre-bunched or modu-
lated beams would improve the longitudinal beam control in
energy-phase space and furthermore strongly enhance wakefield
strengths or transformer ratio of beam-driven channeling accelera-
tions. The modulated beam either maximizes the wakefield
strength (when it is bunched with a plasma wavelength of an
accelerating medium) or significantly increases the transformer
ratio proportionally to the number of micro-bunches (R = M"R0,

Fig. 5. (a) ASTA 50 MeV beamline configuration and (b) schematics for energy and emittance measurements of CNT-channeling experiment (dotted green box in (a)). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

98 Y.M. Shin et al. / Nuclear Instruments and Methods in Physics Research B 355 (2015) 94–100

ASTA 50 MeV beamline @ Fermilab 

Y. M. Shin et al.   
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                                                                FIG. 1 (Y. M. SHIN)                      

               

                                                              FIG. 2 (Y. M. SHIN)               

                

                                                                FIG. 3 (Y. M. SHIN) 

 

                                                                FIG. 4 (Y. M. SHIN) 

§  Coherent X-ray radiation from 
photo-excited CNT  

  
 

Y. M. Shin, NIM B 335 (2015) 94 
Y. M. Shin, NIM B 407 (2017) 276 
Y. M. Shin, Phys. of Plasmas 24 (2017) 023115 
X. Zhang et al., PRST-AB 19 (2016) 101004 
 

§  LWA in a single CNT channel 
simulations 

 

FIG. 2. The base case wakefield excitation with x-ray laser in a tube, in comparison with a wakefield in a uniform system.
Distributions of (a) and (b) the laser field EzðV=mÞ, (c) and (d) electron density neðm−3Þ, (e) and (f) longitudinal wakefield ExðV=mÞ
including the Ex lineout at y ¼ 0 axis (the position of dot line), and (g) and (h) transverse wakefield EyðV=mÞ including the Ey lineout at
x ¼ 8.24 × 10−7 m axis (the position of dot line) in terms of (a), (c), (e), and (g) tube and (b), (d), (f), and (h) uniform density cases
driven by the x-ray pulse.

FIG. 3. Evolution of the maximum longitudinal wakefield ExðV=mÞ and the laser field EzðV=mÞ as the function of propagation
distance xðmÞ for both nanotube (red dotted line) and uniform plasma (black dotted line) cases with the same conditions as Fig. 2.

XIAOMEI ZHANG et al. PHYS. REV. ACCEL. BEAMS 19, 101004 (2016)

101004-4



Javier Resta López, IPAC18 

CNT array simulations 

§  Multi-hollow plasma model of a CNT array using the PIC code EPOCH, 
alternating hollow channels and plasma walls inside a vacuum chamber 

Assuming:  
Hollow radius:  20 nm 
Wall thickness: 40 nm 
Wall plasma density: ne=1025 m-3 

Driving e- beam parameters: 
Energy 200 MeV

Energy spread 1%

Bunch population 5⇥ 10

6

rms radius 168(0.1c/!p) nm

rms length 840(0.5c/!p) nm

peak density 10

25
m

�3
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Longitudinal wakefield 

§  For beam density nb= ne  

Plasma electron density perturbation   Longitudinal electric field 

Ez ⇡ 40 GV/m
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Longitudinal wakefield 

§  For beam density nb= 0.1 ne  

Ez ⇡ 3 GV/m
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Longitudinal electric field Plasma electron density perturbation   
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Acc. gradient scaling 

§  Accelerating gradient vs driving bunch density 

When nb ≈ 2.5 ne  the beam plasma interaction transfers from the linear to the 
nonlinear regime  

Wave-breaking limit:  

Ez = mec!p ' 305 GV/m
<latexit sha1_base64="HH1Pk93Es0DCBUgenB/YFrse3ic="></latexit><latexit sha1_base64="HH1Pk93Es0DCBUgenB/YFrse3ic="></latexit><latexit sha1_base64="HH1Pk93Es0DCBUgenB/YFrse3ic="></latexit><latexit sha1_base64="HH1Pk93Es0DCBUgenB/YFrse3ic="></latexit>

For ne = 10

25
m

�3
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!p =
p

e2ne/(me✏0)

' 1.8⇥ 1014 s�1
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reached when nb ⇡ 10ne
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CNT array vs uniform plasma 

§  Transverse phase space   
–  For nb= ne: 

 
–  CNTs can efficiently cool the transverse phase space of channelled beam particles in a 

similar way to natural crystals  
 
–  Focusing and collimation by transverse fields generated from the oscillating surface plasmon  

 

Uniform plasma CNT array 



Javier Resta López, IPAC18 

CNT array vs uniform plasma 

§  Longitudinal wakefield  
–  For nb= ne: 

 
–  We pursue larger plasma density (e.g. solid state plasma) to get larger acc. gradient. 

However the driving particles will get detrimental scattering in a solid uniform plasma  
 
–  CNT array can also provide a large acc. field meanwhile reducing the transverse momenta of 

the channelled beams 
   

Uniform plasma CNT array 
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Experimental facilities 

§  Where a proof-of-concept might be performed 
 

Parameter CLEAR (CERN) CLARA (DL) ASTA (FNAL) 

Energy  200 MeV 250 MeV [5, 50] MeV 
Energy spread  < ±2% ±1% ~ ±0.01% 
Trans. norm. emittance 
(rms) 

< 20 mm-mrad ≤ 1 mm-mrad [0.1, 100) mm-mrad  

Bunch length (rms) < 0.75 ps 0.1-0.25 ps (short 
pulse) 

~[0.0001, 0.1] ps 

Bunch charge 0.6 nC 0.1-0.25 nC  ~[0.02,  20] nC 

Bunch spacing  0.667 ns -- < 10 ns to 10 s 

Nb. of bunches 1-32-226 1 3000 

Repetition rate [0.8, 5] Hz 10 Hz [0.1, 5] Hz 
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Experimental layout 

§  Design based on CLEAR beamline: 

Magnetic chicane 
 

RF deflector 
for crabbing 

Beam current monitor Beam position monitor Beam profile monitor 

Short and long bunches 
(100fs up to 200ps) 

Plasma etched CNT  structure 

Spectrometer 

Goniometer  

Imaging station  Modulation of bunch length 
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Energy gain 

§  For example, if CLEAR or CLARA beam parameters pushed to match a 
beam density nb ~ 0.001 ne:  

 
–  Accelerating field: 
–  Assuming 1 mm length CNT array:  
–  Energy gain: 

–  Spectrometer resolution of                    will be required 
 
–  For example, a magnetic spectrometer with energy  
     resolution                              , such as the ILC-type  
     spectrometer for beam energy calibration 
     V. Duginov et al., DESY Report, LC-DET-2004-031 
 

 
Spectrometer 

Ez ⇡ 40 MV/m
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�W ⇡ 40 keV
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Thermo-mechanical robustness 

§  Thermal conductivity of CNTs is about 20 times higher than that of natural 
crystals (e.g. silicon) and the melting point of a freestanding single-tip CNT 
is ~ 3000-4000 K 

§  High mechanical strength, tensile strength >100 GPa (100 x Stainless-steel) 

Geant4 model 

CNT array 
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Thermo-mechanical robustness 
§  Model in GEANT4 and ANSYS: assuming a CLARA-type driving beam 

Deposited 
energy 
in tubes 

Heating Mechanical stress 

�T
max

⇡ 273.17 K
<latexit sha1_base64="VRRH/UYlR1r+nW2i3d95HWDfCeY="></latexit><latexit sha1_base64="VRRH/UYlR1r+nW2i3d95HWDfCeY="></latexit><latexit sha1_base64="VRRH/UYlR1r+nW2i3d95HWDfCeY="></latexit><latexit sha1_base64="VRRH/UYlR1r+nW2i3d95HWDfCeY="></latexit>

Maximum structural deformation ~ 10 fm  
 

Structure resilience:   
Restoring force acts faster than repetition rate 
 
 
  

Tube radius – 50 nm 
Wall thickness – 5 nm  
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Summary 

§  The use of solid nano-structures may open new possibilities to obtain high particle 
acceleration gradients beyond those provided by standard RF 

§  Simulations based on a 2D multi-hollow plasma 

§  Assuming plasma wakefield excited by a driving bunch, preliminary results show the 
possibility of obtaining longitudinal electric accelerating gradients > 10 GV/m  

§  Channelling and efficient cooling of transverse phase space  
 
§  New test beam facilities, such as CLEAR and CLARA might offer the opportunity to 

carry out  proof-of-concept tests of CNT based wakefield acceleration  

§  CNT structures open up exciting new avenues for compact particle acceleration and 
radiation sources  
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