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1. Introduction

* The current state-of-the-art of the RF techniques for particle acceleration is limited to gradients on the order
of 100 MV/m

* To obtain higher energies, we can increase the length of the accelerators... or use new techniques of
acceleration with higher gradients

Plasma Laser
wave pulse

Acceleration Ponderomotive

3 7 field Force ‘
' v a - R
_ Dielectric laser — driven Plasma / Laser wakefield
cavities acceleration (DLA acceleration (PWFA / LWFA acceleration
Normal /
Based on superconducting Quartz / silicon structure Gaseous plasma Crystals, nano-channels, CNTs
cavities
~100 MV/m ~10 GV/m ~100 GV/m ~1—100 TV/m (prediction)
electric field
-m Surface breakdown Damage threshold Wave breaking Wave breaking




Unperturbed
plasma

1. Introduction el =
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* Plasma-based accelerators > GeV/cm accelerating gradients (wakefield
amplitude increases with plasma density):

MeCW
=P ~ 964/ny[cm3]

/== -

* Density of charge carriers in solids & 4-5 orders of magnitude higher Tfﬂﬂﬁgfbé
Driving probe

than those in a gaseous plasma bunch

Leading
bunch

a(\

* Solid-based acceleration media, such as crystals or nanostructures,
could enable ultra-high gradients, on the order of E;~ 1-10 TV/m

* If compared to natural crystals, 2D carbon-based structures could help _
achieving more realistic regimes: Multi-Walled carbon

. . T . NanoTube (MWNT)
* larger dimensional flexibility / thermomechanical strength

* transverse acceptances of up to ~100 nm (3 orders of magnitude higher
than a typical silicon channel)

* lower dechanneling rate

v

e 2D carbon-based materials (graphene, CNT) are good candidates to be

used as ultra-compact accelerating structures Single-Walled NanoTube .
(SWNT)



1. Introduction

 Plasmonic acceleration

e Excitation of surface plasmonic modes by laser (laser-driven) or charged particle beam
(beam-driven)

Collective motion of wall electrons acting like a structured plasma

* To properly excite wakefields laser or beam driving parameters need to be in the time and
space scale of the plasmon wave

(@ (b)
Metallic medium T — mode
E ! e ! ---! m I-"'_/_i._:_;}".\ ,-"(4:.?_%} \ l,-/:\.. -_?_::';;"._‘
E 'h__ ey Ll N S L
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DIeIeCtrIC d /\ /\ /\ /\ -i- ._"TEStE'bEEm qﬂ,r :—E-: - T T e e e
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»_drive beam ; / -..";-_-x A N ey
\ & &/ \e ® &\ & f
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‘ " " ‘ Y\ \&Y \@

_ Plasmonic acceleration | RF cavities |
Aperture size ~nm — um ~Ccm
Length ~mm ~10cm — m

Longitudinal electric field ~100 GV/m ~100 MV/m

Travelling wave (TW) Standing Wave (SW) or TW

TM wave




1. Introduction

* Main objectives

* | do not study

* Analysis of the excited surface plasmonic modes by a charged particle
* Optimization of the parameters of the system to obtain the highest longitudinal wakefield
e Comparison with PIC codes (in progress)

My study

e Acceleration of the withess beam

x 107
(b) 10
» 5
5§ \ ‘
) i | S ) »
s 0] o & 1 L
5§ / -
-5
'19é0 -1'5 10 5 6 ny/ng It has to be studied with PIC simulations
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2. Linearized hydrodynamic model i
x®'y'2 -------------- n O-ZZ-v
» Electronic excitation on the j-th wall (linear perturbations):
(1) the continuity equation
anj(r-, t)

a ’ t . , : .
ot + Vj ' [(Tl()] /v{;) (r , t)] "y (l‘ ) + anvj X u]-(l‘-, t) —0 n;(xy, t): perturbed surface density

u;(rj, t): velocity of the plasma

(i) the momentum-balance (MB) equation

0 19 1) =, 0(0,0) ~ -5,y 50) + 2 55 1, )] =y )

ot
~ (
/ Acoustlc modes Quantum Correctlon Frlctlonal force
1/2
¢ = q{‘ aj = vg;/2, With vg; = (2mno;) pP=7
D t) = Q 2 n]( We have to obtain u; and n; from (i) and (ii):
o6, 0) = Dipa(r,£) = Z a2y j and 1 from |
0 r 2N coupled partial differential egs

Driving charge Perturbed densities _ _
Atomic units ared used thorought 7



2. Linearized hydrodynamic model 0

* Approximations:

- Linear approximation: we retain first order terms in u; and n;
Non-relativistic
B-fields are neglected

Electrons are constrained to the walls and quasi-free (possible
Improvement: restoring frequency) BACKUP SLIDES

lon motion is neglected
The driver moves at constant velocity



2. Linearized hydrodynamic model

* Using the linearized continuity eq., the MB eq. can be expressed in terms of n;:

0° d
(0152 TV ot ) n;(rj, t) = Mo V; CID(r,t) ](r't) "‘IBVZ[ fnj(r-,t)]
nz(l‘l t)
CD —_
(I' t) |r —r0| ZJ I' _rll
* To solve it: Fourier transform: ¢t - w,1; — K| A(r;, t)~ﬁjA(k",w)e“'(wt—k"'m d2k;dw

S, (ky, w)7i; (K, @) — z Gy (k)7 (ky, ) = B; (g, @) % Q

—

l
Sl—_GG11 S__Gl(;z :glN (K, w) B, (ky, w) M#n =B
521 2 E 22 2N 5 = ; det(M) = 0ify; = 0 gives

— Gy —Gyaz - Sy _ Gy iy (K, w) By(ky, @)/ the dispersion relations w(ky)

‘ Obtain 7i; (K, w) ‘ n;(xj, t), or better ®(ky, w) ‘ ®(rj, t) and wakefields



3. Carbon nanotubes

* Fourier definition: ry = (o, @o, Vt)

A((;O z. f) — Z / (Zﬂ-)z/ rkz+rm¢9 IwIA(m k (U')

* Using the relation:

! S = dk ik(z—2")+im(o—¢') . (,. - -
= S 5° r.r;m,k ’ ,; k) =4 Im k min Km k max
e =] m:z_m/_m 2n)? glrorimk) g {rorfimk) = 4l (klrain) Ko (1l )
t)
Q _ ZJ 2 n](r
D, (r,t) = r— Dina(r, t) = d?r r—r
(f*o(r, m,k,w)=2x0g (r, rosm, k) o(w — kv)exp (—im(po) ‘f)ind (r.m,k,w) = — Z g (r, a;;m, k) ajﬁj(m, k,m)
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3. Carbon nanotubes

* Matrix equation: ro = (o, @0, vt) 15 = (aj, 9, 2)

02 9
(atz AREFY )"J( ,t) = 1o V; @(1;,t) — o Vim; (1, ) + BV [Vimy (1, t)]

2 2
0 m () oc 10
d - ima—ico . = — 2 2_
A((p z, f)— Z / (2;1-)2/ @ k +ime rA(m k,(l)) J (I)(r]'t) |r]__r0| Zfd rlll"j*l"ll v] - aZZ + 2 agoz

SJ,- (m, k,(u)ﬁj(m, k.w)— Z Gﬂ(m, k)i (m, k, w) = B;(m, k.w)
/

2
S.(m.k,w) = o(w+ i K24 24 i "kv
J,-(m, _.w)—w(cu+:};.)—afj + ? - p + — | - n]-(m, , W)

a.

| U
Gﬂ(m,k)=n01a;( m_) aj,a; m, k)

2 ~ ~
a; ;g (rom k,w) = Z g T, a;;m, k a-nj(m,k,w)

Bj(m,k,w}z (k2 m—z)(f* (a m, k. cu)
J

11




3. Carbon nanotubes

Longitudinal Transverse

0.5

r (nm)

-0.5

-1

0 1 i i 3
-50 -40 -30 -20 -10 0 W. (GV/m) -50 -40 -30 -20 -10 0 W, (GV/m)
¢ (nm) ¢ (nm)

Figure 6. Induced (a) longitudinal and (b) transverse wakefield in the r(-plane for
a proton travelling on axis (rg = 0) at v = 0.06¢ along a DWCNT whose radii are
a; = 1nm and ap = 2nm. The surface density is ng; = n, and the friction parameter
is v = 10_39, where 2 = (/4mng/a1. Black horizontal lines indicate the nanotube

walls.
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A(p, z.t) = Z pikz+imp— I(UIA(m k.w)
3. Carbon nanotubes m——oo/ (23’”2/ 2

e Using that Re[&)] is an even function in k and Im[&)] odd function, the wakefields
are given by:

Longitudinal T/, 4 (r, 0, () = d(l)md =

di{' !r{' c 1nd(?1:« m, k* k?")} blll(olfC)

m=—0oo

+1m [(I)ind(ra m, k* ,lc-y)j| C()S(kc)) = I;]['flr“"’R'e + LLJ;»II’H:

Comoving coordinate: { = z — vt

+o0
Transverse Wina(r, @, C) = = Z el / dk Re [d Dinq (r,m, K, ko )} cos(k()

—Im [&@ind (r,m, k, k?})] sin(kC )) = Wy Re + Wi m,

13



3. Carbon nanotubes

Behind the driver:
Wz,Re ~ Wz,Im

Wr,Re ~ r,Im

(a)

W, (GV/m)

0.5

-0.5

-1.5

Longitudinal
W, (total) ———Wosm
............. W, Re W im ('T —* ﬂ+]

)

-50

w a0 20
¢ (nm)

Figure 4. (a) Longitudinal wakefield contributions induced on axis (r = 0) and (b)
transverse wakefield contributions induced at r = a1/2 for a proton moving on axis
(ro = 0) at v = 0.06¢ along a DWCNT with radii a; = 1 nm and ay = 2nm. The surface
density is ng; = n, and the friction parameter is v = 107%€, where Q = \/47n,/a;.
The red curves depict the approximation for v — 0%: Eqgs. (19)-(20). Note that the

-10

(b)

W, (GV/m)

o Transverse
. —W,(tuta]} —— Weim
o3L L Wr.R.e Wr,lm('T = U+}
02+t
01r
D L
0.1 A/
-0.2
-0.3 L L 1
-50 -40 =30 =20 -10
¢ (nm)

driving proton is located at the comoving coordinate ¢ = 0,
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3. Carbon nanotubes

Mn = E, ﬂjjj = Sj - ij: ﬂ"j-ij — _Gij (? # ])
ﬁ — M—lﬁ‘
MM - N(m, k,w)
M1 = (ild]((MM))) n(m, k,w) = O(w — ko)
et

det(M)

where

N(m,k,w)=AB', B'(m.,k)é(w— kv) = B(m,k,w),
and A is the classical adjoint matrix of M, A = Adj(M), which satisfies

The determinant can be expressed i |n terms of the dispersion relations if y = y;:

det(M) HD (m,k,w), Dj(m, k,w)=wlw+ 1y —wf(m,ﬁ:)

15



3. Carbon nanotubes

+0o

Ify - 0*: Wot(re.0) = > szmm ki 3C); (19)

TH=——0C

+oo

II{’rr'r..lru(r: ¥, C) - Z ”n"’ Z ‘H{T 1, ‘3111 T”- IC) (20)

M=—0c

N -1
7 IIE:'r.'r.i,. ] aZm,"
LLZJ”-J' = (2,#;2 ( H [Zfra,f(krr'z,j: km.,,f U)] ok . )
I=11% o ke (21)
N
X Zg (T @y, k‘m J) (IENE( km,; km.lj'v)s
=1
N -1
. 1 (?Zm
.M’rr','m,j - 2 ( H [Zm,.i(km,j i, g U )] J )
=11+ k=ky, j (22)

X Z 8rg (T_._ ap; m, km_.j) (lng(?ﬁ-._. k'm_.j:' k‘m,j'v):
=1

where the quantity Z,,, ;(k) = Re[D;(m, k, kv)] = (kv)*—w?(m, k) is introduced, and k,, ;
are the positive root of Z,, ;(k), i.e. the criterion for plasma resonance k,, juv = w;(m, k).
In general, two positive resonances k,,; may exist and their contribution should be
summed in Eqs. (19) and (20). However, the contribution from the resonance with
a larger value of k is totally negligible (see Appendix). For this reason, for practical
purposes, in Egs. (19)-(22), k,,; refer to the smallest positive root.

———
2

Plasmon energy: hiw (eV)

Compare with waveguides

ma
n

— P
N =

—
=]

| ——N=2|]
—N=3
| = = = - 0.06ck
_D y I’ 1 1 I’
0 0.1 0.2 0.3 0.4 0.5

k(A
If the driver travels on-axis, m=0 is the only
mode that contributes
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3. Carbon nanotubes

-40

Transverse

Longitudinal

; ! T N ; i , -4
0

-30 -20 -10 0 W. (GV/m) -50 40 -30 20 -10 0 W, (GV/m)

¢ (nm) ¢ (nm)

Figure 7. Induced (a) longitudinal and (b) transverse wakefield in the r(-plane for
a proton travelling on axis (ro = 0) at v = 0.06¢ along a TWCNT whose radii are
a; = 1nm, a; = 2nm and a3z = 3nm. The surface density is ng; = n, and the friction
parameter is v = 1073, where Q = /4mn,/a;. Black horizontal lines indicate the
nanotube walls.
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3. Carbon nanotubes

T TWCNT
Longitudinal Transverse
2 : . . 0.4 : . .
W, (total) —— Wom (b) W, (total) —mm Wy
1.5+ e W Re Ws.lm('?' - U+) 1 03F /T WeRe —— Wiim (’7 —* 0+j
1 x ; ] 0.2}
0.5 4 ;f " 1= Q\ A
AV ‘ = 0.1 A A A
0r L A '.._‘w‘.. E I |: A i ) N 1 A FyF ,_==-1
=0, = : .’ - b k- ' - . ] v V - i : ‘,
\
v L
al -0.1 \! v v
1.5} 4 0.2
-2 : ' ' : -0.3 | : : '
-50 -40 -30 -20 -10 0 -50 -40 -30 -20 -10 0
¢ (nm) ¢ (nm)

Figure 5. (a) Longitudinal wakefield contributions induced on axis (r = 0) and (b)
transverse wakefield contributions induced at r = a; /2 for a proton moving on axis
(ro = 0) at v = 0.06¢ along a TWCNT whose radii are a; = 1nm, a; = 2nm and
az = 3nm. The surface density is ng; = ny and the friction parameter is v = 1073,

where 2 = y/4mn,/a;. The red curves depict the approximation for v — 0T: Egs.
(19)-(20).

=

Plasmon energy: fw (eV)

]
[42]

]
(=]

—
(4]
T

—_
=
T

4]
I

Two resonant frequencies
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3. Carbon nanotubes

Perturbed densities
q1 (103 DWCNT xm-a’ TWCNT
T T T 2 T T T T
(a n1/mng (b)
............. nzf{nu 1+5 |
05} AT A Ry A A . N f 1
‘ 05
0r 0 -
ot ¥ 05
0.5 1 At
15}
-1 1 1 1 2 1 | 1 1
-50 -40 -30 20 -10 0 50 -40 -30 -20 -10 0
¢ (nm) ¢ (nm)

Figure 8. Perturbed densities produced by a proton travelling on axis (rg = 0) at
v = 0.06c along a (a) DWCNT whose radii are a; = lnm, as = 2nm and (b) a
TWCNT whose radii are a; = 1nm, a2 = 2nm and a3 = 3nm. The surface density is
no; = ng and the friction parameter is v = 107392, where Q = Varng/a,.
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o o
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0.2

3. Carbon nanotubes

Excited modes

—SWCNT (N = 1)
——DWCNT (N = 2), |[W. g,

_ --=-=-DWCNT (N = 2), W, 2| |
— TWCNT (N = 3), |W, 4]
N TWCNT (N = 3), |W. 02|
- ——-TWCNT (N = 3),|W. 03|

0 0.1 0.15 0.2 0.25
v/e

(b) °

25

—SWCNT (N = 1), ko,
—DWCNT (N = 2), ko,
-.==.DWCNT (N = 2), kug 1
—TWCNT (N = 3), k
~=—-TWCNT (N = 3), ko
- ——.TWCNT (N = 3), ku,:i 1

—N =1,k
N =2,k
N =2, kg
—N=3,ku|1
N =8,k
--—-N=3,kpa

0.1 0.15 0.2 0.25 0.3

Figure 9. (a) Amplitudes W, of the modes m = 0 and (b) corresponding resonant
wavenumbers ko as a function of the velocity for different configurations: SWCNT
with a; = 1nm, DWCNT with a; = 1 nm, a; = 2nm, and TWCNT with a; = 1nm,
ay = 2nm, az = 3nm. The following parameters are used: ng; = ny, and r = ro = 0.
In (b) it is included a zoomed-in view for small values of k.
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3. Carbon nanotubes

Stopping power: S = —Qﬂf’z,indlr:m = _QWZJH".«:I-G - Sum of amplitudes of the modesify — 0

(a)

1.2

e (b;' .| —y =0t |

—— =y =0.010 ----y=0.010

TWCNT ey = 0.1 | ! AWCNT S——— 5 Ty
............. v =0.30 08 ! ey = 0,360

0.1 : : : . 0.1 0.2

vfc u/e

Figure 14. Stopping power for different damping parameters ({2 = '\/W ) for
(a) a TWCNT with a; = 1nm, as = 2nm and a3 = 3nm, and (b) a MWCNT with
N = 4 walls with ay = Inm, a; = 2nm, a3 = 3nm and ay = 4nm. The following
parameters are used: ng; = ny and r = rg = 0.
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3. Carbon nanotubes

Optimization of a SWCNT

1.5 T T '
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z,0,1
(=
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o
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o
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\ _ _
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———ny=n /2, v=0.10c
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9

\ ———.n.=2n_,v=0.10¢c ||
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nD:ng, v=0.15c

n0=2ng, v=0.15c |

0

0.01

004 005 0.06 0.07 008
al
)"p

0.02 0.03

Figure 8. (a) Amplitude of W, as a function of the radius a for different values of 119 and v (1, = 1.53 x 10* m™? is the
electron-gas density of a graphite sheet). (b) Amplitude of W, (normalized to the maximum of figure (a)) as a function of a/A,.

Plasma frequency (2D): Q, = /4mtny/a
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3. Carbon nanotubes

Optimization of a SWCNT

0.12 T T T T 1[}14 T T 1
ng=n, /10 (a) (b) ng=ny/10 |
01T ”u-:g : 1072 "4
n.=10n -
0 g L ———-n, ’H:inEI |
k.
008+ 1 — 101%f \\ ) ) 1
« = S Increase with density
(3] \ \ - I
& 0.06 - \>., ] ™ ]
:-':D' ' - 10°F \\_, - . 1
L =) T~ - SR
[\f ] ., 3
0.04 § 10°f 1
. ""———-___,!
0.02 - 104k
— j
El 1 1 1 1 102 1 1 1 ] ]
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
vic vic

Figure 9. (a) Optunum radius and (b) maxumum longitudinal waketield associated as a function of v for different surface
densities (1, = 1.53 x 10°® m™? is the electron-gas density of a graphite sheet).

b
no jl[lm m 2]

dopy NM|~156.55 B, =v/c

Conclusion: Higher wakefields can be excited from non-relativistic drivers, but they require CNT radius in the
order of nm. For ultra-relativistic drivers, optimum CNT radius ~ 100 nm: better for beam acceptance.



3. Carbon nanotubes

How can you increase the density? Use MWCNTs with closer walls

5 T T T T 025 0 T T T T 2 5
(a] — W, {a; = 0.5 nm) --——|W.]| (a; =1 nm) b O? ky (a; = 0.5 nm) -—-—- ky (a; =1 nm) ’ ' i |£i_,.,| =1 mln‘.
— W | (@, =05 nm) -——- |W_| (a1 = 1 nm) ( ] i!‘,‘ ky (ap =05 nm) -——- ky (ap =1 nm) N (C} ———-|W;'| ﬁrl 5 nm)
4k -——|Wf|{a; =075 nm) © SWCNT, np=2n,| | 02t \ ‘:\ -==-ky (@ =075 nm) ©o SWOCNT, ny=2n,]|| ——— |W| (d = 10 nm)
—=— W, | (ap =075 nm) x SWCNT,a=a ' Vil———-k; (a1 =0.75nm) X SWCNT,a=a 2r y ‘\ — — —-SWCNT: a = aj, ng = 2n, | ]
E3f 015 ] e
> , =
Q ﬁ"“'ﬂ--—»__‘.._____.______.__________‘%' i
= 2r 01r . =
1r 0.05F :
0 0 1 L 1 * * I :
0 20 40 60 80 100
0 0 2 4 . 6 8 10 a; (nm)
as (nm) as (nm)

Fig. 8. (a) Amplitudes W* and (b) resonant wavenumbers k; as a function of the external radius a, for different a,. The parameters used are: v = 0.05¢ and r = ry = 0. The results
are compared with the case of a SWCNT with a = a; and ny = 2n, (circles) and a SWCNT with a = a, and n, = n, (crosses) (Eq. (15) in [60]).

Conclusion: A MWCNT with N walls with small inter-wall distance compared to the inner
radius can be approximated as a SWCNT with n, = Nn,
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3. Carbon nanotubes

For this reason, carbon nanostructures with a central aperture are being studying

(a) (b)

Porous hole Bundle

(C) Bundle or porous hole

.“.
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. *e® 4 |
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0 04 0.8 -10-05 0 05 10
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=1.09 e Porous
20 22 24 26
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https://arxiv.org/pdf/2502.08498
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3. Carbon nanotubes (comparison with PIC simulations)

* The longitudinal wakefield excited by a driver moving on-axis if y —
0% is given by:

W, = W% cos(ko{)

f 1 -1
07,
W, = —4Qk8W)Io(|ko|7”)Q;29a2K(%(|k0|a) Ik
75=20 k=kg
\_
x N\ x’:\



3. Carbon nanotubes (comparison with PIC simulations)

* The Fourier—Bessel Particle-in-Cell (FBPIC) code is used to perform the simulations using a cylindrical CNT
hollow plasma channel model employing 2D radial grids.

* This code is based on a collisionless fluid model which does not take into account the solid-state
properties related to the ionic lattice.

* We define a hollow plasma channel model with inner radius r;, and wall thickness w; with a volumetric
density ny = 1028 m=3 of free electrons within this region.

* We will consider a bi-Gaussian beam driver, with g; = 0, = 3.33 nm, and charge @}, = -44 fC travelling on-
axis. The beam energy follows a Gaussian distribution (mean: 1 GeV, standard deviation: 0.005 GeV).

27



3. Carbon nanotubes (comparison with PIC simulations)

* To relate the surface density of the LHM and the volumetric
density of PIC simulations, we will assume that the number of no =
free electrons within the cylindrical surface of radius a = 1y, is 2%in
equal to the number of free electrons in the wall thickness wy.

250

0
kad (zrin + wt)

200 1

2, = Z<is the plasma wavelength, where

w
p
w, = +/e?ny/gym, is the plasma frequency.

50 r

01 015 02 025 03 035 04 045 05

r. /)
in""'p

Good qualitative agreement; quantitatively improves if w; is smaller. -



3. Carbon nanotubes (comparison with PIC simulations)

* The comparison is better if we consider an effective density to Ny Wy
take into account that not all free electrons of the wall thickness | 1o = « (27in +Wy)
. : . 27in
excite the wakefield effectively.
k€ (0,1]
250 |
wt=0.10)\p, x=0.80
—wt=0.15)\p, x=0.52
200 | _ _ . .
i =020, 1=0.36 Ay = 2™ is the plasma wavelength, where
- w,=0.25) , £=0.28 wp
S 150 w030\, #=023 | w, =\ e2ny /eym, is the plasma frequency.
O
EEN 100 X’:‘
|
y
50 Wt z
0 : : ~
0.1 015 02 025 03 035 04 045 0.5 - haY
rin//\p
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3. Carbon nanotubes (comparison with PIC simulations)

: : . . ff
* Alternatively, we can consider an effective wall thickness wfff nyw; off
np = (2rin + w;)
Zf’ln
250 wfff < w
V= w,=0.10, wfﬁ=0.085>\p
200 k ——W=0.15 wfﬁ=0.092>\p |
S w=0.20 wfﬁ=0.097>\p
e w=0.25) , w?=0.101 Ao
< 150 _ eff_ T
5 ——w,=0.30) , w; ﬁ—0.103)\p
5 _ 2mc
g;N 100 Ay = o Is the plasma wavelength, where
- w, = +/e?ny/gym, is the plasma frequency.
50 [
0

0.2

0.25

03 035 04 045 05
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3. Carbon nanotubes (comparison with PIC simulations)

» Effective parameters. As it is expected, kK decreases and Wteff increases with the

wall thickness.
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3. Carbon nanotubes (comparison with PIC simulations)

The discrepancies obtained between the linearized hydrodynamic
model and the PIC simulations can be explained due to the

differences between both approximations, such as: _m PIC

e The solid-state properties cannot be taken into account in PIC Solid-state effects YES NO
codes, whereas these properties may be modelled with the (a, B,7)
parameters a, 5, and v in the linearized hydrodynamic model

. . _ . Region with free 2D 3D
* We are comparing a 3D region with free electrons in PIC S EEERS (cylindrical)

simulations with a 2D cylindrical surface in the linearized
hydrodynamic model Movement of 2D 3D

: . . NT icl lindrical
e The electrons and carbon ions comprising the CNT can move in i pardelzs | leinelres)

3D in PIC simulations, whereas they are assumed to be confined

over the surface in the linearized hydrodynamic model Driver interaction NO YES

. . : : . . (constant v)
e The driver interacts with the surrounding medium (losing

energy) in PIC codes, whereas in the linearized hydrodynamic Driver beam size  point-like  bi-Gaussian
model we assume a constant velocity

e The size of the driver beam in the PIC simulations is not a point-
like charge as assumed in the linearized hydrodynamic model
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4. Graphene layers

Y2

I'p = (xOJyO'vt) I‘j = (X,y]',Z)
* Fourier definition: R = (x,z) — k = (ky.k>)
1

AR Y. = s

f Ak, y, w)e (@R R) 21 d e,

* Using the relation:

1 1 eik(R_R’)e_kly_yll
[

Dy(r,t) =

(27)?Q6(w -k - v)

~k|y-vo
e
k

Do (k, y, w) =

33



A (a)

4. Graphene layers 3

Ip = (xOryOfvt) I‘j — (X,yj,Z)
* Matrix equation:

02 9
<6t2 AREFY )"J( ,t) = 1o V; @(1;,t) — o Vim; (1, ) + BV [Vimy (1, t)]

, 0% 07
AR, y,t) = (2:1T)3 /ﬁ(k,y,w)e:(mtk.a)dzkdw T Vi= 92 + 922
R = (x,2) = k = (ky,k2) S}(k, m)ﬁ}(k, (U) — Z Gﬂ(k)ﬁl(k, (,LJ) = B] (k, C{))
l
Si(k,w) = w(w +iy) — ak® - Bk,
Gii(k) = zﬂ”qke—kly;—y;t ni(R,y,t) = PISE f f Re[nj(k,y, k U)E‘Ik ] cos (kyx)dk,dk,,

Bj(k, w) = —nok’ @y (K, yj, )

®ing (R, 1, 1) = f f Re[®ng (K, v, kz0)e™ ¢ ] cos (kyx)dkydk:

34
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4. Graphene layers (comparison with CNTs)

7
,,,,,,,,, GQ-—»{(QZ
\N

ro = (T, o, vt)  1; = (@), ¢, 2)

Al@, z,1) = Z / R / dw olkz+ime— “UIA(H’L!C,(U}

o = (X0, Yo, Vt) T; = (%,Y),2)

f Ak, y, w)e (@R 325y,

AR,y b) = (2103

SJ,-(m, k., )i ;(m, k,w)— Z Gﬂ(m, k) (m, k,w) = B;(m, k,w)
/

2
2 2
SJ,-(m,k,(u):(u((u+f};.)—afj(k2+%)—ﬁ<k2+?—2) .
' J
Gy (m. k) = noq (k +—> a ca;im. k)

B;(m, k., )= —n (k2 m—z)cﬁ (a mk, ) .
J

Sj(k, w)itj(k,w) — > Gy(k)fiy(k, w) = Bj(k, w)
[

Si(k,w) = w(w +1iy) - a;k2 — Bk,
Gﬂ(k) = ZHque_klyf_y'll,
B;(k, w) = —ngk*® (k, yj, w)
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4. Graphene layers (comparison with CNTs)

* Geometry.
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4. Graphene layers (comparison with CNTs)

* Dispersion relation

(a) 25 ’
S 20f
3
= o
i 15 o
20
- 10F " ——CNT: a=1nm (m = 0)
E --—-CNT: a=1nm (m = 1)
Z I ~-=-CNT: a =1 nm (m = 2)
o > Bi-layer: 4, = —y; = —1 nm
--—-kv (v =0.05¢)
0 1 I L 1
0 0.1 0.2 0.3 0.4 0.5
k(A

Figure 4.

Plasmon dispersion relations cwy, (k) for different modes m for a CNT with (a)a =

(b) 25

Plasmon energy: hw (eV)

e}
o

—
on
T

—
o

(&3

"""" ——CNT: a =2 nm (m = 0)
--—-CNT:a=2nm (m=1)
~==-CNT: @ = 2 nm (m = 2)
Bi-layer: y» = —y; = —2 nm
--—-kv (v = 0.05¢)
0 0.1 0.2 0.3 0.4 0.5
k(A
Tnmmand (b)a = 2nm.

The resonances ky, are the intersection of a kv line (plotted for v = 0.05¢) with the dispersion curves wy, (k). For
comparison, we include the dispersion relations for two graphene layers separated a distance 2a.
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4. Graphene layers (comparison with CNTs) Foe |

° Wakefields Longitudinal Transverse

1
:

Graphene

-1 = - = -2

1 _2 1 1 n
-20 15 -10 -5 0o W.(GV/m) 20 .15 -10 -5 0 W, (GV/m)

¢ (nm) ¢ (nm)

Figure 5.

Induced wakefields (a) W, and (b) W, in the y{-plane for a proton traveling on the z-axis with a velocity

v = 0.05c within a CNT with radiusa = 1nm. In (c) and (d) we consider two graphene layers located at
Y2 = —y; = a. In both cases, the friction parameter is y = 1073 a.u. ~ 4.13 x 1013 s~1. The wakefield W, is zero
in the y{ -plane. The proton is indicated with a black point and the graphene layer with a black line.
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4. Graphene layers (comparison with CNTs) Q~ ------ Y
° Wakefields ’Longi‘tudi’nal r B Tar'15vrs'e
CNT
Graphene
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4. Graphene layers (comparison with CNTs)

* Perturbed density

x107
(b) 10 p e
N 5
SRS N Decay due
£ of ; ):). o -tospreadin
) ) the plane
—CNT || o N -
- -—-Bi-layer i
-2 : : - - -10° | ' :
20 15 <10 5 0 5 20 15 10 -5 0 ™m/m
¢ (nm) ¢ (nm)
Figure 7.
(a) Normalized perturbed density ny [ng for a proton traveling on the z-axis with a velocity v = 0.05c within a
CNT with radius a = 1nm and two graphene layers located at yo = —1y1 = a. In (b) we show the perturbed

density in the layer plane, i.e. at y1 = —a. Due to symmetry, the perturbed density in both layers is identical.
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4. Graphene layers (comparison with CNTs) & -------- -

* Wakefield along z-axis

) - [/,\\f\" . ’\,l \)\
L Nm s \,, }\ A P e \:\\ - YAPTAAN
g /‘2 ! \\\\, /j}\; ’,/ \\\\\\-/I ,’;\\\\/ 3\:\\\\”/;’_’4___,_’ :f\—: ::.(’:1:4. e ‘\\:’ ;‘,r\// )(\\,’ ,".H-J A :‘:\}f‘;
i M - / -
2 [—v=004c —v=0.06c —v=010c |  “2[/----v=0.04c ----v = 0.06c ----v = 0.10c|" 2 —m=n/2—mg=ny—mo=2n,] | 2 |---mo=ny/2 - mg=mng--ng=2my| |
20 15 -10 5 0 5 20 15 10 5 0 5 -20 -15 -10 -5 0 5 -20 -15 -10 -5 0 5]
¢ (um) ¢ (nm) ¢ (nm) ¢ (nm)
() Figure 8.
Longitudinal wakefield W- along the z-axis for a proton traveling on the z-axis for different (a)-(b) velocities v,
5t (c)-(d) CNT radii a or separation between layers 2a and (e)-(f) surface density ny. In all cases, unless otherwise
, indicated in the corresponding legend, the following parameters are used: v = 0.05¢,a = 1nm, ny = fg, Solid
— B ! \\l lines indicate the CNT case (left column) and dashed lines the bi-layer configuration (right column).
= - <N Y 1
o TN v =Nk k Fay
— = = [N [
Same qualitative behavior.
S i . .
In general, wakefields are lower in graphene
|———-a,= 0.5nm ----¢=1nm----a=2nm
-20 =15 -10 -5 0 5
¢ (nm)
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4. Graphene layers (comparison with CNTs) ( ______ ( 5

 Maximum wakefield along z-axis and stopping power

@) 1 (b) 1
8t —ny =ny/2 —ny =ng/2
— Ny =Ty — Ny =Ny
. —mngy = 2ny 0.8 —mny = 2n,
H6r .
> E 0.6
2 %
g 47 o
& S 0.4
21 0.2 N
0 ~eoolllzzzs-zsooooiZIziizas 0 - \ S t-----IllIiizzzzzzozi:)
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
v/e v/e
Figure 9. Figure 10. ) ) ) . )
(a) Maximum longitudinal wakefield W™ and (b) stopping power as a function of the driving velocity for (f{) Maximum longitudinal wakeﬁq!d W™ and (b) stopping power as_aﬁ_mctmn of the driving Uelocztyfqr
different values of a. Solid lines indicate the CNT case and dashed lines the bi-layer configuration. different values of the surface density ng fora = 1nm. Solid lines indicate the CNT case and dashed lines the

bi-layer configuration.

Same qualitative behavior. In general, wakefields are lower in graphene
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4. Graphene layers (comparison with CNTs)

 Maximum wakefield along z-axis and stopping power

(a) 102 ¢ R ———————— (b) 10%
[ —v = 0.05¢ | b
—uv = 0.10¢|]
100 Fremrmm s N [ v =015¢)  40F
] _2: N ; —2:
Ei‘? @
= E
10 {10
10&1 0 ;1 10&1 0 1
10 10 10 10 10 10
a {IlII.l] L {IlIIl}
Figure 11.

(a) Maximum longitudinal wakefield W™ and (b) stopping power as a function of the CNT radius a (layers
separated a distance 2a) for different values of the driving velocity. Solid lines indicate the CNT case and dashed
lines the bi-layer configuration.

In graphene layers, the wakefields increase as the separation between layer decreases

contrary to CNTs where wakefields decrease rapidly for small radii. 43



4. Graphene layers (comparison with CNTs)

* Acceleration and focusing

(a)

Wakefield (GV/m)

Figure 12. (a) Induced wakefields along the line y = z = 0.2 nm for a proton traveling on the

Bi-layer graphene
1 CNT

3 |
—w, |
W |
2 z o
A \] II
O . 5 — ! ‘\ .fl{ \'\. oy \ |I
E / '\_ I'I [ \ "I / i
B 1F / I',I \ .|' 1 I-I
% 0 .'I '|I 1
Ox - _I / !
g ] [} |II l|
“1F % |'I \ |'I o
v ] \ ! !
L ‘\ ! |
- vV
05 2le> 4+ —r —r > P _—
' ' -20 15 10 5 0
-20 -15 -10 -5 0 5 .
¢ (nm)

¢ (nm)

Figure 7. Wakefields (including the Coulomb term) at r = a/2 for a=1nm, v = 0.05¢, y = 0.012 p and rp = 0. The red (blue)

x-axis with a velocity v =10.05¢. The graphene layers are located at z; = —l nm and z; = 1 nm. simultaneously.

In CNTs, it is posible that a witness beam experiences acceleration and focusing, but in graphene layers is not possible

arrows indicate the regions where a positive (negative) witness charged particle would experience both acceleration and focusing
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4. Graphene layers (comparison with PIC)

Work in
progress

* Longitudinal wakefield
LHM model PIC simulations (WarpX)

0 W, (GV/m)

Q = 1000,v = 0.25¢,y, = —y; = 25 nm
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4. Graphene layers (with dielectrics)

yA
: €3
: 0]
v YN Non 2
: Q v .
Yo e— . &y
) ===
X5 Y2 No2
V1 Npq
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Work in
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4. Graphene layers (with dielectrics)

* Matrix equation:

02 ,
atz + y] a j(r', t) — n()]v] CI)(I‘-, t) —a

Bo (k. 1, ) = () Q0(w =K - ¥) _tjy-yy|

P
P

27 _ —
L= =2 (K, ) ekl

= el | 50k @)tk w) - Z G (W)t (k, ) {Z » ()G (I, w> B;(k, w) x Q

k

\—v—l

Q+ Zl ny + Zp O-p

Vin(x,t) + BV [Vim(x, t)]

! a:

L YN Non 2

EyN—'l ng(N_l)

! Qy

0 Yo ~— &y

: z

@) s >

X5 Y2 Y

E V1 Npq

o = (X0, Yo, vt) T; = (%,Y},2)

Si(k,w) = w(w +iy) — ak® - Bk,

Gji(k) = Zﬂm;.]ke_”yf_y”,
Fip(K) = 2nn0jke_k|yf_yspl

Bj(k, w) = —ngk’ @ (K, yj, w)

Sl _ Gll
_G21

_GNl

_612
SZ o G22

_GNZ

—G1y §F11
—Gyy §F21

Sy = GunFs

N equations

N

o1k w) BN(I:(: w)

B; (K, w)

N+S unknown functions
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4. Graphene layers (with dielectrics) o
| yOQv &
* The boundary condition at the interfaces gives the other S egs: ®; """"""""""""""" o
o = dd 0P &1
fD-n: - — = — | =
Continuity o n € (ysf) dy Ysj —° (y;;.) dy y;j’ j=1..,§

=Y GO ) + ) F, (K5, (K w) = Bj(K, )
l p

ae_kly_al

dy

= —ksign(y — a)e~*lv-al

o = (X0, Yo, vt) T; = (%,Y},2)

‘ S linear equations

Gj’l(k) — e_k|y5j_yl| (g (ys_j) sign (ys_j — yl) — & (y;;.) sign (y;;- - yl))

Ff, (k) = e brs (8 (y5;) sign (v5; = %, ) — & () sign (v - ys,,)>

Bi(k,w) = —21Q8(w — k- V)e_kly 570 (e (ys‘,-) sign (ys‘j - yo) —€ (y;,-) sign (y;,- - yo))
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4. Graphene layers (with dielectrics)

- Yo e—> &
X® T
* Matrix equation: - i

//51 -Gy —Gp v =Gy P FlS\

N — _,621 S2 —.Gzz _G.ZN F2.1 ng /ﬁ1(lf, a))\ /31(1.(, a))\
| —Gm —Gnz 0 Sy = GunFyi o Fys || ik w) | | By(k w)
| -Gl —Gi; v =Gy Fii - Fs || ko) || Biko)

S — —Gy1 —Gy v =Gy Fpp o Fg \~ 5 ) \ : /

\ : : : SN : / Gs(k, w) BS(K, w)
— _G1’v1 _Gzlvz _GJ’VN F1(11 FI(IS

‘ 1, (K, ), &, (K, ) ‘éﬁm(k, VW) = _z 1,0k, @) e~y +z 5, (I ) e ™5

@ and wakefields as a function of time and position : Fourier transform
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4. Graphene layers (with dielectrics)

* Single-layer

Longitudinal

Transverse

No substrate

SiO2 Substrate

(a) 2 (e) 2
1 1 T 1
= of . = of .
i 0 H & 0
-1 — w1 H
2t -1 ol -1
-3 1 1 1 1 ) 1 1 1 1
20 15 -10 5 0 W, (GV/m) -20 -15 -10 5 0 W, (GV/m)
¢ (nm) ¢ (nm) /
2 (d) 2 \
1l 2 1k 2
Z of 3 1 = of 1
) 0 = 0
w -1 | w -1 p
2¢ 2 27 2
-5 1 1 1 1 1 1 1 1 1
-20 15 -10 5 0 W. (GV/m)  -20 -15 -10 -5 0 W, (GV/m)
{ (nm) ¢ (nm) J
Figure 3. Induced wakefields (a) W, and (b) W, in the {z-plane for a proton traveling on the
x-axis with a velocity v = 0.05¢ above a graphene layer located at z; = —1 nm. In (a) and (b)
we do not consider a substrate; for comparison, in (c) and (d) a SiO; substrate (&; = 3.9) is
located at z < zy = —1.5 nm. The proton is indicated with a black point and the graphene layer

with a black line.

[l

Zero due to symmetry

b
/

-

Infinite substrate
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4. Graphene layers (with dielectrics)

* Single-layer

No substrate

10 5
¢ (nme)

a0
¢ (aem)

W, (GV/m) 20

W, (GV/m)

J
)

)

Figure 5. Induced wakefields (a) Wy, (b) W, and (c) W- in the {y-plane for a proton traveling
on the x-axis with a velocity v = 0.05¢ above a graphene layer located at z; = —1 nm. In (a),
(b) and (c) we do not consider a substrate: for comparison, in (d). (e) and (f) a SiO; substrate
(& =3.9) is located at z < z; = —1.5 nm. The proton is indicated with a black point.

Perturbed density

10
“ " (b) 10¢

e
¢ (nm})

ny /g -10

‘ ny/my
¢ (nm)

Figure 6. (a) Perturbed density n; /ng in the graphene surface (i.e. at the plane z; = —1 nm)
for a proton traveling on the x-axis with a velocity v = 0.05¢. In (a) we do not consider a
substrate; for comparison, in (b) a SiO; substrate (& = 3.9) is located at z < z; = —1.5nm.



4. Graphene layers (with dielectrics)

* Bi-layer

No substrate

Infinite substrate

Finite substrate

/(I Zero due to symmetry
et

o

Two finite substrates
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Figure 10. Induced wakefields (a) Wy and (b) W. in the {z-plane for a proton traveling on the
x-axis with a velocity v = 0.05¢. The graphene layers are located at z; = —1 nmand z; = I nm.
In (a) and (b) we do not consider a substrate; for comparison, in (c) and (d) a SiO; substrate
(e =3.9) is located at z < zgy = —1.5nm. The proton is indicated with a black point and the
graphene layers with black lines.
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4. Graphene layers
* Multi-layer

Figure 18. Induced wakefields (a) W, and (b) W, in the {z-plane for a proton traveling

) 1 T . . r (e) 1
0 . 4 1 OF . 1
1 ' = -1 Q {(a) 0.6 : : : (b)0.15 —— : -
0 ) 0 | N1 ™ — N-=-1
-2 ) -2 ost [\ | N =3 ,"I \\-. N 2
=1 7 -1 -3 -1 . —N-3 I|II \"'.. ———
4 : . : : . . 4 . : ; . : =04 Z 01 !(J A
-20 -15 -10 5 0 W.(GV/m) -20 15 -10 5 0 W.(GCV/m) = = e
¢ (nm) ¢ (nm) T o i \ ™
M 5 R
1 2 A e
1 (d) 1 En E N
2 2 =02 = 0.05
0 .- of .
1 B = 1 R
1 — g -1 — 0.1 —
0 2 0 —— T
- n -2 . T 0 . . E—
e - 0.1 02 03 04 0 0.1 02 03 0.4
2 3 2 vie vle
-10 -5 0 W, (GV/m]  -20 -15 -10 5 0 W. (GV/m) Figure 19. Maximum longitudinal wakefield W/ as a function of the driving velocity for
¢ (nm) ¢ (nm) different number of graphene layers N. The graphene layers are located at z; = (j— 1 — N)d,

where d is the inter-layer distance: (a) d = 1 nm and (b) d = 2 nm.

on the x-axis with a velocity v = 0.05¢ above two graphene layers located at z; = —2nm Pea kS Sim”ar to MWCNTs
and z» = —1nm. For comparison, in (c) and (d) we consider three layers at z; = —3 nm,
72 = —2nm, and z3 = —1 nm. The proton is indicated with a black point and the graphene

layers with black lines.
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4. Graphene layers
* Multi-layer
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Figure 20. Induced wakefields (a) Wy and (b) W- in the {z-plane for a proton traveling on the

x-axis with a velocity v = 0.05¢. The graphene layers are located at z4y = —z; = 1.17 nm and
73 = —22 = 0.83 nm. For comparison, in (c¢) and (d) we consider two layers at zp = —z; = 1 nm

with np = 2n,. The proton is indicated with a black point and the graphene layers with black

lines.
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Figure 21. (a) Maximum longitudinal wakefield W/"** and (b) stopping power as a function
of the driving velocity for the same configurations that Figure 20, i.e. 4 layers at 7y = —z; =
1.17 nm and z3 = —z; = 0.83 nm vs 2 layers at z; = —z; = 1 nm with np = 2n,.

Close graphene layer behave as single layer with
higher surface density
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5. Conclusions

Plasmonic excitations in carbon nanostructures (CNT and graphene layers) have
been studied using a linearized hydrodynamic model )
pi

For a single-walled CNT, the optimum radius is given by sy .'1111113156-55% 109 m 2]

For multi-walled CNTs (N walls) there is up to N resonant frequencies for each
azimuthal mode m.

The amplitudes have been related with the resonant frequencies.

If the walls are very close, they behave as a SWCNT with ny = Nn, and a higher
wakefield can be obtained

In CNTs, a witness beam could experience simultaneously acceleration and
focusing, but in graphene layers is not posible (although the defocusing may be
very low for a symmetric configuration, e.g. bi-layer)

 The maximum longitudinal wakeifeld in CNTs and bi-layer graphene has a similar

qgualitative behaviour, although lower for graphene because the field spreads in
the layer planes

Comparison with PIC simulations shows good agreement: in progress
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4. Graphene layers (restoring frequencies) i
: o2 L ,, .
fv vas gv - ”I:[Vext(rr 'f) — ¢ (I)ind(rs*- 'f)] x%yl
Harmonic oscillator (interaction with ions) ro = (o, Yo, Vt) rj = (X,¥},2)

* Matrix equation:

Si(k, w)itj(k,w) - » Gi(k)iy(k, w) = Bj(k, w)
[

Si(k,w) = w(w +1y) - a]f.k2 — ﬁk4—a),?j

—Jelyi — : — ik, &
G}I(k) — 23’!'”(]]](6’ klyj y;|, n; (R, Y, t) (2 )3 / f RE[?’IJ(I( y, k U)E ]COS (kxX)dk dk

Bj(k, w) = —nok’ @y (K, yj, )

®ing (R, 1, 1) = f f Re[®ng (K, v, kz0)e™ ¢ ] cos (kyx)dkydk:
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4. Graphene layers (restoring frequencies)

PHYSICAL REVIEW B 84, 155416 (2011)
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FIG. 3. (Color online) Dispersion curves for the m (lower group)
and o + 7 (upper group) plasmons in MLG, obtained from the LEG
model with N = 1 [dotted (red) lines] and N = 2 [dashed (blue)
lines], as well as N = 5 [only the upper group is shown by (black)
solid lines]. The upper and the lower edges are shown for both the &
and o + 7 plasmon bands in HOPG [thick (orange) solid lines]. The
(dark cyan) diamonds show the experimental plasmon peak positions
in the EEL spectra of HOPG from Ref. 50, whereas the (black) squares
show the peak positions obtained by ab initio calculations for graphite
in Ref. 18.

(a)25

Plasmon energy: fiw (eV)

[

- ]
on =

—
=

Linearized hydrodynamic model

: e . (b)25 ~
./I-I
= 2] / 1
X, /
| —— One-fluid B 1 f,.f'_
--------- One-fluid with subsirate £ g
------ Two-fluid 10} 4 |
—— Two-fluid with w, S f
--------- kv (v = 0.05¢) ;
R ‘; 5 E 5 g J.,’-’ﬁ. ) | laycrs ]
’ s _,-"! — — =2 layers with substrate
l, PP 74 kv (v = 0.05¢)
e L L L L D L L | |
0 01 0.2 0.3 04 0.5 0 0.1 02 0.3 04 0.5
k(A7 k(A7

Figure 2. (a) Dispersion curves for a single graphene layer using a one-fluid model and a
two-fluid model. In the case of the one-fluid we have plotted the dispersion relation if a
Si0; substrate (&; = 3.9) is located 0.5 nm below the graphene layer. For completeness, we
include the dispersion curves considering the two-fluid model with the restoring frequencies
Wy, = 0 ~4eV and @,, = @,, = 13eV (see Appendix). The numerical values of oy; are
based on a fit to an experimental electron energy loss spectra [34]. (b) Dispersion curves
for two graphene layers separated 2 nm (z» — z;y = 2nm) without and with a 810, substrate
located (0.5 nm below the graphene layer (i.e. z; —z; = 0.5 nm). The intersection of the kv-line
(depicted for v = 0.05¢) with each dispersion curve indicates the minimum wavenumber that
can be excited of that plasmonic mode.
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4. Graphene layers (restoring frequencies)
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More complicated pattern because both frequencies are

excited if restoring frequencies are taken into account

Figure 7. Induced longitudinal wakefield W, along the x-axis for a proton traveling on the x-
axis for different (a) velocities v, (b) positions of the graphene layer z;, (c) surface densities ng;
and (d) positions of the SiO; substrate with £; = 3.9. In all cases, unless otherwise indicated
in the corresponding legend, we do not consider a substrate and use the following parameters:
v =10.05¢, zi = —1nm and np1 = ng. In (c) it is also considered the two-fluid case where ©
and 7 electrons are treated as separately fluids, i.e. we assume two layers with z; = z2 and
nor = 0.75ny, ngy = 0.25n,,.

Single layer with
two-fluid model

Figure A.1. Induced longitudinal wakefield W, along the x-axis for a proton traveling on the x-
axis for different (a) velocities v, (b) positions of the graphene layer z; and (c) positions of the
Si0; substrate with £ = 3.9 using the two-fluid model with restoring frequencies. In all cases,
unless otherwise indicated in the corresponding legend, we do not consider a substrate and use
the following parameters: v = 0.05¢, 21 = z2 = —1nm, np; = ny = 0.25n,, no2 =ne =0.75n,,
Wy, = @y, =4eV and 0y, = @, = 13eV.
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4. Graphene layers (restoring frequencies)
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Fi rst (lOW V) or Figure 8. (a) Maximum longitudinal wakefield W™ and (b) stopping power as a function of
d k h . h the driving velocity for different values of the position z; of the graphene layer.
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Figure A.2. (a) Maximum longitudinal wakefield W/"™ and (b) stopping power as a function
of the driving velocity for different values of the position z; of the graphene layer considering

the two-fluid model with restoring frequencies.

Single layer with
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Same behavior, but
lower values
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4. Graphene layers (restoring frequencies)
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Figure 16. (a) Maximum longitudinal wakefield W/"* and (b) stopping power as a function
of the driving velocity for different values of the position of the graphene layers.
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Figure A.3. (a) Maximum longitudinal wakefield W/"* and (b) stopping power as a function

of the driving velocity for different values of the position of the graphene layers considering

the two-fluid model with restoring frequencies in both graphene layers.

Bi-layer with two-
fluid model

Same behavior, but
lower values

63



4. Conclusions and outlook

* We have presented a linear hydrodynamic model for wakefield excitation by charges
in multi-walled nanotubes.

* A driver particle can excite plasmons in nanotubes.

* In the limit y —» 0% we can calculate easily the excited wakefield and the
dependences on the different parameters, which allows to perform a fast optimization
of the CNT parameters.

* All the calculations have been made for the mode m=0 (since if r0=0 is the only mode
excited). Higher modes are less important, but they are not negligible if the driver is
off-axis near to the surface.

* The results show >GV/m fields and are qualitatively similar to the PIC simulations and
the order of magnitude is similar. Systematic comparisons with PIC simulations are
ongoing.

e Published papers (SWCNTs): https://doi.org/10.1088/1367-2630/ad127c (New J. Phys.),
https://iopscience.iop.org/article/10.1088/1742-6596/2687/4/042005/meta (J. Phys.:
Conf. Ser.)

* Submitted paper to Results in Physics about DWCNTSs: https://arxiv.org/abs/2401.08334
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