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Photonic band gap fiber accelerator
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There are three requirements in making a traveling wave accelerator: longitudinal electric field, syn-
chronization, and confinement. We present and analyze a conceptualy new kind of charged particle
accelerator, making use of a photonic band gap lattice for field confinement near the beam axis, and em-
ploying dielectric material to produce a speed of light synchronous longitudinal electric field. An example
structure design is presented. We also discuss nonlinear effect and other configurations without higher
order dipole modes. Parallel scheme and fabrication are presented.
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I. INTRODUCTION

Traditional microwave accelerators can be considered
as metallic waveguides, which transport TM(; mode down
the tube. Periodic disk loading slows the phase velocity of
the wave to the speed of light (SOL), at which therelativis-
tic particles are traveling. In analogy to a surfer riding on
the comoving ocean wave, the synchronized longitudinal
electric field achieves a sustained acceleration to charged
particles over many wavelengths.

Scaling law indicates that, given the same amount of
input power, smaller structures have higher fields and
therefore higher accelerating gradients. This is the drive
behind the gradual increase in microwave frequency in
linear accelerators:. SLAC 2 mile linac working at S
band 2856 Hz; proposed Next Linear Collider (NLC) at
X band 11.424 GHz; extensive research at W band (75—
120 GHz) and even infrared. However, at higher fre-
guency, the structure becomes correspondingly smaller,
leading to difficulty in 3D machining. The higher order
modes in the structure generate wakefields that perturb
the trailing particles and cause instability. The short range
transverse wakefield is proportional to the third power of
the structure size, and thus becomes much worse at higher
frequency. In fact, the proposed NLC design has to utilize
detuning and manifold damping to control the wakefield.
Another obstacle is the lack of good material to enclose
electromagnetic fields at high frequency. For example,
the attenuation length of 1 wm wavelength TMy; mode
ina2 um copper tube is 0.7 mm, too short for an accel-
erator structure. Here we propose a different accelerator
structure that addresses the aforementioned difficulties: It
is based on dielectric waveguide and photonic band gap
(PBG) material.
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Il. DIELECTRIC WAVEGUIDE ACCELERATOR
(DWA)

Itiswell known that the wave in ahollow straight wave-
guide has phase velocity higher than the speed of light.
Similar to periodic disk, dielectric lining in the waveguide
hasthe effect of sowing down the phase velocity. Taking a
tube of radius b, that is completely filled by material with
dielectric constant €, > 1, thelongitudinal electric field of
TMy,, mode is expressed by

E. = EoJo(k,r)e /%, (1)

with k, = y/e.k§ — k3 = jon/b, Where kg = w/c and

Jjon 1S the nth root of Bessel function Jy. The last equal
sign comes from the boundary condition at » = b. The
SOL phase velocity requirement ko/k, = 1 givesthe syn-
chronization frequency
jOn
kg = ——. 2
= Je—Tp @)
One figure of merit, Z., relates the accelerating gradient
Ey and the input power P

_ EgN? [ 2 }(e,. -1’ @n)’
= = . . . 0>
p ]OnJ12(J0n)7T €r Jon
(©)
where A is the wavelength and Z, is the vacuum

impedance, about 377€). The factor in the square bracket
approaches one when n goes to infinity and is off by only
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FIG. 1. Dielectric waveguide accelerator.
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FIG. 2. (Color) Electric field distribution inside the DWA. Solid
lines and dotted lines represent longitudinal and transverse elec-
tric fields, respectively.

2% even for n = 1. Obviously TMy; mode provides the
highest accelerating gradient for a given amount of power.

To alow uninterrupted beam passage, a center hole
through the dielectric core is necessary. Field solution of
thisconfigurationisavailable[1]. Inthecaseof €, = 2.13
and a/b = 0.55 (Fig. 1), the SOL frequencies kob are
2.96, 8.17, and 14.13 for TMy;, TMq,, and TM(; modes,
respectively. Field distributions are illustrated in Fig. 2.
Thelongitudinal electricfield E, isuniform inside the cen-
ter hole, a direct result of the SOL phase velocity. The
Maxwell’s equation reduces to

VZLEZ = (k(% - kzz)Ez =0 (4)

inside the vacuum. Under m = 0 azimutha variation,
the only possible solution is E,(r) = const. Even though
E, # 0, theradial forceincluding that from H for arela-
tivistic particle vanishes. Therefore particles experience a
uniform acceleration only in the z direction. From the ma-
terial damage and wall loss point of view, TMy; mode is
superior to other higher order monopole modes by virtue
of its smaller magnetic field on the wall and smaller elec-
tric field in the dielectric.

The above dielectric waveguide accelerators (DWAS)
have been tested in laboratory at C band (7.8 GHz) [2],
and a planar version at W band (91 GHz) has also been
tested [3].

I11. PHOTONIC BAND GAP MATERIAL

We have pointed out that the metal at shorter wave-
lengths is too lossy to be an effective materia to confine
and transport electromagnetic (EM) waves. Yablonovitch
[4] and John [5] proposed an artificial periodic lattice to
prohibit EM waves from propagating. A photonic crystal
is a periodic structure in one, two, or three dimensions.
The multiple scattering of the electromagnetic wave in the
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periodic lattice may give rise to a forbidden energy gap,
over which EM waves cannot propagate. This phenom-
enaisin analogy to the electron band gap formation inside
semiconductor materials. A familiar example in one di-
mension is the multilayer coating on a dielectric mirror.
Because dielectric has extremely low loss, PBG material
can replace metal as a perfect reflector.

The simplest approach is to replace the metal in Fig. 1
by a multilayer coating. Fink et al. [6] demonstrated in-
frared guiding in air with a multilayer structure made by
tellurium and polystyrene. Alternatively, one could replace
the metal with two- or three-dimensiona photonic crystal
that has band gap at appropriate frequency. Single mode
guiding in two-dimensional close packed hexagonal lat-
tice has been demonstrated in the visible over 40 mm [7].
A three-dimensional photonic crystal at infrared has also
been fabricated on a 6 in. silicon wafer [8].

We choose the two-dimensional hexagonal lattice based
on the manufacturing process and the material’s high
breakdown threshold, which will be discussed in later
sections.

A different approach is taken by Smith et al. [9] to use
a 2D PBG lattice made of meta to replace the sidewall
of the disk-loaded waveguide. The resulting 3D structures
are difficult to scale to small dimensions and still share the
high losses at high frequency.

A. PBG

A 2D PBG has a periodic structure in the x-y plane
and is uniform in the z direction. Earlier studies [10,11]
concerned in-plane propagation, in which the wave has
no variation in the z direction. Recently, more studies
[7,12—14] have concentrated on using 2D PBG to trans-

port light. However, the application in accelerators re-
quires an energy band gap at SOL phase propagation, i.e.,
p=1
14 T
11.72 12i — ; 7i 2.279%
9.844 10— — ————— 0 426%
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FIG. 3. (Color) Photonic band gapsin 2D. The band diagram is
plotted over the irreducible Brillouin zone, highlighted in light
gray. A section of the periodic structure is also illustrated, with
silicain gray and air in white. The green regions in the plot
are the band gaps. Midgap vaues and gap/midgap ratios are
displayed on the left and right of the band, respectively.
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band gap around ky = k,. Figure 3 illustrates such band
gaps in a particular 2D lattice composed of silica and air.
The gray areais fused silica (e, = 2.13); the air cylinder
(white) forms the triangular lattice. Maxwell’s equations
are solved by plane wave method (PWM) [15,16] with
B = k,/ko = 1. In the simulation, 469 plane waves are
used. Convergence studies show that band center frequen-
cies are accurate to better than 1% relative, and the gap to
midgap ratio is better than 0.1% absolute. The radius of
theairrodisr = 0.35a, with a theinter-rod distance. The
lowest SOL band gap centers at ko = 8.23, where kg, k,
are normalized to 1/a. It is evident that there are severa
SOL band gaps. For accelerator applications, it would be
ideal to have only one such gap that is utilized to trap the
fundamental mode for acceleration, and let all other higher
order modes leak out to reduce instabilities. We will show
such a configuration in a later section.

B. Defect mode

The defect mode, introduced by making a defect in a
perfect lattice, can be guided if the frequency is within
the band gap. One redlization isillustrated in Fig. 4. The
frequency and field distribution are calculated by employ-
ing a supercell that includes the volume of 108 unit cells,
and appropriate symmetry is taken to reduce the size of
the numerical computation. With the radius of the cen-
ter hole ry = 0.52a, the frequency of the defect mode,
ko = k, = 8.20, fals within the lowest SOL band gap.
The mode is a TM,-like mode with longitudinal electric
field uniform inside the center defect. The rapid oscilla-
tion of E, inside the center defect is an artifact of finite
number (18 per unit cell) of plane waves included in the
calculation. The field outside the core decays steadily at
about 6 dB per unit cell in the x direction. The different

-6-4-2 0 2 4 6

X X
05 ‘ 15
A A
‘ ‘W/\‘ | 1 ‘(\
[t N ~— |
oA NN
w ‘ H \2 w0 ‘H‘ // SN
|/ | |
05 | \K “ -5 | |/
[ ]
ol ' 1 I
-1 -15
0 1 2 3 4 5 6 0 1 2 3 4 5 6
X y

FIG. 4. (Color) The dielectric distribution and the field distribu-
tion of the defect mode trapped by 2D PBG fiber. In the top
right plot, blue and red represent negative and positive values,
respectively.
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FIG. 5. (Color) The dispersion of the defect mode. The green
band is the band gap responsible for localization. The dispersion
curve is color coded by the energy fraction inside the core of
the PBG fiber.

decay lengths in the x and y directions are a result of dif-
ferent coupling strengths in the respective direction. Due
to the field penetration, part of the PBG material acts as
the dielectric lining in Fig. 1. A simplistic DWA model of
one free parameter a/b = 0.55 gives synchronized TM,
modeat ko = 8.17 and v, /c = 0.60, which compare very
well with the simulation: ky = 8.20 and v,/c = 0.58.

The dispersion of the defect mode is plotted in Fig. 5.
The band gap is in green and the SOL lineisin red. The
dispersion curve is color coded with the fractional energy
inside the core of the PBG fiber. We artificially defined the
core as the area within two lattice spacings of the center.
In particular, the synchronized defect mode has about 73%
of the stored energy inside the core, signifying a strongly
trapped mode.

V. PBG FIBER ACCELERATOR (PBGFA)

One interesting feature of electromagnetism in dielec-
tric mediaisthat thereis no fundamental length scale other
than the assumption that the system is macroscopic. There-
fore, we are free to choose the wavelength that is conve-
nient. One good starting point is at A = 1 um, where
the optical source and techniques are mature, and fused
slica is relatively easy to manufacture and can stand a
high damage threshold. We will mention some scaling re-
sults that provide design at other, perhaps more desirable,
wavelengths.

Because of the pulse shape dippage with respect to
the relativistic beam, pulse length has to be longer than
(1 — vy/c)l/c, where [ is the structure length. For a
10 cm long structure, 7 > 140 ps. In this pulse length
regime, the damage is thermal diffusion limited, therefore
the damage fluence increases as 7'/2. The damage thresh-
old of 1.053 um laser is about F = 17 J/cm? on bulk
fused silica[17], which correspondsto a peak electric field
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of 0.79 GeV/m. The simulation indicates that the peak
electric field inside the dielectric materia is 2.1 times that
of the center electric field. Therefore, the accelerating
gradient will be limited to £, = 0.38 GeV/m. Dielectric
loss is ignored in the following calculation.

From the longitudina impedance Z., = 19.5() (an
equivalentof R/Q = 0.6Q) ona2 /3 cell) obtained in the
simulation, we can find out the power

_EGA\?
Z:

needed to produce the gradient, which trandatestoa U =
1.0 uJ pulse. Beam loaded gradient

1 gcZ. 1
4 A 1 —v,/c 0
equals half of unloaded gradient E, at maximum energy
transfer. The charge ¢ is assumed to be a point charge,
and the fundamental theorem of beam loading [18] is used.
The optimal charge

U 2Ep\?

Yop %Eol (I = vg/e) Zoc ©)
corresponds to 3.4 X 10° electrons accelerated at aloaded
gradient of 0.19 GeV/m. It is worth noting that the laser
power and thus optimal beam loading scales with wave-
length to the second power, therefore more charge (1.4 X
10° electrons) can be accelerated at 2 um wavelength.
Due to extreme loss from IR absorption, a wavelength
longer than 2 wm can hardly be transported in silica. An-
other approach to increase the charge is through paral-
lel PBG fiber accelerators (PBGFAS), a section of which
is illustrated in Fig. 6. Focusing of an individual beam-
let is difficult to implement in traditional magnet design.
A guided quadrupole defect mode, with a phase veloc-
ity dlightly different from the speed of light, may be uti-
lized. Alternatively, a rectangular defect inducing enough
guadrupole moment for the fundamental accelerator mode

Ey =

P = 7.4 KW (6)

E) = Ey —

FIG. 6. A section of a paralel PBGFA bundle.
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can be used [19]. But aternating structure orientation is
needed to create a FODO lattice. Later, we will describe
the manufacture process that is compatible with making
such bundles. Designing a PBGFA at 10 wm wavelength
is also attractive, but we need to study another dielectric
material, chalcogenide glass, for example.

A. Nonlinear effect

Under such high electric field, self-phase modulation
from nonlinear effect plays an important role. The non-
linear refraction is characterized by an intensity-dependent
refractive index following [20]

n=no + mlEP, )
where ny is the refractive index in the linear regime and
n, isthe nonlinear index coefficient, which takes the value
of ny = 1.22 X 10722 (V/m)~2 for silica. From pertur-
bation theory, the frequency shift due to dight change of
dielectric constant is
ow . 1 fv/<6€r>|E|2dV _ 1 2
= j_v erlElz v = ) nonszO s (10)
where V/ and V are the volume of the dielectric and the
total volume, respectively. The averaged dielectric con-
stant perturbation (S e,) = non»|E|? is used, and the field
weighted filling fraction
[v |EI*av

= o T-TEWY
isfound to be 0.4 from simulation. To reestablish the SOL
synchronization, the laser frequency needs to be detuned

(Fig. 7) by
Aw/wy =

w( 2

(11)

Sw/wy
1 —v,/c
with Ey = 0.38 GeV/m. Without such detuning, the ac-
cumulated phase error would be

=-12x107°, (12

Sw k.l
8p = — —— = —56rad. (13)
wy vg/c
< dispersion
%
- dw (nonlinear effect)
Ow == v
/;bberating point
— v=C

k

z

FIG. 7. (Color) Frequency detuning due to nonlinear effect.
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Another nonlinear effect is stimulated Raman scattering
(SRS), which turns the input photons to photons at alower
frequency (Stokes lines). The Raman threshold, defined as
the input pump power at which the Stokes power becomes
equal to the pump power at the fiber output, is given by [9]
16 Aesr
gr |~
where A, is the effective fiber area and gy is the Raman
gain. Using the measured valueof g, = 1 X 10713 m/W,
and an estimated fiber area A = 12 um? from Fig. 4
(a = 1.3 um, assume a core radius of 2 lattice spacing,
and 44% air filling fraction), we obtain the threshol d power
Py" = 19 KW, which is substantially higher than the input
power (7.4 KW).

Another nonlinear effect, the stimulated Brillouin scat-
tering, is less important than SRS with short pulses (r <
1 ns) [21].

Py = (14)

B. Higher order dipole mode free

The number of SOL band gaps in the above PBG ma-
teria is shown in Fig. 8. From the fundamental band gap
to 4 times its frequency, about 6% of the spectrum space
is covered by other band gaps, which makes it susceptible
to trapping other defect modes. And numerica simula-
tion has shown that this is the case: some dipole modes
are localized by the band gaps. The high frequency and
wide band gap at 8.23 enhance the chances of localization:
The mode density is proportional to frequency at high fre-
gquency, and the chance of a dipole mode frequency be-
ing within the band gap is proportional to the band gap
width. To avoid that, we also investigated another lattice,
the so-called honeycomb lattice. It is formed by taking
1/3 of the air rods out of the existing triangular lattice,
shown in Fig. 9. At r/a = 0.24, it has SOL band gaps at
ko = 4.579 and 19.69 with the higher one extremely nar-
row. The lower frequency band gap localizes a monopole
defect mode formed by replacing the center six air rods

p=1
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FIG. 8. (Color) Photonic band gaps within the lower 100 modes.
For clarity, frequency bands are omitted; only the band gaps are
plotted along with their gap/midgap ratio.
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FIG. 9. (Color) Honeycomb lattice and its SOL band gap. In
the simulation, we assumed r/a = 0.24 and k, is normalized
to 1/a.
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FIG. 10. (Color) Defect mode in a honeycomb lattice.

with aryg/a = 0.19 one, asillustrated in Fig. 10. The de-
fect mode hasky = k, = 4.56. The simulation also shows
no trapped dipole modes in the lowest band gap. We did
not check the higher band gap at 19.69 because of the com-
putation time involved, but we believe it will not cause any
adverse effect based on the band gap width.

C. Pulse injection

Coupling laser power, usually in TEM mode, into accel-
erator structure is a subject in its own right. One way to
couple light into a structure is through a coupler cell, simi-
lar to the traditional microwave version in turning TE
waveguide mode to TMy; cavity mode. Alternatively, a
radially polarized laser beam can be focused by an axicon
[22] to yield the right symmetry and longitudinal electric
component to inject into the fiber mode.

D. Manufacture

A fused silica bundle like that in Fig. 4 has been manu-
factured with the drawing method [7,23]: Stacks of fiber
tubes are bundled and repeatedly pulled down to desired
dimensions. Pitch dimensions @ from 53 nmto 2 um are
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achieved. Interstitial holes can be introduced by stacking
cylindrical tubes instead of hexagon-shaped canes. The
multiple stack and draw process is especialy suitable in
massive production of PBGFA structures; kilometers of
PBG fiber have been made. The inexpensive manufacture
process is compatible with making multiple parallel linac
bundles.

V. CONCLUSION

We have presented a schematic design of a silica-based
PBGFA structure that is able to reach 0.4 GeV /m gradient,
and is relatively easy to manufacture. To our knowledge,
thisis the first numerical demonstration that 2D PBG sup-
ports accelerator mode. With its many advantages, PBGFA
is a promising scheme that is worth further investigation.

Even though we have demonstrated many aspects of
PBGFA, the above examples are by no means optimal.
More work needs to be done on PBG material engineer-
ing that produces lower frequency SOL band gap, suitable
gap/midgap ratio. Defect modes with smaller field inside
dielectric and higher beam loading are beneficial. A de-
fect mode with quadrupole components to focus the elec-
tron beam is essential in maintaining beam stability and
making multiple parallel accelerator possible. Pumping
the tiny tubes to a high vacuum is another challenge. Fur-
ther research into longer laser wavelength (for example,
10.6 wm) will benefit structure alignment, beam loading,
and manufacture tolerance, but its ultimate fate lies in the
material’s high damage threshold.

APPENDIX A: DIELECTRIC WAVEGUIDE
ACCELERATOR

Considering a meta pipe completely filled by a dielec-
tric material with dielectric constant €,., the fields of TM,,
modes can be written as

Ez = E()Jo(kr}’)e_jk*"z, (Al)
_ ,8 —jk.z
E, = J EOJI(krr)e > (A2)
€ — BZ
. € EO — ik
Hy = j ——— 2 J1(kr)e**, (A3
¢ J W ZO 1( }”)6 ( )

where a time harmonic expression e/%<’ is omitted for
brevity. The propagation constant k, = ko/8, and Z, is
the vacuum impedance, about 377(). For a SOL propaga-
tion, B = 1, which gives the synchronization frequency
ko = jon/ €, — 1b from the boundary condition at
r = b. The jy, is the nth root of the Bessel function
Jo(x). From the dispersion relations

ko = \Jk2 + k2/e, (A4)

we obtain the group velocity
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Vg dko 1

— == — A5

c dk, €, (A5)
at the synchronization. Another important figure of merit
isthelongitudinal impedance relating accel erating gradient
Ey with the input power P

EgA* E;A?
p [V EHy2mr dr
2 (e, — 1)* 2m)?
=T 2 . Z.
Jond1 Gion) ™ € Jon
The longitudinal impedance Z. is a functional of the ge-

ometry and independent of the length scale and loss. In-
cluding the attenuation constant

dP/dz 2w \Je, — 1€ Ry | 2w €,tand

2P A Jon Z A 2

(A7)

limits only the optimal accelerating structure length. The
first term accounts for the loss on the metal wall —the skin
resistance R; = +/koZo /20 from thefinite conductivity o .
The second term is aresult of dielectric loss tangent tané.

A direct comparison with disk loaded traveling wave
linac of ¢ phase advance per cell is possibleif we compare
a cell with a section of DWA that is ¢ /ko long. The
elasticity, defined as

Z. =

(A6)

a =

R 2
o = A
0" wU (A8)
for each cell, has an equivaent definition in DWA
R_, ¢ %
0 Z. QP o (A9)
The equivalent quality factor
_ ko
Q= 2av,/c (A10)

also follows.

APPENDIX B: PLANE WAVE METHOD

We use the plane wave method to solve the following
2D equation

r

Vt X (ivt X Ijlz) - %V;(V, ' I:)]t) -

k2 -
(kg - E—Z>H, =0 (B

on the transverse components of magnetic field H,, where
a harmonic dependence of e o<’ *ik:z s assumed. This
particular formulation has the advantage of being free of
spurious modes in finite elements calculation [24]. The
transverse distributions are expanded in terms of plane
waves

LS (G (82)

G

€,(X)
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FIG. 11. (Color) Cylinder in a unit cell.
H, ;(X) = e”z';‘z X’;(é)eié'i, (B3)
G

H, ;%) = ™Y A,1(G)e'®, (B4)

where G isthe reci procal lattice and k labels the field solu-
tion. After substituting the above expansions in Eq. (B1),
we obtain the following matrix eguation

(= ny)[ﬁx,z(éﬁ}: (5 ){ﬁxﬂé')]
ny Kyy Hy,l;(G/) 0 0 Byy I:ij((Gl)

(BS)
with
Ku = k(G — G [(ky + G)) (ky + Gy)
+ (ky + G))(ky + G.)], (B6)

Ky = (G — G)[~(ky + G))(k, + G,)
+ (ky + G}) (ke + G, (B7)

Ky = k(G = G)[~(ky + G}) (ky + G,)
+ (ke + G)(ky + G))], (B8

Ky, = K(é - él) [(k, + G)/c) (ky + Gy)
+ (ky, + G)) (ky, + G})],  (B9)

By = 8z — B*k(G — G, (B10)

Byy = By, (Bll)

where 8 = k,/ko. For numerical calculation, afinite num-
ber of N reciprocal lattice points G in Eq. (B5) are kept,
making it arank 2N generalized eigenvalue problem.
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For a cylinder in a unit cell, shown in Fig. 11, the di-
electric constant expansion can be obtained

1

. of+ 21—
x(G) = 2,(GRI)

1 _ 1\ ,20(GRD
(Ea Eb)f |éR|

where f is the fractional area of the cylinder in the unit
cell and J; is the Bessel function.

ifG =0,

> B12
if G #0, (B12)
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