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GENERALIZED
 

FIBONACCI
 

ZONE
 

PLATE

LI
 

Baoping1 CHEN
 

Jian2 WANG
 

Jing1

(1
 

Tianjin
 

Science
 

and
 

Technology
 

Museum,
 

Tianjin
 

300210;
 2

 

Tianjin
 

Yaohua
 

High
 

School,
 

Tianjin
 

300000)

Abstract Zone
 

plates
 

play
 

an
 

important
 

role
 

in
 

X-ray
 

and
 

optics
 

fileds.
 

In
 

this
 

work,
 

we
 

pro-
posed

 

a
 

generalized
 

Fibonacci
 

zone
 

plates
 

(GFiZP)
 

is
 

proposed,
 

which
 

enables
 

the
 

manipula-
tion

 

of
 

focusing
 

properties
 

for
 

X-ray
 

and
 

light.
 

Compared
 

to
 

conventional
 

Fibonacci
 

zone
 

plates
 

(FiZPs)
 

and
 

Cantor-type
 

fractal
 

zone
 

plates
 

(FraZPs),
 

this
 

device
 

offers
 

additional
 

degrees
 

of
 

freedom
 

for
 

engineering
 

focusing
 

performance.
 

In
 

comparison
 

with
 

FraZPs,
 

GFiZPs
 

are
 

con-
structed

 

with
 

inflation
 

rule
 

instead
 

of
 

extraction
 

rule,
 

thus
 

avoiding
 

sparse
 

structures
 

at
 

high
 

recursion
 

orders,
 

the
 

sparse
 

structures
 

would
 

lead
 

to
 

issues
 

in
 

fabrication.
 

Notably,
 

numerical
 

simulations
 

demonstrate
 

that,
 

similar
 

to
 

FraZPs,
 

GFiZPs
 

retain
 

two
 

critical
 

functionalities:
 

multi-focal
 

capability
 

and
 

self-similar
 

intensity
 

distribution.
 

Furthermore,
 

we
 

conducted
 

a
 

de-
tailed

 

investigation
 

into
 

the
 

axial
 

irradiance
 

profiles
 

of
 

GFiZPs
 

with
 

varying
 

structural
 

parame-
ters.

 

Given
 

these
 

favorable
 

properties,
 

this
 

novel
 

zone
 

plate
 

design
 

holds
 

great
 

potential
 

for
 

expanded
 

applications
 

in
 

areas
 

such
 

as
 

optical
 

manufacturing
 

and
 

optical
 

manipulation
 

of
 

mi-
croparticles.
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扩展斐波那契波带片

李保平1 陈 健2 王 静1

(1 天津科学技术馆,天津 300210;
 

2天津市耀华中学,天津 300000)

摘 要 波带片在X射线与光学领域中发挥着重要作用。本文提出了一种广义斐波那契波带

片(generalized
 

Fibonacci
 

zone
 

plate,
 

GFiZP)设计,该设计能够实现对X射线与光线

聚焦特性的调控。与传统斐波那契波带片(Fibonacci
 

zone
 

plate,
 

FiZP)及康托型分形

波带片(Cantor-type
 

fractal
 

zone
 

plate,
 

FraZP)相比,该器件为调控聚焦性能提供了更

多自由度。相较于康托型分形波带片,广义斐波那契波带片采用膨胀规则而非提取规

则构建而成,因此可避免在高递归阶数下形成稀疏结构———而这类稀疏结构往往会给

制备工艺带来难题。值得注意的是,数值模拟结果表明,与康托型分形波带片类似,广
义斐波那契波带片同样具备两项关键功能:多焦点特性与自相似强度分布。此外,本
文还针对不同结构参数下广义斐波那契波带片的轴向辐照度分布展开了详细研究。
凭借这些优良特性,这种新型波带片设计在光学制造、微粒子光学操控等领域具有广

阔的拓展应用前景。
关键词 波带片;

 

斐波那契数列;
 

焦点调控;分形自相似
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  The
 

interest
 

in
 

zone
 

plates
 

has
 

been
 

re-in-
spired

 

recently
 

due
 

to
 

their
 

imaging
 

and
 

focusing
 

capabilities
 

in
 

THz
 

and
 

soft
 

X-ray
 

regimes[1-2].
 

Unlike
 

conventional
 

refractive
 

optics,
 

which
 

suf-
fer

 

from
 

severe
 

absorption
 

issues
 

in
 

these
 

spec-
tral

 

ranges,
 

zone
 

plates—operating
 

on
 

the
 

princi-
ple

 

of
 

diffraction—effectively
 

address
 

this
 

techni-
cal

 

bottleneck.
 

To
 

optimize
 

the
 

focusing
 

and
 

im-
aging

 

performance
 

of
 

zone
 

plates,
 

numerous
 

in-
novative

 

designs
 

have
 

been
 

reported,
 

such
 

as
 

modified
 

Fresnel
 

zone
 

plates[3]
 

and
 

Cantor-type
 

fractal
 

zone
 

plates
 

(FraZPs)[4-6].
 

Among
 

these
 

designs,
 

FraZPs
 

have
 

garnered
 

significant
 

atten-
tion

 

due
 

to
 

their
 

unique
 

on-axis
 

self-similar
 

inten-
sity

 

distribution.
 

Distinct
 

from
 

conventional
 

Fresnel
 

zone
 

plates
 

(FZPs)—which
 

consist
 

of
 

al-
ternating

 

transparent
 

and
 

opaque
 

circular
 

rings
 

with
 

uniform
 

width
 

along
 

the
 

squared
 

radial
 

co-
ordinate—FraZPs

 

are
 

characterized
 

by
 

a
 

fractal
 

profile
 

along
 

the
 

squared
 

radial
 

coordinate.
 

To
 

date,
 

extensive
 

theoretical
 

and
 

experimental
 

studies
 

have
 

been
 

conducted
 

to
 

explore
 

the
 

fun-
damental

 

properties
 

of
 

FraZPs[4,7-13],
 

while
 

their
 

practical
 

applications
 

have
 

also
 

been
 

successfully
 

demonstrated[14-15].
 

Among
 

them,
 

Cantor-type
 

ones
 

are
 

the
 

most
 

common
 

fractal
 

structures
 

to
 

construct
 

the
 

fractal
 

diffractive
 

optical
 

elements,
 

and
 

amazing
 

properties
 

of
 

Cantor-like
 

FraZPs,
 

such
 

as
 

finely
 

tunable
 

foci[14],
 

reduced
 

chromatic
 

aberration
 

in
 

white
 

imaging[15],
 

etc.
 

have
 

been
 

observed.
 

However,
 

due
 

to
 

the
 

intrinsic
 

features
 

of
 

the
 

Cantor-sets,
 

sparse
 

structures
 

will
 

be
 

in-
evitably

 

generated
 

at
 

a
 

large
 

number
 

of
 

itera-
tions,

 

hence
 

leading
 

to
 

issues
 

of
 

fabricating
 

and
 

limiting
 

their
 

applications
 

for
 

high-resolution
 

im-
aging

 

or
 

focusing.
 

To
 

avoid
 

the
 

sparse
 

structures
 

without
 

losing
 

the
 

fractal
 

properties,
 

alternative
 

solutions
 

are
 

highly
 

desired.
 

Fibonacci
 

inflation
 

rule
 

could
 

be
 

one
 

of
 

excellent
 

candidate
 

for
 

this
 

issue.
 

This
 

rule
 

has
 

been
 

used
 

to
 

study
 

the
 

quasi-
periodic

 

systems
 

comprehensively[16-17].
We

 

have
 

reported
 

the
 

Fibonacci
 

zone
 

plates
 

(FiZPs)[18]
 

by
 

squeezing
 

the
 

circular
 

Fibonacci
 

grating[19]
 

into
 

the
 

squared
 

radial
 

coordinate.
 

Ex-
perimental

 

and
 

numerical
 

results
 

showed
 

that
 

similar
 

to
 

FZPs
 

and
 

FraZPs,
 

FiZPs
 

could
 

form
 

multiple
 

foci
 

on
 

the
 

optical
 

axis.
 

In
 

this
 

letter,
 

we
 

further
 

present
 

generalized
 

Fibonacci
 

zone
 

plates
 

(GFiZPs)
 

as
 

a
 

new
 

family
 

of
 

diffractive
 

lenses,
 

whose
 

structure
 

is
 

basically
 

a
 

generalized
 

Fibonacci
 

sequence[20]
 

within
 

the
 

framework
 

of
 

square
 

radial
 

coordinate.
 

Generally,
 

GFiZPs
 

own
 

more
 

construction
 

parameters
 

to
 

engineer
 

the
 

ax-
ial

 

response
 

in
 

comparison
 

with
 

the
 

conventional
 

FiZPs
 

(only
 

a
 

particular
 

case
 

of
 

GFiZPs).
 

Theo-
retical

 

analysis
 

shows
 

GFiZPs
 

possess
 

multiple
 

foci
 

along
 

the
 

optical
 

axis
 

and
 

internal
 

fractal
 

properties
 

in
 

the
 

on-axis
 

intensity
 

distribution.
 

Meanwhile,
 

the
 

structures
 

with
 

higher
 

recursion
 

can
 

be
 

easily
 

constructed
 

by
 

just
 

extending
 

the
 

external
 

belts
 

according
 

to
 

the
 

Fibonacci
 

inflation
 

rule,
 

thus
 

avoiding
 

the
 

sparse
 

structures
 

genera-
ted

 

by
 

the
 

extracting
 

rules
 

for
 

Cantor-sets.
 

Mo-
reover,

 

we
 

have
 

additional
 

freedom
 

to
 

engineer
 

GFiZPs
 

so
 

as
 

to
 

optimize
 

the
 

focusing
 

properties
 

by
 

controlling
 

the
 

ratio
 

of
 

widths
 

(RW)
 

between
 

the
 

two
 

elementary
 

bars.
 

The
 

generation
 

rule
 

of
 

generalized
 

Fibonacci
 

lattices
 

is
 

introduced
 

first.
 

Let􀆳s
 

define
 

A
 

as
 

the
 

initiator
 

(stage
 

S=0).
 

Then
 

at
 

successive
 

opera-
tions,

 

the
 

following
 

substitution
 

rules
 

are
 

ap-
plied,

 

A→B,
 

B→BnAm,
 

here
 

n
 

and
 

m
 

are
 

posi-
tive

 

integers
 

and
 

Am
 

represents
 

a
 

string
 

of
 

m
 

A􀆳s.
 

Another
 

definition
 

can
 

be
 

provided
 

by
 

the
 

inflation
 

rule
 

Sl+1=Sn
lSm

l-1,
 

where
 

Sl
 is

 

the
 

lth
 

generational
 

sequence.
 

Higher
 

recursions
 

can
 

be
 

obtained
 

by
 

repeated
 

inflation.
 

The
 

generalized
 

Fibonacci
 

series
 

characterized
 

by
 

value
 

of
 

(n,m)
 

for
 

(n,m)=(1,1),(2,1),(3,1),(1,2),(1,3)
 

and
 

(2,2)
 

are
 

conventionally
 

called
 

golden,
 

sil-
ver,

 

bronze,
 

copper,
 

nickel,
 

and
 

mixed
 

mean,
 

respectively[14].
 

It
 

is
 

obvious
 

that
 

the
 

convention-
al

 

Fibonacci
 

lattices
 

here
 

correspond
 

to
 

the
 

golden
 

mean
 

lattice
 

with
 

RW= 5-1  /2.
 

After
 

introducing
 

the
 

n
 

and
 

m,
 

more
 

parameters
 

can
 

be
 

tuned
 

to
 

generate
 

the
 

fractal
 

zone
 

plate,
 

which
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can
 

enable
 

diverse
 

applications.
 

And
 

with
 

this
 

rule,
 

the
 

zone
 

plate
 

can
 

be
 

constructed
 

with
 

a
 

in-
flation

 

method
 

instead
 

of
 

extraction
 

rules.
 

As
 

an
 

example,
 

Fig.1(a)
 

shows
 

the
 

first
 

four
 

stages
 

of
 

the
 

silver
 

mean
 

Fibonacci
 

lattice
 

with
 

n=2,
 

m=
1.

 

Here,
 

A
 

and
 

B
 

are
 

the
 

elementary
 

bars
 

with
 

given
 

lengths
 

of
 

La
 and

 

Lb
 respectively.

 

For
 

comparison,
 

Fig.1(b)
 

shows
 

the
 

Cantor-sets
 

generated
 

by
 

the
 

extraction
 

rule.
 

We
 

can
 

clearly
 

see
 

that
 

Fibonacci
 

lattices
 

generated
 

by
 

the
 

infla-
tion

 

rule
 

can
 

effectively
 

avoid
 

the
 

sparse
 

struc-
tures

 

in
 

Cantor-sets
 

generated
 

by
 

the
 

extraction
 

rule,
 

especially
 

for
 

higher
 

recursions.

Fig.1 (Color
 

online)
 

Schemetics
 

for
 

silver
 

Fibonacci
 

lat-
tices

 

(a)
 

and
 

the
 

Cantor-sets
 

(b)
 

generated
 

by
 

the
 

inflation
 

and
 

extraction
 

rules,
 

respectively

GFiZPs
 

are
 

therefore
 

generated
 

by
 

rotating
 

the
 

generalized
 

Fibonacci
 

lattices
 

as
 

in
 

Fig.1(a)
 

around
 

one
 

extreme
 

and
 

then
 

transforming
 

from
 

the
 

squared
 

radial
 

coordinate
 

to
 

the
 

radial
 

coordi-
nate.

 

Figures
 

2(a)~(f)
 

show
 

six
 

GFiZPs
 

corre-
sponding

 

to
 

six
 

generalized
 

Fibonacci
 

lattices
 

with
 

the
 

recursion
 

order
 

S=5.
To

 

explore
 

the
 

on-axis
 

intensity
 

distribution
 

of
 

GFiZPs,
 

Fresnel
 

approximation
 

is
 

adopted
 

similar
 

to
 

Ref.
 

[4],
 

the
 

intensity
 

along
 

the
 

axis
 

can
 

be
 

expressed
 

as

I0,0,z  =
2π
λz  

2

∫
a

0
Tr20  exp-iπλzr

2
0  r0dr0

2

(1)

where
 

a
 

is
 

the
 

maximum
 

extent
 

of
 

the
 

pupil
 

function
 

and
 

l
 

is
 

the
 

wavelength
 

of
 

the
 

incident
 

light.
 

A
 

new
 

variable
 

was
 

defined
 

to
 

transform
 

the
 

coordinate
 

into
 

square
 

radial
 

framework,
 

as
 

ζ=r20.
 

Thus
 

q(ζ)=T(r0),
 

here
 

qζ  
 

is
 

just
 

the
 

Fig.2 The
 

GFiZPs
 

generated
 

from
 

(a)
 

golden,
 

(b)
 

sil-
ver,

 

(c)
 

bronze,
 

(d)
 

copper,
 

(e)
 

nickel,
 

and
 

(f)
 

mixed
 

mean
 

lattices,
 

respectively.
 

In
 

all
 

cases
 

S=5
 

and
 

RW=1.
 

The
 

patterns
 

have
 

been
 

rescaled
 

individually
 

to
 

match
 

the
 

publishing

transmittance
 

function
 

of
 

generalized
 

Fibonacci
 

lattices.
 

To
 

simplify
 

the
 

formula
 

further,
 

re-
duced

 

axial
 

coordinate
 

was
 

used
 

as
 

u=1/λz.
 

Therefore,
 

the
 

irradiance
 

along
 

the
 

optical
 

axis
 

can
 

be
 

expressed
 

as:

I0 u  =4π2u2∫
a2

0
qζ  exp-i2πuζ  dζ

2

(2)
  Considering

 

the
 

zero
 

transmittance
 

outside
 

the
 

pupil,
 

the
 

on-axis
 

intensity
 

distribution
 

of
 

GFiZPs
 

can
 

be
 

expressed
 

as
 

the
 

Fourier
 

trans-
form

 

of
 

the
 

structure
 

formed
 

in
 

Fig.1,
I0 u  =4π2u2 Fqζ    2 (3)

where
 

F{q(ζ)}
 

represents
 

the
 

Fourier
 

transform
 

of
 

q(ζ).
 

Inasmuch
 

the
 

axial
 

irradiance
 

is
 

ex-
pressed

 

in
 

terms
 

of
 

Fourier
 

transform
 

of
 

general-
ized

 

Fibonacci
 

sequence,
 

it
 

is
 

straightforward
 

to
 

conclude
 

that
 

the
 

on-axis
 

intensity
 

would
 

show
 

the
 

fractal
 

features,
 

which
 

inherits
 

from
 

the
 

Fi-
bonacci

 

sequences.
 

As
 

aforementioned,
 

the
 

Fourier
 

amplitudes
 

of
 

Fibonacci
 

lattices
 

render
 

the
 

axis
 

behavior
 

of
 

the
 

GFiZPs
 

and
 

thus
 

can
 

be
 

evaluated
 

by
 

the
 

re-
cursion

 

relation
 

as

Gl+1 u  =∑
n-1

j=0
e
2πijuFlGl u  +

∑
m-1

j=0
e
2πiu nFl+jFl-1  

Gl-1 u  (4)
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where
 

i
 

is
 

imaginary
 

unit,
 

l
 

is
 

the
 

recursion
 

or-
der

 

and
 

Gl(u)
 

denotes
 

the
 

Fourier
 

transform
 

of
 

qζ  ,
 

Fl
 represents

 

the
 

width
 

of
 

the
 

lth
 

Fibonac-
ci

 

lattice.
 

Figures
 

3(a)~(h)
 

show
 

the
 

axial
 

irra-
diances

 

of
 

the
 

bronze
 

mean
 

lattices
 

(n=3,
 

m=
1,

 

RW=1)
 

and
 

nickel
 

mean
 

lattices
 

(n=1,
 

m=

Fig.3 The
 

on-axis
 

intensity
 

distributions
 

of
 

GFiZPs
 

with
 

four
 

recursion
 

orders
 

for
 

bronze
 

mean
 

lattice
 

(n=3,
 

m=
1,

 

RW=1,
 

left
 

column)
 

and
 

nickel
 

mean
 

lattice
 

(n=1,
 

m=3,
 

RW=1,
 

right
 

column).
 

The
 

incident
 

wavelength
 

is
 

set
 

as
 

532
 

nm
 

in
 

all
 

figures

3,
 

RW=1)
 

with
 

increasing
 

recursion
 

order
 

from
 

5
 

to
 

8.
 

It
 

can
 

be
 

seen
 

that
 

the
 

axial
 

positions
 

of
 

the
 

main
 

lobes
 

of
 

foci
 

are
 

invariant
 

with
 

different
 

recursion
 

orders.
 

And
 

intensity
 

profiles
 

of
 

higher
 

recursion
 

orders
 

are
 

similar
 

to
 

those
 

of
 

the
 

lower
 

recursion
 

orders,
 

i.e.
 

the
 

self-similarity
 

property
 

inheriting
 

from
 

the
 

Fibonacci
 

lattices.
 

Because
 

the
 

construction
 

rule
 

of
 

GFiZPs
 

is
 

inflation
 

in-
stead

 

of
 

extraction
 

or
 

squeezing,
 

the
 

self-similar-
ity

 

property
 

of
 

GFiZPs
 

differs
 

from
 

that
 

of
 

the
 

Cantor-like
 

FraZPs,
 

whose
 

axial
 

coordinates
 

have
 

to
 

be
 

magnified
 

to
 

observe
 

the
 

self-similarity.

Fig.4 (Color
 

online)
 

The
 

axial
 

irradiances
 

given
 

by
 

GFiZPs
 

with
 

golden
 

(a),
 

silver
 

(b),
 

bronze
 

(c),
 

copper
 

(d),
 

nickel
 

(e),
 

and
 

mixed
 

(f)
 

mean
 

lattices,
 

respective-
ly.

 

Note
 

the
 

intensity
 

is
 

normalized
 

individually
 

in
 

each
 

plot

To
 

explore
 

the
 

detailed
 

axial
 

irradiance
 

prop-
erties

 

of
 

GFiZPs,
 

twist
 

plots
 

are
 

adopted,
 

which
 

are
 

achieved
 

by
 

sequentially
 

stacking
 

the
 

on-axis
 

intensity
 

profiles
 

computed
 

with
 

various
 

RW.
 

Figures
 

4(a)~(f)
 

show
 

the
 

twist
 

plots
 

computed
 

with
 

the
 

RW
 

ranging
 

from
 

0.4
 

to
 

2.
 

One
 

can
 

see
 

that
 

the
 

multi-foci
 

profile
 

will
 

become
 

simple
 

with
 

increasing
 

n
 

while
 

m=1
 

(Refer
 

to
 

Figs.4(a)~(c)).
 

This
 

tendency
 

ascribes
 

to
 

the
 

generated
 

Fibonacci
 

lattices,
 

which
 

is
 

similar
 

to
 

rectangular
 

grating
 

with
 

duty
 

cycle
 

larger
 

than
 

1
 

as
 

large
 

n
 

was
 

adopted.
 

The
 

behavior
 

of
 

GFiZP
 

with
 

large
 

n
 

value
 

is
 

thus
 

like
 

a
 

Fresnel
 

zone
 

plate
 

(Refer
 

to
 

Figs.2(b)
 

and
 

(c)),
 

as
 

the
 

corresponding
 

lattice
 

of
 

FZPs
 

in
 

square
 

radial
 

coordinate
 

is
 

just
 

the
 

rectangular
 

grating.
 

Contrary
 

to
 

the
 

case
 

of
 

n>
1,

 

when
 

m>1
 

and
 

n=1,
 

the
 

on-axis
 

behaviors
 

of
 

GFiZPs
 

become
 

complicated.
 

As
 

shown
 

in
 

Figs.4(a),
 

(d)
 

and
 

(e),
 

the
 

patterns
 

of
 

their
 

twist
 

plots
 

are
 

very
 

similar
 

but
 

squeezing
 

more
 

lobes
 

into
 

the
 

plots
 

with
 

increased
 

m,
 

because
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the
 

large
 

m
 

value
 

diminishes
 

the
 

duty
 

cycle
 

of
 

generalized
 

Fibonacci
 

lattices.
 

This
 

behavior
 

can
 

also
 

be
 

concluded
 

from
 

Figs.2(d)
 

and
 

(e),
 

in
 

which
 

their
 

patterns
 

are
 

very
 

similar
 

but
 

more
 

belts
 

are
 

added
 

outside
 

in
 

Fig.2(e).
 

Finally,
 

when
 

n=2
 

and
 

m=2,
 

the
 

twist
 

plot
 

is
 

almost
 

the
 

same
 

as
 

the
 

case
 

of
 

golden
 

mean
 

lattice
 

(n=1
 

and
 

m=1)
 

except
 

the
 

decreased
 

focal
 

depths.
 

This
 

is
 

understood
 

readily
 

with
 

the
 

same
 

recur-
sion

 

rule
 

but
 

large
 

gap
 

width.
For

 

the
 

conventional
 

Fibonacci
 

lattice,
 

widths
 

of
 

A
 

and
 

B
 

parts
 

(refer
 

to
 

Fig.1(a))
 

are
 

set
 

as
 

golden
 

ratio,
 

i.e.Lb/La = 5-1  /2.
 

From
 

the
 

viewpoint
 

of
 

conventional
 

FZPs,
 

the
 

axial
 

irradiance
 

behavior
 

of
 

zone
 

plates
 

can
 

be
 

in-
terpreted

 

as
 

the
 

interference
 

between
 

the
 

successive
 

belts
 

over
 

the
 

pupil.
 

The
 

RW,
 

which
 

relates
 

to
 

the
 

width
 

of
 

transparent
 

rings,
 

thus
 

affects
 

the
 

focusing
 

properties
 

of
 

GFiZPs.
 

From
 

Figs.4(b)
 

and
 

(c),
 

one
 

can
 

see
 

that
 

the
 

number
 

of
 

foci
 

keeps
 

con-
stant

 

when
 

n>1
 

and
 

m=1
 

while
 

locations
 

of
 

foci
 

change
 

with
 

various
 

RWs.
 

However,
 

for
 

the
 

case
 

of
 

m>1
 

and
 

n=1,
 

both
 

the
 

number
 

and
 

location
 

of
 

foci
 

vary
 

with
 

different
 

RW
 

values
 

(see
 

Figs.4
(d)

 

and
 

(e)).
 

For
 

the
 

case
 

of
 

m=n,
 

the
 

behav-
ior

 

of
 

GFiZPs
 

falls
 

in
 

between
 

the
 

above
 

two
 

sit-
uations.

 

For
 

Figs.4(a)
 

and
 

(f),
 

the
 

twist
 

plot
 

can
 

be
 

split
 

into
 

two
 

parts
 

by
 

the
 

line
 

of
 

RW=1,
 

one
 

(RW<1)
 

is
 

like
 

Figs.4(b)
 

and
 

(c),
 

the
 

oth-
er

 

(RW>1)
 

is
 

like
 

Figs.4(d)
 

and
 

(e).
 

The
 

FWHM
 

(Full
 

Width
 

at
 

Half
 

Maximum)
 

is
 

an
 

important
 

property
 

of
 

focal
 

points.
 

However,
 

the
 

FWHM
 

can
 

only
 

be
 

achieved
 

with
 

Fresnel
 

diffraction
 

simulation-this
 

is
 

out
 

of
 

the
 

method
 

of
 

this
 

paper,
 

and
 

we
 

will
 

discuss
 

this
 

feature
 

fur-
ther.

 

In
 

conclusion,
 

a
 

new
 

family
 

of
 

zone
 

plates,
 

so-called
 

a
 

generalized
 

Fibonacci
 

zone
 

plate
 

(GFiZP),
 

is
 

proposed.
 

In
 

comparison
 

with
 

Can-
tor-type

 

FraZPs,
 

GFiZPs
 

are
 

constructed
 

with
 

an
 

inflation
 

rule
 

instead
 

of
 

an
 

extraction
 

rule,
 

thus
 

avoiding
 

sparse
 

structures
 

at
 

higher
 

recursion
 

or-
ders.

 

GFiZPs
 

can
 

be
 

classified
 

as
 

three
 

types,
 

i.e.m=n;
 

m>1,
 

n=1;
 

and
 

m=1,
 

n>1.
 

In
 

each
 

type,
 

the
 

trend
 

of
 

axial
 

irradiance
 

with
 

vari-
ous

 

structural
 

parameters
 

can
 

be
 

readily
 

tuned.
 

Moreover,
 

the
 

ratio
 

of
 

widths
 

between
 

the
 

two
 

elementary
 

bars
 

in
 

GFiZPs
 

is
 

considered
 

as
 

an
 

ad-
ditional

 

parameter
 

to
 

engineer
 

GFiZPs
 

and
 

its
 

effect
 

on
 

axial
 

irradiance
 

was
 

also
 

studied
 

using
 

the
 

twist
 

plots.
 

The
 

GFiZP
 

is
 

anticipated
 

to
 

find
 

more
 

applications
 

in
  

focusing
 

and
 

imaging
 

in
 

soft-
x

 

rays
 

and
 

the
 

THz
 

band
 

with
 

versatile
 

tailoring
 

features.
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