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Abstract. Based on the transfer matrix analysis and discrete Fourier transform, the reflective
characteristics of a spatially-bounded laser beam by a Rugate coating are investigated. The
spatial intensity distribution and reflectance efficiency of the reflected beam are formulated.
When the central vector of the laser beam satisfies the coating’s Bragg law, the spatial intensity
distributions of the diffracted beam with the change of the coating’s parameters are simulated.
The results show that with the decrease of the thickness, the increase of the period, or the
decrease of the relative permittivity modulation, the spatial intensity distributions of the reflected
beam in the incidence plane are broadened compared with those of incident beam, while those
perpendicular to the incidence plane are not. And the reflectance efficiencies decrease. Among
these three parameters, the relative permittivity modulation and thickness influence the
reflectance characteristics a lot, while the period influences the reflectance characteristics a little.
It means that when the thickness decreases, or modulation decreases, the Rugate coating has
finer angular selective characteristics and less angular selectivity bandwidth. The results are
instructive for the design and application of Rugate coating.

1. Introduction

Rugate coating is a type of thin films, the refractive index of which changes continuously along its
thickness!!. Compared with the traditional graded coatings, Rugate coating has many merits, such as no
harmonious reflective bands, low stress between different layers, high laser damage threshold, and so
on? 31, The characteristics of Rugate coatings have been analyzed since 1960s!*. However, with the
development of modern coating’s technique, Rugate coating’s application has attracted lots of attention
recently®7,

Spatial filter can improve the laser beam quality in the spatial domain, which is very important for
its usage, such as the ignition laser beams in the Inertial Confinement Fusion system, and so on!®*,
Nowadays, the most widely-used spatial filter is pinhole filter, the structure of which is two lens aligned
coaxially with a pinhole plate placed in the con-focusing plane in order to select the required angular
spectrum. Due to its focusing characteristics, pinhole filter cannot be adjusted easily to the application
for the high power laser beam because of the higher beam intensity around the pinhole!'%!?!, So the non-
focusing methods have attracted a lot of attention. Due to the fine wave vector selectivity of the coatings,
the non-spatial filtering for laser beam based on coatings has been put forward since 2000s!'*!4, The
fine wave vector selectivity denotes the fine wavelength selectivity at some angular domain and the fine
angular selectivity at some wavelength domain. So Rugate coatings may be a potential candidate for the
pinhole filter, especially in the high power laser field, with its fine angular selectivity!'>. However, there
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is lots of attention paid to the reflectance or transmittance characteristics of the Rugate coating for the
wavelength spectrum or angular spectrum, while there is little attention paid to the reflectance
characteristics of the Rugate coating for the actual laser beam. Maybe the reflected laser beam is spatially
deformed compared with the incident spatially-bounded laser beam by the Rugate coating. So it is
necessary to calculate the reflectance characteristics of the Rugate coating for the real laser beam.

2. Configuration and Theoretical Analyses

Fig.1 shows the spatially-bounded laser beam incident into a Rugate coating.
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Fig.1. Schematic of spatially-bounded laser beam incident into a Rugate coating
In fig.1, the solid parallel lines stand for the coating’s fringes. A denotes the period, d denotes the
thickness. K denotes the coating’s vector. Without any loss of generality, K is selected to be in the

XOZ plane. ¢, (r) is the coating’s relative permittivity, which can be expressed as:

& (r)=¢, +&,c0s(K-r) (1)
where ¢&,, and ¢,, denote the relative mean dielectric permittivity and its modulation amplitude,
respectively. r denotes the position vector, stands for (x, y, z). X'axis is in the plane of incidence, which
is formed by the central wave vector K, of the incident laser and the coating’s front surface normal N ,
while Y' axis is orthogonal to the plane of incidence. And Z' axis is parallel tok,. 6,is the incidence
angle between Kk, and Z axis. &, and g, are the relative permittivities in region 1 and region 3,
respectively.

2.1. Decomposition of the spatially-bounded laser beam by discrete Fourier transforms
Based on the deduced reflectance results of a Rugate coating illuminated by monochromatic plane waves
(MPWs) based on the transfer matrix analysis (TMA)[16,17], intuitively the spatially-bounded laser
beam should be firstly transformed into linear combinations of MPWs based on the two-dimensional
discrete Fourier transforms in spatial domains. And secondly the reflected and transmitted
characteristics of each MPW can be achieved depending on the TMA. Finally based on the inverse
discrete Fourier transform, the spatial intensity distributions of reflected laser beam can be formulated.
The field amplitude of incident laser beam (atZ =0) can be expanded into linear combinations of
MPWs as:

M/24 M,/24

Fw(xnl Yo, 'FO): > X Fv(kx‘muky,mz ,z:O)eXp[—j(kmxm+ky,mzyn2+km,m2,pz)} @)

my=-M,/2m,=—M, /2

where M,and M, are the numbers of sampling points over the spatial intervals—D, /2<x, <D, /2,

and-D,/2<y, <D, /2, in X and Y axis respectively. k, , =m,(2z/D,) and k,, =m,(27/D,)
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are the wave vector components along X and Y axis, respectively. Furthermore, the z wave vector
1/2
Zmy,m, (k02<91 - kxz,ml - kimz ) . ky =a,/c, cdenotes

the light speed in vacuum. Subscript v stands for x, y, or z, which means the polarization in the X, Y, or
Z axis.

Furthermore, the corresponding monochromatic plane-wave spectrum coefficient for MPW (ml, m, )

component for MPW (m;,m, ) can be achieved by k

can be performed by

F, (K Ky, 220)=

Xm Ty m, !

1 MUzt M2

Mle . 121, 2 EV (X"l ’y”Z ,ZZO) X EXp|: J (kX mlxnl + ky m, yn2 + kz,ml‘m2 Z):| (3)

wherex, =nD, /M.y, =n,D,/M,.
For MPW (m;,m, ), the incidence angle 6, .~ can be performed by

Oy, =05 K,y m, (657 | @

2.2 Intensity distributions of the reflected laser beam in spatial domains
Assuming the incident laser beam is TE mode, and based on the deduced conclusions of TMA, the

reflected amplitude of each MPW (m,,m, ) can be determined by

o (K, ' Kym, "0) = Ex (A, O)F, (K, Ky, 0) (5)
where 4, =271k, s Ko =Ko s Ky =K o Eq(4y,60) denotes the reflected coefficient for
each MPW based on TMA.

As a result, the amplitude of the reflected laser beam is expressed as:
M/2-1 M,/2-1

(2= XX Rl ka0

m=-M,;/2my=-M,/2 (6)
1 R |
><exp|:_1(kxm1 n kym yn +kzmlm ):|
where kZRm1 m, denotes the projection of k,:lvmz " into Z axis. And it can be expressed as:
_(k28 _k2 I_k2 |)1/2 2 2 T 2 _
R 0€1 " Kem ~Kym, Kem +Kym "<Kpg;  transmitting waves
Zmm, = (7)

. 1/2 2 2 2
+j(k2 . '—kzgs) Km Ky m ">Koe; evanescent waves

So the intensity distribution of the reflected laser beam can be expressed as:

M;/2-1  M,/2-1
ISRD(an’ynz' ) Z Z FVD( Xml’ ymzl’o)

my=—M;/2 m,=—M,/2 (8)
2

xexp[—j (kxvm1 Xo, + Ky, Vo, + kZle n z)}

And the reflectance efficiency is:
M/2-1  M,/2-1 )
R ] 1
2 |Fb (ke Ky, 20)
R _ my=-M;/2m,=—M,/2
b = My/2-1  M,/2-1 5 )

2

m=—M;/2 my=—M,/2

3. Simulation results
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The Gaussian laser beam has been widely used in lots of optical systems, so we select Gaussian laser
beam as the incident spatially-bounded laser beam. For simplicity, the dispersion is not considered in
the paper. The laser’s normalized amplitude is expressed as

E(X,y.20t) = —Cexp[ —(x?+y?) W ()]

w(z')
12 4 2 , (10)
xexp j{(a)ot—ko.z')—kow_tanl(z jg]] -y

2R(7") W,

where W, is the beam waist radius. Y is the unit vector along y axis.
1/2

w(z')=w, {1+[z'ﬂﬂl(ﬂw§)]2} (11)
R(2)=2+(nt 1 2) 17 (12)

where W(z' ) and R(Z' ) are the beam radius and the phase front curvature radius at the distance z' away

from the beam waist center, respectively.
In the practical application, the highest diffraction efficiency is the key factor for the Rugate coating.
So we just consider the condition that the central wave vector of the incident laser pulse satisfies the
coating’s Bragg’s law, which is a requisite condition for its greatest reflectance efficiency of this kind
of laser beam. And it can be expressed as:
2|ky| £ c0s6, =|K| (13)
The other parameters used in the simulation are shown in tab.1.

Tab.1. Parameters and quantities in the simulation

Parameter Quantity Parameter Quantity
Ao 1053 nm & & 2.250
b, D, 310 pm M; M, 310

W, 50 pm €20 , 2.250

3.1 Spatial intensity distributions of the reflected beam with the change of the relative dielectric
permittivity modulation

Three groups of parameters are selected, with the relative dielectric permittivity modulation of 0.01 ppm,
0.02 ppm, or 0.03 ppm, respectively. The coating’s thickness is 100 um. The grating’s period is 380 nm.
The spatial intensity distributions of the reflected laser with the change of the relative permittivity
modulation is shown in figure 2.
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Fig.2. Spatial intensity distributions of reflected laser beam with the coating’s relative permittivity
modulation of (a) 0.01, (b) 0.02, and (c) 0.03.

From figure 2, we can deduce that with the relative permittivity modulation’s increment, the intensity
distributions of the reflected laser are getting more and more similar to that of the input laser in the
spatial domain. It means that more decomposed MPWs are reflected at the higher relative dielectric
permittivity modulation than those at the lower one. And when the relative dielectric permittivity
modulation is low, the profile in X axis is widened greatly, which means some higher angular
frequencies are not reflected. It is shown that the spatial width in the Y axis is approximately the same
as that of the input one, which means that the Rugate coating has little effect on the wave vector
components that are perpendicular to incidence plane. The reflectance efficiencies are 52.36%, 91.26%,
and 98.96% in correspondence to the relative permittivity modulation of (a) 0.01, (b) 0.02, and (c) 0.03,
respectively.

3.2 Spatial intensity distributions of the reflected beam with the change of the coating’s thickness

In this part, three groups of coating’s parameters are selected, with the coating’s thickness of 50um,
100pm, or 150um, respectively. The relative dielectric permittivity modulations are fixed as 0.02. The
grating’s periods are 380nm. The spatial intensity distributions of the reflected laser with different
gratings’ thickness are shown in figure 3.
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Fig.3. Spatial intensity distributions of reflected laser beam with the coating’s thickness (a)
d=50um; (b) d=100um; (c) d =150um

From figure 3, we can deduce that with the thickness’s increment, the intensity distributions of the
reflected laser are similar to those of the input laser in the spatial domain firstly. And then it spreads
along the X axis. It means that when the coating’s thickness is small, the angular selectivity bandwidth
is wide. Although at this situation, the diffraction efficiency is not high, most of the decomposed MPWs
are reflected. With the thickness’s increment, the diffraction efficiency gets higher. But due to the
narrow angular selectivity bandwidth, the spatial intensity distribution of the reflected beam is
broadened. The reflectance efficiencies are 60.18%, 91.26%, and 96.05% with respect to the thickness
of 50pm, 100pum, and 150um, respectively.

3.3 Spatial intensity distributions of the reflected beam with the change of the coating’s periods

Three groups of coating’s parameters are selected, with the coating’s periods 360um, 380um, or 400um,
respectively. The relative dielectric permittivity modulations are fixed as 2500ppm. The grating’s
periods are 380nm. The spatial intensity distributions of the reflected laser with different gratings’
thickness are shown in figure 4.
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Fig.4. Spatial intensity distributions of reflected laser beam with the coating’s period
(@) A=360um; (b) A=380um; (c) A=400um

From figure 4, we can deduce that with the period’s increment, the intensity distributions of the
reflected laser are broadened in the X axis compared with that of the input laser in the spatial domain.
It means that less decomposed MPWs are reflected at the higher period than those at the smaller one. So
the angular selectivity bandwidth is thinner with the higher period. The reflectance efficiencies are
89.46%, 91.26%, and 92.58% with respect to the period of 50pum, 100pum, and 150pum, respectively. It
means that the period’s change does not influence the diffraction efficiency very much.

4. Conclusions

We analyze the reflective characteristics of a Rugate coating illuminated by a spatially-bounded laser
beam. Besides the reflectance efficiency, the spatial intensity distribution is put forward with the change
of the different coating’s parameter. The results show that with the decreasing of the grating’s period,
increasing of its thickness, and increasing of its relative dielectric permittivity modulation, the spatial
intensity distribution of the reflected laser are similar to those of the input pulse. dAnd the reflectance
efficiencies increase. Among these three parameters, the relative permittivity modulation and thickness
influence the reflectance characteristics a lot, while the period influences the reflectance characteristics
a little. It means that when the thickness decreases, or modulation decreases, the Rugate coating has
finer angular selective characteristics and less angular selectivity bandwidth. The results are instructive
for the design and application of Rugate coating.
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