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Two centuries ago, Fresnel, Poisson, and Arago showed how the wave nature of light induces a bright
spot behind an opaque disk. We develop an analytical model based on the Fresnel diffraction theory to
show how small perturbations such as digs or scratches can yield intense light enhancements on the down-
stream axis. The impact of defects with complex morphology on light diffraction is shown to be accurately
modeled by the Fresnel theory applied to a set of opaque disks characterized by phase shift and trans-
mittance. This model can be used either to define the geometry of the defects that optimizes the light
enhancement or to improve the defect specification on the surface of the optical components. We explain
why partial information of the defect morphology can suffice to specify a safety distance beyond which
light intensifications are not dangerous. The validity of this analytical approach is studied by measuring
the intensifications created by three different microdefects.

DOI: 10.1103/PhysRevApplied.11.034008

I. INTRODUCTION

On 29 July 1818, A. Fresnel submitted to the French
Academy of Sciences his seminal report on diffraction the-
ory using the epigram Natura simplex et fecunda [1]. In
order to refute this theory, S. D. Poisson predicted a coun-
terintuitive effect: in the shadow of a light-blocking disk,
a bright spot appears in its center. F. Arago experimentally
proved the existence of this bright spot in 1819 (experi-
ment reported in the first note added at the end of Fresnel’s
report) [1]. This bright spot, now called the Arago spot
(sometimes the Poisson spot or the Fresnel bright spot)
validated the wave nature of light. The light diffraction by
an opaque disk yields two interesting results: (i) when the
opaque mask has a circular shape, interference phenomena
occur along the optical axis and (ii) when the mask impacts
only light amplitude, interferences along the optical axis
cannot yield strong light intensity enhancements.

Generally, defects in optical components feature much
more complex shapes than the light-blocking disk con-
sidered in Arago’s seminal experiment [2]. In this paper,
we extend the concept of opaque disk diffraction by con-
sidering multiple disks that model defects with complex
morphology. By applying the Babinet’s principle [3,4],
the wave diffracted by defects is decomposed into a plane
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wave and several phase-shifted plane waves propagating
through a light-blocking disk.

A quantitative comparison with experimental defect-
induced on-axis downstream light intensification is carried
out in the framework of high-power beam lines. Diffraction
patterns caused by the defects yield local high-field inten-
sities that increase the probability of laser-induced dam-
age [5]. Defects can occur from polishing processes [6],
antireflective (AR) coating deposition, laser-induced dam-
age mitigation [7], optics handling, contamination [8], or
just from the interaction between light and the optical
components [9].

Conventional methods used to determine defect-induced
on-axis downstream light intensification consist of directly
observing the impact of defects on diffracted light [10,11].
By using laser damage laws [12,13], it is possible to pre-
dict the increase in the laser-induced damage probability
for each observation of the diffracted intensities. The draw-
back of this empirical method is that the setup can be
difficult to build and the process to evaluate the diffraction
patterns created by each defect is time consuming.

Other methods are based on the simulation of light prop-
agation through defects [14,15]. These numerical methods
provide a lot of information about how defects impact light
propagation. Moreover, some propagation codes include
nonlinear propagation [16,17], which, in certain condi-
tions, must be considered to provide information on real
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defects’ impacts on light propagation. The reliability of
these numerical methods depends on the accuracy of the
defect characterization. The phase shifts and the light
transmittances through the defects have to be measured
by interferential and photometric methods [18,19]. The
characterization of defects is time consuming and difficult
when such defects appear during the laser facility oper-
ation. When characterizations of the defects are missing,
they are classically replaced by simple models, which can
lead to false predictions.

Both experimental and numerical methods have spatial
resolution limits and they can miss dangerous “hot spots.”
Indeed, light propagation can produce structures smaller
than the resolution of the CCD camera or the mesh size of
the simulation.

Here, we solve this issue by deriving an analytical
method able to predict with a high accuracy defect-induced
downstream light intensifications. Therefore, it can predict
the generation of “hot spots” with small lateral sizes. We
focus the study on the axis of the defects because we con-
sider defects with circular symmetry for which the highest
intensification tends to remain located along the optical
axis. The key idea is to understand which defect param-
eters have to be characterized in order to find the safety
area, which is defined by the distance after which intensi-
fications cannot exceed a given threshold. The safety area,
therefore, means that downstream optics mounted in this
area cannot be damaged.

I1. FIELD DECOMPOSITION IN
LIGHT-BLOCKING DISKS

This section aims at modeling the intensifications gen-
erated by a defect model with an analytic approach based
on wave decomposition into several elementary waves.
This approach has been used in the microwave domain
to model the effect of small phase objects in the near
field [20,21]. For quasicircular objects, it has always been
observed that the brightest spots occur along the optical
axis of defects [22,23]. Therefore, this study is focused
only on the light behavior along the optical axis. We will
suppose in the whole study that the transverse dimensions
are very large compared to the wavelength.

Defects are modeled by m concentric rings. The ith ring
has a transmittance ¢;, an outer radius R;, and a phase ¢; (we
use positive values for phase retardations). The substrate is
assumed to have a transmittance #,,| and a uniform phase
dm+1, which is set to zero. The wave propagates along the z
axis. Then, the light wave perturbed by the rings structure,
Us, 18 represented as

m+1
U (r,3,2=0) = Y1/ Yi(x,,0), (1)

i=1

0 1 vy, 0 1 g 0 1 g
— ==
Ri4 Ri4 Ri4
R; R; R;
X4yt P4y? \Pey?
FIG. 1. Decomposition in z = 0 of the ith ring by two opaque

disks: Y;(x,y,0) = Ui—1(x,»,0) — Ui(x,y,0).

where (Y))ic[1,m+1, are the elementary rings defined by

1 if Ry <x>+)? <R,
Ti(X,y,O) = { (2)

0 else,

with Rg = 0 and R, | = 0.
Each ring is the difference between two opaque disks
(see Fig. 1) defined by

0 if \/Xz +y2 < Ri,
Ui(x,y,0) = {1 | 3)
CISe.

It can be observed that V(x,y) € R?, Uy(x,y,0) = 1, and
Um+1(x9y9 0) = 0
Now, let us expand the structured field:

m+1
Use(,,0) = Y [Ui-1(x,,0) — Ui(x,y,0) ]t/

[Ji(xsya O)ti+lej¢i+l

-

Il
S

1
m+1

= > Uitx,p,0)tie’

i=1
m

= e/ + Z (tip1e P41 — 1,6/ ") Ui(x, y, 0).
i=1

“4)

As it is made with Babinet’s principle [3,4], by using the
linear property of light diffraction, the propagation of a
field can be calculated from the sum of the diffraction of
elementary fields. Let © ., ) be the diffraction linear oper-
ator, which propagates the light wave to the point (x, y, z).
Applying D, -y to Uy leads to

m
Dieyo U] = 11/ + ) "(ti1e7 %41 — 1617

i=1

X @(x,y,z)[l]i] 5 (5)
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where k = n ky, n is the refractive index of the propagation
medium, ky = 27w /A is the wavenumber, and A is the
wavelength.

The light wave diffracted by the structure is the sum of a
¢ phase-shifted plane wave and the diffraction of m plane
waves with complex amplitudes, which are diffracted by
opaque disks.

The first Rayleigh-Sommerfeld diffraction in the Carte-
sian coordinates takes the form [24]

Uix',",0)

Dy Uil = == /

('y'ex)

where ¥ is the plane where the ith disk is located.

The Fresnel approximation is obtained by performing
the Taylor expansion of the square root up to the first order
in the exponential argument (numerator) and up to the zero
order in the denominator. Along the optical axis, in the
Fresnel approximation (z > R;), the diffracted wave is

ik / / Uix', ', 0)
Az o y)es

k&' +y )

D00Vl =

x e/ dx'dy’. 7

By using the stationary phase theorem [25,26], the diffrac-

tion integrals are calculated for a light-blocking disk with
radius R; on the optical axis (z > R;):

j i +00 2w _
D005[Uob] = ——eszf / VAL €22} POy B
Az R;

. 2 .
— /TR 10D ik (8)

Equation (8) shows that the intensification |9 .0.)[Uob]|*
is equal to 1 along the z axis.

Now, the light wave diffracted by the structure [Eq. (5)]
becomes

D 0,02 [Uste]
m
N |:tlej¢1 + Z (ti+lej¢i+1 _ tiej¢i)ejﬂaiNF:| ,
i=1
)

where (o) is the sequence defined by

ie[l,m]

ai = (Ri/Rn)%, (10)

and we use the notation conventionally used in the Fresnel
diffraction theory [27,28]:

Z. = R2,/, the characteristic propagation distance,

Nr = Z./z, Fresnel’s number.

Let us point out that the Fresnel approximation (z >> R)
is equivalent to the following statements: z/Z, > A/R and
Np < R/

The triangular inequality [(a,b) € C*> = |a+b| <
la| + |b]] applied to Eq. (9) gives an upper bound to
downstream intensifications:

2
m
Iy < (zl /91 + Y (tigale/ 1| + ri|ef¢f|)|ef“fNF|)

i=1
m 2

= (tm—H +22t,> . (12)
i=1

Equation (12) shows that the highest intensification is gen-
erated by structures for which all the elements interfere
constructively. It corresponds to the case of a pure phase
object (transmittances equal to 1), which cannot generate
higher intensifications than (1 + 2m)?. This limit is very
large and, in most cases, it will not be reached. However,
without more information than the number of disks m used
to model the defect, this limit is the lowest bound that can
be defined. Lower limits can be obtained if information
on phases, transmittances, and dimensions of the disks are
obtained.

For example, for a pure phase object, the triangular
inequality can be used to give a more subtle upper bound,
which depends on the phase shifts:

2

Istr =

m
; . . G — P Gt
ej¢1+2]§ sm%e-’ T o) TNF

i=1
( ) | )

Applying Eq. (13) to a structure with phase differences of
7 leads to the intensification limit Iy < (1 4+ 2m)2. This
result can be interpreted with the Fresnel zones [29]. Each
zone is defined by all the point sources for which the prop-
agation distance belongs to [z +iA/2;z+ (i+ 1)A/2],
where i is Fresnel’s zone index (starting from zero). The
contributions to the field of two consecutive Fresnel zones
will cancel out. Therefore, the diffracted intensification
will be increased by objects that introduce a phase delay
or phase advance of 7 for every other Fresnel zone. For
instance, we represent in Fig. 2 the on-axis intensification
diffracted by a w-phase disk and a m-phase ring.

¢1+l ¢z
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FIG. 2. Intensification along the optical axis; light prop-

agation through a m-phase disk (a); through a phase ring
(¢1 =0, ¢ =) (b).

III. IMPACT OF PARTIAL PARAMETER
KNOWLEDGE

The model developed in Sec. II requires knowledge
of certain parameters, such as the number of elementary
disks, the transverse dimensions, the transmittances, and
the phase shifts. However, some of these parameters may
be impossible to measure (for instance, if the defect occurs
during operation of the optical component in the laser
chain). Moreover, characterizing all these parameters in
an accurate way for all defects will not provide an effec-
tive defect specification because it will imply spending a
huge amount of time on several instruments. Therefore, it
is important to understand information provided by partial
sets of parameters. We want to define safety areas, which
are areas where the intensification will never be greater
than a given value. These safety areas are calculated thanks
to the intensification envelopes, which are computed for
each partial set of parameters.

In this section, the sets of parameters are sorted with
regard to characterization difficulty. Therefore, we first
consider the outer radius of the defect only, which can be
characterized by photography [30] (Sec. III A). In a sec-
ond step, we consider, in addition, the inner radii, which
can be measured with higher-resolution photography [30]
(Sec. IIT B). Section III C deals with the simplification of
the defect structure. Indeed, the defect model is structured
by circular and concentric elementary objects. Moreover,
discontinuous phase steps are considered. Real diffracted
intensifications may have a different behavior when the
defect is more complex. In Sec. III C, diffraction by struc-
tures with quasicircular shapes will be described. Finally,
the phases are introduced in Sec. III D. These will need
a more elaborate measurement method (such as interfer-
ometry) [30]. Of course, if all the phase shifts are known,
then the model expressed by Eq. (9) predicts the diffracted
intensification. The objective of Sec. III D is to see how
one can take advantage of partial phase knowledge.

A. Defect transverse dimension (outer radius)

In this section, we consider that the outer radius of the
defect is the only parameter that we can access. Then, we

are looking for the object of outer radius R, which gives the
highest downstream intensification for an incident plane
wave at a given propagation distance z. Despite the fact
that we considered in Sec. II constant phases over rings,
we will here search for the worst phase profile without any
constraints.

The maximum of intensification at distance z is
obtained when the phase of the diffractive contributions
Ulens (x, v, 0) exp[jk(x*> + y?)/(22)] of Eq. (7) is constant
inside the defect. Moreover, we must maximize the sum
of all these contributions with the field outside the defect
(plane wave). This leads to the following defect wave:

T
e’ ze/® rel0,R],

1, r> R,

Ulens(ra CD) = (14)

where @ is a phase offset that must be tuned to maxi-
mize the interference. Therefore, if we consider the Fresnel
transform in Eq. (7), we obtain

_]k . +oo 2 R '
D005 [Ulens] = — ¢ V e/ T 0D gy 4 / e’ ¢rdr:|
z R o

(15)

) . Z. .
=/ |:eJ”(ZC/Z) —jn—ce‘w] .
z

Then, the maximal intensification /iy at distance z is given
by Eq. (16) where the maximizing value of ® is given by
Eq. (17):

2
Jiens = max |©(0,0,z)[[]lens]|
deR

= max[1 + (TNp)? — 2 Ng sin(rNp — ®)]  (16)
€

and

d=nx (NF + %) , mod(2m). (17)

Therefore, with only the outer radius of the defect, an upper
bound of the intensification /x can be given

Tx = (1 + TNp)2. (18)
A singularity is observed at z = 0. However, the Fresnel
diffraction theory used to plot Fig. 3 applies only for Ny <«
R/X) orz/Z. > A/R, explaining why this singularity is not
physical.

B. Impact of the inner radii

Taking into account the inner radii of the defect (cor-
responding to the internal structure) corresponds to the

sequence (), of the model shown in Sec. II. The

034008-4
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(a) (b)
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£20 220 ,
o \ © /
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8 0 2 4 6 8 98 0 0.26 052 0.78 1.04 1.3
= z/Z, £ N,
FIG.3. Intensification envelope (namely, the R envelope) given

when only the defect transverse dimension is known. The R enve-
lope is plotted vs the dimensionless propagation distance z/Z. in
(a) and vs the Fresnel number Nr in (b).

goal is to find how the intensification envelopes depend
on (ai)ie[l,m]'

First, we consider the case of a phase ring (m =
2=t =t =101 =a;a, = 1). The intensification
ILing diffracted by a phase ring is computed using Eq. (9):

N, (TVE (o Tz
Liing(NF) = ‘1 + 25sin (%(1 — oz)) e’( A @ Dtr-5)

N, (TNE (o ) ?
+2sin(”2—Fa> (2 ee-3) " (19)

The two phase shifts ¢; and ¢, are isolated in the argument
of complex numbers of Eq. (19). Therefore, by applying
the triangular inequality, the (R, ) envelope, which does
not depend on phase shifts, is expressed as follows:

}2

(20)

Nj
+ 2 |sin %a

~ . TNp
1,(Np) = [1 + 2 |sin T(l — )

Actually, for each Fresnel number N, there is a ring with
particular phase shifts (¢, ¢2), where the intensification
ILing reaches the value of /, at Np:

Iring = I
N, b A\
¢ = —F(Z — o)+ —sign |sin hincine
2 2 2
& . (21
T Ng T . wNp
¢ = T(l - a)+551gn sin > (1—oa)

For small Ny values, the sinus can be linearized:

~

I, = Tr, + o(N}). (22)

The (R,, ) envelope developed for the phase rings case is
equivalent to the R, envelope given by Eq. (18) for long
propagation distances.

Finally, it is possible to apply Eq. (20) to the case of
phase disks (m =1; t; =t, = 1). Indeed, a phase disk

h Ly i * /_\Qh

0 02 05 075 1 125 15 175 2
z/Z,

(=2 |

225 7 < A 3

% 5 ia=0.5) "\
g20 v ’5’_~\.\.\R‘envelopb}
=15 (0= 0.7) "3 _\\

'g !..‘l P TTTTT _\~\\'\ﬁ\
ﬂlo A7 CY LT S
=

St

i)

=

3

el

=

=

FIG. 4. Envelopes for phase rings and phase disks plotted vs
dimensionless propagation distances z/Z. for four different «
values.

is a phase ring where the inner radius is equal to the
outer radius (¢ = 1 or &« = 0). Therefore, the envelope for
a phase disk has the following expression:

. wNp
sin

2
T (Np) = [1 +2 } . (23)

The (R,, o) envelopes are represented in Fig. 4 for different
values of o (¢ = 1 is the envelope of the intensifications
diffracted by a phase disk). Only the (R, o) envelopes cor-
responding to « values greater than 0.5 are represented
because the 1 — « case gives the same envelope.

When the structure has elements with large differences
in transverse dimensions, the contributions of the small
elements do not interfere with the large ones for small Ng
values. Indeed, when m Npa « 2, Eq. (20) becomes

~ N, N,
I, = |:1 + 2 |sin 772F‘ + nNra (1 —cosn2F>

xNra)?\ |
4o —4 .

In the case where 7 Nra — 0, the (R, o) envelope 7a has
the same expression as the envelope of the intensifications
diffracted by the phase disks [Eq. (23)]. The small structure
in the ring has no impact on the intensifications for long
propagation distances. For instance, the (R,,a = 0.04)
envelope is represented by the solid line of Fig. 5 (R; is
5 times larger than R;). The dashed line, which represents
the disk’s envelope, has the same behavior as the ring’s
envelope when z/Z, is large enough (z/Z. > 0.1).

As the @ and 1 —« cases are the same [Eq. (20)],
the previous result established for o close to 0 must be
extended to cases where « is close to 1. Actually, in the
particular case where « is close to 1, the ring is so nar-
row that it does not contribute to the diffraction pattern for
small Ng.

24

C. Impact of quasicircularity

Let us show that the model still works with quasicircular
elements. The shape of the ith element is now defined by

034008-5



F. TOURNEMENNE et al.

PHYS. REV. APPLIED 11, 034008 (2019)

2254 : : : :
ézo [— (R, a=0.04) envelope| |
§ |-=-(Ry, a=1) envelope

=15

0 025 05 075 1 125 15 175 2
z/Z,

225! 25

Intensificatio
o v

FIG. 5. Comparison between the phase rings’ intensification
envelope (solid line) setting o = 0.04 and the phase disk’s
envelope (dashed line).

p; the distance between its edge and the barycenter of the
structure. It depends on the azimuthal angle 6:

p7(©) = R} + 8,(0), (25)

where R; is the root-mean-square distance. §; is assumed to
be a random variable, which follows the normal distribu-
tion A; ~ N (0, crl-z). Thus, the ith element is represented
by this light wave:
0 ifr < p;(0),
Ui(r,0,0) = { oo (26)

1 else.

Therefore, in the Fresnel approximation, ® ) (U;) in
Eq. (5) is calculated with the stationary phase approxima-
tion:

L 1 2 50
DunalU] = e o [ e ag
2 0

= et [ py el Eas, @)
where p,,; is the (Gaussian) probability density function

of A;. Following [31], one can recognize in Eq. (27) the
characteristic function M, of A, which, in this case, yields

Ma(w) = / N pa;(8)e’%ds; = exp(—olw?/2). (28)

Therefore, Eq. (27) becomes

. . R 2
D 005U = /R pI TNF o=(1/D)[m0i/ 02)]

2
(o} R2
In the case of a quasicircular structure, Eq. (9) becomes
9(0,0,2)[Ustr] = ejkz |:l]€j¢]
+ Z(riﬂe]@ﬂ — tie]d’i)e]r[aiNFK;)t, :| ’ (30)
i=1

where K; = eXp[—(JTNFUi/R,Z)z/z]-

Equation (29) shows that the intensification yielded by
a quasicircular screen decreases to 0 for short propaga-
tion distances. This is not the case for the light-blocking
disk. This result can be extended to the defect model.
Now, the model is decomposed into phase-shifted plane
waves blocked by quasicircular screens. As the Arago spot
generated by the screens disappears for short propagation
distances, the interferences between the elementary waves
must also disappear. Therefore, intensifications along the
optical axis of the model decrease for short propaga-
tion distances. For instance, the (R, = 1,0) envelope of
quasicircular phase disks may be expressed as

Lgige = /(1 — /™ K) + K|?
< (|1 —&/™FK| +K)% (31)

The (R,a = 1,0) envelope tends to 1 for high Ny val-
ues instead of the perfectly circular case limited by the
(Ry,a = 1) envelope [see Eq. (23)], which predicts con-
tinuous oscillations of the intensifications for high Ng
values.

In the particular case of a phase ring, the impact of a
quasicircular shape is given by the two terms: |9 o) [Uz]|
and |® 0. [U1]]. Actually, when the quantities o; /Rf are
the same for the two elements (K| = K, = K), we get

1D00n[U2]l gl

D0,0[U2]l =K _
1D 0,0 [U1]l

1D00s[U1] = K’
(32)

When the phase ring has elements with a large difference
in transverse dimensions (¢ < 1), then K 1= ~ K. More-
over, for short propagation distances (7 Nr > R?/0;), the
term K is close to zero, which means that the large element
no longer contributes to the diffraction pattern. With these
assumptions, Eq. (30) applied to the ring becomes

R2 ‘ ‘
Iring (NF > _2> ~ |€j¢1(1 —Kazef”“NF)
oy
+ KazejnaNFE‘i¢2 |2' (33)
According to the triangular inequality, Eq (33) becomes
]ring < (|1 —Kazej”aNFl +Ka2)2‘ (34)

For short propagation distances, the ring’s envelope with
small « is the same as the envelope of the small element
[Eq. (31)]. Therefore, for small o values and when the
propagation distance is short enough, the large element no
longer interferes with the small one.

For instance, in the case of Sec. III B (envelope of phase
rings with o = 0.04), some circular imperfections are
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FIG. 6. Intensification envelopes downstream of specific non-
circular phase objects (o = 0.04;01/R? = 0.08;02/R3 = 0.08).
The solid line is the envelope of the quasicircular rings
(R? = aR3), the dashed line is the envelope of the quasicircu-
lar disks (R = R;), and the green dotted line is the envelope of
the quasicircular disks (R = R;).

added: 01/R? = 0,/R5 = 0.08. The three envelopes with
the circularity considerations are represented in Fig. 6:
the solid line is the (R, o = 0.04, 0;,) envelope com-
puted for the ring, the dotted line is the (R, o = 1, 03)
envelope of the outer radius disks, and the dashed line is
the (R, = 1, 07) envelope of the inner radius disks. The
solid and the dashed lines are merged: the large element
does not interfere with the small one for short propagation
distances [Ny > R?/(w0)].

D. Impact of partial phase knowledge

The intensification envelopes we have defined never
took into consideration the phases of the diffracting struc-
ture. The general idea of these envelopes is that the larger
the defect transverse dimension, the farther the safety area
is downstream of the defect. In this section, we show how
partial knowledge of phase shifts provides envelopes that
improve information about the safety area.

In the phase-ring case, two envelopes are developed
from the knowledge of only one of the two phase shifts.
Indeed, instead of isolating in Eq. (19) the two phase shifts
in the arguments of the complex exponentials to obtain
the (R, o) envelope described by Eq. (20), only the phase
¢, can be isolated to get an envelope depending on the
phase ¢,

N,
”2‘”(1 —a)

. (7Np ¢
sin (T(l — Ol) — ?>

~

Ipg, = |:1 + 2 [sin

2
+2 ] . (35)

The (R, o, ¢1) envelope expressed by Eq. (35) is interesting
to use in cases when « is close to 1. In the same way, we
can obtain an envelope depending on the phase ¢,, which
is useful when « is close to zero.

| [Safety areal / // \\,

Ny
N \
2
\\’

O-TE -235 -16 -0.75 0 0.75 1.6 2.35 b
Phase (rad)

FIG. 7. Safety distances downstream of phase disks vs phase
shifts of the disk. The intensifications remain lower than /; in the
safety area (/) = 2).

Finally, for the particular case of a phase disk, the
diffracted intensification is less complex,

Lisc = 1 + 4 sin? % +4 sin % sin (7TNF - %) . (36)

The safety area of a phase disk can be evaluated as fol-
lows. Let us represent the safety area by a distance zy/Z.
corresponding to the shortest distance where the diffracted
intensification will never be higher than a given value
Iy (Lgisk(z > zo) < Ipy). These “safety distances” are shown
in Fig. 7 with regard to the phase shift (/y = 2). Three
particular phase shifts appear:

To— 1

¢4 = —¢pp = 2 arcsin

Qg+
¢Min: A2 .

(37

Between ¢ and ¢4, the phase is too small and the inten-
sification cannot be higher than /. Therefore, whatever the
transverse dimension, if the phase shift belongs to [¢3, ¢4],
the defect is not dangerous. The point ¢y, 1s the phase
associated with the farthest safety distance. In fact, it cor-
responds to the safety distance that can be established in
the (R, = 0) envelope case [Eq. (23)] where only the
transverse dimension is known.

Finally, it is remarkable that positive phases generate
safety areas farther than negative phases. This proves that
for optical transmission components, under the assumption
of phases ranging between [—, ], bump-shape defects
are more dangerous than hole-shape defects.

IV. COMPARISON WITH EXPERIMENTAL
RESULTS

The intensifications diffracted by three particular defects
are now investigated experimentally. Defect 1 ensues from
pollution by a drop of solvent, defect 2 is an AR bump
caused by a particle on the substrate during AR coating
deposition, while defect 3 is the mitigation of a laser-
induced damage site made by using a CO, laser [7]
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TABLE I. Parameters of defect 1 characterized by interferom- TABLE III. Parameters of defect 3 characterized by optical
etry. profiler measurement.
Parameters Interior ring (i=1) Exterior ring (i =2) Raised rim
R;(um) Nomarski 98 105 Parameters Interior (i=1) Exterior (i =2)
Profiler 93 101
R; 1.05 1.1
oi/R>  Nomarski 0.023 0.035 G%in ) 00152 00327
Profiler 0.019 0.030 o ' ’

¢; (rad) Profiler 0.158 1.063

(Defects 1 and 2 are coating defects, AR layer with refrac-
tion index: nag = 1.22; the phase shifts will be defined
by ¢; = kohi(nar — 1) where &; are mechanical heights.).
The intensifications by these three defects are measured
using a setup which probes the diffracted intensity [11].
A collimated laser beam at 351 nm propagates through the
defects and the diffracted light is measured using a CCD
sensor at different propagation distances (under 1 m). The
intensifications are compared to the envelopes established
in the previous section. These envelopes are obtained
using parameters that are characterized with three types of
measurements: light diffusion, Nomarski microscopy, and
interferometric microscope. The first two measurements
only give information on transverse dimensions (R;, 0;).
However, Nomarski microscopy is more sensitive to struc-
tures with low-phase shifts. In addition, the interferometric
microscope measures the defect heights (phase shifts of the
structure). The parameters of the three defects are given in
Tables [-II.

A. Defect 1: a drop on a sol-gel antireflection coating

According to the observations shown in Fig. 8, the
defect structure is a phasering m=2; t) =t =t = 1;
o] =«a; ay =1). The complete model (considerations
about the transverse dimensions, circularity, and phase
shifts [Table I)] is shown in Fig. 9 (solid line). The
model merges with the intensification measurements (cir-
cle markers).

TABLE II.
ferent setups.

Parameters of defect 2 characterized by three dif-

Particle AR bump Surrounding ring

Parameters i=1 i=2 i=3 i=4
R;(um)  Diffusion — 217 — —
Nomarski 48 234 — —
Profiler 57 234 393 505
oi/R? Diffusion — 0.12 — —
Nomarski  0.569 0.078 — —

Profiler 0.481 0.068 0.393  0.059

¢; (rad) Profiler — 0.52 —0.012 0.040

¢; (rad) Profiler 0.42

Moreover, thanks to the envelopes developed in Sec. 111,
safety distances (distance after which the diffracted intensi-
fications do not exceed I, = 2) are provided and compared
to the measured distance: zome, = 18 mm. When only
transverse dimensions and circularity are known, the safety
distance is found at 237 mm (dashed line). It is about 10
times farther than what is measured. To improve this esti-
mation, the only solution is to obtain some information
about the phase shifts. Actually, the ratio of the square
radii is close to 1(a¢ = 0.88). Therefore, knowledge of
only the inner phase shift is enough to provide a much
better safety area [Eq. (35)]. The (R,,«,¢;) envelope is
represented by the dotted line and the safety distance is
estimated at zg ¢ = 42 mm. This shows how partial infor-
mation might be enough to obtain a safety area close to
reality.

B. Defect 2: a bump on an antireflection coating

Defect 2 has a complex structure. Indeed, in addition to
the AR bump and the particle, a surrounding ring appears
on Nomarski measurements [Fig. 10(b)]. Therefore, the
number of required disks is assumed to be m = 4.

However, using Eq. (13) and the values of Table II,
the intensifications created by the surrounding ring alone
cannot exceed Iin, < 1.2. The phase shifts of this ring
are too small to have an impact on the diffracted pattern.
Thus, the surrounding ring is not considered to compute
the safety area and we use m = 2 (particle + AR bump).
Moreover, regarding the transverse dimensions and the

FIG. 8. Observations of defect 1; (a) Nomarski measurement;
(b) phase measurement with an optical profiler.
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FIG. 9. Intensifications and envelopes of defect 1 vs propaga-
tion distance. When all parameters are known, the intensification
(solid line) has the same behavior as the measurement (circle
markers). However, even a partial phase knowledge (dotted line)
gives a safety distance close to the measured distance.

circularity of the particle and the AR bump, these two ele-
ments cannot interfere as has been shown in Sec. III C
(o = 0.04;02/R3 = 0.08).

Despite its complex structure, defect 2 is reduced to
a simple phase disk thanks to the considerations made
in Sec. III. Only the AR-bump phase shift is needed.
The validity of this simplification is shown in Fig. 11.
Indeed, the disk model (solid red line) is very close to the
measurements (circle markers).

Finally, safety distances are compared to the measured
distances: zp mea = 375mm (lp = 2). The first envelope
is computed with only the transverse dimension (dashed
line). Once again, the estimation of the safety distance

(d)

\
ta—

—-without da

AN
350 700 1050 1400
Distance (um)

FIG. 10. Observations of defect 2; (a) light diffusion photog-
raphy; (b) Nomarski measurement; (c) phase measurement with
optical profiler; (d) profile along the black line.
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FIG. 11. Intensifications and envelopes of defect 2 vs propaga-

tion distance. The complex defect structure has the same impact
on light as the phase disk.

is oversized: 1182 mm. Information about the phase
improves the estimation. Regarding the profiler measure-
ment [Fig. 10(c)], the phase shift of the AR bump is
estimated at 0.52 rad. First of all, the intensification can be
limited to lgix < 2.3 thanks to Eq. (13) (dotted line). By
using the phase disk model (red line), the safety distance
18! Zpest = 470 mm.

C. Defect 3: mitigation of laser-induced damage

Defect 3 comes from the recycling process of damaged
optics. This process generates an object with a conical
shape that refracts light [Fig. 12]. Therefore, from a dis-
tance, it looks like no more light comes from the conical
shape. It seems that the defect could be modeled by a
simple light-blocking disk. However, for particular miti-
gations, the central intensity is higher than it should be in
an Arago spot (intensity along the optical axis higher than
the incident intensity) [32]. Actually, these intensifications
are explained by the presence of a surrounding raised rim
due to the recycling process [33]. Therefore, the number of
decomposed disks is m = 2.

The intensifications diffracted by the model are repre-
sented by the green dashed line in Fig. 13. For distances
shorter than 200 mm, there is a discrepancy between the
model, which predicts oscillations, whereas the measure-
ments drop to 0. To understand this, the quasicircular shape

(a) (b)
E - 1 0.2
S 0 P o T
% E_l wnthpm _o.
2 32 data 0.4
T =-3
-0.6
-4 ,
z-5 o
-6 24 2628
5 .

70 05 1 15 2 25 3
Distance (mm)

FIG. 12. Observation of defect 3; (a) phase measurement with
optical profiler; (b) profile along the green line.
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FIG. 13. Intensifications measured on defect 3 and models vs

propagation distance. The quasicircular model explains the drop
to 0 of intensification measurements.

of the object has to be considered. Indeed, the central
interference phenomenon vanishes for short propagation
distances (solid line) when the shape is no longer circular
(as explained in Sec. III C).

V. CONCLUSION

In this paper, we theoretically and experimentally
demonstrate that a defect on the surface of an optical
component can be decomposed into elementary waves (a
plane wave and several plane waves blocked by concentric
opaque disks) with regard to its on-axis diffraction impact.
Interference phenomena between these disks lead to “hot
spots” on the optical axis. To know why a defect generates
high intensifications, it is necessary to perform some char-
acterizations such as the number of elementary disks, their
radii, their transmittances, or their phase shifts.

However, these parameters may sometimes prove chal-
lenging to measure. They may be partially or totally
unknown. Thanks to the analytic approach, we determine
envelopes to intensifications in order to find safety areas
as close as possible within the knowledge of a given set of
parameters. Phase knowledge can be very useful to avoid
overestimation of the defect impact on light. The difficulty
here results from the observation of the phase shift. In this
paper, we use an optical profiler to deal with this issue.
However, in practical cases, the use of such an instrument
can be time consuming to obtain an excessively accurate
characterization. Actually, partial knowledge of the phase
is enough to evaluate the defect danger on downstream
optics. Therefore, phase observation can be less accurate,
as with differential interference contrast methods.

Moreover, thanks to considerations about the influence
of each parameter on the diffracted light, it is shown
that simplifications of the defect structure can sometimes
be made. Generally, it will be sufficient to decompose a
defect into a maximum of two elementary disks and a
phase-shifted plane wave.

We must acknowledge that the general model makes
strong assumptions. The defect shape is assumed to be cir-
cular with concentric elementary disks. The phase shifts
between disks have infinite slopes and the phase within

an element is constant. Stepping outside this model will
change the intensification behavior. We show in Sec. I1I D
how quasicircularity modifies this behavior. The first inten-
sifications drop to zero. These assumptions can have a huge
impact, but only for short propagation distances (below
the safety distance). Then, the envelopes based on the first
model are enough to provide safety areas downstream of
defects.
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