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Effects of optics aberration on fields

Hiro Yamamoto, Caltech

Introduction

L=z-z0

»

Esrc(u,v,z0)

ok

E(x,y,z) = EO + dF h(u,v)

Effects of mirror surface and substrate aberrations are calculate when a field is reflected by or transmit-
ted through an optic with aberration. The total power and the distribution in the forward rgion of the field
distribued by the aberration are calculated. The relation between the loss and aberration distribution

and the so called golden rule is clearly defined.

It is shown that the power distriution depends of the size of the aberration, and when the opening angle
of the detection device, integrating sphere or BRDF measurement, is close to the ratio of the aberration
and the laser wavelength, like 1 degree opening angle and aberration size of 10 um, the correction from
the measured power to the total loss is not negligible.

Basic formulation of reflection and propagation with tiny
aberration

Huyhen's integral : field propagation

i Exp[-1 k p]
E[x, ¥, 2] = _deUdVEsrc[ur v, 29] ———Cos[6]
A P

AX = x -u, Ay = y-v, L=2z-2p

p = '\/Ax2+Ay2+L2 , Cos[@] = L/p



Esrc ¢ source field leavig themirror

Esrc[u, v, 20] = Eo[u, v, zo] Exp[2]'1kh[u, v]]
=Eo[u, v, 2o] (1 + 2ikh[u, v])

2 1 1 1
TEMoo [u, Vv, Zo] = ’— Exp[—(u2+v2) —_— ik —m— ]
7 w[zo] w([zo]? 2 R[20]

Reflection case

1 1 2

R[zo] R[incoming field] RoC of mirror '
(* 1/R[zo]=—1/R[incoming field] when RoC of mirror = R[incoming field],
i.e., converging beam becomes diverging with the same curvature x)

h : aberration of themirror surface

N N r2
(* mirror height = h + 7 Roc of mizrar ¥)

Transmission case

1 1 n-1
= + 7
R[zo] R[incoming field] RoC of mirror

(* 1/R[zo]=n/R[incoming field] when RoC of mirror = R[incoming field] =)

h : -0.5xoptical path length aberration of the substraight;
(* -0.5 is needed to use the same formula for reflection and transmission.
0.5 because the transmission sees the aberration
only once while the reflection sees the aberration twice.
-1 because the positive aberration of the mirror
surface makes the field path on reflection shorter,
which is opposite to the effect in transmission. %)

Separation of the aberration effect using lowest order in h

Exp[2ikh] =1+ 21kh
E[x, y, 2] =Eo[x, ¥, 2] + dF[x, ¥, Z]

Unperturbed main component Ey

(» the following result, Gaussian propergation,
can be explicitly verified in the Fresnel approximation )

i Exp[-1k p]
Eo[x, y, 2] = ;jfdludlvTEMOO[u, v, z9g] ———  Cos[6] = TEMOO[x, y, z]
o



Disturbed component

(» perturbative part,
first order in aberration O(k-h). Eo is Esyc without disturbance =)

dF[x, y, 2] = 2k rj {h[u v] Eo[u, v, 2o] M z }dludlv,
- P P

(*» Fresnel approximation %)

p = '\/(x—u)2+ (y—v)2+L2 ~ L (1+

1 (x-u)?2+ (y-v)?2

~e

2 L2

dF[x, y, z] =

_ © )2 )2

ZkExp[-ikL]rf {h[u, v] Eo[u, v, 2o] Exp[-ik (x-u)”+ (¥-V) ]}dludlv:
AL —od- 2L

- 2 2

ZkExp[ . (L+x +y ]]

2L
2(Xu+yv) - (u2+v2)

j r{h[u v] Eo[u, v, 2o] Exp[ ] }dludlv
— 2L

(» Fraunhofer approximation x)
x2+y2-2(xu+yv) +u? +v? = x24+y2-2(xu +yv)
dF[x, y, z] =

-2k x2 +y? Xu +yv

N Exp[-ik [L+ ) j:j {h[u v] Eo[u, v, 2o] Exp[nk ]}dludlv
=FO[x, vy, z] G[x, ¥, zO]

-2k x2 + y?
FO = Exp[-ik P
AL 2L

= rjw{h[u, v] Eo[u, v, 2o] Exp[j_k M]} dudv;
—0J-o L

(» for a small aberration,
Eo[u,v] is constant in the area of aberration, centered at (uo,vo) *)
XUo + Y Vo

dF = FOEg[uo, Vo, Zo] Exp[ik ]GO[x,y, 2o, UWo, Vo]

A

Fjw{h[u+uo, VvV + Vo] Exp[ik xu—]}dludlv;
- —-00 L

GO



Total power of the disturbed field

near field calculation

dF[u, v, 20] = Eo[u, v, 20] 21k h[u, v]
(*» amplitude of disturbed field without propagation =*)

dP = r‘f |dF |2d1u dv (* power of disturbed field %)

= 4 k? rj |Eo[u, v, Zo] |2 h[u, v]2dudv

far field calculation

dF

FO[x, y, z] G[x, y, 20]

J- j |dF |2d1xd1y
j r |F0[x, v] G[x, ¥, Zo] |2d1xdly

2k\2 0 0 0
(—) ij dlxdlyJ“J du; dv; rj duy dv;
.A.L -oJ - -oJ - -oJ -0

{n[ui, vi] h[uz, v2] Eo[u1, V1, Zo] Eo*[uz, V2, Zo] Exp[i E {x (u1-uz2) +y (vi-v2)}]}

2k\2 0 0
(28] Lo
AL -—oJ-®

ad u
J rdluz dvz h[ui, vi] h[uz, v2] Eo[u1, Vi, Zo] Eo*[uz2, V2, Zo] 5[

dp

1-u2 V1 -V2

I

AL AL

]

4K rj |Eo[u1, vi, zo] |2 h[u, v]’dudv (* same as near field calculation x)

Total loss and the golen rule

Generic case

dP = 4k2rJ- |Eo[u1, vi, zo] |? h[u, v]*dudv

(» total loss depends on the shape of the aberration and the beam size =*)

when Ej is constant in the area with aberration

dP = 4 k2 |Eo 12 j rh[u, vl?2dudv

4o

2
= APin ( ) (» power loss is golden rule x the total power over the area =*)

1 00
o? = —J r h[u, v]zdlu dv (* variation of surface over area of S *)
S J-oJd-w

APin = | Eo |2 S (» power hitting the area when Eo; is constant *)



when h, the deapth, is constant in the area of aberration

dP = 4k?h? x j |Eo[u1,v1,zo] 2 dudv
integral in

aberration

A
J rh[u, vl?dudv (* h is constant *)

-

47thy2
= APin ( ) (» power loss is golden rule x the total power over the area =*)

h? =

m
®n |-

APjin

J |E0[ull Vi, Zo] |2

integral in
aberration

dudv (* power hitting the area S when Eo is constant #)

Scattered power density distribution

(» aberration is small - Eo is constant - and located at (uo,Vvo) *)
XUo + Y Vo

dF = FOEo[uo, Vo, Zo] Exp[ik ]GO[x,y, Zo, UWo, Vol;

_ 2, 2
FO = 2kExp[—J'l.k L+x ty ];
AL 2L
GO = Fjw{h[u, v] Exp[ik M]]»dludlv;
—od- L
ap - (‘” )2 | Eo 12 rfwdxdy | e0 |2
A2L Y

General argument
simplified : aberration is small and is located at the center of the mirror

|dF[0, 0, z] |
2k o
= 2= | Eoluo, vo, 20] |fj hlu, v] dudv
AL —oJ -
T

|Eo[uo, Vo, Zo] |

2L
a?h (x a is typical size of the aberration, and h is the average height =)

power density at the center = |dF[0, O, z] |2
a \2 (4mh)2
) ()
47rh)2 ( 6L ]2

= |Eo[uO, Vo, 2o] |2 az (

A

(* golden rule x beam spledding information =)
6L = 1m/ L (* unit opening angle at distance L %)
Osrc = A / a (» typical angle for a source with size of a %)

= power on the aberration (
esrc



h : circle with height of hg and radius of a

= \/x2+y2; €=4/u?+v?; xu+yv = rfCos[¢];

27 ra Xu +yv 27 ra 2
GO:hoJ jExp[ik—]§d§d¢=hOJ jExp[i—§rCos[¢]]§dl§dl¢
0 0 L 0 0

LA
a LA 27
= h027rj BesselJ[ —§r] £df =hoa —BesselJ[l —ar]
0 LA r LA
2 Bessel [ kar] ZBesselJ[l, k:—r
=ho(7ra2) =ho S — > hoS
kar kar kar °

L L

2

(* amplitude distribution, &£=% 2L %)

Plot[BesselJd[1, §] /&, {&, 0, 10}]
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BesselJ|[1, k‘”]

=ho?s A% L?

ij |G0 [2dx dy = 4h0252j rd]xdly

(» total power loss x)

kar

2 22 4 tho
dp ( J|E0|rjdxdy|G0| |Eo|hoS)LL—S|Eo| (
i~ A
(» power in a given radius =)
GF[R] =
BesselJ[1, K2E] akR.2 akR.2

-

R R
J |GO [2rdr = 4h02s2J
0o 0

(» power fraction outside of radius R =*)
akR.2 akR.2

| +a[—]

rdr = (l-Jo[
kar
L

1-GF[R] /GF[w] = Jo|
L




Plot| (Jo(a)%+J1(a)?), {A, 0, 5}, PlotRange - {{0, 5}, {0, 1}}]
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(» opening angle of 1 degree : R/L=1/180 s = 1/60 =*)

akR 6 27
/. {a—>10x10' , ko

L 1.064 x 107
0.984208

, R>L/60}

(* When the size of the aberration is 10 y,
80% of the enegy is outside of 1 degree cone, 40% outside of 2 degree cone. =*)

h : small square 2 a, % a, with height of hg

ax 3y i Xu+yv
G0=hoJ j Exp[nk—] dudv
-ayJ-ay L

sin[ 225] sin[ t2e]

=ho 4 ax ay ——>ho S
k x a, kxalz kar 0
L L L

(* amplitide distribution, §=k:—" *)
Plot[sin[£] /&, (&, 0, 10}]
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N GO |2dxdy =
N

o [ Si kax
ho? s? [J- [%

L

2

2
dx]” = ho’s L?A* (x same as the circle case x)

(» total power loss x)
472 w 16 2

dP=( ) |Eo|2rfdlxdly|G0|2= |Eo|2hoZSAzL2=S|Eo|2(
AL ~od-o

24 L2
(* power in |x|<R, |Y|<R %)

R R R Sin[ki—x 2 2
GF [R] =jf |GO [2dx dy = 4hozsz[j ———| dx]
-RJ-R 1]

47l'ho)2
A

kax
L
«.2[axkR
sin? (248)

axkR /L

sin2(5ﬁ§5)

, . L? . (2axkR
=16ho S—2 Sl( )—

2ay kR
Si( L4 )-
k L

L ay,kR / L

GF1[R_] := (Si(2R) -sin’(R) /R) / (n/2);
k

a R
—.
a : size of aberration, R : radius of target area, L : propagation distance.

For an opening angle of 1 degree,
€ = 1 when the size of the aberration is 10 pm. %)

(» power fraction out of § =

Plot[{1-GF1[§]?, 1-GF1[£] GF1[10 &], Jo(&)%+J1(&)?},
{§&, 0, 10}, PlotRange -» {{O0, 10}, {O, 1}}, PlotLegends -
{"Square (2a x 2a)", "Rectangle (2a x 10a)", "Circle (aperture:Za)"}]
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