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Diffractive Lenses

 What they are

* How they work

« Zone spacing and blaze profile roles
* First order properties

« Dispersion

« Two point construction model

« Phase model

« Sweatt model

« Efficiency

 Diffractive landscape lens
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Terminology

Diffractive optical element: generic term
Fresnel lens: Scale of zones and lack of organized phasing

Kinoform: Phased Fresnel lens. Phase modulation from surface
relief

« Holographic optical element: Produced by interfering two or more
beams

« Binary optics: Made by staircases that approximate the ideal surface
relief

* Fresnel zone plate: A particular pattern that produces amplitude
modulation.

« Hybrid lens: combined refractive and diffractive power

« Computer generated hologram: A hologram produced by
calculations in a computer
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The work of a diffractive
optical element
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Organized rearrangement of the wavefront
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Fresnel Lens

AN mm
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A Fresnel lens reduces the amount of bulk glass.
Scale of zones is large and the wavefront segments are not rearranged to re-create
a spherical wavefront. The zones may have equal width too.@

The ring-zone segments are not properly organized. )
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Two contexts for DOE:
amplitude and phase

v
N N .. 3
v

Amplitude (losses light) Phase (more efficient)

TN

*Blaze determines amplitude of diffracted orders
*Geometry of zone boundary determines wavefront shape (phase)

*The wavefront deformation introduced by a DOE is equal to the

wavefront deformation represented by the DOE when it is thought of
as an interferogram
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« Straight fringes represent tilt and so the
beam is deviated
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 Circular fringes represent defocus and so a DOE with
these zone boundaries will introduce optical power

* Depending on the spacing, spherical aberration can also
be introduced
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An infrared DOE

From Michael Morris
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resnel lens cut-away
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First-order properties

P+t =f+nl
f2+rn2=f2+2nfﬂ,+n2/12

ro=42nf A

Given a focal length the zone
. boundaries are defined.

Prof. Jose Sasian

The optical path difference
Between zones is
one wavelength
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Paraxial diffractive
lens definition

r=2nf A

Design of a wide field diffractive landscape lens

Dale A. Buralli and G. Michael Morris
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Zone Spacing

rl=2nf A
rl—r’ = (rn + ’”n_1)(’”n — rn_l) =2rdr=2fA

n n

Spacing = dr = LZ& =~F/#

27" micrometers
n
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Focal length for a given spacing

f — rn ) d]" X ﬁ“construction — f X ﬁ“construction
y) A "2
construction reconstruction reconstruction
Designed for /] ,
construction
Used at Zreconstruction
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Abbe’s number for a refractive lens
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Diffractive V-number

Agp: 7 nf—nczl’lf—nc: 1
¢ n d _1 r n d _1 Vrefractive
rt'sin(ﬁ')—nsin(é?):m7/1
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Diffractive focal length
from grating perspective
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Modeling Diffractive Optics

* Two point construction model
* Phase function
« Sweatt model
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Two point construction model

A

m 5 ﬂ’construction > “Yreconstruction

B(X.Y,7)
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Phase model

p=x’+)’
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Phase model
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n'sm(/')- Ay =nsm(/)-Ay
n'sin(Z')-Ay—nsm(Z)-Ay = Ago('y)

roly)  o0l)

Ay By

- -

n'sm(/')—nsm(/) =

00) _ rsin(1") — nsin(D)
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Sweatt's model

For n~10,000 alpha must be very small to maintain

94 The same deviation
n—1 For a plano convex lens with n~10,000
— P=—" The radius must be very long to maintain
r The same optical power.
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Sweatt Model justification

Start with the diffraction grating equation

1/d
n' Sin(j”) —nsm(/) = [”'CGS(P) 7 CDS(D]' H'mg([‘;”fn i:ﬂs)(f)

n'sin(7') - nsin(Z) = [n'cos(I') — ncos(J)|- tan(ar)
n'{sin(7')— cos(Z") tan(er) | = nisin(7) — cos(Z) tan(a)}
n'{eos(@)sin(1') - cos(I")sin(a) | = n{cos(er)sin(7 ) —cos(Z) sin(er) |
n'isin(Z'-a )y = nisin(7 - o]
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Sweatt’'s Model

n'{sin(I'—a )} = nisin(7 — & )}

mA (1/d)
n'cos(/')—ncos(/)

tan(o) =

For large n’s then a 1s negligible and we have:
n'sm(/) =nsin(/)

Thus for high index diffraction becomes like refraction!
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Dispersion in Sweatt's model

5=-a(n-1)

Sin([') = Sin([)+(nd —l)a

A= Sin(]'F)—Sin(]'C) ~ (nF —nc)a

5 (- 2,(10,000) A,

~-35

A e T ) Ay (10,000)— 4 (10,000) Ay — A
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Dispersion in Sweatt's model

Consistent with diffraction case

Sin(1',) - Sin(1,) =" = 5
.y o A=A
A;Sm(]F)—Sm(Ic)zm Fd :
A
L )
A — U refractive — mlp _ZC - ZF —ZC
d

In conclusion:
To include dispersion in the Sweatt model make the index
of refraction equal to the wavelength times 10,000
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Structural coefficients:

Thin lens (stop at lens)

S, =Ly [ax? — BXY + CY* + D]

4

Su=7 Ky’o*|[EX - FY |

1

Sy = }KZCD
Sy = )KZCD_
S, =0

1
C, :y2¢_

Vv
C, =
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¢ =AnAc=(n-1)(c,—c,)
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Diffractive lens
n very large @ X=0)

Structural aberration coefficients of a thin lens (Stop at lens)

Paraxial identities

(1 1)
=(n'"-n)-(e, —¢,)=(n-n) | ———
¢=(n'-n)-(c, —c,)=(n"-n) s

.o te, R, +R,

o owHw 1+m
}_ -

=, _Rl -R, Cw-w l-m
L9 (xhy 6 =1 ? (x-1
2n-1 - 2n-1
w=u= —%(}' —1)g-v) w=u'= —%()" +1)g-»)
Structural aberration coefticients
o, =AX’ -BXY+CY’ +D 4="*2
n(n—1)
oy =EX-FY _4n+1)
" nln-1)
oy =1 L_3n+2

n

n-

O D= S
(n—1)
oy _on+l
n(n—1)
a, Fe 2n+1
n
Or

C=3; D=1; F=2
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o, =3Y" +1
o, =—2Y
]

0]][

O =

0
o, =0
|

Vdiﬁ‘ractive
c,=0 @
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Aberration coefficients for
Y=1; X=0

4/ 1\3 KA A
S, = y—3(—) Su ZT(TJ
/= \Ao ° S, =0
—? A ?
Sy = yz }K(_] S =0
A Ay

For general case one needs to be careful as the shape depends
on the index for a given power.
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Structural coefficients
for diffractive lens

Structural aberration coefficients of a thin lens (Stop at lens)

Paraxial identities

1

\R R, 4 8Y

d=n"-n)(c,—c,)= (:r'ﬂi)-{ LI

2
v Gto _ R+R powsw _Lm G] j— S _I_ 3Y _I_ 1

€, —Cy R —R, w-w l—m 2
¢ =22 (x+1) e =at(x-1) (¢R2 ) ¢R2

C2n-1 S 2n-1
w=u= —%(Y—l)(q‘)-)') w=u'= —:(Y+ 1)g- )
Structural aberration coefficients
o, =AY’ ~BXY +CY’ +D L _n+2 2

T -1y

o, = EX - FY 5 Ant)) O-[] —_— 2Y

aln-1)
o =1 3n+2 li
yI (“: 2

n
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n (n=1)
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n(n—1) — ( ; —
1 241 V4 V
O-L:: F= n
;=0
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Field curvature correction
hybrid lens

= B
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Verification
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OPD Alternate view

* OPD has two parts. One is due to material
dispersion, the other to due to diffraction

2 A
OPD, = zy_R[(n ~1)+(n, ‘l)fj

d
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OPD=(n—-1)xt+ NxA
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Spherical aberration

* Depending on the zone boundary distribution
DOE axially symmetric DOE can introduce
different orders of spherical aberration
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Calculating order efficiency

» Simple case of an \\KN\
amplitude device with \iQ%

a square wave profile
* Duty cycle

/

\

m=0
m=1
m=2

W(x,y) = ApCOmb(x—nxO)**rect (gj
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Sqguare wave
F(v)= jzwooé(v—nvo)=§waSINC(gj5(V—nvo)

f (t) = square wave = gz: SINC (g}izﬂnw

4 SINC
2 2v,

A A|:ei27mv0t +e—i27mv0t:|_|_i|:ei27m3v0t _I_e—i27m3vot:|
2 RY/4

+£|:ei27rn5v0t _l_e—i27rn5v0t:|+ A |:ei27m7v0t +e—i27m7v0t:|_|_”.
S ¥4
_ T—l

Vo =

2
50% duty cycle (lj ~ (.1
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Binary optics technology

2 PHASE LEVELS

8 PHASE LEVELS

Prof. Jose Sasian

el Lot |

2 LEVEL ELEMENT

COMPUTER GENERATED AMPLITUDI

-—— PHOTORESIST

“——— SUBSTRATE (INDEX = n)

<—— PHOTORESIST DEVELOPMENT

REACTIVE ION ETCH TO
A DEPTH 5
“2n)

<—— REMOVE RESIDUAL
PHOTORESIST

Binary Optics Technology:
The Theory and Design of Multi-level
Diffractive Optical Elements

G.J. Swanson

14 August 1989

Lincoln Laboratory

MASSACHUSETTS INSTITUTE OF TECHNOLOGY

LEXINGTON, MASSACHUSETTS
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Efficiency for binary optics

\ [sin{ﬁ_fh'}r
m = N
T

2 PHASE LEVELS

SE——

Number of Levels First-Order Efficiency
N i m®
. —
4 PHASE LEVELS 2 : 0 41 )
3 i 0.68 i
4 0.81 i
5 0.87 |
6 i 0.91 |
8 : 095 |
8 PHASE LEVELS 12 0.98 |
16 0.99 l
|
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h/N I

Efficiency

h=1

M
(n=1)2h=2 ﬂﬁfﬂw
14, e[k ANV
o =330 )KN .

2 2

Szl—%(%j

2
N=2;5=0.17 S~1-| =0
N=4:;5=0.794 A
N=8;5=0.948 @

N =16 ;5=0.987
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Rayleigh - Strehl ratio
with Shack formula

oo (] ol

; RS=0.439

; RS=0.814
RS=0.949

; RS=0.987

= 00 ~N

Z ZZZ
o -

" Number of Levels | First-Order Efficiency

™ N

[+ = B C N - PR ]

—
& ot

1
1
041 ,
0.68 |
0.81 '
0.87 |
0.91 i
0.95 |
0.98
099 {
|
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Efficiency

A

construction

n(A )-1 |

reconstruction
—m

c=sinc’| «
| ﬂ‘reconstruction n (ﬂ“ construction )_ 1

-.—-: ZERO ORDER
: rIRST ORDER

S - SECOND ORDER
Z 1000

ol e ——
|

S 007

=%

- 4018

z N

= W

é 0'Ocza _‘1;‘“8 =) c:_"“g' :-—c;
- SZ S B E8EE

WAVELENGTH (nm)
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Efficiency

:

1
/ )
| '
T

OPD = ((n, —1)aty—(n, —1)aAy) (2, - 4,)
=(ny—n,)t—(A—4,)

@

. —— v ; )
Prof. Jose Sasian College of Optical Sciences
THE UNIVERSITY OF ARIZONA=




Variance

l

|

OPD ~((n, —1)aty—(n, -1)ay) (4, - 4,)
=(np =1, )t = (4 = 1)
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Efficiency

A
2 0.4000
0.4300

2n | Ay np—n, A -4,

J6 4, A

F

=ex
P n, —1

-1

& (ﬂ,) =sin CZ Tl d n (ﬂ“reconstruction )

reconstruction

Prof. Jose Sasian

—m

0.4600
0.4900
0.5200
0.5500
0.5800
0.6100
0.6400
0.6700
0.7000

—sinc?| | —construction  _ ,,

reconstruction

27

J6

n
1.5308
1.5273
1.5244
1.5221
1.5202
1.5185
1.5171
1.5159
1.5148
1.5139
1.5131

DIFFRACTION EFFICIENCY (%)

27
4
€ A n €
0.3354 0.4000 1.5308 0.6635
0.5520 0.4300 1.5273 0.8000
0.7498 0.4600 1.5244 0.8975
0.8945 0.4900 1.5221 0.9590
0.9758 0.5200 1.5202 0.9908
1.0000 0.5500 1.5185 1.0000
0.9809 0.5800 1.5171 0.9928
0.9328 0.6100 1.5159 0.9742
0.8682 0.6400 1.5148 0.9483
0.7959 0.6700 1.5139 0.9179
0.7223 0.7000 1.5131 0.8850
-——.-: ZERO ORDER
: FIRST ORDER
‘88-8 : SECOND ORDER
80.0 <~
70_.8
60.
50‘8
40,
i
0.0E-== mna=t T
S8 58838

WAVELENGTH (nm)
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Comparison

Standard lens, Fresnel lens and DOE lens

: @
Refracting lens Fresnel lens DOE lens ‘,A
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Images of extended objects

Acrylic powerless lens

Other orders produce images at different magnifications
Like ghost images
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Canon’s multilayer DOE’s

FIRST ORDER ZERO ORDER 1 &2
< oW —
= 800
) 70.0
=20
LJ_I .
40.0
e 2
- .
%E) ]8'8 | ) I ! 1
L . o
t "SsgsEsse

WAVELENGTH (nm)
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How does it work?

USO06507437B1
a2 United States Patent (10) Patent No.: US 6,507,437 Bl
Nakai 45) Date of Patent: *Jan. 14, 2003
(51) DIFFRACTIVE OPTICAL ELEMENT AND FOREIGN PATENT DOCUMENTS
PHOTOGRAPHIC OPTICAL SYSTEM " R R
HAVING THE SAME Jp 6-324262 11/1994
(75) Toventor: Takehiko Nakai, Kawasaki (JP) " e T 1oos
JP -133149 51998
(73) Assignee: Canon Kabushiki Kalsha, Tokyo (JP) e 1
FIRST ORDER ZERO ORDER 1
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How does it work?

. 2 construction n ( reconstruction ) _1
g(A)=sinc’| 7z —m

A A

reconstruction n ( construction ) o 1

n ( . ) —1 d .
. 2 truct . 2
g(A)=sinc’| x| d ——=m —m | |=sinc¢” | | —mon
/Ireconstruction reconstruction

A

reconstructionl ) o 1

8(2) = sin C2 T d2 1y (ii’econStruction2 ) —1 n dl n, (

reconstruction? reconstructionl

—m

@

U,
Prof. Jose Sasian College of Optical Sciences
THE UNIVERSITY OF ARIZONA=



100% at two wavelengths

'E; 100.0
= 95.0
2 90.0
o 85.0
S 80.0
S 75.0
oc
=
o

—— FIRST ORDER

1

400

Prof. Jose Sasian

===
o [Fp) (e ]
V) u w

WAVELENGTH (nm)

450 +
650
700

DIFFRACTION EFFICIENCY ()

—— - FIRST CRDER
---—-: ZERO ORDER
....... -: SECOND ORDER
) -.—-—: THIRD ORDER
5 .
.Oﬁ )
S 7 /
0 l‘:‘\ /’,/"'
5 ‘\\‘\— = /7?’—:
ARtz
883 88 888

WAVELENGTH (nm)
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Canon lens
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Alternate view
100% efficiency at 2\ (no ripple)

X T A, =24 = 2(450nm)
R IRV R o i HJ_’_’_’_T_‘_‘_‘_LH
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An actual lens application
for controlling chromatic change of magnification

40
45 46 / az» United States Patent
’ N/ N Harrigan
43 44 43 4
43 43440 %
— / (54) MOVIE PROJECTION LENS
' (75) Inventor: Michael Harrigan, Webster, NY (US)
73) Assignee: E Kodak C , Rochester,
s r"‘, / (73) g Nf;ft(]‘[l‘lj&é])l odak Company. !
— AN
(10) Patent No.: US 6,317,268 B1
T 45) Date of Patent: Nov. 13, 2001

DOE

Note lack of lens symmetry about the stop
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Some Fresnel lens and DOE photographs

—
/T

Gray scale; note binary edge

Plstic Fresnel lens;
Diamond turned and replicated
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Measurement of a DOE

ve eco X Profile ]

o Rq 108 um
o Ra 07 um
o 0 121 um
pr R 10 um
o w00l um
- [Angle 0,00 tmrad
ot Curve 080m
Dt Terms_None
e - Avg Ht 0,01 um
o w~ E o £ ES o 6,24 um2
Y Profile
o i 006 wn
o R 005w
o R 017w
R 010 w0
. e 207w
om
o] [Angle 0,00 tmrad
an Cuve 015m
o Terms _None
a w vg Hi 0,03 um
Title: LI R I N e ) v -11.31 um2

Date: 10/10/2005
Time: 11:15:22

\] Mag 102X Date: 10/10/2005 Surface Stats:
GQCO Mode: PSI Surface Data Time: 111522
Ra: 75.60 nm
Surface Statistics: Rq: 7815 nm
Ra: 75.600m
Rq: 78.151m Rt 334 53nm
Rz 328241nm
Rb 334.53nm
Set-up Parameters:
Sem oA Measurement Info:

Sampling 820.31 nm
Magnification: 10.24

Processed Options:
Terms Removed:

Titt

Filtering

Measurement Made: PEI

Sampling: 820.31 nm

Low Pass

Array Bize: 736 X 480
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Beware

* Modeling assumes DOEs having no physical structure
« Real modeling faces sampling issues

« Scalar treatment

e Zones are about ~7/A or more

« Light scattered at boundaries and zone shadowing
effects

« Fabrication: Diamond turning, microlithography printing
techniques, Grey scale techniques.
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Examples

 Diffractive landscape lens

» Correction of chromatic change in the
landscape lens, eyepieces, fish-eye
lenses, unsymmetrical lenses

* Null-corrector Certifier
* Modeling a few zones
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