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1 Introduction design DPEs in the Fresnel transform system for the case of

Much recent effort has been devoted to design diffractive ][nultiple ?utput_dplaneﬁ. IS Sec. Zf vlgilizntrodtéce an error
phase element$ (DPES because they can flexibly control ﬁnptlonf or gui mglj'ht e | eS|gnfo I S a”d . aphpr%ISII"_lg
a wavefront to perform diverse functions. Recently, the de- 1€l performance. The relevant formulas used in the design

sign and fabrication of the DPEs that can achieve various are also described in Sec. 2. Section 3 describes the simu-

axial-iluminance modulations along the optical axis have \aion and experimental results for the designed DPE. In
been reporteaflz this section, the transverse illuminance distributions of the

DPEs that can produce nearly nondiffracting beams havetbheoaslg gf] tthhee BS(SSQSZIF B;Sar?lre calculated and compared with
also been suggested in the literature. The nondiffracting '
beam with field amplitude described by a zero-order Bessel
function of the first kind was introducétlin 1987, and it
has attracted great interest from researchers because of it
possible applications in optical alignment, surveying, in- ) ] ) )
dustrial inspection, and optical interconnection. Recently We consider a rotationally symmetric optical systésee
the concept of a pseudo-nondiffracting béam® (PNDB), Fig. 1) illuminated by a beam with three wavelengths at
characterized by an almost constant axial illuminance dis- A1=0.6328um, A,=0.5145um, and A3=0.488um. A
tribution over a finite axial region and a beamlike shape in DPE is placed at the input plar®e, of the system. The
the transverse dimension, has also been proposed. A PNDBvave function at wavelength,, on the input plane can be
must have a field amplitude near to the transverse Besselwritten as
beam distribution. A PNDB possesses unique properties,
such as a uniform axial illuminance, a narrow lateral distri-
g)ljit;on, and a long propagation distance along the optical Uza=U1(r1, A o) =pi(ri, A exdidi(ring)]. (13)
Recently Liu etal. employed the conjugate-gradient

method to design DPEs that implement the monochromatic he incident liah lenath h h th
single-segment beam and multiple-segment bednasid The incident light at wavelength,, passes through the

carried out the experimental implementations for a single- PPE and then propagates in free space. The corresponding
segment beam and double-segment be%éth the same ~ Wave function at thegth output planeP; s, which is
method, they also designed the DPESs that synthesize two-chosen along the optical axis of the system, can be given by
color four-segment beants.

In this paper, we design three-color six-segment PNDBs
in a multiple chromatic illuminating system, and show the U, ,;=U,(r,,\,,Zp)
simulation and the measurements for a DPE designed with i
the amplitude-phase retrieval method. As is well known, =p2(r2.Na,Zp)€XP i ho(ra, Ny, 2p) |- (1b)
the amplitude-phase retrieval method has already been used
in treating phase-retrieval problems, and later, its modified
version has been applied to the design of DPE in the Fou-In a Fresnel approximation, the field distribution on the
rier transform systerf®=2> We now apply this method to  output plane can be calculated by

p Theory of Amplitude-Phase Retrieval
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Fig. 1 Schematic of a diffractive optical system for producing
PNDBs.
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where éijaﬂ(rlj T2j:Nq,Zg) corresponds to amy XN,
y lem (rin) XN,XN, matrix andi=1,2,3... Ny, j=1,2,3... N5,
o Fi1:fa a=12,...N,, and 8=1,2,3... N,. Hereh,; repre-
sents the surface-relief depth at th#h sampling point of
Xex;{iz—w[(n ~Dh(r )]} (2wr1r2) the DPE. Our aim is to find the surface-relief structure
“ ' NoZp hyi(ry;) of the DPE that can produce three-color PNDBs
characterized by constant and segmented axial-illuminance
distributions. In each segment only one color persists. To
. evaluate the closeness of the calculated wavef@idy to
expi2mzg/\,) the expected wavefront),, we introduce the following

error functionD?.
27-rr1r2)
N,Zg |’
«p Nz Ny

HereJo(27r4r,/\ ,2) is the zeroth-order Bessel function D2= Y, E U0~ GupU1al?

of the first kind, the coordinate system is chosen such that p=1a=1

thez axis is along the optical axis of the system, andnd Ny Ny

r, are the radial coordinates on the input and output plane, = >, >, Tr{U{aﬁUZ‘aﬁ— U;aﬂéaﬁum
respectivelyR;, is the half diameter of the DPH;, is the p=1a=1

X expli mriIN 4zg)r1dry, )

G(rlirZI)\a!Zﬁ):

Xexdim(ri+r3)IN,zz3

refraction index of quartz substrqte at wavelength an_d U1+ éaﬁU2a+U1+aA Ui}

h(r,) represents the surface-relief depth at thecoordi-

nate of the DPE. Equatiof2) can be rewritten in a compact 1 Nz

form as le 21 (2 p2]aB+E P1iaP1kaPNikjap
UZ(r21)\avzﬁ):é(rlirZI)\a7Z,B)Ul(r11)\a)7 (3)

Xexd —i(brja— P1ka) 1~ Ek 102 apP1kaCkjas
whereG represents an integral. For a system with low loss 3

and that satisfiesAthg paAraxiaI approximatiGhiAs an uni- Xexd —i(¢2jap— P1xa) 1} HC.C.|,
tary operator, i.e.G*G=I. In the general cas€& may be

not unitary, which meansG*G=A#1, where the

superscript indicates the Hermitian conjugation operation, o

1 is an identity transform, and is a Hermitian operator. whereA=G"G and c.c. represents complex conjugation.
In numerical simulation, the continuous function must We introduce a phase parametgy for a reference wave-

be represented by a set of discrete sampling points. Assumdength \o, ¢, can be represented bypoho(n,

that the number of sampling points along the radial direc- —1)/\,(ng—1), wherenyg is the refractive index at refer-

tion on the input plane idl;. NoteN, is the number of the  ence wavelengthh,. The reference wavelengity, and its

sampling planes along the optical axis in the output region, value are discussed in Sec. 3. Consequently the design

N, is the number of the sampling points along the radial problem of the DPE can be formulated as the search for the

direction on the output plane, am, is the number of the ~ minimum of D? with respect to the argumentsy, i.e.,

illumination wavelengths. Equationdl) and (3) can be dD?/ 3oy =0. The variation ofD? with respect togg is

written in matrices as given by

(6
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Then we can assume
IM[Qy expi poy) =0, (8)

where

G o(n,—1)
QK_E 2 (E [pllaAlk]aﬁeXF{ I¢OImH

N2
- 2 [P2japCkjap XA — iy aﬁ)])
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Finally, the Eqg.(8) can be rewritten as
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exp{icﬁgﬁgm“)] ———, k=1,... Ny, (10
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QM= Ea: {(Zk [pl,iaAikjaﬂ
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Thus we have

N .
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Fig. 2 Flow chart of the iterative algorithm for the phase-retrieval
method.

Generally speaking, Eq10) cannot be solved analytically,
but can be numerically solved by using an iterative
algorithm?®~2L Figure 2 shows the flow chart of the itera-
tive procedures. The iterative procedures are described as
following steps. First, we start with a random real value for
box, for example p$}Y . Substituting them and the known
amplitudep, into Eq.(11), we can obtainp, ;.. Second,
substltutlnggbgoko), $57 2. and the known amplitudes,

and py .z into Eq. (10), we can obtaing{;" and p&3Y; .
Third, we set¢o=Sk" and ¢ jas= qs(z‘ji)ﬁ. To get a
quick convergence, in this case we always take the ex-
pected amplitud, ;. asp,j,.z. Then substituting them
into Eq. (10), we can obtainp(,”. Then${? and ¢%2,

are the next estimates ¢k and ¢, .z, respectively. This
procedurg(step 3 is repeated until the following condition

is satisfied:

Ny
kEl | — pRM Y| <e, (12)

whereg, is a given small value, anth is the number of
iterations. At the end of this step we sgf;%=¢{™" "

and repeat steps 1 to 3 again. The iterative calculation is
terminated when the following sum squared ef®&B6:

N N

SSE- EBZ 12 X E 2 |p21aﬁ |U2jaﬁ|2|
3N EN* U
B=1"a=1"]= l 2jaB
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Fig. 3 SSE as the function of the reference wavelength A, .
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Fig. 4 Comparisons between the transverse illuminance distributions of the simulated PNDB and a
Bessel beam on the sampling plane at (a) z=140 mm for wavelength 0.6328 um, (b) z=210 mm for
wavelength 0.5145 um, (c) z=280 mm for wavelength 0.488 um, (d) z=350 mm for wavelength
0.6328 um, (e) z=420 mm for wavelength 0.5145 um, and (f) z=490 mm for wavelength 0.488 um.
Solid curves represent the transverse illuminance distributions of the PNDB generated by the DPE on
the sampling planes, and dashed curve represent the illuminance distributions of the zero-order

Bessel beam of the first kind.

reachs minimum, which determines the calculation accu- monochromatic in each segment. The first and fourth seg-

racy. Finally, the surface-relief profile,,, given by Eq.
(14), for the DPE can be determined by

Nobox

Lk:m, k=l,2, e Nl' (14)

3 Simulation and Experimental Result

ments for\;=0.6328um correspond to the regiod20
mm, 170 mm and [330 mm, 380 mmh respectively; the
second and fifth segments fap=0.5145um correspond
to the regiong190 mm, 240 mrhand[400 mm, 450 mm
respectively; the third and sixth segments far;
=0.488um correspond to the regiofi@60 mm, 310 mm
and[470 mm, 520 mm respectively. The parameters used

The desired PNDB contains six segments along the opticalin this design are as follows. The diameter of the DPE and
axis with constant axial illuminance distribution and is the incident plane-wave beam aréR2,=6.0 mm. The

3130 Optical Engineering, Vol. 41 No. 12, December 2002
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1 4x10° ] zero-order Bessel beam of the first kind. We clearly see that
E R [ | the multisegment beam has a transverse illuminance distri-
= X ‘; r bution near a Bessel beam distribution. The deviations in-
‘%wm i ‘ } i dicate that the DPE is not real nondiffracting.

T g ox10%A I ) w\ l il To meet the requirement of our fabrication process, the

obtained optimum continuous surface profile must be quan-
tized in the multilevel structure. Figure 5 shows the
surface-relief structures of the DPE in 16 levels. The simu-
lation of axial-illuminance distributions with higher sam-

-4

[
=)
x
oY
=1
:

Surface relief
Y
o
X
o

2.0x10" 1
0.0 W . . pling points generated by the designed 16-level DPE is
0 5 6 shown in Fig. 6. From our simulation, we find thdf, N,
Radial coordinate of the DPE (mm) and \, play important roles in the optimization. There are
@ some restrictions on the two parameté&ls and N,. For
instance, the minimum feature size permitted for the fabri-
T 14x10%] cation process determines the upper limifNgf. When the
E 1.2010° values ofN; and N, increase, the computation becomes
2 10010 more complicated. To ensure convergence for the algo-
3 8.0x10" rithm, we relax the restriction of initial condition. In the
ko] ) beginning calculation, we start with a smaller number of
D 6.0x10 sampling points along the optical axis,=180. Then, we
§ 4.0x10" use more sampling points and substitute the result that is
T 2.0x10° calculated before as initial phaglg in the next calculation
@ g0 : , , , ‘ process. Finally, the number of the sampling poiNtsis
00 04 08 12 16 20 increased to 3420 in the last calculation.
Radial coordinate of the DPE (mm) The fabrication process of the DPE is as follows. First,
®) four photographic maskshown in Fig. 7 were generated
Fig. 5 Distribution of the surface-relief depth of the designed 16- by a Iaser_ beam patter_n genera(’dkjlodel HIMT_ DWL 2.0). .
level DPE (a) for full and (b) for part. Then optical contact lithography and reactive-ion etching

(Model AB 1500-serieswere used to fabricate the surface-
relief structures of the DPE on a flat quartz substrate. The
, . . minimum feature size of the fabricated element is if.
numbers of sampling points on t_he input and output p!anes Figure 8 shows a photograph of the fabricated DPE and
areN; =600 andN,=20, respectively. For the calculation  Taple 1 shows the etching-depth errors in the etching pro-

of the axial illuminance distribution, the intervalz be-  cess. Figure 9 shows the part of the profile for the surface-
tween the sampling planes must satisfy the sampling relief structure of the fabricated DPE scanned with a Sloan
conditior? that is given by Dektak profilemeter. To check the performance of the fab-

ricated DPE, we measured the illuminance distributions on
the sampling planes around the optical axis. The experi-
mental setup for this measurement is shown in Fig. 10. The
illumination beam consists of a He-Ne lag€r6328 um)
wherek=27/\ is the wave number of the incident light. and a multiline Argon lasef0.5145 um, 0.488 um). A
Thus the maximum sampling interval that can be deter- CCD camera was placed on the optical bench and moved
mined by Eq.(15) is 0.1357 mm. According to the theoret- @long the optical axis to record the output images on serial
ical expressions, the number of the sampling points along Sa8mpling planes. The measured axial illuminance distribu-
the optical axis in the output space Ng=3420, and the tion is shown in Fig. 11. We also measured the transverse
sampling interval isAz=0.1316 mm in our design. The illuminance distributions around the optical axis. The mea-
number of wavelengths for the illumination light ¥, sured results are shown in Figs.(a2to 12f), measured for

—3. We assume that the incident wave for each color is “1+}2 81dAs atz=140 mm located in the first segment, at

plane wave so the illuminance on the DPE is considered toz_210 mm Iocat_ed in the second segmentzatZSO. mm

be uniform. In this calculation we find that the reference located in the third segment, at- 350.mm Iogated in the
wavelength\, could affect the final by reached SSE. The fourth segment, a=420 mm located in the fifth segment,
results for differen, values are shown in Fig. 3. We can 2nd atz=490 mm located in the sixth segment, respec-
see that we have the best result if the reference wavelengtﬁ'vely' These results clearly indicate that the fabricated DPE

i . o : duce the desired six-segment three-color PNDBs.
\o is 0.631um. The output amplitude distributigiy s is can produce .
given to be the expected value. To appraise the performance of the designed DPE, we

The transverse illuminance distributions of the beam must calculate the diffraction efficiency and SNR. The dif-

generated by the designed DPE on the each sampling planérgﬁéoins imzrzfgsfor each wavelength on the sampling
are shown in Figs. @) to 4(f), where the solid curves rep- P

resent the transverse illuminance distributions of the beam benalNa)

generated by the DPE on the sampling planes, and the, )= "3« = ,_q 53 (16)
dashed curves represent the illuminance distributions of the Dinpul N o)

72
<
Az ZWlem—Zﬂ'Z’ (15
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——0.6328um Table 1 Etching-depth errors in the etching process by using
-~ ~-0.5145m reactive-ion etching (RIE).
1ox04 . e 0.4880um
—~ 80x10° . Theoretical Etching  Measured Etching  Error Ratio
5 Depth (um) Depth (um) (%)
3]
~ 2
g 6040 Mask 1 0.738468 0.7599 2.9
c
jprerd Mask 2 0.369234 0.3717 0.6
g Mask 3 0.184617 0.1933 0.8
= 2.0x10°y _ Mask 4 0.092308 0.0953 3.2
0.0 A : .
100 200 300 400 500
Axial coordinate (mm)
. T N L 1D:8 SCAM: 1MM VERT: 1,304 A
Fig. 6 Axial-illuminance distribution of the three-color PNDB with six SPEED: LOM HORIZ : =69uM
segments. n: I:H 16,009
H I 14,000
LL 12,008
ili l-l 10,800
il 8,000
T RIS
il _\ 6,000
I it n | 4,000
ST NN
s i 2,000
A 4
I 8
100 200 308 400 500 608 7ad 50D
R CUR: 1,712 A € 134uM R CURSOR = 134
M CUR: 3,016 A @ 64uM SLOAN DEKTAK 11

Fig. 9 Section profile of the surface-relief trace of the 16-level DPE
obtained by scanning with a Sloan Dektak profilemeter.

(c) (d)
Argon laser
(0.5145um)
(0.488um)
AN
: : 2 P
[ ] n -
He-Ne laser
- ) (0.6328um) Collimator  ppg CCD

Camera
Fig. 7 Photographic masks for 16-level DPE: (a) mask1, (b)
mask 2, (c) mask 3, and (d) mask 4. Fig. 10 Experimental setup for measuring the characteristics of the
designed 16-level DPE.
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Fig. 11 Measured axial-illuminance distribution generated by the
Fig. 8 Photograph of the fabricated sample. 16-level DPE.
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Fig. 12 Transverse illuminance distributions for three wavelengths on the sampling plane at (a) z
=140 mm, (b) z=210 mm, (c) z=280 mm, (d) z=350 mm, (e) z=420 mm, and (f) z=490 mm.
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Table 2 Theoretical and measured diffraction efficiencies and SNRs for each wavelength.

Distance between

Efficiency (%)

SNR

Input Plane and Output Signal Wavelength

Plane (sample plane) (mm) (um) Theoretical Measured Theoretical Measured
140 0.6328 33.2 26.7 8.6 4.2
210 0.5145 32.1 25.1 8.9 3.8
280 0.488 32.5 24.6 9.3 3.2
350 0.6328 38.4 23.2 23.1 3.5
420 0.5145 34.5 25.8 4.1 2.2
490 0.488 30.9 19.4 15.8 5.1

wheregi,nu{\,) is the total incident flux ax , on the input
plane, andpgignal A o) is the total flux over the signal region g
on the sampling plane fox,, .

The SNR represents the ratio of the signal flux of the
wavelength focused in the segment to the flux of the other
wavelengths on the same area, and can be expressed as

o

e I'5 signah N o
S|gnal( 2,signal ) a=1,2,3. (17)

SNR(A,) = :
2:a';tozznoisé (I’2 noiserxa’) 8

Table 2 represents the diffraction efficiency and SNR for o.

each wavelength.

4  Summary

We described the design of a three-color PNDBs in a mul-
tiple chromatic illuminating system and showed the results
of simulation for the designed DPE. In Fig. 4, the simula-
tions show that the transverse illuminance distribution of
the PNDB is near to that of a Bessel beam.

The designed 16-level structure DPE has been fabricated
on a flat quartz substrate by optical contact lithography and
RIE. Experiments show that 6-segment PNDBs can be well ;5
formed in the preset regions when a collimated laser beam

is used to illuminate the fabricated DPE. The experimental 14.

results are in good agreement with the numerical simula-
tions, which verifies the design method. Owing to the novel

features of the three-color PNDBs, it is expected that the 14

proposed DPE can be useful in applications of precision
alignment, display, and optical interconnection in multiple
chromatic illuminating systems.
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