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OPTICAL DESIGNS FOR ZERO ORDER 
REDUCTION 

RELATED APPLICATION 

0001. This application claims the benefit of U.S. Provi 
sional Patent Application 61/022,482, titled "Optical Designs 
for Zero-Order Reduction, filed Jan. 21, 2008, which is 
incorporated herein by reference. 

FIELD OF THE INVENTION 

0002 The present invention relates generally to optical 
pattern generation, and specifically to optical pattern genera 
tion with reduced uncontrolled Zero order energy, particularly 
(but not exclusively) in configurations using diffractive opti 
cal elements. 

BACKGROUND OF THE INVENTION 

0003. Efficient optical projection of patterns is used in 
diverse applications such as optical three dimensional (3D) 
mapping. Such a mapping generates a 3D profile of the Sur 
face of an object by processing its optical image. The desired 
properties of the projected patterns generally depend on the 
application, but typically include high contrast, high projec 
tion efficiency and high uniformity of intensity distribution 
between the projected beamlets that make up the pattern. The 
uniformity of the intensity distribution can be expressed in 
terms of the beamlet-peak-to-average power ratio, i.e., the 
ratio of the intensity of the strongest beamlet to the mean 
beamlet intensity, wherein a low ratio corresponds to high 
uniformity. 
0004 Poor uniformity of a projection method may render 

it unusable for certain applications, such as those applications 
in which the projected pattern can be seen by the user. Typi 
cally, in these cases eye safety regulations dictate the maximal 
permitted energy flux per unit cross-sectional area or, alter 
natively, the maximal permitted energy flux in a single colli 
mated beamlet. 
0005 Patterns may be projected using diffractive optical 
elements (DOEs). However, the DOEs may suffer from the 
so-called Zero order problem. A Zero order beam is the portion 
of the incident beam that is not diffracted by the projection 
setup and thus continues through the system onto the projec 
tion Volume. 
0006 U.S. Pat. No. 6,560,019, to Nakai, whose disclosure 

is incorporated herein by reference, describes a diffractive 
optical element having a first and a second grating. The dif 
fraction efficiency of the element is stated to be 97% or better 
throughout the entire visible spectrum. 
0007 U.S. Patent Application 2007/0019909, to Yamau 
chi et al., whose disclosure is incorporated herein by refer 
ence, describes an image display device which included a 
diffractive optical element and a first “face.” The face is 
provided at a position on which Zero order light emitted from 
the diffractive optical element is not incident, and an image is 
displayed by light via the first face. 
0008. Notwithstanding the above art, an improved method 
for projecting patterns would be advantageous. 

SUMMARY OF THE INVENTION 

0009. In an embodiment of the present invention, a first 
diffractive optical element (DOE) is positioned in proximity 
to a second DOE. The first DOE diffracts an input beam 
incident to generate a first diffraction pattern, which com 
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prises a Zero order beam. The second DOE receives the Zero 
order beam, and forms a second diffraction pattern therefrom. 
The two diffraction patterns project into a volume, so that for 
a given surface within the volume, the first and second dif 
fraction patterns cover respective first and second regions of 
the surface. Typically, the two regions effectively tile the 
Surface, although there may be relatively minor gaps and/or 
overlaps between the regions. 
0010 Typically, the first region is bounded between a first 
rectangle and a second, Smaller, rectangle inside the first 
rectangle. The rectangles are symmetrically disposed with 
respect to each other, having a common center and parallel 
sides, and the first region corresponds to the area between the 
two rectangles. The second region is the area bounded by the 
second rectangle. Alternatively, the regions may be bounded 
by non-rectangular shapes, one within the other. 
0011. By using two DOEs, the Zero order beam from the 

first DOE is effectively neutralized, by being used to generate 
the second diffraction pattern. Consequently, a peak-to-aver 
age power ratio, measured over the two regions, is typically 
significantly reduced compared to systems using one DOE. 
0012. The combination of two DOEs allows the DOEs to 
be configured so that generation of diffraction patterns can be 
spread between the DOEs. Such a dispersed generation is 
herein also termed a distributed design of the two DOEs. A 
distributed design allows an overall diffraction pattern to be 
generated that has a Substantial reduction in the uncontrolled 
energy component of the first DOE’s zero-order beam, since 
this zero-order beam is used by the second DOE. In other 
words, embodiments of the present invention take advantage 
of and use, what is typically considered in prior art systems to 
be an undesirable property, that of excess energy in the Zero 
order beam. 
0013 Consequently, diffraction patterns produced by dis 
tributed designs of the present invention typically have 
enhanced overall efficiency compared to the efficiency of 
generation of the diffraction patterns with a single DOE. In 
addition, in some embodiments, which are described in detail 
hereinbelow, contrasts of the beams produced by a distributed 
design system are typically greater than that of a single DOE. 
because of the smaller deviation angles required by the two 
DOES. 

0014. In an alternative embodiment, the first diffraction 
pattern comprises a plurality of Substantially collimated 
beams. Typically the first DOE is a Dammann grating. The 
second DOE serves as a pattern generator, to diffract each of 
the beams to form a respective diffraction pattern. In the 
distributed design of the alternative embodiment, each dif 
fraction pattern projects onto respective regions of a Surface 
So as to at least partially cover the Surface, and the regions 
may tile the surface. Alternatively or additionally, the diffrac 
tion patterns project into sub-volumes that fill a predefined 
volume. In general, the different beams of the first diffraction 
pattern need not pass through the same pattern generator, 
although all the pattern generators can be manufactured on a 
single DOE. The beams of the first diffraction pattern can 
each be appropriately directed through a corresponding Zone 
of the second DOE. Thus, the tiles generated in this embodi 
ment may or may not be the same. 
0015. In a further alternative embodiment, a DOE forms a 
diffraction pattern comprising a Zero order beam, and an 
interference filter is positioned to receive the Zero order beam. 
The interference filter is configured to act as a narrow-band 
rejection filter for radiation incident on the filter at a blocking 
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orientation angle, and to pass radiation incident at angles 
other than the blocking angle. The filter is positioned and 
oriented so that the Zero order beam impinges on the filter at 
the blocking angle. Beams of the diffraction pattern other 
than the Zero order beam make angles with the filter that are 
different from the blocking angle, and so transmit through the 
filter. The diffraction pattern, absent the Zero order beam, thus 
transmits through the filter so as to project into a predeter 
mined Volume, and/or so as to project onto a predefined 
region of a surface. 
0016. Although the embodiments described above refer 
specifically to diffractive optical elements, the principles of 
the present invention may alternatively be applied in optical 
systems that contain refractive elements, and particularly sys 
tems that contain both refractive and diffractive elements. 
0017. There is therefore provided, in accordance with an 
embodiment of the present invention, apparatus for project 
ing a pattern, including a first diffractive optical element 
(DOE) configured to diffract an input beam So as to generate 
a first diffraction pattern on a first region of a surface, the first 
diffraction pattern including a Zero order beam. A second 
DOE is configured to diffract the Zero order beam so as to 
generate a second diffraction pattern on a second region of the 
Surface Such that the first and the second regions together at 
least partially cover the surface. 
0.018. In a disclosed embodiment, the second DOE 
includes an optically active region configured to receive the 
Zero order beam, and an optically inactive region configured 
to transmit the first diffraction pattern absent the Zero order 
beam. Typically, the first region and the second region tile the 
Surface. 
0019. There is also provided, in accordance with an 
embodiment of the present invention, apparatus for project 
ing a pattern, including a first diffractive optical element 
(DOE) configured to diffract an input beam So as to generate 
a plurality of separate output beams. A second DOE is con 
figured to apply a diffractive effect to the plurality of separate 
output beams So as to generate a respective plurality of dif 
fraction patterns on respective regions of a Surface Such that 
the respective regions together at least partially cover the 
Surface. 
0020. There is additionally provided, in accordance with 
an embodiment of the present invention, apparatus for pro 
jecting a pattern, including a diffractive optical element 
(DOE) configured to diffract an input beam having a wave 
length so as to generate a diffraction pattern including a Zero 
order beam. A narrow-band filter is tuned to the wavelength of 
the input beam and is positioned with respect to the DOE so 
as to cause the diffraction pattern, absent the Zero order beam, 
to impinge on a region of a surface. 
0021. The filter may include an interference filter or a 
grating. 
0022. There is further provided, in accordance with an 
embodiment of the present invention, a method for projecting 
a pattern, including diffracting an input beam with a first 
diffractive optical element (DOE) so as to generate a first 
diffraction pattern on a first region of a surface, the first 
diffraction pattern including a zero order beam. The Zero 
order beam is diffracted with a second DOE so as to generate 
a second diffraction pattern on a second region of the Surface 
Such that the first and the second regions together at least 
partially cover the surface. 
0023 There is moreover provided, in accordance with an 
embodiment of the present invention, a method for projecting 
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a pattern, including diffracting an input beam with a first 
diffractive optical element (DOE) so as to generate a plurality 
of separate output beams. A diffractive effect is applied to the 
plurality of separate output beams with a second DOE so as to 
generate a respective plurality of diffraction patterns on 
respective regions of a surface Such that the respective regions 
together at least partially cover the Surface. 
0024. There is furthermore provided, in accordance with 
an embodiment of the present invention, a method for pro 
jecting a pattern, including diffracting an input beam having 
a wavelength with a diffractive optical element (DOE) so as to 
generate a diffraction pattern, which includes a Zero order 
beam. A narrow-band filter, which is tuned to the wavelength 
of the input beam, is positioned with respect to the DOE so as 
to cause the diffraction pattern, absent the Zero order beam, to 
impinge on a region of the Surface. 
0025. The present invention will be more fully understood 
from the following detailed description of the embodiments 
thereof, taken together with the drawings in which: 

BRIEF DESCRIPTION OF THE DRAWINGS 

0026 FIG. 1A is a schematic side view of an optical appa 
ratus, and FIG. 1B is a schematic diagram illustrating regions 
projected onto a plane by the apparatus, according to an 
embodiment of the present invention; 
0027 FIG. 2 is a schematic side view of another optical 
apparatus, according to an embodiment of the present inven 
tion; 
0028 FIG. 3A is a schematic side view of an alternative 
optical apparatus, and FIG. 3B is a schematic diagram illus 
trating regions projected onto a plane by the alternative appa 
ratus, according to an embodiment of the present invention; 
and 

0029 FIG. 4 is a schematic diagram of a further alternative 
optical apparatus, according to an embodiment of the present 
invention. 

DETAILED DESCRIPTION OF EMBODIMENTS 

0030. In the specification and in the claims, a tiling of a 
region of a plane is assumed to comprise a collection of plane 
figures, or tiles, that fill the region with no significant overlaps 
and with no significant gaps. 
0031 Reference is now made to FIG. 1A, which is a sche 
matic side view of an optical apparatus 10, and to FIG. 1B, 
which is a schematic diagram illustrating regions upon which 
apparatus 10 projects, according to an embodiment of the 
present invention. Apparatus 10 comprises a first diffractive 
optical element (DOE) 12, and a second DOE 14. By way of 
example, in the following description DOE 12 and DOE 14 
are assumed to be substantially parallel to each other, being 
separated by a distance “d.” However, the two DOEs do not 
need to be parallel to each other, and may be aligned with 
respect to each other at any convenient angle. In apparatus 10 
DOE 12 and DOE 14 are assumed, by way of example, to be 
formed on first and second Surfaces of a single transparent 
optical element 16. In alternative embodiments, DOE 12 and 
DOE 14 may be formed on separate optical elements. 
Although DOE 12 and DOE 14 are transmissive elements, the 
principles of this embodiment and of the other embodiments 
described hereinbelow may also be implemented, mutatis 
mutandis, using reflective DOEs or a combination of trans 
missive and reflective DOEs. 
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0032. A beam generator 18, typically a laser, generates an 
optical input beam 20 having a wavelength w. Typically, for 
example in the case that generator 18 comprises a multi-mode 
laser, beam 20 is has an elliptical cross-section. In some 
embodiments beam 20 may have a circular cross-section. 
Beam 20 may be collimated or non-collimated, and in the 
non-collimated case, the degree of non-collimation, i.e., the 
divergence or the convergence of the beam, is typically set so 
that diffraction orders from different portions of the non 
collimated beam do not overlap. Hereinbelow, by way of 
example, beam 20 is assumed to be a collimated beam. 
0033. As is described in more detail below, DOE 12 and 
DOE 14 generate respective diffraction patterns, which each 
comprise a multiplicity of beams. 
0034 Element 16 is positioned so that DOE 12 receives 
the beam, and by way of example DOE 12 is assumed to be 
approximately orthogonal to the beam. DOE 12 has an opti 
cally active portion 17 which is configured to correspond to 
the cross-section of beam 20. Portion 17 is also configured so 
that an overall diffraction pattern 21 formed from beam 20 by 
element 12 comprises a first diffraction pattern 23 projecting 
into the far field of the element and a zero order beam 32. First 
diffraction pattern 23 projects onto a region 22 of a plane 24 
a corresponding first diffraction image 22I. (Although, for 
convenience and clarity of illustration, the embodiment of 
FIGS. 1A and 1B relates to projection of diffraction patterns 
onto a specific plane, in practice the patterns are projected 
into a Volume, as shown in the figures that follow, and this 
volume is subtended by plane 24.) By way of example, the 
first diffraction image is hereinbelow assumed to comprise a 
set of distributed spots 30, each spot corresponding to a dif 
fraction order beam of DOE 12. In one embodiment, of the 
order of 10 diffraction orders are generated by DOE 12. Of 
the order of 10 of these diffraction order beams are used to 
generate spots, and the remaining diffraction order beams are 
Suppressed. 
0035. However, it will be understood that first diffraction 
image 22I may not comprise distinct spots, and could, for 
example, comprise a set of lines of similar or different inten 
sities, an image having one or more areas of graduated inten 
sities, or an image comprising a combination of spots, lines 
and/or graduated intensity areas. 
0036. The projection of first diffraction pattern 23 is via an 
optically inactive transparent portion 31 of DOE 14, so that 
first diffraction pattern 23 is substantially unaltered by por 
tion 31. FIG. 1B illustrates schematically the set of spots 30. 
The spots are formed, by DOE 12, as diffraction image 22I on 
region 22 of plane 24. 
0037. By way of example, region 22 is hereinbelow 
assumed to have as an outer bound a rectangle 26, and as an 
inner bound a rectangle 28, the two rectangles having a com 
mon center. Thus, region 22 is in effect an “annular region 
having a central area 27 wherein no diffraction image is 
formed from DOE 12. The annular form of region 22 is a 
consequence of diffraction pattern 23 being in the form of a 
hollow cone or pyramid. However, there is no necessity for 
region 22 to be this particular annular shape, and typically 
region 22 may be any convenient annular region. Thus region 
22 typically comprises a space of Substantially any shape in 
central area 27 of plane 24, wherein no diffraction image from 
DOE 12 is formed. In one embodiment, a largest plane angle 
Subtended by rectangle 26, i.e., the angle Subtended by cor 
ners of the rectangle with respect to primary Zero order beam 
32, is of the order of 30°. 
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0038. In addition to forming the first diffraction pattern 
described above, some of the energy of beam 20 that is dif 
fracted exits DOE 12 as substantially un-deviated Zero order 
beam 32. Beam 32 is typically caused by limitations in the 
manufacture of DOE 12, but may at least partly be configured 
into the design and manufacture of the DOE, typically so as to 
provide sufficient energy in the Zero order beam. To distin 
guish Zero order beam 32 from a later Zero order beam gen 
erated by apparatus 10, beam 32 is also termed herein primary 
Zero order beam 32. Primary zero order beam 32 has a cross 
section that is generally similar to that of beam 20. 
0039) DOE 14 is configured to receive beam 32 at an 
optically active portion 33 of the DOE, and to form from the 
beam an overall diffraction pattern39 that comprises a second 
diffraction pattern 29 projecting into the far field of element 
14 and a Zero order beam 37. DOE 14 is designed so that 
second diffraction pattern 29 generated by DOE 14 projects a 
second diffraction image 27I onto central area 27, and typi 
cally fills the central area. The filling of area 27 is such that 
any gap or overlap between second diffraction image 27I and 
first diffraction image 22I is typically small, so that the two 
diffraction images taken together cover a portion 25 of plane 
24. In one embodiment, any gap or overlap between the 
images has a linear dimension that is of the order of 0.1% or 
less than a largest linear dimension of the Smaller of the 
images. For example, if image 27I is Smaller than image 22I. 
and has a largest dimension equal to 100 mm, then the gap or 
overlap between the two images is of the order of 0.1 mm. 
Thus, regions 22 and 27 at least partially cover portion 25, and 
may be configured to effectively tile the portion. 
0040 Zero order beam 37, herein also termed secondary 
Zero order beam 37, is substantially undeviated from the 
direction defined by primary zero order beam 32. Beam 37 
projects as a spot 37I, approximately at the center of region 
27. 

0041. By way of example, a largest plane angle subtended 
by rectangle 28, i.e., the angle subtended by corners of the 
rectangle measured with respect to secondary Zero order 
beam 37, is typically of the order of 10°. 
0042. While the description above uses plane angles to 
express the dimensions of the first and second diffraction 
patterns, it will be appreciated that the dimensions may also 
be expressed in terms of a first Solid angle and a second solid 
angle respectively subtended by the first and the second dif 
fraction pattern. 
0043. The total energy flux of beam 32 is typically of the 
order of 5% of the incident energy flux of beam 20, for first 
diffraction pattern 23 as described above. The total energy 
flux of secondary zero order beam 37 is typically of the order 
of 1% of that of the primary zero order beam, for a second 
diffraction pattern as described above. Thus, the energy flux 
of the secondary zero order beam is less than 0.1%, and is 
typically of the order of 0.05%, of the total energy flux of 
beam 20. The reduced energy flux of the secondary zero order 
beam leads to a significant reduction in the peak-to-average 
power ratio of the diffracted beamlets, measured over the two 
regions, compared to systems using one DOE. 
0044. In addition to the two diffraction patterns forming 
images on regions that Substantially tile portion 25, in some 
embodiments the two diffraction patterns are typically con 
figured so that an overall intensity distribution of the diffrac 
tion images across portion 25 is generally uniform. 
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0045. In order to achieve the tiling and overall uniform 
intensity distribution over portion 25 that are described 
above, the following interdependent parameters of DOE 12 
and DOE 14 may be varied: 

0046. The wavelength w, of beam 20: 
0047 Outer and/or inner solid angles of the first diffrac 
tion pattern; 

0048. The energy flux of the primary zero order beam; 
0049. The solid angle of the second diffraction pattern; 
0050. The energy flux of the secondary zero order 
beam; 

0051 Geometrical factors such as dimensions of beam 
20 and the distanced between the DOEs; and 

0.052 Dimensions of optically active portion 33. 
0053. The interdependence of the above parameters will 
be apparent to those having ordinary skill in the art. For 
example, as the Solid angle of a given diffracted pattern 
increases, the energy flux in the Zero order beams of the 
respective diffracted pattern tends to increase. Selection of 
the parameters, as well as other relevant parameters, is typi 
cally made using methods known in the art for designing the 
DOEs as phase masks. For example, the DOEs may be 
designed using the Gerchberg-Saxton iterative algorithm or 
one of its variants. Alternatively or additionally, standard or 
custom Software may be used to design the DOEs, using for 
example, design approaches published in “Phase Retrieval 
Algorithms: A Comparison. J. R. Fienup, Applied Optics 21, 
2758-2769 (1 Aug. 1982). 
0054. In some embodiments, DOE 12 and DOE 14 are 
configured so that the tiling effect described above applies 
Substantially independently of changes in the input beam 
wavelength W. An explanation of the effects of change of 
wavelength on diffraction patterns is given below, with refer 
ence to apparatus 160 (FIGS. 3A and 3B). Those having 
ordinary skill in the art will be able to apply the explanation, 
mutatis mutandis, to the effects of changes of wavelengthw 
on the tiling effect in apparatus 10. 
0055. There is no requirement that the overall intensity 
distribution over portion 25 is uniform, and in some embodi 
ments there may be a relatively large variation in intensity 
between the two different diffraction patterns. An example of 
such a variation is described below, in reference to FIGS. 3A 
and 3B. 
0056 FIG. 2 is a schematic side view of an optical appa 
ratus 110, according to another embodiment of the present 
invention. Some of the elements used in apparatus 10 (FIGS. 
1A and 1B) and apparatus 110 have generally common func 
tions, and elements indicated by the same reference numerals 
in apparatus 10 and in apparatus 110 are generally similar in 
construction and in operation. Apparatus 110 is configured to 
project diffraction patterns into a volume 102. 
0057. Apparatus 110 comprises a first DOE 112 and a 
second DOE 114, which except as described below, are 
assumed to operate and to be configured generally as 
described above for DOE 12 and DOE 14 of apparatus 10. 
Thus, by way of example, DOE 112 and DOE 114 are 
assumed to be parallel to each other, being separated by a 
distance “d and to be formed on first and second surfaces of 
a single transparent optical element 116. 
0058 As for apparatus 10, in apparatus 110 beam 20 is 
assumed by way of example to be collimated. 
0059 Element 116 is positioned so that DOE 112 receives 
beam 20, and is approximately orthogonal to the beam. DOE 
112 has an optically active portion 117 which corresponds in 
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dimensions to the cross-section of beam 20. Portion 117 is 
configured so that an overall diffraction pattern 121 formed 
from beam 20 by element 112 comprises a first diffraction 
pattern 123. Pattern 123 has generally similar properties to 
those of pattern 23, and typically comprises collimated 
beams, or beams which are focused at respective regions in 
volume 102, the beams being different diffraction orders 
formed by diffraction of beam 20. Pattern 123 thus projects 
into an approximately truncated pyramidal shape 125, having 
a vacant central region 127, in volume 102. Pattern 121 also 
comprises a primary Zero order beam 132, which has gener 
ally similar properties to those of Zero order beam 32, and 
which is directed approximately along an axis of symmetry of 
shape 125. 
0060. The projection of first diffraction pattern 123 is via 
an optically inactive transparent portion 131 of DOE 114, so 
that first diffraction pattern 123 is substantially unaltered by 
portion 131. 
0061 DOE 114 is also configured to receive beam 132 at 
an optically active portion 133 of the DOE, and to form from 
the beam an overall diffraction pattern 139 that comprises a 
second diffraction pattern 129 and a secondary zero order 
beam 137. DOE 114 is designed so that second diffraction 
pattern 129 projects exiting beams from portion 133 into 
central region 127, forming an approximately truncated pyra 
midal shape 129 that typically fills the region. DOE 114 is 
typically configured so that its exiting beams are collimated 
or focused in volume 102. It is possible, however, that second 
diffraction pattern 129 may overlap pyramidal shape 125, at 
least at Some planes within the Volume, and Such overlap is 
indicated by a shaded region 141. (For clarity, alterations in 
lines depicting overall diffraction pattern 139, that occur for 
such an overlap, are not shown in FIG. 2.) Primary zero order 
beam 132 and secondary zero order beam 137 typically have 
similar energy fluxes to those described above for beams 32 
and 37 of apparatus 10. 
0062) Apparatus 110 is thus able to form a composite 
diffraction pattern 143, comprising first diffraction pattern 
123 and second diffraction pattern 129, projecting into vol 
ume 102. As for apparatus 10, by using two DOEs, the second 
DOE forming its diffraction pattern from the Zero order beam 
of the first DOE, apparatus 110 generates its composite dif 
fraction pattern efficiently, so that there is very little undesired 
energy in the secondary Zero order beam. 
0063 Consideration of the operation of apparatus 10 and 
of apparatus 110 demonstrates that different portions of the 
combined diffraction pattern are generated by distributing the 
required diffraction effects between two DOEs. Such a dis 
tribution, or dispersal, is herein also termed a distributed 
design of the two DOEs. Distributed designs of the present 
invention enable generation of an overall diffraction pattern 
that reduces the uncontrolled energy component of the first 
DOE’s zero-order beam, since the distributed design uses the 
Zero-order beam to form part of the desired diffraction pat 
tern 

0064 FIG. 3A is a schematic side view of an optical appa 
ratus 160, and FIG. 3B is a schematic diagram illustrating 
regions projected onto a plane 163 by apparatus 160, accord 
ing to an embodiment of the present invention. Some of the 
elements used in apparatus 10 and apparatus 160 have gen 
erally common functions, and elements indicated by the same 
reference numerals in apparatus 10 and in apparatus 160 are 
generally similar in construction and in operation. 



US 2009/O 185274 A1 

0065. In apparatus 160 beam generator 18 generates an 
optical input beam 162 which is generally similar to beam 20, 
and which has a wavelength W. Apparatus 160 comprises a 
first DOE 164, also termed a primary DOE 164, which 
receives beam 162 in an optically active region 161 of the 
DOE. The shape of region 161 may be configured to corre 
spond with the cross-section of beam 162. The apparatus also 
comprises a second DOE 166, which is also termed secondary 
DOE 166. By way of example, in the following description 
DOE 164 and DOE 166 are assumed to be substantially 
parallel to each other, being separated by a distance “d.” 
However, the two DOEs do not need to be parallel to each 
other, and may be aligned with respect to each other at any 
convenientangle. By way of example DOE 164 and DOE 166 
are assumed to be formed on opposing Surfaces of one trans 
parent element 168. However, in some embodiments, DOE 
164 and DOE 166 may be formed on separate optical ele 
mentS. 

0066. In contrast to apparatus 10, primary DOE 164 is 
configured to generate a multiplicity of approximately colli 
mated relatively narrow beams 174 exiting the DOE. DOE 
164 may advantageously beformed as a Dammann grating. In 
one embodiment DOE 164 is configured so that beams 174 
intersect an imaginary plane 170, that is orthogonal to input 
beam 162, with a symmetrical pattern of spots 172. One 
example of Such a symmetrical pattern is illustrated in dia 
gram 176, wherein spots 172 are located at corners of con 
gruent rectangles which tile a portion of plane 170. Other 
examples of symmetrical patterns of spots that may be pro 
duced from the exiting beams of DOE 164 will be apparent to 
those having ordinary skill in the art, and are included within 
the scope of the present invention. In another embodiment the 
pattern of spots 172 formed on plane 170 is partly symmetri 
cal or not symmetrical. For example, the symmetrical pattern 
of congruent rectangles described above may be distorted so 
that the corners of the rectangles become corners of non 
rectangular quadrilaterals, as is the case when there is a pin 
cushion type of distortion, which may be generated by DOE 
164. Typically, one of beams 174 is substantially un-deviated 
with respect to input beam 162, and so is equivalent to a Zero 
order beam for DOE 164. 

0067 Primary DOE 164 is typically formed so that beams 
174 have approximately equal energy fluxes and generally 
similar cross-sections. As for apparatus 10, primary DOE 164 
may be configured so that the overall energy in the beam 174 
that corresponds to the Zero order beam, including the energy 
because of manufacturing limitations, has a desired value. 
0068. Secondary DOE 166 is configured to receive beams 
174, at respective optically active regions 169. Regions 169 
form from each of the beams respective overall diffraction 
patterns 184. Thus, in contrast to apparatus 10 where the 
secondary DOE diffracts one Zero order beam received from 
the primary DOE, in apparatus 160 the secondary DOE effec 
tively diffracts a multiplicity of beams 174 received from the 
primary DOE. 
0069. Each diffraction pattern 184 produced by a respec 

tive beam 174 typically has a relatively narrow solid angle, 
and comprises a respective Zero order beam 180, herein also 
termed respective secondary zero order beams 180. In one 
embodiment, each diffraction pattern 184, measured orthogo 
nal to its beam 180, has a distorted rectangular cross-section, 
the distortion typically comprising a pincushion type of dis 
tortion. Each secondary zero order beam 180 has an energy 
flux that is typically of the order of 1% or less than the energy 
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flux of its respective beam 174, and each secondary zero order 
beam forms a spot 180I on plane 163. If each beam 174 has 
approximately the same energy flux, and if there are 15 beams 
174, each secondary zero order beam 180 has an energy flux 
of the order of 0.07% or less of input beam 162. 
0070. Each diffraction pattern 184 is assumed to project a 
respective diffraction image 185I onto a region 185 of a 
section 178 of plane 163, orthogonal to input beam 162. 
Regions 185 are generally similar in shape to each other and 
are approximately centered on their respective spots 180I. In 
one embodiment regions 185 are rectangles distorted by the 
pincushion effect described above. DOE 164 and DOE 166 
are configured so that regions 185, and thus images 185I, 
cover section 178. Typically, there is little or no overlap of 
regions 185, so that the regions approximately tile section 
178. In some embodiments diffraction images 185I generated 
by secondary DOE 166 may comprise a plurality of spots, 
each spot corresponding to a diffraction order of the DOE, 
generally as described above for apparatus 10. However, 
DOE 166 may be configured to generate other diffraction 
images. Such as the other images described above with refer 
ence to apparatus 10. In some embodiments, DOE 164 and 
DOE 166 are configured so that an overall intensity distribu 
tion of images 185I across section 178 is generally uniform, 
and so that there is little or no apparent division between 
adjacent images 185I. As for apparatus 10, there is no require 
ment that the intensity distribution of images 185I is generally 
uniform, and in Some embodiments an intensity ratio between 
a low intensity image 185I and a high intensity image 185I 
can be of the order of 1:2. 

0071. In some embodiments of the present invention, 
DOE 164 and DOE 166 are configured so that the tiling effect 
described above occurs substantially independently of any 
change in wavelength , of input beam 162. If DOE 164 
comprises a Dammann grating, an increase or decrease of W. 
effects a corresponding increase or decrease in the angles 
made by beams 174 with the input beam. Such changes of 
angles may be accommodated by forming regions 169 to be 
sufficiently large to receive the differently angled beams. In 
addition, with the increase or decrease of W, there is a corre 
sponding increase or decrease of the Solid angles of diffrac 
tion patterns 184. The two effects act together, and tend to 
maintain the tiling effect described above, the change of 
angles of beams 174 being compensated for by the change of 
solid angles of diffraction patterns 184. The compensation 
increases as the distanced decreases, so that for Small values 
of d the approximate tiling is Substantially maintained for 
changes of wavelength , and is exactly maintained if d is 
effectively zero. 
(0072. The description above illustrates how DOE 164 and 
DOE 166 may be configured in a distributed design format to 
project a desired image onto plane 163. In practice, however, 
the images are projected into a Volume, such as a Volume 187 
shown in FIG.3A, and illuminate whatever surface is present 
in the Volume, such as plane 163 or a non-planar Surface. Each 
diffraction pattern 184 projects into a respective sub-volume 
189 of volume 187, the sub-volumes typically completely 
filling volume 187. In FIG.3A only two sub-volumes 189 are 
shown, for clarity. 
0073. As in the preceding embodiments, the principles of 
the embodiments of FIGS. 3A and 3B may be implemented 
using other arrangements of DOEs. For example, the order of 
elements 166 and 164 in the optical path may be reversed. 
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Additionally or alternatively, at least one of the DOEs may be 
reflective, rather than transmissive as shown in the figure. 
0074 FIG. 4 is a schematic diagram of an optical appara 
tus 200, according to an embodiment of the present invention. 
Some of the elements used in apparatus 10 and apparatus 200 
have generally common functions, and elements indicated by 
the same reference numerals in apparatus 10 and in apparatus 
200 are generally similar in construction and in operation. 
0075. In apparatus 200 beam generator 18 generates an 
optical input beam 102 which is generally similar to beam 20, 
and which has a wavelength W. Apparatus 200 comprises a 
DOE 204 which in one embodiment is oriented normal to 
beam 202 and which receives the beam in an optically active 
region 210 of the DOE having dimensions corresponding to 
the cross-section of the beam. Although it may be convenient 
to configure apparatus 200 so that DOE 204 is normal to the 
beam, there is no requirement that the beam and the DOE are 
oriented normally. The apparatus also comprises an optic 
element (OE) 208, which is mounted separately from DOE 
204 in an adjustable mount 205. 
0076 Region 210 forms an overall diffraction pattern 214, 
which is generally conical or pyramidal in form, and which 
comprises a Zero order beam 216. 
0077 OE 208 is configured as a notch filter that is tuned to 
be able to reject wavelength W. In some embodiments, the 
notch filter comprises a narrow band-reject interference filter, 
These embodiments use an angular selective property of nar 
row band-reject interference filters. Thus, a filter that is con 
figured to reject radiation of wavelength rejects the radia 
tion efficiently when the radiation is incident on the filter at a 
given nominal angle of incidence. The filter transmits radia 
tion of wavelength ws that is incident at angles other than the 
nominal angle of incidence. 
0078. In other embodiments, OE 208 comprises a grating 
type notch filter, Such as a Volume holographic grating (VHG) 
or a Volume Bragg grating (VBG). (Volume holographic grat 
ings are described, for example, in U.S. Pat. No. 5,691.989, 
whose disclosure is incorporated herein by reference, and are 
available from Ondax, Inc., of Monrovia, Calif.) 
0079) OE 208 is typically configured to have the same 
band-reject line width as the line width of beam 202. Thus, if 
generator 18 is a laser diode producing a beam having a full 
width at half maximum (FWHM) of 1 nm, OE 208 is config 
ured to have the same FWHM for a selected nominal angle of 
incidence. In some laser configurations, a grating element, 
such as a VHG, is used as the output coupler of the laser 
cavity, reflecting the notch wavelength back into the cavity 
and thus locking the laser at this wavelength. A second grating 
element of the same type can be used as OE 208. This element 
will precisely block the Zero order of the diffraction pattern at 
the laser wavelength. 
0080. In operation, mount 205 may be rotated to adjust OE 
218, so that the OEabsorbs substantially all the energy of zero 
order beam 216. Typically, after adjustment, the Zero order 
beam and OE 208 form an angle that is close to the selected 
nominal angle of incidence. Once adjusted, OE 208 transmits 
Substantially all the remaining energy in diffraction pattern 
214, since the diffraction pattern (absent the Zero order beam) 
subtends angles at OE 208 different from the angle subtended 
by the Zero order beam. In some embodiments, once OE 208 
has been adjusted, it may be cemented to DOE 204 so as to 
form one composite optical element, by methods which are 
well known in the optical arts, and mount 205 removed. 
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I0081. DOE 204 and OE 208 are configured so that diffrac 
tion pattern 214 projects into a predefined Volume 224, gen 
erally as described above for apparatus 110. Alternatively, the 
two elements are configured so that diffraction pattern 214 
forms a diffraction image 220I on a region 220 of a plane 222. 
The diffraction image is typically similar to one or more of the 
images described above with reference to apparatus 10. 
I0082 Although the description above has assumed that 
DOE 204 and OE 208 are formed on distinct elements, in 
some embodiments the DOE and the interference filter may 
be formed on opposite Surfaces of one single transparent 
element. For the single element case, the two opposite Sur 
faces may or may not be configured to be parallel. In these 
embodiments the single element may be adjusted by rotating 
it with respect to beam 202, so that substantially all the energy 
of Zero order beam 216 is absorbed. 
I0083. Alternatively, in a reflective configuration, OE 208 
may be replaced by a notch-pass filter, which is aligned to 
permit the Zero order beam to pass through it while reflecting 
the rest of the diffraction image into the desired volume. 
0084. It will be understood that elements of the embodi 
ments described above may be combined to form other 
embodiments of the present invention. For example, an inter 
ference filter similar to that described for apparatus 200 (FIG. 
4) may be added after DOE 14 of apparatus 10 (FIG. 1A), so 
as to Substantially Zero the energy in secondary Zero order 
beam 37, without substantially affecting diffraction patterns 
23 and 29. A similar addition may be made after DOE 114 of 
apparatus 110. Other advantageous combinations will be 
apparent to those having ordinary skill in the art. 
I0085. It will thus be appreciated that the embodiments 
described above are cited by way of example, and that the 
present invention is not limited to what has been particularly 
shown and described hereinabove. Rather, the scope of the 
present invention includes both combinations and Sub-com 
binations of the various features described hereinabove, as 
well as variations and modifications thereof which would 
occur to persons skilled in the art upon reading the foregoing 
description and which are not disclosed in the prior art. 
We claim: 
1. Apparatus for projecting a pattern, comprising: 
a first diffractive optical element (DOE) configured to dif 

fract an input beam so as to generate a first diffraction 
pattern on a first region of a Surface, the first diffraction 
pattern comprising a Zero order beam; and 

a second DOE configured to diffract the Zero order beam so 
as to generate a second diffraction pattern on a second 
region of the surface such that the first and the second 
regions together at least partially cover the Surface. 

2. The apparatus according to claim 1, wherein the second 
DOE comprises an optically active region configured to 
receive the Zero order beam, and an optically inactive region 
configured to transmit the first diffraction pattern absent the 
Zero order beam. 

3. The apparatus according to claim 1, wherein the first and 
the second DOEs are formed on one optical element. 

4. The apparatus according to claim 1, wherein the first and 
the second DOEs are formed on separate optical elements. 

5. The apparatus according to claim 1, wherein the second 
diffraction pattern comprises a further Zero order beam, and 
wherein an energy flux of the further Zero order beam is less 
than 0.1% of an energy flux of the input beam. 

6. The apparatus according to claim 1, wherein the input 
beam has an input beam wavelength, and wherein the first 
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DOE and the second DOE are configured so that the first and 
the second regions at least partially cover the Surface inde 
pendently of the input beam wavelength. 

7. The apparatus according to claim 1, wherein the first 
diffraction pattern forms a first diffraction image comprising 
a first set of first spots on the first region, and wherein the 
second diffraction pattern forms a second diffraction image 
comprising a second set of second spots on the second region. 

8. The apparatus according to claim 1, wherein at least one 
of the first and the second diffraction patterns forms a diffrac 
tion image comprising at least one of a set of lines and an area 
having graduated intensities. 

9. The apparatus according to claim 1, wherein the first 
region and the second region tile the Surface. 

10. The apparatus according to claim 1, wherein the first 
region is bounded by a first rectangle and a second rectangle 
smaller than the first rectangle, the first and the second rect 
angles having a common center, and wherein the second 
region is bounded by the second rectangle. 

11. Apparatus for projecting a pattern, comprising: 
a first diffractive optical element (DOE) configured to dif 

fract an input beam so as to generate a plurality of 
separate output beams; and 

a second DOE configured to apply a diffractive effect to the 
plurality of separate output beams so as to generate a 
respective plurality of diffraction patterns on respective 
regions of a surface Such that the respective regions 
together at least partially cover the Surface. 

12. The apparatus according to claim 11, wherein the first 
and the second DOEs are formed on one optical element. 

13. The apparatus according to claim 11, wherein the first 
and the second DOEs are formed on separate optical ele 
mentS. 

14. The apparatus according to claim 11, wherein the input 
beam has an input beam wavelength, and wherein the first 
DOE and the second DOE are configured so that the respec 
tive regions at least partially cover the Surface irrespective of 
the input beam wavelength overa specified wavelength range. 

15. The apparatus according to claim 11, wherein the plu 
rality of diffraction patterns form a plurality of sets of spots on 
the respective regions. 

16. The apparatus according to claim 11, wherein at least 
one of the diffraction patterns forms a diffraction image com 
prising at least one of a set of lines and an area having 
graduated intensities. 
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17. The apparatus according to claim 11, wherein the 
respective regions tile the Surface. 

18. Apparatus for projecting a pattern, comprising: 
a diffractive optical element (DOE) configured to diffract 

an input beam having a wavelength so as to generate a 
diffraction pattern comprising a Zero order beam; and 

a narrow-band filter, which is tuned to the wavelength of 
the input beam and is positioned with respect to the DOE 
So as to cause the diffraction pattern, absent the Zero 
order beam, to impinge on a region of a Surface. 

19. The apparatus according to claim 18, wherein the filter 
comprises an interference filter. 

20. The apparatus according to claim 18, wherein the filter 
comprises a grating. 

21. A method for projecting a pattern, comprising: 
diffracting an input beam with a first diffractive optical 

element (DOE) so as to generate a first diffraction pat 
tern on a first region of a surface, the first diffraction 
pattern comprising a Zero order beam; and 

diffracting the Zero order beam with a second DOE so as to 
generate a second diffraction pattern on a second region 
of the Surface Such that the first and the second regions 
together at least partially cover the Surface. 

22. A method for projecting a pattern, comprising: 
diffracting an input beam with a first diffractive optical 

element (DOE) So as to generate a plurality of separate 
output beams; and 

applying a diffractive effect to the plurality of separate 
output beams with a second DOE so as to generate a 
respective plurality of diffraction patterns on respective 
regions of a surface Such that the respective regions 
together at least partially cover the Surface. 

23. A method for projecting a pattern, comprising: 
diffracting an input beam having a wavelength with a dif 

fractive optical element (DOE) so as to generate a dif 
fraction pattern, which comprises a Zero order beam; 

positioning a narrow-band filter, which is tuned to the 
wavelength of the input beam, with respect to the DOE 
So as to cause the diffraction pattern, absent the Zero 
order beam, to impinge on a region of the Surface. 
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