
TECHNICAL NOTE

Range-finding by
triangulation with nondiffracting beams

Jeffrey A. Davis, E. Carcole, and Don M. Cottrell

Nondiffracting beams are useful for alignment applications because the size of the beam does not change
as the beam propagates. In this research we report a technique that allows for distance measurements
with nondiffracting beams. With our approach a diffractive optical element is designed that generates
two off-axis, tilted, nondiffracting Bessel function beams. These beams intersect at a desired distance
from the input plane, producing interference. We generate these Bessel function arrays with a
programmable spatial light modulator allowing external control over the intersection distance.
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Nondiffracting zero-order Bessel function beams1,2
are of interest for such applications as optical align-
ment, surveying, industrial inspection, and optical
interconnections. With programmable spatial light
modulators 1SLM’s2 the propagation axis3 for these
beams can be translated as well as tilted. Higher-
order Bessel function beams have also been gener-
ated.4,5 These higher-order nondiffracting Bessel
function beams have a zero axial irradiance, and the
size of the dark spot for the first-order Bessel func-
tion beam is smaller than the size of the correspond-
ing bright spot from the zero-order Bessel function
beam.
In this researchwe consider the problem ofmeasur-

ing the distance from the input plane to a desired
output plane. In our approach we form a diffractive
optical element that simultaneously generates two
nondiffracting beams. The propagation axes for
these two beams are offset in opposite directions and
are each tilted toward the central axis. The two
beams intersect at a given distance from the SLM,
and the resulting interference intensity allows sensi-
tive measurement of the distance from the input
plane. By creating these patterns with a program-
mable SLM, we can change the intersection distance.
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In our case the propagation axis for the zero-order
nondiffracting beam should be shifted laterally from
the center of the SLM by a distance x 5 xc. In
addition the propagation axis should be rotated by
an angle a away from the direction of the normal to
the plane of the SLM. This can be accomplished 1in
the small-angle approximation2 with a hologram
transmission function T1r2 as2,3

T1r2 5 exp12i2pr@r02exp12i2pax@l2. 112

Here the distance r is given by r2 5 1x 2 xc22 1 1 y22, l is
the wavelength, and r0 is an adjustable constant
parameter.
The electric field representing a zero-order Bessel

function J01r2 that is formed at a distance z from the
plane of the hologram is given2,4 by

E1r2 < J012pr

r0 2 . 122

The coordinate r represents the radial center of the
Bessel function pattern in the observation plane
and, when a paraxial approximation is used, is given
by r2 5 1x 2 xc 1 az22 1 1 y22. The beamwidth2,4 for
the zero-order Bessel function beam is given 1in the
small-angle approximation2 by W 5 0.766r0. The
amplitude of the electric field2,4 increases as Œz 1with
some oscillations2 to a maximum value at a distance
of approximately L 5 Rr0@l and then sharply de-
creases. The width of this beam remains constant
over this distance of approximately L.
The pattern of Eq. 112 can be encoded3,5 onto a SLM

by setting r2 5 1i2 1 j221D22, where i and j are integers
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Fig. 1. Binary patterns written onto the SLM that form 1a2 a centered zero-order Bessel function beam in which q 5 4, 1b2 a shifted and
tilted Bessel function beam, 1c2 two zero-order Bessel function beams that are shifted in opposite directions and tilted toward each other.
identifying each pixel and D is the pixel spacing.
In this case, r0 5 qD and xc 5 nD, where q and n are
adjustable parameters 1that do not have to be inte-
gers2. The number of pixels in the SLM is given by
N, and the radius R of the hologram can be written
as R 5 ND@2. The tilt angle of the propagation axis
is given by a 5 el@ND, where e is an adjustable
parameter with a maximum value of N@2. With
these parameters the expressions for the nondiffract-
ing propagation distance L and the beam width W 1for
the zero-order Bessel function2 can be rewritten as

L 5
qND2

2l
, 132

W 5 0.766qD. 142

By changing the value for q, one can change both the
beam diameter and nondiffracting propagation dis-
tance.
Figure 11a2 shows the pattern that encodes the

zero-order Bessel function J0 for parameter q 5 4,
where xc 5 0 and a 5 0. Our masks were written
onto a magneto-optic spatial light modulator6
1MOSLM2 manufactured by Semetex Corporation
operating in the binary phase-only mode.7 The
MOSLM has a pixel size of D 5 75 µm and N 5 128.
Consequently this pattern yields a nondiffracting
beam with a width of 230 µm and a maximum
propagation distance of L 5 2.28 m. Figure 11b2
shows the pattern with theMOSLM for a shifted and
tilted nondiffracting beam where xc 5 32 pixels and
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where e 5 32 that rotates the propagation axis by an
angle of a 5 9.9 3 1024 rad.
To create simultaneously two nondiffracting beams

with different tilt angles, we multiplex two patterns
onto the MOSLMwritten as

T1r2 5 exp12i2prA@r02exp12i2pax@l2

1 exp12i2prB@r02exp11i2pax@l2. 152

Here rA2 5 1x 2 xc22 1 1 y22 and rB2 5 1x 1 xc22 1 1 y22.
This pattern generates two nondiffracting beams.
The beam whose axis has been shifted to the left is
tilted to the right, and the beam whose axis has been
shifted to the right is tilted to the left. Figure 11c2
shows the pattern in which xc 5 32 pixels and e 5 32.
These two beams intersect at a distance Z from the

plane of the generating pattern as shown in Fig. 2

Fig. 2. Intersection of the two shifted and tilted nondiffracting
Bessel function beams at a location Z from the plane of the
hologram.
1a2 1b2 1c2

Fig. 3. Output intensity for the two nondiffracting beams measured at distances of 1a2 1.00 m, 1b2 1.14 m, and 1c2 1.28 m.
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Fig. 4. Output intensity with a linear diode array for the two nondiffracting beams showing interference at distances of 1a2 1.125 m,
1b2 1.140 m, and 1c2 1.155 m.
where distanceZ is given 1in the small-angle approxi-
mation2 by

Z 5 nND2@el. 162

Because the two beams are coherent, interference
enhances the resulting intensity at the intersection
point.
In our experiments the MOSLM was illuminated

with collimated light from a He–Ne laser 1l 5 0.6328
µm2, and the output beam was recorded with a CCD
camera with a pixel size of 12 µm connected to the
Macintosh computer through a ComputerEyes inter-
face system. It is critical that the aberrations from
the SLM be corrected to generate these output
beams. Otherwise the electric-field profile is
strongly distorted. A simple technique for evaluat-
ing these aberrations has been described elsewhere8
and was used to obtain the images in this research.
Figure 31a2 shows the intensity measured with a

CCD camera for the multiplexed pattern of Eq. 122
measured at a distance of 1.00 m that is shorter than
the design intersection distance of Z 5 1.14 m. The
two beams are well separated and do not interfere.
Figure 31b2 shows the intensity measured at a dis-
tance of 1.14 m, and the constructive interference
increases the resulting intensity. Figure 31c2 shows
the intensity measured at a distance of 1.28 m, and
the two beams are again separated.
More accurate ranging-distancemeasurements can

be obtained by examining the details of the interfer-
ence patternmore closely. Figure 4 showsmeasure-
ments with a linear diode array detector with a pixel
size of 11 µm at distances of 1.125, 1.140, and 1.155
m. The intensity at the exact range distance of
1.140m shows a sharper central peak whose width is
narrower compared with those patterns measured at
shorter and longer distances. These intensity mea-
surements show that the accuracy can be measured
to within 1.5 cm, yielding a ranging accuracy of 1.3%.
The distance Z can be changed by varying either of

the noninteger parameters n or e in Eq. 162. When
Eq. 162 is used, the accuracy of this distance can be
increased as the number of pixels in the SLM
increases.
Similar interference effects could be obtained with

two offset and tilted focused beams that intersect at
a given range distance. The accuracy of the two
techniques is equivalent given that the diameters of
the two beams are similar. However, the depth of
focus for the focused beam is much shorter compared
with the range of the nondiffracting beam. The size
of a Gaussian beam with a focused spot diameter of
2v 5 230 µm would increase by Œ2 at a distance of
z 5 pv2@l 5 65 mm. The greater range for the
nondiffracting beam means that it can be used for
alignment as well as range-finding.
In conclusion, we show a technique for range-

finding in which two offset and tilted nondiffracting
Bessel function beams are generated. Interference
at the intersection point of the two beams allows the
distance from the hologram to be measured accu-
rately and quickly with the programmable MOSLM.
The accuracy is affected by the width of the MOSLM
that limits the offset distances and tilt angles that
can be programmed. We expect the results of this
research to be useful for machine vision and survey-
ing applications.
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