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(Received 23 September 2011; accepted 22 November 2011; published online 15 December 2011)

Presented is a novel design of a multimode laser beam analyzer using a digital micromirror device
(DMD) and an electronically controlled variable focus lens (ECVFL) that serve as the digital and
analog agile optics, respectively. The proposed analyzer is a broadband laser characterization instru-
ment that uses the agile optics to smartly direct light to the required point photodetectors to enable
beam measurements of minimum beam waist size, minimum waist location, divergence, and the beam
propagation parameter M2. Experimental results successfully demonstrate these measurements for a
500 mW multimode test laser beam with a wavelength of 532 nm. The minimum beam waist, diver-
gence, and M2 experimental results for the test laser are found to be 257.61 μm, 2.103 mrad, 1.600
and 326.67 μm, 2.682 mrad, 2.587 for the vertical and horizontal directions, respectively. These
measurements are compared to a traditional scan method and the results of the beam waist are found
to be within error tolerance of the demonstrated instrument. © 2011 American Institute of Physics.
[doi:10.1063/1.3669535]

I. INTRODUCTION

Single mode Gaussian beams are the most commonly en-
countered laser outputs. They can be completely character-
ized by the values of minimum beam waist radius and the
location of the minimum beam waist.1 While many lasers
are designed to have a single mode Gaussian distribution, in
general, lasers with higher transverse order Gaussian modes
and/or non-Gaussian distributions exist and the knowledge of
the mentioned measurement values to characterize the laser
beam is important in many applications. Characterization of
these laser beams is done using the M2 beam propagation
parameter.2–5 For accurate characterization of the M2 param-
eter access to both sides of the minimum beam waist is
required.5 When access to both sides of the minimum beam
waist is not directly available, a lens is placed in the laser
beam path to realize a secondary minimum beam waist such
that direct beam waist access from both sides of the auxiliary
beam waist is possible.5 These prior-art methods not only re-
quire placement of a lens with a given focal length, but also
require physical movement of the laser beam profiler assem-
bly over a span of distances along the beam axis. Additionally,
a translating mechanical pinhole within the profiler assembly
is used to characterize the second-moment beam radii, adding
to the mechanical motion overhead of the overall mechanism
for multimode beam characterization.6, 7 This physical move-
ment can lead to errors in system alignment. Hence, the men-
tioned alignment error can affect the measured beam parame-
ters since alignment of the laser beam with respect to the beam
profiler can affect measured beam parameters.8, 9 Hence, these
prior-art processes are time-consuming, tedious, and most im-
portantly, prone to poor measurement reliability.

a)Author to whom correspondence should be addressed. Electronic mail:
n.riza@ucc.ie.

Recently, a beam analyzer using a digital micromirror de-
vice (DMD) and an electronically controlled variable focus
lens (ECVFL) has been proposed and demonstrated for the
characterization of single mode Gaussian laser beams.10, 11

The fundamental design of the deployed beam analyzer is
based on the earlier proposed DMD-based optical imager
used for irradiance mapping of coherent laser beams12 and
incoherent optical targets.13 The purpose of this paper is
to extend the earlier proposed DMD-ECVFL beam ana-
lyzer instrument for the characterization of laser beams us-
ing the M2 beam propagation parameter. Specifically, the
paper presents the theory and demonstration of the DMD-
ECVFL beam analyzer for measuring the M2 parameters of
a laser beam without requiring the movement of the beam
analyzer to different planes along the direction of propaga-
tion of the laser beam, thus providing instrument features
such as robustness, high repeatability, and improved speed of
measurement.

II. PROPOSED MULTIMODE BEAM ANALYZER

Figure 1 shows the classic prior art method of an M2

beam propagation parameter beam analyzer operation using
a fixed position and focal length lens L to form an auxiliary
waist outside of the laser using on-axis translational motion
of the classical pinhole profiler along the laser beam. Addi-
tionally, an alternate design of the analyzer shown in Fig. 1
involves keeping the profiler location fixed while translating
lens L along the beam axis as is done in a commercial
instrument.14 The International Standards Organization (ISO)
(Ref. 15) recommends approximately ten measurements on
each side of the minimum beam waist, but using the four cuts
method,5 a minimum of four beam profile measurements is
sufficient to characterize the beam. Additional measurements
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FIG. 1. The traditional moving optics beam analyzer method to determine
the M2 beam parameter. In the shown analyzer operation, the profiler
imaging plane is moved along the z axis and the beam waists are measured
at multiple planes like z1, z2, z3, z4, etc. The lens L has a fixed position and
focal length F.

can be taken to reduce the error as is done in commercial
devices.5, 14

The proposed multimode laser beam characterization
instrument is shown in Fig. 2 for three cases of a typical laser
minimum beam waist location with respect to the proposed
instrument agile optics components. The DMD operates as
a digital mode moving pinhole image plane point sampler,
while the ECVFL acts as the variable focal length lens oper-
ating in analog mode. The distances d1 and d2 are the location
of the initial minimum beam waist W01 and the distance be-
tween the ECVFL and the DMD, respectively. In Fig. 2(a), the
input laser beam is located inside the laser assembly and has
its minimum beam waist 2W01 at location d1. The ECVFL is
operated with a positive (or convex lens) focal length F. This
causes an auxiliary beam waist 2W02 to be formed. The laser
beam travels along the optical axis and upon reaching the
DMD plane, the beam waist is given as W(F, d2) which is de-
pendent upon F, since d2 is fixed in this design. DMD sampled
light is reflected to the point photodetectors PD1 and PD2 and
optical power measurements are normalized to eliminate pos-
sible laser power temporal fluctuations during the course of
the full 2D beam profile generation. The test beam reflections
to PD1 and PD2 are based upon the digital tilt states of the
DMD micromirrors. Specifically, the micromirrors have two
states, namely, the +θ state, which reflects light to PD1, and
the −θ , which reflects light to PD2. The +θ and −θ states
correspond to the reflections from the moving pinhole mi-
cromirrors and the non-pinhole micromirrors, respectively. In
contrast to Fig. 2(a), Fig. 2(b) shows the case where d1 is after
the DMD and Fig. 2(c) shows a case where d1 is between the
ECVFL but before the DMD. Note that if the laser minimum
beam waist location d1 is between the ECVFL and DMD,
as shown in Fig. 2(b), an ECVFL with negative and positive
focal lengths is required to form the necessary auxiliary
minimum beam waists, since W(F, d2) measurements need to
occur on both sides of its minimum value for accurate charac-
terization. In Fig. 2(c), an ECVFL with negative and positive
focal lengths might be required to generate the necessary
auxiliary minimum beam waists if the initial minimum beam
waist 2W01 is close (i.e., within a few Rayleigh ranges) to
the DMD.

FIG. 2. The proposed multimode beam analyzer when the laser minimum
beam waist forms (a) before the ECVFL, (b) after the DMD, and (c) between
the ECVFL and DMD.

According to Refs. 2–4, the propagation of a laser beam
can be analytically described using the fundamental Gaussian
beam mode and the M2 parameter. In general, multimode
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beam radii at the beam waist can be written as

W (z) = Mw(z), (1)

where w(z) is the embedded fundamental Gaussian mode
second-moment radius definition of the beam irradiance.
Now, starting with the analysis for the fundamental Gaussian
beam, the multimode beam can be described. The fundamen-
tal Gaussian beam optical field can be described according to
Ref. 1 as

ψ(r, z)α exp

(− jkr2

2q(z)

)
, (2)

where the beam is traveling along in the z direction, r is the
radial distance from the optic axis, k is the wave number, and
the complex q parameter is

1

q(z)
= 1

R(z)
− j

λ

πw2(z)
, (3)

where λ is the wavelength of the light and R(z) the radius
of curvature. At the minimum beam waist, the radius of
curvature is infinite and the q parameter at d1 reduces to

1

q01
= − j

λ

πw01
. (4)

The q parameter at the DMD plane can be found according
to Ref. 1 as

1

q1
= Cq01 + D

Aq01 + B
, (5)

where A, B, C, and D are the ABCD matrix elements describ-
ing the transfer of paraxial rays through an optical system.
According to Ref. 11, this is given by[

A B

C D

]
=

[
1 − d2/F d1 + d2 − d1d2/F

−1/F 1 − d1/F

]
. (6)

Now, according to Ref. 11 using Eqs. (4)–(6), one can find that

w2(F, d2) = w2
01

[
(1 − d2/F)2 +

(
λ(d1 + d2 − d1d2/F)

πw2
01

)2
]
.

(7)

Substitution of Eq. (1) into Eq. (7) and solving for the beam
waist at the DMD plane gives

W 2(F, d2) = W 2
01

[
(1 − d2/F)2

+
(

M2λ(d1 + d2 − d1d2/F)

πW 2
01

)2
]
. (8)

Now, the full angle divergence and Rayleigh range of the
multimode beam before the system can be written as5

�01 = 2λM2
01

πW01
, (9)

zR1 = πw2
01

λ
= πW 2

01

M2
01λ

. (10)

All beam waist measurements are defined using second-order
moments since this is what the M2 beam parameter is based

upon.15 According to Refs. 16–20, this definition is valid for
any arbitrary real laser beam. The ISO also recommends us-
ing this second-order moment in laser beam measurements.15

Now, using a pinhole for measurements, this beam radius can
be written according to Refs. 3 and 11 as

WH (F, d2) = 2

√∑
x

∑
y I (x, y)(x − x0)2∑
x

∑
y I (x, y)

, (11)

for the horizontal beam waist at the DMD plane. Here, I(x,y)
is the irradiance falling on the DMD pinhole located at
the point (x, y) and x0 is the centroid of the beam in the x
direction given as

x0 =
∑

x

∑
y I (x, y)x∑

x

∑
y I (x, y)

. (12)

Similarly, for the vertical beam waist radius,

WV (F, d2) = 2

√∑
x

∑
y I (x, y)(y − y0)2∑
x

∑
y I (x, y)

, (13)

where y0 is the centroid of the beam in the x direction given as

y0 =
∑

x

∑
y I (x, y)y∑

x

∑
y I (x, y)

. (14)

As shown in Fig. 2 to measure the beam waist, a moving
pinhole is created using a DMD-based profiler.10–13 The
DMD-based profiler creates a digital moving pinhole which
is highly repeatable, accurate, and has a spatial mapping
resolution equal to one pixel pitch of the DMD. When com-
pared to prior macro-motion mechanical profiling techniques,
the DMD-based profiler offers 100% accurate digital spatial
mapping repeatability. Using software control, the DMD
realized pinhole scans across the test beam at the DMD plane
and the instrument calculates the beam waists WH(F, d2) and
WV(F, d2) for the horizontal and vertical directions using
Eqs. (11)–(14). Note that d2 is a chosen fixed value for the
measurement. Once the beam waists have been measured at
a given F value of the ECVFL, F is changed while keeping
d2 fixed and the beam at the DMD plane is profiled again.
This process is continued until several (e.g., four or more)
beam waist measurements for different F values have been
taken to provide a good data fit to Eq. (8). The curve fitting
to Eq. (8) gives values for W01, d1, and M2. Next, using
Eqs. (9) and (10) with the experimentally determined curve fit
values, the divergence and Rayleigh range of the multimode
beam can be found. Hence, using the proposed instrument
and the steps described for operation of the instrument in
Fig. 2, the multimode test beam is completely characterized.

III. EXPERIMENTAL RESULTS

To characterize the multimode laser beam shown in
Fig. 1, prior art method was implemented using a 500 mW
Nd:YAG λ = 532 nm frequency doubled laser source with a
lens L of focal length 15 cm, and a DMD-based profiler. This
visible band TI DMD has θ = 12◦, a pixel pitch of 13.68 μm,
and 1024 by 768 micromirrors. The distance between the laser
aperture and L was d3 = 16.7 cm and for eye safety, the laser
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TABLE I. Second-moment beam radii as a function of d2 with F = 15 cm.

d2 WV WH

(cm) (μm) (μm)

7.96 165.701 223.305
8.46 151.984 202.412
8.96 121.902 165.093
9.46 114.136 149.015
9.96 93.199 126.767
10.46 76.555 105.068
11.46 56.863 74.962
12.46 62.95 74.114
13.46 85.65 100.283
14.46 121.24 145.05
15.46 155.899 192.288
16.46 198.144 252.744
17.46 242.807 307.636
19.96 328.184 433.399

beam was attenuated using a neutral density filter with a 1%
transmission. The light reflected off the DMD was spatially
filtered so that only the first-order reflections were captured
by PD1 and PD2. These detectors are 1 cm2 active area 918D-
UV detectors from Newport connected to a 2931C Newport
Power Meter. The required beam irradiance I(x, y) measure-
ments were taken at multiple d2 values along the z axis. Using
the DMD profiler with this measured d2-dependent I(x, y) data
and using Eqs. (11)–(14), the experimentally deduced values
of Wv(F, d2) and WH(F, d2) are computed and displayed in
Table I. Next, as shown in Fig. 3, curve fitting of the data from
Table I is applied to Eq. (8) and the parameters W01, d1, and
M2 are found to be equal to 241.47 μm, −44.39 cm, 1.337 and
302.93 μm, −48.48 cm, 2.095 for the horizontal and vertical
directions, respectively. The negative sign on distances means
that the beam waist occurs after the ECVFL. Next, using
Eqs. (9) and (10) with the experimentally determined curve fit
values of W01, d1, and M 2, the divergence and Rayleigh range
of the multimode Gaussian beam are found to be 1.875 mrad,
25.76 and 2.342 mrad, 25.87 cm for the vertical and horizon-
tal directions, respectively. Note that all I(x, y) have a spatial
error/tolerance of one pinhole size, which, in this case, is one
micromirror pitch (i.e., 13.68 μm) of the DMD.

Next, the proposed multimode beam analyzer in Fig. 2(a)
was set up using the same DMD, laser source, detectors, and
power meter shown in Fig. 1. The lens L in the setup shown
in Fig. 1 is replaced by the ECVFL in the setup shown in
Fig. 2. The distances d1 and d3 are the same as the experi-
ment shown in Fig. 1. The distance between the ECVFL and
DMD was fixed to d2 = 32 cm. The ECVFL used is a Variop-
tic Artic France Model 320 liquid lens, which has a 3.0 mm
clear aperture and can operate as a concave or convex lens.21

The Varioptic voltage controller with a drive signal was used
to adjust F from 8 to 36 cm. When aligning the system, it is
important to note that according to Refs. 8 and 9, any changes
in the alignment of the transverse beam axes with respect to
the beam profiler axes and off-axis propagation can affect
instrument-measured beam parameters. One can right away
see that such a problem can be very severe using classic prior

FIG. 3. Characterization of the multimode laser beam using the classic prior-
art method with physical motion of the analyzer (i.e., the DMD) to measure
the second-moment irradiance beam radii Wv(F,d2) and WH(F,d2) at different
d2 positions. Data plots are for (a) the vertical (or y direction) beam waist and
(b) the horizontal (or x direction) beam waist.

art methods as shown in Fig. 1 where many moving optics are
deployed.

Using the DMD profiler with this F-dependent measured
I(x,y) data and using Eqs. (11)–(14), the experimentally de-
duced values of Wv(F, d2) and WH(F, d2) are computed. Next
curve fitting the data in Table II to Eq. (8), as shown in Fig. 4,
the parameters W01, d1, and M2 are found to be equal to
257.61 μm, −46.53 cm, 1.600 and 326.67 μm, −48.99 cm,
2.587 for the vertical and horizontal directions, respectively.
Next, using Eqs. (9) and (10) with the experimentally deter-
mined curve fit values, the divergence and Rayleigh range of
the laser beam are found to be 2.103 mrad and 24.50 cm for
the vertical direction and 2.682 mrad and 24.36 cm for the
horizontal direction. The proposed design is compared with
the traditional method in Table III. Since the traditional scan
method using the DMD profiler has a maximum error of one
micromirror and the proposed DMD-ECVFL-based method
has a maximum error of one micromirror for each beam waist
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TABLE II. Second-moment beam radii as a function of F with d2 = 32 cm.

F WV WH

(cm) (μm) (μm)

9.0 272.612 333.124
11.5 153.630 216.444
13.0 114.228 161.864
15.5 76.470 114.233
17.0 62.985 79.437
20.2 88.700 97.943
22.2 159.705 207.131
34.6 286.000 354.599

measurement, the maximum possible error between the mea-
surements from the two instruments should be two micromir-
rors (i.e., 27.36 μm). Thus, it is seen from Table III that the
two-instrument experimental difference is within this two mi-
cromirror tolerance for W0 for which the difference is 16.14

FIG. 4. Characterization of a multimode laser beam using the proposed
DMD-ECVFL beam analyzer. Data shown are the second-moment irradiance
beam waist radius as a function of the ECVFL focal length F for (a) the ver-
tical (or y direction) and (b) the horizontal (or x direction) beams.

TABLE III. Multimode beam propagation parameters via the experimen-
tally demonstrated traditional and proposed multimode beam analyzers.

Horizontal Vertical

Traditional Proposed Traditional Proposed

W0 (μm) 302.93 326.67 241.47 257.61
� (mrad) 2.342 2.682 1.875 2.103
d1 (cm) − 48.48 − 48.99 − 44.39 − 46.53
zR1 (cm) 25.87 24.36 25.76 24.50
M 2 2.095 2.587 1.337 1.600

and 23.74 μm for the vertical and horizontal directions, re-
spectively. It is important to remember that measurements be
taken on both sides the minimum Wv(F, d2) and WH(F, d2),
as seen in Fig. 4. Also, increasing the number of measure-
ments near the minimum increases the accuracy of the mini-
mum beam waist size.

IV. CONCLUSION

Presented for the first time, to the best of the authors’
knowledge, is a multimode beam analyzer using an ECVFL
and a programmable digital spatial light modulator. The ana-
lyzer can be used in determining the beam waist size, the min-
imum beam waist location, the beam divergence, and the M2

parameter of laser beams.22 Because the analyzer is electroni-
cally controlled, it does not require precision motion mechan-
ics, increasing its reliability, speed, and repeatability. Specifi-
cally, having no moving macro-optics gives an advantage over
traditional multimode beam analysis methods as misalign-
ment of the beam propagation axis with the optical system
as the lens or profiler is moved can affect the measured multi-
mode beam propagation parameters. Experiments conducted
with a 532 nm laser beam show that the multimode beam pa-
rameters using the proposed analyzer closely match the char-
acterization results obtained using a traditional mechanically
moving scan method.
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