10(2013) 5 - 18

Latin American Journal of

Solids and Structures |

Prototypes and Modulation Functions of Classical and
Novel Configurations of Optical Chopper Wheels

. - - *
Abstract Virgil-Florin Duma
Optical choppers with rotating wheels are some of the most used macroscopic
optomechatronic devices for the controlled modulation, attenuation or obscu- 30M Optomechatronics Group, Faculty of

. . . . . . . Engi ing, Aurel Vlaicu Uniy ity of Arad,
ration of light in a wide area of applications. We discuss and compare the namecring, Aurel Yialcu Tniversity of fira

modulation functions produced by two types of chopper wheels: the classical 77 Revolutier Ave. Arad 310130, Romanta
device, with windows with linear edges, and the eclipse chopper (with win-
dows with circular edges) that, to the best of our knowledge, we have intro- Received 10 Jan 2012

duced. This discussion is based on the analysis and the design we have previ- In revised form 07 May 2012
ously developed for these various devices, for top-hat (constant over the
entire section) light beam distributions. While the comparison of the differ-
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setup we have designed and manufactured for testing choppers with rotating
wheels. A series of prototype wheels with different, optimized profiles were
obtained for the purpose. The simulation and the electro-erosion programs
for the wire electro-erosion of aluminum plates to manufacture the wheels are

presented. An advantageous double wheel solution has been developed to

obtain wheels with windows of different shapes and sizes, and the testing of
this final assembly concludes the study.
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1 INTRODUCTION

Choppers [2]| are optomechatronic devices used for the controlled modulation or attenuation of
light — especially for laser radiation. A wide range of applications benefits from them, as in tele-
scopes and lidars [5, 21], radiometers and pyrometers [17-20], colorimeters [25], lasers [4, 24|, spec-
tral [1, 16, 28] and biomedical [8, 22, 23| systems.

Numerous studies, including early ones [6, 15, 26] approached different configurations of both
macroscopic [9, 11-14] and micro- choppers [7, 27]; the latter, constructed as MEMS (Micro-
Electro-Mechanical Systems) have been developed to increase the frequency of the transmitted
signal above the 10 kHz limit that characterizes the macroscopic devices.
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Despite the myriad of applications and the large gamut of studies, a systematic analysis and
design that may cover all the possible configurations and functioning cases of choppers has not
yet been achieved. We have obtained analytically the modulation functions and have developed
the designing calculus of all the possible cases of the established configuration of chopper wheels,
with windows with linear edges (Fig. la, b, Table 1) [9], for top-hat (constant over the entire
section) light beam distribution. A partial experimental confirmation of our studies was made by
another group for this type of wheel, for one of the cases of its working regime, when generating
approximate trapezoidal output signals [3].

Another direction of research in that concerns choppers refers to other, less conventional geo-
metrical configurations of devices, such as other types of wheels. We have introduced in this re-
spect a new type of chopper wheel, with windows with circular edges (placed outward - Fig. lc, or
inward — Fig. 1d, Table 1) [11, 13|, and we have demonstrated that it allows for producing modu-
lation functions that are different from those that may be obtained with the classical wheels. A
comparative look with regard to the classical configuration will be made in this paper, thus
achieving a synthesis of our previous studies. The scope of this discussion on the different shapes
of transmitted signals produced by various types of choppers is to provide rules-of-thumb to
choose the most appropriate device and its characteristic parameters to obtain the modulation
functions that are necessary for a certain application.

The present work also presents the mechanical setup we have designed and manufactured for
testing choppers with rotating wheels both to advance our studies (especially towards other laser
beams distributions, such as Gaussian and Bessel-type), and to make it available to those who
carry on studies regarding these most used optomechatronic devices. Four types of prototype
wheels with different, optimized profiles that we have designed and made are presented. The
manufacturing trajectory of the prototypes, including the simulation and the electro-erosion pro-
grams for the wire electro-erosion of aluminum plates to obtain the wheels is provided. A double
wheel solution will be developed to obtain wheels with windows of different shapes and sizes. Its
testing in the final assembly will finalize the present study.

After this introduction, in Section 2 we discuss the modulation functions in relationship with
specific designs of the wheels. In Section 3 we describe the characteristics of the prototype wheels
(including the new types we have introduced), their manufacturing itinerary, and the modeling of
the wire electro-erosion process. In Section 4 the description of the experimental module and its
testing completes this work.

2 CLASSICAL AND ECLIPSE CHOPPERS: MODULATION FUNCTIONS
2.1 Geometric characteristics of the wheels

In Fig. 1 (Table 1) the configurations of chopper wheels we will discuss are presented: the first
two (Fig. la, b) are established geometrical configurations, with windows with linear edges [9, 12],
while the last two that have windows with circular edges (Fig. lc, d) are, to the best of our
knowledge, of our proposal [11, 13].

From the geometric characteristics of the wheels (Table 1) one may see that the classical
chopper (Fig. 1a) is actually the particular case of the new chopper (Fig. 1lc, d), obtained when
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o—. Therefore this general case, of choppers with circular-shaped edges will allow for obtaining
the most general expressions of the modulation functions.

Another particular case, of the wheel in Fig. 1c, of special interest from a practical point of
view is the chopper with circular windows, which is obtained for the particular case of a=0. As
choppers are a very common device, it is essential for the profile of the windows of the wheels to
be easy to be obtained with high precision and to be low cost devices. This solution of circular
windows is in this respect one that is as feasible as the one with linear edges, so by using this
design one may obtain a wheel that is commercially competitive with the classical one, but it also
provides other types of modulation functions, as it will be discussed further on. For experimental
purposes the prototypes of the choppers with outward circular-shaped edges (Fig. 1c) will be
made in this study with four windows with the angle of the window equal to the angle of the
wing (opaque portion) in order to obtain a wheel with circular windows by rotating in a conven-
ient way two identical wheels as presented in Fig. 1c in the chopper module assembly (as it will
be described in Section 4).

Table 1 Parameters of the four types of prototype chopper wheels

Type of chopper wheels

With windows with linear edges With windows with semi-circular edges

(a) ten windows (b) two windows (c) outward edges (d) inward edges

Figure 1 0/7 QZ o
Geometric %
characteristics D &

of the chopper @ 7
wheels. KB 7
2r

Y

n, number of wings (or of windows) of the wheel;
Geometric and | R; and Ry, minimum and maximum radius of the window, respectively;
kinematic a, angle of the window;

parameters y, angle of the wing (the opaque portion of the wheel) without its circular margins;

- common to | General relationship: a + y = 2n/n; general configuration: a # y;

all types of 2r, diameter of the light beam in the plane of the wheel;

wheels 28, angle of the section of the beam - as seen from the pivot O of the wheel;

o is the constant rotational speed of the chopper wheel.

Specifi ]
petm. 1clgeo Particular (adopted) configuration: a = p (for | ¢ = (Ro-Ry1)/2, radius of the circular margins
metrical pa-

P n=10, Fig. la => a = 18 degrees). (usual functioning condition: r < p).
rameters

Latin American Journal of Solids and Structures 10(2013) 5 — 18




8  Virgil-Florin Duma / Prototypes and Modulation Functions of Classical and Novel Configurations of Optical Chopper Wheels

2.2 Modulation functions of the classical choppers: with windows with linear edges

For the classical choppers wheels, with windows with linear edges (Fig. la, b), the modulation
function of the device, which is defined by the profile of the transmitted flux, @(¢) has to be stud-
ied with regard to the relationship between the diameter 2r of the section of the beam in the
plane of the wheel (as seen from the pivot O, with the angle 24), and the angles @ of the window
and p of the wing. The functions @(¢) were obtained analytically and studied in [9] for all the
possible cases of these relationships, for top-hat (with constant intensity distribution) light
beams.

A synthesis of this analysis is presented bellow and (in part) in Fig. 2, where @s is the incident
flux (of the light source), 7 is the transition time interval (for which the section of the beam in
the plane of the wheel is progressively covered by the wing — the opaque portion of the wheel),
is total transmission time interval, and T—2n/w is the rotating period of the wheel:

(i) Rectangular signals are obtained when the beam is focused in the plane of the wheel (there-
fore the radius of the beam in this plane may be considered infinitely small for § << p), and thus
the obscuration time interval may be neglected (z, = 0 in Fig. 2a);

(ii) Approximate trapezoidal profiles of the signal, Eq. (18) [9] are obtained when the above
approximation cannot be used, for a finite diameter beam section in the chopper plane, and for
chopper wings larger than the section of the beam (y > 2§), for which the section can therefore be
completely obscured (Fig. 2a). The characteristic time intervals of the modulation function are |9,
12]: ty = (p-28)/w; © = 26/ w; v = ((a-28)/w. Our theoretical findings were in part confirmed ex-
perimentally for this trapezoidal profile by another group [3];

iii) Approximate sinusoidal signals (but with the more complicated equation studied in [9] —
g

Eq. (18)) are obtained for the particular case a = 2y = 6;

(iv) Non-null signals (Fig. 2b) when the chopper has a single narrow wing in the section of the
beam (for y < 26 and a > 26 + ) — Fig. 2b Eq. (29) [9] (where &Py is reached when the wing is
situated symmetric, in the center of the section, Eq. (30) [9]); M = (I)S/ﬂ:r2 is the brightness of

the input signal, constant over the entire beam section (the definition of top-hat light beams);

(v) Approximate sinusoidal non-null signals (for which an example is shown in Fig. 2¢), for
wheels with several wings in front of the beam section (for a, y < 24, where there are two cases,
for a < 8 + p/2 (the case in Fig. 2¢), and for § + p/2 < a < 26, the latter with a similar profile,
but with a smaller possible amplitude. The obscuration area A studied for a wing that rotates in
front of the section in case (iv) allowed for obtaining the SA function in this case (for multiple
wings in front of the section), which provides the flux function &(t) - Eq. (32) [9].
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Figure 2 Chopper wheels (classical configurations, with windows with linear edges): Transmission (modulation) functions produced
for beams with finite diameters, and for: (a) wings of large angles (v); (b) wings of small angles, with only one wing at a time in the
beam section; (c) the general case of multiple narrow wings in the section of the light beam

2.3 Modulation functions of the eclipse choppers

Choppers with curved, in particular circular edges of the windows, both outward (Fig. 1b) and
inward (Fig. 1c) were introduced [11, 12| and studied [12-14] with regard to their transmission
functions. We have named this new configuration, due to the fact that the obscuration process of
the beam section by the circular margin is similar to a planetary eclipse (Fig. 3a), the “eclipse”
chopper. As pointed out in Section 2 a most practical configuration of this chopper with out-
ward margins is the one when the two edges merge, producing a wheel with circular holes — solu-
tion actually considered in Fig. 3a.

The functions of the transition phases are similar for the outwards and inwards margins (Fig.
6b), although the time intervals are different for the same values of @ and p due to the orienta-
tion of the window edges [13, 14]. This gives an overall higher transmission coefficient for the
device with outward margins, even if (as shown in Fig. 3d) the device with inward margins gives
a slightly higher transmission flux for the transition period.

From the equations of the transmission functions of these choppers (i.e. Egs. (9) and (10),
Table 1) [9, 13|, an interesting result was reached: approximate triangular signals can be
obtained with this type of wheels for a+2(@F 6)=0 (from Fig. 3b, for outward, respectively in-
ward edges), as seen in Fig. 3¢ where the margins (the transition phases) of the transmitted signal
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were represented for the numerical example considered; the unitless flux factor f(t):@(t)/MTcr2
(M, brightness) has been considered in these graphs to make the representation more convenient.
This is in contrast to classical choppers, which can only provide, for such a condition, approxi-
mate sinusoidal signals — case (iii), Section 2.2. Of course, when g—o in the configuration of the
eclipse chopper wheel, the triangular signal shifts into the sinusoidal one.

Beam section  Rotating win
(fixed) "\ ;

=cst.

4@ 28/ [0£2(9F )/
(I)S | :4—>

0| [(a20)o HYT2@EH)o =0/ 0 0075 015

fai(0) fy
bii(0) /

0
(d) 0 0.075 0.15

Figure 3 Chopper with outward edges: (a) obscuration of the section of the beam; (b) Modulation functions, for outward, respective-
ly inward edges; (c) Flux factor f(t)=®(t)/Mrr* (M, brightness) in the transition periods (f; for the obscuration and f; for the un-
obscuration of the beam) for R=60 mm, p=20 mm, r=4 mm; (d) comparison between the flux factor for outward (£,) and for inward
(f,) edges

3 PROTOTYPE CHOPPER WHEELS

In order to carry on multi-parametric analyses of the modulation functions produced by each type
of wheels, without having to manufacture a different wheel, with different geometrical parameters
(i.e., angles o and y — Table 1), the chopper module we have designed has a pair of identical
wheels at a time, one fix and the other one with adjustable (rotational) position in the assembling
phase. Thus, the window angle can be adjusted in a certain range (equal to the angle &) prior to
starting the device, to allow for generating light impulses with different durations — for the same
range of the rotation speed .
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3.1 Manufacturing itinerary of the chopper wheels

Two examples of chopper wheels blueprints are shown in Fig. 4: (a) with ten windows (Fig. la);
(b) with four windows, with outward circular margins (Fig. 1c). These specific wheels have been
considered for the chopper prototypes as they are the most used (and useful) for the optics com-
munity.

@110

9 0,01

@10 0
2110

__*_..{__

(a) (b)

Figure 4 Blueprints of two chopper wheels (with the dimensions provided in mm): (a) with ten windows and linear edges; (b) with
four windows and outward circular edges

Simulations

(a) Karl Kleinschmidt-

'/—' Kassel saw machine

(b) Drilling machine = |

|

» (d) Wire

(Flott P30) /4 electro-erosion cut-
. ting machine
\ (©) Las.er welding \ T f (Robgo fil 440SL)
machine (DSI) Welding points

between the two
aluminum plates

Figure 5 Trajectory of the manufacturing process of the prototype chopper wheels

In Fig. 5 the manufacturing process of the prototypes is described, in its essential steps, with
the machines used pointed out: (a) cutting the plates (from an aluminum sheet of thickness 3 mm
at 150 x 150 mm); (bl) drilling — phase 1 (the holes for the wire are positioned first, a circle is
divided in n equal parts at & + p, the n intersections and the centre of the future disc are marked
manually, and in all these points (¥1.5 mm diameter holes are done); (c¢) welding two plates
together with a laser system (to obtain the two necessary identical wheels at a time — as
explained above); (b2) drilling — phase 2 (03 mm holes are done to allow, in the electro-erosion
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process that follows, the wire to pass to the next phase); (d) wire electro-erosion of the windows

and of the disc - after completing the simulations of this process for each type of wheel.

3.2 Simulations and the electro-erosion process

The simulations for the electro-erosion process are presented, for each of the four types of

windows, in Fig. 6. The programs of the process are (Table 2): (i) the command program O1

selects the parameters of the process with regard to the material of the piece (aluminum, in this

case), the diameter of the wire, the rough and the finishing regime; (ii) the program 02000

generates the profile of each of the four types of wheels; (iii) the cycle 01000 is followed for each

wheel to pass from one window to another and thus to complete the process.

In Fig. 7 two steps of the electro-erosion process are shown for each chopper wheel.

Table 2 The electro-erosions programs of the four prototype wheels

Command Program Ol.iso

N10 G11 WIR , LS 25
N20 G11 TEC , O1
N30 M31

N40 G10 P16 R ,0
N50 G92 XO0. Z0. H6.
N60 G10 PO BO
N70 G10 P1 B1
N80 S501

N90 M98 P1000 QO
N100 G10 PO B1
N110 G10 P1 BO
N120 S502

N130 M98 P1000 QO
N140 G90

N150 G10 PO BO
N160 M30

Significance of the functions in the pro-
gram OI:

G11 WIR - Activation of wire table; G11
TEC — Activation of Technology table;
M31 - Setting of machining counter to
zero; G10 R — Modify the User parame-
ters CLE or Rmin. Enable/Disable op-
tional block skip; S501 - Selection of a
setting of the Sequence; M98 P — Sub-
program call; S502 — Finishing regime;
G90 — Absolute mode-Part coordinates;
M30 - End of program or sub-program

and re-reeling.

Program 02000 to generate the profile

dows

For the wheel with linear edges of the win-

For the wheel with circular edges of

the 4 windows

la, 6a)

(a) with 10 equidis- | (b) with 2 windows
tant windows (Figs. | (Figs. 1b, 6b)

(c) with outward edges (Figs. 1c, 6c¢)
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Table 2 continued

M29

G92 X0 Y45.

N10 G41 GO1 X-7.821
Y49.384
N20 GO1
Y19.753
N30 G02 X3.128 13.128
J-20.
N40
Y49.384
N50 GO03
7.821 J-50.
N60 G40
Y45.

N70 M50
N80 GO0
Y 36.405
N90 M60
N100 M30

X-3.128

GO1

X7.821

X-7.821 I-

G01  XO.

X-26.45

M 29
G92 X5. Y23.
N10 G41 GO1 X0. Y18.

N20 GO02 X18. YO0. I0.

J-18.
N30 GO1 X50.

N40 G03 X0. Y50. I-50.

JO.

N50 GO1 Y18.

N60 MO0

N70 G40 GO1 X5. Y23.
N80 M30

G75 X-17.221 Y41.575

M29

G92 X-17.221 Y41.575

N10 G01 G42 X-19.134 Y46.194

N20 GO02 X19.134 Y46.194 I19.134 J-
46.194

N30 GO02 X22.221 'Y 41.575 1-1.913 J-
4.619

N40 G02 X17.221 Y36.575 I-5. J 0.

N50 G02 X15.307 Y36.955 10. J5.

N60 GO03 X-15.307 Y36.955 1-15.307 J-
36.955

N70 G02 X-17.221 Y36.575 1-1.91 J4.62
N80 G02 X-22.221 Y41.575 10. J5.

N90 G02 X-17.221 Y46.575 I5. JO.

N100 MO0

N110 GO1 G40 X-17.221 Y41.575

N120 M30

Significance of the functions in the program 02000 above:

M29 — Second level roughing protection strategy on; G75 — Positioning in the Machine coordi-
nate system; G92 — Definition of the Part system of coordinates; G41 — Offset to left; GO1 —
Linear interpolation; G02 — Circular interpolation (clockwise processing speed); G03 — Circular

interpolation (counter clockwise processing speed); M00 — Program stop; G40 — Cancelling of
offset; M50 — Wire cut; GO0 — Rapid traverse; M60 — Wire threading.

Cycle 01000 — the program above is repeat-

ed in this routine to obtain the multiple

windows
G90
N10 G92 XO0. Y45.

N20 M98 P2000 Q36. L10.

N30 M30

Significance of the functions in the Cycle
01000: G90 — Absolute mode-Part coor-
dinates; G92 — Definition of the Part sys-
tem of coordinates; M98 — Sub-program
call; P2000 — Name of the subroutine;
Q36 — Rotation angle; L10 — Repetition

number.
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I ———

Figure 6 Wire electro-erosion of the four types of chopper wheels: for the classical chopper (a) with ten, and (b) with two windows
with linear margins; for the eclipse chopper, with windows with (c) outward, and (d) with inward circular edges. Phases: (1) Simula-
tions for the electro-erosion of a window; (2) manufacturing of a wheel - for each type of chopper

4 EXPERIMENTAL SETUP AND TESTS

In Fig. 7 the principle of the experimental stall we have designed for the study of chopper wheels
(including those in Fig. 1) is presented. The laser source (He-Ne diode with the wavelength A
equals 670 nm and an output power of 5 mW) generates a beam that is chopped by a rotating
wheel, driven by a motor (power 300 W) equipped with a potentiometer for adjusting its rota-
tional speed w. A photo-diode receives the output signal of the chopper and the modulation func-
tions produced are recorded by an oscilloscope (RIGOL 5202 MA) that also sends the data to a
PC.
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Synchron belt He-Ne Laser
transmission

Photo-
detector

Motor & Po-
tentiometer

Figure 7 Experimental setup developed for the study of choppers — principle scheme

(a) (b) (c) (d)

Figure 8 Different positions of the pairs of two identical wheels for each of the four prototypes to obtain different window angles of
the chopper module in the final assembly: (a) with ten, and (b) with two windows with linear margins; with windows with (c)
outward, and (d) with inward circular margins.

Figure 8 shows the four types of wheels manufactured. For each type, two identical pieces
were obtained (as pointed out in Section 3). In Figs. 8 and 9 these two identical wheels (marked
in degrees on the lateral margins) are assembled to form a wheel, therefore an adjustable windows
with the desired angle is obtained prior to starting the device. The chopper will thus have a
window angle « that can be varied from 0 to the constructive angle o of a single wheel. In Fig.
8c, the particular a=y configuration choosed allows for obtaining, with this pair of identical
wheels, a chopper with 8 circular holes, due to the superposition of the 4 windows - when two
circular outward margins are bounded together to form a 2¢ diameter window (thus a=0).

Figure 9a shows the constructive solution of the chopper module with the 10 windows wheel
mounted on it, and Fig. 9b and ¢ the assembled module with two different types of wheels.
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In Fig. 10 the results of the testing of the experimental module are presented, for two cases
that are specific to the configuration manufactured, with the opaque portion larger than the
section of the beam in the plane of the wheel (cases (i) and (ii), Section 2.2).

RIGOL
D I T g } |

T eemmnem [N

[m:FEm 2.0a8U Time 500.0us ©F0.0000s [EIFE 2.06U Time S508.0us ©PO.0000s

(a) (b)

Figure 10 Test of the modulation functions for the chopper wheel with ten windows and linear edges: (a) rectangular, for the laser
beam focused in the plane of the wheel; (b) trapezoidal, for a beam of finite diameter in the plane of the wheel

5 CONCLUSIONS

We have discussed the modulation functions produced by different configurations of chopper
wheels, from the classical ones (with windows with linear edges) to the eclipse choppers (with
circular, outward or inward edges) that, to the best of our knowledge we have introduced [13].
This discussion, which syntetized several of our previous studies [9, 12-14| allowed for extracting
rules-of-thumb that are necessary to allow for choosing the proper wheel design (type and
parameters) to obtain the modulation function that is required in a certain application.

We have also presented the design and manufacturing phases of four representative types of
prototype wheels that we have developed, both with windows with linear and with circular edges.
These wheels were monted in a double wheel assembly to allow for adjusting the window angle to
obtain wheels with different parameters, and this module has been tested for wheels with large
obscuration portions. This chopper module thus will be used to study further on the modulation
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of light produced by different configurations of wheels that are in development both in our group
and in the optics community. Also, while we have obtained until now only the theory of choppers
for top-hat (constant) light beam distributions, the cases of other types of beams (e.g., Gaussian,
Airy and Bessel), of high interest for a variety of applications, especially for the optics and
biomedical imaging community are another essential direction of research. Another aspect
concerns the use of choppers as optical attenuators, in competition with other devices, such as
Risley prisms [10]. These studies are in our general direction of research concerning the
radiometry of optical systems [11].

Future work, both theoretical and experimental thus adresses the development (analysis,
modeling, simulation, design, manufacturing and testing) of chopper wheels with profiles that
may generate different, required profiles of the light flux functions transmitted. Besides this need
to solve the inverse problem of these widely used optomechatronic devices, new types of choppers
are required to produce signal frequencies that may go beyond the 10 kHz limit of macroscopic
choppers, and that may be also subject of miniaturization as MEMS.
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