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Scanning Laser Optical Tweezers (SLOT) is an optical instrument frequently employed on a
microscope with laser being delivered through its various ports. In most SLOT systems, a
mechanical tilt stage with a mirror on top is used to dynamically move the laser focal point in
two-dimensions. The focal point acts as a tweezing spot, trapping nearby microscopic objects. By
adding a mechanical translational stage with a lens, SLOT can be expanded to work in three-
dimensions. When two mechanical stages operate together, the focal point can address a closed
three-dimensional volume that we call a workspace. It would be advantageous to have a large
workspace since it means one can trap and work on multiple objects without interruptions, such
as translating the microscope stage. However, previous studies have paid less consideration of the
volumetric size of the workspace. In this paper, we propose a new method for designing a SLOT
such that its workspace is maximized through optimization. The proposed method utilizes a matrix
based ray tracing method and genetic algorithm (GA). To demonstrate the performance of the
proposed method, experimental results are shown.

OCIS codes : 080.0080, 080.2720, 080.2730, 080.2740

I. INTRODUCTION

Optical Tweezers (OT) are widely used as a tool for
manipulating microscopic objects, or measuring pico-
Newton forces in biological objects [1-5]. The principle
of optical trapping is that particles are attracted to the
focal point of a laser beam by the conservation of
momenta [6-7]. This means by controlling the position
of the focal point, particles can be position controlled.
There are many methods to move the focal point. One
of the oldest ways of moving the focal point is by the
use of rapidly tilting mirrors and translating lenses [8].
The family of OT utilizing this method is called SLOT
and it has been widely adopted by many researchers
[8-13]. To control the position of a focal point, SLOT
uses a motorized tilt stage and a motorized transla-
tional stage. Motorized tilt stage with a mirror on top
can be used to deflect beams and motorized transla-
tional stage with a lens can be used to change the
convergence/divergence angle of a beam. From here on,
these motorized assemblies will be denoted as “motorized
mirrors” and “motorized lenses.” These devices can move
the focal point very rapidly enabling one to devise
multiple traps [9,11]. At present, with the advance of
piezo electric systems, tilt stage that incorporates piezo
actuator can move the focal point laterally much faster

than a motorized tilt stage, reaching a frequency of 10°
Hz [9).

Figure 1(a) illustrates a layout of a typical SLOT.
When a motorized lens and a motorized mirror dyna-
mically translate and rotate, the laser focus can address
a closed volume that we call a workspace. For example
in Fig. 1(a), clockwise rotation of the motorized mirror
around the positive y-axis and motion of the motorized
lens in the positive x-axis results in the focal point
reaching point 1. Similarly, counterclockwise rotation
of the motorized mirror around the negative y-axis and
motion of the motorized lens in the negative x-axis
results in the focal point reaching point 2. The motorized
mirror can also rotate around z’-axis and this enables
the focal point to address points below points 1 and
2 in Fig. 1(a).

In micro manipulation, it is crucial to have a large
workspace because it provides a wider range of control
of single trapped objects and the ability to simultaneously
trap multiple objects that are far apart. However,
previous studies have pald less consideration of the
volumetric size of the workspace. Furthermore, when
high speed scanning actuators are used, the moving
range decreases, resulting in a smaller workspace [14].
For these reasons, the workspace is frequently much
smaller than the field of view of the microscope. Small
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FIG. 1. Schematic description of this study.

workspace requires the microscope stage to be moved
when objects escape from the workspace. This makes
it difficult to operate on multiple objects such as
assembling multiple components together.

At first look, it would seem easy to accomplish the
task of maximizing the workspace. This is partly true
if one does not care much about the laser power. How-
ever, careless design layout would result in an inef-
ficient use of the laser power. The principal behind
high efficiency is simple. When the laser beam reaches
the objective back aperture (OBA), the circular beam
cross section should closely match the aperture. In this
way, full beam power gets transmitted to the focal
point. However, this is not a simple task in SLOT
because during operations, cross section of a beam
often deviates far away from the central axis. The
solution to this problem has been suggested by Fallman
et al. [8] and Mio et al. [9]. SLOT should be designed
such that the laser beam overfills at the objective back
aperture (OBA) and pivots around the center of the
OBA. When these two constraints are met, maximum
efficiency is achieved. However, with these constraints
alone, optimized design that gives maximized work-
space cannot be determined. According to the selection
of several design parameters such as number of optical
elements, focal lengths of lenses and positions of optical
elements, there could be many design solutions with
different workspaces to meet the above constraints.

To resolve this problem, we propose a new method
for designing an optimized SLOT that gives maximized
workspace with a given pool of optical elements. To
find out the best layout that is optimized for various
design parameters, GA was used. GA is widely used
for the design optimization of optical elements such as
lens [15,16], polarizer [16], photonic crystal fiber [17],
diffractive optical element [18]. GA utilizes the fact
that life forms that adapt to nature give more offspring,
and evolution is achieved through the change of chro-
mosomes. This is a computational technique which is
used to solve the problems where there are many
potential solutions but a small number of optimal
solutions. The strength of this method is that it does
not require a differentiation of the objective function.
Instead, GA stochastically searches the global solution
in parallel using all the variables in the objective func-
tion [19]. Fig. 1(b) illustrates the optimization process
in finding the optimal layout that maximizes work-
space. In the beginning, we first divide the layout space
into finite grids where two consecutive grids have a
finite distance denoted as a grid distance and then
randomly distribute lenses and mirrors to appropriate
grids. One layout forms one configuration and this is
represented by a chromosome. Multiple chromosomes
form one population. Subsequently, each chromosome
in a population is tested to see if it satisfies the requi-
rements. If the test is successful, the layout (chromo-
some) and its performances are recorded. This concludes
one step and for the next iteration the population goes
through evolution. During each step, it is checked if
termination conditions are met. At the end, the best
performing layout is found.

This paper is structured as follows: In Section II, we
derive objective function and requirement equations. In
Section III, we introduce a chromosome that describes
one layout. Crossover and mutation are used to evolve
a population of chromosomes. In Section IV, we show
the optimization result that gives the maximum work-
space by varying the number of optical elements and
the grid distance between optical elements. Finally, in
Section V, we conclude this paper by summarizing our
results.

. OBJECTIVE FUNCTION AND
REQUIREMENT EQUATIONS

Lenses and mirrors in an optical system change the
height and angle of incoming beam. These changes can
be expressed in matrices. By combining these matrices
from each lens and mirror, a system matrix (S) can be
formed that relates the incoming beam to the exiting
beam [20]. Appendix A derives the system matrix for
our SLOT. Using the system matrix, we can derive the
objective function whose value is the workspace volume.
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This is given in Section II.1. In Section II.2, require-
ment equations that need to be satisfied while max-
imizing the objective function are derived. For the
derivation, we assume that there are negligible aber-
rations in the system. We also assumed that the cur-
vature field in the sample specimen that results from
tilt mirror scanning is flat, since the radius of curvature
by lateral scanning is very large.

II.1. Derivation of objective function

For practical reasons, we only allow one motorized
mirror and one motorized lens with other elements fixed
by holders. Figure 2 illustrates one dimensional repre-
sentation of SLOT when a motorized lens is translated
and a motorized mirror is rotated.

Figure 2(a-c) show three modes where each mode
describes different positions of focal points. Mode I
corresponds to the situation when the motorized lens
is at its neutral position and the motorized mirror is
rotated at +¢ or — ¢. Similarly, Mode II and Mode III
are when the motorized lens is at — & and +6, respec-
tively, with the motorized mirror rotated at +¢ and
— ¢. And Fig. 2(d) shows schematic view of SLOT to

G G

%

derive longitudinal displacement and lateral displace-
ment of the focal point. This is an example when a
motorized lens is moved to the right and a motorized
mirror is rotated to the counter clockwise direction. In
the figure, subscript &(0~n) denotes the index of the
k th element. () and C, are a laser source and an
objective lens, respectively. Ci++Cy1 are optical elements
consisting of lenses and mirrors. C; and Cn denote a
motorized lens and a motorized mirror, respectively. z
denotes the position of the k& th element at the neutral
state. The neutral state is defined as the state when
all the motorized elements are at the middle of their
dynamic movement ranges. At the neutral state, the
upper and lower beam heights at each optical element
are the same.

However, when motorized elements move, the upper
and lower beam heights are different. We thus in-
troduce a new notation to differentiate the upper and
lower beam heights. We will use *~’ to denote lower
beam height. For example, if the upper beam height
at the & th optical element is 7, the lower beam height
will be represented as k. Similar to the axial positions
at the neutral state, we will use a bar -’ to represent
the height at the neutral state. For example, the upper

(d) Motorized lens moves to the right and motorized mirror rotates to the ccw

FIG. 2. Schematic view of SLOT when a motorized lens is translated and a motorized mirror rotated.
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beam height of the & th optical element at neutral state
will be h,. The decorations can be combined, thus the
lower beam height of the k th optical element at the
neutral state will be ﬁk Similarly, upper beam angles
of the k th optical element are represented as 8; and
same rules are applied for neutral and lower decora-
tions for beam angles. Lastly, fi, §; and ¢, denote focal
length of the % th optical element, motorized trans-
lation distance and motorized rotation angle, respec-
tively. Our sign convention is positive when a vector
is upwards and a rotation is counterclockwise. Here, we
can calculate the relative position of the focal point
respective to the OBA at the neutral state as

d =h, /tang =h /&, where &@,=tan8,. (1)

The new position of the focal point in the z direction
when motorized elements move and rotate is (see
Appendix B)

h . A
dzz—}ﬁ+, where a,=tan6, and &,=tan6,. (2)
a,+a

n n

Thus the longitudinal displacement in the z direction
is

Ad, =d,—-d =G(¢,.5,f 1,55 L0E) (3)

The lateral displacement in the x direction per-
pendicular to the beam axis can be derived as
hé&,—ha, - _  _
Adx =_'_A—_:H(¢m’é‘l’fi9""fn’20’zl’"'anpzn)- (4)
a,+a

n n

Above derivations are the same with the lateral dis-
placement in the y direction because typical tilt stage
is manufactured to have same rotation angle for two
different axes. This makes the shape of the cross-
section of the workspace, square. Notice we zeroed out
all motorized angles and motorized displacements
except those of the motorized mirror and the motorized
lens because we only allow one motorized lens and one
motorized mirror. The volume of the workspace can be
calculated by using Ad, and Ad, according to the three
modes described in Fig. 2. By assuming the focus plane
by laser scanning is flat, the shape of workspace can
have four types whose workspace can be represented
as the shape obtained by adding two frustums W; and
W: as illustrated in Fig. 3.

Here, Adx 6=0,¢,,=%¢ 5 Adx

8=—8, b=t and Ad, &=+0 $n=ts

are the lateral displacements of Mode I, Mode II and

Mode III, respectively. Ad,|s_ 54 o and Ad,

8y =+8,0, =0

are the longitudinal displacements of Mode II and
Mode III, respectively. By defining following three
average values,

Adx 5,=0,6,=+¢ —Adx 5=0,6n=9
L= 5

Adx 86,=—08.,6n=+¢ _Adx 8==0 =0
L,= 2

Adx 5=+6 Im=+0 _Adx 3=+8,Gp=—0
Ly = )

the volume of the workspace is thus

(Adz

a,=-5,¢,,,:0){( .) +L1L11+(L11)2}

LY
+(Adz 51=+5v¢».=0){(L1 )2 +L Ly +(L111 )2}
=W(fys s forZooTyot Zpio 2, 0.

W=Ww+Ww,=

(5)

W is a function of focal lengths, element positions and
the index of the motorized lens. Index of motorized
mirror is implicitly noted by one of the focal lengths
that is oo,

IL.2. Requirements equations

In addition to the objective function, we need to
satisfy several requirement equations to create a movable
trap that is efficient and stable regardless of the move-
ment of the beam. These equations should be checked
while maximizing the objective function. Firstly, the
laser beam must rotate while pivoted at the center of
OBA. This is realized by,

W

¥ , 1Ad, |50 gu=rs
§ - -t e
/ l;”"’"”"""¢ /% | a=0gn=—9| JAD, G=+B. =t 'BH

S (c)
\'\
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FIG. 3. Shape of the workspace (The shape of the
cross-section of the workspace is planar-square by the
assumption that the focus plane by laser scanning is

flat.).
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e —r<g (6)

where ¢ is a tolerance value for length. Secondly, the
laser beam must overfill the OBA to sustain same
amount of trapping power even if the beam is moved.
This can be represented by,

r(l-&)< h";h” <r,(+g), (7)

where 1, is the radius of the objective lens. Thirdly,
the beam height should not be greater than the optical
element’s physical dimension. This is enforced by the
following two inequalities,

A

h<n, h,z2-r, (8)

where 7, is the radius of the k th optical element.
Fourthly, there should be a minimum spacing between
two adjacent optical elements. This requirement is
stated as

%, -7, 2 AZ. (9)

Lastly, all optical elements should be placed within
the maximum length of the total beam path, Zmne, that
is determined by the size of the optical table. This
requirement is stated as

2y S Zpa- (10)

m. MAXIMIZING WORKSPACE

The first step of GA is the initialization of a popu-
lation. At this stage, potential optical layouts are
randomly generated to constitute the initial popula-
tion. Subsequently, from this initial population, only
the chromosomes that satisfy the requirements in
section I1.2 survive and are evaluated by the objective
function in Eq. (5). Lastly, evolution procedure com-
posed of selection, crossover and mutation is performed
to search for the optimized chromosome that maxi-
mizes the objective function. The optimized chromo-
some corresponds to the optimized SLOT layout that
maximizes the workspace.

IT.1. Chromosomes

As we derived in section II, the objective function
for proposed SLOT system is a function of focal
lengths, neutral state locations of optical elements and
the index of motorized lens. This function is used to

EAN AREAEEANE

FIG. 4. A chromosome that composed of element
variables.

evaluate individual optical layout which denotes chro-
mosome. Figure 4 illustrates the representation of chro-
mosomes. A chromosome consists of values that uniquely
determine an optical layout. Member values of a chro-
mosome are a series of focal lengths, neutral state
locations of optical elements and the index of moto-
rized lens. Index of the motorized mirror is not expli-
citly used. This is redundant information because among
the optical elements, the one that has infinite focal
length denotes the motorized mirror. Chromosomes are
represented as real values as opposed to the binary
string common in genetic algorithm.

M1.2. Crossover and mutation

In this subsection, we briefly give an example for
crossover and mutation. Figure 5 shows crossover and
mutation of chromosomes when 7 is six. The variables
that constitute a chromosome are as follows. (fi, fz, f3,
fi, f, fi) and (f, £, £, fi', K, f§') are focal lengths.
(ZOa 21y Ry %3y 24 %5, ZG) and (20,7 Zl,v ZZI: 23'7 Z4’7
25, 2, ) are element positions. [, I are the indices of
motorized lenses. Figure 5(a) shows crossover. (cpi, cps,
cps, cps, cps, cpg) denote crossover points. Each po-
pulation has probability of crossover. We used 25%.
When performing the crossover, the remaining 75% is
generated again by crossover from this 25%. Original
75% mnot participating in the crossover are removed.
Crossover is achieved by swapping the variables between
odd and even crossover points. This process makes two
new chromosomes from the previous two chromosomes.
However, only one chromosome is selected and used.
The selection is random and the other chromosome is
removed.

Figure 5(b) shows mutation. Here, (mpi, mps, mps,
mps) denote mutation points and ( £ z,, |) represent
variables that are mutated. We only mutate three
variables. Those are one from each set of focal lengths,
element positions and index of motorized lens. Mutation
is accomplished by changing variables according to the
mutation probability. Either after the crossover or
mutation, there can be situations when there are more
than one focal length that have the value of ©o. This
is not acceptable because we only allow one mirror.
Thus after each operation, all focal lengths are examined.
And if more than one focal length has the value of <o,
only one is kept untouched while others are converted
to new focal lengths. The new focal lengths are chosen
randomly.
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FIG. 5. Crossover and mutation when n is six.

IT.3. Values used for the examples

Examples are run with several constant and variable
values determined by the specifications of optical elements.
All the specifications of lenses, mirrors and the objec-
tive lens described are from commercially available
optical elements. We briefly describe the constant values
that we used in Table 1.

Incoming laser beam I, is a collimated laser beam
with diameter of 5 millimeters. The maximum length
of the optical layout zne, is bound by 1500 millimeters.
The minimum spacing Az between adjacent optical
elements is set to 50 millimeters. The radii of optical
elements 7, (k=1, -, n-1) are set to a uniform size
of 254 mm. The OBA radius 7, is set to 1.8 mil-
limeters. The maximum amplitudes of rotations and
translations are chosen from commercially available
actuators. They are 10 milliradians for ¢ and 50 mm
for 6. The length tolerance ¢ is 0.01. And constant
values that drive the optimization are described in
Table 1b). The size of a population is set by POPSIZE.
To avoid the infinite loop in the optimization, MaxGen
limits the maximum number of generations allowed.
The probability of crossover and mutation are set to
0.25 and 0.05, respectively. Table 2 lists variable values
for chromosome constitution. Variable values are com-
posed of the number of optical elements (n) excluding
the laser source, focal lengths (fi), positions (z,) and
the index of the motorized lens (). f; is selected from
the pool of available focal lengths. Infinite (°°) and
1.82 are set to the focal length of the mirror and the
objective lens, respectively. All optical elements at the
neutral state are placed at grid points separated by 5
mm. Index of the motorized lens (I) can have positive
value less than n.

TABLE 1. Constant values for implementation

(a) Constant values for optical elements (mm, mrad)

I Zmas | A2 | (k=10 1) | T [Omex|dmax| €

1500 50 25.4 18150 | 10 J(i.()l

(b) Constant values for GA

Probabilty of
Crossover

Probabilty of

POPSIZE | MaxGen Mutation

200,000 500 0.25 0.05

TABLE 2. Available values for chromosome cousti-
tution (mm)

fe Z l

{60, 100, 120, 150, 180, 200, 250,1.82}| 1500 | [1, n-1]

IV. OPTIMIZATION RESULTS AND
DISCUSSIONS

Figure 6 shows the graph of the best fitness as new
generations are formed. Each graph is a result obtained
by varying n from five to ten. In Fig. 6(a), solid line
denotes the case when n is 5; dash-dot line is the case
when n is six and dotted line shows the case when n
is seven. In Fig. 6(b), solid line denotes the case when
n is eight; dash-dot line is the case when n is nine and
dotted line shows the case when n is ten. Fitness is the
size of the workspace determined by each chromosome.
We use fitness instead of workspace because it is a
common terminology used in the GA community. GA
saves the chromosome that gives the best fitness in
each generation. This is why the best fitness increases
monotonously. In the figure, GA converges at the
generation approximately less than 260 for all cases of
n. When the optimal chromosome is found, we see no
increase in the best fitness. Examining Fig. 6, we can
see that the case when n is ten shows the maximum
best fitness which gives the best layout that maximizes
the workspace.

Table 3 summarizes the best chromosomes obtained
by varying n from five to ten. In the table, laser source
is located at zero position and location of the motorized
mirror is denoted by the infinite value in the focal
length. Index of motorized lens is denoted by I This
is the optimal solution for given n.

All the data from here are obtained from the case
when the grid distance of optical elements is 5 mm. To
verify the validity of the grid distance of optical ele-
ments, we execute the same procedure for the cases
when the grid distance of optical elements is 10 mm,
2.5 mm and 0.5 mm. Table 4 shows the optimal solu-
tions for the cases when n is ten with different grid
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FIG. 6. Best fitness with respect to the number of optical elements (106><um3).

TABLE 3. Chromosomes corresponding to best fitnesses (mm)

n Cy O G & Cy &3 Gs & Gy Gy Cuo {

5 f 0 60 250 oo 60 1.82 5
Z, 0 80 425 620 1035 1105

6 fe 0 120 60 250 0 60 1.82 3
z, 0 70 125 420 685 1105 1175

. fe 0 60 200 0 60 60 60 1.82 9
zZ, 0 65 330 525 1000 1095 1180 1290

8 fe 0 60 150 100 100 250 o 60 1.82 5
z, 0 50 130 240 385 720 975 1400 1475

9 f 0 60 200 ©o 180 200 120 100 60 1.82 1
Z, 0 75 335 535 1000 1080 1170 1250 1335 1410

10 fi 0 150 100 120 250 100 150 200 o0 60 1.82 5
z, 0 50 120 220 535 640 760 930 985 1405 1475

distances (GD). Compared with Fig. 3, we could get
that optimized optical layout that gives maximized
workspace shows a shape of workspace like Fig. 3(a).

Table 5 shows the workspace dimensions obtained
by changing the grid distances when 7 is ten. In Table
5, the amount of change of maximum workspace is very
small when the grid distance of optical elements is
smaller than 5 mm. Maximum workspace for the case

when the grid distance of optical elements is 2.5 mm
is increased by 0.57% compared to the case of 5 mm,
but the case of 0.5 mm gives same maximum work-
space as that of the case of 2.5 mm. This is because
there is a limit of workspace dimensions that can be
made by the combination of the optical element that
are used. Since the smaller grid distance makes align-
ment difficult, we can say that 5 mm grid distance is

TABLE 4. Chromosomes obtained by changing the grid distances when n is ten (mm)

GD Co Ci &) G Ci Cs Ge G Gy Gy Cuo l
10 fe 0 60 150 150 250 60 180 180 ® 60 1.82 g
Z 0 110 180 310 480 540 670 740 820 1240 1310
95 fe 0 60 250 150 150 180 150 250 o0 60 1.82 3
Z 0 77.5 265 340 442.5 | 507.5 | 572.5 805 906 | 1322.5 { 1392.5
0.5 fg 0 60 250 150 150 180 150 250 o0 60 1.82 5
Z 0 100 287.5 | 362.5 465 530 595 827.5 | 922.5 | 1345 1475
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TABLE 5. Workspace dimensions obtained by changing the grid distances when n is ten (um)

169

10 5 2.5 0.5
Ad, s 54 -0 -79.09 -93.40 -99.91 -99.91
Ad, 5540 84.42 112.29 120.04 120.04
L 121.88 129.18 125.24 125.24
Ly 117.13 123.57 119.43 119.43
L 126.94 135.92 132.21 132.21
Max workspace (106><L1m3) 9.746 13.860 13.940 13.940

small enough to maximize the workspace of optical
tweezers with a given pool of optical elements.

To verify the performance of our proposed method,
we compared the result with previous study. In a
previous report, Fallman et al. [8] designed a SLOT
system that can move the focal point axially about 17
um by 10 mm movement of lens and transversely about
2.5 um by 1 mrad rotation of a mirror. To find the
design solution, they derived system equation and
analytically solved it by determining several design
parameters. Thus they didn’t allow that the beam at
the OBA slightly changes in size and the cross section
of a beam slightly deviates from the central axis to
keep the same trapping efficiency. However, slight
changes of the beam size and symmetry at the OBA
decrease the trapping efficiency only slightly, because
a similar degree of full beam power can be transmitted
to the focal point, even if there were slight changes at
the OBA. By slightly loosening the tight constraint of
OT at the OBA by using the tolerance (&), it can pro-
vide the optical layouts that give larger workspaces
because it increases the possibility of finding the
solutions that give larger workspace. Moreover, they
considered the mechanical actuators to have an infinite
moving range but this is not true. Thus they ignored
the design solutions that can be made in a limited
moving range even if these could produce larger move-
ment of laser focus than the solution that they found.
For this reason, their design solution was small under
the given moving range of mechanical actuators. Table
6 shows the comparison of workspace when grid distance
is 5 mm and n is six. Both longitudinal displacements
and transverse displacements were increased with res-
pect to the previous work, especially, about 4 times
increase in lateral direction. Proposed method could
achieve about 26 times increase in the size of work-
space.

Figure 7 shows the variation of maximum workspace
according to n. We increased the range of n from 3 to
16 to ascertain the influence of n with given optical
table size. In the figure, when 7 is less than five, it does
not yield large workspace. This is because it is difficult
to make proper layout with only a few number of
optical elements. On the other hand, maximum work-

TABLE 6. Comparison of workspace with previous
work (8]

Fallman Ours

(n=6) (n=6)

Ad; |5 54,0 -84.52 -83.41

Ad, 5540 81.69 84.08
L 25.27 131.17

Ly 24.07 126.76

L 26.44 136.81

Max workspace (10°>um®) 0.424 11.642

-
o

Max workspace

N D O

3456 78 910111213 141516
n

FIG. 7. Variation of maximum workspace with respect
to n (106><um3).

space decreases when n is greater than ten. This is
because excessive number of optical elements crowds
the layout space thus restricting possible solutions.
When the number of optical elements is five through
ten, the maximum workspace is relatively high. This
means that there is an optimal number of optical
elements for a given table length. But too many optical
elements make the system alignment difficult. There-
fore, one has to use a smaller number of optical ele-
ments even if the benefit is not as great.

IV. SUMMARY AND CONCLUSIONS

The workspace of optical tweezers where laser focus
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can reach is design dependent and important factor in
practical experiments. However, up to now, most re-
searchers did not seriously consider the importance of
workspace. In this paper, we proposed a new method
for designing an optimized SLOT that gives maximized
workspace with given pool of optical elements. For
derivation of objective function, we applied ray tracing
method with systematic approach. We allowed the
beam at the OBA slight changes in size and symmetry
because it barely decreases the trapping efficiency.
From slightly loosening the tight constraint of OT at
the OBA, we could find the optical layout that gives
much larger workspace than for the previous study. In
the experiment, we have shown that GA is effective in
finding optimized SLOT layout that maximizes the
workspace. The best layout giving the maximum work-
space is searched by varying the number of optical
elements and the grid distance between optical ele-
ments. We have shown that the amount of change of
maximum workspace is very small when the grid
distance of optical elements is smaller than 5 mm. Also,
there is an optimal number of optical elements and grid
distance for a given situation. Since too many optical
elements make the system alignment difficult, in real
experiment, one has to use smaller number of optical
elements even if the benefit is not as great.
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APPENDIX

A. System matrix

In ray optics, the height changes and angle changes
can be expressed by linear equations. Figure 8 shows
the progress of a single ray at optical elements. In the
figure, ‘k, k1 denote current and previous index of
element. Firstly, the height change between two adja-
cent elements in Fig. 8(a) can be described with a
translation matrix. The translation matrix is,

1 7/: +6k _Zk—l _5k—1
T, =(0 1 0 k=1, 2, n, (11)
0 0 1

Thus, the height change between two adjacent ele-
ments is calculated as,

(12)

Secondly, the angle changes at a thin lens or mirror
is illustrated in Fig. 8(b-c) to describe the rotation
matrix capable of representing lens and mirror at the

{(c) Rotation at a motorized mirror

FIG. 8. Height and angle changes of a ray at optical
elements.

same time. Motorized mirror that has ¢ rotation angle
can rotate the beam optically two times that. There-
fore, the rotation matrix for k th optical element can
be represented as,

t o offt o o 1 0 0
R, =|-1/f, 1 0|0 1 24 |=|-1/f, 1 24,
0 0 1JLo o 1 0o 0 1

(13)

Thus, the angle change between two adjacent ele-
ments is calculated as,

k-1

QL

,where 1, =la,, a, |

(14)

Notice matrices in Eq. (11) and (13) can be used for
both lenses and mirrors according to the selection of
parameter values. Here, we would like to note some
possible values for fi, ¢r and &; in Table 7. If we
constrain ourselves to commercially available optical
elements, f; is a discrete value for the case of a lens
and an infinite value for the case of a mirror. Motorized
rotation and motorized translation have 0 rotation
angle for the lens and 0 displacement for the mirror.
By combining rotation matrix and translation matrix,
the systern matrix is calculated as

e, +8,).

(15)

M :En Tn ”'EITI :F(¢1"”’¢n’fl’.“’fn’70’7l +51

Thus the beam heights and angles at the objective
lens can be obtained as

,where 1, =1a, 4, |. (16)
1

B. Axial and lateral displacements

Figure 9 shows the schematic view when new position
of the focal point is formed. In Fig. 9, new position of
the focal point in the z direction is calculated by solving
linear simultaneous equations of each boundary.
x=-tnd -z+h =-az+h

The linear equations are . N

x=tnb -z-h =az-h

By solving two linear equations, the new position of
the focal point in the z direction is
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h +
d, =——7". (17)

And the lateral displacement is calculated by sub-
stituting d, into one of the linear equations above. The
lateral displacement is

h + hé —ha
Adx :_an n An +hn: nn An n (18)
a, +a, a,+a,
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FIG. 9. Schematic view when new position of focal
point is formed.



