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|. Abstract

This paper reports scattering of micro-spheres from the potentia well crested
by optical tweezers. We explain how atrap is creasted and the forces involved. We
present measurements of two-dimensiond scattering, which dlow the potentia well to
be characterized. We show that the results provide much more information than
anticipated and that they even alow the development of amodd that will predict future
scattering behavior. We examine in detail how to determine and change the relative
positions of the horizontal measurement plane and the laser focus so asto observe
three-dimensiond scattering.

[l. Introduction

A. History

Optical tweezers, dso caled laser tweezers, were first devised by A. Ashkin® & Béll
Telephone Laboratoriesin 1970. He used the radiation pressure of light to creste atrap. To
accomplish this, Ashkin used afocused laser beam to accelerate micron sized trand ucent
spheres suspended in liquids and gas, thus avoiding the perturbing thermal effects. At thetime,
Ashkin surmised that it would aso be possible to use this technique to accelerate and trap
atoms and molecules. In 1978, Ashkin achieved atom trapping by resonance radiation pressure.
In the 1980’ s scientists discovered that this technique could be used to manipulate microscopic
biological specimens such as viruses, bacteria®, DNA? and sperm cdlls®. Thistechnique has
proved to be an important tool for the manipulation of cellsin microbiology. Inthe 1990's
optical tweezers proved to be useful for the measurement of small forces such asthe force
generation of organdle transport™.

B. Theory overview

Laser tweezers rely on the radiation pressure of light. Light carries a momentum per
photonp=h/1,wherehisPlanck’ s congant and | isthe wavdength. When light passes
through a tranducent object, such asapiece of glass, it bends. This characteristic dlows optica
lenses to create an image at a specific point in space. A good example of thiswould be the




gngle lensreflex camera, which uses a system of lensesto image to a specialy prepared
medium, which records the incident light for posterity in the form of a photograph.

When the light bends, its momentum changes. Momentum is conservetive, so this
momentum change has to be made up. Therefore, the object that caused the light to change
direction undergoes an equd and oppodite change in momentum. This momentum change is felt
asaforce over time. Ordinarily, thisforce is negligible, but on the microscopic scale of afew
microns, in liquid suspengion, it becomes quite important. It can even be used to move smal
dielectric spheres or other tranducent objects. The converging rays of light at the laser focus
create atrap: tranamitting objects are drawn by a restoring force towards the center. At
equilibrium, the object rests at the center of the focus.

C. Purpose of project

The main thrust of this project isto accurately determine where the cameraisimaging
with respect to the laser trap and to be able to change this relationship. Then we can observe
three-dimengona scattering, and hence be able to fully characterize the potentia well. Firs,
however, we must ascertain that we can observe scattering. Then we need to be able to record
the scattering and andyze the data.

The final purpose and most important purpose of this project isto show that the
scattering data can be used to measure the characterigtics of the potential well created by laser
tweezers. Then we can determine the forces within the trap and how they vary.

Once we have completdly characterized the tragp for this particular case, we can extend
this technique to spheres of smdler dimenson. Of particular interest is the case in which the
spheres are of the order of awavelength. In classicd optics, there are two moddsfor light. The
Mie or ray optics regime gpplies to objects that are much bigger than the wavelength, while the
€lectromagnetic wave regime gpplies to objects much smaller than awaveength. The boundary
between these two models is theoreticaly perplexing. Studying the case in which the sphereis of
the order of awavdength will dlow ingght into this problem.

D. Basic Optical Set-up

Our experimental apparatus consists of a675nm, 30mWW diode laser, two collimeting
lenses (L, and L) to correct the beam and make it more circular in cross section. The beam is
steered by amirror M to afocusing lens Ls. From there, it goesto adichroic mirror and is
directed into the microscope body to the objective lens. The dichroic mirror hasthe specid
property of reflecting only red light incident a an angle of 45°, which dlows us to image through
the objective lenswith adigita camera. The microscope has 4 lens magnifications. 3.5x, 10x,
40x and an ail immersion 100x lens. To adjust the focus we turn a knob, which movesthe
microscope stage up or down in relation to the objective lens. The fine focusing knob is
graduated in microns and has arange of movement of 251 mm. The coarse focus knob moves
the microscope stage verticaly 1mm for every quarter turn.



[11.Theory

A. Conservation of momentum

As briefly described above, light has momentum per photon equd to h/I1 . When the light
hits areflective or refractive surface it undergoes a change in momentum. Because momentum of
the system is conserved, the object recelves an equa and opposite change in momentum.

Light rays “bounce off” of atotdly reflecting object. Light obeys the laws of reflection,
where the angle of incidenceis equd to the angle of reflection. Thisangle is cdculated from the
norma to the surface. When light bounces off of the surface of an object, it loses momentum
perpendicular to the surface. By conservation of momentum, the object gains momentum in the
direction of the normd. Smilarly, afire hose can be used to push asmal vehicle on aflat
surface. The high-pressure jet of water loses momentum upon hitting the vehicle. Consequently,
the vehicle gains momentum in the initid direction of the water jet: thisisfelt asaforce, which
causes the vehicle to move.

Light passing through a tranducent object obeys Sndl’slaw, given by msng= rn.ane,,
where ny istheisthe index of refraction of the firg medium, n, isthe index of refraction of the
second medium, q; is the angle of incidence of the light ray and & isthe angle of refraction of the
ray in the second medium (fig.1). Theindex of refraction is given by theratio of the speed of
light in a vacuum and the speed of light in the specific medium.

Figure 1: Geometry of aray hitting a sphere.

Laser tweezers harness the momentum of light. When theray entersasphereitis
reflected or refracted causing a change in direction of the incoming ray. This change in direction
corresponds to a change in momentum. By conservation of momentum, the sphere gets an equd
and opposite change in momentum. The sphere hence feds aforce equd to the changein
momentum per second. Thisisarepulsve forcein the case of atotdly reflecting sphere and a



restoring force in the case of the totdly transmitting sphere. We will explain how this occursin
the next section.

B. Trapping

1. When does it occur?

Trapping occurs when the incident velocity of the sphere is not enough to overcome the
forces of the trap: consequently, the sphere is pulled into the center of the trap where it rests at
equilibrium. In thisinstance, the sum of the forces is zero over the entire sphere. For the trap to
be effective, the potential well must be degp enough to hold the sphere againgt perturbing forces
such as the viscous and therma forces. The following diagramsiillustrate how trgpping occurs.

a) Longitudinal trapping
Pardld rays going in the z direction hitting the sphere are bent or refracted: consequently, they
converge to a point on the other side of the sphere. The sphere acts like alens. The component
of the light's momentum in the pogitive z direction is diminished when the rays are bent. Hence
the bal must receive momentum in order to make up for this loss and conserve momentum. This
momentum change is fdt as aforce over time.

> Dolight ()
Dylight(i) > D)t.l‘all >
>

Sending in diverging rays, we get arather unexpected result. Consequently, the exiting rays are
pardld, following the principle of athin lens. The component of momentum in the negative z
direction isincreased after passng through the bal. Hence, the bal receives momentum in the
positive z direction in order to conserve momentum. This causes the ball to be pulled towards
the incoming rayd

Dplight (i)
Dolight(f)




b) Lateral trapping
For transverse movement, we can modd the sphere asathin lens. Asthelensis
displaced downwards with respect to the incoming pardld rays, the light is bent downwards.
The light gains a component of momentum in the negetive y direction. To make up for this
change, the lens gains momentum in the oppodite direction. Thisisfelt asaforcein the pogtivey
direction, which will restore the lensto itsinitid pogtion.
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Indl of these cases, the force felt by the object restoresiit to the equilibrium postion, i.e. the
focus of the laser beam.

2. Formalism for forces

Formally, we can separate the radiation force into two components defined by A. Ashkin®. The
gradient forceis perpendicular to the direction of the incoming laser beam, while the scattering
forceisin the direction of propagation of the beam. Ashkin gives the following equations of the
scattering and gradient forces for a pardle incident ray on a sphere:

- ) ] y
Fox :nl_P%1+ Reos(2,) - - T [COS(ZC}; 2q,) + Reos(2g)]¢ ()
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where P isthe power of theray, g, isthe angle between the incoming beam and the normdl to
the surface, g is the angle that the firgt trangmitted ray makes with the perpendicular to the

normd (fig.1). The % term is the momentum per second transported by light of power P. R
and T are the Fresnd coefficients of reflection and transmission, R is the fraction of the light



intengty reflected from the surface, T isthe fraction of the light intengity transmitted through the
surface. For polarization perpendicular to the plane of incidence, R and T are given by the
equations.

.2
_an cosg, - n, cosq, O

énl cosq, +N, cosq, g (13

T.=1-R,
where n, and n, are the indices of refraction.

For polarization pardld to the plane of incidence, Rand T are;

R, :a':nz cosq, - N, €0, 02
&n, cosq, +n, cosa,

Ts=1- R (14

Cdculating the forces and the Fresnd coefficientsis straightforward for flat surfaces,
however, it is much more complicated for a gohere: the angles of incidence change as the sphere
moves through a beam of light. If the light rays are converging, the polarization of the light will
depend on which surfaces the light is gtriking.

C. Scattering
1. Scattering from an attractive potential

When abal is scattered from a potentid, it changesits direction of motion. This
direction change depends on where the ball isincident on the potentid: to describe this incident
trgjectory, we define the scattering parameter of the ball. The scattering parameter isthe
perpendicular distance b from an axis traveling through the center of the potentia (see figure 2).
The bdl is pulled towards the potentia when it gets close enough. To visudize such a potentid,
let’ simagine a trampoline with a heavy rock stting on it. This causes the materid to sag and
creste a“ potentia wdl”. If weroll abal near the edge of this dimple, we will observe a
deflection in the ball’ strgjectory asit rolls past and is drawn towards the center of the
indentation. If the velocity that we give the ball is not sufficient, the bal will become stuck in the
well: it is“trapped”. If however, theinitid trgectory of the ball does not take it close enough to
the wdll (i.e. the scattering parameter istoo big), there will be no effect: the ball will not be
deflected. If we can imagine that we remove the rock and till have the indentation in the fabric,
we can imagine sending the bl through the center regions of the well. The bal will be most



deflected for scattering parameters just smaler than the radius of the well. If we send the ball
through the center of the well there will be no deflection. However, there will be achangein the
veocity of thebdl: the bal will speed up asit rolls down into the indentation and will dow
down asit rolls uphill out of the indentation.

2. Scattering in a viscous medium

In aviscous medium, the objects in motion experience a viscous force, contrary to the
direction of motion. When an object is scattered, it dowsto astop after deflection (Fig 2). To
meake this more apparent, let’ simagine that we have our trampoline again. The indentation now
gays in the same place reltive to the ground no matter how we move the trampoline pardld to
the ground. The trampoline fabric is covered with honey, which causes the ball to stick to the
surface. As we move the trampoline surface with the bal Stting on it such that the bal passes
through the indentation, we would see the following: the ball will be drawn towards the center of
the indentation and roll backwards dowly asit re-emerges from the “wdl”. The honey in this
example gives us aviscous force. It causes the ball to not move asfredly. The balls deflection is
minimized because the honey casesit to dow to agtop. Asit exitsthe trap, the honey actudly
keeps the bal from ralling al the way back into the trap and getting stuck or trgpped. This
example can be applied to this particular experiment: We have a glass dide, andogous to the
trampoline surface, which is covered with water (ana ogous to the honey).
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Figure 2: Diagram showing a ball scattering from the trap or attractive potential at an impact parameter b.
The ball undergoes velocity changesin the x and y directions, e v, ande v, dueto the forces of the trap.

V. Criteriafor observation of scattering

A. Trap characteristics

1. Power through lens
If the lensis under-filled, the effective NA rating of the lenswill be reduced: the trep
won't be aswell focused or asintense. If, however, it is overfilled, there will be some power
loss and the trap won't be as strong. It istherefore best to just dightly overfill the lens. In that
interest, we modified the set- up to benefit the power through-put of our lens of choice. We
removed the doubling telescope assembly, which decreased the beam waist to 2.5mm. The



power jumped from 4mW to 12mW at the objective, avery sgnificant increase. Not only had
the overfilling been reduced, but the number of surfaces that the beam goes through was
reduced, which aso contributed to the power gain. Each glass surface reflects 4% of the
incident light. After this, the balls were pulled into the trgp with much more dacrity: the trgp
seemed to be stronger.

2. Lateral dimensions of trap
Thelaser beam never actudly focuses to a point, but reaches a minimum wast given by
wo= 0.61 | /NA. Thewaist isthe radius of abeam and serves as agood indicator of spot size.
Asthe numerica aperture gets bigger, the minimum spot Sze gets smdler. Sncethetrgpissmdl
in comparison with the bal sze, we can’'t get a detailed reading of the characteristics of the trap
(Fig.10).

lens NA | wo (mm)

10X 0.25 | 1.65

40X 0.65 | 0.63

100X | 1.3 0.32

Figure 10. Table showing thelateral dimensions of thetrap for three lenses (for | = 675 nm)

B. Viscous drag force
The viscous drag force in amedium of viscosity h is given by Stokes equation:
F, =- 6phr,v,
wherer, isthe radius of the bal and v, isthe velocity of the bal. Asthe velocity of the ball
increases, the viscous drag force increases proportionately. The drag force is dso proportiona
to the radius of the ball. For aball of radius 5mm, traveling in water of viscosity h=10° N s/
nt a avelocity of 54 mm/sec, the drag forceis 5 pN. We know that

dv,
F.=ma= —b
a =Mma=m qt
where aisthe acceeration of the ball due to drag force. Solving this for w,, we get the equation:

-t

V, =V, v

terminal

where the time congtant t = — b
6phr,

Because the ball has asmall mass (m,=5.5" 107°g), t isvery amdl: t = 5.8" 10°® seconds.
Thisisinstantaneous compared to the time between video frames of 3.3 107 seconds. This
means that the any velocity greater than the termina veocity damps out ingtantaneoudy. Hence,
the bdl isaways a termind velocity if it is moving rdaive to the fluid. Thisfact hasfar reaching
implications.

We mugt remember that the bl is at rest in the reference frame of the stage until it fals




under the influence of the trap whereupon it moves rdative to the fluid, whichis a rest in the
reference frame of the stage.. Since the ball can never move fagter than termind velodity if itis
moving relative to the fluid, the viscous drag force must dways exactly oppose the forces of the
trap. Hence Fyo, = Fg, and we can write:

Ftrap = 6phrbvterminal
or to put it another way,

Ftrap = tﬂvterminal
The viscous force plays a crucid role in the measurement of the forces of the trgp as will
be seen below.

C. Technical considerations

Onething that we need to take into consideration is the fact that the video recorder
captures at 30 frames per second. This means that the ball can’t be moving too fast because
some important data will belost between frames.

Pixel resolution islimited by the trandation process from the video cassette to the avi
file: any resolution higher than 120x160 results in more than 10% of the frames being dropped in
the trandation.

Also we are moving the stage laterdly by hand: the velocity variation shouldn’t be too
great over the small distances we are moving the bal (gpprox. 100mm). However on
examination of the data, we found that the stage underwent a short hesitation defined by de-
accderation followed by an acceleration: a possible explanation could be an imperfection in the
gearing of the trandation mechanism, such as aworn gear tooth (see figure 14).

One other consideration is the tendency of the spheresto stick to surfaces. David
Leichtman aso mentioned this problem. To characterize scattering in three dimensions, we need
aspherefloating fredly in the body of the solution. That way we can look above and below the
scattering candidate. Once the spheres reach the bottom, they have a tendency to stick. We
found that by agitating the dide or turning it upside down for afew minutes, we could bring the
balls back into free suspension. When the dide had been |eft done for afew dayswe found
that some water had evaporated and that most of the spheres were stuck. We rectified this
problem by using an eye-dropper tip to didodge the spheres (any hard, pointed object will
auffice).

V. Exploring the third dimension

A. Determining and changing the relative positions of the laser spot

10



and the measurement plane

1. Using the slide reflection

In order to characterize trapping in three dimensions, we first need to understand how
our gpparatus works in three dimensons, namely how to determine the rdative postions of the
digitd camerafocus plane and the laser trap focus. Thisisimportant because we want to be
able to move the camera focus plane above and below the laser spot: by doing this, we can
examine scatering as it occurs above and below the trap. If the camera focus plane is above the
trgp and we see abal comeinto focus asit enters the trap we will know that it got deflected
upward by the trap forces. By studying the deflection, we can characterize the forces of the trap
in the longitudina direction. Previous work did not explore this problem in depth.

To make these measurements, we employed a 1.2mm thick glass dide placed on the
microscope stage. We then looked for the reflection of the laser spot off the top and bottom
surfaces of the dide imaged to the camera. Moving the microscope stage up or down using the
micron-graduated knob, we could focus the camera on the top or bottom surface of the dide
(marked with a grease pencil). Ray tracing diagrams indicated that we would have to take into
account the fact that the laser spot was being reflected.

2. Zero point

We cdl the position a which the laser spot isin the same horizontal plane asthe CCD
camerafocus the “zero point”: this is when the laser spot and the dide surface are
smultaneoudy imaged on the t.v. screen. We define L as the distance from the camerato the
objective and X, as the distance from the dide surface to the objective (Fig. 3).

CAMERA

Objective lens

x(0)

| GLASS SLIDE
Fig. 3 The camera at the “ zero point”

3. Case of camera focus plane below laser spot
When we move the camera down, the focus plane is below the laser spot. We no

longer see the laser spot and the dide surface on thet.v. screen at the same time. Aswe bring
the focus in, we see the dide surface followed by the laser spot. At first glance, we would say

1



that the movement of the micrascope stage was a straight-forward way to determine distances
between imaged objects. However, we must take into account the fact that the glass dide acts
like a plane mirror. The image observed on the t.v. screen is actudly the virtud image of the
laser gpot seen inthe dide. In the same way, when we look into a bathroom mirror, we see a
reflected image of oursdves. Thisimage is located behind the mirror, twice the distance from us
to the mirror surface. The image that we see is Stuated in virtua space and iscalled avirtud
image because it is not physicaly located behind the mirror surface. If we wereto focusasingle
lensreflex cameraa our image in the bathroom mirror, moving the focus from its closest point
towards infinity, we would first see the cracks on the surface of the mirror followed by the
image of ourselves (anaogous to the image of the laser spot).

i Plane of mirror
i

Object (person looking in mirror)

o)

i

Virtual image

4 » -
< » <€ >

d ' d

Figure : A person looking in the bathroom mirror at a distance d from the surface plane of the mirror sees
hisvirtual image in the mirror. The virtual image appears to be a distance d behind the plane of the mirror.

To make the andogy as close as possible, let’ simagine that the wall on which the mirror
isfixed is movable (like the microscope stage). Now suppose we focus on our image in the
mirror. Keeping the focus fixed, the wall is moved away from us until the surface of the mirror
comesinto focus. We would observe that the distance from oursaves to the mirror was double
what it originally was (see Figure ?). If we were to gpproach this casudly (barring the fact that
we know where we are located physically), we might be tempted to say that the distance
between this person in the mirror and the surface of the mirror was the distance that the wall
moved: at theinitia postion of the wall, we saw a person and at the find position we saw the
surface of the mirror. However, we know quite well that we were not focused on aredl
physical person situated in red space because thiswould be physicaly impossible, not to say
logicaly impossblel



Plane of mirror
Object (person looking in mirror)

P e
v

Virtual image

B d
“zero point”
Figure : A person focusing with acamera on hisimagein the mirror. He observes hisimagein the
viewfinder of the camera. He is situated adistance d from the mirror and an optical distance 2d from his
virtual image situated in the behind the mirror. The camerais focused to a position in space adistance 2d
from thelens. Wewill call the person’s position the “ zero point” (thisis to make the analogy more apparent

(seefigure ).

v
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camera |~
1

d d

Wall position 1 Wall position 2

Figure: At the second position of the wall, the person will observe the surface of the mirror itself through
the viewfinder of the camera. To acasual observer the physical distance between the person and the
surface of the mirror is equal to the distance d traveled by the wall in order to get from the first image (wall
position 1) to the second image (wall position 2). Thisis quite obviously false.

Smilarly, in our s&t-up, to go from imaging the laser gpot to imaging the dide surface,
we have to move the dide away from theinitia position to twice the origind distance from the
physical position of the laser spot (which is andogous to our physical position in the bathroom
of the previous example). Theinitid podtion of the dide is situated hafway between the redl
position of the laser spot and the camera focus plane The position of the laser spot never
changes. at the “zero point” the top surface of the dide islocated in the same horizonta plane as
the laser spot (seefig. 3). In other words, using the slide reflection, the observed distance x-
between the spot and the dide surface is half the true distance x. Hence, the real distance
between the focii isin actudity double the measured vaue (fig.4).
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plane of laser focus

and position of slide
X 0 “ H ”
Position of top surface of slide irg ) a"0point
order to see laser spot

IX L
x (P)

Figure4: Casein which camerais moved down adistance x" from the “zero point”.

Virtual image of laser spot \,v

4. Case of camera focus plane above laser spot

When we move the camera up from its position &t the “zero point”, the camera focus
planeis positioned above the laser spot. Moving the camera focus in from afar, we see the laser
gpot followed by the dide surface. Thistime, the spot observed on the t.v. screen is the actud
spot reflected up off the surface of the glass. In this case, the image of the spot only becomes
visible when the reflected spot is physicdly in the same plane as the camerafocus. This occurs
when top surface of the dide is positioned hafway between the horizontal camera focus plane
and the horizontal plane containing the laser spot (fig. 5). Again wefind of afactor of two
difference between the observed distance of the foci and the red distance. The distance of the
stage x- from the “ zero point” in order to view the laser spot is half the distance of the stagein
order to see the dide surface

15



CAMERA

X (tv)

position of dide in order
to seelaser spot

x(0)

X

o IX(L)
SRR s WS

Figure5: Casein which camerais moved up adistance x" from the “zero point”.

B. The thin lens model

1. Formalism

Writing down the thin lens equation for the camera focus and the laser focus 1/t
=1/d,+1/d; , wheref isthe focd length, d, isthe distance lens-object and d; isthe digance lens-
image, helped us understand the effect of moving the camera on the relative positions of the
focii. For the surface of the dide to imaged, the thin lens equation is.

i1 + 1 (L3)

R A |
where f isthefocd length of thelens, L isthe distance from the objective lens to the camera a
the “O point”, the point at which the laser spot and the camera focus occupy the same horizontal

plane. x, isthe distance between the lens and the dlide surface at the “0 point”, x " isthe

vertica movement of the cameraand x, ° is the measured stage movement from the “0 point” to

image the surface of the dide.
For the laser spot to be imaged, the thin lens equation is.

1 1 1
P The a4
FoL+x" x+2x

where )gL is the movement of the stage from the “0 point” in order to view the laser spot. The

factor of 2 in front of the x~ term corrects for the fact that the slide surface acts as aplane
mirror (figs 2,3).
Equations 1.3 and 1.4 imply:

16



L p

2% =X (15)
which we verify experimentdly.
2. Measurements of slide surface and laser spot positions

For different camera positions, we took measurements of the absol ute stage movement
from the “ zero point” pogition in order to image the laser spot and to image the top surface of
the dide. Asbefore, for each camera position x", we define " as the distance from the “ zero
point” to image the laser spot and % as the distance from the “zero point” to image the top
surface of the dide. At the “zero point” both laser spot and t.v. focus are at the top surface of
the dide. These measurements gave us a relaionship between the camera focus movement and
the laser spot focus movement, that, in fact, as predicted, the camera focus dways moved twice
that of the laser gpot due to the reflection off of the dide (Figs. 6,7). Again, the red position of

the trgp without the dide is twice the digfanea mona wed

x(p) vs. x(L) 10X lens
X(L) (microns) | x(p) (microns)
-28.5 54.5 y=18589 4071
R?=0.9907
-27 -50 " _
-20.5 -41 5
-13 -28 S = o7 2 =
-6.5 -17.5 E 40 -20 ( 20
o
0 0 =
4 7 -40
10.5 19.5 ”
18 29.5 oY
23 38 X(L) microns
Figure 6: Stage movement X’} to view the slideSUMTace Vs Stage TMOVENENT X 10 VIew TNe Taser SpotTor The

10X lens. Notice that the relationship tallies with our prediction (1.5) within experimental error.

x(L) (microns) | x(p) (microns) x(p) vs.x(L) 40X lens
-3 -5.25 6
-2.25 4.5 2l
-1.5 -3.75 y = 2.0667x
-1 2.5 v R? = 0.9446 21
0 0 2 : : ot
0.75 0.25 E -3 -2 5 2
0.75 2.5 =
1 3 < 4T
1.75 4.25 ol
x(L) (microns)U

Figure 7: Stage movement XP; to view and to view the slide surface vs. stage movement x-; to view the laser
spot for the 40X lens. Notice that the relationship tallies with our prediction (1.5) within experimental error.
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C. Observe scattering in 3-d?

1. Characteristics of the lenses

Asthefocd length of the lens decreases (i.e. magnification increases), the range of stage
movement decreases with camera movement. Hence at higher magnifications, the vertica range
of motion is reduced. One concern that this brings up is whether the camera focus can be
moved beyond the verticd limits of the trap. The Raleigh range, ameasure of tightness of focus,
gives us areasonable idea of the longitudina dimensions of the trap. In order to examine
scattering in three dimensions, we wish to be able to move our cameraimage plane above and
below the trap. We found that the 10X and 40X lenses obeyed the thin lens equation. The
rel ationship between the camera position and the corresponding dide postion islinear for small
changes (fig. 8). Thislinear gpproximation gives us the following equation:

.2

. P » w(o _ f 9 .N
X g P X

plate position vs. camera position (40X)
= 0.015
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= .0.015 :
-40 20 0 20 40
camera position (mm)

Figure 8: Measured val ues showing the how camera focus plane movement affects the focusing range. The
camera srange of 7cm allows the focus plane position to change by 20nm. The plate position measurement
error is+ 1nm.

2. Raleigh range

The Rdeigh range is defined as the distance from the where the focused laser beamis

narrowest with awaist wy to the point where it is 2w, (Figure). The Raeigh range z isgiven by
the equation:

2

W,

z, = IOI o
where| isthe wavdength.
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Figure : The Raleigh range 7 is the distance for a Gaussian beam to increase from the minimum beam waist
of wy to abeam waist of 2w,. (A focused beam never focuses to a point).

The divergence angle of the beam can be gpproximated by:
tang » Y (18

Using these expressions and thet at for small angle g, tang » sing we can write;
2

© b(NAY?

(19

where NA = n sinu isthe numerical aperture of the microscope objective. nistheindex of
refraction of the medium and u isthe hdf-angle of the focused cone of light (seefigure). The
Raeigh range will change for different indices of refraction.

lens

<

NA =nsinu

Figure: The numerical aperture (NA) isameasure of alens’ s ability to resolve two points separated by a
certain distance: the bigger the NA, the smaller the distance between two just resolvable points. If the
diameter of abeam entering alensislessthan the lens diameter we say that the lensis under-filled: the
maximum half angle u of the focused cone of light is reduced.
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a) Under-fillinglens b) Overfilling lens
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Figure :a) Under filling the lens means that the waist of the incoming beam Wy, is smaller than the radius
of the of thelens R,.s. This has the effect of reducing the effective NA by reducing the maximum half angle
of the focused rays u.. b) Overfilling the lens means that the beam wai st Wy,e., IS bigger than the radius of
the lens Ri.ns: SOMe of the beam does not even go through the lens resulting in power loss of the focused
beam. The half angle of the focused cone of light u,, isthe maximum allowed by the radius of the lens: hence
the NA isthe maximum allowed in a medium refractive index n.

lens NA |[f(mm) | z (mm) | max.x" (mm)
10X 0.25 | 16 5.75 +175

40X | 065 |4 0.85 +10 *
100X | 1.3 1.6 0.22 +1

Figure 9: Table showing cal culated Raleigh range z, and the range of movement about the laser spot x” for a
camera movement X; Y of £35mm (we assume that the 100X Iens obeys the thin lens equation). We are

using acombined refractive index of n=1.3 of the glass cover-slide and the solution to get the Raleigh
range.
* measured value (seefig. 8)

3. Choosing a lens

From the table (fig. 9), we can see that we should be able to observe scattering beyond
the limits of the trgp in the longitudina direction for dl the lenses and that in fact, the dimensions
of the spheres are Sgnificantly greater than those of the trap. The best lens for our purposes
seemsto be the 40x lens because it dlows a greater range of travel in the vertical direction while
gl alowing trapping and scattering to be observed.



ny

Glass cover dide

Figure : Ray tracing diagram showing asingle ray from the laser going through the glass cover-dide (n,=
1.5) into the water solution (n; = 1.33) in which the balls are suspended. Thefirst mediumisair (n, =1). For
the 40X lens, Snell’s law givesq, = 40.5°, g, =25.7° and g; = 29.3°.

One other thing to keep in mind is the enormous Size of the ball compared to al dimengons of
the trap (see discussion above). Figure  shows that we need to consider the fact that parts of
the bal will intersect the focused beam before it enters the focusitsdlf. This has for effect of
increasing the apparent lateral size of the trgp. Using geometry we can determine the distance
that the bl isfrom the center when its edges are tangentid to the outermost rays.

1) Theright triangles ABD and AOB are similar.

2) Henceangles ABD and AOB areequd. Wewill cdl thisangle g (for the 40X lensq; =
29.3° see above).

3) cos(AOB) = cos(g3) = R/OB

4) Hence OB = R/ cos(qz) = 5.73 mm.

5) Since R = 5nm, the edge of the ball is 0.73mm from the center of the focus. The gpparent
latera radius of the trap is 0.73 mm (compared to 0.63rmm)
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Figure : Diagram showing the ball and the beam focus (we are approximating the focus as a point compared
to the ball size). Shown isthe effective Raleigh range z, = 0.85 nm to scale with the ball of radius R =5nm.
Thisdiagram also illustrates that the ball should enter the focused beam before it actually entersthe focus
itself (at point B). This has for effect of making the apparent beam waist larger.

VIIl. Experimental methods

A. Equipment and set-up details

The apparatus consists of a Leitz Wetzlar microsope body with 4 lenses: 3.5X, 10X,
40X and a100X ail immerson lenswhich image to adigitd camera. The cameraisa
Schumberger CCD camera connected with BNC cablesto at.v. monitor. The laser is Situated
40mm away from the firg collimating lensL;. The collimating lensesL; and L, are positioned
70mm gpart. The focusing lensis positioned gpproximately 260mm from the dichroic mirror.
The focuang lens has afoca length of 160mm. Thus, a the “zero point”, camerais Stuated
gpproximately 100mm from the dichroic mirror. The beam waist is gpproximately 2.5mm, which
dlowsthe 40X lensto be dightly overfilled. At the “zero point” for the 40X lensthe camera-
objective distance L is approximately 190mm. This makes the beam waist at the objective
goproximately 3mm. The diameter D of the lens we cdculate to be 5.2mm. The lensis overfilled
gnce the diameter of the beam is around 6mm.
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Figure 11: the experimental set-up

B. Taking measurements

In preparation for our scattering experiment, we fill aglass well dide with severd drops
of water. We then add a drop of the microgphere solution (PolybeadO polystyrene 10nm
microspheres, Polysciences, Inc.). We use acover dip to sed off the well. Thisrdatively deep
wdl (» 260 mm) alows us more time for the experiment because the spheres take longer to
ettle to the bottom under the influence of gravity. In order to record the scattering, we use a
VHS video recorder running in SP mode, giving us a capture rate of 30 frames per second.
With the tape running, we trand ate the stage lateraly. We make severd passes, alowing our
candidate sphere to passthe trap at various scattering parameters and velocities. We transfer
the footage to an “.avi” fileusng Microsoft AVREC Capture Tool software. We then use an
Excd macro program written by the author to analyze the data. One thing to keep in mind is that
the sphereis a rest in the reference frame of the stage until it feds the forces of the potentia
well.



The Excd program dlows us to view the scattering footage and measure the position of
the ball frame by frame. We found the appearance of a deposit on the dide surface very useful
as areference point to compare the stage movement to the ball movement. The Excd macro
gives usthe position of the bal in pixes. Therefore we need to trandate these measurements
into microns. We first used the 40X |lensto note the position of the bl at each edge of thet.v.
screen using the stage trandation vernier. However we found thisto be too imprecise (error £
25%). The stage trandation vernier is graduated in tenths of a millimeter, while we want to
measure distances within at least 10 microns. We achieved better precison with the 3.5X lens.
Thislens has abigger field of view, which dlows a greater distance to be covered, thus
minimizing the error. With this method we achieved a calibration precision of 3% or better.
Scaling our result up for the 40X lens, we found that 1 pixdl trandated to approximately 0.31
mm.

VIIIl. Results

A. Evidence of Scattering

The captured video proves that we can observe scattering in two dimensions. We can
measure the forces of the trap in function of the position of the ball.

ball

referenice point

Figure : A frame showing what we saw on the t.v. monitor: the 10mm ball and the deposit on the well slide
which served as areference point since it never moved with respect to the stage.

Figure : Captured video sequence showing the scattering event (frames 174-177).
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B. Data
1. Measurements

Plotting pogtion versustime for the x and y coordinates, we gain afuller understanding
of the scattering event. Figure 12 shows the scattering event in the reference frame of the stage
for both x and y coordinates versus frame number. The frames are spaced at 1/30 second
increments. They coordinates of the ball show the abrupt deflection of the ball asit is pulled into
the trap (frames 174-177). The x coordinates show that the ball dows down once they forces
have pulled the bal into the trgp. Notice the offset between the y and x velocity changes: the
velocity loss of the ball in the x direction occurs after the y deflection has taken place
(framel77). Thisisavery important festure as far as understanding the behavior of the bal in
the potentia, with implications that will be explained by our modd. The bal is pulled into the
trgp where forces in the x direction take precedence (frames 177-181): as the stage continues
to move past the trap, the viscous forces drag the bal away from the trap and the ball regains
the velocity of the Sage on which it isresting.

Scattering in the x and y coordinates
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Figure 12: Scattering in the x and y directions in the reference frame of the stage versus the frame number.
(We subtracted the x coordinates of the reference from the x coordinates of the ball to eliminate the x
translation movement of the stage).

We determined the average velocity in the x direction of the stage by performing alinear
fit to the data points (Figure 13, in blue). Thisfit was good with an R value of 0.9953 (1isa
perfect fit while O means that the points fitted have no semblanceto aline). Thisgave usan
average stage velocity of 1.8 mm/ frame or 54nm /sec. However, when we subtracted the linear
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approximated vaues from the measured vaues, we found some periodic nornrandom variations
from the approximation, which seem to suggest that the stage trand ation was not functioning
smoothly (Figure 14, in blue). The stage did not move in alinear fashion (see section 1V C)).
For frames 164 —189, the variance of the measured x posgtions of the reference point from the
linear gpproximation of the stage trandation was+ 1 mm. This gives an uncertainty in the
velocity prediction of the stage of £1.4 mm/frame! Thisis due to the large non random variations
in stage movement which are not errors in measurement but are due to aless than perfect
gpproximation of the non-linear trandation of the stage. In order to amdiorate this
gpproximation and get a better measure of the average velocity of the stage we notice that the
biggest variation from this mean occurs just before the scattering event (frames 168-173): fitting
alineto frames 173 to 188 we split the variance in hdf from the previous fit and get a average
stage velocity of 1.7 mm/frame for thistime period. Unfortunately due to time condraints we are
not able to make the dl the graphsreflect the dightly revised initid velocity of the sage and
hence the ball. To correct for the stage “jitter” and to get a more redlistic evaluation of our
experimenta error, we subtract the reference x coordinates from the bal x position, point by
point, which gives an error of approximately + 0.4 nm. Assuming comparable errorsin the
measurement of the x coordinates of the stage and the ball, we get an error in the measurement

equal to +0.4/+2nm» +0.3nm(+/0.3° +0.3° » 0.4). This error isthe size of a pixd.
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Figure 13: This plot showsthe x positions of the ball and the reference point in the absolute reference
frame (the reference frame of the laser trap) as afunction of frame number. The motion of the ball mirrorsthe
motion of the stage until after itis pulled into thetrap (framel77) The ball almost comesto a standstill while
itisinthetrap (frames 177-178). Asthe ball leaves the trap and the viscous forces take over, the ball regains
the speed of the stage (frame 182).

We then cacuate the velocities of the ball and stage. Although the trap issmall (~1mmin
diameter) and the stage velocity is high (1.8mm/frame), the bal size is comparatively big (10nm
in diameter). Hence, the ball should be in the trap for about 5 frames, which meansthat we can
get the forces of the trgp during this time. We determine the forces of the trap as a function of
bal postion using the equation () detailed in the discusson on the viscous drag force.

. * x(reference)-x(pred.
Scattering reference)
@ x(ball)-x(pred. reference)
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Figure 14: Subtracting away the average stage velocity uncovered some nonlinear behavior in the
movement of the stage (in blue). Frames 167-175 show that this “hesitation” in the stage movement is also
perpetuated in the movement of the ball: this means that the variation in this areais due to the stage. In red
isthe ball and in blue isthe reference point.

2. Analysis

In order to determine what exactly is going on asthe bal goes through the trap, we
modeled the behavior in Excel and compared the results to the measured data. We solved the x
#hoeearAinate postions Sultangaudy by an iterative formulato be explained below. A
significant fedfure in to keepf mind |s tht
mode accounts for the non-symmetr, %nature O
does not tre%\/)’e al the way through the trap aong
increase and decrease dong the samé

our position curves. That isto say, the ball
one coordl nate axis we never see the force
‘ i's particular scattering event,
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the ball isfirg pulled laterdly to itsinitid direction of motion into the center of the trap (see

figure...).

Figure :Simplified diagram showing our understanding of the scattering event. In afirst phase (a) the ball is
incident on the trap at an impact parameter that we will cal y,. In a second phase (b), the ball is pulled into
the trap by the attractive y forces. Finally the ball feelsthe resistive x forces asit is pulled out of the trap (c).

We derived our modd from severd key observations and measurements, which are
crucid to the understanding of the behavior of the bl throughout the scattering event:

a) The vdocity of the ball with respect to the sage and the fluid is dways the termind
velocity because of the powerful viscous force (see section IV above).

b) Thereisatime dday between the times that the y position changes and the x velocity
changes.

Themodd isasfollows

a) Theinitid pogtionis V,(t; .. - tore )X T Yo Y Where vs is the stage velocity, tiare IS the frame

number and txs gives us an offsat such that x=0 when the ball is a the center of the trap.
The scattering parameter, the distance in the 'y direction from the center of the trap IS yo.

b) Thefact that the bal isadways a termina velocity whenit is moving relative to the sage
gives ustheforce of thetrgp inthe x and y directions

r2

Ftrap = kre-W
wherek is the spring constant (a measurement of the strength of the trap), r isthe
coordinate in cylindrical coordinates (r = 1/xz +y? ) and wy isthe radius of the trap.

c) Theforce contributes to the velocity of the bal for the next frame. In the x direction,

F .t
VX = +VS
m,
Inthey direction,
v = Ft
y
m,

d) Thenew pogtionis a =r+viDt .
€) lterating this gives us a predicted trgectory in the x and y directions.

f) The parameters are wo, K, Yo and ty« . Varying these dlows us to fit the modd to the data
(Seefigure below).
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Xo= Vs( t+ tloffset)

Trap
Ball
Figure: Therelative sizes of the ball and the trap.
The following figures show the modd’ s fit to the data.
Scattering in the x coordinates
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Figure : Plot showing the model’ sfit to the measured x coordinates of the ball (red points) in the reference
frame of the trap, plotted versus the frame number (each frameis separated by 1/30 sec). The error in
measurement is+ 0.3 microns. We could perhaps adjust parameters or even refine the model to better
account for and fit the data when the ball isin the trap (frames 176-180). We corrected the measured x
coordinates in order to eliminate the stagejitter by subtracting the coordinates of the reference point and
adding back the predicted position of the stage.

Framenumber | X(ball pred) | X (measured) | F(trap) (pN) | V4 (mm/frame)
(mm) (mm)

170 -8.10 -8.10 0.00 1.80




171 -6.30 -6.32 0.03 1.81
172 -4.49 -4.24 0.22 1.88
173 -2.61 -2.78 0.59 2.01
174 -0.60 -0.69 0.39 1.94
175 1.34 0.77 -1.56 1.25
176 2.59 1.61 -3.57 0.54
177 3.12 4.01 -4.04 0.37
178 3.49 4.23 -3.69 0.50
179 3.99 4.76 -2.84 0.80
180 4.79 5.61 -1.57 1.24
181 6.03 5.83 -0.45 1.64
182 7.67 8.22 -0.05 1.78
183 9.46 9.69 0.00 1.80
184 11.26 10.84 0.00 1.80
185 13.06 13.23 0.00 1.80
186 14.86 15.01 0.00 1.80
187 16.66 16.47 0.00 1.80
188 18.46 17.93 0.00 1.80

Figure 16: Table showing the predicted x position, force, velocity of the ball for each frame (frames 170-188).
For comparison, are the measured x values, which we corrected to account for the stage jitter: we subtracted
the reference coordinates from the ball position point by point, then added the linear prediction for the stage
position.

Scattering in the y coordinates
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Figure 1: Plot showing the measured y position of the scattered ball with the best fit generated by the
model. We simultaneously fit the x and y coordinates with the model so we could get a better fit by
adjusting the parameters: then the fit for the x coordinates would suffer) Best fit of model to y coordinates of
the scattered ball. The error in measurement is approximately =0.5 microns. To get a better fit, we could
increase the spring constant k, increase the trap size or decrease the scattering parameter y,. In al three
cases, however, abetter fit for they coordinates resultsin trapping in the x direction, which is contrary to
what actually happens (see Appendix A). A possible explanation would be that the trap is asymmetric in the
x and y directions as found by Paul Larson.

| Frame | y(ball pred) | y (measur ed) | F (trap) (pN) | V, (mm/frame) |




number (mm) (mm)
170 4.50 4.34 0.00 0.00
171 4.50 4.65 -0.02 -0.01
172 4.49 4.65 -0.22 -0.08
173 4.41 4.34 -1.00 -0.35
174 4.06 4.03 -2.64 -0.93
175 3.13 2.79 -3.65 -1.29
176 1.84 1.24 -2.54 -0.90
177 0.94 0.31 -1.22 -0.43
178 0.51 0 -0.54 -0.19
179 0.32 0 -0.23 -0.08
180 0.24 -0.31 -0.08 -0.03
181 0.21 -0.31 -0.02 -0.01
182 0.21 0 0.00 0.00
183 0.21 -0.62 0.00 0.00
184 0.21 -1.24 0.00 0.00
185 0.21 -1.24 0.00 0.00
186 0.21 -1.24 0.00 0.00
187 0.21 -0.93 0.00 0.00
188 0.21 -0.93 0.00 0.00
Figure 17: Table showing the predicted y position, force, velocity of the ball for each frame (frames 170-

188). For comparison, weinclude the measured y positions.
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Figure : Plots showing minimum variations in spring constant parameter k for there to be a significant
deviation fromthe x or y fitted curves. The best fit to the datais the solid line. To achieve a significant
change, we increased k by approximately 5% (dashed line) and decreased k by approximately 11% (dotted
line). Variations in the spring constant parameter are twice as sensitive when it is being decreased from the
fitted value than when it isincreased from the fitted value.
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Figure : Plots showing minimum variation in the trap radius parameter w, for there to be a significant
change from the best fit to the x and y coordinates of the ball. The best fit of the model to the dataisthe
solid line. Significant change occursfor a 1.5% increase in w, (dashed line) and for a 3.3% decreasein w,

(dotted line). The modeled trajectory is twice as sensitive to decreases in the trap radius than increasesin

this parameter.
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Figure : Plots showing minimum variation in scattering parameter y, for there to be a significant deviation
from the best fit to the x or y coordinates of the ball. The solid line is the best simultaneousfit to thex and y
coordinates of the ball. Significant change occursfor a 7% increase in y, (dashed line) and for a 2% decrease
iny, (dotted line). The model is approximately three times more sensitive to decreasing the scattering

parameter than to increasing.
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Figure : Plots showing minimum variation in the time offset parameter t s fOr there to be asignificant
deviation in the curves from the best fit. The line of best fit to the x and y coordinates simultaneously isa
solid line. Varying this parameter gives us what we would expect. The curves are translated horizontally two
framesto the left (dotted line) or to theright (dashed line) of the best fit.

IX. Conclusion

The experiment was much more successful than expected. We had anticipated
measuring normal scattering, where we can only get one force measurement per scatter event.
However, the experiment provides us with congderably more information. As the bal moves
through the trgp, we can actualy determine the force on the ball for each postion of the ball.
This direct measurement of the forces of the trap was due to the viscous force. The trgectory
changed much more than normal scattering because there is a strong viscous force: the bl is
adways a termind velocity, which isthe crucid fact that dlows usto get the forcesin the trap.
This one scattering event, even marred by stage jitter, alows us to create amodel for the forces,
which can be used to fit to future data and even make predictions about the behavior of the trap
given certain parameters.

We have observed and recorded two-dimensiona scattering and have conducted the
investigation into recording three-dimensiona scattering. We have measured the forces of the
trgp in function of ball position to an accuracy of approximately 0.5pN in the x direction and
1pN inthey direction. We have obtained a position resolution of gpproximately 0.3 micronsin
the x direction and 0.5 micronsin they direction.

X. Futurework

Now that we have aforce model, we can make predictions and verify them
experimentaly. With amethod of andysisin place, more datawould dlow usto gain further
indght into the characterigtics of the trgp. For ingtance, we could try sending the ball through the
trgp dong they axisto better investigate the y forces. Pursuing this project into further depth,
we could resolve the pogition of the ball with better accuracy. Firgt of dl, there appearsto be a
non-random error in the measurement of the y coordinates, which contributed to the



measurement error. This could be due to one of severd possihilities firgt of dl, on retaking the
data from the avi file, we found that the y fluctuation of the bal of approximately 0.5 microns
seemed to disappear. This suggeststhat it was error in measuring the coordinates. Alterndively,
this feature could be redl, the stage was “jiggling” in they direction; however, the y coordinates
of the stage do not seem to have the same fluctuation. Most probably then, itisan error in
measurement: the reference point has a more pronounced edge that can be used asa“visud
landmark” from frame to frame. With thisin mind it would not be surprising if there were amore
Szable measurement error in the ball’ s coordinates. The pixel sze of 0.3 micronsis apparently a
limiting factor in the resolution of the bal’s position. To achieve better position resolution, we
could imagine transferring the data from the videocassette to a computer image file of higher
pixd resolution: to avoid dropping frames in trandation to the .avi format we could isolate and
capture only those few frames of interest. Another obvious obstacle to achieving accurate data
would be the stage trandation: with smoother trandation, alinear mode would give usamuch
better gpproximation.

Andyss of further datawill adlow us to hone our mode, we could obtain even more
accurate force measurements. Taking and analyzing more data would hopefully clear up some of
the apparently mysterious features in the current data. The strange step featuresin they
coordinates after we are assuming the bal is out of the trgp, could be investigated. Varying the
parameters of the mode we can get some interesting featuresin this region such as oscillationsin
the y direction about the center of the trap. Further study will either refute this feature as an
anomely or proveit to be an important and interesting effect.
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