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BEEM /- ¥ spectrum (circles) for Au/n-GaAs(100). Plotted tunnel voltage is equiva-

110 Vg =Viip - Also shown is a fit of a three-threshold model to the data. Three different ¥;

rameters and three separate R values are allowed to vary during the fit. Fixed values of 3eV

d 15A were used for ® and s. The thresholds derived from the fit are at 0.89V, 118V, and
)-86V.
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Figure 4 o5

R 1.0 15
TUNNEL VOLTAGE (V)

Derivatives df /dV of the experimental and theoretical spectra
multiple-threshold nature of the data can clearly be seen.
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Optical Tweezers

We’ve seen how we can cool atoms in a small volume (and discussed how, with a
magnetic field, a magneto-optical trap can be generated). BUT what about larger
particles.

In Sci-Fi we have the Borg ship holding the Starship Enterprise in a Trator beam.....
definitely sci-fi!

However smaller particles can be trapped and manoeuvred in an optical beam.
Particle sizes range from a few microns, up to ~ 100 microns. These particles are
made up of a large number of atoms - as long as the particles are ‘transparent’ to
the laser light being used, then in principle the same effect as that discussed for
single atoms applies - namely photo recoil — or transfer of momentum.

The origins of optical tweezers goes back to the mid-1980’s when in experiments in
the period of 1985-1987 on individual biological specimens, such as viruses and
bacteria, successfully demonstrated manipulation in 3D. The first experiments were
performed in Bell labs in the USA.

So how do optical tweezers work?




&

Optical Tweezers

Since the particles in question consist of a large number of closely packed
atoms, the individual atom treatment of photon momentum transfer can not be
applied any longer.

Rather a global, macroscopic treatment is required, although the particles are
still only of micron dimensions overall.

We know from classical mechanics that change in momentum is nothing elese
than a force exerted on a particle.

: d .
e Lomas—(my)=p
dt
When light is absorbed, reflected or diffracted by the particle, minute forces are

generated acting on the partcle. The forces can be of the order of a few pN
when using a few mW of laser power.



Optical Tweezers

One can crudely calculate the force from a formula which gives the photon
recoil force for a sphere under the influence of a laser beam of power P.

L |F|= mP
6

n, = refractive index of the particle’s environment

P = laser power

Q = scaling factor, taking into account the particle’s shape and refractive index.

¢ = speed of light

Typically in optical tweezers:
Q=0.1-05
n, =1 (air)/1.33 (water)/ higher for other liquids
P =10 mW (HeNe lasers widely used)
-11 v, el
=|F|=1.1x10" N =10pN =7, 272 e

pTJ}J§{
ity 7



Optical Tweezers

So how do we exploit this force for manipulation of a particles position?

One specific change from the atom cooling is that we generate an
inhomogeneous radiation field in the area of the particle — we focus the beam.

For the sake of simplicity, let us assume the particle is a sphere. Depending on
where the rays within the beam enter the sphere, they are refracted and bent,
and the particle behaves like a small lens.

Before entering, they can be viewed as having no momentum perpendicular to
their travel direction, after being deflected/refracted they appear to change
momentum, i.e. gain sideways momentum component.

Since momentum is conserved, there is a transfer of momentum to the particle.
Because of the gradient in the beam, a gradient in force is generated.

The particle is actually pulled towards the high-force region, i.e. towards the
light focus.



(a)

Optical Tweezers

(b) -

laser beam

If the object is placed below the centre of the focus, the resulting force g " s
in the tweezers acts in the upward direction If the object is placed above the centre of the focus, the resulting force

(c)

in the tweezers acts in the downward direction

If the object is placed to the right of the focus, the resulting force in the

tweezers acts towards the centre, i.e. to the left



Optical Tweezers

(a) If the particle is below the centre of focus, the resulting force on the particle is
upwards

(b) If the particle is above the centre of focus, the resulting force on the particle is
downwards

(c) If the particle is to the right of the focus, the resulting force on the particle is
to the left, i.e. To the centre of the tweezers.

This is all done in a tweezers setup that is incorporated into a microscope - so we
can actually see what we are doing. A typical setup is shown in the next slide.

Today optical tweezers are used extensively in biomedical applications, and while
they are very expensive for sophisticated research, they can now be simply built.
There is an article on blackboard detailing necessary components for the
undergraduate lab (S.P. Smith et al, Am. J. Phys 67 (1999), 26.

See also the Nature paper from 1992 by S.M. Block.



Optical Tweezers

To Monitor
4 CCD Camera
(a) (&) HO!
SRR T .4]\" &~ Video Adapter
! Pinhole | |Ms
| |
I
P

M, ' Filter
& Eyepiece

Pinhole Ov._mo:/& Prism
dovj § dr, Objective
p
= [T sample
+( ja = —— Stage
i T
~ _AIIU Condenser

Principle set-up with optical elements:
(a) Laser source

(e.g. HeNe laser)
(b) Beam shaper

(beam expander plus pin hole) Simplified schematic diagram of a
(c) Short focal length lens complete optical tweezers set-up,

(microscope objective) - incorporated into a microscope
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