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Abstract

Equipment needed and design information is provided for constructing an optical tweezers.  The equipment budget is under $6000.  With the tweezers it is possible to move dielectric objects and biological samples as small as tens of nanometers. The tweezers are three dimensional traps that use a focused laser beam to trap and manipulate microscopic objects.  
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Objective

The objective of the optical tweezers set-up is to provide undergraduate students with an opportunity to further apply the theory learned in class beyond the standard optics laboratory, to design and implement the experiment and to collect and analyze the data. This experiment allows the students to understand the importance of interdisciplinary work and also introduces the students to the new and rapidly developing field of nanotechnology.  
Equipment and Materials
The set-up can be created with commercially available components, including a He-Ne laser (17 mW, 632 nm), optical breadboard, mirrors, lenses, a pinhole, a microscope and Sony CCD camera, an ND filter or filter wheel (optional), dichroic filter, television monitor, optical mounts and posts, polystyrene spheres (1 μm and 2μm diameter).
Introduction

One of the latest developments in the world of optics and nanotechnology is optical tweezers.
, 
 The tweezers are also known as optical traps because of their ability to trap objects.  The force exerted by the tweezers is too weak to move macroscopic objects, but it is large enough to manipulate individual particles on a cellular level.  Furthermore, since the force is delivered equally over the majority of the particle area, the tweezers can manipulate delicate objects without causing damage.

Procedure

The optical tweezers set-up
 constructed at VMI is similar to the one shown in Figure 1. The tweezers consist of a single laser beam, which is focused by a microscope objective to a spot.  
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Figure 1. The schematic diagram which illustrates the optical tweezers set-up being constructed.
The spot of light which is in the specimen plane creates an optical trap as shown in Figure 2.  The basic principle governing the operation of the trap is the momentum transfer associated with the bending of the light as it interacts with the particle.  Any change in the direction of the light, by reflection or refraction, will create a change in the momentum of the light.  Since momentum is conserved, if the light strikes a particle which causes the light to bend, the momentum of the light will change, and therefore the object must also undergo an equal and opposite change in momentum.  This results in a force acting on the particle. The force can be split into two components, a light scattering force and gradient force due to the interaction of the light with the particle. The components of the force are shown in Figure 3. The gradient force is perpendicular to the direction of propagation and acts like a restoring force continuously pulling the particle into the center of the beam.  It operates like an optical spring bringing the particle back to the center of the trap when it is displaced.  The scattering force is in the direction of propagation.  Together, the gradient and scattering forces, allow the spot to trap and hold a small particle at its center.  Precise steering of the trap is accomplished with lenses and mirrors.  
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Figure 2. Simplified schematic of the laser beam being focused by the microscope objective to form the optical trap in the specimen plane
.
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Figure 3. A vector diagram which illustrates the components of the force responsible for creating the optical trap is shown in the plane of the beam2.  

Comments
A photograph of the VMI tweezers is shown in Figure 4 below.    
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Figure 4. A photograph of the optical tweezers set-up at VMI. 

A neutral density (ND) filter wheel was inserted in front of the laser to minimize the intensity during alignment. During alignment one must take the appropriate precautions and wear proper goggles. As with any optical set-up the alignment of the tweezers can be rather time consuming.  The paper by Smith et al in the Department of Physics at Harvard University3 is an excellent reference for constructing and aligning a basic optical tweezers.  This paper gives distance specifications for each optical component which aids in optimizing the laser trap.  It also gives a suggested list of equipment to purchase.  The group under Kristian Helmerson at the National Institute of Standards in the Atomic Physics Division has a more sophisticated set-up than ours but was willing to address our questions via email and offered a tour of their facility.

There are a variety of applications for the tweezers.  At this point our efforts have been on optimizing our design through trapping polystyrene spheres.  In the next phase we plan to collaborate with colleagues in the VMI biology department to investigate the force involved in moving food vacuoles in Paramecium.  The interdisciplinary nature of the tweezers amplifies its usefulness as an undergraduate research tool.      
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