
 

 

PRACTICAL TRACTOR BEAMS 

David G. GRIER* and David B. RUFFNER 

Department of Physics and Center for Soft Matter Research, New York University, New York, NY 10003, USA 

*Corresponding author: david.grier@nyu.edu 

 

 

Abstract 

A tractor beam is a traveling wave that transports 

illuminated objects back to its source, opposite to the 

direction in which the wave’s energy flows. The recently 

developed theory of photokinetic effects clarifies the 

circumstances under which a collimated beam of light can 

act as a tractor beam.  Its lessons are then used to create 

optical conveyors, a class of active tractor beams capable of 

long-range bidirectional transport [1], and solenoidal 

waves that act as true tractor beams with no active 

intervention [2].   These practical tractor beams are 

implemented experimentally with the holographic optical 

trapping technique. 

1 Photokinetic Effects 
The forces exerted by a beam of light on a small object 

arise from the object’s response to the light’s 

electromagnetic field.  This field may be described with its 

vector potential  

A(r, t) = u(r)eiϕ (r ) e−iωt ε̂(r) , (1) 

where u(r) is the amplitude, ϕ(r) is the phase, and ε̂(r)  is 

the polarization, each of which can be controlled 

experimentally. Equation (1) is specialized to the case of a 

monochromatic wave at angular frequency ω . We will 

adopt the further simplifying assumption that the 

polarization is uniform throughout the beam, ε̂(r ) = ε̂ , 

which is reasonable for a nominally collimated beam.  The 

electric and magnetic fields are obtained from A(r, t)  as 

E(r, t) = −∂tA(r, t) = iω A(r, t)  and (2)

H(r, t) =
1

µ
∇ × A(r, t) , (3) 

where µ is the magnetic permeability of the medium. 

A neutral isotropic particle couples to these fields 

through induced multipole moments.  For small particles, 

this response is dominated by the electric dipole term, 

p(r, t) = iωα A(r, t) , (4) 

where α = ′α + i ′′α  is the particle’s complex polarizability, 

and gives rise to the time-averaged Lorentz force [3,4] 

F(r ) =
1

2
ℜ p ⋅ ∇( )E*

(r,t)+ µ∂t p× H*
(r,t){ }

=
ω2

2
ℜ α Aj (r,t)∇A j

*
(r,t)∑









=
µc

2
′α ∇I (r )+ µc ′′α I (r )∇ϕ(r ),

  (5) 

where 

 

I (r) =
ω 2

2µc
u2

(r)   (6) 

 is the local intensity. The first term in Eq. (5) is the 

manifestly conservative intensity-gradient force that is 

responsible for trapping by single-beam optical traps [5].  

The second describes a non-conservative force 

proportional to phase gradients that describes the 

radiation pressure acting on the particle [6,7].  It is 

proportional to the momentum density carried by the 

beam of light, 

g(r) =
1

ωc
I (r)∇ϕ(r)   (7) 

and therefore is directed substantially downstream along 

the optical axis.  Because Eq. (5) incorporates redirection of 

the light’s momentum by scattering, it demonstrates that 

beams with uniform axial intensity cannot act as tractor 

beams for dipolar objects.  This may account for the 

difficulty of observing proposed tractor-beam action in 

uniform Bessel beams [8–10], which nonetheless may arise 

at higher orders in multipole scattering.  Beams with axial 

intensity gradients, however, can take advantage of 

competition between trapping and radiation pressure to 

create tractor beams for dipolar objects. 

2 Optical Conveyors 
The vector potential of an optical conveyor [7] is the 

superposition of two coaxial Bessel beams [11], 

A(r, t) = u
0
e−iωt b

1
(kr)+eiφ (t )b

2
(kr) ε̂  , (8) 

each of the form 

bj (kr) = J
0

1− β 2

j kr( )e
iβ jkz

 , (9) 

where k = nmω / c is the wavenumber of light in a medium 

of refractive index nm, and where β j  is a dimensionless 

factor with a value between 0 and 1 that reduces the axial 

wavenumber relative to a plane wave.  Equation (9) is 

written in cylindrical coordinates r = (r,θ, z)  aligned with 

the ẑ  axis.  The transverse amplitude profile takes the 

form of a Bessel function of the first kind of order zero.  

The two component Bessel beams differ in their axial 

factors, β2 >β1
, so that the conveyor’s axial intensity has a 

sinusoidal profile with maxima located at positions 

zn(t) =
2πn+φ(t )

β
2

− β
1( ) k

 (10) 
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indexed by the integer n.  Applying Eq. (5), the force field 

associated with this intensity pattern features stable 

equilibria at axial positions 

Zn(t) = zn(t)+
π

∆β k
−

2

∆β k
tan

−1 ′α

′′α

∆β

2β









  , (11) 

each of which can act as a trap for a dipolar particle.  Here,   

∆β = β2 − β1
 and β = β

2
+ β

1( ) / 2 . Ramping the relative 

phase φ(t) translates the traps and therefore transports 

trapped objects. 

Figure 1(a) shows the volumetric reconstruction [12] of 

an optical conveyor with β1 = 0.94  and β2 = 0.96  projected 

with the holographic optical trapping technique [1,13,14].  

This conveyor was used to trap 1.5-µm-diameter silica 

spheres dispersed in water, and to transport them both up 

and down the optical axis over a range of more than 60 

µm.  Figure 1(b) shows the trajectory of one such particle 

measured with holographic video microscopy [15,16]. 

 

 

Figure 1 (a) Measured intensity of an optical conveyor. (b) 

Measured trajectory of a colloidal sphere (drawn to scale) in an 

optical conveyor. 

 

Unlike an optical tweezer, whose range is inherently 

limited, an optical conveyor can capture objects anywhere 

along its length.  Its interferometric structure enables it to 

capture both light-seeking and dark-seeking particles, as 

demonstrated by the existence of the solutions to Eq. (11) 

for all values of ′α  and ′′α .  The self-healing nature of the 

constituent Bessel beams [17] furthermore enables a 

conveyor to capture multiple particles simultaneously at 

different positions along its length [1].  All captured 

particles move in the same direction and with the same 

speed, set by φ(t) , up to a limit set by the maximum value 

of F(r) ⋅ ẑ. 

The optical conveyor in Fig. 1 was projected with 3.5 W 

of light at a vacuum wavelength of 532 nm (Coherent 

Verdi 5W).  The hologram encoding the optical conveyor 

was imprinted on the wavefronts of the Gaussian beam 

using a liquid crystal spatial light modulator (SLM, 

Holoeye PLUTO).  The beam then was projected into the 

sample using a microscope objective lens (Nikon PlanApo, 

60× numerical aperture 1.4, oil immersion).  This system 

yielded a peak intensity of 0.93 mW/µm2 along the axis of 

the optical conveyor. 

The same objective lens was used to acquire in-line 

holograms of trapped particles using the collimated beam 

of a second laser at a vacuum wavelength of 447 nm 

(Coherent Cube) at an intensity of 8 mW/mm2, roughly 5 

orders of magnitude dimmer than the trapping beam.  

Interference between light scattered by trapped particles 

and the unscattered portion of the illuminating beam was 

recorded with a video camera (NEC TI-324A) at 30 

frames/sec, and was analysed frame-by-frame with 

predictions of the Lorenz-Mie theory of light scattering 

[18,19] to obtain the particles’ time-resolved three-

dimensional trajectories [15,16].  These measurements 

yield an axial resolution of roughly 3 nm over a range of 

more than 100 µm [20]. 

The ultimate range of an optical conveyor is limited by 

diffraction of the Bessel beam with the smaller axial 

wavenumber to roughly 

Rmax ≤
A

1− β
1

2
  (12) 

where A is the radius of the optical train’s aperture.  Truly 

long-range bidirectional transport therefore is possible 

with optical conveyors.  The larger values of β1
 required 

for such applications limit the maximum value of ∆β  and 

therefore the maximum axial force that can be applied.  

The ultimate limit is set by the real part of the target 

particle’s polarizability and the influence of higher-order 

multipole scattering. 

 

 

Figure 2 Predicted and measured intensity distributions of an 

optical solenoid beam. 
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3 Solenoidal Tractor Beams 
 

Although optical conveyors satisfy our definition of a 

tractor beam, their operation requires active variation in 

the relative phase φ(t) .  An ideal tractor beam 

transport material back to its source with no intervention 

at all.  This more stringent condition is satisfied by optical 

solenoids [2].  Unlike conventional beams of light, the 

maximum intensity of an optical solenoid spirals around 

the optical axis in a helix of radius R and axial pitch 

Remarkably, these are non-diffracting solutions to the 

Helmholtz equation. Like optical conveyors, 

potential of an optical solenoid beam is conveniently 

expressed as a superposition of Bessel modes

 

where the expansion coefficients cℓm
depend on the radius of the solenoid, and the axial factors 

 
βℓm = (ℓ− m) / (k∆z)  are selected from a set that is 

parameterized by the solenoid’s pitch.  

predicted and measured intensity distributions for a 

typical optical solenoid described by Eq. (13).

Figure 3 Trajectory of a colloidal sphere in a sole

 

Each solenoidal mode is characterized by a

radial index ν = k∆z  and an azimuthal index 

azimuthal index endows solenoid’s wavefronts with a 

helical pitch that is independent of the pitch of the 

intensity spiral.  This helicity endows the solenoid with an 

orbital angular momentum density 

 

l(r) = r × g(r)   
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Although optical conveyors satisfy our definition of a 

tractor beam, their operation requires active variation in 

.  An ideal tractor beam should 

al back to its source with no intervention 

This more stringent condition is satisfied by optical 

Unlike conventional beams of light, the 

maximum intensity of an optical solenoid spirals around 

and axial pitch ∆z.  

diffracting solutions to the 

Like optical conveyors, the vector 

potential of an optical solenoid beam is conveniently 

of Bessel modes, in this case 

  (13) 

= βℓm Jm 1− βℓm2 kR( )  

solenoid, and the axial factors 

are selected from a set that is 

 Figure 2 shows the 

predicted and measured intensity distributions for a 

typical optical solenoid described by Eq. (13). 

 

Trajectory of a colloidal sphere in a solenoid beam. 

solenoidal mode is characterized by an integer 

and an azimuthal index ℓ .  The 

azimuthal index endows solenoid’s wavefronts with a 

helical pitch that is independent of the pitch of the 

This helicity endows the solenoid with an 

(14) 

that exerts a torque on an illuminated particle at 

axial intensity gradient balances the axial component of 

the radiation pressure, then the transfer of orbital angular 

momentum can transport an illuminated object up the 

solenoid’s helical intensity profile, thereby gi

retrograde motion.  Because such a solenoid is a 

diffractionless mode, it therefore acts as a tractor beam 

along its entire length, with no intervention whatsoever.

 

The data in Fig. 3 show the three

of a 1.5 µm-diameter silica sphere in water moving along a 

solenoid with a radius of R = 5 

µm.  Setting ℓ= +30  causes the particle to spiral 

downstream along the optical axis.

pitch to ℓ= −30  draws the bead upstream, confirming that 

the solenoid acts as a tractor beam. Whereas the optical 

conveyor requires φ(t) to be varied in order to transport 

material, the solenoidal tractor beam operates entirely 

unattended.   In that sense, it is a

true tractor beam. 
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