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Single Gradientless Light Beam Drags Particles as Tractor Beams
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Usually a light beam pushes a particle when the photons act upon it. We investigate the optical forces by
nonparaxial gradientless beams and find that the forces can drag suitable particles all the way towards the
light source. The major criterion of realizing the backward dragging force is the strong nonparaxiality of
the light beam, which contributes to the pulling force owing to momentum conservation. The non-
paraxiality of the Bessel beam can be manipulated to possess a dragging force along both the radial
longitudinal directions, i.e., a “tractor beam’ with stable trajectories is achieved.
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In spite of the well established theory, experiment, and
applications in particle-light interaction [1-5], there are
many unknowns yet to be explored in the field of radiation
pressure and optical micromanipulation by particular light
beams. In ordinary optical tweezers, the transportation of
the particles along the 3D trajectories can be achieved
using the spatial light modulators [6]. In this case, the
consecutive change of the computer-generated holograms
for the beam produces the necessary effect—trapping the
particle due to the field gradient. However, the radiation
pressure on the particle is positive everywhere owing to the
focused gradient beam. In this Letter, we aim to propose a
gradientless light beam to achieve a continuous and stable
dragging force on the particle, which drives it along the
beam path towards the light source, i.e., a “tractor beam”
per se.

Light usually results in a repelling force on the object
[7-10] due to positive radiation pressure and momentum
conservation. It is correct for the electric-dipole approxi-
mation and paraxial light beams when the particle’s size is
much less than the wavelength [2]. Even in this case, the
optical force exerted upon the particle can still be manipu-
lated to be negative provided that two oppositely directed
beams are used simultaneously to illuminate the particle
[11]. However, such a two-beam configuration (requiring
exactly opposite directions) is not necessary. As shown in
Ref. [12], two beams with different longitudinal wave
numbers can locally operate as a tractor beam. Another
possibility of getting attractive force is to use gain media
[13], but the exotic media strongly confine the possible
applications of the negative force. In Ref. [14] it was
suggested, without proof, that the negative Poynting vector
could be the reason for the attractive force. Though the
negative energy flux density is not the reason for the
particle being dragged towards the light source, negative
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force (acting as a tractor beam) is quite possible for the
nonparaxial beams if more photons can be transferred into
the forward direction than the backward. The resulting
dragging force can thus be obtained from the momentum
conservation owing to the creation of an asymmetric scat-
tering pattern and associated momentum transfer [15],
which is justified by the aerodynamic analog [16] and
acoustic analog [17].

Therefore, the tractor beam in classic optics is believed
to be feasible and this Letter investigates the physical
realization of such a special beam as well as the necessary
conditions. As suggested by the acoustic analog, the pull-
ing force has a wave-based nature [17], so the methodology
of realizing the pulling force can be applied over any
frequency range. The particle can be large compared to
the wavelength. We find that a nonparaxial gradientless
beam is a good candidate for a tractor beam in terms of
transferring more photons to the forward direction of the
particle. The experimental generation of a strongly non-
paraxial vector Bessel beam is still challenging.
Nevertheless, the recent technique of hypergeometric laser
beam generation by axicons [18] paves a promising path
toward realizing a tractor beam in practice at least within a
certain propagating length where the Bessel beam pos-
sesses enough nonparaxiality.

The Bessel beam propagating along the z axis is de-
scribed as [14]
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where J,,(gr) is the Bessel function of the first kind, &k, =
w/c is the wave number in vacuum, g = k; sina is the
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FIG. 1 (color online). (a) Light beam pushes a particle from
position B’ to position B while it drags another particle from the
original position A’ to the new position A (it will keep dragging if
the light keeps shining). On the right, wave vectors of the gra-
dientless Bessel beam lying on the cone are sketched. (b) and
(c) denote the cross-sectional intensity of such a beam propagat-
ing along the z axis (¢; = 1, ¢, = i, q/ko = 0.9, m = 1).

transverse wave number [« is the cone angle, see Fig. 1(a)],

B = 4/k3 — ¢* is the longitudinal wave number, m is
the beam order, b= iJi,,(qr)e,—%Jm(qr)ew and

J!.(qr) = j(fi”r’). The intensity distribution |E|> of the
beam is illustrated in Figs. 1(b) and 1(c). The intensity is
actually propagation invariant (z independent) and azimuth
invariant (¢ independent). Coefficients ¢; and c, of the
vector Bessel beam (1), which are, respectively, associated
with TE-polarized (¢, = 0) and TM-polarized (c¢; = 0)
waves, provide a propagation invariant field with complex
polarizations. In general, coefficients ¢; and ¢, can be
complex numbers, which means that TE and TM beams
are phase shifted. Strong nonparaxial Bessel beams have
already demonstrated a number of exciting properties like
local negative direction of the Poynting vector [14] and
intensity transformation on reflection [19].

The backward dragging force can be justified by the
conservation of photon momentum and Newton’s third
law regarding reaction force. When the light strongly
scatters upon the back (forward) hemisphere, the photons
transfer more forward (backward) momentum to the parti-
cle [20], resulting in a pulling (pushing) force. Such a
pulling force has been verified in acoustic analog by elim-
inating backward scattering [17]. The concept of a tractor
beam can be realized when the Bessel beam is sufficiently
nonparaxial.

If the size of a magnetodielectric particle is much less
than the wavelength, the imaginary part of the complex
polarizability «, = ¥ + i2k(3)a530)2/3 (one has similar
expressions for the magnetic polarizability «,) is much

smaller than the real part [3], where V=@ -1))
(g + 2). Thus, we derive the z component of the force
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where P, = e (E X H").

F, is fully nonconservative [12], because the z compo-
nent of the tractor beam is gradientless due to the
nondiffractive nature (z independent). The negative non-
conservative force explains the pulling effect. For non-
magnetic small particles («,, = 0), the force is always
pushing, based on Eq. (2). However, the negative force
for the Rayleigh magnetic particle is feasible due to the
small longitudinal wave number S of the light beam and
large positive Poynting vector (quantity Re(P,)).
Nevertheless, note that nonmagnetic non-Rayleigh parti-
cles can be attracted owing to the contributions of higher-
order electrical moments, which will be discussed further.

If B is not small, e.g., the plane-wave case (8 = 1 and
|[E|?> = |H|?> = Re(P,) = 1), we have

(F)=
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Then, force F, cannot be attractive for any dielectric
permittivity or magnetic permeability under the illumina-
tion of a plane wave.

We first assume that the incident vector Bessel beam is
scattered by the spherical particle of radius R situated at the
beam axis. The scattered fields can be calculated, for
example, using the matrix approach [21,22], which is valid
for any incident electromagnetic wave. The fields at the
boundary of the sphere can be written as the sum of the
incident and scattered fields: E = E" + E* and H =
H™ + H*. These fields are sufficient to compute the
time-averaged force on the particle:

T (27 .
F = [ f (Tn)R? sin6dod e, 3)
0 0

where n denotes the normal direction to the surface of the
dielectric object [15], and 7 denotes the time-averaged
Maxwell’s stress tensor

1
Re(E QE*+ H H* — 5(|E|2 + |H|2)). “4)

Here E ® E* defines the dyad, whichis (E ® E¥);; = E;E;
in index form. Because of the axial symmetry of the Bessel
beam and the position of a spherical particle, the only
nonzero component of the force is the F,. If a particle is
not placed exactly at the axis, the radial force will arise. In
particular, we investigate the situation of F, <0 herein,
i.e., when the particle is pulled by the beam.

When the particle is located at the beam axis, angle ¢ for
the Bessel beam in Eq. (1) is identical to the azimuthal
angle of the particle’s spherical coordinates. Therefore, this
single term exp(im¢) will be summed over the integer
azimuthal number to calculate the fields. It is not the
case for the particle situated away from the axis. Then
we need to take into account the terms with integer azimu-
thal numbers not equal to m.
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The configuration of the beam strongly defines the pos-
sibility of the backward dragging force. However, the
intensity of the light is not related to the dragging
force. Even identical intensity patterns result in different
dependencies of the force [e.g., the insets of Figs. 2(b) and
2(d)]. It should also be noted that the negative longitudinal
component of the Poynting vector S, is not responsible for
the appearance of the negative force, because the large
negative S, exists for ¢, = —i [14], while the force is
positive in this case [Fig. 2(f)].

A strong dragging force exists for the non-phase-shifted
superposition of TE- and TM-polarized beams [c¢, is a
positive real number as in Figs. 2(b) and 2(c)] and for
ar/2-shifted beams [c, is an imaginary number with
Imc, >0 as in Fig. 2(e)]. In the latter case, the negative
force arises over a wide selection of the particle’s permit-
tivity. Because of the nonparaxial regime, large particle
size, and/or magnetic moments, the force owing to the
dipole term can become a dragging force. When we in-
troduce the loss o into the permittivity e + i8, the pulling
force reduces as expected as shown in Fig. 2(e). This can be
explained by the momentum transfer from the photons to
the particle creating the additional pushing force as the
result of nonelastic interaction.

(a)

0.10

(b) | ~os
0313

0.05

0.00

z

0.4

Force F_(a.u.)

0.0

2 4 6 8 10 12 14 2 4 6 8 10 12 14

0.6

0.4 =15 —~ 0.
(e) 31 i) 3 :iv
o 0.5 =03
0.2 [ 0.4 i 02
32- 3210123
k|
0.0 \/Vﬁ*"—\ 02
0.0

-0.2

2 4 6 8 10 12 14 2 4 6 8 10 12 14
Dielectric permittivity ¢

FIG. 2 (color online). Force F, on the spherical particle
(kR =1, w =3) versus dielectric permittivity & for
@ =0, ) ,=1,() =2, (d) c;=~1, (e) &, =i,
and (f) ¢, = —i. In the insets, the field intensities are demon-
strated (grey circle stands for the particle). Beam parameters are
c1 =1, g/ky = 0.9, and m = 1. Red dashed curve in subfigure
(e) shows the force F, for lossy particles & + i0.1.

Thus, the Bessel beams with ¢, =1 and ¢, =i are
preferred based on their wide ranges of permittivity for
dragging force, but they are quite distinct. In Figs. 3(a) and
3(c) we show the force acting on the particle for ¢, = 1 and
for ¢, = iin Figs. 3(b) and 3(d). Asymmetry in the case of
¢, = 1 implies that, in order to induce the dragging force,
the permittivity should be greater than the permeability;
i.e., the excited electric moments play the dominant part. In
the symmetric case [Figs. 3(b) and 3(d)], the dragging
force becomes largest at the impedance matching condition
of € = w. It is interesting that the region of the negative
force is really wide in Figs. 3(b) and 3(d). The value of the
force can be enlarged by adjusting the radius of the sphere
[see Fig. 4(a)]. From Fig. 3(d) we can see that the force can
be attractive even for w = 1 (it is out of the range of the
plot). This is actually the case for the black solid line in
Fig. 4(a). So the dragging force can act even on the
common glass particles if it has an appropriate size. The
only limitation of realizing our tractor beam is the large
nonparaxiality. As shown in Figs. 4(b) and 4(c), the varia-
tion of the parameters does not substantially reduce the
cone angle a = arcsin(gq/ky) (for g = 0.9 the angle «
equals = 64°), beyond which the backward dragging force
will be pronounced. The angle « can be reduced for the
large particles [e.g., see kgR = 1.8 in Fig. 4(c)]. The beam
should have a small longitudinal wave number S so as to
create the dragging force. Figure 4(d) clearly shows that in
the shaded region, both F, and F, [projection of the total
force in Eq. (4) onto the radial direction] are negative when
a specific particle (e = p = 3) is within a certain distance
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FIG. 3 (color online). Diagram of the force F, as a function of
the dielectric permittivity € and magnetic permeability w for (a),
(¢) ¢, =1 and (b),(d) ¢, = i. In the bottom subfigures, only
negative values of the force are shown. Parameters: kgR = 1,
c,=1,q9/ky =09, m=1.
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FIG. 4 (color online). (a)—(c) Force on the particle at beam
axis. (d) Trajectories of dragging force. F', versus (a) the particle
radius kR (q/ky = 0.9); (b) cone angle o = arcsin(gq/kg) (¢, =
i,e =225, u=1);and (c) cone angle a (¢, = i, e =3, u=23).
In (d), kyd denotes the radial distance from the beam axis, and
the shaded region represents that the dragging force can pull the
particle (kR = 1, ¢, = i, ¢ = 3) along stable trajectories be-
cause of F, <0 and F, <0. A multimedia file, corresponding to
(c) is created to show the significance of the cone angle (non-
paraxiality effect) and the particle’s radius (size effect), in order
to achieve dragging forces (see Media 1 [23]). Other parameters:
c=1m=1.

from the beam axis of the nonparaxial laser. Therefore,
such particles will be pulled along stable trajectories (to-
ward the beam axis and light source), while others will be
pushed away from the beam by F, >0 and/or F,> 0.
Then one can design the tractor beam per se, to realize
dragging a targeted class of particles while pushing away
others, as shown in Fig. 1(a).

In conclusion, we have demonstrated the possibility of
realizing the tractor beam by a single gradientless light
beam, which can drag the particle toward the source.
Compared to the previously reported tractor beams [12],
we have the broadband negative force and do not need two
opposite beams with different wave numbers [11] or a
gradient beam [6]. The proposed gradientless beam with
the proper manipulation of the nonparaxiality can pull
particles, which can be large or small and made of any
materials. The tractor beam has a finite region of stable
trajectory near the beam axis. Therefore, even if the parti-
cles are initially off the beam center, they can be shifted to
the axis and attracted to the light source.

A.N. acknowledges financial support from the Danish
Research Council for Technology and Production Sciences

(Project THz COW). C. W. Q. acknowledges financial sup-
port from the National University of Singapore through the
YIA Grant. The authors are grateful for the stimulating
discussions with Professor C.T. Chan.

*eleqc@nus.edu.sg
[1] A. Ashkin, J. M. Dziedzic, J. E. Bjorkholm, and S. Chu,
Opt. Lett. 11, 288 (1986).
[2] P.C. Chaumet and M. Nieto-Vesperinas, Opt. Lett. 25,
1065 (2000).
[3] M. Nieto-Vesperinas, J.J. Saenz, R. Gomez-Medina, and
L. Chantada, Opt. Express 18, 11428 (2010).
[4] T. Cizmar, L. C. Davila Romero, K. Dholakia, and D.L.
Andrews, J. Phys. B 43, 102001 (2010).
[5] K. Dholakia and P. Zemanek, Rev. Mod. Phys. 82, 1767
(2010).
[6] D.G. Grier, Nature (London) 424, 810 (2003).
[7]1 Y. Roichman, B. Sun, Y. Roichman, J. Amato-Grill, and
D. G. Grier, Phys. Rev. Lett. 100, 013602 (2008).
[8] V. Karasek et al., Phys. Rev. Lett. 101, 143601 (2008).
[9] S. Albaladejo, M. 1. Marques, M. Laroche, and J.J. Saenz,
Phys. Rev. Lett. 102, 113602 (2009).

[10] J. Ng, Z.F. Lin, and C.T. Chan, Phys. Rev. Lett. 104,
103601 (2010).

[11] V.G. Shvedov et al., Phys. Rev. Lett. 105, 118103 (2010).

[12] S. Sukhov and A. Dogariu, Opt. Lett. 35, 3847 (2010).

[13] A. Mizrahi and Y. Fainman, Opt. Lett. 35, 3405 (2010).

[14] A.V. Novitsky and D. V. Novitsky, J. Opt. Soc. Am. A 24,
2844 (2007).

[15] M.G. Burt and R. Peierls, Proc. R. Soc. A 333, 149 (1973).

[16] J.D. Anderson Jr., Introduction to Flight, Section 5.19
(McGraw-Hill, New York, 1989); G.A. Swartzlander,
T.J. Peterson, A.B. Artusio-Glimpse, and A.D.
Raisanen, Nat. Photon. 5, 48 (2010).

[17] P.L. Marston, J. Acoust. Soc. Am. 120, 3518 (2006); 122,
3162 (2007); 125, 3539 (2009); F. B. Mitri, J. Phys. A 42,
245202 (2009).

[18] S.N. Khonina, V.V. Kotlyar, R. V. Skidanov, and V.A.
Soifer, J. Mod. Opt. 51, 2167 (2004).

[19] A.V. Novitsky and D. V. Novitsky, Opt. Commun. 281,
2727 (2008).

[20] J. Chen, J. Ng, Z. Lin, and C. T. Chan, Nat. Photon. §, 531
(2011); A. Novitsky and C. W. Qiu, arXiv:1102.5285v1.

[21] A. Novitsky and L. Barkovsky, Phys. Rev. A 77, 033849
(2008).

[22] C.-W. Qiu, A. Novitsky, H. Ma, and S. Qu, Phys. Rev. E
80, 016604 (2009).

[23] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.107.203601. In the
Media file, we show the relation between the axial force
and nonparaxial angle at varying sizes of the particle. R
denotes kqr, i.e., the electric dimension of the particle.
Dragging force is dependent on both cone angle and
particle’s size.

203601-4


http://dx.doi.org/10.1364/OL.11.000288
http://dx.doi.org/10.1364/OL.25.001065
http://dx.doi.org/10.1364/OL.25.001065
http://dx.doi.org/10.1364/OE.18.011428
http://dx.doi.org/10.1088/0953-4075/43/10/102001
http://dx.doi.org/10.1103/RevModPhys.82.1767
http://dx.doi.org/10.1103/RevModPhys.82.1767
http://dx.doi.org/10.1038/nature01935
http://dx.doi.org/10.1103/PhysRevLett.100.013602
http://dx.doi.org/10.1103/PhysRevLett.101.143601
http://dx.doi.org/10.1103/PhysRevLett.102.113602
http://dx.doi.org/10.1103/PhysRevLett.104.103601
http://dx.doi.org/10.1103/PhysRevLett.104.103601
http://dx.doi.org/10.1103/PhysRevLett.105.118103
http://dx.doi.org/10.1364/OL.35.003847
http://dx.doi.org/10.1364/OL.35.003405
http://dx.doi.org/10.1364/JOSAA.24.002844
http://dx.doi.org/10.1364/JOSAA.24.002844
http://dx.doi.org/10.1098/rspa.1973.0053
http://dx.doi.org/10.1038/nphoton.2010.266
http://dx.doi.org/10.1121/1.2361185
http://dx.doi.org/10.1121/1.2799501
http://dx.doi.org/10.1121/1.2799501
http://dx.doi.org/10.1121/1.3119625
http://dx.doi.org/10.1088/1751-8113/42/24/245202
http://dx.doi.org/10.1088/1751-8113/42/24/245202
http://dx.doi.org/10.1080/0950034042000265569
http://dx.doi.org/10.1016/j.optcom.2008.01.017
http://dx.doi.org/10.1016/j.optcom.2008.01.017
http://dx.doi.org/10.1038/nphoton.2011.153
http://dx.doi.org/10.1038/nphoton.2011.153
http://arXiv.org/abs/1102.5285v1
http://dx.doi.org/10.1103/PhysRevA.77.033849
http://dx.doi.org/10.1103/PhysRevA.77.033849
http://dx.doi.org/10.1103/PhysRevE.80.016604
http://dx.doi.org/10.1103/PhysRevE.80.016604
http://link.aps.org/supplemental/10.1103/PhysRevLett.107.203601
http://link.aps.org/supplemental/10.1103/PhysRevLett.107.203601

