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Abstract:  Near-field rotation of a trapped particle under focused
evanescent Laguerre-Gaussian beam illumination is theoretically
investigated by mapping the two-dimensional transverse trapping efficiency
exerting on the particle. It is revealed that the severe focal field deformation
associated with a focused evanescent Laguerre-Gaussian beam causes a
significant impact on the transverse trapping performance of the
microparticle. Compared with the far-field trapping force, strong tangential
force components have been observed in the transverse efficiency mapping,
which potentially lead to rotational motions to the particle within a small
trapping volume in the optical near-field.
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1. Introduction

Optical tweezers have been widely used in the fields of modern physics, chemistry and
biology for confinement and manipulation of microparticles, biological cells and molecules
[1-5]. Recently near-field trapping using a focused evanescent field generated by a high
numerical aperture (NA) total internal reflection (TIR) objective illuminated with an annular
beam has been demonstrated to be advantageous over the far-field trapping scheme in
biological samples[6-9], and in particular the red blood cells[9]. Thisis due to a significantly
reduced focal volume, which can substantially suppress the background and the heating effect
[3, 6-11]. In the mean time, rotation mechanisms, which are of great importance to achieve a
complete manipulation of the trapped microobjects, can be potentialy introduced by
dynamically controlling the phase, amplitude or even the polarization states of the incident
beam. However, for other near-field trapping methods [12,13], for example using a fiber tip,
rotation israther difficult to achieve.

Laguerre-Gaussian (LG) beams, which carry orbital angular momentum by their helical
phase front, are commonly utilized in far-field trapping to achieve a completely controllable
manipulation of the trapped object [14-16]. The electric field of such abeam can be expressed
as E = E; exp(imo), where ¢ is the polar coordinate in the plane perpendicular to the beam
axis and m is called the topological charge. It has been revealed recently that when the LG
beams are combined with the focused evanescent field, an anomalous focal field deformation
occurs due to the phase dislocation induced by TIR and the helical phase front of the LG
beams [17]. Spiral intensity patterns with the shapes similar to the optical spanner [15] were
observed in the focal region of the objective. Such an asymmetric focal field is favorable for
generating a controllable rotation of a homogeneous sphere in the near-field region by only
utilizing single LG beam illumination. In this paper, the near-field trapping force on a
microparticle under a focused evanescent LG beam illumination is investigated theoretically.
The rotational motion is examined by mapping the two-dimensional (2D) transverse force
exerting on a polystyrene particle.

2. Deformation of afocused evanescent field under LG beam illumination

LG beams are known for their characteristic intensity distributions of a dark spot on the
optical axis surrounded by a bright ring. However when focused by a high NA objective, they
lose their radial symmetry and two distinctive intensity maxima appear perpendicular to the
incident polarization direction due to the presence of a significant longitudinal polarization
component [3, 10, 11]. The deformation of the focal field becomes more pronounced when the
TIR condition is met. Using the vectorial Debye theory [10] the intensity distributions of the
focal field and their components (|Ef, |E,f, and |E,f) under horizontally polarized LG beam
(m=0-3) illumination are calculated and depicted in Fig. 1. To produce a pure focused
evanescent field at a cover glass (n;=1.78) and air (n,=1) interface, an obstruction disk with a
normalized radius p = 0.8 isinserted at the back aperture of a high NA objective (NA = 1.65)
to block all the propagating components. Influenced by the phase shift induced by the TIR,
prominent changes occur to al the field components [17]. Compared with the field
components of a Gaussian beam (Figs. 1(a)-1(c)), al the three polarization components and
the overall fields of the focused evanescent LG beams lose their symmetries (Figs. 1(d)-1(p)).
However, due to the dominant strengths of the |E,* and |E,* components, which are one order
of magnitude stronger than the |E,|* component, the overall distributions of the foci exhibit
spanner shapes (Figs. 1(h), 1(1) and 1(p)).
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Since the rotation of the focal fields are directly caused by the TIR, the rotation angle (o)
of the field, which can be defined as the angle between the intensity maxima with respect to
the vertical direction, as shown in Fig. 2(a), has a strong dependence on the obstruction size.
In Fig. 2(b), the rotation angle a is plotted as a function of the normalized obstruction radius
for different topological charges (m=0-4). For non-zero charges the rotation angle first
decreases steadily as the obstruction radius becomes large and reaches the minimum value at
the critical radius p. (corresponding to the critical angle). When the focused field becomes
purely evanescent, i.e. p > pe, the rotation angle o increases steeply and monotonically with
increasing the obstruction radius. It is important to note that the focus rotation persists as long
as there is an evanescent component, which suggests that it is an intrinsic phenomenon of any
objective operating under the TIR condition. Another noticeable feature in Fig. 2(b) is that the
rotation angle varies as a function of the topological charge. For the same obstruction size, the
rotation angle is larger for lower topological charges. This feature alows another freedom to
control the field rotation by applying LG beams of different topological charges.
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Fig. 1. Normalized intensity distributions (|E[) and their field components (|ExP, [Eyf?, and
[EzP) in the focal region of an objective with NA = 1.65 at the coverglass (n, = 1.78) and air (n,
= 1) interface, illuminated by annular (p=0.8) LG beams of topological charges 0-3. Light
polarization in x direction. Unit of axes. pm.
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Fig. 2. (a). Definition of a rotation angle a. Vx=kx singp, Vy=ky sino. (b) Rotation angle as a
function of the normalized obstruction radius for topological charges 0 to 4 (NA = 1.65, n; =
178, np = 1).

3. Transver se force mapping

The severely distorted spanner shaped focal field could possibly result in rotational motion to
a trapped particle in the near-field region. To evaluate the rotational motion of a polystyrene
particle trapped under a focused evanescent LG beam, 2D transverse trapping force has been
calculated. Similar calculation was conducted previously using a model based on the
combination of the vectorial diffraction theory and the Maxwell stress tensor approach [18].
However due to the assumption of a symmetric foca field distribution of LG beams, it was
only performed on two orthogonal axes [3]. Because of the severe asymmetrical focal field
distributions of the focused evanescent LG beams [17], it is indeed essential to undertake a
complete 2D mapping of the transverse trapping force.

Considering a monochromatic electric magnetic (EM) field enters from the first medium
(ny) to the second medium (n,) to illuminate a homogeneous microsphere situated in the
second medium, the net radiation force on the microsphere can be expressed as[18]

2w

<F>_i”{ng E+H,H ——(52E2+H )Fir2singdeds (@)

wherer, ¢ and 6 are spherical polar coordinates, E; and H, are the radial parts of the resulting
EM field evaluated on the spherical surface enclosing the particle. A dimensionless parameter
trapping efficiency Q, which is independent of the trapping power (P), is used to evaluate the
trapping force (F). It is defined as Q = Fc/nP, where c is the speed of light in vacuum.
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Fig. 3. Transverse trapping efficiency mapping for a polystyrene particle of 1 um in radius
across a pure focused evanescent field generated by an objective with NA = 1.65 and p = 0.85,
at the coverslip (n, = 1.78) and water (n, = 1.33) interface under LG beam illumination (m =0,
1, 2 and 3, light polarization in x direction).

Figure 3 presents the 2D mapping of the transverse trapping efficiency for a polystyrene
particle of 1 ymin radius (a) trapped in a pure focused evanescent field (A=532 nm) generated
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by the obstructed TIR objective (NA=1.65, p = 0.85) at a coverglass (n; = 1.78) and water (n,
= 1.33) interface under LG beam illumination (m =0, 1, 2 and 3). A stable near-field trapping
can be obtained under such a circumstance [3]. As expected, when a plane wave (m=0) is
utilized in Fig. 3(a), the transverse trapping efficiency is directed towards the center of the
focal region because of the gradient force. No evident tangential component appears in the
trapping efficiency mapping. However, when non-zero charges are applied (Figs. 3(b)-3(d)),
significant tangential force components start to emerge as a result of the asymmetric focal
field distributions. Furthermore, the tangential force becomes stronger for higher topological
charges due to a larger light-particle interaction area resulted from a larger field distribution.
The weighting of the tangential force component increases with the topological charge. When
m=3 is applied (Fig. 3(d)), it reaches nearly 100% of the total force at b= 0.3 um, whereb is

the radial coordinate in the 2D plane and defined as b=+/x* + y? . Such strong tangential force
components could result in the near-field trapped microsphere to rotate around the focal
center.

Tangentia force components can also be observed when afar-field LG beam is employed,
however with a much reduced strength. For example, in Fig. 4 the transverse trapping
efficiency for the same polystyrene particle across the far-field focal region generated by an
objective with NA = 1.2 at the coverdlip (n; = 1.51) and water (n, = 1.33) interface under LG
beam illumination are mapped for 8 topologica charges. For m=0-3, no obvious tangential
components can be observed. The tangential components only become noticeable when the
topological chargeis larger than 6, as shown in Fig. 4(h). The trapping efficiency mapping has
also been performed for other particle sizes and objectives with different NAs under far-field
illumination. Similar results (not shown) to those observed in the NA=1.2 objective have been
achieved. This indicates that in the case of high angle far-field focusing, higher topological
charges are essential for achieving a noticeable tangential force component.
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Fig. 4. Transverse trapping efficiency mapping for a polystyrene particle of 1 um in radius
across the focal field generated by a NA = 1.2 objective at the coverslip (n, = 1.51) and water
(np =1.33) interface under LG beam illumination (m = 0-7, light polarization in x direction).
Scale bar in (a) also appliesto (b-f).

To demonstrate this point more explicitly, the tangential components for nine different
topological charges focused by two objectives (NA=1.65 and NA=1.2) were extracted from
the force mapping and compared in Fig. 5 for four positions (b = 0.1a, 0.3a, 0.5a and 0.7a),
respectively. It is clearly seen from Fig. 5(a) that in the case of the obstructed TIR objective
(NA=1.65, p=0.85), for al the four positions, the tangential force components are dominant in
the force mapping for higher topological charges (m>1). For instance, when a charge of 4 is
utilized, the tangential component increases to amost 100% of the entire force vector
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implying that a rotational motion is most likely to be introduced under such a circumstance.
Even when low topological charge (m=1) is employed, the tangential force component still
remains approximately 50%. In contrast, in the case of far-field LG beams (Fig. 5(b)), the
tangential components are much weaker. In most cases they are less than 50%, except when n
is high (m>6). Strong tangential components approaching 100% only occur when m=7 a a
specific paosition (b=0.7a). The dominant tangential force components observed in the near-
field trapping scheme can be attributed to the significant impact caused by the spanner shape
of the focused evanescent field.
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Fig. 5. Dependence of the tangential force components on the topological charges of (a) the
focused evanescent LG beams (NA=1.65, p = 0.85) (b) far-field LG beams (NA=1.2) at
different radial positions (b = 0.1a, 0.3a, 0.5aand 0.7a).

4. Focal volume and angular momentum comparison
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Fig. 6. Focal intensity distributions in (a-c) the focal plane and (d-f) the X-Z plane of (a,d) an
evanescent LG beam of m = 16, focused by NA = 1.65 objective; (b,e) a far-field LG beam of
m = 8, focused by a NA=0.9 objective; (c,f) a far-field LG beam of m = 3, focused by a
NA=0.4 objective.

Focused evanescent LG beams not only show much more dominant tangential force
components, but also posses significantly reduced focal volume, which is highly desirable for
a variety of nanometric biological samples[6-9,19]. For example, as presented in Figs. 6(a)-
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6(c), to generate a similar ring size (a=1.2 um) to trap a particle, a TIR objective (NA = 1.65)
requires a topological charge of m = 16, while a high NA far-filed objective (NA=0.9)
requires m=8 and a low NA objective (NA=0.4) requires m=3, respectively. Although the
transverse ring sizes are similar, the axia sizes of the focal fields exhibit enormous
differences due to the different focusing strength of each objective, as presented in Figs. 6(d-
f). The focused evanescent LG beam (Fig. 6(d)) is localized closely within the vicinity of the
interface. If afocal depth (d) is defined as the distance from the interface to the point where
the intensity drops to L/e of its maximum, the focal depth is 0.05 um in the case of Fig. 6(d).
In contrast, the far-field LG beams show much extended focal fields in the axial direction (z
axis). Focal depths of 0.85 um and 4.5 um have been found for objectives with NA = 0.9 and
NA=0.4, respectively, as shown in Figs. 6(€) and 6(f). Based on the ring size and the focal
depth of each field, one would find that the focal volume of afocused evanescent LG beam is
90 and 17 times smaller than those of the far-field LG beams focused by the NA=0.4 and NA
= 0.9 objectives, respectively.

Advantages of using focused evanescent LG beams in laser trapping are not limited to a
significantly reduced focal volume. It iswell known that alight beam with an azimuthal phase
dependence of exp(img), like a LG beam, carries an orbital angular momentum with a value
of L = mh per photon [14]. This indicates that using a high charged focused evanescent LG
beam instead of a low charged far-field LG beam to trap a particle results in much higher
orbital angular momentum provided that the similar sized ring patterns are required. As an
example, in Fig. 6 in order to generate LG beams of a similar ring size in the cases of (a) and
(c), atopological charge of 16 is required in the NA=1.65 objective, instead of m = 3 in the
NA=0.4 objective, which results in a much higher angular momentum in the near-field
scheme.

4, Conclusion

In conclusion, the influence of the asymmetric focal intensity distribution of a focused
evanescent LG beam on near-field laser trapping of a homogeneous microparticle is studied.
By mapping the transverse trapping efficiency exerting on the particle under the illumination
of both far-field and near-field LG beams, it has been revealed that a significantly increased
tangential force component can act on the particle under the near-field illumination suggesting
that the spanner shaped focal field distribution is the main reason contributing to the
tangential component. Under such a circumstance, a controllable rotational motion is
potentially to be generated on the trapped homogeneous particle in the optical near-field with
a single LG beam. The findings may prove useful for a variety of biologica applications,
including single molecule detection [6-9,19].
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