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Abstract: Holographic or diffractive optical components are widely
implemented using spatial light modulators within opticaltweezers to form
multiple, and/or modified traps. We show that by further modifying the
hologram design to account for residual aberrations, the fidelity of the
focused beams can be significantly improved, quantified by a spot sharpness
metric. However, the impact this improvement has on the quality of the
optical trap depends upon the particle size. For particle diameters on the
order of 1 µm, aberration correction can improve the trap performance
metric, which is the ratio of the mean square displacement ofa corrected
trap to an uncorrected trap, in excess of 25%, but for larger particles the trap
performance is not unduly affected by the aberrations typically encountered
in commercial spatial light modulators.
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1. Introduction

In 1986 Ashkinet al.demonstrated an optical technique for trapping micrometer-sized dielec-
tric particles suspended in a fluid medium, now referred to asoptical tweezing[1]. Optical
tweezers can now be bought commercially [2] and have found numerous applications [3], par-
ticularly in the biological sciences. For example, tweezers have been used in measuring the
compliance of bacterial tails [4], the forces exerted by motor proteins [5], and stretching DNA
molecules [6].

Within the last five years optical tweezers have been revolutionized by the commercial avail-
ability of programmable spatial light modulators (SLM) [7]. In holographic optical tweezers, an
SLM is configured to act as a phase-only diffractive optical element allowing a single incident
laser beam to be split into many beams, each forming an individual optical trap. By updating
the SLM with a sequence of holograms the individual optical traps can be moved independent
of each other [8]. Considerable work has been reported on forming arrays of particles and,
through appropriate hologram design, modifying the profileof individual traps [9]. Unlike ear-
lier attempts to create multiple tweezers that used scanning mirrors or acousto-optic modulators
to laterally scan the laser between traps [10, 11], an SLM canalso display holograms that act
as additional lenses allowing for axial displacements. Both lateral and axial displacement of
the multiple traps can be set independent of each other to create complicated 3D structures of
micrometer-sized inert spheres or living cells [12] using avariety of hologram design algo-
rithms [13].

The trapping mechanism in an optical tweezers arises from the intensity gradient near the
beam focus. For this reason, beam quality is important for efficient optical trapping. The trap-
ping force is maximized by using a high numerical aperture microscope objective lens, ide-
ally designed to minimize unwanted aberrations and producea diffraction limited point spread
function (PSF). Any aberrations introduced elsewhere in the optical system, e.g., by the SLM
or other optics, will increase the size of the PSF and could degrade trapping performance.

There are two types of SLMs: electrically addressed and optically addressed. Electrically
addressed SLMs, the type used in these experiments, are based on a semiconductor array over-
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coated with a liquid crystal layer that produces a programmable phase retardation. The optical
flatness of such devices is rarely better than a few optical wavelengths across their 10− 20
mm aperture. Optically addressed SLMs can have similar wavefront distortions associated with
them. This is in contrast to a commonly used criteria for diffraction limited optics, which re-
quires the RMS wavefront error to be less thanλ/14 achieving a Strehl ratio greater than 0.8.
So, although SLMs offer many advantages regarding multipleand modified trapping, their lim-
ited optical flatness can degrade beam quality.

Previous research has shown that aberrations associated with defocus can partially compen-
sate for the aberrations associated with deep trapping [14]and, similarly, that a deformable
mirror can introduce sufficient wavefront curvature to shift the axial position of the trap by 2
µm [15]. More recently, a deformable mirror has been used to correct for aberrations in a trap
by using the two-photon induced, fluorescence signal from a trapped sphere as a measure of
the beam’s peak intensity, which is assumed to dictate the trap performance [16]. Aberration
correction, applied using an SLM, has been used to improve the fidelity of optical vortices,
whose transverse momentum components cause the circulation of micrometer-sized particles
as a form of micro-pump [17].

In this work we show that the trapping stiffness of an opticaltweezers can be improved by
optimizing a spot sharpness metric for the beam’s focus as back-reflected from the cover-slip.
In addition, we show that the impact this optimization has onthe trap stiffness is a function of
particle size.

2. Experimental Setup

Our optical tweezers are based upon a Zeiss Axiovert 200 inverted microscope with a 100x
objective lens, NA 1.3 (Zeiss Plan-Neofluar, oil-immersed,infinity-corrected). To form the trap
we use a commercial Yd:YAG laser, frequency-doubled to givea maximum power of 3 W at
515 nm (VersaDisc). After expansion and collimation, the beam from this laser is reflected off a
computer-controlled SLM (HoloEye 2500) and coupled into the microscope, directed upwards
(inverted optical tweezers geometry) through the objective, and enters the water-filled sample
cell though a cover-slip, creating an optical trap within the water. The plane of the SLM is
imaged to the rear aperture of the microscope objective. TheSLM was controlled using our
standard software package [18], which was modified to include aberration corrections in the
displayed holograms. The SLM produced two neighboring traps, one with aberration correction
and one without, so that same sized particles could be compared in identical environments.

Displacement of the particle from the trap center can be measured with an accuracy of a
few nanometers using either a quadrant photodiode [5, 19] ordirect video microscopy [20].
The photodiode approach gives a measurement bandwidth of several kilohertz, whereas the
video technique is restricted to video frame rates (10’s Hz)but is simpler to setup and can
be used to measure the motion of many particle simultaneously. The two trapped particles
were tracked on a CCD camera (Q Imaging Fast 1394) using a centroid tracking algorithm
implemented in LabView. The trapped particles were monitored over an interval of several
seconds to establish the mean-square displacement of the beads from their respective trapping
centers. A measure of the effect of the aberration correction on trapping stiffness can be made
by taking the ratio of these two mean-square displacements;this metric is insensitive to laser
power. This trap performance metric can be directly relatedto the change in trapping stiffness
using the equipartition theorem for a particle bound in a harmonic potential,

〈

r2
〉

= kBT/k
(k is the trap stiffness,kB is Boltzmann’s constant andT is the absolute temperature of the
surrounding fluid), so that the trap performance metric is described by Eq. 1.

Mp =

〈

r2
〉

c

〈r2〉u
=

ku

kc
(1)
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Aberrations in the optical system result in wavefront distortion,W, at the exit pupil, which is
a change in the phase of the wave front∆φ = kW = 2π(W/λ ) [21]. The wavefront distortion
can be expanded as a linear combination of basis functions. Aconvenient orthogonal basis
is the set of Zernike polynomials,Zm

n : n is the radial order andm is the azimuthal frequency.
Second order modes(n= 2,m= {−2,0,2}) are quadratic and characterize common aberrations
of focus and astigmatism, and are the primary interest in this investigation due to the overall
curvature of the SLM surface. Higher order modes, e.g., coma, trefoil, and spherical, and other
aberrations, were investigated as well, but any quantifiable impact was difficult to discern.

The Shack-Hartmann sensor is the state of the art in wavefront sensing, but is difficult to
incorporate into the trap design. As an alternative we used asensorless technique to quantify
the effect changes in aberration correction had on the PSF and trapping focus. The cross-section
of the focused beam as reflected from the cover-slip was imaged on the CCD camera. A spot
sharpness metric is defined according to Eq. 2,

Ms =
(

∑i j Ii j
)2/

∑i j I2
i j , (2)

whereIi j is the intensity of thei j th pixel; lower values correspond to a more tightly focussed
spot [22]. It can be shown that this metric is a global minimumwhen all aberrations have been
corrected [23].

3. Results

In order to establish a correlation between the spot sharpness and trap performance metrics,
that is, between the focal spot size and the trapping stiffness, both metrics were measured while
changing each of the astigmatism modal coefficients while keeping the other coefficient zero.
In this case, the full range of the astigmatism coefficient corresponds to a maximum amplitude
of ±10λ across the aperture of the SLM. For a 0.8µm diameter sphere, Figs. 1(a) and (d)
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Fig. 1. Sharpness and performance metrics for a 0.8µm bead as a function of: (a,d)Z−2
2

aberration, (b,e)Z2
2 aberration, (c,f) and versus scaled changes in the linear combination of

the two aberration terms.
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Fig. 2. Holograms used to correct relative aberrations. (a) The linearcombination of (b)Z2
2

aberration and (c)Z−2
2 aberration. The linear combination hologram, (a), was the corrective

hologram used in the later experiments. The black and white areas correspond to a phase
of 0 and 2π while the grey areas represent a phase ofπ.

show the spot sharpness metric and trap performance metric versus theZ−2
2 astigmatism coeffi-

cient; Figs. 1(b) and (e) show the spot sharpness metric and trap performance metric versus the
Z2

2 astigmatism coefficient. For small changes in the aberration coefficients about the optimal
values, the sharpness and trap performance metrics are quadratic, and the above measurements
are enough to determine the shape of each quadratic surface.To further illustrate the quadratic
dependence, each modal coefficient was fixed at the above minimizing value for that mode, and
the linear combination was scaled. Figures 1(c) and (f) showthe spot sharpness metric and trap
performance metric versus scaled changes in this linear combination. Comparing these graphs
shows a strong correlation between the spot sharpness metric and the trap performance metric.
Figure 2 shows the two independent Zernike correction holograms and the linear combination
of the two that was used for focal spot correction.

In order to investigate the impact of aberration correctionon the trapping of particles of
various sizes, the two astigmatism modes were combined intoa single holographic correction
applied to the SLM. Figure 3 shows the corrected and uncorrected focal spots of the trapping
laser with 0.8, 2 and 5µm diameter circles superimposed for comparison. The net result is an
symmetric spot for the corrected focal spot verse an asymmetric spot for the uncorrected focal
spot.

We note that correction of the aberration terms leads to a 25%improvement in the trap per-
formance metric of smaller particles, as can be seen in Fig. 1(f), an improvement directly related
to an improvement in the trapping stiffness. However, for larger particles the trap performance
is not improved as much by the correction. Comparing the focal spot size to the particle size
leads us to conclude that if the PSF is smaller than the trapped particle then further optimization
results in little improvement of the trap.

Uncorrected Spot Corrected Spot

(a) (b) (c) (d)

Fig. 3. Laser focal spots for: (a) uncorrected spot (c) and corrected spot. (b,d) These show
the same focussed laser spots with the three sized microspheres 0.8, 2 and 5 µm spheres
superimposed on them. The uncorrected laser spot falls outside the 0.8µm diameter bead.
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Fig. 4. Particle displacements for uncorrected and corrected traps forparticle sizes of: (a,b)
0.8 µm (c,d) 2µm, and (e,f) 5µm. The superimposed ellipses show the root mean-square
displacements. The corrected traps have circular RMS displacements giving a more uni-
form trap.

Figure 4 shows the recorded positions of the various sizes ofparticles, with and without aber-
ration correction as measured over a period of 60 s. The relative change in the measured RMS
response for the corrected verse the uncorrected result in a30%, 16% and 0.5% improvement
for the 0.8, 2 and 5µm silica microspheres respectively. In addition to showingexplicitly that
the improvement is greatest for the small particles, it alsoillustrates that residual astigmatism in
the uncorrected trap leads to a corresponding elliptical symmetry in the motion of the particle.

4. Conclusion

In this paper we have shown that in addition to their use in thecreation of multiple and modi-
fied optical traps that spatial light modulators can also be used to correct for aberrations within
the optical train resulting in an improved trapping performance. Typically an electrically ad-
dressed SLM may deviate from flatness by up to 4λ , dominated by astigmatism due to the
overall curvature of the SLM surface. This astigmatism may be corrected by adding the ap-
propriate hologram to the SLM display resulting in a dramatic improvement in the fidelity of
the focussed spot. The impact that this correction has on theperformance of the optical trap is
most noticeable for small particles. For the SLM used in thisstudy, the improvement in trap
performance for a 0.8µm diameter particles can be in excess of 25%. However, for 5µm di-
ameter particles our results show an improvement of less than 0.5%. This dependence upon
particle size is most likely associated with the relative size of the PSF and the trapped particle.
Once the PSF is significantly smaller than the particle diameter, further reduction brings little
improvement in trap performance.
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