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ABSTRACT

We propose electronically controlled optical tweezing based on space-time-wavelength mapping
technology. By using time-domain modulation, the location and the polarity of force hot-spots created by
Lorentz force (gradient force) can be controlled. In this preliminary study we use 150 fs optical pulses that
are dispersed in time and space to achieve a focused elliptical beam that is ~20 pm long and ~2 um wide.
We use an electro-optic modulator to modulate power spectral distribution of the femtosecond beam after
temporal dispersion and hence change the intensity gradient along the beam at the focal spot. We present a
theoretical model, and simulation results from a proposed experimental setup. The results show that we can
achieve +200 pN forces on nano objects (~100 nm) without mechanical beam steering. The intensity of
wavelengths along the spectrum can be manipulated by using different RF waveforms to create a desired
intensity gradient profile at the focal plane. By choosing the appropriate RF waveform it is possible to
create force fields for cell stretching and compression as well as multiple hot spots for attractive or
repulsive forces. 2D space-time-wavelength mapping can also be utilized to create tunable 2D force field
distribution.
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1. INTRODUCTION AND RELATED RESEARCH

Acceleration and trapping of organic and inorganic particles using optical forces, a phenomenon referred to
as ‘optical tweezing’, first demonstrated by Ashkin et al. [1], has found a wide range of applications,
especially in the biosciences [2—5]. Ashkin’s principal breakthrough was in realizing that lasers were
capable of producing sufficient irradiances, giving rise to significant optical forces for levitation of small
particles against gravity [1], [6]. This concept was applied in building the basis for modern optical trapping
technology. An optical trap is formed by tightly focusing a laser beam with an objective lens of high
numerical aperture (NA). A dielectric particle near the focus will experience a force due to the transfer of
momentum from the scattering of incident photons. The resulting optical force has traditionally been
decomposed into two components: (a) a scattering force, in the direction of light propagation and (b) a
gradient force, in the direction of the spatial light gradient [7]. Ashkin’s seminal work showed that large
enough gradient forces could be achieved using a single laser beam, which could overcome the scattering
force, and accelerate particles along an intensity gradient. In the Rayleigh scattering regime in particular,
the gradient force is more significant and has been utilized to trap sub-wavelength particles. This opened up
possibilities of modulating the intensity gradient of a laser beam to manipulate particles, leading to
applications in microfluidic systems, cell sorting, and characterization of microorganisms. The traditional
approach to intensity modulation involves mechanically steering multiple parallel beams focused onto a
narrow region (~50 pum X ~5 pum) to create desired intensity profiles, hence providing control over the
gradient force across the region. One example of this is the recent work by Stilgoe and co-workers that
demonstrated multiple stable optical traps by steer-controlling the separation between two laser beams [8].
However, these studies fall short of electronic control over optical traps, which offers more flexibility and
does not involve bulky moving parts such as beam steering equipment.
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One established approach toward electronic control involves the use of holographic optical tweezers [9]—
[13] where a computer controlled diffractive optical element (DOE) is used to modulate the phase front of a
laser beam before feeding it into a conventional tweezer setup. Such techniques typically use liquid crystal
spatial light modulators (SLM) to create a pixel array of intended phase shifts which are then imposed on
the beam at the corresponding pixels. While HOTs achieve electronic control of optical traps to some
extent, it comes at the cost of several drawbacks. Owing to the lack of direct control over the intensity
landscape, HOTs produce ‘ghost traps’ which are undesired intensity peaks (dictated by symmetry
conditions) that are strong enough to trap particles [11], [12], [14]. To suppress ghost traps, symmetry of
the trapping pattern can be reduced by changing the positions of a few or all the traps as has been shown in
[11]. But this approach cannot be applied universally as changing the trapping pattern often leads to loss of
functionality.

Furthermore, inhomogeneity among individual optical traps is another limitation of the holographic
approach. Curtis and co-workers report an intensity variation among generated traps of higher than 25%,
and the figure is greater for higher numbers of traps. This is highly undesirable if a uniform system of traps
is required. Curtis et al also propose several methods that demonstrate that a trade-off exists between
efficiency and uniformity of traps [11]. In addition, a fundamental limitation of HOTs is the confinement of
optical traps to discrete spots as opposed to the ability to manipulate an extended continuous intensity
landscape [10].

Our novel approach uses space-time-wavelength mapping [15] to achieve a desired spatial intensity
gradient at the focal plane and thus provides direct control over the intensity landscape. Through the ability
to directly manipulate a continuous landscape, this technique overcomes the limitations of HOTs discussed
above, while allowing a greater and direct electronic control of optical traps. Space-time-wavelength
mapping also eliminates the issue of unwanted inhomogeneity among produced traps, while not
compromising efficiency. Although our theoretical model presented here considers only one dimension, the
analysis can be extended to two dimensions using techniques presented in [16] using a virtual imaged
phased array (VIPA).

Observing that space-time-wavelength technology has been proven to be useful in arbitrary waveform
generation in RF photonics and wide-field real time imaging in microscopy [15], [17], here we take it
further and apply it to optical tweezing, incorporating both temporal and spatial modulation of intensity
gradient. Preliminary results presented here demonstrate that 20nm wide femtosecond pulses can generate
>200pN optical force hot spots whose polarity and location along the focal plane can be controlled to
achieve numerous applications such as cell stretching or particle sorting. Electronic tuning allows for
greater control over a wider range of achievable force profiles, including producing attractive and repulsive
forces between particles at specific spots.

2. MODELING SETUP AND THEORY

We propose a simple experimental setup to demonstrate electronic control of optical tweezing using space-
time-wavelength mapping. The setup of our proposed experiment is shown in Fig. 1. A femtosecond laser
at 1550 nm with 20 MHz repetition rate, 150 fs pulse-width and 0.5 mW average power propagates through
dispersive medium to achieve time wavelength mapping and broaden the pulse-width to 5 ns. An electro-
optic modulator adds RF modulation to control the power spectral density profile of the dispersed pulsed
laser. To avoid nonlinear distortion, we assume root chirp amplification before space-wavelength mapping
through diffraction. An objective lens then focuses the diffracted spectrum onto ~20 pm long and ~2 um
wide elliptical focal spot where each point along the beam is occupied by different wavelengths that arrive
at different times due to space-time-wavelength mapping. The intensity of different wavelengths along the
spectrum can be manipulated by using different configurations of RF modulation to create a desired
intensity gradient at the focal plane. Particles such as polystyrene beads, placed at the focal plane will
experience a gradient force from the modulated beam as shown in Fig. 1.
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We develop a theoretical framework for electronic control of optical force exerted on a particle. We present
analytical models for each component shown in the setup in Fig. 1. The theory builds on the gradient force
experienced by a particle exposed to a significant intensity gradient. By manipulating the intensity gradient
in time and then through space-time-wavelength mapping, it is possible to tweak the optical force to
achieve desired force profiles by creating corresponding intensity gradient profiles. This also allows for
generation of optical force hot-spots that can be moved along the focal plane. The lateral intensity and force
profiles along x do not change drastically along the y direction, and therefore, for simplicity, our analysis
here will be confined to the x dimension.

2.1 Space-time-wavelength mapping

Space-time-wavelength (STW) mapping is the result of time-wavelength mapping followed by space-
wavelength mapping. A beam comprised of a spectrum of wavelengths is spread out in time by propagating
it through time dispersive media. This gives rise to a time-wavelength mapping A(t). Similarly, the beam is
made to undergo spatial dispersion causing the wavelengths in the spectrum of the beam to spread out in
space, creating a space-wavelength mapping A(x). Through time-domain modulation of the time-dispersed
spectrum, we obtain a desired wavelength-dependent intensity profile I (A(t)) = I(1) for the beam which
gets translated into a space-dependent intensity profile / (A(x)) = [(x) through space-wavelength mapping.
Since the gradient force exerted by a beam on a particle is proportional to the intensity gradient [6], STW
mapping thus creates a force profile tied to wavelength and space. Our analysis here involves only the
lateral force profile at the focal plane (z = 0) and thus we have ignored variation of force in the axial
direction. As stated earlier, for further simplicity, we only consider the force along the x-axis (y = 0) on the
focal plane.

2.2 Gaussian beam approximation

To assess the force profile, we take Gaussian beam as an example. Assuming the amplitude A of the
incident field Er of the femtosecond laser source in Fig. 1. is given by

AL(t) = Agexp [—%(Tio)z] (1)

Taking a Fourier transform to obtain A; (w), and applying dispersion, the field amplitude Ag(w) in the
frequency domain is given by

As(w) = Ay (@) exp |- L2222 @)

2
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This was followed by inverse Fourier transform to obtain the dispersed field Eg(t) back in time domain as
shown in Fig. 2.

Applying chirp and RF modulation fgg(t), the field can be described as

Erp(t) = As(t)e/® el for(t). (3)
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Fig. 2. Laser Pulse before (left) and after (right) dispersion.

Rewriting (3) in terms of a power transfer function instead of field,

Pout (1) = Pin (i (©) = Pin(®) [ + 508 (5 (Viias + v ()] #)

where the input power Py, (t) = (Ag(t))?, V; is the half-wave voltage, Vj,,s is the bias voltage, and
vge(t) is the applied RF waveform. One example waveform shown in Fig. 4 is vgs(t) = me™St"" where
the integer n and the constant s can be used to manipulate the shape and width of the RF waveform, and
hence the generated force profile.

For a Gaussian beam with a beam size w, i.e., the spatial full-width at half maximum, and a focal length f,
of the Fourier lens shown in Fig. 1., space-wavelength mapping holds that the intensity distribution of
focused beams at the image plane is governed by Eq. (5) as given in [17]:

P; 2w (X—Xp;) 2
Lo d) = a5 exp [_ =) ] ©)

Here f(Ai = Ac) = Ggf (A; — A,) is the relative position of the first order diffraction peak for

G
»IPET cos(B)

the wavelength 4; with respect to the central wavelength .. The Gg = # is the effective groov density

B
of the diffraction grating shown in Fig. 1., defined as a function of the first order diffraction angle . For

the beam with wavelength A, and the incident angle a, the first order diffraction angle § is given by the
grating equation sin(a) + sin(f) = AG which reduces to 2sin(f) = AG in a Littrow configuration assumption,
where o = f [17].

Fig. 3 shows that the force arising from different wavelengths along the spectrum are spatially dispersed

and therefore, by tuning the amplitude of individual wavelengths using RF modulation, it is possible to
produce intensity profiles for desired spatial force profiles.
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Fig. 3. Force arising from different wavelengths in spectrum.

2.3 Gradient force

To develop a formulation for the optical force at the focal plane, we assume operation under the Rayleigh
scattering limit and the dipole approximation. The trapping gradient force from a laser beam on a particle is
proportional to the light intensity gradient. The gradient force described in Eqs. (6) and (7) can be derived
from the basic formulation of Lorentz force [18].

1
F=- aVE? (6)
Incorporating proportionality constants we get,
_ 2mngb3 (mz—l)
F(r) = 222 (T2 vi(r), ()

where m = ny/ny is the relative refractive index of the particle (where n, is the refractive index of the particle
and ny is the refractive index of the surrounding medium), b is the radius of the particle, ¢ is the speed of
light, and r is the radial distance from the beam axis.

Taking the gradient of intensity in (5) with respect to the radial distance, we get (8) which gives the
intensity gradient of the ith wavelength (4;) in the spectrum:

L) _8n2w2(x—xpi) _ an(x—xpi) 2
VI;(x) = P TR P; exp (—f/li ) : (8)

Here we have assumed that we are at the focal plane and that the beam width is the spot size at the focus,
i.e., w =w, for z = 0, z being the direction of propagation of the laser. Thus we have not considered a
derivative with respect to z in Eq. (8).

Substituting (8) in (7), we get an expression for the optical force dependent on power and radial distance
along x of the ith wavelength in the spectrum, as shown in (9):

_ _16n0W2b3TL'3 m2-1Y (x—xp;) (2w (x—xpi) 2
Fi(Py, i, x) = c (m2+2) (fAD* i eXp[ ( fA; ) ' ©)
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Applying a linear superposition on Eq. (9) to get the total force exerted by the entire spectrum, we get,

16now?n3b3 (m2-1\ ¢ X—%pi) o, [_ 21w (X—Xpi) 2]
(m2+z)Z‘ (Fa)* Piexp ( faq ) - (10)

Free(x) = X Fi(Pi, A, x) = —

c
Note that in equations (9) and (10), we have defined the positive x direction to be the direction of positive

force. It is important to note here that the power P; in (10) is controlled by RF modulation.

2.4 Effect of modulation on force profile

Fig. 4 illustrates how RF modulation can be used to generate a desired power profile that can be projected
onto an 20 um strip after diffraction and focusing. The force profile can be plotted using eq. (10) for 100
nm particle radius, as shown in Fig. 4 (right).
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Fig. 4. Normalized RF waveform (left, green), corresponding power profiles (middle), generating desired force profiles

As mentioned earlier, different configurations of RF modulation can be used to manipulate the intensity
profile to create hot spots and control their location along the focal plane. Two such results are shown in
Fig. 5. Fig. 5a shows the achieved force profile along the spectrum in x domain for two different RF
modulation configurations. Fig. 5b shows the modulated power spectral density for the same two
configurations. These configurations could be used for cell stretching since the forces achieved at the hot
spots (>200pN) are significant. To adjust for cell size, the distance d between the hot spots in Fig. 5a can be
controlled using the width 7 of the ‘well” in the modulated power distribution shown in Fig 5b.
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Fig. 5. Simulation results illustrating location control of hotspots. (a) Generated force profile along x, (b) Modulated power
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3. SUMMARY

We have presented the idea of achieving desired force profiles in optical tweezing by using space-time-
wavelength mapping through electronic tuning, without the need for mechanical beam steering. The
significant forces generated using this technique may be put to various applications including stretching,
guiding and sorting of micro- and nano-objects. The hot spots created can be used to accelerate particles in
a particular direction, and combined with the maneuverability of the spots along the focal plane, it is
possible to create more complex scenarios for a wide range of applications, especially in the biosciences.
Future work will involve conducting the proposed experiment and corroborating the theory with
experimental results.
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