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Particle transport in asymmetric scanning-line optical tweezers

B. Liesfeld,* R. Nambiar,† and J. C. Meiners‡

Department of Physics and Biophysics Research Division, University of Michigan, Ann Arbor, Michigan 48109-1120, USA
~Received 19 December 2002; revised manuscript received 2 May 2003; published 24 November 2003!

We describe a scanning-line optical tweezing technique with an asymmetric beam profile in the back focal
plane of the microscope objective. The motion of a trapped particle along the scan line is studied as a function
of beam asymmetry, and it is shown that this technique can be used to exert a constant lateral force on the
particle, realizing purely optical constant-force tweezing. The observed effect is attributed in a geometric optics
model to a non-zero lateral component of the scattering force.

DOI: 10.1103/PhysRevE.68.051907 PACS number~s!: 87.80.Cc
e
nd
,
pa
tia
iff

th
o

a
th
a

th
ex
io
on

n
a

ic
c
ag
re
es
on
he
n
a

th
ith

e
o
o

ped
ing

ap-
the
ces
n-
-
sed
ten-
ve
ght
ner
ry
ed
s

red
w-
rved
en-
nt.
e-
as a

ne
,
he
ves
d at
it
wn
e-
l-
the

am
ive

in
di-
can
he
y in
in

ing
I. INTRODUCTION

Over the past decade optical tweezers have becom
increasingly powerful tool for the study of biomolecules a
colloidal systems. In most experimental configurations
tightly focused laser beam is used to trap a microscopic
ticle through optical gradient forces in a harmonic poten
in all three dimensions. Such an optical trap is relatively st
with a lateral spring constant of the order of 100 pN/mm,
which exceeds by far the stiffness of most biomolecules
are studied with these instruments, such as viral DNA m
ecules under moderate tension@1# or single titin molecules
@2#. Therefore, measurements with such a stationary trap
effectively imposing constant-extension conditions upon
molecule, providing for experiments where force is me
sured as a function of extension.

For numerous applications, however, a mode in which
molecule is held with a constant force regardless of its
tension is necessary. Prime examples for such applicat
are studies of motor proteins that move processively al
the DNA strand, such as RNA polymerases@3# or phage-
head packing motors@4#. Conventional optical tweezers ca
be operated in a constant-force mode by using a feedb
mechanism, which tracks the motion of the trapped part
by moving the focus of the laser beam or the distant atta
ment point of the molecule in such a fashion that the aver
displacement of the particle from the center of the trap
mains constant@5#. Such an active feedback trap requir
rather elaborate feedback electronics and operates well
at higher loads. Furthermore, this kind of feedback is rat
slow and provides only average constant-force conditio
but cannot respond quickly to fast individual events such
a single step of a motor molecule. For experiments in
low-force or even zero-force regime or experiments w
high temporal resolution, another method is required.

In this paper, we show that scanning-line optical tweez
with an asymmetric beam profile in the back focal plane
the microscope objective can be used to exert small, appr
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mately constant, lateral radiation pressure forces on a trap
particle over a distance of several microns, thus eliminat
the need for feedback mechanisms.

Scanning-line optical tweezers scan the focus of the tr
ping laser beam rapidly along a line in the focal plane of
microscope objective. The resultant optical gradient for
effectively trap the particle in the two dimensions perpe
dicular to the scan line, while allowing it to move with rela
tive ease along this line. A number of experiments have u
this technique to create very shallow one-dimensional po
tial wells, where the trapped particle ‘‘sees’’ only an effecti
potential that is determined by the time average of the li
intensity at any spot along the scan line. In this man
Crockeret al. have measured entropic interactions in bina
colloids @6#, interaction potentials between polymer-coat
microspheres@7#, and attractions between colloidal particle
in polymer solutions@8#.

These experiments were static in nature, and conside
only the time average of the optical potential. There is, ho
ever, a wealth of dynamic phenomena that can be obse
with scanning line optical tweezers once the time dep
dence of the optical potential is fully taken into accou
Faucheuxet al. demonstrated that a stationary but tim
dependent asymmetric potential along the scan line acts
thermal ratchet@9#. Faucheuxet al. have also experimentally
studied the motion of a particle in symmetric scanning-li
optical tweezers@10#. They found three different regimes
depending on the velocity of the scan. At low velocities, t
particle remains trapped, at intermediate velocities it mo
briefly in the direction of the scan and then escapes, an
high velocities the particle is in a diffusive regime where
moves freely along the scan line. They have also sho
theoretically that for an arbitrary asymmetric on
dimensional potential in the focal plane the particle will a
ways move in the direction of the scan, regardless of
exact shape of the potential.

In our study we show that an asymmetry in the be
profile in the back focal plane of the microscope object
has a markedly different effect than such an asymmetry
the focal plane. Most notably, the particle moves in the
rection where the trap is weakest, irrespective of the s
direction. To summarize our explanation of this effect, t
asymmetry in the back focal plane causes an asymmetr
the backscattered light from the trapped particle. This,
turn, gives rise to a lateral component in the correspond
©2003 The American Physical Society07-1
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LIESFELD, NAMBIAR, AND MEINERS PHYSICAL REVIEW E68, 051907 ~2003!
radiation pressure, exerting a net force on the particle in
direction regardless of the scanning motion.

II. EXPERIMENTAL APPARATUS

Our scanning-line optical tweezer apparatus cons
mainly of a Nd:YAG ~yttrium aluminum garnet! laser (l
51064 nm), an acousto-optic modulator~IntraAction Corp.
Model DTD-274HA6!, a telescope system, and a microsco
objective ~Zeiss Plan-Neofluoar 100X 1.3 oil!, as shown in
Fig. 1. The laser beam is deflected by the acousto-o
modulator, imaged onto a beam steering mirror, and ima
again onto the back focal plane of the microscope object
where it has a typical intensity of 480 mW. The microsco
objective focuses the laser beam to a diffraction-limited s
10 mm deep into the sample cell. A movable slit is placed
front of the acousto-optic modulator such that the telesco
image it onto the back focal plane. It is used to control
beam profile. The slit is wider than the beam at this po
enabling us to selectively cut off only one side of the Gau
ian profile.

The sample cell consists of a microscope slide and a co
slip, separated by an approximately 100mm thick spacer. It
is filled with an aqueous solution~1-mM NaCL ethylenedi-
amine tetra-ocetic acid 1-mM, 10-mM TrisCl, 0.1-mM
Tween20;pH8.0) of fluorescent polystyrene microspheres
1 mm diameter~Bangs Laboratories, Inc.! at an extremely
low volume fraction (F,1027). The cell is hermetically
sealed with an epoxy glue to prevent evaporation and fl
flow. It is mounted on a translation stage that is actuated w
a stepper motor~Newport PP-12! under computer control.

FIG. 1. Schematic setup of the scanning-line optical tweezer
Gaussian laser beam is partially cut by a pair of knife edges
deflected by an acousto-optic modulator~AOM!. The knife edges
are imaged onto the back focal plane of a microscope objec
which focuses the beam into the sample cell. A condenser
images the transmitted laser light onto a fast photodiode. The o
cal setup is supported by a computerized data acquisition syst
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In order to measure the position of the microsphere in
optical potential, we collect the laser light that is transmitt
through the sample cell on the other side with a conden
lens and image it onto a fast photodiode. When the la
beam hits the microsphere during the scan, the transm
light intensity drops momentarily. From the timing of th
dip, we can infer the position of the microsphere with
accuracy of about 50 nm each scan@11#.

The optical system is controlled by a computerized sig
generation and data acquisition system, as depicted in Fi
A programmable arbitrary waveform generator~Tektronix
AFG320! generates the frequency modulation signal for
RF driver ~IntraAction Corp. Model DE-272M! of the
acousto-optic modulator. The frequency modulation signa
a sawtooth function of 20 kHz that generates the scan.
additional electronic analog scaling and switching circuit
used to modify the amplitude and offset of the scan ram
This allows us to position a particle that is trapped in the l
potential by collapsing the scan into a single point. Sub
quently, the particle can be released again into the line
tential by switching back to full scan amplitude.

The data acquisition system consists of a fast photodi
mounted in the focal plane of the condenser lens, an am
fier with 10-MHz bandwidth, and a 14-bit analog-to-digit
converter card with a sampling rate of 10-MHz~GageScope
14100!. Acquisition of a 500-point data frame is triggered b
the start of each scan. Up to 20 000 frames were acqu
each time a microsphere was released into the line poten
covering 0.2 s. The data are stored and analyzed off line
yield the position of the particle as a function of time up
release into the line potential. In addition, we monitor t
position of the microsphere optically through ep
fluorescence microscopy. The images are acquired wit
commercial charge-coupled device camera and digitized w
a frame grabber card for subsequent off-line video analy

III. RESULTS AND DISCUSSION

The principal aim of this study is to probe the partic
transport in an optical line potential created by scannin
beam that is asymmetric in the back focal plane of the
croscope objective. To this end, we positioned a microsph
with the optical trap in the middle of the scan line and r
leased it. The motion of the microsphere was recorded
observing the transmitted laser light in the image plane of
condenser lens as previously described. This experiment
repeated for seven different positions of the beam-shap
slit in front of the acousto-optic modulator which lies in
plane conjugate to the back focal plane of the microsc
objective. The fractional drop in intensity due to the part
blockage of the beam was measured for each position of
knife edges directly behind the slit. The overall laser pow
was then adjusted such that the integral intensity after the
was the same for all measurements. The results are show
Fig. 2~a!. Upon release into the line potential, the micr
sphere moves at approximately constant velocity to one
of the scan line. The position of the beam-shaping slit de
mines the direction and velocity of this motion. If the bea
entering the microscope objective is partially blocked on
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PARTICLE TRANSPORT IN ASYMMETRIC SCANNING- . . . PHYSICAL REVIEW E 68, 051907 ~2003!
left side, the particle moves to the left and vice versa. T
velocity of the microsphere increases as the fractional blo
age of the beam is increased. When more than 40% of
beam is blocked, however, we were unable to stably tra
particle in the line potential as the confinement in the ax
direction becomes too weak.

In order to distinguish a transport caused by an asym
try of the optical potential in the back focal plane from
effect caused by the reaction of the microsphere to the s
ning motion of the trapping potential itself, we reversed t
scan direction. Figure 2~b! shows that the particle still move
in the same direction at almost the same velocity, e
though the direction of the scan has been reversed. This d
onstrates that the motion of the optical potential and a
possible asymmetries in that potential in the focal plane
not primarily responsible for the observed particle transp
as Faucheuxet al. @10# have shown that a moving one
dimensional potential always leads to a net transport in
direction of the scanning motion, irrespective of the ex
potential shape.

Following their argument, we look at the forces and
sultant motion of a microsphere when it is subjected to
gradient forces of the scanned trap. These forces can be
scribed as the derivative of a one-dimensional optical po
tial, F(x,t)5(2]/]x)U(x,t), where the trap potentia
moves along thex axis at a velocityv, i.e., U(x,t)5U(x
2vt). If the microsphere was stationary, as in the limit of

FIG. 2. Trajectories of a bead being released into the scan
line potential;~a! while blocking different parts of the laser beam
the back focal plane:A, B, and C blocking 30%, 25%, and 20%
from the left, respectively;D not blocking the beam at all;E, F, and
G blocking 20%, 25%, and 30% of the beam from the right.~b!
Released into a potential while cutting 36% off the beam from
right side. The scan direction was reversed for the two trace
indicated.
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infinite hydrodynamic friction coefficient of the particle, th
impulse*F(t)dt that acts on the particle each scan vanish
as U(2`)5U(`). When the microsphere reacts to th
force, however, the time it moves towards the center of
laser beam against the direction of the scan is shorte
while the time it moves away from it is extended. Therefo
the impulse and the net displacement of the particle are p
tive for v.0 and negative forv,0. Therefore, the particle
will always move in the direction of the scan, which is co
trary to our experimental observation. This effect, howev
can explain the slight change in particle velocity upon rev
sal of the scan direction@seen in Fig. 2~b!#. Furthermore, the
net displacement of the sphere per scan scales asymptoti
as v22 in the model of Faucheuxet al. @10#, and we there-
fore expect the particle velocity to be inversely proportion
to the scan frequency. In our experiment the particle veloc
depends only weakly on the scan frequency, as long as
scan rate is well above the escape velocity of the trap.
generally small difference in particle velocity upon revers
of the scan direction, however, exhibits a frequency dep
dence consistent with this model~data not shown!.

Inertial effects that take the mass of the particle into
count complicate this analysis, and we have performed a
tional numerical calculations for our experimental para
eters to gauge their importance. These calculations show
inertial effects are extremely small compared to the for
and velocities observed or calculated in the simpler mo
above. Thus we conclude that scan direction and freque
independent motion of the particle cannot be attributed to
moving optical potential in the focal plane of the objectiv

Another effect that can possibly lead to the observed p
ticle transport might be a change in the optical gradient fo
as the laser focus moves along the scan line. Such a posi
dependent change in the spring constant of the trap ca
caused by a frequency dependence of the diffraction e
ciency of the acousto-optic modulator, changes in inten
as the laser beam passes through the subsequent optica
ments, and imaging errors such as geometrical aberratio

In order to determine whether such effects cause ind
the observed behavior, we measured the lateral stiffness
stationary trap at different positions along the scan line
different beam asymmetries. For this aim, a known visco
drag force was applied to the trapped microsphere by mov
the sample cell at a constant velocity in the direction of
scan line. The displacement of the particle with respect to
equilibrium position in the trap was measured by video m
croscopy at a velocity of 100mm/s which corresponds to
friction force of '1.0 pN. The intensity of the laser bea
was attenuated about eightfold to'60 mW at the back foca
plane irrespective of the chosen beam asymmetry. This
duction in power approximates the average power the p
ticle ‘‘sees’’ during a scan. The measurement was repea
for nine different positions of the stationary trap on the sc
line for five different beam profiles in the back focal plane
the microscope objective@corresponding toB, D, and F in
Fig. 2~a!, as well as for a 49% cut, where the trap was ju
marginally stable#. In addition, reversal of the fluid flow al
lowed us to determine the asymmetry of the trap. The res
are shown in Fig. 3~a!.
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LIESFELD, NAMBIAR, AND MEINERS PHYSICAL REVIEW E68, 051907 ~2003!
While the data show some systematic variations of
lateral trap stiffness across the scan line, this cannot exp
the observed particle transport that we described earlie
particular, the sign of the overall slope of the trap stiffness
a function of position does not reverse when the side fr
which the beam is cut is changed. Such a reversal in sl
however, would be required to explain why the direction
the particle transport reverses when the beam asymmet
reversed, as seen in Fig. 2~a!. Furthermore, we observe tha
the trap stiffness decreases appreciably only in the limit o
very unstable trap, i.e., when 49% of the beam is cut
This, again, is inconsistent with the fact that the transp
velocity increases when the beam becomes more asym
ric. If the position dependence of the trap stiffness was
cause of this effect, an increase in the slope of the trap s
ness as a function of position as the asymmetry is increa
would be required. The data in Fig. 3~a! show absolutely no
evidence of such an increase in slope for the larger be
asymmetries.

In addition, we noticed that the exact shapes of the cur
in Fig. 3~a! strongly depend on the alignment of the acous
optical modulator, while the particle transport shown in F
2 is very reproducible. In particular, the reversal of the sc
direction when the beam asymmetry is reversed is obse
even in a grossly misaligned system, suggesting v

FIG. 3. Trap stiffnessk as a function of position across the sc
line for different beam profiles, acquired using different techniqu
~a! Viscous drag method: squares denote measurements taken
out cutting the beam. Circles denote data taken while cutting
beam by 25% from the left~filled symbols! and from the right~open
symbols!, respectively. Triangles denote data taken while cutt
49% off the beam. The laser power was attenuated approxima
eightfold. ~b! Brownian motion: trap stiffness in lateral directio
~squares, left scale! and in axial direction~triangles, right scale!.
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strongly that the particle transport is not related to the cha
in lateral trap stiffness across the scan line.

To further independently characterize the position dep
dence of the trap stiffness not only in the lateral but also
the axial direction, we observed the Brownian motion o
particle in the harmonic potential of the stationary trap
different positions along the scan line at full laser power. F
this aim, the photodiode in the focal plane of the conden
lens was replaced by a split photodiode. Position data w
acquired at a rate of 100 kHz for several seconds, and
time-correlation function computed. A least-square fit to
double exponential decay yields the time constants for
lateral and axial motions of the particle in the trap, resp
tively @12#. The corresponding spring constantsk of the trap
are obtained fromt5z/k, wheret is the lateral or axial time
constant andz the friction coefficient of the microsphere
The data shown in Fig. 3~b! exhibit the same slight decreas
of trap stiffness on the right side of the scan line as in
viscous drag force measurements.

We therefore propose a different model to explain t
scan direction and velocity independent particle transp
that attributes it to a lateral component in the scatter
force. When the laser beam hits the microsphere, a sm
portion of the beam is reflected. This reflection gives rise
radiation pressure and in turn a force acting on the particle
the beam is perfectly symmetric, this force acts in the ax
direction perpendicular to the scan line, and, without a late
component, does not result in particle transport. If the be
is asymmetric in the back focal plane of the microscope
jective, the back reflection is no longer perpendicular to
scan line, as shown in Fig. 4. This creates a lateral com
nent of the radiation-pressure induced scattering force. A
such asymmetry, such as cutting the beam from one s
changes the average angle of incidenceu of the focused laser
light onto the microsphere. We use the average angleu, de-
termined by the center of gravity of the intensity distributio
in the back focal plane of the microscope objective, to e

.
ith-
e

g
ly

FIG. 4. Ray optics model to estimate the order of magnitude
the lateral component of the scattering force. When the laser b
is partially blocked, it hits the microsphere no longer orthogona
to the scan line, but under a small angleu. The force corresponding
to the radiation pressure of the back reflection from the microsph
has now a lateral componentFssinu, which in turn moves the par-
ticle to the side where the beam is blocked.
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mate the strength and direction of the lateral scattering fo
We calculate this force by modifying the standard express
for the radiation-pressure induced force on a reflecting s
face, and obtain

Fs~u!52
PR

c
sinu, ~1!

whereP is the average incident laser power illuminating t
microsphere, andR the Fresnel coefficient for reflection a
normal incidence, using a refractive index ofn51.59 for the
polystyrene bead andn51.33 for the surrounding aqueou
solution. Since the laser beam illuminates the microsph
only for a fraction of the scan period, we assume that
average 10% of the total laser power is incident on the
crosphere. With these parameters we can calculate the
pected force acting on the particle as a function of the fr
tional blockage of the beam in the back focal plane.
comparison of this computation with the observed forces
determined from the velocities from Fig. 2~a!, is shown in
Fig. 5. The model agrees well with our experimental obs
vations. It explains not only the scan direction and veloc
independent lateral force on the microsphere, but also yi
good quantitative results.

To directly measure the lateral scattering forces, we m
sured the escape forces for a particle in a stationary
without the scanning modulator, in and against the direct
of the scattering force. Experimentally, this was acco
plished by applying a constant acceleration to the sam
cell. This creates a linearly increasing friction force on t
microsphere, until the trap, which has an intensity
'30 mW at the back focal plane, can no longer hold
particle. The velocity at which this happens was determin
by fluorescence video microscopy. Special care was take
ensure that the trap remained at a constant depth of 10mm
above the cover slip while the stage is in motion, avoid

FIG. 5. Measured and calculated values for the lateral com
nent of the scattering force. The experimental values were de
mined from the velocities of the motion shown in Fig. 2~a! and are
compared to the predictions from Eq.~1!.
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any artifacts from a change in trap stiffness due to its ax
location in the cell. The results for two strongly asymmet
beam profiles and a symmetric trap are shown in Fig. 6.
the symmetric trap, the escape velocities are about equ
both directions, while the asymmetric beam profiles redu
the escape velocities in the direction of the weakened sid
the beam. This is consistent with the radiation-press
model described above and in Fig. 4.

The model of a constant lateral radiation pressure on
microsphere can also be tested by mapping the force ac
on a trapped particle as a function of its displacement in
trap. For this aim, we used the same constant-accelera
technique as described above to apply an increasing vis
drag force to the microsphere. As before, the displacem
was measured by fluorescence video microscopy, while
force was inferred from the velocity of the microscope sta
The expected force-displacement relationship, the deriva
of a Gaussian potential, was fitted to the data, with an ad
tional offsetx0 in the displacement that allows for a consta
lateral force, such as the proposed radiation pressure fo

F~x!5
A

s2
~x2x0!e2(x2x0)2/2s2

1F0 , ~2!

where A is the depth of the potential,s the waist of the
beam, andF0 the force offset corresponding tox0.

The result for one representative curve with a beam as
metry corresponding to a blockage of 49% of the laser be
is shown in Fig. 7. The experimental data agree extrem
well with the theoretical prediction, except for forces right
the escape velocity. This indicates that the optical potentia
indeed nearly Gaussian with very little asymmetry in t
focal plane of the microscope objective, but shifted by t
additional radiation-pressure force. The displacement in
absence of an external drag force, as determined from th
is x05250 nm, which corresponds to a lateral radiati

o-
r-

FIG. 6. Escape velocities of a microsphere from the station
optical trap.~1! Blocking 49% of the laser beam from the right,~2!
not blocking the beam, and~3! blocking 49% from the left.
7-5
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LIESFELD, NAMBIAR, AND MEINERS PHYSICAL REVIEW E68, 051907 ~2003!
pressure force ofF0520.57 pN, which is consistent with
our model and the observed particle velocities for these
rameters.

The fact that the optical potential in the focal plane
symmetric and nearly Gaussian can be explained in
framework of Fourier optics. The electric field in the ba
focal plane is described by a Gaussian of widthv0 that is cut
off at x5b,

E~x!;e2x2/v0
2
Q~b2x!. ~3!

Then the electric field in the focal plane of the microsco
objective with focal lengthf is given by the Fourier trans
form of E,

Ẽ~x!;e2(mv0 /l f )2x2
vn

2F11erfS b

v0
2 i

pv0x

l f D G . ~4!

FIG. 7. Force-displacement curve of a bead in a stationary
with an asymmetry of 49% in the back focal plane@compare col-
umn ~1! in Fig. 6#. Experimental data are shown as the bold li
~running average over 10 data points, 510 data points in to!,
together with a fit to the theoretical prediction of Eq.~2!.
ta

.

on

k,

h,
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Noting that Ẽ(2x)5Ẽ* (x), we find that the intensity

uẼ(x)u2 is symmetric with respect to the optical axis,
shown in our experiment. A numerical calculation of the p
tential that corresponds to Eq.~4! shows that this potential is
indeed nearly Gaussian in the central region. At 49% be
blockage, it has a width of 550 nm as compared to a width
430 nm for the potential corresponding to the unblock
beam. This is consistent with the data shown in Fig. 7,
well as the observation that the trap stiffness decreases
increasing beam blockage, as shown in Fig. 3~a!.

IV. CONCLUSIONS

In conclusion, we have demonstrated that an asymme
beam profile in the back focal plane of scanning-line opti
tweezers can exert a substantial, approximately constant
eral force on a trapped particle over the entire length of
scan line of almost 10mm. This force is substantially large
than the forces arising from the scanning motion of the
tical potential itself or from variations of the trap stiffnes
along the scan line and is independent of the scan direc
or velocity. This force can be quantitatively understood in
simple geometric optics model and attributed to a late
component in the radiation pressure exerted onto the par
by the light that is scattered back from it. Such a consta
force optical tweezing scheme may have important appl
tions for the study of biological systems under constant-fo
conditions and eliminate the need for feedback tweezer
tems.
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