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Transfer of orbital angular momentum to an optically trapped low-index particle
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We demonstrate the transfer of orbital angular momentum from a light beam to a trapped low-index particle.
The particle is trapped in a dark annular region of a high-order Bessel beam and rotates around the beam axis
due to scattering from the helical wave fronts of the light beam. A general theoretical geometrical optics model
is developed that, applied to our specific situation, corroborates tweezing and transfer of orbital angular
momentum to the low-index particle. Good quantitative agreement between theory and experiment for particle
rotation rates is observed.
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I. INTRODUCTION light modes. Such modes have a term of the form ika(
and a concomitant orbital angular momentum in the direction
The linear momentum of light can be utilized to manipu- of beam propagatiof8]. These beams have a phase singu-
late and trap microscopic objects. This is the result of thdarity along the beam axis and possess helical wave fronts.
refraction and reflection of light at a dielectric interface Indeed, we note that any light beam with helical wave fronts
which leads to changes in photon momentum and thus to will have orbital angular momentum. The angular momen-
force being exerted on the trapped particle. In 1986 Ashkirtum of light can be calculated by= eo[r X (EXB)], where j
and co-workers demonstrated that a single tightly focusedenotes the angular momentum dengitis a radius vector,
optical beam could attract a high-index particle to the bright-andE andB are the electric and magnetic fields of the light
est part of the light beam due to the optical gradient forcefield, respectively. This expression includes both contribu-
and trap the particle in three dimensidig. This powerful  tions from the spin and orbital angular momentum of light.
noninvasive technique is known as optical tweezers. Optical Optical tweezers offer an excellent mechanism by which
tweezers have found significant application in biology andto study the angular momentum of light in detail and its
chemistry. Several geometries using these optical forces havaanifestation in different experimental situations. Recent
been proposed and implemented including optical levitatiorstudies have included the transfer of spin and orbital angular
[2] and interferometric tweezef8,4]. momentum to trapped particles in optical tweeZé&40]. In
Low-index particles in optical tweezers have receivedthe case of orbital angular momentum this has been achieved
relatively little attention. In contrast to high-index particles, due to both the scattering of light and absorption of the light
they are repelled from light regions thus requiring more[9,11—14. All experiments to date studying angular momen-
elaborate light beams for their confinement. Optical vortextum in optical tweezers have been for high-index particles
beams such as Laguerre-Gaussia) light beams have attracted to regions of high light intensity or metallic par-
been used to trap low-index particles in three dimensionsicles. The motion of high-index particles in such experi-
[5,6]. Simultaneous tweezing of low- and high-index par-ments may be impeded by any azimuthal intensity variations
ticles in the axial direction has been demonstrated in such @ the light beamg12]. This is an obstacle, in the way of
system[7]. In recent work standard interferometric tweezersprobing local variations in angular momentum density. Such
[4] were used to experimentally demonstrate tweezing ofiensity variations are predicted for more elaborate light
low-index particles obviating the need for optical vortex fields[12,15 and can give deeper insight into both spin and
beams. In that work it was indicated that tweezing occurredrbital angular momentum.
when the particle diameter was larger than the fringe spacing In this paper, we demonstrate transfer of orbital angular
of the interference pattern. momentum to a low-index particle. The low-index particle is
From a physical standpoint, optical tweezers have attrapped between adjacent bright rings of a high-order Bessel
tracted significant interest from researchers studying the anight beam[16] and has a larger diameter than the ring spac-
gular momentum of light. It is well known that light has spin ing of the Bessel beam. We observe azimuthal motiota-
angular momentum of magnitude per photon due to its tion) of these particles around the Bessel beam propagation
polarization state and orbital angular momentumfper  axis due to the orbital angular momentum of the light beam.
photon due to an azimuthal phase term of the formié#p( The mechanism of transfer of OAM is scattering. In contrast
in the mode descriptiofi8]. Here, | is the number of Z  to previous studies of transfer of orbital angular momentum,
cycles of optical phase upon going around the mode circumthe trapped particle is localized primarily in the dark regions
ference. Orbital angular momentu@AM) of light beamsis  of the beam thus minimizing any heating or perturbative ef-
a consequence of the azimuthal phase variation of certaifects due to the light. Importantly, low-index particles could
offer a mechanism for advanced studies of light beams pos-
sessing orbital angular momentum, notably local angular
*Corresponding author. Email address: kd1@st-and.ac.uk momentum variations in multiringed beams. Additionally, we
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observe rotation simultaneously of high- and low-index parfrom the Fresnel equations which, in accordance with
ticles in our system. Roosen17], were taken as the averages over the two trans-
Development and results of a numerical model are als@erse directions of polarization relative to the plane of inci-
presented. The model first verifies how tweezing can occur inlence for each illuminated element of the sphége) is the
a high-order Bessel beam and indeed confirms previous exatensity distribution of the incident field, in our case a high-
perimental studies of low-index particles in interferometricorder Bessel beam propagating along théirection andr
patterns[4]. Furthermore, the model allows us to calculate=(p,¢,2).
azimuthal forces on trapped spheres, and thus it shows how To evaluate expressiofl) requires knowledge of the di-
angular momentum can be transferred by scattering to theections of all the reflected and transmitted rays, given the
particle. In turn this permits quantitative comparisons be-direction of the incident vector. We have developed a general
tween theory and experiment for rotation rates for micro-ray tracing model, which allows us to perform this task by

spheres set into motion by OAM. means of vectorial calculations for the case of a spherical
particle[23].
Il. THEORY A general outline of our model is described next. Consider

) a spherical particle of radiu], located at the poin€ of a

The forces exerted on a trapped particle can be modeleghordinate systers referred to the light beam, whose origin
based on a geometrical optics approach, which has givegorresponds to the center of symmetry of the transverse in-
very reliable results when compared with experimeBt®,  tensity distribution of the beam. A second reference fr&he
for example [17-22). Here, we use that approximation to js |ocated at the center of the sphere, which is not fixed, but
analyze the angular momentum transfer by scattering from g moving along with the particle. Let, be the distance
high-order Bessel light beam to a trapped low-index particleyetween the andz’ axes,p the distance between tizeaxis
that we will model with a hollow sphere. This is done by 544 the incidence poin®, and z, the distance between a

taking into consideration the azimuthal component of th&eference plane=0 and the center of the sphere. From Fig.
linear momentum density of such a beam. We consider trans it can be seen that

parent media where absorption is neglected.

The ray-optics approach is valid if the particle diameter p:[pg+ Rﬁsin20+ 2p0Rosinecos¢]1’2, 2)
greatly exceeds the wavelength of light and the focal size of
the beam. This is a reasonable assumption for our experi- z=2y+Ryc0s6, ©)

mental parameters.

Within the geometrical optics approximation and follow- where # and ¢ are the polar and azimuthal angles in e
ing the same approach used by Gussgard and co-workec®ordinate system, respectively.
[19], the total forceF acting on a transparent spherical par- The unit outward normal to the sphere at the pdinis
ticle due to an incident light beam can be expressed as  given by

N A o7 R O i B o1

e %f |(I’)dACOSai{ ai_Rar_Tzkz R 10, | No=X'cos¢ sin#+y’'sin¢ sin f+z' cosé, 4

S o (1)  Wwith X', y', andz’ being the unit vectors along the, y’,

andz’ directions in theS' frame.

wherec/n, is the light velocity in the medium surrounding ~ Whether the unit vector in the direction of the incident ray
the particle,S; is the part of the sphere’s surface which is at pointP is denoted byu; , the incidence angle can be cal-
being illuminated by the incident fieldj;, and u, are unit ~ culated by means of
vectors in the direction of the incident and reflected rays,

respectivelyly, corresponds to the ray transmitted after the cosa; = —(U;-No). 6)
kth internal reflection, ant— e is the total number of in- ) .
ternal reflections of the incident rays inside the spherand To calculate the reflected ray at the point of incidence

T are the reflection and transmission coefficients derivedve note that its component perpendicularﬁ@ coincides
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with the corresponding component 6if, while its compo-

nent alongﬁo has the same magnitude but opposite sense t

that of u; . Hence by using Eq5), we have

U,= U; + 2NCoSq; . (6)

After some vectorial calculations and applying some geo

metrical considerations, we found for the transmitted ray int
the sphere

Ut=

u;+

: (@)

Ng -
COSa;— —COSa; | Ny
S nm

where ¢, is the transmission angle and andn,, are the

(0)
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in the azimuthal and axial directions, respectively. The
ropagation invariance of Bessel beams means, we have no
adial component of the incident rays. As a consequence,
Bessel beams only give two-dimensional traps and we thus
concentrate only on transverse forces.

Inasmuch as the integration limits are different for the
contributions to the optical force due to the azimuthal and
the longitudinal components of the incident vector, it is nec-
essary to treat them separately. Then, the total optical force
can be written as the sum of both contributions, thisHs,
=F)+ @

First, for the azimuthal incident rays, the unit vector can
be expressed in the reference frame of the sphefseasFig.

1) ¢=—X'sin(Ap)+y’cos\p), Where Agp=arcco$(po

refractive indices of the sphere and the medium, respectivelyt Rocos¢sin6)/p], so we can write

such thaing<<n,.

On the other hand, for the rays transmitted out of the

particle, we obtain, in general,

~  Ng|a Nm -
Uy =—/ U;— | COSa;— —COSa; | N4 |,
nm nS
8
~  Ngl. Nm -
Uik=—| Uy k—1— | COSa;y— —COS«q; | Ny |,
Nm Ng
where the internally reflected rays are given by
U, ;="U;— 2n;COSa,
9

ark: fjrk_l— ZﬁkCOSat s

with k a positive integer such that>1 andn, the unit nor-
mal to the sphere at the point where tki reflection and
refraction take place, given by

nm
n:
'n

- 2N, -
coSa;U; + —,_ COS@;C0S; —COS 20N,
S S

n,= 2cosa;U,— (4 cofa,— 1)n;, (10

N, =2 coSay U — (4 cofa,—1)n,_4,

with k>2 for this last case.
By means of the recurrence relatiof—(10), the direc-

tion of all the reflected and transmitted rays can be calculated

in the last factor of Eq(1). Please observe that we have
imposed no condition ove; .

Rgsin¢ sin 6
p

- pot+ Rgcos¢ sing| .

X'+ y'. (12

Thus, by substituting Eqg.12) and (4) in Eq. (5), we
found for the incidence angle associated to an azimuthal in-
cident ray

poSing sind
(¢-Ng)=—————.

0)=
p

COSq; (13

The integration limits in Eq(1) for this case arer/2<6
=<7 and w= ¢=<2, which corresponds to the illuminated
area of the sphere by the azimuthal rays.

The explicit expression for the reflected raysis deter-
mined by substituting Eqs4), (12), and (13) in Eq. (6),
while the transmitted vecton&tk are calculated numerically
with the aid of the recurrence relatiofiy—(10). Hence, the
x" andy’ components of the transverse optical force due to
the contribution of the azimuthal incident rafs® are fi-
nally obtained

(o) _
X/

IRSnmfw fzﬂr 1,(r)posin ¢ sir? 6
kc w2J w

2

poSing sind cos¢
p

. Ry .
X3ysing T?sm¢—2R

N

+T2k2 Rk—l(atk)(;:”] d¢de, (14)
=1

We applied this model to each of the components of the
vector that defines an incident ray for a high-order Bessel
beam. In this instance the incident light vector may be ob-
tained directly from the gradient of the phase of the beam x | T

o _ lRSan Fw 1(r) poSiné sirP 6
v’ ke wl2J P2

+ RySin 6 cos sint 0 sir?
potRo ¢)+2RP0 ¢

(11) N

1 I . -
K VV(p.0.2)=1—¢+(cOSy)Z,
p T2 R (G

]dgbd 0, (15
whereWV (p,¢,z)=1¢+ (k cosy)z is the spatial phase of the
beam,| its azimuthal orderk the wave numbery the cone  wherel (r) is the intensity distribution of afth order Bessel

angle of the Bessel beal4], andg, z, are the unit vectors light beam. In our experiment, we use an axicon generated
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Bessel beam that has an intensity variation that can be a|
proximated using the method of stationary phase applied t
the Fresnel integrd25].

On the other hand, for the contribution of the axial rays to
the transverse forcE?, the incident vector should be taken

asu,=z, and the incidence angle reducesse- 6. The re-
gion of the particle that is illuminated by the axial rays is the
lower hemisphere, hence, the integration limits ar@< 6
<1 and 0< ¢=<2m. And following a procedure completely
analogous to the former case, we obtain for Xhecompo-
nent of the transverse optical force owing to the contributior
of the axial incident rays

w

2
@ _ Rgnncosy
X! 2c

2

J:Wh(r)[ — 2R cosé cos¢

N

+T2Y Rk—l(atk)iz,)] sin 20d ¢dé. (16)
k=1

F® have no component along because of the symme-
try in the hemispheres defined by<@=<= and m<¢
<21. Note that the Fresnel coefficierfsandT, as well as
the vectordly,, are not the same in E(16), as in Eqs(14)
and(15), since they depend on the incidence ari@@).

Inasmuch as the total force acts on the center of mass
the sphere, we can summarize the above results by writin
the net optical force in the transverse plane s pr)
+F ¢, whereF = Ff(‘,")+ Ff(z,) andF = Fiz,) , since thex’
andy’ axes coincide with the radial and azimuthal directions
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FIG. 2. The radial component of the total transverse force ex-
erted by a Bessel light beam on aw8n diameter hollow sphere
immersed in water, as a function of its distance from beam center
(black curve and beam intensity profile for comparisqgray
curve.

negative, since for any displacement in a determined direc-

6iron, there is a restoring force in the opposite direction that

onfines the particle in such points. As can be seen from Fig.
those equilibrium positions are located close to the dark
zones of the beam, though the model predicts that they are
slightly shifted outwards from the beam center.
This shifting of the equilibrium positions might be inter-

of the S frame, respectively. preted as a result of the imbalance between the intensity of

Finally, we want to stress that the model presented here isonsecutive bright rings, which pushes the hollow particle to
completely general and, provided an appropriate choice afe regions where the intensity is lower. In fact, we found
the incidence vector and the initial intensity distribution, it that this behavior critically depends on the relative size of
can be simplified to more standard models in the literaturehe particle with respect to the beam dimensions. The larger
[17,19, and to include others as particular cag&d. In that
sense, by establishing a comparison for previously studied
situations, we found that by setting=20, our results con-
verge to those obtained with— .

Figures 2 and 3 show, respectively, the radial and azi
muthal components of the total force as a function of the
distance from the center of the particle to the beam ayis
for a 5 um diameter hollow sphere immerse in water, (
=1.333,n,=1.0). The beam parameters are\,
=1.064um, =2, andy=6° (which gives a peak radius
for the inner bright ring of 3.5um, similar to our experi-
mental valuel a total power ofP=600 mW and a maxi-
mum propagation distance of 1 mm. These plots were ob
tained for the z plane where the intensity has its maximum
at Zpea= (V2|1|+ 1/2)Znax [25], wherez,,,, is the maximum
propagating distance of a zeroth-order Bessel bigath The
intensity profile is also shown for comparis@gray curves

According to the sign conventions we have adoptec
throughout this analysis, positive values of the radial quanti-
ties should be interpreted as being directed outwards from F|G. 3. The azimuthal component of the total transverse force
the center of the beam. Thus, for the radial component of th@xerted on a Sum diameter hollow sphere by a second-order
force, the stable equilibrium positions in Fig. 2 correspond toBessel beantblack curve and beam intensity profile for compari-
the points where,(py) =0 and the slope of the curve is son(gray curve.
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mensions of the beam. The smaller the ratio between the
particle’s radius and the radius of the first bright ring of the
beam, the more stable the equilibrium positions around the
dark rings become. In addition, it can be seen in Figs. 2 and
3 that the magnitude of the azimuthal component of the force
is several times smaller than that of the radial one, but this is
enough to produce a vortex like distribution of the total
force.

Finally, now we have determined the forces acting on the
-5 0 5 sphere due to the light beam, we can calculate the resulting

(b) torques along the propagating direction. The radial compo-

] i nent of the net transverse force generates no torques on the

FIG. 4. In(a) we see a vector diagram showing the total trans-, o icle with respect to the beam axis. Therefore, the sole
verse forces and .contour curves. (I we see the corresponding torque on the particle is generated by the azimuthal compo-
Bessel beam profile. nent of the force, which is due to the orbital angular momen-

the particle is, the more the equilibrium positions are shiftedum of the beam. It can be expressedrgs poF .(po), when
radially outwards, until a critical value for which the sphere the particle is located at a distangg from the beam axis.
can be trapped in the central minimum of the beam, but it However, the particle suffers also a drag torque due to its
cannot be stably trapped in any of the outer dark rings. Thignotion within the surro_undmg medium. Then, it reaches a
is in accordance with our experimental observations dis¢onstant angular velocity when both torques are balanced.
cussed later. For instance, with the same beam parameters WB€ drag torque for a spherical particle can be estimated by
mentioned above, we found the critical value for the maxi-means of the Stokes drag ag= —6m7p;Row,, With wp
mum diameter of the particle to be gm, that is, a particle the angular velocity of the particle anglthe viscosity of the
whose diameter is equal or larger than that value can only beurrounding medium, in this casg=1.0x10"° N's m? for
held in the central minimum of the beam. In contrast, for awater at 20 °C. Hence, we can calculate the expected values
5.75 um diameter sphere, which can be trapped in any of théor , at the equilibrium positions, where the sphere orbits
dark rings, we found that its equilibrium positions around thearound the center of the beam with constant angular velocity,
first and second dark rings are shifted about 16.6% and 7.294his is
respectively, in relation with the corresponding minima of
the intensity distribution. A Zum diameter sphere suffers a F.(po)
displacement of its equilibrium positions in the first and sec-
ond dark rings of only 0.5% and 0.2%, respectively. The fact
that the shifting in the equilibrium positions is lower for the ) ) ) o
second ring than for the first one can be understood by noting SINCeF (o) is proportional to the incident power of the
that the difference in intensity between consecutive rings de2€am Via thel (r)dA factor in Eq. (1), Eq. (17) implies a
creases for regions further away from the beam center. !lne_ar behavior of the angul_ar velocity as a functlon of the
However, for smaller particles the geometrical optics ap_lnmdent power. Suqh behawor has been_seen in reC(_ent_work
proximation is no longer valid. Furthermore, it is important where a linear relationship bgtween rotation ratg and incident
to mention that although in our experiments the hollowPOWer was observed experimentally for rotation ofufh
spheres have a finite shell width, we approximated this situs0lid sphereg12]. We show in Fig. 5 the results of our
ation by considering the shell width negligible. model compared with the experimental data for solid spheres

On the other hand, Fig. 3 shows that the azimuthal com@nd find very good agreement. To the best of our knowledge,
ponent of the force as a function pf, is always positive this constitutes the first quantitative measurements between
independent of the particle’s radius, for hollow spheres. Thigheory and experiment for orbital angular momentum trans-
result demonstrates that orbital angular momentum can inf€r t© trapped particles. In the following section, we demon-
deed be transferred by scatterif2,14. This fact is also strate the rotation _of hollow spheres due to OAM and com-
valid for solid spheres trapped in the bright rings of thePare the results with our model.

Bessel beam, as has been already demonstrated experimen-
tally [12]. - , lIl. EXPERIMENT

Combining the former results, the total transverse force is
depicted in Fig. 4 for a fum diameter hollow particle by We used an optical tweezers system similar to the one
means of a vector diagram and some contour curves of theescribed previousl12,26. We expand a linearly polarized
beam profile. For comparison, the intensity of the corre-Gaussian output beam of a cw Nd:YYQaser (1.5W at
sponding beam is shown in Fig(l}. In the vector diagram, 1.064um) to illuminate a computer-generated hologram.
it can be appreciated that for the particle and beam paranmFhis blazed phase hologram diffracted about 80% of the in-
eters we have chosen, the equilibrium position close to theident light into a first-order beam with helical wave fronts,
first dark ring is very weak in comparison with the central giving a close approximation to a Laguerre-Gaussian beam
minimum of the beam, but again, this situation depends omvith azimuthal mode indek=2 in the far field. This beam
the relative size between the particle and the transverse diluminated an axicon having an opening angle of one de-

wp:67777P0Ro' (17
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i FIG. 6. Tweezing and rotation of three low-index spheres in a
% 006 1 high-order Bessel beam.
=
'.% 0.04 1 { expected, we were readily able to tweeze the hollow spheres
3 { in the central minimum of the Bessel light beam. Further-
more, we were able to tweeze hollow spheres in regions
0.02 1 . away from the center of the beam. Specifically, we trapped
the spheres in two dimensions in the dark regions between
o , , , : : : , adjacent rings of the Bessel light bedFig. 6) as predicted
0 100 200 300 400 500 600 700 by our model, thus creating two dimensional circularly sym-

Power (mW) metric arrays of hollow spheres. This behavior is consistent

) o N _ with earlier observations of tweezing hollow spheres in the

FIG. 5. Rotation rates for g&m high-index silica sphere in a q5rk regions of an interferometric pattern between two
Bessel beanffrom Ref.[12]). The fit to the datdsolid line) is from Gaussian light beamB4]. The equilibrium positions were

our model and shows good agreement. We stress that this fit is WitHoted for spheres to be radially displaced in accordance with

no free parameters. our model though direct comparison was difficult due to the

gree, thus generating an approximation to a higher-ordefccuracy of our measurements and the finite shell width of
Bess’el beani16]. A telescope(X1/20) was used to reduce the spheres. In addition, we have observed the simultaneous
the radius of the firstinnen ring of the Bessel beam. This transfer of orbital angular momentum to both high- and low-

i In Fig. 7, we can see a single high-index

also resulted in a reduced propagation distance of the BessBdex particles.

beam and increased its intensity. For a beam of azimuthd@rticle trapped in the bright inner ring rotating due to scat-
mode indexl =2 the inner ring of the imaged Bessel beamt€ring and simultaneously, we can see a low-index particle

; trapped and rotating between the bright rings. The first frame
had a peak radius of about 2Am and propagated for
~1 mm[.) This bI:am was L:jirected dOWE]WEFl)I’ng onto theshows the Bessel beam and where the hollow and solid

sample mounted on an translation stage. A microscope obSphere are .trapped. Hollow sphere§ that were tweezeq be-

jective (X60) and charge-coupled device camera were placeﬁ’veen the first and seconq bright ring of the Bessel light

below the sample for observation of the particles. €am were obs_erv_ed consistently to rotate around th_e beam
The propagation distance of our higher-order Bessel bearRropagation aX|s{F.|gs. 6 and J. The dlre.ct.|0n of rotation

is fairly short and the peak intensity of the beam varies along'2S consistent with the r_neasured hehqty of the Bessel

this propagation distance. Therefore, the vertical positioning? 2™ The Sense of rotation of the particles was revgrsed

of the sample cell along the propagation direction is impor- hen the helicity of the Bessel beam was reversed using a

tant. The sample is positioned in the plane with the higheSPove prism. The rota_tion of the particles is due to the helical
peak intensity in the inner ring. Experimentally, this wasPhase fro_nts of the high-order Bessel b(_eam and S.hOWS trans-
achieved by placing the sample stage in ztposition where fer of Qrb'.tal angylar momentum to Iow—mdgx particles. The
the transverse trapping of the hollow spheres was strongeé?feh"j“”o.r IS alsq n apcordance .W't.h the notion of the hollow
The maximum laser power in the sample plane was abmﬁphere interacting with the extrinsic orbital angglar momen-
600 mW. As all the rings of a Bessel beam contain a similafUm Of the beani14]. We also found that the uniformity of

amount of its total power this corresponds4d5 mW in the Bessel bea_m was not as critical as when dealing with
each of the 40 rings of our experimental Bessel beam. high-index particleg12]. High-index particles are attracted
The alignment of the whole optical system was critical, as i
even slight astigmatism can lead to a loss of the symmetrica ps 2% =0l BE®
beam profile and a breakup of the central vortex of the bheam A ’ .., t
The quality of the Bessel beam is very important because 4
any intensity variation around the central ring hinders the
continuous rotation of trapped particl¢42]. Low-index
(hollow) microsphere¢Duke Scientific USA with diameters T\"\‘.‘\ ey it
from 2 um to 20 wm were dispersed in water with a minute ;
amount of detergent added to aid mobility. The hollow

spheres had a shell thickness~eb6% to 10% of their total FIG. 7. Tweezing and rotation around the beam axis of both a
diameter. high- and low-index particle simultaneously in a high-order Bessel

light beam. The figure in the top left shows the Bessel beam and the
IV. RESULTS large hollow sphere and solithigh index particle. The top row
[frames(a)] show rotation of the solid sphefabout 2.5um diam-
The downwards direction of the beam directed the hollowete and the bottom rovjframes(b)] rotation of a hollow sphere.
spheres by scattering to the bottom of the sample slide. AShe time scales for rotation of each particle are indicated.

t=1s a) ° t=2s‘

b)  r=0s b)® r=208 b)® r=40s
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to the regions of high light intensity and their rotation is
significantly influenced by azimuthal intensity variations.
Such hot spots of intensity can impede the azimuthal motion ¢ 45 |
of the particle causing it to be locally tweezed at some point__
on the beam circumference. For low-index particles howeverg 0.1
the case is different as they are localized to the dark region:%
between the rings of the Bessel beam. Intensity variations irc %08
this instance can cause a small radial motion that accompag 0.06
nies the azimuthal rotation of the particles. In all instances, %
however, we found that beam imperfectiofaimuthal in- ® 504
tensity variations up to 20%did not impede the rotation of
low-index particles. This is in contrast to high-index par- 002
ticles. We measured the particle rotation rate as a function o
power and found a linear respon@gg. ). In this instance, 0 ' ' ‘ ' ‘ ‘ :

. 0 100 200 300 400 500 600 700
we used a telescope (1/%§ to obtain a beam where the Power (mW)
peak radius of the inner ring was 36m. The radius of the
first dark ring was~6 um. The graph represents data for  FIG. 8. Rotation rates as a function of the total incident power.
several sizes of sphere from 5+8n in diameter. A range The radius of the first bright ring was about 3.%n and the radius
was taken to include any errors due to finite shell width. Theof the first dark ring was about 6 microns, respectively, for these
fit shows good agreement between experiment and theorgata. The linear graph shows that the angular momentum of each
This confirms the linear relationship between the power andhoton must be proportional té. The data are fitted to our model

the rotation rates implied in Eq17). (taking the ideal hollow sphere size as &) with no free pa-
rameters. The good agreement shows the validity of our model as

does Fig. 5.

0.14 1

V. CONCLUSIONS

. r . Low-index spheres m ffer an exciting avenue for
We have demonstrated the transfer of orbital angular mo_ates 0 dex spheres may offer an exciting avenue for a

. . . X detailed study of local angular momentum variations in mul-
mentum to a Iow-|nde>.< particle trapped n optical tweezer.stiringed light beams such as high radial index LG beams and
The particle is constrained to the dark regions between adjgs <o peams. These particles respond to the orbital angular

cent bright rings of a h|g_h-order Bess_el beam. .Add't'ona.”ymomentum of the light but are relatively insensitive to azi-
we have observed both high- and low-index particles rotatmgnuthal variations in intensity

due to OAM in our system. Particle rotation rates are con-
sistent with a computer model developed based on the scat-
tering as the dominant mechanism for transfer of OAM. Al-
though our model was only applied to the case of high-order We would like to thank the Leverhulme Trust, the U.K.
Bessel beams, it is more general and can be applied to argngineering and Physical Sciences Research Council and
kind of beam. Our quantitative comparison between theorfCONACYT, Mexico for their support of our work and D.
and experiment shows very good agreement for rotatioMcGloin for critical reading of the manuscript.
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