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enerating doughnut-shaped beams with large
harge numbers by use of liquid-crystal spiral
hase plates

. Wang, X. W. Sun, and P. Shum

Liquid-crystal spiral phase plates with cell gaps of 7 and 20 �m have been used to generate doughnut-
shaped beams �doughnut beams� with charges of 1 and 4, respectively. Stacking these liquid-crystal
spiral phase plates yielded doughnut beams with charge numbers up to 8. High efficiency and flexibility
are the advantages of generating doughnut beams by stacking liquid-crystal spiral phase plates. In-
terference of doughnut beams generated by liquid-crystal spiral phase plates and plane waves has been
studied. Fingerlike interference patterns were obtained with a doughnut beam tilted from a Gaussian
beam; spiral fanlike patterns were obtained with a doughnut beam and a Gaussian beam collimated
coaxially. The experimental results are supported qualitatively by simulation. By rotating a glass
slide in the path of the Gaussian beam, one can rotate the fanlike interference pattern in a controlled
fashion. With the liquid-crystal display technology that we have developed and report here, these
liquid-crystal spiral phase plates should find applications in optical tweezers. © 2004 Optical Society of
America

OCIS codes: 160.3710, 140.3300, 140.7010.
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. Introduction

Laguerre–Gaussian �LG� beam is characterized by
wo indices for a given mode. A LG mode is gener-
lly represented by LGp

l, where l is the azimuthal
ndex that represents the number of 2� cycles in
hase about the circumference and p is the radial
ndex that represents p � 1 nodes along the radial
irection. With radial index p � 0, LG modes ap-
ear in a doughnut-ring shape; they are usually
alled doughnut beams. Azimuthal index l in a LG
eam often refers to a topographical charge for the
oughnut beam. The doughnut beam has a helical
ave front that is due to phase singularity. These
elical wave fronts are known to give rise to an or-
ital angular momentum �OAM� that is l��photon for
inearly polarized light.1 The OAM is distinct from
he angular momentum associated with the spin of a
hoton, which is known to be ��photon. Obviously,
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doughnut beam with a high topographical charge
ill lead to a large OAM. Great interest has been
enerated by the lure of potential applications of
AM. In particular, OAM can be used in optical

weezers,2–4 which have been used in trapping and
ransferring angular momentum to microscopic par-
icles or cells in biology applications. OAM has also
ound applications in guiding cooled atoms,5 optical
ransformation,6 frequency shifting,7 and study of op-
ical vortices.8

To generate a doughnut beam that carries OAM,
hree different classes of mode converters have been
emonstrated: a cylindrical lens mode converter,9 a
ologram film,10 and a spiral phase element.11 Re-
ently, there was a report of generating a doughnut
eam by use of a liquid crystal �LC� spiral phase
late.12 A LC spiral phase element has the advan-
ages of high conversion efficiency and flexibility.
s the fabrication of such a spiral phase plate is
ased on LC display technology that has already in
xistence, the cost is low. However, as the birefrin-
ence ��n� of the LC is usually lower than 0.2, and the
hickness �d� of the LC cell is usually less than 10 �m,
he ability to change the LC retardation ��nd�	� is
imited and hence the ability to generate a doughnut
eam with a high topographic charge is limited. A
oughnut beam generated with charge 2 and re-
orted in Ref. 12 showed serious distortion.
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However, a doughnut beam with a high topo-
raphic charge has advantages for applications in
ptical tweezers, as the OAM is proportional to the
opographic charge �or to azimuthal index l �. Using
oughnut beams with higher azimuthal indices is
ore efficient in transferring energy from light to

articles and cells being tweezed. In other words, a
icroscopic particle or cell to be tweezed can absorb

ess laser power if a higher-azimuthal-index dough-
ut beam is applied. This helps to reduce the rise in
emperature that is due to absorption of light by the
article or cell. Thermal damage is quite common in
iological applications; applying a doughnut beam
ith a high topographic charge will greatly alleviate

hermal damage to cells.
To generate doughnut beams with high topo-

raphic charges we propose a scheme that entails
tacking multiple LC spiral phase plates. The mod-
lation of LC spiral phase plate stacks can be under-
tood qualitatively as follows: When a plane laser
eam with field U0 passes through a 2�l spiral phase
late, the emerging ray becomes

U � U0 exp�il
�, (1)

here l is the number of 2� phase changes on any
losed circle about the beam axis; it is the azimuthal
ndex of the emerging doughnut beam. 
 is the polar
oordinate in the plane perpendicular to the beam
ropagation direction. In Eq. �1� the term exp�il
� is
elated to the 2�l spiral phase plate. Stacking n
ayers of LC spiral phase plates with 2�l1, 2�l2, . . . ,
�ln spiral phase changes yields for the emerging ray

U � U0 exp�il1
�exp�il2
� . . . exp�iln
�

� U0 exp� i
 �
i

li� , (2)

here i ranges from 1 to n. From Eq. �2� we can see
hat the azimuthal index of the emerging beam is the
um of all the azimuthal indices of the individual
piral phase plates. When Eqs. �1� and �2� are com-
ared, the purity of the doughnut beam generated by
he stacking method should be the same as that gen-
rated by a single spiral phase plate.

. Structure and Stacking of Liquid-Crystal Spiral
hase Plates

LC spiral phase plate was fabricated by a method
imilar to that reported in Ref. 12. Figure 1�a� is a
hotograph of the as-fabricated LC spiral phase plate
ith the rubbing direction and a scale bar indicated.
ere we describe the structure and stacking of LC

piral phase plates. The LC cell consists of a LC
ayer sandwiched by two pieces of indium tin oxide
ITO� glass. The LC molecules are homogeneously
ligned. The ITO electrode on one side of the LC
piral phase plate is lithographically patterned into a
ie-shaped structure with 18 slices. Adjacent slices
re separated by a 25-�m gap and are connected to
tched ITO resistors of �600 , except that two slices
re connected to contact electrodes �Fig. 1�a��. The
ounter-ITO electrode on the other side of the LC cell
s not patterned; it is always grounded when the LC
ell is in operation. It is worth mentioning that
here is a circular area with a diameter of 140 �m in
he center of the plate that cannot be modulated.
C cells with cell gaps of 7 and 20 �m were fabri-
ated. A cell gap of 7 �m is widely used in commer-
ial twisted nematic and supertwisted nematic
isplays. Stacking of LC spiral phase plates is done
n such a way that the rubbing directions of all the
tacked LC cells are parallel �Fig. 1�b��. Ideally, the
C spiral phase plates should be glued with index-
atched epoxy to reduce reflection loss; in our exper-

ment they are simply loosely positioned together.
ote that the polarization direction of the input laser
eam should be parallel to the LC rubbing direction
Fig. 1�b��.

The birefringence of the LC mixture used in this
xperiment is 0.16. The retardation �d�n�	, where
� 632.8 nm for the He–Ne laser used in our exper-

ment� relative to the applied voltage of the LC cell as

ig. 1. �a� Photograph of a LC spiral phase plate with a scale bar
nd the rubbing direction indicated. The 18 slices and the ITO
esistors can be seen clearly with slanted illumination. �b� Sche-
atic showing the stacking of the LC spiral phase plates. The

ubbing angles of the LC spiral phase plates should be parallel and
he polarization of the input laser beam should be parallel to the
ubbing direction as well.
10 April 2004 � Vol. 43, No. 11 � APPLIED OPTICS 2293
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easured by an interferometer is shown in Fig. 2.
n Fig. 2 the circles and triangles are measured data
or LC spiral phase plates with cell gaps of 7 and 20
m, respectively. It can been seen that, by applying
suitable driving voltage, one may obtain 2� and 10�
hase shifts with 7- and 20-�m cells, respectively, for
He–Ne laser. And the retardation-voltage curves

re quite linear to produce the above phase shifts.
When voltage is applied to the two contact elec-

rodes �Fig. 1�a��, a linear voltage drop will be built up
cross the 18 slices by the series ITO resistors. The
omogeneously aligned LC molecules respond to the
oltage applied to each slice by tilting away from the
lass �the LC molecules becomes more vertically
ligned�. The tilting angle, and hence the extraor-
inary refractive index seen by the incoming polar-
zed beam �Fig. 1�b��, varies from slice to slice
orresponding to the voltage drop across the cell.
ccordingly, the extraordinary refractive-index vari-
tion in the helical direction will result in a helical
hase delay across the 18 slices �Fig. 2�.

. Doughnut-Beam Generation

mages �a�, �b�, and �c� in Fig. 3 �top� show the far-field
oughnut ring with, respectively, charges 1, 2, and 3

ig. 2. Retardation ��nd�	� versus driving voltage for the fabri-
ated LC spiral phase plates with cell thicknesses of 7 and 20 �m.

ig. 3. Doughnut beams obtained in the experiment �top images�
nd the corresponding simulation results �bottom images�: �a�
ith charge 1 generated with one 7-�m LC spiral phase plate, �b�
ith charge 2 generated by stacking of two 7-�m LC spiral phase
lates, �c� with charge 3 generated by stacking of three 7-�m spiral
hase plates.
294 APPLIED OPTICS � Vol. 43, No. 11 � 10 April 2004
enerated by one 7-�m LC cell and by stacking of two
nd three 7-�m LC cells. We obtained the images by
lacing the LC spiral phase plate or the stacks of
lates at the output of a He–Ne laser. The bottom
mages in Fig. 3 show the corresponding results for
oughnut beams with charges 1, 2, and 3 simulated
y diffraction theory. The experimental results
ere in good agreement with the simulations. The

harge number was determined from the retardation
oltage curve shown in Fig. 2. It can be verified by
omparison of the shape of the simulated doughnut
eam with that of the experimental beam. It can be
een from Fig. 3 that, by stacking LC cells, one can
btain good-quality doughnut beams with large
harge numbers. And it is rather easy to switch
etween doughnut beams with different charge num-
ers by adding or removing LC spiral phase plates.
or example, we could obtain a charge-2 doughnut
eam by stacking two LC spiral phase plates, each of
hich should generate a doughnut beam with charge
�Fig. 3�b��. A doughnut beam with charge 3 could

e obtained by stacking of three LC spiral phase
lates, each of which should generate a doughnut
eam with charge 1 �Fig. 3�c��. It is worth mention-
ng that stacking two spiral phase plates with
harges of 1 and �1 will cause the emerging ray to
ecover back to a Gaussian shape.

The LC spiral phase plates with the large, 20-�m
ell gap were also characterized for generation of
oughnut beams. Applying voltages to the 20-�m
C spiral plates yielded doughnut beams with
harges 1 to 4, as shown in Fig. 4�a�. The small-
harge doughnut beams shown in Fig. 4�a� are of good
uality. The slight distortion of the doughnut beam
ith charge 4 that can be observed from Fig. 4�a�

omes from the nonlinear response of the retardation

ig. 4. Doughnut beams �a� with charges up to 4 �l � 1, 2, 3, 4�
enerated by one 20-�m-thick LC spiral phase plate and �b� with
harges from 5 to 8 �l � 5, 6, 7, 8� generated by stacking of two
0-�m-thick LC spiral phase plates.
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ersus applied voltage in the region just before the
urve becomes flattened �Fig. 2�. This region corre-
ponds to the end of the transition from homogeous to
omeotropic alignment of the LC molecules. Obvi-
usly, a larger optical retardation is needed for longer
avelengths. So a doughnut beam with large

harge number and a longer wavelength tends to be
ore distorted than that with the same charge num-

er and a shorter wavelength, as was also described
n Ref. 12. However, this problem can be overcome
y application of an individual voltage to each pie
lice �not shown here�. By stacking two 20-�m cells,
e obtained doughnut beams with charges from 5 to
�Fig. 4�b��. The outer rings in the surroundings of

he doughnut beam �Fig. 4� are, in our opinion, due to
iffraction in the gaps between adjacent slices and
he unmodulated center of the input Gaussian beam
the center of the LC spiral phase plate is not modu-
ated�. These small coherent backgrounds combine
ith the singular beam, the splitting the vortex with

larger charge number.13 To deter splitting,
hough it is impossible to avoid, the sizes of the un-
odulated center and of the gaps between adjacent

lices should be reduced. It can be seen from Fig.
�b� that the doughnut with charge 8 becomes dis-
rete �azimuthal modulation� and that the number of
iscrete elements equals the number of ITO slices.
here are two possible causes of azimuthal modula-

ion: �1� diffraction from the gap of adjacent slices
nd recombination of a �2� small coherent back-
round with the singular beam, causing a vortex ex-
losion in the resultant field, as has been reported to
ccur for a Bessel beam.14 One can alleviate the
zimuthal modulation by reducing the size of the
aps between adjacent slices and increasing the num-
er of slices. The gaps between adjacent slices
hould be reduced to a level at which the LC mole-
ules in the gap region can be strongly affected by
otentials on two adjacent slices. According to re-
earch with liquid-crystal-on-silicon microdisplays,15

pixel-to-pixel gap of 1 �m �depending on the pretilt
ngle of the LC� is needed to eliminate the LC domain
alls between the pixels. Thus we would expect a
ap between adjacent slices to be reduced to at least

Table 1. Gaussian-to-Doughnut Beam Conversion

Parameter
One 7-�m

Plate

Output power with no voltage applied �mW� 2.87
Output power with voltage applied �mW� 2.28b

Transparency �%� 89.7
Conversion efficiency �%� 79.4

aThe total input power is 3.20 mW from a He–Ne laser operati
ithout voltage applied�input laser power�. The conversion effici
ower without voltage applied�. The voltages applied correspond
n the far field.

bCharge 1, Fig. 3�a�.
cCharge 2, Fig. 3�b�.
dCharge 3, Fig. 3�c�.
eCharge 4, Fig. 4�a�.
fCharge 5, Fig. 4�b�.
�m. For the two electrode slices of the LC spiral
hase plate, because the voltages applied to them are
o different, a smaller gap between them might be
equired.

. Conversion Efficiency

LC spiral phase plate has the advantage of nearly
00% conversion efficiency.12 To verify this conclu-
ion we measured the conversion efficiencies of single
piral phase plates and of stacked plates for our sam-
les. The results are tabulated in Table 1. The in-
ut power is 3.2 mW from a 632.8-nm polarized
e–Ne laser. Transparency is the percentage ratio

output power without voltage applied�input laser
ower�. The conversion efficiency is the percentage
atio �output power with voltage applied�the output
ower without voltage applied�. The power is mea-
ured in the far field. The voltages applied to the
-�m cell and its two and three stacks are the same
s those that we used to obtain doughnut beams in
ig. 3 and the voltages applied to the 20-�m cell and

ts two stacks are the same as were used to obtain the
oughnut beams in Fig. 4, l � 4 and l � 8, respec-
ively.

It can be seen from Table 1 that the transparencies
f one 7-�m cell and one 20-�m cell are 89.7% and
9.1%, respectively. The loss of the static state �no
oltage� is due mainly to the interface reflections be-
ween air–glass and glass–LC. The transparency of
single cell is not sensitive to the size of the LC cell

ap. Neither is the conversion efficiency, which is
9.4% and 79.6% for one 7-�m cell and one 20-�m
ell, respectively. Moreover, this conversion effi-
iency is independent of the charge number gener-
ted by a single LC plate. The dynamic loss �with
oltage� comes from the diffraction of ITO electrode
aps. Stacking more LC spiral phase plates results
n a slight, steady decrease in transparency and con-
ersion efficiency. Stacking two 7-�m cells and
hree 7-�m cells reduces the transparency to 78.8%
nd 70.6%, respectively, and the conversion efficiency
o 67.5% and 54.2%. Stacking two 20-�m cells to
enerate a doughnut beam with charge 8 yields the
onversion efficiency of 67.8%, which is almost the

ncy of Single and Stacked LC Spiral Phase Platesa

Stacked
Plates

Three Stacked
7-�m Plates

One 20-�m
Plate

Two Stacked
20-�m Plates

2.52 2.26 2.85 2.55
1.70c 1.22d 2.27e 1.73f

8.8 70.6 89.1 79.7
7.5 54.2 79.6 67.8

632.8 nm. Transparency is the percentage ratio �output power
is the percentage ratio �output power with voltage applied�output
ose shown in Figs. 3 and 4, respectively. The power is measured
Efficie

Two
7-�m

7
6

ng at
ency
to th
10 April 2004 � Vol. 43, No. 11 � APPLIED OPTICS 2295
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ame as that achieved by stacking two 7-�m cells to
enerate a doughnut beam with charge 2. So the
ransparency and the conversion efficiency depend on
he number of LC cells stacked but not on the charge
umber of the doughnut beam. Note that the reduc-
ion in transparency could be mitigated by use of
ndex-matched epoxy to glue LC cells and antireflec-
ion coating at the air–glass interface, and the reduc-
ion in conversion efficiency could be decreased with
mall gaps between ITO slices. Only theoretically,
00% conversion efficiency is possible.
It should be noted that the actual conversion effi-

iencies are smaller than those tabulated in Table 1.
his is so because the light that emerges from the LC
piral phase plate consists of LG beams with various
adial indices p but the same azimuthal index l �as-
uming that the topological charge is conserved�, in-
luding the doughnut beam with charge l �p � 0�,
hich is the major component.11 Moreover, because

f the unmodulated center of the Gaussian beam �the
enter of the LC spiral phase plate is not modulated�
nd scattered and reflected light, there is a coherent
ackground mixed with the singular beam that
auses splitting of the vortex13,14 �Figs. 3 and 4�, re-
ulting in larger charge numbers. The emerging ray
hould have more than one azimuthal index; i.e., the
hoton that emerges from the LC spiral phase plate
ossesses other values of OAM rather than l� only.

. Vortex Generation

he interference between a doughnut beam and a
lane wave was also studied. Figure 5 shows the
xperimental apparatus for generating the spiral in-
erference pattern �vortex� of a doughnut beam and a
lane wave. With a beam expander formed by two
xpanding lenses �LENS1 and LENS2�, the diameter
f the laser is expanded from 0.9 to 7 mm. A 50%
eam splitter, BS1, is used to split the laser into two
eams: One passes directly through the LC spiral
hase plate and is then reflected by a M1 toward
eam splitter BS2; the other beam is reflected by
irror M2 and passes through a glass slide and beam

plitter BS2. The beam reflected by BS1 is recom-
ined with the transmitted part at BS2. The LC
piral phase plate used is the 20-�m cell. The glass
late is used to vary the optical path of the plane
ave to generate rotating interference patterns for

ig. 5. Experimental apparatus with which to study the interfer-
nce of a doughnut beam and a plane wave.
296 APPLIED OPTICS � Vol. 43, No. 11 � 10 April 2004
article and cell rotation. Interference patterns are
bserved in the near field.
Patterns 1 in Fig. 6�a� and 3 in Fig. 6�a� are inter-

erence patterns generated by a doughnut beam with
harge 3 and an inclined plane wave and by a dough-
ut beam with charge 3 and a coaxial plane wave,
espectively. Patterns 2 in Fig. 6�a� and 4 in Fig.
�a� are interference patterns generated by a dough-
ut beam with charge 4 and an inclined plane wave
nd by a doughnut beam with charge 4 and a coaxial
lane wave, respectively. The top images in Fig.
�a� are the experimental results; the bottom images
n Fig. 6�a� are the simulated results. The experi-

ental results are in good agreement with the sim-
lations. Through the interference pattern the
harge number of the doughnut beam can also be
etermined. Here the doughnut beams generated
re confirmed to carry charges of 3 and 4, respec-
ively. By rotating the glass plate we observed ro-
ation of the fanlike interference pattern. The
ecorded interference patterns are shown in Fig. 6�b�.
he four images shown in Fig. 6�b� correspond to four
ifferent orientations of the glass slide. The bright
pot at the top left corner of each pattern in Fig. 6�b�
rovides a reference to show the rotation of the vor-
ex. The rotating spiral interference pattern was
pplied to rotate optically trapped microscopic parti-
les by use of a hologram,4 but the power conversion
fficiency was low. The response of the vortex to
otation is instantaneous with the rotation of the

ig. 6. �a� Interference patterns generated by doughnut beams of
harges 3 �1� and 4 �2� with an inclined plane wave and 3 �3� and
�4� with a coaxial plane wave. The top images are experimental

esults, and the bottom images are simulations. �b� Rotating in-
erference pattern generated by a doughnut beam of charge 3 and
coaxial plane wave. The bright dot at the left of each pattern
as deliberately added as a reference to indicate the rotation.
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lass slide. The response to changing the fan-out of
he vortex �switching between different charge num-
ers of a doughnut beam� by varying the voltage ap-
lied to the LC spiral phase plate is in the range of
ens of milliseconds, which is the typical range of a
omogeous LC cell.

. Conclusions

iquid-crystal spiral phase plates with cell thick-
esses of 7 and 20 �m have been fabricated. Dough-
ut beams with charges of 1 to 4 were generated by
hese LC spiral phase plates with cell thicknesses of

and 20 �m. We proposed stacking to obtain
oughnut beams with large charge numbers. We
btained doughnut beams with higher charge num-
ers �l � 8� by stacking LC spiral phase plates. The
dvantages of stacking LC spiral phase plates to gen-
rate doughnut beams with large charge numbers are
igh conversion efficiency and flexibility. It is
ather easy to switch between different charge num-
ers by adding or removing LC spiral phase plates.
he spiral interference patterns were obtained by

nterference of a doughnut beam generated by a LC
piral phase plate and a plane wave. Interference
atterns with doughnut beams tilted from Gaussian
eams and the two beams collimated coaxially were
btained. The simulation results agreed qualita-
ively with the experimental interference pattern.
y rotating a glass slide in the path of a Gaussian
eam, we could rotate the fanlike interference pat-
ern in a controlled fashion. With the LC display
echnology already developed, these LC spiral phase
lates should find applications in optical tweezers
nd in any other situations in which a doughnut
eam is needed.
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