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Creation of Laguerre-Gaussian laser modes using diffractive optics
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Diffractive optics are used to create low- and high-order Laguerre-Gaussian~LG! beams from the output of
a diode laser. We examine the mode purities, conversion efficiencies, extinction ratios, and propagation char-
acteristics. We present detailed analyses of the beam profiles for one low-order (LG0

1) and one high-order
(LG1

2) Laguerre-Gaussian mode. Modeling the LG1
2 beam as a superposition of LG modes, we find (99.3

60.9%) of the laser intensity in the LG1
2 mode, a mode purity greater than for LG beams created by other

methods external to the laser cavity. The high mode purity may be useful in making atom traps for precision
measurements and for Bose-Einstein condensation.
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Laser beams propagating in Laguerre-Gaussian mode
of considerable interest due to their characteristic phase
gularity, orbital angular momentum, and multiply connect
topology. Laguerre-Gaussian beams (LGp

,) describe a set o
propagation modes where the equation for the radial elec
field is proportional to the product of a Gaussian and
associated Laguerre polynomialLp

, . When, is greater than
zero, the electric field has an azimuthal phase change
2p,, which results in a phase singularity in the field and
node in the intensity at the center of the beam.

These beams are used as optical tweezers for macros
particles, where the transfer of orbital angular moment
leads to rotation in a direction determined by the helicity
the beam @1,2#. LG beams are used to write optic
waveguides in atomic vapors@3#, and the vortex nature o
these beams is exploited in the study of optical solitons@4#.
These types of laser modes also produce atom tr
Magneto-optical traps~MOT’s! have been demonstrated u
ing a combination of LG0

1 ~donut-mode! beams and very
weak Gaussian beams@5#. The construction is similar to a
traditional MOT with the exception that the light intensity
the center is much weaker. This leads to an increase in
number of trapped atoms due to a decrease in collisions
tween ground-state and excited-state atoms that lead to
loss. LG beams are also used for optical dipole traps@6#. In a
dipole trap, a laser tuned to a frequency lower than an ato
resonance transition frequency~red detuned! attracts atoms
to the region of maximum light intensity, while a laser tun
above resonance~blue detuned! attracts atoms to minimum
intensity regions. Blue-detuned dipole-force traps co
structed from LG beams confine atoms to the nodes in in
sity where they spend most of the time in the dark. T
arrangement can trap a larger number of atoms than
achieved with traditional red-detuned dipole-force traps@6#.
Confining atoms in the intensity nodes minimizes effe
such as photon absorption and ac Stark shifts, which is
portant for precision measurements. While previous exp
ments confine atoms in the center of a donut-mode be
there is considerable interest in high-order LG beams as
roidal traps for Bose-Einstein condensates@7,8#. Confine-
ment of multiple condensates in the concentric, multiply co
nected traps formed by high-order LG modes allo
observation of vortices by matter-wave interference@8#.
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For a laser beam propagating along thez axis, the magni-
tude of the electric field of an LGp

, mode~settingz50 and
assuming a planar wave front! is given by@9#

up
,~r ,f!5A 2P

pw2
A p!

~ l 1p!!
~21!pe2 i ,fe2r 2/w2

3SA2r

w D ,

Lp
,S 2r 2

w2 D , ~1!

whereP is the power,w is the laser beam waist~which is a
function of z), andLp

, is a Laguerre polynomial that give
the characteristicp11 radial nodes. Thee2 i,f term identi-
fies this as a vortex state with a quantized 2p, azimuthal
phase change of the electric field, and a well-defined ang
momentum of,\ per photon@10#. When,5p50, the beam
is Gaussian. Figure 1 contains sample charge-coupled de
~CCD! camera images of cross sections of LG beam inte
ties ~given byu* u) and shows the qualitative features of th
intensity distributions for several modes.

While LG modes can be produced inside the laser ca
@11#, or by subsequent conversion from Hermite-Gauss
beams@10,12#, the use of diode lasers requires extern
cavity conversion from Gaussian to LG propagation mod
Previously demonstrated external-cavity methods inclu
spiral phase plates, computer generated holograms, and
fractive optics. Spiral phase plates are transmission op
whose thickness varies to create an azimuthally depen
phase delay. This can convert a Gaussian beam into ap

,

beam, as well as convert between any two LGp
, modes

@13,14#. A more common method uses computer genera
holographic gratings@15–17#. Computer generated holo
grams are recordings of the theoretical interference pat
between the electric field of the LG mode of interest and
reference field, commonly a plane wave@18#. Most studies
using computer generated holograms transform Gaus
beams into LG0

, , donut modes. Forp50, an incident Gauss
ian beam is broken into diffractive orders, the LG0

, beam
being in the,th diffractive order. The gratings are designe
to put optimum power in the desired mode, achieved w
conversion efficiencies of;40% @16#. While higher-order,
p5” 0, modes have been demonstrated using computer
©2002 The American Physical Society01-1
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erated holograms@16#, they cannot create pure LG modes.
this case, each diffractive order of a specific, is a superpo-
sition of all p modes. Arltet al. @16# show that the theoreti
cally best possible mode purity for a LG1

1 beam has 80% o
the intensity in thep mode of interest. They achieve th
experimentally with a conversion efficiency of 40%.

We constructed Laguerre-Gaussian laser beams using
fractive optics in collaboration with the research departm
of Diffractive Optics Corporation~DOC!. DOC uses state-of
the-art photolithographic techniques to etch small sc
structures on an optical element. A laser wave front incid
on the optic diffracts from the microstructures. These n
wave fronts propagate, and the resulting beam profile is
superposition of the diffracted waves. Using two diffracti
optics to control the intensity and the phase, an arbitrary fi
wave front can be created at a specific propagation dista
from the second optic, given an arbitrary initial wave fro
There is no fundamental limit to the mode purity of bea
created with this method; it is only limited by the resolutio
of the lithographic techniques used to etch the diffract
optics. Using these optics we created LG0

1, LG1
2, LG2

3, LG0
5,

and LG1
10 laser modes. Images of intensity cross sections

these beams are pictured in Fig. 1. Khoninaet al. have also
made diffractive optics to generate Laguerre-Gaussian l
beams, and they present CCD images of the beams in
@19#.

FIG. 1. Two-dimensional~2D! intensity profiles of LGp
, beams:

~a! LG0
1 , ~b! LG1

2, ~c! LG2
3, ~d! LG0

5, and~e! LG1
10. The additional

rings seen in~a!–~c! are due to diffraction from the edge of th
optic.
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500 mW of single-frequency laser power at 780 nm
produced by an external-cavity diode laser and amplifier
the master oscillator power amplifier~MOPA! configuration.
The astigmatic output of the MOPA is symmetrized by be
shaping optics and passed through an optical diode to
vent back reflections. The beam is inserted into a sing
mode fiber to spatially filter the beam, and we routinely o
tain ;10 mW of laser light exiting the fiber in a pur
Gaussian laser mode. Since very little power is required
these studies, we do not optimize the coupling into the fib
With a telescope, we produce a collimated beam with ane22

beam radius of 0.5 mm set by the size of the etched por
of the optics. The beam is directed through two diffracti
optics held on either end of a specially designed mount. T
mount is a hollow aluminum cylinder, 15 mm long, 25.4 m
outer diameter, and 12.7 mm inner diameter, through wh
the beam passes. On each face of the cylinder are pins t
the orientation of the optics. This cylinder is placed in a 1 in.
optic mount and fixed to a 2D translation stage, which
gether allow control of both the position and angle of t
optics relative to the laser beam. These optics must be pla
15.060.2 mm apart and have a relative tilt angle of less th
63 arc min along any axis. These specifications were de
mined by DOC, and the orientation must be optimized
best mode purity. The optics are designed to create the
sired image 15 mm from the second optic and have a wa
length range of610 nm.

Samples of unoptimized beams showing the general
tures of LGp

, modes are in Fig. 1, where the images are tak
using a low-resolution CCD camera in conjunction with
frame grabber and PC coordinated throughLABVIEW . The
intensity scale is in arbitrary units. Figures 1~a! and 1~d! are
images of the LG0

1 and LG0
5 beams, each showing the ex

pected one central node. The node of the LG0
5 beam is quali-

tatively different from that of the LG0
1 beam, since the inten

sity at the center of a LGp
, mode scales asr 2, @Eq. ~1!#.

Figures 1~b! and 1~e! are images of the LG1
2 and LG1

10 beams,
each with oner 5” 0 node in addition to the center node. On
again, there is a proportionally larger region of near-ze
intensity at the center of the LG1

10 beam. As also seen in th
figure, for each set of modes with the samep, but different,,
the width of the annular intensity ring is narrower for th
beam with higher,. Consequently, the peak intensity
larger. Figure 1~c! is an image of a LG2

3 laser beam with
multiple r 5” 0 nodes. Figures 1~a!–1~c! show additional rings
around the outside of the beams and are due to diffrac
from the outer edge of the optic. These extra rings dive
very quickly as the LG beam propagates and are no lon
observed further down the beam path.

The conversion efficiency, the ratio of the power in t
LG mode of interest to the power of the incoming Gauss
beam, is a figure of merit for LG beam creation. In princip
LG modes created intracavity or by using high-ord
Hermite-Gaussian modes do not suffer from convers
losses in this sense. However, the requirement that the l
operate in a higher mode decreases gain. A comparable
ure of merit for these systems would be the ratio of LG mo
power to the power possible in the fundamental mode of
1-2
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laser. Computer generated holograms have a demonst
conversion efficiency of 78% for LG0

1 @16# and 40% for
higher-order beams. Using a power meter before and a
the diffractive optics, we measure conversion efficiencies
greater than 40% for our LG0

1 beam and greater than 60% fo
the higher-order modes.

A primary consideration for methods of LG beam co
struction is the resulting mode purity: the degree to wh
the intensity pattern reproduces the theoretical mode. T
becomes an important issue forp5” 0 beams made from com
puter generated holograms because beams that correspo
a particular value of, are a superposition of allp values. To
quantify this, Arlt et al. @16# took the total intensity in the
diffraction order of interest and measured the percentag
the intensity in the specificp mode desired. They fitted th
intensity distribution to a function given byf * f , where f
5(pcpup

, , up
, is given by Eq.~1!, and cp are numerical

coefficients. The figure of merit is thencpo

2 , wherepo is the

desired mode. They fitted data for LG1
1 beams using ampli-

tude terms up top53. They were able to obtain a LG1
1 beam

with c1
2.0.8, matching the maximum theoretical value f

beams created with computer generated holograms@16#.
An accurate radial intensity distribution is necessary

determine the mode purity. We first create the beams as
scribed above. Then, to optimize the beam quality, we pl
a CCD camera near the optimum image plane and adjus
position and angle of the optics to improve the observ
image. Because the CCD camera does not provide suffic
signal to noise, we use a 10mm pinhole on a translation
stage to measure the intensity. We place the pinhole in
optimum image plane of the optics and focus the transmi
light onto a photodiode with amplifier circuit. We find th
positions corresponding to the maximum intensity of the
beam both vertically and horizontally, and the center is ta
to be the midpoint between these positions. We obtain a
intensity versus radius distribution by measuring the out
of the photodiode circuit with the pinhole starting at the ce
ter of the beam and moving radially outward. The bac
ground due to scattered laser light and ambient room ligh
found and subtracted from the data. We find that the do
nant sources of errors are introduced into the experimen
the initial setup; including uncertainties in alignment optim
zation, placing the pinhole at the image plane, and determ
ing the center of the beam. To randomize these errors,
make many independent alignments and measuremen
the intensity distribution, and compute the average and s
dard deviation at each position. Figure 2 shows the meas
radial intensity distribution for the LG1

2 beam, and Fig. 3
shows the data for the LG0

1 beam.
To compute a figure of merit for our mode purity, w

analyze our data in a manner similar to that of Ref.@16# by
fitting to a superposition ofp modes and minimizingxn

2 , the
reducedx2 @20#. Even though we do not expect our beams
be a superposition ofp modes, we let nonzero amplitudes
the otherp modes account for any systematic errors. Us
MATHEMATICA , we begin by fitting our data to a pure LGp

,

mode, plotting contours ofxn
2 , and finding the minimum. If
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the result is greater than 1, we add another term in the
pansion and again minimizexn

2 . We continue to add terms
until xn

2 no longer decreases. For each fit we require(pcp
2

51. We find quantitatively that this model is a good choi
for our data as the finalxn

2 is nearly 1. Then, as in Ref.@16#,
the mode purity is given bycpo

2 of the desiredpo mode.

Using this method, we find the mode purity of the LG1
2 beam

to be c1
250.99360.009, consistent with 100% of the bea

intensity being in the LG1
2 mode. For the LG0

1 beam, c0
2

50.92960.125. The theoretical curves that best fit the d
are shown as lines in Figs. 2 and 3.

Because an advantage to trapping atoms in blue-detu
laser fields is that they spend most of the time in regions
low laser intensity, an important quality of LG beams is ho

FIG. 2. The squares are experimental measurements of th
dial intensity of a LG1

2 beam with the error bars representing o
standard deviation. The line is the theoretical curve that best fits
data showing.99% of the beam intensity in the LG1

2 mode.

FIG. 3. The squares are experimental measurements of th
dial intensity of a LG0

1 beam with the error bars representing o
standard deviation. The line is the theoretical curve that best fits
data showing.92% of the beam intensity in the LG0

1 mode.
1-3
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TABLE I. Comparison of LGp
, beam characteristics using different construction methods.

Mode purity Conversion
Creation method , mode p50 p51 efficiency Extinction ratio

Spiral phase plate 1 78.5%@14#

2 50% @14#

Computer generated 1 93%@17# 80% @16# 40%
holograms 3 77%@17#

6 62.8%@17#

Diffractive optics 1 92.9% 40% (2.560.8)31022

~this work! 2 99.3% 60% (3.360.8)31022
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dark the nodes are. A figure of merit of this characteristic
the extinction ratio: the ratio of the peak intensity to t
intensity at the center. We measure extinction ratios of (
60.8)31022 for the LG1

2 beam and (2.560.8)31022 for
the LG0

1 beam. In fact, as seen in Figs. 2 and 3, our bea
vary from the theoretical curve mostly where the intensity
supposed to go to zero. This may be a concern for so
applications, such as precision measurements. To our kn
edge a study of the extinction ratios of LG beams obtain
by other methods has not been done, and would be of c
siderable interest. Table I shows a comparison of our res
with the available data published on LG modes created u
methods external to the laser cavity.

To further explore the practical application of these bea
as atom traps, we consider their propagation characteris
Although the initial beam is transformed through diffractio
over 30 mm, the resulting LG modes maintain their quali
tive shape over significant distances due to the vortex na

FIG. 4. Images of a LG0
1 beam at increasing distances from t

image plane:~a! 75 mm,~b! 100 mm,~c! 150 mm, and~d! 200 mm.
The dimple in~d! is an experimental artifact. The additional ring
~a!–~b! is due to diffraction from the edge of the optic.
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of the beams. Figure 4 shows a LG0
1 beam at various dis-

tances from the image plane. The beam diverges as it pr
gates, and there is some distortion in the beam quality. A
mm @Fig. 4~a!#, there is a prominent extra ring around th
central node. This is due to light diffracting from the out
edge of the optic itself, similar to that observed in Fig
1~a!–1~c!. These diffraction rings diverge more rapidly tha
the LG beam, and at 200 mm the extra ring is no long
visible. The general feature of an LG0

1 beam, the centra
node, is maintained as the beam propagates. Figure 5 sh
CCD images of a LG2

3 beam as it propagates from the ima
plane. Again, as the beam diverges, the multiple radial no
of the beam are preserved. The relative peak intensitie
the antinodes change as a function of propagation dista
Additionally, an azimuthal asymmetry in peak intensity a
pears, and then increases as the beam propagates. Whi
mode purity can be recaptured by imaging, it may not
necessary if only general features of the beam are requi

We use diffractive optics to create low- and high-ord
Laguerre-Gaussian diode laser beams with mode pur

FIG. 5. Images of a LG2
3 beam at increasing distances from th

image plane:~a! 75 mm,~b! 100 mm,~c! 150 mm, and~d! 200 mm.
1-4
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greater than 90%, superior to those of other external-ca
methods. The beams have conversion efficiencies com
rable to those in other techniques and extinction ratios
;1022. The beams maintain their qualitative features o
distances greater than 200 mm from the image plane of
in
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optics. Because of the good mode purities, these be
should be useful in making atom traps.
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