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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-GaudsBrbeams 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 Iow-ordé)r éh& one high-order
(LGi) Laguerre-Gaussian mode. Modeling the iLtieam as a superposition of LG modes, we find (99.3
+0.9%) of the laser intensity in the I.iG"node, 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 modes are For a laser beam propagating along #eis, the magni-
of considerable interest due to their characteristic phase sinude of the electric field of an L’gSmode(settingz=O and
gularity, orbital angular momentum, and multiply connectedassuming a planar wave froris given by[9]
topology. Laguerre-Gaussian beams () @escribe a set of
propagation modes where the equation for the radial electric ‘ 2P p! 22
field is proportional to the product of a Gaussian and an  Up(r, @)=\ —5\/ 7 (—1)Pe e

) ) aw? ¥ (1+p)!
associated Laguerre polynomlai. When{ is greater than
zero, the electric field has an azimuthal phase change of Jar ¢ (o2
27€, which results in a phase singularity in the field and a X (—) Lf)(—)
node in the intensity at the center of the beam. w

These beams are used as optical tweezers for macroscopi : . L
particles, where the transfer of orbital angular momentu WhereP is the powersw is the laser beam waigwhich is a

. l - . .
leads to rotation in a direction determined by the helicity of\U"ction 0f2), andLy is a Laguerre pol;ir?&mlal that gives
the beam[1,2l LG beams are used to write optical the characteristip+ 1 radial nodes. The term identi-

waveguides in atomic vapof&], and the vortex nature of fies this as a vortex state.wif[h a quantizeﬂ(ﬁZaz_imuthaI
these beams is exploited in the study of optical solifas phase change of the electric field, and a well-defined angular
These types of laser modes also produce atom trap§omentum oft7 per photor{10]. When{=p=0, the beam
Magneto-optical trap§MOT’s) have been demonstrated us- 'S Gaussian. Figure 1 contains sample charge-coupled device
ing a combination of L@ (donut-modg beams and very (CCD) camera images of cross sections of LG beam intensi-
weak Gaussian beani§]. The construction is similar to a f[ies (gi_ven .byl.J* u_) and shows the qualitative features of the
traditional MOT with the exception that the light intensity at Intensity distributions for several mOd?‘S- . .
the center is much weaker. This leads to an increase in t While LG modes can be prod_uced inside the_ laser cavity
number of trapped atoms due to a decrease in collisions b 11], or by subsequent conversion from Hermite-Gaussian

tween ground-state and excited-state atoms that lead to tr ams[lO,lZ,_the use of d|qde lasers requires external-
loss. LG beams are also used for optical dipole t{gpsin a avity conversion from Gaussian to LG propagation modes.

dipole trap, a laser tuned to a frequency lower than an atomiE’r.eVIOLISIy demonstrated external-cavity methods include

resonance transition frequen¢ed detunej attracts atoms splra_l phaS(_a pIates_, computer generated hologram_s, and .dif'
to the region of maximum light intensity, while a laser tunedfractlve optics. Spiral phase plates are transmission optics

L whose thickness varies to create an azimuthally dependent
.abovel resongnc(zblue detuney] attract.s atoms to minimum hase delay. This can convert a Gaussian bean): intge LG
intensity regions. Blue-detuned dipole-force traps con® Y ! i
structed from LG beams confine atoms to the nodes in interR€@M, as well as convert between any two,L@odes
sity where they spend most of the time in the dark. Thisl13,14. A more common method uses computer generated
arrangement can trap a larger number of atoms than th&iolographic gratings15-17. Computer generated holo-
achieved with traditional red-detuned dipole-force trfs ~ 9rams are recordlr)gs_ of the theoretical mterf_erence pattern
Confining atoms in the intensity nodes minimizes effectsPetween th.e electric field of the LG mode of interest .and a
such as photon absorption and ac Stark shifts, which is imteference field, commonly a plane wal&8]. Most studies
portant for precision measurements. While previous experiUsing computer generated holograms transform Gaussian
ments confine atoms in the center of a donut-mode bean®€ams into LG, donut modes. Fqo=0, an incident Gauss-
there is considerable interest in high-order LG beams as tdan beam is broken into diffractive orders, the § Geam
roidal traps for Bose-Einstein condensaf&s8]. Confine- being in thefth diffractive order. The gratings are designed
ment of multiple condensates in the concentric, multiply conto put optimum power in the desired mode, achieved with
nected traps formed by high-order LG modes allowsconversion efficiencies of-40% [16]. While higher-order,
observation of vortices by matter-wave interfereh@g p+#0, modes have been demonstrated using computer gen-

g (1)
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/1 1 500 mW of single-frequency laser power at 780 nm is
a produced by an external-cavity diode laser and amplifier in

4 - f the master oscillator power amplifi@lOPA) configuration.
The astigmatic output of the MOPA is symmetrized by beam
shaping optics and passed through an optical diode to pre-
vent back reflections. The beam is inserted into a single-
mode fiber to spatially filter the beam, and we routinely ob-
tain ~10 mW of laser light exiting the fiber in a pure
Gaussian laser mode. Since very little power is required for
these studies, we do not optimize the coupling into the fiber.
With a telescope, we produce a collimated beam witle ah
beam radius of 0.5 mm set by the size of the etched portion
of the optics. The beam is directed through two diffractive
optics held on either end of a specially designed mount. The
mount is a hollow aluminum cylinder, 15 mm long, 25.4 mm
outer diameter, and 12.7 mm inner diameter, through which
the beam passes. On each face of the cylinder are pins to fix
the orientation of the optics. This cylinder is placedil in.
optic mount and fixed to a 2D translation stage, which to-
gether allow control of both the position and angle of the
optics relative to the laser beam. These optics must be placed
15.0+0.2 mm apart and have a relative tilt angle of less than
+3 arc min along any axis. These specifications were deter-
mined by DOC, and the orientation must be optimized for
best mode purity. The optics are designed to create the de-
sired image 15 mm from the second optic and have a wave-
length range of:10 nm.

Samples of unoptimized beams showing the general fea-
tures of LC{; modes are in Fig. 1, where the images are taken
using a low-resolution CCD camera in conjunction with a
frame grabber and PC coordinated througiBview. The
intensity scale is in arbitrary units. Figure&@jland Xd) are
images of the L& and LG beams, each showing the ex-
erated hologramgL6], they cannot create pure LG modes. In pected one central node. The node of the} lb®&am is quali-

this case, each diffractive order of a spectfics a superpo- tatively different from that of the Lgbeam, since the inten-
sition of all p modes. Arltet al. [16] show that the theoreti- sity at the center of a L@ mode scales as?’ [Eq. (1)]

cally best possible mode purity for a Lf,CB)eam has 80% of _. . 10
. L . : . Figures 1b) and 1e) are images of the L§3and LG~ beams,
the intensity in thep mode of interest. They achieve this each with one # 0 node in addition to the center node. Once

experimentally with a conversion efficiency of 40%. ) . . .
We constructed Laguerre-Gaussian laser beams using dif9ain. there is a proportionally larger region of near-zero

fractive optics in collaboration with the research departmentntensity at the center of the Li8beam. As also seen in the

of Diffractive Optics CorporatiofDOC). DOC uses state-of- figure, for each set of modes with the saméut differentt,
the-art photolithographic techniques to etch small scaléhe width of the annular intensity ring is narrower for the
structures on an optical element. A laser wave front incidenbeam with higher¢. Consequently, the peak intensity is
on the optic diffracts from the microstructures. These newarger. Figure {c) is an image of a L@ laser beam with
wave fronts propagate, and the resulting beam profile is thenultipler # 0 nodes. Figures(a)—1(c) show additional rings
superposition of the diffracted waves. Using two diffractive around the outside of the beams and are due to diffraction
optics to control the intensity and the phase, an arbitrary finafrom the outer edge of the optic. These extra rings diverge
wave front can be created at a specific propagation distanagery quickly as the LG beam propagates and are no longer
from the second optic, given an arbitrary initial wave front. opbserved further down the beam path.

There is no fundamental limit to the mode purity of beams  The conversion efficiency, the ratio of the power in the
created with this method,; it is only limited by the resolution LG mode of interest to the power of the incoming Gaussian
of the lithographic techniques used to etch the diffractivebeam, is a figure of merit for LG beam creation. In principle,
optics. Using these optics we createdd, &G?, LG3, LGS, LG modes created intracavity or by using high-order
and LG11° laser modes. Images of intensity cross sections foHermite-Gaussian modes do not suffer from conversion
these beams are pictured in Fig. 1. Khonétaal. have also losses in this sense. However, the requirement that the laser
made diffractive optics to generate Laguerre-Gaussian las@perate in a higher mode decreases gain. A comparable fig-
beams, and they present CCD images of the beams in Refre of merit for these systems would be the ratio of LG mode
[19]. power to the power possible in the fundamental mode of the

FIG. 1. Two-dimensional2D) intensity profiles of L(§ beams:
(@ LG}, () LG2, (0) LGS, (d) LG}, and(e) LGI°. The additional
rings seen in(@)—(c) are due to diffraction from the edge of the
optic.
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laser. Computer generated holograms have a demonstrate = 3.0 [rr—rryr——ryrrrr7rrrr T
conversion efficiency of 78% for LE[16] and 40% for
higher-order beams. Using a power meter before and afte 2.5
the diffractive optics, we measure conversion efficiencies of—

greater than 40% for our L@oeam and greater than 60% for = 20
the higher-order modes. >
A primary consideration for methods of LG beam con- € 45

struction is the resulting mode purity: the degree to which <
the intensity pattern reproduces the theoretical mode. This=

1.0
becomes an important issue fo# 0 beams made from com- %
puter generated holograms because beams that correspond £ 05
a particular value of are a superposition of gfi values. To = ™
quantify this, Arltet al. [16] took the total intensity in the 0o . -
d|ffrgct|on_orqler of mtere_s:.t and meaSL_lred the per_centage o] 0.0 0.1 0.2 03 04 05 0.6
the intensity in the specifip mode desired. They fitted the .
intensity distribution to a function given bf* f, where f radius (mm)
=ZpCpUp, Up is given by Eq.(1), andc, are numerical FIG. 2. The squares are experimental measurements of the ra-

coefficients. The figure of merit is thmﬁo, wherep, is the  dial intensity of a L& beam with the error bars representing one
desired mode. They fitted data for l}.@eams using ampli- standard deviation. The line is the theoretical curve that best fits the
tude terms up t@p=3. They were able to obtain a L%Cbeam data showing>99% of the beam intensity in the [XGnode.

with ¢1=0.8, matching the maximum theoretical value forthe result is greater than 1, we add another term in the ex-

beams created with computer generated hologfds . . P .
o LS pansion and again minimizg:. We continue to add terms
An accurate radial intensity distribution is necessary to ..~ ) 2
. . : until x; no longer decreases. For each fit we reqlige
determine the mode purity. We first create the beams as de- v o . . P
. - . =1. We find quantitatively that this model is a good choice
scribed above. Then, to optimize the beam quality, we pIacrf  our data as the finay? is nearly 1. Then, as in Ref16]
a CCD camera near the optimum image plane and adjust t % u > (he 1inagy, | 2 y  as | '
position and angle of the optics to improve the observed® Mode purity is given by; of the desiredp, mode.
image. Because the CCD camera does not provide sufficietdsing this method, we find the mode purity of the { fieam
signal to noise, we use a J®Wm pinhole on a translation to be cf=0.993t 0.009, consistent with 100% of the beam
stage to measure the intensity. We place the pinhole in thimtensity being in the L& mode. For the L& beam,c?
optimum image plane of the optics and focus the transmitted=0.929+ 0.125. The theoretical curves that best fit the data
light onto a photodiode with amplifier circuit. We find the are shown as lines in Figs. 2 and 3.
positions corresponding to the maximum intensity of the LG Because an advantage to trapping atoms in blue-detuned
beam both vertically and horizontally, and the center is takeflaser fields is that they spend most of the time in regions of
to be the midpoint between these positions. We obtain a 1w laser intensity, an important quality of LG beams is how
intensity versus radius distribution by measuring the output
of the photodiode circuit with the pinhole starting at the cen- 2.5
ter of the beam and moving radially outward. The back-

ground due to scattered laser light and ambient room light is [ %

found and subtracted from the data. We find that the domi- __ 2.0 |-
nant sources of errors are introduced into the experiment ir&
the initial setup; including uncertainties in alignment optimi-
zation, placing the pinhole at the image plane, and determin-
ing the center of the beam. To randomize these errors, weg ]
make many independent alignments and measurements _ 19 | ]
the intensity distribution, and compute the average and stan’; ]

dard deviation at each position. Figure 2 shows the measure &

un

15F ]

b

radial intensity distribution for the L&beam, and Fig. 3 E 05 [ .

shows the data for the Libeam. ;E ]
To compute a figure of merit for our mode purity, we Y YA T T ;

analyze our data in a manner similar to that of R&6] by 0.0 0.1 0.2 0.3 0.4 05 0.6

fitting to a superposition gb modes and minimizingﬁ, the
reducedy? [20]. Even though we do not expect our beams to
be a superposition qf modes, we let nonzero amplitudes of k|G, 3. The squares are experimental measurements of the ra-
the otherp modes account for any systematic errors. Usinggia| intensity of a LG beam with the error bars representing one
MATHEMATICA, we begin by fitting our data to a pure LG standard deviation. The line is the theoretical curve that best fits the
mode, plotting contours of?, and finding the minimum. If ~data showing>92% of the beam intensity in the 1{Gnode.

radius (mm)
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TABLE I. Comparison of L(.‘a beam characteristics using different construction methods.

Mode purity Conversion

Creation method ¢ mode p=0 p=1 efficiency Extinction ratio
Spiral phase plate 1 78.5044]

2 50%]14]
Computer generated 1 93pa7] 80%/[16] 40%
holograms 3 77%17]

6 62.8%][17]
Diffractive optics 1 92.9% 40% (250.8)x 10 2
(this work) 2 99.3% 60% (3.20.8)x10 2

dark the nodes are. A figure of merit of this characteristic isof the beams. Figure 4 shows a §®eam at various dis-
the eXtinCtion ratio: the I‘atiO Of the peak intensity to thetances from the image p|ane_ The beam diverges as it propa_
intensity at the center. We measure extinction ratios of (3-%ates, and there is some distortion in the beam quality. At 75
+0.8)x 10 2 for the LG} beam and (2.50.8)x10 % for  mm [Fig. 4a)], there is a prominent extra ring around the
the LGj beam. In fact, as seen in Figs. 2 and 3, our beamsentral node. This is due to light diffracting from the outer
vary from the theoretical curve mostly where the intensity isedge of the optic itself, similar to that observed in Figs.
supposed to go to zero. This may be a concern for som&(a)—1(c). These diffraction rings diverge more rapidly than
applications, such as precision measurements. To our knowmlhe LG beam, and at 200 mm the extra ring is no longer
edge a study of the extinction ratios of LG beams obtainedisible. The general feature of an %G:)eam, the central
by other methods has not been done, and would be of comode, is maintained as the beam propagates. Figure 5 shows
siderable interest. Table | shows a comparison of our resultscp images of a Lé—‘,beam as it propagates from the image
with the available data pUbIlShed on LG modes created USin9|ane_ Again, as the beam divergeS, the mu|t|p|e radial nodes
methods external to the laser cavity. of the beam are preserved. The relative peak intensities of
To further explore the practical application of these beamshe antinodes change as a function of propagation distance.
as atom traps, we consider their propagation CharaCteriStiCAdditiona||y, an azimuthal asymmetry in peak intensity ap-
Although the initial beam is transformed thrOUgh diffraction pears, and then increases as the beam propagates_ While the
over 30 mm, the reSUlting LG modes maintain their qualita'mode punty can be recaptured by imaging, it may not be
tive shape over significant distances due to the vortex naturgecessary if only general features of the beam are required.
We use diffractive optics to create low- and high-order
A Pl Laguerre-Gaussian diode laser beams with mode purities

FIG. 4. Images of a L&beam at increasing distances from the (c)
image plane(a) 75 mm,(b) 100 mm,(c) 150 mm, andd) 200 mm.
The dimple in(d) is an experimental artifact. The additional ring in FIG. 5. Images of a L@beam at increasing distances from the
(a)—(b) is due to diffraction from the edge of the optic. image plane(a) 75 mm,(b) 100 mm,(c) 150 mm, andd) 200 mm.
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greater than 90%, superior to those of other external-cavitpptics. Because of the good mode purities, these beams
methods. The beams have conversion efficiencies compahould be useful in making atom traps.

rable to those in other techniques and extinction ratios of _ )
~10"2. The beams maintain their qualitative features over This work was supported by The Research Corporation,
distances greater than 200 mm from the image plane of theigital Optics Corporation, and the University of Oklahoma.
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