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Abstract

We demonstrate a simple and compact laser source that directly produces a Bessel–Gauss beam. The laser resonator

consists of a diode-end-pumped Nd:YAG crystal, a planar mirror, and a diffractive mirror designed to phase-conjugate

only the lowest-order Bessel–Gauss beam.
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1. Introduction

Bessel–Gauss beams [1] form an interesting

class of physically realizable approximations of

the propagation-invariant Bessel fields [2–4]. Due

to the Gaussian apodization of the ideal Bessel

amplitude distribution, the beam retains its diffrac-

tion-free properties only within a finite range but

its propagation can be described everywhere by

rather simple analytical formulae.
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Bessel–Gauss beams find applications, e.g., in

precision alignment [5] and in guiding and confin-
ing charged particles or neutral atoms [6,7]. Be-

cause of their intriguing properties and potential

applications, several ways to realize Bessel fields

have been proposed and demonstrated. Most of

them are based on a laser source and a separate

passive optical element or system such as an ax-

icon [8,9], a ring aperture together with a positive

lens [2,3], a Fabry–Perot interferometer [10,11],
or a two-element diffractive system [12]. Schemes

to produce Bessel-type modes in laser resonators

have also been proposed [13–19], but only a few

experiments of such active sources have been
ed.
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reported: An argon-ion laser with an annular end

mirror and a positive intracavity lens that pro-

duced an approximation of the fundamental Bessel

beam [20] and a laser resonator with two plane

mirrors and an axicon placed close to one of them
[17]. In addition, some optically pumped vertical-

cavity laser resonators with circular distributed

feedback mirrors have produced azimuthally po-

larized fields of the Bessel–Gauss type [21].

Recently, there has been much interest in the use

of aspheric-mirror resonators [22] to produce vari-

ous typesofnon-Gaussian laserbeams [23] including

approximate Bessel fields [24]. Here, we apply these
ideas and demonstrate an active source for Bessel–

Gauss beams. The design is based on a compact sol-

id-state laser, end-pumped with a diode laser. The

concave output coupler of the plano-concave reso-

nator is replaced with a diffractive mirror designed

to conjugate the phase of only the lowest-order Bes-

sel–Gauss mode. In this way, we obtain an output

beam whose intensity distribution and propagation
characteristics are in good agreement with theory.

Inearlier resonatordesigns toproduceBessel–Gauss

beamswith thehelpofaxicons [17], thepropagation-

invariant distance has to be smaller than the cavity

length. This is a consequence of the fact that the field

at theaxiconshouldessentiallybethefarfield.Onthe

contrary, there isnosuchlimit inourmethod: thedis-

tance can in principle be freely changed by using ele-
ments with different design parameters. Thus, the

cavity lengthcanbeonlya small fractionof theprop-

agation-invariant range of the Bessel–Gauss beam.
2. Bessel–Gauss beams

The field distribution at the waist of an mth-
order Bessel–Gauss beam is given by

Uðq; z ¼ 0;/Þ ¼ JmðaqÞ exp �q2=w2
0

� �
exp im/ð Þ;

ð1Þ
where a andw0 are constants, q is the radial distance
from the optical axis of the beam, and Jm is the Bes-

sel function of the first kind and mth order. From

Eq. (1) it is easy to see that when w0fi1 the distri-

bution approaches a Bessel function, while the case

a=m=0 represents a pure Gaussian function. In

this sense, Bessel–Gauss beams can be considered
as a smooth transition from the propagation-invari-

ant Bessel fields to Gaussian laser beams.

Upon propagation, the Bessel–Gauss beam di-

verges and acquires wavefront curvature, forming

a ring-shaped far-field pattern [1]. In order to gain
understanding on the properties of such a beam,

onemay imagine that it is formed as a superposition

ofGaussian beamswhose axes lie on a cone (around

the z-axis) with a half angle h defined by sinh=a/k,
where k is the wave number. The propagation char-

acteristics of the beam are thereby governed by the

spreading of the beam due to the conical propaga-

tion and the diffraction of the Gaussian beams (dif-
fraction angle hG=2/(w0k)). When h�hG, the

whole beam behaves like a Gaussian beam, whereas

the case h�hG represents a Bessel-like beam with a

propagation-invariant range of approximately

L0=w0/h. At this distance, according to approxi-

mate geometrical optics arguments, the Gaussian

beam components have moved a radial distance of

w0 from the z-axis so that an annular beam starts
to form. Mathematical representation for the the

Bessel–Gauss field at a distance z is obtained by

substituting Eq. (1) into the Fresnel propagation

formula, which yields

Uðq; z;/Þ ¼ w0

wðzÞ exp½iUðzÞ�Jm
aq

1þ iz=zR

� �

� exp � 1

w2ðzÞ �
ik

2RðzÞ

� �
ðq2 þ h2z2Þ

� �

� expðim/Þ; ð2Þ

where k=2p/k and zR is the Rayleigh range. The

propagation laws for the spot size w(z) and the

wavefront curvature R(z) are the same as for

Gaussian beams. In addition, U(z)=bz�arctan(z/

zR), where b=k�a2/2k, is the axial phase of the

beam. One thus notices that the propagation of a

Bessel distribution gives rise to distinct aspheric

phase factors, which can be utilized in mode dis-
crimination within laser resonators.
3. Design of the Bessel–Gauss laser

A schematic illustration of the Bessel–Gauss la-

ser is shown in Fig. 1. A 5 mm long and 3 mm di-

ameter, 1% Nd-doped YAG rod is pumped with a
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2 W diode laser (JDS Uniphase 2462) at 808 nm.

The FWHM divergences of the diode-laser beam

are hk=12� and h^=32� in the directions parallel

and perpendicular to the diode junction, respec-

tively. This beam is collimated and focused to an
approximately 100 lm spot in the YAG crystal.

The end face of the YAG crystal is coated to pro-

vide high reflectivity for the laser wavelength of

1064 nm and high transmissivity for the 808 nm

pump beam. The drive current of the diode laser

was limited to 2 A, which corresponded to a max-

imum pump power of 1.3 W. Approximately 95%

of this power was absorbed in the YAG crystal.
The resonator is a simple linear cavity, where the

concave end mirror is replaced by a diffractive mir-

ror with the surface profile also shown in Fig. 1.

The 2.7 mm diameter structure was patterned in a

1-inch fused-silica substrate using electron beam li-

thography and proportional reactive ion etching

[25,27]. A nearly analog depth profile was obtained

using 32 depth levels when exposing the element.
The average depth of the element was 543 nm,

which means an approximately 2% error from the

goal depth of 532 nm. Finally, we sputtered a

5 nm layer of chromium for adhesion and a

130 nm layer of gold on the element. The measured

reflectivity of this coating was greater than 99% at

1064 nm. In an 8 cm resonator, this particular ele-

ment was designed to support the zeroth-order Bes-
sel–Gauss mode with a 300 lm waist at the YAG

crystal. Combining this with the design value for

the cone angle, 3.75 mrad, the propagation-invari-

ant distance also becomes L0=8 cm. This particu-
2-W diode laser
(λ=808 nm) Nd:YAG rod

Br
pla

80 m

w0=300 µm

Fig. 1. Schematic illustration of the Nd:YAG laser c
lar value was selected based on Fox–Li

simulations such that the resulting mode would

be a compromise between a long Bessel–Gauss

beam and the number of intensity rings – the longer

the distance L0, the more the field resembles a
Gaussian beam. Note that the propagation-invari-

ant distance can be easily adjusted to any value

with a telescope [26]. Shortening the cavity length

from 8 cm down to 3 cm did not have substantial

effects on the intensity profile of the output beam,

which is an indication of the propagation-invariant

properties of the Bessel–Gauss beam within this

range. This fact was also verified by Fox–Li simu-
lations. A 3 mm thick uncoated fused-silica plate

at an angle close to Brewster�s angle was placed

in the resonator to couple out a small part of the in-

tracavity beam. A small wedge in the plate provid-

ed a spatial separation of the reflections from the

two surfaces. This arrangement permitted imaging

of the beam profile both inside and outside of the

resonator onto a CCD camera.
4. Experimental results

With the arrangement of Fig. 1, without the

wedge plate, we obtained laser operation at an ab-

sorbed pump power of 265 mW. We also measured

fundamental mode thresholds for cavities with
spherical mirrors (reflectivities 94%, 98%, and

99.9%) producing approximately the same mode

size in the YAG crystal as the diffractive element.

We then performed a traditional Findlay–Clay
ewster
te
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avity designed to produce Bessel–Gauss beams.
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analysis [28] and determined the additional loss in-

troduced by the element to be approximately 5%.

This loss is presumably due to fabrication errors
Fig. 2. Measured radial intensity profiles together with CCD images (l

Gauss beam measured at locations corresponding to distances of (a

theoretical curves is directly obtained from Eq. (2) when the intensity
resulting in a reduced diffraction efficiency. The

fundamental Bessel–Gauss beam was also pro-

duced in a cavity, where the YAG rod was re-
eft column) and theoretical profiles (right column) of the Bessel–

) 0, (b) 2 and (c) 5 cm from the beam waist. The scale in the

of the central peak at the beam waist is normalized to unity.
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placed by a 2% Nd-doped YVO4 crystal (dimen-

sions 3·3·1.2 mm3). In that case, the threshold

pump power was approximately two times lower

than with YAG.

Two-dimensional images of the beam measured
at locations corresponding to distances of 0, 2 and

5 cm from the beam waist are shown in Fig. 2. This

figure also presents radial intensity distributions of

the beam together with theoretical profiles calculat-

ed from Eq. (2) at the same distances. These images

show that the measured and the theoretical intensi-

ty profilesmatchwell with each other. The first min-

imum is reached at slightly above 100 lm, which is
in agreement with the theoretical value of 108.6 lm.

The intensity ratio of the first and the secondary

maxima in the measured profiles also behaves

similarly to the theoretical curves as the beam

propagates. In addition, profile measurements at

other locations within the designed propagation-
Fig. 3. Experimental and theoretical intensity profiles (top row) and

field (distance 38 cm from the waist). The vertical scale in the theore
invariant range correspondwell with the theoretical

curves obtained from Eq. (2). The beam is slightly

asymmetric, most probably due to aberrations

caused by small radial and azimuthal depth errors

in the profile of the diffractive mirror. The radially
varying feature size, for instance, gives rise to spher-

ical aberrations. In addition, even a small misalign-

ment of the laser resonator had a noticeable effect

on the beam behavior, particularly in the far field.

Due to these effects, the secondary maxima in Fig.

2 appear higher than what one would expect theo-

retically; this behavior can be clearly seen in the

profile measured at 5 cm from the waist. Numerical
simulations, on the other hand, show that the main

effect of a constant error in the goal depth are in-

creased losses, whereas the beam shape remains es-

sentially the same. For example, a 10% depth error

produces an intracavity loss, which corresponds to

an almost 20% decrease in the beam intensity.
CCD image (bottom row) of the Bessel–Gauss beam in the far

tical profile is the same as that in Fig. 2.
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The one- and two-dimensional intensity distri-

butions of the Bessel–Gauss beam in the far field

are shown in Fig. 3. The images are taken at the

distance of 38 cm from the waist. As expected,

the profile has transformed to a ring with a
peak-to-peak diameter of approximately 2.5 mm.

Moreover, only faint traces of the zeroth-order

peak can be seen around the center point of the

measured profile. The most probable origin of this

zeroth-order component are small errors in the el-

ement depth profile. From Fig. 3, we estimate the

cone angle to be h�1.28 mm/380 mm=3.4 mrad,

which is somewhat smaller than the estimate ob-
tained from the theoretical profile (h=3.6 mrad).

Based on Figs. 2 and 3, we conclude that the beam

produced in the resonator is indeed a fundamental

Bessel–Gauss beam.
5. Conclusions

We have demonstrated a compact, diode-

pumpedNd:YAG laser that is based on a diffractive

resonator mirror and that operates in the funda-

mental Bessel–Gauss mode. Unlike most other ap-

proaches, this technique allows the generation of

the exact Bessel–Gauss beam with a practical limit

given only by the accuracy at which the element

can be fabricated. This is not a serious limitation
since the structure sizes are rather large (tens of mi-

crometers) and the element itself is small. We ob-

served a slight beam distortion and determined an

approximately 5% intracavity loss attributed to fab-

rication errors of this particular element. Better ele-

ments are clearly possible but already this quality is

sufficient to produce output powers and efficiencies

typical for compact diode-pumped solid-state la-
sers. This is therefore an attractive way to produce

Bessel–Gauss as well as other non-Gaussian beams

directly from a laser source.
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