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Continuous-phase elements can improve laser beam quality
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Siegman [Opt. Lett. 18, 675 (1993)] showed that binary-phase plates cannot improve laser beam quality. We
demonstrate that continuous spiral phase elements can improve the quality of beams that originate from

a laser operating with a pure high-order transverse mode.
The results reveal that a nearly optimal Gaussian output

experimental results obtained with a CO; laser.

beam can be obtained with only a small decrease in the output power.
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In a laser resonator that operates with multimodes,
the beam quality is relatively poor. Generally,
when a high-quality laser beam is required, one
introduces an aperture into the resonator to obtain
a fundamental mode of Gaussian shape. However,
this concomitantly results in a significant decrease
in output power. Several methods of operating a
laser with a single high-order mode with higher
output power than the fundamental mode have been
demonstrated. These methods include the insertion
of wire grids,! discontinuous phase elements,? or spiral
phase elements® (SPE’s) into the laser resonator.
Analysis of beam quality by means of entropy* (as
opposed to the more common M? value®) showed that
the entropy of a single high-order mode is equal to
that of a single Gaussian mode. Thus, it is allowed
thermodynamically to transform without losses a
high-order mode into a Gaussian beam. In principle,
such a transformation can be achieved with diffractive
optical elements that transform both the amplitude
and the phase of a wave front.® Here we demonstrate
a practical and efficient method of transforming such
a single high-order mode beam into a nearly Gaussian
beam, leading to a laser with a higher output power
than that of the same laser operating with the fun-
damental Gaussian mode. We apply our method to
helical modes, but this method can be applied to other
modes, albeit with less-efficient transformation.

We start by considering the field distribution of a
TEM mode inside a laser resonator. In cylindrical co-
ordinates, the field distribution, denoted E(r, 6) for
a helical TEM,;+ (nondegenerate Laguerre—Gaussian)
mode, can be expressed as

E(r,0) = Eop'/?L,' (p)exp(—p/2)exp(—ilf)
= R,!(r)exp(—ilf), (1)

where r and 6 are the cylindrical coordinates; E
is the magnitude of the field, p = 2r2/w?, with w
as the spot size of the Gaussian beam; L,' are the
generalized Laguerre polynomials of order p and
index /; and R,!(r) is an overall amplitude term
that is a function of r. Usually, since modes of
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A theoretical analysis is presented, along with
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opposite angular momentum have the same radial
distribution (R! = R7!), they appear simultane-
ously, leading to a TEM,; (degenerate Laguerre—
Gaussian) mode with E(r, §) = Rpl(r)cos(le). Note
that, in general, the intensity distribution of the
TEM,;+ mode will have a circularly symmetric annu-
lar shape, whereas that of the TEM,; will have lobes.
Also, the common doughnut-shaped mode is not a
helical mode but is composed of a superposition of two
degenerate modes.”®

The basic configuration of a laser resonator with
a helical mode and an arrangement for transform-
ing the helical output beam into a nearly Gaussian
beam are shown schematically in Fig. 1. A heli-
cal TEMy;+ beam, with a field distribution given
by Eq. (1), emerges from the laser into which a
reflective SPE is inserted.® The beam is colli-
mated by a cylindrical lens, and the beam’s quality,
according to the M? value, is given by’ 1 + I.
In the optical mode converter the collimated beam
first passes through a transmissive SPE, which in-
troduces a phase of exp(il6), thereby modifying the
helical-phase distribution into a uniform distribution,
yielding E(r,0) = R,!(r).

Numerical calculations based on Fourier transfor-
mation of the near field and the second-order moments
reveal that the phase modification with the external
SPE reduces the M? value significantly, from 1 + [ to
V1 + 1. This result is in contrast with that obtained
with a laser operating with degenerate modes, for
which a correcting binary-phase plate can improve the
far-field intensity distribution® but not the beam qual-
ity (M? value).l® Moreover, the phase modification
significantly changes the far-field intensity distribu-
tion, yielding a high central lobe and low ring-shaped
sidelobes that contain only a small portion of the total
power (e.g., 6% for a laser operating with the TEMg;*
mode). Thus, by exploitation of a simple spatial filter
(e.g., a circular aperture), it is possible to obtain a
further significant improvement in M?2. Specifically,
we can obtain a nearly Gaussian beam, with an M?
of nearly 1 (theoretically, a value of 1.036 for the
TEMg;+ mode), with only a small decrease in output
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Fig. 1.
yields a nearly Gaussian mode.

power. Table 1 shows the calculated initial and final
M? values, as well as the transformation efficiency
7, which denotes the percentage of power in the main
lobe for a laser operating with various helical modes.
Note that the transformation efficiency decreases as
the order of the mode increases.

At this stage, we introduce a merit function, defined
by B = P/M?,where P is the power of the beam. With
our optical mode converter, there should be an im-
provement in this merit function, in accordance with
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where Bfina1 and Binitia1 denote the merit functions af-
ter and before the optical mode converter, respectively.
Using Eq. (2), we calculated the improvement of the
merit function versus the initial M? value (given by
1 + [) for different transverse helical modes. The
results are presented in Fig. 2. As is evident from the
figure, the improvement increases for the higher-order
helical modes. For the corresponding degenerate
modes, for which binary-phase modifications do not
improve the M? value, the improvement in the merit
function is significantly smaller.

To evaluate our method experimentally we used the
configuration shown in Fig. 1. The resonator was a
linearly polarized COs laser in which a reflective SPE
(formed by 32-level reactive-ion etching of a silicon sub-
strate) replaced the usual back mirror. We designed
and formed the SPE to ensure that the laser oper-
ated in the helical TEMy;+ mode. The length of the
laser resonator was 65 cm, and the internal cylindri-
cal lens, with a focal length of 12.5 ¢m, was focused on
a concave output coupler (» = 3 m). A similar exter-
nal cylindrical lens collimated the beam that emerged
from the laser so it would be helical. The optical mode
convertor contained a transmissive SPE formed on a
zinc selenide substrate, a telescope configuration of
two lenses, in which the first lens (f; = 50cm) was
placed 50 cm from the SPE and the second lens (fs =
25 cm) was placed 75 cm from the first lens, and a spa-
tial filter in the form of a circular aperture.

We detected the intensity distributions at the
spatial-filter plane (25 cm in front of the second lens
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Basic configuration of a laser resonator that yields a high-order helical mode and an optical mode converter that
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in the optical mode converter) and the output plane
(25 cm after the second lens) with a pyroelectric
camera. The results are presented in Figs. 3 and 4.
Figure 3 shows the detected intensity distributions,
along with calculated and experimental cross sections
at the spatial filter. The calculated results were ob-
tained by Fourier transformation of the helical beam.
Figure 3(a) shows the intensity distribution and cross
sections without the transmissive SPE. Here we
note the usual nearly doughnut-shaped distribution
of a helical beam whose phase was not compensated
for by the transmissive SPE. Figure 3(b) shows the
intensity distribution and cross sections when the

Table 1. Initial and Final M2 Values and
Transformation Efficiency n for a Laser Operating
with Either the Fundamental Mode or High-Order

Helical Modes

Mode TEMOO TEMOl* TEMOZ* TEMog* TEM04*
Initial M? 1 2 3 4 5
Final M? 1 1.036 1.06 1.07 1.07
n (%) 100 94 87 80 74
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Fig. 2. Calculated improvement of merit function B
versus the initial M? value (given by 1 + /) for different
high-order helical modes.
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Fig. 3. Detected intensity distributions and (solid curves)
calculated and (dashed curves) experimental cross sections
at the spatial-filter plane (a) without and (b) with a trans-
missive SPE.

(b)

Fig. 4. Detected intensity distributions and (solid curves)
calculated and (dashed curves) experimental cross sections
at the output of the optical mode converter (a) without and
(b) with a spatial filter.

transmissive SPE was inserted. As is evident, there
is a high central peak, with low sidelobes that are re-
moved by spatial filtering, yielding a nearly Gaussian
beam. Moreover, the detected intensity distribution
is narrower (by a factor of +/1 + /) than that obtained
with no SPE, indicating improvement of M?2.

Figure 4 shows photographs of the detected in-
tensity distributions, along with calculated and
experimental cross sections at the output of the optical
mode converter. Here the calculated results were
obtained by Fourier transformation of the field distri-
bution in the spatial-filter plane. Figure 4(a) shows
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the intensity distribution and cross sections at the
output plane when the mode converter includes the
SPE but no spatial filter. Here we simply image
the doughnut-shaped helical beam from the laser,
whose intensity distribution results from a TEMq*
mode. The SPE in this case affects not the intensity
distribution at the output plane but only its phase.
Figure 4(b) shows the detected intensity distribution
and cross sections at the output plane with both the
SPE and the spatial filter in the mode converter. As
predicted, the intensity distribution has a Gaussian
shape. In this case the efficiency n» was 85%, which
is somewhat lower than the calculated limit of 94%.
The M? value of this beam was measured to be better
than 1.1, as expected, leading to an improvement of
more than 1.5 in the merit function, in reasonable
agreement with the predicted value shown in Fig. 2

To summarize, one can significantly improve the
beam quality of beams originating from a laser op-
erating with a single high-order transverse mode by
exploiting continuous-phase elements. Moreover, one
can obtain nearly optimal beam quality by simple fil-
tering. We conclude that the M? criterion, which is
very useful for lasers operating in either the single fun-
damental mode or in multimodes, may be inappropriate
for lasers operating with a single high-order transverse
mode, whose phase distribution is well defined and can
be modified. A more appropriate criterion could be
the ratio of the output power to the modified M?2.
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