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Abstract:  We introduce a previously unreported laser cavity configu-
ration, using a diffractive optical element (DOE) in placketiee output
coupler. Such a configuration allows the DOE to work both fieotion, as

a mode shaping element, and in transmission as a beam sBag#oying
dual wavelength DOE optimization techniques and phaseysledaeater
than 2, allows the two functions to be designed independently.sTlam
arbitrary output beam profile can be combined with a mode eshagch
maximizes energy extraction from the gain medium. Devicesdasigned
and their performance modeled for a 1m cavity with 5mm diametirrors
and a wavelength of 632.8nm. An element with 32 quantizdgwals and

a maximum phase delay ofi8n transmission produces high quality results.
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1. Introduction

It is often desirable to alter the fundamental mode assedtiaith a laser cavity. Two common
reasons for doing this are; to generate a more desirableibbigam profile, matched to the
laser application, or to make most efficient use of the gaidiom. The optical devices which
have been used to achieve this include variable phase sfitipspatial filters[2] and diffractive
optical elements (DOESs)[3]. It is a DOE configuration whicé gonsider in this paper.

DOEs are lightweight optical components with a wide rangapglications, including laser
beam shaping [4], optical interconnection [5] and coloasapon[6]. Incorporating DOES into
a laser cavity allows optimization of the dominant mode bgiain arbitrary phase profile
to alter the field, such devices are referred to as mode sedeglements (MSEs). MSEs are
very flexible in the outputs they can generate and are veriefti. Both reflective MSEs [7],
where the diffractive device replaces the 100% reflective rirror and transmissive MSEs
[8], which are placed within the cavity have been demonsttathe latter example introduces
greater design complexity but offers a higher damage tlotdsh high power applications.

Previous MSE designs have not had the flexibility to perforhiteary mode shaping while
simultaneously generating an independent, arbitraryutltpam profile. In this paper, we in-
troduce a previously unreported cavity configuration, \whises a single device to perform
both of these tasks independently. The cavity layout istilated in figure 1. The output cou-
pler, rather than the fully reflective mirror, is replacedab®OE, in this configuration the DOE
operates as a MSE in reflection and as a beam shaping elentegmismission. Optimization
of the element for both applications is made possible byastipy the different phase delays
produced by DOEs operating in transmission compared tcetbpsgrating in reflection, and
utilizing phase delays greater tham.2Zrhe design process is carried out in a similar fashion to
that employed for dual wavelength, far-field DOEs which alse phase delays beyond B
give the required degree of freedom in the design[9, 10].

Partially reflective Fully reflective
MSE/Output coupler migror

0=2x(n-1)h/A C :

g=4mh/n
I

Fig. 1. Schematic of proposed cavity configuration.

2. Method

The desired, unquantized phase profiles for the two opesatice first designed independently.

2.1. MSEdesign

When an end mirror is replaced by a MSE to optimize the use afdirematerial, specific phase
conjugation can be employed to analytically determine #srdd phase profile of the element
[7]. To carry out this operation the desired field, U(x,y)c@nsidered at the plane mirror. The
angular spectrum of the field is then considered via a Fotraesform. Multiplication by
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explikl (L — (AU)? — (Av)?) Y], 1)

where k is the wavenumber, L the cavity length and u and v aatiagrequencies, followed
by the inverse Fourier transform, models the effect of pgagiag along the cavity. The MSE
simply alters the phase of the field, if this phase profile izsem to be

@w(X,Y) =A"(X.y)/AXY) 2

whereA(X,y') is the field at the MSE and * indicates the complex conjugatm) the original
field is reproduced by propagating back to the plane mirror.

2.2. Beam shaper design

The use of DOEs for beam shaping is common and many technéxigtsfor optimizing the
phase profile of the element to produce a desired output. Viiogrthe symmetrical iterative
transform algorithm, introduced by Liu et al. [11]. The figleherated by multiple passes within
the cavity using the MSE is taken as the input to the beam sgagément. A diffractive lens
function can be added to the optimized phase profile to gentra desired output at a specific
distance from the laser. The optimized, unquantized phafigofrom the beam shaper design

process ispr (X,Y).

2.3. Designing the multifunction quantized element

Having optimized the two unquantized profiles indepengemtjuantized structure which acts
as a MSE in reflection and a beam shaper in transmission isgreeqhis is achieved using
a 'best-fit' quantization approach, previously employed doal wavelength DOEs[10]. As
indicated in the figure 1 the phase delay,is different for the two modes of operation. This
property, together with phase delays greater themdives the required degree of freedom
to design the element for two functions. When operating ingmaission the etch depthg,
required to give a phase delay is given by

QrA

= 2n(n—1)

3)
where n is the refractive index of the substrate material,Jars the wavelength. Similarly, in
reflection the etch depth required to give phase deayg given by
RA
he = - (4)

In both cases it is assumed the surrounding material is &, awefractive index equal to 1.
Setting the phase valugg and ¢z equal to 21 gives the etch depths; andh,, which have
have no affect on the transmitted and reflected field resfgti

The quantization process for a single pixel is illustratedigure 2.h; represents the etch
depth which produces the phase delay required for the beapeshadding multiples df)
will give equally valid etch depths. Similarlf, represents the etch depth which produces the
phase delay required for the MSE to which multipleiptan be added. Dividing the maxi-
mum etch by the number of quantization levels (8 in the exarsphbwn) gives the available
etch depthsi; andA; are the quantization error for the beam shaper profile anWBIg pro-
file respectively. The available quantization level whicimimizes bothA; andA; is selected.
This process is repeated for all the pixels in the designadyre the quantized dual function
element. It should be noted that further optimization, \@ptth bias and phase bias, has been
demonstrated for dual wavelength elements [12]. Thesenigobs are not employed here.
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Fig. 2. lllustration of the quantization process.

3. Modeling

To examine the performance of the type of element discussthisi paper a number of designs
have been carried out and their results modeled. For themgamresented a cavity of length
1m with 5mm diameter mirrors and a design wavelength of 688.8 used. The element
is assumed to be fabricated in fused silica. The desireddatity mode is described by the
super-gaussian function

()2 ()

Uy —e (@ (@ 5)

wherewy = 2.5mm. The desired output beam profile is a ring, generated at 50fionmthe
laser and with internal radius of 0.8mm and external radfuk.@mm. The super-gaussian is
a good approximation of a top hat, which enhances energgaidn from the gain medium,
while the ring geometry is chosen as a distinctive beam prallowing easy verification of the
methods success. The variables considered in the desigaegsrare the number of quantization
levels and the maximum phase delay and the elements arenddsigth 512x512 pixels.

Fig. 3. Fundamental mode generated by the bare cavity.

Fox-Li analysis [13] of the cavity using 2 plane mirrors pucds the fundamental mode seen
infigure 3, as expected the beam has a Gaussian profile. Repeat analysis after introducing
an unquantized MSE, designed using the phase conjugatitrothgoroduces the fundamental
mode seen in figure 4(a). This analysis produces a mode whiahuch closer to the top-
hat shape of a super-gaussian profile. The field from theycawidlysis is used as the input
for design of the beam shaping DOE. The modeled output fraha resulting unquantized
profile is shown in figure 4(b) and shows the ring geometry teumessfully recreated with
sharp edges and little zeroth order energy.

Having demonstrated the suitability of the two, independenquantized profiles for intra-
cavity mode shaping and output beam shaping it is necessagnbine them to generate a
guantized profile which performs both operations. The begufintization method, described
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Fig. 4. (a) Fundamental mode generated by unquantized MSE anditfin)t@t 500mm
using unquantized beam shaping DOE.

earlier is used to generate profiles with 16, 32 and 64 quatitizlevels. For the 16 level struc-
ture a maximum phase offédn transmission is used, for the 32 level structure two ojzi@tions
are run with maximum phase values af énd 8t and a maximum phase ofids also used for
the 64 level structure. Firstly the cavity analysis wasiedrout using the quantized profiles.
The resulting mode shapes for each of the four MSEs are shofiguire 5.

Fig. 5. Fundamental mode generated by elements quantized to (a) 16vétlea max-
imum phase in transmission ofi2(b) 32 levels with a maximum phase in transmission
of 4m, (c) 32 levels with a maximum phase in transmission wia®d (d) 64 levels with a
maximum phase in transmission oft8

As might be expected, the profile with the largest number @ngjaation levels gives the
best approximation to a super gaussian mode shape. Theg@gty fewer quantization levels
exhibit higher intensities in the central area of the proffiés is undesirable as it will reduce the
overall gain achieved. This observation is perhaps unisimgras etch depth errors in DOEs
have been shown to manifest themselves in greater zeroth energy [14], the best fit nature
of the quantization process in effect produces slight srirothe phase profile. The profiles in
figure 5 demonstrate that the fewer levels are available thve pronounced this error is.

The modeled fields produced during the intracavity analgsisused as the incident field
onto the quantized element operating in transmission, &tyae the performance of the beam
shaping part of the element. The modeled outputs at 500mshaken in figure 6.
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Fig. 6. Resulting output beam shape generated by elements quantizpti@deizels with a
maximum phase in transmission at,2b) 32 levels with a maximum phase in transmission
of 4m, (c) 32 levels with a maximum phase in transmission wia®d (d) 64 levels with a
maximum phase in transmission oft8

The modeled beam profiles demonstrate that again the stegatith more quantization lev-
els are more closely matched to the desired output. In pdatithe 16 level structure produces
a high level of zeroth order energy. There is significant tteavder energy for the element
with 32 levels and a maximum phase af,4his is improved by increasing the maximum phase
value. Allowing 64 levels improves the sharpness of the sdyéhe beam profile and reduces
variation in intensity. The approximations made to the jpedfave a twofold impact in the case
of the beam-shaper. As for the MSE the phase profile will diifem the optimized, unquan-
tized profile, in addition we have seen that the cavity modaltmg from the MSE differs from
the profile in figure 4(a), which was used during the optimiaraprocess.

4. Conclusion

A new configuration for DOEs within laser cavities has bedrouiuced and its performance
modeled. The modeling analysis demonstrates that suchieedsan successfully optimise the
fundamental mode within the cavity to maximize energy ettom from the gain material,
while simultaneously generating an arbitrary output behaps. Modeling indicates that the
performance of the element is significantly affected by th@ae of both maximum etch depth
and number of quantization levels. Satisfactory perforreas observed when using 32 or more
guantization levels and a maximum etch depth equivalenptaae delay of 8in transmission.
Employing further optimization techniques, such as theaselin dual wavelength DOE design,
is likely to enable the number of levels and the maximum etdbetreduced. This is desirable,
as reducing these parameters tends to reduce the impadtrigifiton errors. The next stage in
this work is to fabricate a working device for a laser systemerify the modeled performance
experimentally. Should this prove successful we feel teiga will provide a significant tool
in laser system optimization.
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