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Abstract—Intra-cavity binary phase elements are incorporated - Tlem >
into a @Q-switched Nd:YAG laser resonator to obtain efficient <« 38m Jdlemy
high-order transverse mode selection. The resonator configuration
is analyzed using the propagation-matrix diagonalization method I | I SR H,___ ______ >
and the Fox-Li algorithm, and a simple model for predicting A

the relative output powers of the selected modes is developed. HR concave Thermal  Avert Phase Flat .

The predicted results are verified experimentally with binary nirror e e :mf;ﬁu

phase elements for selecting the TEMWy, TEMy2 and TEMg3, R=3m £20m

degenerate Laguerre-Gaussian modes. The output energy per

pulse was 15 mJ for the TEMy¢, 16.5 mJ for TEMo2 and 18.3 Fig. 1. Simple plano-concave resonator configuration for high-order mode
mJ for TEM o3, all higher than the 10mJ for the TEMgo. The selection.

performance in Q-switched operation was found to be similar
to that in free-running operation. The numerical calculations,

experimental procedure and experimental results are presented. mode selection using these methods was demonstrated only in

CW lasers, where low gain was present [4], [5].

In this paper, we demonstrate, for the first time, efficient
high-order mode selection in @-switched (QS) Nd:YAG
laser. Specifically, we show that it is possible to overcome the
|. INTRODUCTION difficulties in selecting a single transverse mode that result

HE OUTPUT beam quality emerging from a stable Iaséfom the inherent high gain qnd complex mgde Qynamics in
T resonator that operates with many transverse modes is ch lasers [6], [7], by resoruryg to |ntra—cay|ty binary phase
atively poor. The beam quality can be improved by insertin er:wer_ns. Tdhe resongtorl d_e3|gn, g_lor_lg with mede _(k:)or:jte_nt
an aperture inside the resonator in order to reduce the effgf2'ys!s and wave simu ation predictions are described in
tive radius of the gain medium until, at best, only the funda§ectlon I_I. These |_nclude nymerlcally solving the round-trip
mental TEM, mode of the Gaussian shape exists. Unfomﬁa_ropagatlon equatlon, obtgmlng the. mode pat.terns a”?' as-
nately, the introduction of the aperture results in a significa pc|ated IO‘,SS' combmed. with num(_ancal Fox-Li calculatllons
reduction of the output power, since only a small volume monstrating the selection of the high-order modes. A simple

the gain medium is exploited. In order to increase the Ou,[pmodel for predicting the relative output energies of the selected

power with respect to the fundamental mode operation, Whﬁ%odes is presented in Section Ill. The experimental setup

obtaining a reasonable beam quality, one could operate the Ia@%q the_experlmental resglts are despnbed in Section IV, and
in a single high-order mode, exploiting a relatively large volum':eonCIUdIng remarks are given in Section V.
of the gain medium. The beam quality of a single high-order
mode beam can be further improved by efficiently transforming IIl. RESONATORDESIGN AND ANALYSIS
it into a nearly Gaussian beam [1]-[3]. In recent years, newLet us consider the mode selection in a basic plano-concave
methods for operating a laser with a single high-order trangsonator configuration depicted in Fig. 1. It consists of a flat
verse mode have been reported (see review [1]). These methegi®ut coupler mirror, an internal lens wifh= 20 m to account
are based on the insertion of binary and spiral phase elemefaisthermal lensing, a high reflective concave back mirror with
within the laser resonator, so as to introduce high losses to Weurvature radius of 3 m, an aperture to limit the number of
undesired low-order modes and low losses to the desired mokiigh-order modes, and a phase element for mode selection. This
The undesired high-order modes are eliminated in the conveanfiguration was chosen rather than a flat-flat configuration
tional way by using an intra-cavity aperture. Efficient high-orden order to decrease the sensitivity to thermal lensing, and to
enhance the mode selectivity of the resonator [8].
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where the eigenvecto,, represent the field distribution of

the resonator modeds represents the round-trip propagation
kernel, and the power loss per round-ttip- |v,|? is obtained

from the eigenvalues,,. Equation (1) can be solved numeri-
cally by using the propagation-matrix diagonalization method
[1]. In this method, each optical element in the resonator anc%
the free-space field propagation, are represented by matrix og L 0.5
erators. The round-trip matriK is found by multiplying all the
matrix operators associated with the round trip, and then the
eigenfunctions and eigenvalues are obtained by diagonalizini
K. In order to reduce the calculation complexity, we assume ra:
dial symmetry, so the eigen solutions for each mode of radia
orderp and azimuthal orddrcan be written as 0
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Up,i(r, ¢, z) = Up,1(r, z) exp(il¢) (2)
Fig. 2. Calculated round-trip losses of the lowest order modes as a function
of intra-cavity aperture diameter for tiare resonator configuration without a

wherer is the radial coordinate; is the azimuthal coordinate, phase element. Based on numerical matrix diagonalization in radial symmetry.

andz is the position along the propagation direction.
With radial symmetry, the eigenvectbr, represents the ra-

dial field of the mode at the output coupler, and the round trif 5
matrix K takes the form of “i
*? TEMoo TEMOO
Z Loss=0.081 % Loss=12 %
K = Mps - Map - Mrs - Mg, - Mps - Mry - Mrs - M é’
‘Mpg - Myp-Mps  (3)
0 1 2 3 0 1 2 3
where Mgg is the free-space propagation matrixaMis the
aperture matrix, M is the thermal lensing matrix, andgd; is 3
the rear concave mirror matrix (all 2-D matrices). The propa 5, TEM TEM
gation matrix Mss for each azimuthal ordercould be deter- 2 Loss0.12 % Loss39 %
mined from the radial Kirchhoff-Fresnel diffraction kernel for £
long distances [9], given by -
0 1 2 3 0 1 2 3
Ui(ra, z0) = i TV kzy  exp(—ikzo) /Ul(rl, 0)Ji(krir2/20) 5
- <
cexp[—ik(r{ +73)rudre (4)  p TEM, TEM,
2 Loss=0.79 % Loss=69 %
wherez, is the propagation distance, k=2\, andr, andr, %’ /\\
are the radial coordinates.at= 0 andz = zg, respectively. Al- 8 /\
ternatively, Mrs could equally be determined from the angular 0 1 2 3 0 1 2 3
spectrum propagation for short distances [10]. r [mm] r [mm]
We calculated the low-order eigenvectors and their cor- (@) (b)

responding losses for the resonator configuration shown I'—lBS Calculated intensity distributions of the lowest order modes fdyahe

Fig. 1, without the phase element and for = 1064 nm. resonator configuration without a phase element. (a) Aperture diamatem.

The results are presented in Figs. 2 and 3. Fig. 2 shows thgAperture diameter-1.7 mm.

losses as a function of the intra-cavity aperture diameter, and

Fig. 3 shows the radial intensity distributions of the lowedbsses at the aperture affects the modes distributions. Indeed, at
order modes for two specific aperture diameters. It can be sesnall aperture diameters, the modes intensity distributions are
that as the aperture radius increases (larger Fresnel nume&pected to significantly differ from the LG modes.

Nr = a?/)\L, wherea is the aperture radius is the wave-  In order to obtain single high-order mode operation, a phase

length andL is the resonator length) the losses of all modesdement is introduced into the resonator, next to the output cou-

decrease, and multimode operation is expected. In orderplier (see Fig. 1). This element introduces high losses to the un-

select the lowest order mode, one usually closes the apertdesired low order modes, and low losses to the desired high-

until only the lowest order mode could exist (depending oorder mode. Very high-order modes are eliminated by the use of

the gain). The intensity patterns depicted in Fig. 3 closethe aperture. We investigated the effect of three different binary

resemble the nondegenerate Laguerre—Gaussian (LG) mogésse elements for selecting the TEMTEM», and TEM3

as expected with radial symmetry. However, it should be notddgenerate LG modes. These elements, shown schematically in
that these are not exact LG modes, since the field diffractidiig. 4, consist ofr phase steps, corresponding to the uniform
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Fig. 4. Phase distribution of the binary phase elements for selecting the 0 ) \._":“"‘\:\\.‘\\_
degenerate LG modes: (a) TEM (b) TEM,.; and (c) TEM;. 0 1 2 3 4
Aperture diameter [mm]
phase regions of the associated degenerate LG modes. As is ev- ()
ident, these phase elements are not radially symmetric so that 1 ——
the mode intensity patterns and corresponding losses cannot be R
calculated using matrix formulation, as previously described.
It is possible, in principle, to resort to tensor formulation, but @ e
this considerably increases the complexity of the calculations. i 051 a3 - o5
So, we will first consider the one-dimensional (1-8&jip res- % 05
onatorcase [11], where the Hermite—Gaussian (HG) modes are 2 :
selected with 1-D binary phase elements, in order to gain some E
insight. This insight, along with numerical Fox—Li calculations
for the selected modes of lowest loss, will then be exploited to
analyze our two-dimensional (2-D) resonator configuration. 0
In the case of a 1-D strip resonator, wheregFais is infinite 0 !
and the optical elements in Fig. 1 operate only orutlaxis, the Aperture diameter [mm]
eigenvectol/,, represents the field distribution along thexis (b)

and is the same for aj’s. The mdwujual matrices in (3) are Fig. 5. Calculated round-trip losses of the lowest order HG modes for a
the same as before except forrM which should be replaced one-dimensional resonator configuration. Resonator configuration geometry
either by the 1-D Fresnel propagator or, for short distances, #iypwn in Fig. 1.Bare configuration: (a) without phase element and (b) with
the 1-D angular spectrum propagator. The computed round_t?n?se element for selectidd;, mode, placed 3.2 cm from the output coupler.
losses as a function of the aperture diameter, with and without

a phase element for selecting tHg mode, are shown in Fig. 5. sev(;:-ral Icljwt!ntep3|tyh§|de cqubetf" Itis e\(|dednt f“’ffn F'%I 6 that
It is evident that the insertion of the phase element introduc&Pd€ Selection IS achieved in the examined configuration.
Fig. 7 shows the calculated (Fox—Li) round-trip loss for each

considerable losses to ti#& mode and has only a minor effect i .
iy y of the selected modes at different aperture sizes. It should be

ontheH; mode. To ensure that only ti&, mode is selected the : . i
! y Ui, ed that there is a range of suitable aperture diameters for the

aperture diameter should be between 1.6—-3.1 mm, dependin 8f| : . L .
the laser resonator gain. ie ection of a specific mode. Within this range, as the diameter

Similar behavior is expected in the case of the 2-D resonafé) creases, the losses to the selected mode increase. On the

configuration. The insertion of each of the phase elemerfther hand, a significant increase of the diameter is expected

depicted in Fig. 4 will have a minor effect on the selected modg, result in multimode ope_ratio_n. Itis of interest to note that
while introducing considerable losses to the undesired | £ loss curves presented in Fig. 7 for the seledigenerate

order modes. In order to determine the relevant parameters dmodles fit closely to thet cdor.re\'c,:pongm_g#degengratdaGl ined
obtaining the optimal mode intensity distribution, round—tri;[%no €s 10ss curves presented in F1g. 2. This can be explaine

loss, and beam quality # when selecting a specific mode, y recalling th"’.‘t the degenerate LG modg IS comp_)osed of
we resort to numerical Fox—Li calculations. Specifically, WENO corresponding nondegenerate modes with opposigns

analyzed the 2-D resonator configuration shown in Fig. 1, usi foht and left helical phase fronts)._Hence, the loss of the
a commercial wave-simulation softwarbased on the Fox—Li gegenerate mode seems to be equivalent to the loss of the
iterative method with a fast Fourier transform propagatiorrll.on.degene.r ate mode. .

Representative results are presented in Figs. 6-8. Fig. 6 sho Sl_nally, Fig. 8 shows the round-tr_lp IOTSS and the OUtPUt beam
the near- and far-field intensity distributions of the TRM quality parameter M alor_lg thez direction as a function of
TEMy;, TEMy,, and TEM; after inserting the appropriatethe phase element position, when selecting the degenerate

binary phase elements. These results were obtained after %&5\/'01 mode. It can be seen that far from the output coupler,

round-trip passes in the resonator starting from noise. Sirbgt roundt—rt]np Irc:ss mclreasef rat(;uirr] Ilnea}[rlytwnh tTe d;tar;lcet
the output beam acquires a uniform phase front, the far fie ween the phase element an € output coupler. shor

distributions of the modes contain a bright central lobe wit Istances from the output _COUP'GT (I_e_ss than 1 gm), the M
sharply increases along with a significant drop in the loss,

1GLAD—Applied Optics Research. indicating that the lowest loss mode is the TigNhhode instead
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Near field intensity distribution Far field intensity distribution

(a) TEMgy
Aperture: 1.8mm
Loss: 9.2%
(b) TEMy,

Aperture: 2.1mm
Loss: 14.5%

(¢) TEMp,
Aperture: 2.4mm
Loss: 16%
(d) TEMos
Aperture: 2.6mm
Loss: 19.3%

Fig. 6. Calculated results using Fox-Li iterative method when selecting specific LG modes with binary phase elements in the 2-D configurakibp. it deée
obtained without a phase element. (b) TEMnode obtained with the element in Fig. 4(a). (c) TieMnode obtained with the element in Fig. 4(b). (d) TEM
mode obtained with the element in Fig. 4(c). The distance between the phase elements and the output coupler was 3.2 cm, numerical grid Ri2Z5&/ax 256
spacing 2.5x 10~°> m (for TEMy3 3.5 x 10—° m), and the number of round trips, starting from noise, was 100.

of the TEMy; mode (the high M originates from ther phase 1ll. SIMPLE MODEL FORPREDICTING THE RELATIVE QUTPUT

step the Gaussian beam acquires when exiting the resonator). ENERGIES OF THESELECTED MODES

As evident, good mode selection of the TEMs expected at

distances of 1-5 cm from the output coupler. We developed a simple model for predicting the expected rel-

The optimal aperture diameter and position of the phase ative output power (or energy) of each of the selected degen-
ement do eventually depend on the gain in the resonator ardte LG modes with radial order= 0. In this model, we as-
the difference between the loss curves of the selected mode andhe that the gain and the losses occur separately during each
the next lowest loss mode (see, for example, Fig. 5). Genesund-trip propagation in the resonator. In addition, we assume:
ally, in the 2-D resonator configuration case, the next lowest los¥y the modes are not greatly disturbed by the presence of the
mode could be determined by analyzing the beating of the twain or by diffraction effects, and are nearly pure degenerate LG
lowest-loss modes when applying the Fox—Li algorithm or alnodes; 2) before introducing losses, or when the modes suffer
ternatively by resorting to the Prony method [12]. equal losses, the peak intensity of each mode in the resonator
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0.4 Taking into account the diffraction losseg in the specific

-o- TEM0O : , . .

o TEMO1 mode-selecting configuration (depending on the aperture and
0.3 oTEMO02 |  POsition of the phase element), and output coupling losses

- TEMO3 the power of the beam at the output of the laser is then

Round-trip loss

(A R e ---------------------------
: Pt = (1= 7a)(1 = Yoo P41 (8)
0.1 B Tl Do B
: i Recall that, for a specific mode-selecting configuration, the
0 : § diffraction lossesy; can be deduced from Fox—Li calculations
1.5 2 25 3 (seeFig. 7).

Assuming equal diffraction losses, the relative power con-
tent of the TEMy, TEMy;, TEMy2 and TEM)3 degenerate

Fig. 7. Calculated Fox—Li round-trip losses as a function of the aperture si'zg' modes, calculated ac_cordlng to this S|mple mo-del, 1S
for the selected modes. Calculations were performed with the correspondhyl1.36:1.85: 2.23 respectively. It should be noted that in prac-
binary phase element located at a distance of 3.2 cm from the output coqmgm situations, where the diffraction losses for each selected

(except for the TEM, mode where no phase element was used). The numerical . . .
grid size was 256« 256, grid spacing 2.5 10> m (for TEMy; 3.5x 10-5  mode are different, this power ratio would be altered (see for

Aperture diameter [mm]

m), and the number of round trips starting from noise was 100. example Table I).
03 7 9
IV. EXPERIMENTAL PROCEDURE ANDRESULTS
) “— o . .. .
@ o In order to confirm our predictions, we performed a series
o 0.2 [ o T 6 . of experiments using the experimental setup shown in Fig. 9. It
5 gpoo © ¢ includes the following:
S 01 POGT Do Deeeeeeeene Deeeereereeens o] 3 1) a 71-cm-long plano-concave resonator, with a flat output
2 coupler of 40% reflectivity at 1064 nm and a high reflec-
r tive concave mirror with radius of curvature of 3 m;
0 . : . . 0 2) a Nd: YAG rod of 5-mm diameter and 10-cm length,
0 5 10 15 20 25 with 1.1% doping, placed in a diffusive ceramic pump

Distance of the phase element from the output

chamber, and pumped at a constant level throughout the
coupler [cm]

experiments.

Fig.8. Calculated Fox—Liround-trip loss)and output beam quality M(CJ) 3) A high-quality thin film pOIarIZ_er (TFP). .
as a function of the distance between the phase element and the output coupleft) A QS arrangement comprised of an electrooptical

for the degenerate_ TEM mode. The Numerical grid size was 256256, grid LiNbO; crystal and a\/4 retardation plate, In QS op-
i[())gcmg 2.5x 107> m, and the number of round trips starting from noise was eration, the pulsewidths were 20 ns (fulI-Width at half

maximum), while free-running operation was obtained
by removing the retardation plate.

%) An aperture to limit the number of high order modes, po-
sitioned 22 cm from the output coupler.

6) CCD cameras and a Spiricon Laser Beam Analyzer, for
detecting and characterizing the near- and far-field inten-
sity distributions.

7) A phase element positioned a few centimeters from the

is the same. Detailed numerical analysis, based on equating th
round-trip loss to the round-trip gain, taking into account the
spatial profile of the modes, indicated that this latter assump-
tion is reasonable.

Using the above assumptions, the intensity distributions of
the degenerate LG modes inside the resonator are

Io.i(p, 0) = Al el ple™? cos?(16) (5) output coupler.
_ 972 Several binary phase elements for selecting TEMEMys,
with p = 2 and TEMy; degenerate LG modes were fabricated using pho-

tolithographic and reactive ion etching technologies to form
wherer andd are the radial and azimuthal coordinates, respege specific accurate depth profiles. These were subsequently
tively,  is the angular order of the mode,is thewaistor spot  coated with antireflection layers for 1064 nm using vacuum
size of the lowest order Gaussian mode, anis a normaliza- geposition technology. Representative actual profiles of mid-
tion constant. The power contents of these modssuming o sections of two such elements, as measured with a ZYGO

losses are interferometer, are shown in Fig. 10. The measured surface
, | Tw? roughness was in the range of 1-2 nm root-mean square
0,1 = Al e - Tl +1) 6) (RMS).

Representative experimental results of the near and far field
intensity distributions of light emerging from the QS laser, oper-
ating at a specific selected single mode, are presented in Fig. 11.
For these results, the aperture diameter and the phase element
position were optimized for the best performance.

where the value of is 1 or 2, forl = 0 orl > 0, respectively,
and the Gamma functiohi is defined as

F(n):/ t" et dt; n > 0. (7
J0
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71cm
< >
<« 2 Near field
HR concave Wedges
Mirror N4
R=3m waveplate Aperture
——————— S N I e e | e e
A //,”
Qs Nd:YAG rod Phase  Output §
element coupler Far field
R=40% .
Focusing CCD
lens
Fig. 9. Experimentad)-switched pulsed Nd: YAG laser setup for high-order mode selection.
5.76631 the far field, and also for the low-intensity ring-shaped patterns
um observed in the near field. This was verified experimentally by
2.00687 placing the phase element near the rear mirror instead of near
1.e8 the output coupler. In this case, the phase of the pure modes

was not changed when exiting the resonator, so the near- and
far-field intensity distributions were similar (as expected) and
the ring patterns in the near field were not present.

We also measured the energies per pulse at the output of the
laser when operating with each individual mode. The energy
was 15 mJ with the TEM mode, 16.5 mJ with the TEM

7.53471 mode, and 18.3 mJ with the TE}Mmode, compared to an en-

ergy of only 10 mJ with the TENM, mode. A comparison be-

s 17782 tween the calculated and the measured relative output energies

1,88 is presented in Table I. The calculated relative energies were
obtained using the simple model described in Section Ill, taking
the specific losses in each configuration from the data presented
in Fig. 7. As is evident, the calculated results are in good agree-
ment with the experimentally measured results.

In order to determine the effect of the increased losses that re-

(b) sult from increasing the distance between the phase element and
Fig.10. Representative magnified interferometer (ZYGO) profile scans of tfhe output coupler, we measured the output energy as a func-
binary phase elements. (a) TiM (b) TEMys. tion of the phase element position. The results for the degen-
erate TEM; mode are presented in Fig. 12. As expected, the
Specifically, the TEN, was selected with an aperture diameutput energy is reduced as the phase element is positioned fur-
eter of 1.6 mm (without using any phase element). The FEMther away from the output coupler. We also found that the beam
was selected with an aperture diameter of 2.1 mm and appoorlity of the selected mode remains essentially constant at dis-
priate binary phase element positioned at a distance of 3.2 tances greater than 3.5 cm, as expected.
from the output coupler. The TEM was selected with aper- We investigated the behavior of the laser operating with a
ture diameter of 2.2 mm and phase element position of 2.5 @imgle high-order mode when it wag-switched and when it
from the output coupler. Finally, the TEMwas selected with was not. Representative results for a laser operating with the
an aperture diameter of 2.4 mm and phase element positionT&M,>, mode are presented in Fig. 13. As is evident, the inten-
2.5 cm from the output coupler. As evident, these experimensaty distributions are very similar, although the pulse durations
results are in good agreement with the calculated distributiodi$fered by almost four orders of magnitude, i.e., 20 ns in QS
shown in Fig. 6. The far-field distributions of the high-ordeoperation and 12@s in non-QS operation. It should be noted
modes consist of a high central peak surrounded by low sitlaat the optimal aperture diameter and the distance between the
lobes, as expected. The experimental near field intensity disphase element and the output coupler were essentially the same
butions contain a low intensity ring-shaped pattern connectiimgboth cases. These results indicate that the high gain and short
the lobes. This pattern, which is not present with pure modegsjlse duration seem to have only a minor effect in our laser con-
seems to result from the phase element, which changes the pliigegation operating with a high-order mode.
of the mode to a uniform phase, before exiting the resonator.Finally, we attempted to observe the mode evolution dy-
This phase uniformity accounts for the bright central peak mamics in QS operation by measuring the temporal pulse shape

um
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Near Field Far Field Near Field Far Field

TEMaoo

TEMo

TEMo,

TEMo;

Fig. 11. Experimental near- and far-field intensity distributions of Nd: YAGswitched TEMo, TEMy:1, TEMo> and TEMy; LG modes. (a) Intensity
distributions detected with a CCD camera. (b) Corresponding 3-D plots of the intensity distributions.

TABLE | 18
MEASURED AND CALCULATED RELATIVE OUTPUT ENERGIES OF THESELECTED
DEGENERATELG MODES

2
=
a,
8
Measured Calculated =
- 5 =
relative relative &y &
Mode 5 =
energy energy g 14
TEMoo 1 1 H
TEMy; 150 1.40 g 12
TEMg, 1.65 1.63 0 2 4 6 8 10 12
TEMy; 1.83 1.81 Distance between the phase element and the output

coupler [cm]

at various transverse locations in the output beam. We useHiga 12. Measured output energy of the TEMdegenerate LG mode as a
0.2-mm aperture to measure the pulse shape in the low- degtion of the distance between the phase element and the output coupler.
high-intensity regions of the output beam, and compared it with

the average temporal pulse shape (integrated over the entire V. CONCLUDING REMARKS

cross section of the beam). The experimental measurementg/e successfully demonstrated efficient high-order mode se-
for the laser operating with the degenerate TEMhode are |ection in QS operation with the use of intra-cavity binary phase
presented in Fig. 14. As is evident, no significant change in tegements. A significant increase in the output energies relative
temporal pulse shape is observed. This result suggests gap¢he fundamental TEM mode was achieved, and the opti-
mode discrimination and rather fast mode buildup. It could hftized parameters for a specific laser configuration were deter-
explained by an “early” evolution of the mode prior or duringnined. In order to obtain higher output energies, the ability to
the opening of the QS, creating a very weak signal that seegdect higher transverse modes in high Fresnel number configu-
the large pulse which is formed when the QS opens completetytions should be further investigated. It should be noted that the
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Non-QS operation

QS operation

Near
field

Far
field

Fig. 13. Experimental near- and far-field intensity distributions of th

degenerate TEM LG mode in non-QS and in QS operation.
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Fig. 14. Measured temporal pulse shape at the output of the laser operafiefy Aviv, Israel, performing research on cathode spot retrograde motion in
with the TEM,> degenerate LG mode: (a) integrated over the whole pulsegh-current vacuum arc discharge systems. From 1994 to 2001, he was
area in the near field; (b) through a 0.2-mm diameter aperture in the near figlilh ELOP—Electro-Optics Industries Ltd., Rehovot, Israel, working on
centered on one of the mode lobes (high intensity region) and near the centditary laser development projects. During this period, he specialized in the
(low intensity region); and (c) detailed pulse-shape measurement through deselopment of solid-state military lasers, and led several important projects.

aperture in the low-intensity region.
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M? of the selected high-order modes is degraded relative to that
of the fundamental TEN, mode. However, since the entropy
of a single high-order mode is equal to that of the fundamental
mode, it is allowed thermodynamically to efficiently transform

a single high order mode into a Gaussian beam, achieving ex-
cellent beam quality. Such a transformation can be performed
externally by means of two specially designed phase elements
[13], or by coherently adding various transverse parts of the
mode [14].

Moreover, we introduced a simple model for predicting the
relative output powers of the selected modes, which is in good
agreement with the experimental results. Comparison of the
mode selection in QS operation with that in non-QS operation,
and preliminary investigation of the spatial evolution of the
mode in QS operation, indicate that the high gain and short
pulse duration seem to have only a minor effect in our laser
Tonfiguration operating with a high-order mode.
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