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Diffractive optical pumping of the gain switched Nd:YAG ceramic laser

1-frequency-doubled, pulsed (10mJ, 5ns,10Hz) Nd:YAG pump laser; 2-“pumping” aperture, d=1-3mm; 3-HR concave
mirror; 4-plain mirror, R=98% ; 5-Nd:YAG ceramic rod; 6-beamsplitters; 7-photodetector; 8-powermeter; 9-CCD camera.

| Number of Fresnel zones: N = a%/iz

Z(N= 4) = a%/4x Z(N=2) = a%/2) Z(N=1) = a2/

0,53um pump beam images and intensity profiles for distances corresponding to Fresnel numbers, N =1, 2, 4.



LG,; and LG,,* modes selection in the Nd:YAG ceramic laser by 0,53pm
diffractive optical pumping

Intensity, a.u.
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Calculated profiles of the pump in the 0,6at% Nd:YAG ceramic @8x90 mm rod (solid) and that of the
LGy, (dashed) and LG, (dotted) modes; semi- confocal cavity, length L=25cm, mode waist w=300um

CCD camera images of LG, (a) and LG,,* (b) modes output of the gain
switched 1,064pum Nd:YAG ceramic laser (=<100ns, 10Hz, =5SmW)



Mathematical expressions for scalar LG modes

LG,,,, modes are obtained when the separation of variables is inr, ¢ and z.
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p - radial index, m — azimuthal index; pe{0123..} me{.,-2-10,12,..}

L™ (x) is the Laguerre polynomial, ¢, (2)=(2p+|m|+1)tan"*(z/2,)
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Is the Guoy phase shift, w(z) is the beam radius, w, Is the beam radius at the waist, z ="

is the Rayleigh range, d(z)=2-iz, is the complex beam parameter.



Computer simulations of scalar Laguerre-Gaussian modes profiles

1) (o))
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LG,,, non-degenerate modes profiles LG, degenerate modes profiles
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Synthesis of vector LG modes from linearly polarized scalar modes

Formation of radial and azimuthal polarizations using linear superposition of orthogonally
polarized scalar modes.

Q. Zhan, Advances in Optics and Photonics 1, 1-57 (2009)



Computer simulations of vector Laguerre-Gaussian modes profiles

TMog1  TMp2 TMp3z TMoq

0 1 2 riw
Intensity profiles of radially polarized TM,, modes (n=1,2, 3,4) along the radial direction. The

horizontal axis is in units of the Gaussian beam width w.
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wo | ‘w?‘ [ 2r [T where r is the radius, z is the distance from the beam
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w \ L w? L w? ) waist, Ej is the constant, wg is the minimum beam radius
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. at 2=0, R=(z,°+2%)/z is the radius of curvature of the
LH‘" .

wave front, & is the wave number, 2ny is the Gouy phase
with ¢=arctan(z/z;), L is the generalized Laguerre poly-
nomial of order 1 and degree n-1, and w is the Gaussian
beam width defined as w=wg\1+(2/2¢)* with zg=kw,*/2.
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Y. Kozawa and S. Sato J. Opt. Soc. Am. A, Vol. 27, No0.3,399 (2010)



LG,,, modes selection in the hemispherical cavity with 4at% doped @6x10mm Nd:YAG
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Calculated profiles: pump (solid); LG,,, modes best matching the pump: m =1,
w = 424um (long dash), m =5, w = 190um (short dash), m = 50, w = 60um (dots)

Waist parameter, um
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LG,,, modes images: m=6(a),8(b),16(c),27(d); =500ns,10Hz,1-3mW, A=1064pm
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Waist w parameter on the resonator length
dependence-(a); zoom-in the hemispherical region; m-
modes orders best matching the pump-(b).



Very-high-order LG,,, mode (m = 240) output of the 0,53pum pumped Nd:YAG ceramic laser
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LG,,, mode in a miniature semi-confocal cavity with @6x10mm Nd:YAG ceramic rod: (a) CCD
camera image of the LG,,, mode, m = 240 (6~0,15 rad, A=1,064um); (b) image of a small part of
the output beam circumference; (c) scheme of the experiment.
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LG, modes selection in the LD pumped cw Yb:YAG ceramic laser using

an intra-cavity lens with spherical aberration
Yb:YAG
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Scheme of the laser on the base of 9,8at% Yb:YAG ceramic 9x11x1,5mm 3plate (with HR coating ) in copper
cooling slabs; LD pumping at 0,94um, cavity length, L=80-127cm, f,,=25mm.

Output coupler
Lens R =95-98%
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Near-field images of LG, modes at different shifts of the intra-cavity lens along the resonator axis: a) p=0,
m=1; b) p=1, m=2; c¢) p=2, m=3,(d) p = 11, m =2; (e) p=10, m=3 (10-30mW, 6=0,5-3mrad, A=1,03um).



Ray tracing in a plane-parallel resonator containing:(a)-thin lens, (b)-lens with aberration
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Schematic of a resonator showing ,,imaging”(l) and ,,focusing” (F) positions of a thin lens.
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Ray tracing in a plane-parallel resonator containing a lens with spherical aberration.



Dependence of the azimuth index, m of hollow LG;, modes on intra-cavity lens shifts
and length of the cavity.

Near-field images of hollow higher order LG, modes with azimuth indices:(a)
m=11;(b) m=20;(c) m=26 (1-10mW, 6=2-5mrad, A~=1,03um).
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f,, (threshold LD currents are indicated), L= 114 cm; (b) length of the cavity, L.
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CCD camera images of near- and far-field patterns of LG, ,s and LG, ,, modes

X-position, mm

Images of near- (a) and far- (b) field patterns of LG, ,; mode and far-field of LG, ,,

mode (c) with the corresponding intensity profile (d) (1-10mW, 6=2-4 mrad, A=1,03um).



Bessel-like LG, LG,;” modes with a highly directional propagation of the central maximum (minimum)
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Near- and far-field images of Bessel-like LG, multi-ring beams with
central maximum (a) and minimum (b) shown clearly in the corresponding
intensity profiles near each image.



LG vector modes selection in the LD pumped cw Yb:YAG ceramic laser using an intra-
cavity lens and a birefringent c-cut uniaxial crystal
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Scheme of the Yb:YAG ceramic laser with radially polarized (RP) or azimuthally polarized
(AP) output (10-60mW, A=1,03um, L=40-120cm, f=35-200mm).
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Schemes of mode selection with an intra-cavity c-cut YVO4 crystal: (a) AP mode selection at
“focusing” (d =(f,),,) and (b) RP mode selection at “imaging” (d = i,) lens positions.
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Radially polarized (RP) or azimuthally polarized (AP) doughnut-like modes (a-d) and
multi-ring higher order modes (g, f) at the output of cw Yb:YAG ceramic laser
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Images in near-field of AP and RP doughnuts generated by Yb:YAG laser with c-cut YVO4 (a, b) or a-BBO (c, d)
crystals and the lens, f = 10cm placed at distances d <f,, or d > f,, from HR, L=114cm; A~=1,03um, 10-60mW.

c-cut YVOu

c-cut a-BBO

Images of modes in far field, L =114cm, f =3.5cm : (e) 3-ring RP mode with a-BBO; (f) 6-ring AP mode with YVO,. The
transmission axis of the external linear polarizer placed before the CCD camera is indicated by arrows wherever used.



0,6 W radially polarized cw Nd:YAG ceramic laser with a polarization selective mirror

Nd: YAG, |Water in
i PCG

808nm _Cl A‘-‘L
pump “_ .y
A

Heatsink :-- *Water out

Images of the photonic crystal grating (PCG)
mirror obtained by scanning electron

End-pumped and water-cooled Nd:YAG (0,45 at%, @15x1,9mm) microscopy: (a) cross section and (b) surface
ceramic laser with a PCG output coupler, A=1,064um, L=6,5cm. view (the pitch of concentric corrugations is
Pump:3-5W at A=0,8um. 466 nm).

(a)-Far- and (b)- near-field intensity distributions of the RP output beam; (c)—(f) variations of far-field
distributions after the beam passage through the linear polarizer (transmission axis indicated by arrows).

Polarization extinction ratio - 60:1.



Conclusion

Main features of the Laguerre-Gaussian modes selection study:
« new methods of LG scalar and vector modes selection;

o LD pumped Nd:YAG and Yb:YAG ceramic lasers with tunable generation on scalar and
vector LG modes from low to high orders;

o demonstration of scalar LGpm modes (p-radial, m-azimuth indices) of record-high orders;

» observation of multi-ring Bessel-like LGpoand LGp1* modes with highly directional
propagation of the central peak or minimum;

» ceramic lasers for cw and pulsed generation of radially (RP) and azimuthally (AP)
polarized doughnut beams with high modal symmetry, polarization purity and efficiency;

» observation of RP and AP LG vector modes of high orders .

The large variety of LG scalar and vector beams from the developed ceramic laser schemes
should find applications in different fields of science and technology.
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Experiments on Laguerre-Gaussian modes selection in DPSSLs

Lasermedia, | mode selection maode types beam parameters refere
pump scheme | technique nees
LG scalar modes selection
NdYAG, pump spot'mode walst ratio LGy, p=09 CW, Ap=1.064 um 106
e-p* control
Nd:YAG, doughnut-shaped diffractive LG, m=1.240 10 Hz, 0.1 mJ, 50-2000 ns 80,
e-p* pumpin pulses, 45,=1.064 um 81
NAYAG, e-p | opaque Eisk at mirror LG, M1=4-8 CW, hi=1.064 um 121
NA:YAG, s-p | spot-detect mirror LGy m=1-8 oW, Aup=1.064 um 75
Nd:YVO,, doughnut-shaped pumping LG e, LG, W, fap=1.064 um 40,
e-p m=0-23 41
Nd:YVOs, s-p | thermal lens LGz ow,7.7W, Jyu=1.064 um 100
Nd:Y'V0,,5p | thermal lens LGy 16.6 W 50-400 kHz ,10-40 102
ns pulses, 1;,=1.064 um
Nd:YVO;,, doughnut shaped pumping LGgmg cw, 12 mW, 43,=1.064 pm 124
.:_
NPd:Y‘u'OiL pump spot'mede walst ratio LGpg, p=0-8 8.5W, 20-80kHz, 7-16ns 114
e-p control pulses, 4,=1.064 um
WNd:GdV0,, | thermallens LGy cw,17.8W, Jyu=1.064 um 101
-p
Yb:YAG, e-p | inwa-cavity lens with sphenical | LGpm LG5s", cw, 1-30mW, Ae=1.03 um | 87-8%
aberration p=0-12, m=0-28
LG vector modes selection
Nd:YAG, s-p | polanzation selective mirrer TMy; cw, 4W, 11u=1.064 pm &4
Nd:YAG, s-p | conical Brewster prism My cw, 950 mW, J.,=1.064 um 65
NAdYAG, s-p | e-cut YVO, TMay, TM: cw, 1 W, 41,=1.064 pm 71
Nd YAG, s-p | reflectvity modulated TMp =2345 | €W, 1SD MW, fug=1.064pm | 72-74
polarization selective mirror
Nd:YAG, s-p | spot-defect mirror TEy;, TMy;, W, hw=1064 nm 75
higher-order LG
and BG modes
Nd:YAG, s-p | thermal lens TMyy, TEq cw, 32W, hu=1,064p 126
Nd:YAG, e-p | polanzaton selective mirror Ty, TEqy cw, 630 mW, 4,=1.064 ym | 83
Nd:YAG, e-p | polanzaton selective mirrer TMy, TEy; (TM;) 350 mW, 86 ns, 6.7 84-86
kHz; (TE5;) 512 mW, 40 ns,
11 kHz; Jjy=1.064 um
Nd:YVO;,, c-cut Nd:Y'VO, TMy cw, 75 mW, A1x=1.064 um 66
-p
Nd:GdVOD;, | c-outNd:GAVO; My cw, 164 mW, ne=1.064um 70
€D,
ﬁ:YAG, e-p | polarization selective mirror TMy; cw, 10-275 W, hypy=103um | 24,
63
YhYAG, e-p | c-cuta-BBOYVO,, inwa-cavity | T, TEo. cw, 1-30mW, 4,=1.03 um | 90
lens with spherical abemration #=1-10
ErYAG, e-p | doughnut shaped pumping, TMp; cw, 13 W, 4,=1.645 um 125
thermal lens

*. pumping by external laser source




Synthesis of vector LG modes from the linearly polarized scalar LG modes

(DY © @ & ©

TEMgo TEMo, TEMo2
TEM;q TEM,,

TEM5q TEMy,
Linearly polarized resonator mode Synthesis of different polarization configurations
configurations for circular mirrors from the linearly polarized TEM,; mode

W. Koechner: Solid-State Laser Engineering (Springer, Berlin, 2006) 6th ed.
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