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BAUAHUWE MATPULIbI HA TEHEPAILIVIO HEITPEPBIBHOI'O
KBABUTPEXYPOBHEBOI'O HEOAUMOBOTI'O AA3EPA
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AHaJIM3UPYIOTCS TeHEPAIMOHHbIE XapaKTePUCTUKHM HEOANMOBOTO JIa3epa ¢ KBa3UTPEXyPOBHEBOW cXeMol Juisi Hanboee
pacrpoCTpaHEHHbBIX KPUCTAUTMUECKUX MaTpHll. TeopeTHdeckoe UCCIEN0BAHUE YHEPrETUUECKUX XapaKTePUCTHK U3Iyde-
HUSI TAKOTO JIa3epa ¢ PA3IMIHBIMU MaTPHUIIAMH TIPOBEACHO I CTAllMOHAPHOTO PEXXUMa TeHepaliii. AHAIN3 BBITIOIHSIICS
JUTSL MOZIETIH J1a3epa KaK ¢ MPOAOJILHOW HAKAYKOM J1a3epHBIM TMOAOM, TaK U C MONEPEYHOI ¢ y4ETOM POCTPAHCTBEHHOM He-
OZHOPOJHOCTH ITyYKa HAKa4KH. Pe3yibraTsl pacyeToB MOKA3bIBAIOT, YTO YUET MPOCTPAHCTBEHHON HEOIMHOPOAHOCTH ITydKa
HaKa4yKH TPU MPOJOIBHOM M TONIEPEYHOM BO30YKICHUH MIPUBOJHUT K POCTY PACUETHOTO 3HAYECHUsI IIOPOTOBOM MOIIHOCTH
HaKayKH ¥ CHW)KEHUIO ITapameTpa 3 (eKTHBHOCTH I'eHepaliy 10 CPaBHEHHIO C Pe3ybTaTaMy sl TOYEUHOM MOJIeIH Jlase-
pa. [TokazaHo, 4TO ONTHMAILHBIMH 3HAYCHUSIMU ITOPOTOBOM MOIIIHOCTH HAaKa4K{ M apamerpa 3 PpeKTHBHOCTH TeHepalin
obmanarot Matputel YAG n GGG 1o npranHe 0oree HU3KUX 3HAUYCHHUH peadCcopOIMOHHBIX TIOTEPb.

Knrouesvie cnosa: neonuMoBbIil f1a3ep; KBa3UTPEXYPOBHEBAsI CXeMa; MPOCTPAHCTBEHHAS HEOXHOPOIHOCTH ITy4Ka
Hakadky; napamerp 3ddexTnBHOCTH; TToporoBas MomHOcTh Hakadku; Nd : KGW; Nd : GVO; Nd: YVO; Nd : YAG;

Nd : GGG; Nd : YAP.
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THE MATRIX EFFECT ON GENERATION
OF QUASI-THREE-LEVEL CONTINUOUS WAVE
NEODYMIUM LASER UNDER INHOMOGENEOUS PUMPING
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The main generation characteristics of a neodymium-doped laser with a quasi-three-level scheme are analyzed for
most common crystalline matrices. The energy characteristics of radiation from such a laser with different matrices in
the stationary mode are studied theoretically. The operation of both the end-pumped and transversely-pumped laser has
been simulated. The results of the calculations show that allowance for the spatial inhomogeneity of the pump beam, both
for longitudinal and transverse excitation, leads to the increased calculated value of the pump threshold power and to the
decreased generation efficiency parameter compared to the results for the point model of laser. It is demonstrated that the
two matrices YAG and GGG have optimal threshold pump powers and slope efficiencies due to lower reabsorption losses.

Key words: neodymium laser; quasi-three-level scheme; spatial beam inhomogeneity; slope efficiency; pump power
threshold; Nd : KGW; Nd : GVO; Nd : YVO; Nd : YAG; Nd : GGG; Nd : YAP.

Introduction

Diode-pumped solid-state lasers featuring stable frequency of lasing, high energy efficiency and compact-
ness are widely applied in science and technology. Nd-doped lasers are most commonly used. Due to rapid
progress in the field of nonlinear optics, it is possible to realize the IR-to-visible frequency conversion with
a high efficiency and hence to expand the field of applications for solid-state diode-pumped lasers. At the pre-
sent state of the art, one of the important tasks is to obtain laser generation in the blue region of the spectrum
to meet the requirements of information and communications technologies, hologram recording, medicine,
atmospheric sounding, etc.

Coherent radiation in the blue region can be realized by the nonlinear frequency conversion of solid-state
lasers operating in the near-IR range. To this end, Nd-doped solid-state lasers are most frequently used with
a quasi-three-level scheme operating on transition from the ‘F,, manifold to the lower manifold “I,,. When
a frequency of the ‘F,, — 'I,, transition is doubled, it is possible to obtain coherent radiation over the range
450—-470 nm with the use of different Nd-doped matrices. The most important parameters of an active medium
are the following: Stark splitting of the levels, lifetime of the upper state, maximum concentration of neody-
mium ions (doping level), absorption and stimulated emission cross-sections.

Figure 1 shows the energy level diagram for an active ion and transitions in a neodymium laser based on
a quasi-three-level scheme.
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Fig. 1. Energy level diagram and transitions in a neodymium laser
based on a quasi-three-level scheme. Populations of the upper
and lower laser levels are given by N, and N, respectively
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The diagram in its general form is the same for all crystals, only the energy levels of the excited “F,,, and
ground “I,, manifolds vary. A lifetime of the *F,,, level is on the order of 10 ns; transitions to the metastable
upper ‘F,, level are nonradiative. Generation occurs between the lower energy level of the *F,,, manifold with
the population N, and the upper energy level of the ground “I,,, manifold with the population N;.

This paper presents the results of numerical simulation for the performance of a longitudinally and trans-
versely pumped quasi-three-level neodymium laser with different matrices. The threshold and slope efficien-
cies are calculated taking into account the spatial distribution of pump beam in the radial direction. The results

obtained have been compared with the data given in [1] for a point model of laser. All spectroscopic characte-
ristics of the matrices (YAG, YVO, GVO, GGG, YAP, KGW) were taken from [1; 2].

Simulation and calculations

Calculations for quasi-three-level Nd-laser with longitudinal pumping. The model of a quasi-three-level
laser used in this article is valid for the general energy level diagram of fig. 1, with the population density of
the lower laser level &V, assumed to have a low thermal population [3].

Relative populations of the levels in the lower manifold are given by the Boltzmann distribution. Then the
lower laser level is given by

N,

E
N, = —Lexp| -2 |= fN,
1 Z P( kT) SN,

where N, is the lower laser level population, E,, is its energy, N, is the population of the lower manifold I, ,,

Z, = Zexp(—k—]’i) is the partition function of the lower manifold, f; is the fraction of the total ‘F,, popula-

i=1
tion density at the lower Stark-splitting energy level, f; is the fraction of the total *I,,, population density at the
upper Stark-splitting energy level, & is the Boltzmann constant, 7 is the temperature. In the case of steady-state
pumping, relative populations of the levels in the upper manifold can also be described by the Boltzmann dis-
tribution if relaxation between the levels in the upper manifold is rapid. Exact values of f, and f, are given in
table 1.

Table 1
Theoretically calculated values of f, and f,
Matrix YAG YVO GVO GGG YAP KGW
A 0.008 0.049 0.057 0.01 0.019 0.077
5 0.60 0.52 1.00 0.55 0.65 0.62

If depletion of a population in the ground state can be neglected, the laser rate equations for the population
density in the upper and lower laser levels can be written as

dNZCSr, z) — SR (r2)- Nz(;”: z) ~ fZCG[Nz(r, z) —51\7, (r, 2)So,(r, z)]’ M
t

dN,(r, z N/(r,z)=N,f, /eS| Ny(r, z)=N(r, 2)S¢,(r, z

—0(,: b g, () - 22 £ Aeol i) i 2)S0 . @

P.|1- =
‘“c[ exp[ “ ]] is the total pump rate; P,

> % inc
hvp

energy; o is the absorption coefficient; ¢ is the speed of light; ¢ is the stimulated emission cross section; 7 is

where R = is the incident pump power; /v, is the pump photon

the index of refraction; 7 is the upper state lifetime; N, is the doping level [cm™]; ¢, (r, z ) and (p,(V, z) are the

spatial distributions of the pump beam and laser beam, respectively. It has been assumed that relaxation from
“F,, to the upper laser level is extremely fast. The energy transfer upconversion and excited state absorption
may be neglected. Since we are considering the stationary mode, the time derivatives are equated to zero.

The total number of photons in the cavity S as a function of the incident pump power at the threshold is
found from the equation derived from the radiative transfer equation:
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ds ¢C s
E = 7 J.J‘J. AN(I", Z)S(pl(r, Z)dV— T_ = 0,
crystal q
where AN (r, z) =N, (r, Z) - Nl(r, z) is the inversion-population density at thermal equilibrium from equa-
20 . . .
tions (2) and (3); T, = ——— is the cold-cavity photon lifetime; 7 is the output transmission; 7 is the in-
 c(2y1+7)
trinsic cavity loss factor [cm™']; / is the length of the active medium; [' =1 + (n - 1)[ is the optical path length

of the cavity; P, , is the laser output power from the cavity; /v, is the laser photon energy. This equation enables
one to calculate the incident pump power at the threshold. To calculate the slope efficiency, it is necessary to
take into account the effect of overlapping pump and laser fields [3].
Relation between the total number of photons in the cavity S and the output power from the laser cavity is
given by:
2I'P

¢ out

- chv, T’
The pump and laser beams are modeled as circularly symmetric (TEM,,) Gaussian beams which do not

diffract significantly within the active medium. It is assumed that the pump light passes just once through the
gain medium, so the unabsorbed pump light is assumed not to be reflected back into the active medium.

0
In this calculation a length of the active medium is / = 3 mm, the mode waist ratio (o_p is equal to 1,

L
®, =200 um, the output transmission 7'is 3 %, the intrinsic loss coefficient in the cavity is y=2 - 107 cm™.
Figure 2 shows the laser output power as a function of the incident pump power for different matrices.
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Fig. 2. Calculated laser output power
as a function of the incident pump power

Theoretically calculated values of the slope efficiencies and the threshold pump powers for different matri-
ces are given in table 2.

As seen, the maximum slope efficiency corresponds to matrices GGG and YAG since they have lower reab-
sorption losses because of the lower population N, of neodymium ions at the upper energy level of the ground
manifold (AE > kT [1]). To increase the slope efficiency, the doping level can be lowered: for example, for
the KGW matrix with a doping level of 2 at. % the slope efficiency is growing to 18 %. A similar situation is
observed for the threshold pumping power — minimum values correspond to two given matrices with minimal
reabsorption losses.

Table 2
Theoretically calculated laser parameters
. Incident pump power Slope efficiency. “ou
Matrix at the threshold, P, ., W P v > 100%
YAG 1.40 43.8
YVO 10.6 26.1
GVO 6.92 19.0
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Ending table 2

. Incident pump power Sl ffici , dR, . 0
Matrix at the threshold, P, W ope eHeIEney > 100%
GGG 2.70 45.4
YAP 5.04 30.1
KGW 57.7 4.7

If the spatial distribution of the pump beam is taken into account, the threshold pump power significantly
increases in comparison with the data calculated using the point model of laser since the latter takes into ac-
count neither the spatial distribution of the pump radiation along the cylindrical coordinates z and » nor the
presence of reabsorption losses. The point model of laser gives higher values of the slope efficiency for the

same reasons.

Figure 3 shows the threshold pump power depending the length of the gain medium with the same doping
level as in [1]. On the one hand, with an increase in the length of the active medium, the absorbed pump power
increases and, on the other hand, the reabsorption losses increase too. Therefore, for each matrix there is an
optimal length of the gain medium associated with a minimal threshold pump power.
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Fig. 3. Pump power at the threshold depending
on the length of the gain medium

Calculations for quasi-three-level Nd-laser with transverse pumping. Assuming that the distribution of
pump radiation along the z coordinate is uniform, the spatial distribution of the pump beam is given by

0, (%, y) = —=rexp| -

2 2
wg 1+( ksz
™,

1

7\‘ 2
[a)
w,

2

Y

Table 3 shows the calculated values of the absorbed pump power at threshold and the slope efficiency in

the case of transverse pumping.

Table 3

Theoretically calculated laser parameters

. Absorbed pump power Sl ffici dR, A
Matrix at the threshold, P, W ope EHIEIEncy: > &
YAG 3.1 28.4
YVO 31.7 10.8
GVO 21.6 7.1
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Ending table 3

. Absorbed pump power Sl ffici R,
Matrix at the threshold, P, W ope EHIeIensy: > &
GGG 5.8 30.5

YAP 12.6 14.9
KGW 190.0 1.5

The gain rod (/ = 10 mm) is directed along the z axis with a cross-sectional diameter of 5 mm (plane XY).
Laser diode bars (three-side pumping scheme) were chosen as a pump source 10 mm in length. The angular
divergence of the pump beam in the XY plane is 30°. For transverse pumping the situation is similar: minimual
threshold pump powers correspond to two matrices YAG and GGG.

Summary

In this paper, the main generation characteristics — the threshold pump power and the slope efficiency — of
aneodymium doped laser with the quasi-three-level scheme are calculated and analyzed. Two matrices — YAG
and GGG — have the optimal threshold pump powers and slope efficiencies due to lower values of the reabsorp-
tion losses. Optimum lengths of the active medium are different for different matrices. The results obtained are
associated with the parameter values which are identical for all the matrices but not optimal for some of them.

To reduce reabsorption losses, one can lower the doping level, thereby reducing the threshold pump power.
The latter can also be reduced by choosing an optimal length of the active medium for the considered mat-
rices. The proposed model takes into account both the spatial distribution of the pump radiation along the
cylindrical coordinate » and the reabsorption losses. The model may be improved further by inclusion of the
non-Gaussian spatial distribution of the generated beam.
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